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CHAPTER 1

INTRODUCTION

Heterogeneous catalytic oxidation is extensively used in catalysis for selective

particularly case of

cyclohexane oxida into cyclohexanol and

V=N 'Sefinany | challenges. |
cyclohexanone. dnversion 01 . “M \\‘ pt very low in order to

1_,4.% AR

avoid over-oxidation -Q* nducts are more reactive

aq {e

than cyclohexane e -\ the industrial process requires rigid

control of the conversic alues.

Cyclohexane Cyclohexyt liydropefoxide - : Cyclohexanone
(CyH) ¥ yONE)

- O .
Y X

Scheme 1.1 Aenﬂo idati m
mm P 4201w | 1 4l g

drawback f this process is the diffieulty of separatlﬂthc catalysts frorrht'ye reaction

Even heterogeneous catalysts, which generally have more stability than homogeneous

catalysts, undergo chemical changes from thermal decomposition or from the
deposition of the substrates and/or products. Thus, activity becomes lower and the
catalyst is deactivated. As a result, catalysts must be regenerated or eventually



replaced. Therefore, the development of effectively recyclable heterogeneous catalyst

could offer major advantages.

A catalyst is a substance that increases the reaction rate without being
consumed in the reaction and thus Laffect the equilibrium. Catalyzed reactions

proceed faster than uncatalyzed reactions /¢ an be used in repeated cycles of

elementary steps. Catalytic activity is a quéafilative measure of how fast a catalyst
works, which is usuall as the rate for of reactants into products.

Selectivity of a cata is-ameas the catalyst's.ability to direct the conversion
to the desired produgi aercfore ' utilization f catalysis as a means of
controlling the rate andadirection of & chémical reaction has assumed a dominant role

eous or homogeneous. A

homogeneous catal crates in-the sa ase, c reagents and no phase

boundary exists; this Mormal ans tha hey are present as solutes in the liquid
reaction mixture. A helt - a different phase from the
reactants and it has a phase boUidasy separal rom the reactants [3-4].

Y]

Homoger en“i:-;"t 5 Tg 10 conspicuous feature:
that is, the cataly I s in the same single homogeneous ,;,r!__ irtually always liquid)

as a chemical cop d. This characﬁystlc clearly differentiates it from
heterog; li apor or liquid
@ﬁﬂ g”?:l Eﬂ]ﬁ:ﬂ mrtﬁue different in
appearance, in experimental techhiques, in thegry, and in practical yindustrial

Q"’ﬁﬁﬂﬂﬂ‘im 1R1INYTA

The major disadvantage of homogeneous transition metal catalysts is the
difficulty of separating the catalyst from the product.



Table 1.1 General, selected properties of homogeneous and heterogeneous catalysts

Homogeneous Heterogeneous
Active centers all metal atoms only surface atoms
Concentration low high
Selectivity high 7 lower
Diffusion problems ally al present
Reaction condition severe (often > 250 C)
Application wide
Activity loss sintering of the metal

crystallites; poisoning

Catalyst properti

Structure/stoichiomg undefined

Modification 7
il low
possibilities
Thermal stability o
Catalyst separation P
suspension: filtration
Cm-IYSt recy 2 nossible L g pnecessary

Cos‘t Ofcatal ‘s_r“' yeope | hioh
\YE

> =

a2

1.2 Heterogegus catalysts
Heterogenemw catalysts interact (E’their surfaces with reactants via

o Vb1 (130 1R L A
reactio eactio t lofel yst surface in

which chemical bonds are formed 'btween surface ﬂms and an adsorbﬁ.molecule,

PRANEATRIININEN Y

Heterogeneous catalysts are classified according to their functions as shown in
Table 1.2. Transition metals are good catalysts for reactions related to hydrogen and
hydrocarbons because these substances readily adsorb on the surfaces of metals.

Noble metals that are resistant to oxidation at some relevant temperature may be used



as oxidation catalysts. Many oxides are excellent oxidation catalysts because they

interact with oxygen and other molecules.

Table 1.2 Classification of representative heterogeneous catalysts [3]

Class Ex nple Function
metals Fe, Ni, Pd i'a‘ hydrogenation
N ;H Ry I' dehydrogenation
”"‘--.: ‘hydrogenolysis

oxidation

metal oxides : ':: oxldatlon
' ,...r:n 1 "x\ g
\:

requency (TOF). These
definitions, howevegy vary sli ! AMmor hre I\ \ fields. In homogeneous
catalysis, the TON is ' _
deactivates, i.e., the nin A faolcctle! j at one el le of catalyst can convert

to B molecules. The TOF is §rtup »fu /1

o 2

The substra efficiency, which is

measured as th
alyst can run through before it

(he number of A molecules that
one molecule of catalyst can comvert to B 1 sules in one second, minute, or hour.
In heterogeneous catalysis, TON and TOF ed per active site, or per

gram catalyst."~ -
\7 Y )

1.3 Scope of garch work -m

In this rcsearf\, the catalytic omdatlon of cyclohexane and ethylbcnzcne using

- m TIHT ST
polyox rate ge vestigated. The

physical pemes of the catalystsy such as crystalEty, elemental con@t, thermal

Ry Ko T MR AL e

solvent were studied. The stabilities and reusabilities of the catalysts were
investigated.



1.4  Organization of this research

Chapter I describes the statement of the problems and scope of this research
work. Chapter II lists the chemicals and characterization techniques. Chapter III
describes the syntheses of the layered double hydroxide and mixed metal oxide
catalysts and the oxidation of ethylbe

ene. Chapter IV describes the preparation of
polyoxometalates catalysts @

cyclohexane and cyclohexanol. ¥ L fescribes the preparation of metal-
incorporated xerogel sts. cyclohexane using tert-
butylhydroperoxide an

|~:i

A

AULINENTNYINS
ARIANTAUNIINGINY



CHAPTER 11
EXPERIMENTAL

The chemicals, equipments and characterization techniques for analysis of the
catalysts were described.

2.1 Chemicals
All chemicals

Table 2.1 Cher
Acetonitrile ' ‘
Acetophenone ' s L F 7_ 4 Chemie! Switzerland
Aluminium nitragé nonahyd
Ammonium carbona Company, Inc., USA
Ammonium hydroxide ., Switzerland
Barium sulphate | AG., Switzerland
Benzyl alcohol | Fiuka Chemies A.G., Switzerland
Benzaldehyde % , ] emies A.G., Switzerland
Benzoic acid Tt ik A.G., Switzerland
Chromium nifrat emies A G Switzerland
Cobalt acetates 4: e SRbzerland
Cobalt chloride Fluka nics A.G itzerland
Cobalt nitrate Fluka Chemies A.G., Switzerland
a ies.A. Gay Swi d
CYWEI’WIEI ﬁflﬁ
Cyclohe Merck, Germany
ethyl ether Fluka Chemies A.G., Smtzerland
Dichloromethane Merck, Germany
Disodium hydrogen orthophosphate | APS Chemicals, Ltd., Australia
Dodecanol Fluka Chemies A.G., Switzerland




Table 2.1 Chemical reagents and suppliers (cont.)

Chemicals Suppliers

Ethanol Merck, Germany
Ethylbenzene Merck, Germany
Heptane luka Chemies A.G., Switzerland
Hexane f‘
Hydrochloric acid fuming 37 ":-..1. lr /
Hydroquinone - | oo
Iodine : : erckyGermany
Isooctane 4| Fluka ~ Swntzerland
' pany, Inc., USA

Nitric acid
Ortho-phosphori
1-Phenyl ethanol
Perchloric acid 70%
Sodium carbonate - Ald emi Company, Inc., USA
Sodium hydroxide ieal Company, Inc., USA
Sodium (meta) Yanadate R S hemic A.G.. S¥its erland
Sodium hyd »F . : ‘ ‘ y, Inc., USA
Sodium dihydm_ orthophosr hemicals, Ltd ‘I'L Sstraiia
Sodium sulfate anhydrous Merck, Germany

Tetrabutyl amm
AL R
"

, Switzerland

ORi |0F: omide
" ® ‘ ]
a o

2.2 Emlpments

9 W'Tﬁiﬂf?fu UAIINYA Y

e Reflux condenser

A ¥ s

e Heater and stirrer

e Pressure reactor (stainless steel, size 100 mL)




2.3  Catalyst characterization

The instruments and techniques used for characterization were specified in the

following.

2.3.1 Fourier transform infrared s scopy (FTIR)

Fourier transform infrared spectra wes€ gécorded on a Nicolet FT-IR Impact

410 Spectrophotometer. The ¢ ample by pressing the samples

00 cm™ in transmittance

The gakn, DMAX 2002 Ultima
Plus X-ray powder PP ator and a Cu-target X-
ray tube (40 kV, 30 mA) and ang s of 20k : o degree. X-ray diffraction
is used to obtain i : sition of the catalysts.

2.3.3 Diffuse reflecta

ultraviolet-visible specirescopy
il ..i'"" A

Diffuse refle . UV-visible’ sp ecorded on UV-vis 2550

opy (DRUYV) and

spectrophotoni *"Tn:.'r:.T“r‘—";_* c-prepared by pressing

Y

the sample intd'a's ipe He reference material.

DRUV-visible was fecorded

transmittance mode. l;L'hf: liquid samples were analyzed with the same equipment but

AW HATENINYINS

234 Nltrogeu adsorption ( Brm‘uer—Emmett—'Hpr method (BET))./

o Pk Gl bl o b b o bt b

The principle of this method is by adsorption of a particular molecular species

ween 200- nm in reflectance and

from a gas or liquid onto the surface. Based upon one single adsorbed layer, the
quantity of adsorbed material correlates 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.



2.3.5 Thermogravimetric analysis (TGA)

TGA involves heating a sample in an inert or oxidizing atmosphere and
measuring the weight. The weight change over specific temperature ranges provides
indications of the composition of the sample and thermal stability. Measurement of

the residue mass of substances ac o1 ding to a controlled temperature program was

increment of 20°C/min over

the temperature range of 30 to 1000°C undef osphere.

2.3.6 Temperatu 0

The acidiesproperii€s of s
desorption (TPD) ¢
with a quardrupole

perature programmed
L BEL-CAT equipped

The chemisérptigh of pure “amm

. ¥ b L7 i .
| e
carried out using Micg@me eﬁlﬂg‘l , *; 5C
7

shaped quartz tube and ghe tubeswas pl i a it furnace. The sample was

evacuated at 400°C in heli !fi.}. or I h (heating rate of 10°C/min)

1 surface of the sample was

5. The sample was kept in a U-

after that, samples was _gi(‘" n u phere for 1 h at predetermined
temperature 400 g a : l i) was first heated in
situ at 300°C 5 of argon for (e which might have
adsorbed during f: e chemisorption of pure

I
ammonia on the j eheated sample was carried out at 120°€ jJ by repeatedly injecting

the pulse of pure a:rﬁw gas onto the sample till the saturation was observed. The

amount i’hﬁ ' mﬁlﬂ\ﬁ 61.1]5 own by thermal
conducti etector (TCD of integrated area of the ammonia peak.

in the
From the peak areas, the acidity infferms of mmol offammonia chemisored per gram

ARIRIAIUANINGNR Y
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23.7 Temperature program reduction (H,-TPR)

Temperature-programmed reduction (TPR) experiments were recorded on a
TPR MODEL BEL-CAT equipped with a thermo-conductivity detector (TCD).

The catalyst (0.1 g) was p ){, . °C under an O, flow and maintained
at this temperature for 2 h..Th g sewere cooled to 100°C and then
maintained at this tempezz un;;:*_'__' ) m : @c sample was switched to
5% hydrogen balance &rge “ture and the @cated at 10°C/min to a
final temperature

A-1000 at the Scientific
alongkorn University.

"a itric acid and dilute with

and Technology Rescargh u it Céi 9\1\\ \‘

The samples were prepare ith -.» ,

dioniznd it ""”
eio water. :
ot
Mf* £

2.3.9 Basicity measuremen ‘_ﬁf | ...I,.p

The solid catalysts (O --~ ‘f' 6.25 mL of distilled water at room
temperature for 1 h anc 1 filtered. The f rated with 0.02 M benzoic
acid solution (i r:_-==_-_7ﬁn—:r ‘blue (pH range 6-

L)
9). The basicity"was ¢ d'wsed in the titration of

o gm,@
= SN oo

chromatograph equipped with a flafe ionization detestor and a 30 m (025 mm i.d.,

TRIEBE e
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The conditions used for the determination of the substrates and products were

set as follows:

Gas chromatography condition for various substrates
Injector: 220°C
Detector: 250°C

10046 for s min

Cyclohexanol and cycle s

Analytical time = 12.3'mii

9'C for 4
A
F:'
The products we a;'ﬁ ;
W
%converstgn - moles convert converted

@ymglga ¥ El“‘ﬁ'jﬂ g1

les of desired product ormEc 100

ammnmnﬁﬁﬁ“ﬁmaa




CHAPTER III

CATALYTIC OXIDATION OF ETHYLBENZENE USING
LAYERED DOUBLE HYDROXIDES AND MIXED METAL OXIDES

3.1  Introduction

To increase the value of ethylbenzoncgVhich is a low price chemical, still
remains a challenge. Ae '-m-:._: 1s the mailvptOduci from ethylbenzene oxidation.
The use of stoichiometric amouats of ¢ ldizi_ tle : s to problems with respect

to environmental damage,.¢0 DAra on In addition, the use of

Heterogeneougf catalysis joffeis envi 2 ign routes for organic

organic solvents al§6’

synthesis. Reactighs any solvent to give high

conversions and s¢ valuable. The oxidation of
ethylbenzene with hetgrogenegus ataly 5t |has been reporied using metal oxide

supported on mesopafous i _n*" metal Ei“ _

xes supported on zeolites

[9] However, low sel- vitig; _‘_,«_ Jacctophes nd high leaching of metal into the

3.1.1 Layere Du tble hydroxide (. DH)Y .

w A

naterials belong to a

Layered*dout

ur
:hh

large class of e and synthetic anionic clay 0]. Tl‘@ basic solid materials

show many potentiall ‘y attractive applications such as: adsorbents, anion exchangers,

~Ry 15307k 310 14 lp ek

The gen formula of a typical LDH is 2 e MY (OH)z][A” Tais ml-&a)’ in which

QIR IS 1l

such a layered double hydroxide is shown in Figure 3.1. The most frequent divalent
metals are those whose ionic radii vary from 0.65 A (Mg) to 0.83 A (Mn, high spin)
whereas the radii of the trivalent metal vary between 0.50 A (Al) and 0.69 A (Cr)
[17). The formation of these species generates intercalated hydrotalcite (HT)
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structures that are named after the natural mineral MggAl(OH);,CO34H,;0. While
anions such as SO4*, CI', OH, NO;y or CO;* can occupy the intersheet space to
balance the positive charges, CO3” ion is preferred [18]. The electroneutrality and the
stability of layered double hydroxides are assured by the interlamellar anions (A™)
and water molecules. Commonly, x is in the range of 0.20-0.33 (M**/M** between 2
ties of hydrotalcites and the resulting

composition and synthesis

— e e NS —

r .
Figure 3.1  Schematig'vie, E-;w gfa" drexide structure and general
formula [22].

= I J..-‘a" i- yrl

As anignis in the i scessary-16-couliterbalance the positive

charge of the ba¢ite > pri exchangers and for

depollution in a@’ption basicity of ﬁ LDHs has stimulated

their use as catalysts allowmg the substntutlon of llquld NaOH or KOH solutions to

produ: ucts is avoided.
LDHs Pm diesel synthesis

[24], ald&l condensations [25], W&ttlg reactions [26] steam reformm of methane

Al L STLATIL T TS ame

il

a their isomorphic substitution for Mg** or AI** cations.
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3.1.2 Preparation of layered double hydroxides

LDH compounds have been synthesized by direct methods, which include
coprecipitation, sol-gel synthesis, hydrothermal growth and electrochemical synthesis.
Indirect methods include all syntheses that use an LDH as a precursor. Examples of

these are all anion exchange-based methods such as direct anion exchange, anion

exchange by acid attack with eliminal est species in the interlayer region

"M
,__-_-:.-'..

nathty

and anion exchange by surfactant s

Table 3.1 Tonic radi

Cations

Mg
Ni%*
C 02‘!'-
)
Mn2+
crt
AP
LS = low spin; HS = high spin, §
=

3.1.3 Thermaltfseatment of layered double hydroxides—
. LY J
The imporfan efials research is phase

; i . 8
transformation d 13!-'_ compound synthesis as” shown in Figure 3.2. Thermal

treatments or calcmatlens of LDHs result pro cssnvely in the loss of water molecules

= ;Z"ﬁiTJ Efiﬂﬁ‘ﬂﬁ B4 N

the stru . Depending on the uaerlamellar speca they can also _ movcd

TR AL T LT

lmxed metal oxides with a homogeneous interdispersion of the metals and a better
resistance to sintering than the corresponding supported material [19-20]. These
mixed metal oxides display generally a relatively high specific surface area up to
150 m*/g compared to the prepared LDH (< 100 m?/g).
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(B)

-0.46H;0 ﬁm
g
Interlayer Water

- e, . i,

¢ (OH); 1(CO3 Yo 15

Mg
JIIAI{HW
I_F.h-‘rl!l'!‘ s

Figure 3.2  The the
[32].

J-¢ O; LDH as & function of temperature
r ¥

ng and co-workers [32] during

: o'@ of the loosely held
interlayer water molecules in the temperature range of 70-90°

Sﬁ (C) evol¥estfrom Stage (B) by the.femoval of OH groups, likely bonded
in a bri

AL o i, Y e

thickness éfithe MgAl-CO; LDH layers It occurs in the temperature range of 190-

TR R AIAURIR NS Yo

(Mg-OH-Mg) in the temperature range of 300-405°C.

Stage (E) is obtained by the decarbonation of Stage (D) in the temperature
range of 405-580°C. The weight loss in this temperature range results from the
removal of a CO, molecule from a CO;”> anion as described in Equation (3.1) and
Figures 3.2-3.3.
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(CO3™intertayer + H2O = 2(OH intertayer + CO2 1 Equation (3.1)

- . 2+
te-ty] layer with the M
interlayer space
nolecules (black) [32].

3.14 Rehydratioy
The rehydratio

anion such as carbonate coild coftvest the 1 als back to their original structures.

1 a solution containing an

3.2 Literatureye

-
=

ro # e and mixed metal

oxide as catalyst armes -m

In 1998, Costafitien,ef al. [33] reported.the synthesis of ZnAl-CO; LDHs by

coprecipi u % % E,m.w ﬂq,ﬁt‘jm converted
into the oride form ZnggsAlps( 035°0.4H,0, which was then fully

cxchanaed with HZPOLﬁHPOB- an( C¢HsPO;H™ anidns. As a consequéhée of the

S AR AT e

redeted with the hydroxyls of the layers and attached themselves to the inorganic layer

Some of t! e

by a covalent bond.
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In 1998, Kaneda et al. [34] studied the catalytic activity of
Mg 0Al )Rug s(OH);CO; LDH for the oxidation of cinnamyl alcohol under an
oxygen atmosphere in various solvents. Toluene, chlorobenzene and benzene were
good solvents, yielding 95, 93 and 92% cinnamaldehyde. The oxidation of cynnamyl
alcohol at 80°C gave the highest yield. However an increase of the reaction

hydroxides using H,Oyfas gxida The meldr ratio « ate:H,0,:CH;CN:water
' . ded that significant
quantities of oxidatioy 101§ appeafed On y for the catalyst containing a relatively
small amount of Cu, : st, which gave toluene

conversions of 12.4% and

S, < 2l

In 2002, Carpentier et a [36] reported the preparation of a Mg-Al-Pd LDH by

% (MgCly, AICI; and H,PdCly).

The catalyst, whicli was calcined at 290°C, showed high-activitgi(80-88% conversion)
in the vapor phaedt 08290 and 400°C.

D

In 2004, Che et al. [37] publlshed a study involving MnO4™" exchanged

MgAl hy, ﬁ e solvent-free

mﬂm VNS W T

was enhanced when i&e Mg/Al mole ratlo was increased. For Mg/Al

mammmn Ty I

9 %).

In 2005, Barbosa ef al. [38] reported the preparation of MgAl hydrotalcites,
Mg(1.9Al(OH)2(COs)x2'nH20, containing an iron-phthalocyanine complex as a
catalyst for the oxidation of catechol, using hydrogen peroxide as the oxidant. The

coprecipitation of the
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catalysts showed enhanced activities and stabilities, compared to their homogeneous

counterparts. The catechol conversions were 63, 73 and 88% for the catalysts with x =
0.20, 0.25 and 0.33, respectively.

performed at 60°C. It was
lvents, yielding 57.9, 54.0

y DH, using a modified
', ?\'-\'t 5ing C032_, Cl, NO;, or

SO42_ as guest i i i e cataly ; ere tested in ethylbenzene
oxidation with oxyge 4 ICrea \‘n inereasing Ni content, so that
a NiAl-CO; with Ni/Al i tivity (47% conversion

Ver, a N with Ni/Al mole ratio of
3:1 showed 31% conve . For _“_ , NOj = D4” ions, one obtained (mly 28,
24 and 23% conversions and 797 74-and 64 % acetophenone selectivities, respectively.
In the presence of hyd : pbserved, and thus it can be
concluded that.this reaction occ d via a free radical mechar
Y
i

In 2006, l-ﬁa et al.'| ( talytic oxidation of thiophenes and
thioethers with hydro en peroxide using W-contammg layered double hydroxtdes

. smﬁmmﬁm’m

(W7024% on) The W-LDH catal?t showed hxgher activity due to hlgher thermally

TRIANN T UAIINYIAY

In 2007, Llamas et al. [42] reported the Baeyer-Villiger oxidation of
cyclohexanone to e-caprolactone with hydrotalcite (Mgg gAlg2(OH)2(C03)o.1-0.7H,0)
catalysts at 70°C, using H;0, as the oxidant in the presence of sodium
dodecylbenzenesulfonate as a surfactant at 70°C in 6 h. The effect of solvent on
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cyclohexanone conversion was studied. The order of conversion was: benzonitrile
(100%) > methanol (73%) > toluene (65%) > 1-butanol (58%) > methanol (73%).

In 2008, George et al. [43] synthesized nickel-substituted copper chromite
spinel catalysts (Cu;4NixCr,0q4, 0, 0.25, 0.5, 0.75 and 1.0) by the
coprecipitation method, followed by t ] t 650°C. The catalysts were used for
the oxidation of ethylbenzene w: 3HI l LE showed that the Cug sNigsCry04

catalyst gave 56% conveision an . L A: selecti¥iiv0 acetephenone at 70°C for 8 h in

where x =

acetonitrile. In a solvenf-free system the : mw Ibenzene was 60%. The
CuCr,04 catalyst gave a higl clecti i‘ ol. The catalysts were
reported to be stablefinder e reac / dition. \

3.3  Preparation of fhe ¢ s

The layered®™double hyd i‘j. i e prepared by two
methods. ﬁ:.. \\
3.3.1 Alkali coprecipitati ) 11,

3.3.1.1 Binary layered dou _
Preparation of NiyAl LDH 10le ratio of 3 and 5
R v
An aqueous mixture (660 mkE] £,54 or ol of Ni 03)2‘6H20 and 18
mmol of AIINQ3)79H,0 (mole r: atio of Ni/s Al =3 and 5) was added 1 slowly to 90 mL
of an aqueous Vﬂ xture was held at 11
by the dropwise a@on of 0. H. The resulting gcl— > material was heated

to 60°C while being stlrred wgorously for 18 h, and then filtered and thorough[y

- mﬂ“yﬁmﬁmﬁmh e
mmmmm bk

fo OWS.
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Table 3.2 Designation of the binary layered double hydroxide

M2+ M3+ M2+ MB-!-
mole ratio

Ni“* NG 3.0and 5.0

Co** N 5.0

5.0

3.3.1.2 Ternary l:
Temary LDk
of supersaturation as déscri
solutions were employ
and AI(NO3);9H,0
Mg?'/M** =3 and
Cr(NO3)39H,0:(Mg - )3)39 I
solution, serving as a precipitatiig Agent, con .6 M NaOH and 0.06 M Na,CO;,
and was added slowly to the hile

ion under low levels
method two aqueous
i, ), Cu, Mg, Mn or Cr
\\ 6 M, the mole ratios of
gAl LDH for which the

> was 1:3:1. The second

p the pH at 10. The samples were
aged at 65°C for.18 h, 1ltered-off, was with distilled water until
the filtrate was neulral and dried in airat 1H10°C for 2 h———— J

\Ye ) l

Table 3.3 De ion of the tern: sred double hyd ["; de

M* (or Cr’*

ﬂuﬁlﬂ?ﬁﬁmﬂﬂ‘i

cu¥, Mg* Al

RANTHRIRINGINY

During the preparation of these LDHs, at the aging step of the CusAl LDH the
color of the gel-like material changed from blue to gray during the first hour. Then



21

after 18 h the color was black which indicated copper oxide formation; however, this
was not observed in the case of the Cu; gMgz 9Al LDH.

3.3.2 Alkali - free coprecipitation method [45]
The procedure was the same as in the coprecipitation method except that

Na,CO; was replaced by (NHg4 CO: procedure, an aqueous mixture (60
mL) of 90 mmol of Ni(NO;)36H;0 (NO;)39H,0 (Ni/Al mole ratio
= 5) was added slowly o i of (NH4),CO3 (180 mmol).

The resulting gel-like matema! was heated to 6 C-for | and then filtered, and
thoroughly washedsWith ] r unt eutral. Finally, it was

dried in an oven at

3.3.3 Calcinatio _
The calcinatiogof was cafried out in the presence of air at 500°C for
5 h with a heating rate of . s then eooled to room temperature,

yielding the corresponding Mixed o ides. T cre kept in a desiccator.

3.3.4 Rehydration of mixed meta
M Na,CO; solution at room

water, and vt'i"_ . ! AY |

0.2 g of sample wa ?“r n. 30

U

AULINENTNEINS
RININIUNRIINYIAE
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3.4  Catalyst characterization

The compositions of the catalysts were determined by ICP. The structures of
the catalysts were characterized by FTIR, DRUV and XRD. Surface characteristics
and thermal properties were measured by BET and TGA. The soluble basicity was
also determined. The results are described below.

X

al oxide catalysts

leoMgz oAl oxide s,

ammﬂiwﬂmwmaa

xide

The atomic mole ratios of the catalysts are close to the values expected from
the starting solutions. Small variations are due to the solubility differences of the
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various types of metal salt. Higher Mg contents were found in these metal oxide
materials due to the high solubility of Mg(NO;); at the utilized pH of 10 [29].

3.4.2 Surface analysis by nitrogen adsorption of LDHs and mixed metal oxides

The specific surface areas and the texture of the catalysts were determined by

values for the Ni/Al LDH catalysts > shownyiy . Those for the binary metal

and ternary metal catalysts.aie shown i : ‘ the pictures are shown in
appendix A
Table 3.6 1d oxide prepared with
Mean pore
Method B
diameter (nm)

6
7
7
8
7
iy o 8
The surfSelaT et range of 89-100

'II T

moved water on surface, interlamellar wates

m?/g. Calcination and decarbonation of
carbonate species at Hie interlamellar LDH. Thus, the removal of water and CO,

““"‘“’“‘fﬁMEIQMMﬁElm g
help to pecifie surface areas
are accom; ed by increases in thegpore volumes. E same result was

TRININ I mﬂﬂﬂmﬁﬂ
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Table 3.7 Surface analysis of binary LDH and mixed metal oxide catalysts

Surface area Pore volume Mean pore

Catalyst

(m /g) (cm3/g) diameter (nm)
Mgs Al LDH 230 0.7 9
Mgs oAl oxide 306 0.8 12
Co45Al LDH ! 10
Co4sAl oxide 11
Cuy9Al LDE - 10
C : 7 0.4, 12
Nis. |CrL . ot " 15
Nis Crexid e m ) 17

2 H“-.._
Coy5Cr D! . 12
\ NN
‘ A \ pich is higher than other
\ A LDH and Cos4sAl LDH
\fter calcination to mixed

ace areas. This might be due
which prevents the sintering of the

The surface 3
LDHs (50-70 m%/g).
materials, the former i
metal oxides, the Ni-containing ¢ataly
to the stronger interaction be

metal oxide particles [4$

&

_:I
ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
Qﬁﬂﬁﬁﬂ‘imﬂﬁﬂﬂmﬁﬂ
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Table 3.8  Surface area measurement of ternary MMgAl LDHs and oxide

materials
Surface area Pore volume  Mean pore
Catalyst . 3 )
(m“/g) (cm/g) diameter (nm)
Nig9sMg> 1Al LDH 114 0.2 7
NigoMg; 1Al oxide 0.3 8

CoosMgi ATLDHE wr.uy 9

CoosMg) Al 6 “":-- 74 é 10

Cu; oMg2 oAl LDHw 118 0. 10

Cu; oMga oAl oxi 50 ).A 12
1LoMg0. ﬁ \1\

Mng oMg; 2/ ' A | 11
Mng oMg L1 03¢ 1103 AN \ 21

CrosMg: (AL 67 LN
CrosMgs4/ 1dg oyl ; 16

From Table 3.8
90-162 m%/g. After cal
increased surface areas (‘l 10-V74m’/g) The »lumes and mean pore diameters

urface areas in the range of

>d metal oxide samples have

of the mixed metal oxide samp _{“..-" *,.- ) .": fier being calcined.
lr -

&

_:I
ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
Qﬁﬂﬁﬁﬂ‘imﬂﬁﬂﬂmﬁﬂ
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3.43 Fourier transform infrared spectroscopy (FTIR) of LDHs and mixed
metal oxides

The FTIR spectra of the NisgAl LDHs prepared by alkali and alkali-free
coprecipitation methods are shown in Figure 3.4.

Alkali co-precipitation
3 |
&
3
=
2 bt
£ o-precipitation
e
&
| =
4000
Figure 3.4 d alkali-free

coprecipitati

A band centered aro f{ )0 puld be associated with an O-H

stretch while a water defor _,73:_,‘ 5 /¢ around 1625 cm™. The sharp
o’ i v orational mode of the

Y i’ on, 850-650 cm™,

absorption app *_1. o
carbonate ion [4 ,}r

correspond to meta

1 i
W

U

ﬂ‘lJEl’J‘VIEWI‘ﬁWEI']ﬂ‘i
Qﬁ?ﬁﬂﬂ‘iﬁumﬂﬂﬂmﬁﬂ
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Figure 3.5 speetrd ofsthe NigsAl LDH anc - catalysts prepared by the

In Figure 3.5 FafR#splctrum ¢ od 61 LDH shows a peak at
1380 cm™ indicatéd thgfe tensity of this peak
decreased after calcigat \'”\ ise from the adsorption
of carbon dioxide from tal oxide. The other samples were
collected in appendix B. \

2d metal oxides

gtr alyzer, the results
m ven m e l'_-“- - it
gi app fg Y )

3441)ERDofblmylayered'ou e hydroxides I
f the Ni/Al LDH les prepared by alkali and alkali-

*“““ﬁ“tﬂﬂ“?'ﬁ‘f‘ﬂ“ﬂw AN
Q‘mﬁﬂﬂ‘im UANINYA Y

3.4.4 X-ray diffraction (XRD) of LD1s a
Phase of l”‘ racteri
£%3
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Alkali-free coprecipitation
3
g
=t -
= coprecipitation
By 4 —
" IS
5 75
Figure 3.6 dlkalf and alkali-free
The samples s w sharp and ¢ ¢ aks at low diffraction angles of 26 =

11°, 24° and 35", ascribed 5 (003), (006) and (009) of the

LDHs, respectively. The broad _ at higher angles of 26 = 38°, 46°
and 60° can be. ascrit ffraction t )i (108)-and (110) planes,
respectively (JCEREAL- TR F10] 3

F.' |~' i

ﬂ‘lJEl’JVIEWI‘ﬁWEI’]ﬂ’i
Qﬁﬂﬁﬁﬂimﬂﬁﬂﬂmﬁﬂ
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CoqsAl LDH

Cuq9Al LDH

Intensity (a.u.)

4
" ﬁmmﬁa '%fﬂm g =
QM“’lﬁﬁm - | mwwmﬂm

crystallinity. In the case of NisgAl LDH, an unidentified impurity phase was
present. Such a phase was also observed in the Cus9Al LDH at 260 = 167, 32° and 49°
which might be due to copper hydroxide carbonate (Cuy(OH),CO3) (JCPDS 76-0660).
Indeed, similar results were described in the preparation of Cu/Al LDHs at high Cu/Al
ratios [49].

65 75
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3.4.4.2 XRD of binary mixed metal oxides

The XRD patterns of binary mixed metal oxide samples were shown in Figure
3.8. Mgy oAl oxide sample showed MgO phase at 260 = 37.2°, 42.9° and 62.1° (JCPDS
45-0946) [50]. NissAl oxide sample showed NiO phase (JCPDS 44-1159) otherwise
Cus0Al oxide sample showed CuO phase at 26 = 35.6°, 37.8°, 44.5° and 59.5° (JCPDS
05-0661) [51]. CossAl oxide showed PDS 42-1467) or Co,AlO4 phase

Intensity (a.u.)

ﬂumwwwmm

Figure 3 XRD patterns of bmar.x metal oxides; Mg4 oAl, NiggAl, Coq 5Al and

Q‘W’Wﬁ"@ﬂ‘im UAIINYA Y
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3.4.4.3 XRD of ternary layered double hydroxides
The XRD patterns of the ternary LDHs are shown in Figure 3.9.

Intensity (a.u.)

Figure3.9  XRE
i 1*:_

The XRD emns of the prepared ternary LD - exhibited sharp and

symmetric reflection characteristic of EDHs. It should be noted that the XRD

e R WEATHR

37.6°, 41.5}Jand 51.8" (JCPDS 83-1761) which can be assigned to MnCOj3 [53-55].

ARIAINTUNNINGAY
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3.4.4.4 XRD of ternary mixed metal oxides
Calcination products resulting from treatment of the ternary LDHs at 500°C

for 5 h have been obtained and studied, and some pertinent results are shown below.

CrosMgy4Al oxide

Intensity (a.u.)

NigoMg 1Al oxide .« = i

J.‘

PR o —_ ,I-Hf

1-‘“-4 A
el

" TR THsNeng
3 mﬁmzmﬁwma .

0 thc MgO-like phase. The Cu; ¢Mgs oAl oxide sample showed another phase which
was ascribed to CuO [51]. In the case of the MngoMg; »Al oxide extra phases were
observed and attributed to Mn304 (JCPDS 24-0734) and MnO, (JCPDS 4-0779) [53-
55].
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3.45 Diffuse reflectance ultraviolet-visible spectroscopy (DRUYV)

The presence and the nature of metal species in the prepared catalysts were
investigated with diffuse reflectance ultraviolet visible spectroscopy (Table 3.9). The
DRUYV pictures are collected in appendix D.

Table 3.9 DRUV of binary and ferfa 0 d metal oxide catalysts

In the case of the Nu sAL 'r-------'- oMg, |Al oxide samples, strong and
broad reflectance. band: 0-310 and 400-§ obseryed [39]. For CoqsAl

and Cog Mg, ¢Al exide samples, reflectance bands appeared-af 240-400 nm, which
F Y

were due to Co”“ifi Co hasetvas already pointed

out in the XRD pat tarr (Figures 3.8 and 3:10)."The Co4 sCr xide catalyst appeared

the band 250-310 nm ?d the weak and very broad band at 400-800 nm.

Tﬂcll AANENINE AN T e e

520 nm w indicated some Cu** siecles in both le [41].

ARAAINIANNIANNAE..

6&)—750 nm which were attributed to Mn** and Mn*" species. These high oxidation
state species were observed because Mn®" is unstable in basic solution and easily
oxidized by air [56].
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The CrosMg; 4Al oxide showed peaks at 330-350, 500-530 and 700-800 nm
which were assigned to Cr*" and Cr** in the sample [57-58]. The Cr®" species that
were observed in the sample might be due to the oxidation of Cr'* during the
preparation steps [18].

e first one (25-300°C)
corresponds to re: 1 €1 'watery molec : and the second one (300-600°C)
to removal of inte g [59]. The thermal
decomposition of the \' R':Il" "'-.\ where M1 and M2 are

divalent cation [47]

First weight loss step: b ,
M1 1.xy)M2, Al OH)MCOR o nHEO- > [MI ., ) M2yAL(OH),](COs3)x2 + nH20
r I’.:--- -""J

Second weight loss step: -. ﬂ‘ ,t_'

[M 1 [l-x—y}szA mee H), (€
(x/2)CO;

Al,Os] + nH,0 +

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
Qﬁﬂﬁﬁﬂ‘iﬂlﬂﬁﬂﬂ&ﬂﬁ&l
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Figure 3.12 TGA profile of the CogsMg; ¢Al LDH.
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Figure3.13 TGA p

From the TGA glofiles of allef the EDH samplesfin Figures 3.11-3.13, one
: les was much greater than the
weight loss in the first region, & e CoqsAl LDH showed the
smallest of the total weight losses; at )% d to CopsMg) Al (40.6%) and
Cu; oMg29Al LDH _—__ reater weight losses occurred in
the high Mg copfght LDHS [44] Eclated to the higher
affinity of water fo

can see that the second v

Table 3.10
v ¢ C) (%)
CoosMg; ¢Al LDH 25-286 18.4
286-931 22.2
Cu, 0Mgz9Al LDH 25-301 15.1

301-850 24.4
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3.4.7 Thermal stabilities of mixed metal oxide catalysts
Thermal decompositions of the binary mixed metal oxide samples were
observed, the results being presented in Figures 3.14-3.15, and are discussed below.

0.2
100 -
£ 90- 04 G
g TR
= 2
i --0.6 5
= A
iy 3 i
80 2 5 0.8
] ‘r @ N 1.0
70 - / " 'fj.:" I"-. I..‘ | 12
, b v 4
Figure 3.14 TGA profile r‘::“::- oxide.

el Jh-"

Ii:i

ﬂ‘lJEl’JVIEWI‘ﬁWEI’]ﬂ’i
Qﬁ?ﬁﬁﬂimﬂﬁﬂﬂmﬁﬂ
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Figure 3.15 TGA ofilg of 045 '“#" ";’;_

The NiggAl and CogsA al behaviors; this is in good

'|| = J-.
.ffg*.,a: epe
0sges in the temperature

All metal Bxid igh

range of 250-90 0 refated o ¢ ¢ ¢arbonate [61].The

TGA results sugg ih " 06°C is adequate for the

agreement with observatic

|
crystallization process leading to conversion of the dried laye ’*I double hydroxides to

the desired metal oxidés [42)]. o/
34.8 Tﬂuugr:weﬂﬁon !'IEP)W El /] n ‘i
For a better undcrstandin; ofthe reducibility®fthe catalyst, H,-TPR studies

N B BT b VT VL o

tefhary mixed metal oxide catalysts.
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Cuy Al oxide

CO4,5AI oxide

| o

‘ N Nis ;Cr oxide
: AN

T %

100 200 30 '\ \- 800 900

TCD signal (a.u.)

Figure 3.16 TPR profiles of ALC 1d Cuy oAl oxide catalysts.

TPR profiles of the C Wu thand Nis |Cr oxide catalysts were
investigated in ‘l Sam

Nis ;Cr _ e : 'r‘ a relatively low
temperature, is ted to the r _ f /hereas ;"f larger peak at a high
temperature is att.nbu to Cr** reduction [59]. NiqsAl oxide showed a broad peak at
380-550 % in Cr. For the
coot mm i Pog TR LR s

from Co2+ east and co-workers) [?]

0 %’Lﬁﬂﬂ SUNBINI AL

peak is clearly due to Cu®* reduction, which occurs at a much lower temperature
than observed with other oxides and can be explained by the highly favorable
reduction potential of Cu®"/Cu® (Ey = 0.337) [62-63].
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TPR profiles of the ternary mixed metal oxide catalysts (MMgAl) were
obtained, and are shown in Figure 3.17.

CrosMg; 4Al oxide

~Z.

e Mng 9Mg; 5 Al oxide

Cy oMg) oAl oxide

TCD signal (a.u.)

z
1 g71Al oxide

2003”4“500‘00700800900

m.,,ra WYL HAN3,

MngoMg> Al and CrgisMg; 4Al oxides.eatal

0 mm ASQIBIANENAS.

plc might contain embedded Ni species in the Mg matrix, making it more difficult
to reduce. This is similar to behavior described for samples with Ni/Mg ratios < 1 for
which the reduction of the Ni** ions is hindered by the AI’* ions inside the oxide
phases [50].
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In case of the CogsMg; ¢Al oxide, two reduction temperatures were observed
in the 650-760°C range. This can be explained by the presence of two different Co
species in the sample. As described for the XRD data, the presences of the Co304
oxide and Co,AlO4 spinel have already been established (JCPDS 380814).

oxide Cug9Al may be attribuited t the preseriée® o in the sample. This indicates a
high dispersion of thev@u@wphase-in tHe'Mg Qmsily reducible copper

In the case of oV ghAl %\ tion peaks appeared at
280-350°C and 76 .
to Mn®** [55, 64].
presence of both Mn**

fferent species, Mn>*
\ lysis which indicated the
bserved at 290-310°C was
450-550 and 700-900°C

In case of the Cry
attributed to the reduction ¢
were attributed to the red
other form in the MgO matrix.

form of Cr,O3 or to some

ﬂ‘lJEl’J‘VIEWI‘ﬁWEI']ﬂ‘i
ammﬂ‘imumawmaa
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3.5 Oxidation of ethylbenzene with binary LDH and mixed metal oxide
catalysts
In this study, the catalytic oxidation of ethylbenzene was carried out in a liquid
phase, resulting in the formation of the four main important products, benzaldehyde
(BZ), acetophenone (AP), l-phenylc anol (PE) and benzoic acid (BA). The effect of
M>*/M** mole ratio, types of mat ' bstrate mole ratio (O/S), amount of

N "-.,
catalyst, types of oxidant and types of soly tigated.

g.'....":\.'l
—

dation of w aromatics possessing

droperoxide roducts with hi
_‘ mnaxy p gh
- roposed by Hermans and co-

Autoxidation ¢
benzylic hydrogen affo
selectivity according

workers [66]. The autoxidafion’of cthylbenzene is given.in Scheme 3.1.

0]
ethylbenzene pr nylethanol acetophenone
Scheme 3.1  Autoxidation o0& ethylbe benzent

The ox 5‘: i e. fF ylbenzene oxidation

are shown in Schﬁ 3.2.

el e

General oxidation procedure of ethylbenzene was carried out in a Parr reactor,
the catalyst; substrate and oxidant were placed into the stainless steel reactor located
in the electrical heater. The reactor is heated to the desired temperature and reaction
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time. After the desired reaction time, the reaction mixture was cooled down and the
catalyst was filtered off. The liquid mixture was added 25% H,SO4 solution and
extract with diethyl ether. The liquid mixture was neutralized with saturated NaHCO;
solution and dried over Na,SO4 anhydrous. The oxygenated products and recovered

substrate in a liquid mixture were qualitatively analyzed by gas chromatography using

When the i0 carried| out. using b diogenperoxide (H;0,) as an
oxidant, ethylbe \
could be due to
H;0, to tert-butylhyd;
drastically and hénce,

result is consistent with =

he reaction condition. This
oing the oxidant from
ncreased the conversion

b

for further experiments. This

AULINENTNEINS
ARIAINTUNNINGAY



3.5.2 Effect of preparation methods and catalyst forms

The LDHs with different Ni**/AI’* mole ratios were prepared by the alkali and
alkali-free methods, and studied for the oxidation of ethylbenzene using TBHP as
oxidant. The results are shown in Table 3.11.

Table 3.11  Oxidation of ethylbenzene catalysts prepared with alkali and

Preparation
method
alkali

coprecipits

Selectivity (%)
1 Others

98 . PE 1%, BZ 1%

PE 1%, BZ 1%
PE 1%, BZ 1%

mﬁ; ll’/ \\ \ °E 1%, BZ 1%

Reaction conditions: ethylbenzene BHP 20 mmol,
130°C, 12 h.
AP = acetophenone, PE #1-phenyleth J": nza ehydc, BA = benzoic acid

‘i

i} ied ng Ni/Al mole ratios of 3.1
and 4.8, one cag'Seé that the catalytic activity increased with tie'gatalyst’s Ni/Al ratio
due to the incRliNl Podied). The difference in
activity between NijgAl LD s may be explained by the different

base site types. The ftwe sites in LDH are hydroxide groups which are weak basic

—Huns V(3N (fo 1410 2 o

preclpltatlon method gs slightly hxgher than that found for catalysts

Wﬁﬁﬂ“’ﬁ’m UAIINYIA Y

The effect of reaction time was investigated for the ethylbenzene oxidation

over NiggAl oxide. When increasing the reaction time, conversion of ethylbenzene

increased without significantly affecting acetophenone selectivity. The highest
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conversion of ethylbenzene was 94% in 24 h. No significant improvement in the

oxidation of ethylbenzene was observed upon an increase in time to 36 h.

3.5.3 Oxidation of ethylbenzene with various catalysts
Catalytic performances of binary mixed metal oxide in ethylbenzene oxidation
are collected in Table 3.12.

\
Table 3.12  Oxidatiox -u‘_i__ 1zene using. bi pixed metal oxide catalysts

] S

Mg oAk

Nig sAl o3

Coq4 sAlfoxide

Cuy Al gXide

Nis Cr oxid TR | . 11%, BA 3%

Z.2%, BA 1%

%y BZ 1%

E 1%, BZ 1%

g, TBHP 20 mmol,

Co45Cr oxide
NiO
CoO
Reaction conditions: eth
130°C, 12 h. &
AP = acetophe v

b
yd A=benzoic acid

When the oxidation reaction was camed out without catalyst, the conversion

am [ﬁ: presence of a
n}' er is: NiggAl
oxide > (ﬂ sAl oxide > Cug oAl oxlge > > Mgs oAl oxxde

Q RAANNSANKIINENAY,.

pendlx F) and catalytic activity. The activities of Nig gAl, CossAl and Cuy oAl oxide
catalysts were found to correspond with their reducibilities. However, the CuyoAl
oxide gave a lower activity; this might be due to the lower crystallinity as found in
other work [13].
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In a series of Ni containing oxide catalyst, Nis ;Cr oxide gave a higher activity
than Nis sAl oxide due to higher Ni content. However, in terms of product selectivity,
the NisCr oxide showed lower selectivities to acetophenone but a much higher
selectivity to benzaldehyde. This phenomenon is in agreement with results reported
for the oxidation of ethylbenzene using a NiCr,O4 spinel catalyst and TBHP as

oxidant [43]. ) ﬂ
In this work NiQ ,.,__ were a &d by coprecipitation. They

gave only 38 and 36% conversions of ethylbenzene with high selectivity of
acetophenone. The results. s Ni prese sociation with Al might lead to

an improvement i

AULINENTNYINS
ARIAINTUNN NGNS Y
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3.5.4 Effect of oxidant and substrate mole ratios

Comparisons between the effect of TBHP concentration on conversion and
acetophenone selectivity using the Ni4 gAl oxide catalysts can be made from the data
as shown in Figure 3.18.

100 + 100
_ 80 +8 &
: y
g 155
5 &
L
2 T 40 %
=
Q —
| +20 @
-0
Figure 3.18 3 d-S1bsira 1os in the oxidation of
ethylbenzéne L‘-'T-‘Tﬂf atalyst and TBHP as oxidant.
Reaction condi FJ 0 mmol, catalyst 0.2 g, 130°C,
From E ' - ) 5 “‘ changed from an
oxidant/substmte&le atio of 1 a5 In conversion with TBHP was
clearly observed for the NisgAl oxide catalyst as described earlier by George and

M’ﬁﬂﬁ"ﬁﬂﬂﬂﬁmﬂﬁ e

acetoph e selectivity, which mﬁcated that TBHP concentmtlon did not affect the

TRTANN I UAIINYIAY
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3.5.5 Effect of catalyst amount

With the other reaction conditions being maintained constant, the influence of
catalyst amount on the activity of oxidation of ethylbenzene has been studied, varying
in the range of 0.1-0.5 g of catalyst in the reaction mixture, the results shown in

Figure 3.19.
100 { NS - 100
- 80 §
;e S
= 60 <
2 °©
£ z
2 - 40 E
S 2
- 20
0
Figure 3.19  Effect of catal{st aftiount usi Al oxide catalyst.
Reaction cond ﬁg “_F hyll mol, TBHP 20 mmol,
0°C '
i Y]
The activiéy o yst Hinearly with the catalyst
amount. This o 'I ation was consistent with the fact-that with high metal

concentrations the nufhber of active sites wagsalso increased [67].

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
ammnimum'swmaa
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3.5.6 Effects of solvent
The effect of solvent was studied. The oxidation of ethylbenzene with the
Nig gAl oxide catalyst was performed in CH3CN and CH,Cl,.

Table 3.13  Effect of types of solvents using Ni4 gAl oxide

Reaction conditions . 1@ 10 mm : "BHP 20 mmol,
130°C, 12 h, solves \\ \\

Y e, BA = benzoic acid

/' sed” &\\ ion of ethylbenzene, the

AP = acetophenone, Pk

]
When these gSolv, Y
conversions were low I &. the | \. ‘ H,Cl,. Interestingly, the
conversion was maximized u der feee conditions. The decrease in conversion

utilizing solvents can b¢ attyi #14 o the ng of active sites by the solvent

molecules, particularly for a polaFseivent s

..i"".-t ;
with an earlier report b Bhow: €0- When solvents were used, it

s CH3CN. This result is in agreement

was found that 1 e ethvyibenzene ‘:‘ was-reduced-anc L_: owed the order non
solvent (36%) S0 _\ 13%) and C,H;OH
(0.8%), using co ntaining m : molecular siev d TBHP at 80°C for

24 h. The main p ucts were acctophcnone, benzaldehyde and benzoic acid.

o I Ty e
result found e presence of
CH3CN lmered the ethylbenzene canvcrslon compared to the solvent- system.

ARIANN T Nﬂ’]’)ﬂﬁﬂﬂ d
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3.5.7 Effect of radical scavenger
The effect of hydroquinone, which is a radical scavenger, was investigated.
The results collected in Figure 3.20.

= Without radical - With radical
scavenger scavenger
\ ////
S | —
=
o
5
Z
s
Q
Nl 2 smﬂapde
-'f'“‘l;- :"_‘ ‘-'. a
ad
o .tﬂ'-':' LN
Figure 3.20 Catalytic 0Xidalion of cthylber ing binary mixed metal oxide in

HCa—54 :nu:,v

,.,rn

the presencc of rag

weaction

catalyst 0.2 g,

.;)rlﬁ ooumon l-.l.. thanin I_.-‘-l.‘l. (11 itl-‘i ‘ '..' 2 h

o \J

In presemgof hydroq as radical venger@;ylbenzene conversion
was lower. From Fn&n‘e 3.20, in case of th i4 sAl oxide as catalyst, ethylbcnzene

““Vﬂﬂﬂﬂ ﬂﬂﬂﬂﬂ‘lﬂ
From lbenzene using
TBHP an inary mixed metal oxidg as catalyst p by a free radi echamsm

TRIANNTIE mﬂ’]’]ﬂﬁl’]ﬂ d
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3.6  Oxidation of ethylbenzene with termary LDH and mixed metal oxide
catalysts

The effect of the M?*"/M*" mole ratio using CuMgAl as a representative
sample was investigated; the catalyst with (Cu+Mg)/Al mole ratio of 4 (79%
conversion) gave higher activity than a ratio of 5 (72% conversion). Thus M**/M**

.\N ,#/

The Cl.ll_oMgz_g LI OX1dE gave I 1: (

mole ratio = 4 was used in the

3.6.1 Effect of various cat: u

ts precursor, Cu; gMgs Al
LDH with 70% conVersionefeln¥ibenzéne: Thus it v-.. experiment, only ternary
mixed metal oxide¢atal wefe siidiedis he results colleeted in Table 3.14.

Table3.14  Catalytié oxilasion of cthylbenzene using ternary mixed metal oxide
.;“. /
calbsil f N ‘\\{%
é- n’ AR \\ Others
Cuy oMg: o AT oxide 19~ T4 oo B BZ 1%, BA 3%
NigoMg; 1Al 0 'J,.r_fy i PE 4%, BZ 3%, BA 1%

CopsMg; sAl oxide 73 | PE 7%, BZ 1%, BA 1%
= ..l*" ..i A J
£=d i 2%. BZ °o, BA 2%
PE 4% BZ3%, BA 4%
..i

é} | | ils ! & 11
jons BH#P 20 mmol,

Cl'o_ VIg) 4/

Reaction condit
130°C, 12 h.
AP = acetophenone, I;E = 1-phenylethanol, BZ benzaldehyde, BA = benzoic acid

i u& ANUNINEAAT ey e

Cu:oMgz > NigoMg; 1Al = CongusADCrﬂAguAl Mﬂo9M

TR AN SRR AN e ﬁ‘ﬂ‘:;‘:‘;

Ele presence of some MnCOj; phase. This phase had already been reported to give a
negative impact on catalytic activity [37].
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3.6.2 Effect of reaction temperature
The reaction temperature was varied in the range of 90-150°C using
Cu) ¢oMg> 9Al oxide. The results are shown in Figure 3.21.

100

Conversion (%)
e =)
[—] (=]
Selectivity of AP (%)

[
[=}

9(

Figure 3.21 Effect o 101 _ 1oMga oAl oxide catalyst.
Reaction ioasdeth ; imol, catalyst 0.2 g,
TBHP 20°

The lfk" i ethylbenzene is 90-110°C,
which agrees ;: ."‘:'i-' evious study which

teported it "I Swoe cackion temperatures below
150°C [29]. . '

AULINENTNEINS
ARIAINTUNNINGAY
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3.6.3 Effect of reaction time
Effect of reaction time was observed using Cu; ¢Mg; 9Al oxide catalyst, the
results as shown in Figure 3.22.

e
S
-

X ' I
80+ / \]
360 ﬁ-—ﬁ—— i B 60 Pt
: / :
[ . (=]
E40 _ - 40 z
o £
20 : 20 g
L
@
0 0
Figure 3.22 - :=! S| : x xide catalyst.
Reaction conditiong’ éthy’ ne 10 '1.1 ol, TBHP 20 mmol, catalyst
0.2 g, 13Q0C. Jnsdses ,-.u
: Z /A T/ . & .2
The cosn g Nz ith peaction time up to
approximately 24 L _As _the _time increased the seleCtivity=ta’ acetophenone was

; .-‘ ¢
enhanced from the . : vei Tea

H |
benzoic acid (1%) was found from the oxidation of the aceto ‘;--

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
Qﬁﬂﬁﬁﬂ‘iﬂlﬂﬁﬂﬂ&ﬂﬁ&l

ion time of 36 h,
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3.6.4 Effect of oxidant/substrate mole ratio

The effect of the amount of oxidant and substrate mole ratios (O/S) was
studied Cu; Mg 9Al oxide catalyst. The concentration of TBHP in the reaction was
studied in term of O/S ratio in the range of 1-5. The results are collected in Figure
3.23.

Selectivity of AP (%)

Figure 3.23 Effect of am ot g cidar 11 0Mg2 Al oxide catalyst.
Reaction condi _l.ff;'?’" thylben 10 mmol, catalyst 0.2 g, 130°C, 12 h.

The cot :
There was no sigdi
relatively high oxidant/substrate

i TBHP concentration.

etophenone at the

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
ammnimum'swmaa
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3.6.5 Effect of radical scavenger

The exact mechanism of this reaction is yet unclear; however, the effect of
hydroquinone, which is a radical scavenger, is investigated. The results are collected
in Figure 3.24.

100
90 A
80
70 A
60 -
50 A
40
30
20
10

0 -

Conversion (%)

Cul.0MgZ9A1 Ni0®Me2. AL Col8Mgl 6A1 Mn0.9Mg1 9AI Cr0.8Mg2 4Al
oxide - oxide oxide

Figure 3.24 Catalytic oxid .‘ ~ of cthylber 1sing ternary mixed metal oxide in

the presence o{mﬁcg;v
_ mmol, catalyst 0.2 g,

Oroom : ______ ' '“'Zh.

In the p : ce of hydroquinone radical scavenﬂ gave lower catalytic
activities. From the results obtained it can begconcluded that the reaction proceeds via

IR A[<8 10 NAL IS )N I bvit
catalyst oisophoron -te butyl—4-mcthyl

phenol was used as a free radical trdp [44].

QW']G\"IT]?EUNW]’JWEI']GEI
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3.7 Mechanism
The catalytic oxidation of ethylbenzene using mixed metal oxide catalyst by
TBHP as oxidant proposed to be as follows.

2 -BuOOH uOO- + -BuO- + H,0 (n
2 +-BuOO-

queinenivdans

TSRS RART I
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3.8 Reusability of catalysts
The catalyst was reused after separation from the liquid reaction mixture by
centrifugation followed by washing with the solvent and drying, while avoiding the

loss of fine catalyst particles. Then the catalysts were regenerated by calcination in air

at 500°C for 5 h. ’ ,

The spent and zeclaimed talyst

subsequent reactions. The
results showed that both the catalysts ca 1 only slight loss of activity
from 75% to 70% anc
Deactivation of n of active base sites by
the proton released ible cause was partial
LDH reconstruction catised'b > mEmory: e fect, ps arIy in the case of Mg-

containing catalys| \\

3.9  Heterogeneity o

The nature of the obse \ : S eterogeneous. In order to find the
heterogeneity of the cataly ) _ aurtied out using the hot filtrate
(catalyst was removed after '.;; and- amount of metal leached out from the
catalyst was also confirme .»g;ga_-f analysisi <’ aetal species was found in the
ﬁltl'ate. Nl -
Vi A
_.i_
3.10 Conclusio

Mixed meg oxide catalysts could catalyze ethylbenzene oxidation in good

R TSN

conversxom)f ethylbenzene was obs ed with increasing TBHP/substrate mole ratios

TSI Iy

cinvcrswn of ethylbenzene. The maximum conversion was obtained in non-solvent

systems than in acetonitrile or dichloromethane. The catalytic oxidation of
ethylbenzene with TBHP using mixed metal oxide occurs via free radical mechanism.



CHAPTER 1V

OXIDATION OF ETHYLBENZENE, CYCLOHEXANE AND
CYCLOHEXANOL USING POLYOXOMETALATES

In this chapter, the syntheses and chaacigrization of polyoxometalate and
transition metal substitution polyoxemetalate/Catalysts are described. These catalysts

4.1 Introduction

The replacemen ! u me \ \ dous and corrosive
homogeneous catalysts by & !' r cou ’ﬂ:‘.\ \\ to achieve clean
technology is one of thgl ggals of socie ty,'-.lH A ¢ solid acid catalysts,

O many other advantages over

polyoxometalates
conventional acid cata known as ammonium 12-
ed in 1826 by Berzelius

1848 [69].

molybdophosphate, (
[68] and subsequently i

The applications of polyoxc ased on their unique properties,
including size, mass, e proton transfer | storage abilities, thermal

stabilities, labilitiese

Bretistad acidities of their
corresponding V -*-‘:‘:l ed in analytical
chemistry, as well as in many pharmaceuticals and in medici J% hemistry. There is a
rapidly growing areg’ g polyoxometalateiyztrochemistry and fine chemical
producti ion-selective
g (b B (k3000 1o g

applications of polyoxometalates haye been deveIOpﬂn solution as well as in the

RTINS -

In their catalytic chemistry, polyoxometalates are one of the most attractive
inorganic modifiers because in crystalline form they have been demonstrated to be

highly conductive and thermally stable. There are a large number of different
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polyoxometalates, but the most well known and studied are the Keggin type. The
basic structural unit of these compounds is the Keggin anion [XM;;04]™®, for
which n determines the metal oxidation state, X is a central heteroatom (B**, Si** or
P**) surrounded by metal M is or an addenda atom (usually Mo®" or W®") which can
be partially replaced by many metal ions, e.g., V**, Co™, Zn**, etc [73-74). The

Keggin structure is composed of a ce cfrahedron surrounded by twelve edge
and corner sharing octahedr ‘:‘:}" ygens/ (MQg) units. These compounds are
negatively charged, and their eleetron densities . y variable depending on the

\ R‘ \ Terminal oxygen
Bridging oxygen / {‘ﬁ i‘i\k a{i\
'.‘ t“u

elemental composition and molecular st

Central oxygen

Figure 4.1 Bgll-and-s' repIesents the win structure [75].
Geners! fp AR 8
1. Very high mc p/mo
2. Hi;@ colored m

5] Thermal stable (depend on the nature of the heteroatom and addenda

AN 1 amiﬁmmmﬁ‘zr

more stable than Mo.
6. Strong acids, solid heteropolyacids such as H;3[PW;204)] and

H3[PMo0;204] are pure Brensted acids and are stronger than
conventional solid acids such as Si0,-Al,0;. The general trend for acid
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strength among the common heteropolyacids is as follows
H3[PW2040] > Hy[SiW2049] > H3[PMo02040] > H4[SiM012040].

7. Free acids and most salts of polyoxometalate compounds are soluble in
water and organic solvents. Polyoxometalate compounds with large

counter cations are less soluble. Cs*, Ag®, TI", Hg?*, Pb®" and the

Many of the idS and a fey he salts are very soluble in organic
solvents, especially- atfer gonfain oxyge us, ethers, aleohols and ketones are
generally the best sgiVentssThe free acids are insoluble n non-oxygen containing

solvents such as benzer;

Polar solvents

R

b

Insoluble <—— s — .

= .i-"
A A lar solvents

Figure42 S *ﬂ':« o J er cations.

Among hydrocarbons, the oxygenation of alkanes has attracted much attention

A l%‘ it ith.respect to potential

. i lﬂgomh h mﬁ donors such

as peroxidw The global demand f(g cyclohexane in 2005 was just over 5 million
TRTRIATUINTING 1A L

9 By 2010, global demand for cyclohexane is expected to reach approximately

6 million metric tons, representing an average annual growth rate of 3% during 2005-

2010. Global demand in nylon fibers is expected to grow at a 2% annual pace in

2005-2010. China will exhibit the strongest growth for nylon, 3-4% annually, over the

next five years. Concerning the source of the cyclohexane, six producers account for
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50% of world capacity for cyclohexane: ExxonMobil, Chevron Phillips, Huntsman,
Deutsche BP Aktiengesellschaft, ConocoPhillips and Idemitsu Kosan, as shown in

Figure 4.3.

Figure 4.3  Global

Practically all calflolikaie 16 usest st \\\

12006 [86].

ol and cyclohexanone,

which, in turn, are/usedd main ': I'"'i. 'c cid and caprolactam,
respectively. Other usesfor ck%; ar q nelude v iotis solvent applications and the
production of cyclohexanc q, cyclohexanor nonprecursor uses. The following
pie chart shows consumption o "‘-'-'F . oraphic region.

.Ub “ds

"i-'ll‘

#_"—_:

e 3
SRR, (gl

Figure 4. 4 Consumption of cyclohexane by region '&r 2005 [86].

o Vhd i 3 b el TIRELIN

bedause of its increased output of nylon fibers, especially for caprolactam/nylon 6
based fibers. Demand for adipic acid is also increasing in China, both as a feedstock
for Nylon 6,6 fibers and as a raw material for polyester-based hot melt adhesives for

.l"

shoe soles. Consumption of cyclohexane is also expected to increase in Taiwan,
mainly for nylon fiber production.
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In the industrial process, cobalt naphthenate (Co(C;;H;002),) is used for the
oxidation of cyclohexane with air (15 atm) at 160°C. However, after 40 min, only 4%
of the cyclohexane is converted to oxygenated products, with 80% selectivity towards
cyclohexanone and cyclohexanol [7]. The oxidation of cyclohexane into

cyclohexanone and cyclohexanol is a process of industrial importance. Over one

billion tons of cyclohexanone and k

'l produced each year worldwide,
which are mostly used in the =. IIL lr f

1d Nylon 6,6.
J

The productions of capielactam adipic acid is another interesting
industrial processes (Scheme™®. ’-; ers is to produce only

cyclohexanone and*€yclohéxay .’ . clohexane and high

yields, while using weak o ;1 as \\ \ ., ion should be carried
out under mild conditighs, at rooni tempesn However, cyclohexane
contains only rathesinert bonds and thys conversions of cyclohexane are to
be expected. 2

AU ElVl‘ﬁWEl']ﬂ‘a"“’

caprolactam

¥R RIS RHRAIRAE
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4.2  Literature reviews
Many publications have appeared on the use of polyoxometalates in catalytic
oxidations with various substrates, and are described below.

4.2.1 Oxidation of hydrocarbons using polyoxometalate catalysts

In 1996, Matsumoto, et al. 78] ,!. - oxidation of cyclohexane using
80% TBHP with alkyl ammenium salts addenda silicotungstates,
(Q[SiW1;MO3g], for whieh M = C : enerally in benzene (for
Q¢[SiW11C0o03] 1,2-di was § ed)mc The product yields
decreased in the orde > Qs[SiWnRuO] 2 Qs[SiW 1FeOs).
Cyclohexanol was the \\\-u_‘h as a product of
a secondary reaction o

In 1997, Mi i [49] Studied  the liquid-phase oxidation of
hydrocarbons by [(n SN \ ing molecular oxygen as
oxidant at 82°C. The co in of b ie was | \u 91 h, with acetophenone

being the main product with 73%-selectivi i cyclohexane, conversion was very

low (0.36%) and cyclohexanone »'-: ; “the product with 83% selectivity.

However, the catalytic oxidation of ¢ _ h this catalyst in CH3CN using
H,0, as oxidant at§0’ gave a higher c £9.6%

Y S )

In 1999 Mizuho, e tion ofeyclohexane using the

salts of silicotungstates with HyO, ﬂxidant in CH;CN at

32°C for 96 h. The inifialsate and cyclohexare conversion were observed to follow

WL e
C4H9)4N]7[ﬁl oFe(H20)3037] (1.0%) > [(n-C4Ho)aN]s[S1W oFe(H20)2035] (0.4%) >

[(n-C4H9!)4N]4[SiW12040] (0.1%). The cyclohexanGne/cyclohexanol miele ratio

TANTIIEU NIV 1 E

In 2000, Langpape, et al. [88] studied the catalytic oxidation of isobutane by
heteropolymolybdates ~ combined  with  various cations:  H3;[PMo;,04],
Feo gsHo4s[PM012040], CsoFegaHo4[PMo012040] and  Cs;H [PMo01204]. The feed

composition mixture contained oxygen, isobutene, nitrogen and helium, in a

tetra-butyl ammoni
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33.4:17.2:10.1:40.5 kPa ratio and with a total flow rate of 6 cm®/sec at 340°C. The
activities for the oxidation of isobutane decreased in the order Cs;H[PMo0;;049] >
CsaFeg2Ho 4[PM012040] > H3[PMo1,040] > Feg 3sHo45[PM012040], and the conversions

were 4 - 7%. Methacrylic acid and methacrolein were the main products.

; oxidation of methane (30.8 mmol,
50 atm) catalyzed by vana ontaining olybdates with hydrogen
peroxide in fluorinated-vacid. anhydri at 80°C for 24 h. The
conversions decrease the PWVOs] > Hs[SiMo;;VOy4] >

> Hg[PMogV304], with

% \\:\ t gave acetic acid as

xydehydrogenation of propane

\ [PW;MO3]“ and
nions were unstable under
g 25:1 at 50 and 160°C.
ivitics y dependent on the solution
pH used for partial degradatlo ----- paration step. At a pH of 2, the highest
conversion, 45%._with 59% Mé o propene, was found. The unmodified
tungstophosphoric any oxidative activity—Fhe principal result was
that Mn”* incorpesdtion into the Ke dtiction temperatures
thantheirparents,lgalsoe ed the stabilities o eca.

polym"ﬁ’ﬁﬁ R 28 1w k11 N

catalysts w used for the omdahog of cyclooctane with H;O, in acet ile. An

TRIAND NS Tﬁmﬁ“ﬂfﬁ

solution decreased more rapidly in the presence of [(n-C4Hog)sN]s[PW,Fe(H20)O39]
than [(n-C4Hog)sN]4H4[SiW;039]. The main products were cyclooctyl hydroperoxide

and cyclooctanone, while cyclooctanol was detected in low yields. The cyclooctyl

conversions ranging

the main product

In 2002,
by Fe*, Fe**
MK« [PW;1MO3].
their conditions, with

The catalytic activities
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hydroperoxide/cyclooctanone ratio, calculated after 9 h of reaction, varied between
0.4 and 1.7, being smaller than 1 for reactions with [(7-C4Ho)4N]3[PW2,04],

[(n-C4Hg)aN14[PW11VO4o], [(n-C4Ho)4N1s[PW;Mn(H,0)O30] and
[(n-C4Hg)4N]4H[SiW;Fe(H,0)O39]. Under these conditions, the lowest selectivities
for the hydroperoxide were observed for the [(n-CsHo)sN]4[PW;Mn(H,0)039] and

[(n-C4Ho)sN]H[SiW;;Mn(H,0)Os; \\ Vfﬁ and the highest selectivities for

[(n-C4Hg)aN]4H4[SiW1030].
1dation of propane by

In 2006, Li, ef
H3[PMo0;2040], H(VC [he reaction was studied at
400°C with the pro psition being 17:30:53
(flow rate 15 mL/man). The highest cor : . e were observed over
H(VO)[PMo;,04] at S
420°C, with the prg
The activity decres
(VO)o2[PMo1VO4g

conversions of 46.2, 43,6, 4

. : or H' was observed at
'tion being 10:20:70.
"' 40,)VO4q] > CsysHy,

> $2.5Ho s[PMo012040], with

Polyoxometalates - for~ atalytic oxidations of other
substrates, and spme key publicat
'I-..- .-_ B :
In 1993, Atlamsani, . [82] reported the galytlc oxidation of

2—mcthylcyclohcxanonc cyclohexanone using Hs[PMo;oV2,04)] and

TR e ) E e s

carried outm different solvents and r?'r—butyl alcohol 90%) gave a thher conversion

ﬁTW’Tﬁ“ﬁ)ﬁ“ﬁﬁiNﬁT‘W JbH

In 2003, Etienne, et al. [83] reported the preparation of Fe-doped
K(NH4)2[PMo,049] with an Fe/P atomic ratio ranging from 0 - 1.5. The catalysts
were used for the oxidation of isobutane. The catalysts were calcined at 350°C before
use. The mol% feed composition was isobutane 26: molecular oxygen 13, steam 12,
with the balance being helium. It was found that when the Fe/P atomic ratio increased
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from 0.5 to 1.5, the conversion of isobutane increased from 6.1 to 11.4% but the
selectivity to mathacrylic acid was reduced from 32 to 22%.

In 2004, Kholdeeva, et al. [84] reported the aerobic oxidation of
1sobutyra.ldehyde with [(n-C4H9)4N]4H PW1C003¢] and [(n-C4Hg)sN]s[PW;1C0030]

! . ._proton counter cation, [(n-
C4Hy)iNJH[PW11CoOss),.kias & higher activity sl [(4=€Ho)N]s[PW1CoOs] (94

In 2006, g with the catalytic

oxidation of a-pi ¢ #7430 “ ‘ 1 yoxemetalates, including [(n-
C4Hg)aN]7H[PW 11 ZrO3(1t-OH) (n=CaHo)N]g[PW !-l-OH)]z, and  [(n-
C4Hog)4N]o[(PW 1 Z6@539), (-OH)(1-0)] psin P ), as the oxidant. The reactions were
carried out in acetonits 0L fc f iy 1€ ¢ \ ¢:H,0;:catalyst molar ratio
being 0.1:0.12:0.0025. - -caialytl . i -‘\ ed in the order [(n-
C4Ho)4N];H[PW,ZrO . [(r-CaH .’i 12103 (u-OH)], > [(n-

C4H9)4N]9[(PW1121‘039)2( O LT ._i' { of 40, 25 and 7%, rcspcctivcly),

yielding verbenol and verbenon s 4 ajor products.
..l*" ..u J

In 2007;.Bonchio, et al. [90] reported the oxidation of is-cyclooctene by

oxygen in 1,2-diekdoro e':‘." ammonium (THA)
salts of transition @al—su ituted xotungstates, THA@&(HzO(XWgOBh]”-

as catalysts, for whjc M =g, As3+ Se*" and Te". The conversions of cis-

°Y°'°°°“mr ik =
S P T T STy e

THA4[|3-F 20)10(SeW4033),] (4%) The major product was c&)ooctene

TWTANN I URIINA
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In 2008, Mirkhani, ef al. [91] published a study on the oxidation of alkanes
(cyclohexane, cyclooctane and ethylbenzene) with H;0, using M(salen)-
Ks[SiW};030] (salen = N,N'-ethylenebis(salicylimine)) catalysts for which M = Co*
Ni%*, Fe** and Mn™*, at 80°C for 5 h in acetonitrile. Fe**(salen)-Kg[SiW,030] catalyst
gave the highest activity, which was much higher than that for Fe’*(salen)Cl. The

major products were ketones withiselectivitigs # 90% and conversions > 50% for all

=
chel'al lite alll] DA ”l‘"-' A th “;a:;,’-_;l;-‘

opxidation of alcohols and
hydrowrbons with mong
"-.
oxidation of hyd bo /"‘rf ‘i\'}"\ ""\r '-u

/ ’ \\"-. ,. . alates is interesting.
Especially using an gnVi a _‘ 12 w. ogen peroxide

£\

ercfore, the catalytic

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
Qﬁﬂﬁﬁﬂ‘imﬂﬁﬂﬂmﬁﬂ
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4.3  Preparation of catalysts
Polyoxometalate catalysts with different cations were prepared by the methods
described in the literatures.

43.1 Disodium salts of molybdophosphoric and tungstophosphoric acids:

Na;H[PMo;,04)]and Na,E
To a solution of disodi te, Na;MoO4-2H,0 (14.46 g,
0.07 mol), or sodium (19.46 g, 0.06 mol), were

solution. After the #
Mo catalyst, white {g _
were recrystallized fromaf 1:8 ( _ethe a oduct yields were 5.23

nowder (greenish for

acuum. The powders

Na;H[PMo;204]
UV-vis Amax (CH5(
Anal. (M0%): Found:
XRD: 26 8.5%,9.6°, 23. -‘h.rn..

=L .-""'" .Un-.r’

NaH[PW O
UV-vis vh A
Anal. ;l ound: 1.86; Calculated: 1. .m
XRD: 26 10. 0:15 4°,18.3°,25.7°

%ﬂﬂ’l RANINIDG. o,

12040] [92-93]

AN IR RN IN AR

precipitate which formed was filtered and dried in vacuum to give yellow (Mo
catalyst) and white (W catalyst) powder, respectively.
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H;3[PMo204]
UV-vis 2-mu (CH;;CN): 312 nm
XRD: 26 8.4°,9.9°, 25.1°, 28.0° (JCPDF 43-0317)

H;3[PW204]
UV-vis Amax (CH:CN): 271

lved in 5 mL water, 0.2
> acid were then added, and the

resulting suspensioy miperature for Addition of 3 mL of
water yielded a clea whicl _ 1\ -C4Ho)aNBr was added
immediately. After 45 ntin of stirring, 9\" e s fitered off,
washed with water, ethanol @ et and ¢ to give light green (Mo
catalyst) and white (W catalyst) crvstats-—

[(n-C4Hg)4N]3[PMo;204
UV-vis A,
XRD: 264102

[(H-C4H9)4N]3[PW120?]

HEEINAN NGNS
ARIAINTUNNINGAY
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4.3.4 11-Tungsto-1-vanadophosphate:[(n-C4Hg)sN]4[PW;1VOy]
10-Tungsto-2-vanadophosphate:[(n-C4Hog)sN]sPWoV204] and
9-Tungsto-3-vanadophosphate:[(rn-C4Ho)4N]s[PWoV304] [95]

First, a stock solution of V(V) was prepared by dissolving 6 g NH4sVO; and 4

g NaOH in 100 mL of water. NaH,PO4 -2H,0 (0.19 g) was added to a solution of 4.12

g of Na; WO, -2H;0 in 150 mL of w | by the addition of 22 mL of conc.

HCI. After stirring, 5.0 mL, 20 ml “iﬂ ons of the V(V) stock solution

were added for the [(n "'em,L 'W11VOy N]s[PW10V2049] and [(n-

C4Ho)N]s[PWoV3049] réspectively: Finally, a selution of (n-C4Hy){NBr was added

dropwise with stirring afl

_ [he prempltatcd salts were
filtered off, washed#ith v "’/} \\ f

yum at 50°C. The compounds
were recrystallized \ \ e product yields [(n-
C4Ho)NJa[PW1VOso A sk f‘i /5( . C4H9)4N]6[Pw9v3o.w]
were 5.32, 5.19 and#5.06 g vc ) \
[(n-CeHo)NL[PW1 VOS] & i

UV-vis Amax (CH3CE
Anal. (V%): Found
XRD: 26: 6.6°,7.6°, 12.

[(n-C4Hg)4N]s[ :__——1'.."
UV-vis Ag ;i - 3
Anal. (V% ir. : 2.76, Calculated 2.8 -m
XRD: 2066"76' 12.1°,23.5°, 300

l(u-cm,@'uﬁlf!] qn Elwlﬁw Ell]ﬂi

UV-vis Amax (CH3CN): 245, 443 nm

A TRHININGINY
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4.3.5 [(n-C4Hy)4N]{H[PW;;M(H,0)039] where M = Mn, Co, Cu, Cr or Ni
[96-97]
[(n-C4Hy)4N]sH[PW,Co(H,0)039] was prepared by mixing Na,HPO4 (9.1
mmol), Na,WO,42H,0 (100 mmol) and after that the nitrate salt of the appropriate
metal ion (12 mmol) in 200 mL of water, and the pH was adjusted to 5 with

was added dropwise, with stirring BQICH S itated salts were filtered off,
washed with water and ethanol, and dried i ai:50°C. The compounds were

Anal. (Ni%): Foind
[(n-C4Ho)sN]{H[PW yCo(k
UV-vis Anax (CH

Anal. (Co%): Feund 1.

[("'C4H9)4N]4H[PW||M]1(H2 ! 1855 .‘.3'_‘.'_:

UV-vis (CE
Anal. (Mn% ,..T..—:;;:___;—_..—ﬁ::':‘ ‘
[(u—cm»)m]‘m?ﬂcw»] ﬁ

UV-vis Amax (CH5CN): 261, 625 nm

AUYIRINTNYINT

[(n-C4Hg)4N]4[PW;,Cr(H,0)03] ¢

0 ﬂﬂ@;ﬁjﬂﬁmﬁmﬂ NYIAE

XRD patterns of [(n-C4Ho)sN]sH[PW;M(H20)030], (M= Cu, Mn, Co, Cr and
Ni) show similar diffraction peaks at; 26=8.3°, 9.0°, 27.8" and 29.1°[99].
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4.4  Catalyst characterization
The polyoxometalate catalysts were characterized spectroscopically by FTIR,
XRD, TGA, NH;-TPD and H,-TPR techniques, and the results are given below.

4.4.1 Fourier transform infrared spectroscopy (FTIR)
Keggm type polyoxotlm Il / acteristic infrared bands in the 1100-

700 cm™ region [90, 92]. ‘)
J

Table 4.1 FTIR spect ;, ometa ate‘"I

Catalyst mt\t\x‘*{'ﬁ; i =)

/ " EQ\% 0y-M v, M-O-M

H;3[PM0,,04] 788
H;[PW,040] 805
Na;H[PMo,;040] 787
Na,H[PW,040] 789
[(n-C4Hg)sN]5[PMo1,04 804
[(n-C4Ho)4N]3[PW1204] 895 813
[(n-C4Hg)N1s[PW11VOy 886 809
[(n-CoHo)N]s[PW10V2040] 886 808
[(n-CHy)NJs[PW5V3040] 882 808
[(n-C4Hy)sN]H[P Wy Ni(k 812
[(n-C4Ho)/NLH[PWCo(H:0)0] 1063 065 §§7 811
[(n-C4Hg)4N]sH[PA V 1 88 818
[(H-C4H9)4N]4H[PW§’039] | 96¢ f' 816
[(n-C4Hy)4N]s[PW,Cr(H,0)O30] 1086,1051

U Wf’%‘w i ﬁ°“i°m
AN TAUMIINGIAY
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[(n-C4Ho)aN]3[PW12040]

1Na;H[PW,040]

Transmittance (a.u.)

500

Figure 45 FTIR
[(n-CH

The FTIR
and Na,H[PW204] (& d |
literature [94]. The catalysts con +, ning Mo hayg uericies than the catalysts
containing W. The vibstionfrequendis fkﬁ :
depend on the nature of the ‘;ﬂ" T

], Na2H[PMO|204o]

tterns consistent with the

reviously been shown to

080 cm™'. It happens that this
~the primary structure of
Keggin POMs ‘:{ ) "‘ sociated with the
terminal (Mo,W)ﬂbonds‘. ne inter-octahedral (o ygen.@mnecting two WO .

The P-O bands ap

environment is distorted upon

octahedra in a triad) W—Ob-W bands appeared in the range of 867-887 cm ', and the

A1 1ALV IS} 181 Ao O

C4H9)4N]4+x W i2xVxO4o] catalysts ?lﬁed to a lower wave number with i mcreasmg

FUINLIE ARTIMUTaY

The FTIR spectra of the tetrabutylammonium salts of transition metal-
substituted polyoxotungstates show absorption bands which are slightly shifted to
lower wave numbers compared to the Na® or H' salts, due to the weaker of
interactions with their cations [99-103]. The P-O band values found for [(n-
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C4Hg)4N]4H[PW;CuO3g] are higher, indicating that the distortion of the environment
around copper in this anion is more pronounced than for the other metals [102]. The
FTIR data indicate that all of the catalysts have Keggin structure frameworks.

4.4.2 Nitrogen adsorption (Brunauer- ett-Teller method (BET))

it i alts.of | W / e cations like Na* or H' have
low surface areas (< 10wm’/g) [102-10: surface areas for some

representative new catal; termiy hown in Table 4.2.

\\

111 *\.'&\.x

Table 4.2 [ACE ’j’j’j ts

/:- u.\ \xﬂ\ e
[(7-CaHo):NBIPMg 33.0
[(n-C4Ho)4NT:[ BIW 1, Q¢ 2 67.3
[(n-C4Hg)aN]4[PW : 60.3
[(n-C4Hg)4N]s[P Wi Vi 12 4.8 37.5

The Telrabutylammom : 2 surface areas in the range of 3.3-
5.3 m%/g. The cata : rabutylammot ion pessessed larger BET

surface areas tha

E
ﬂ‘lJEl’J‘VIEWI‘ﬁWEI']ﬂ‘i

Q‘mﬁﬂﬂ‘im UAIINYA Y
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44.3 Thermogravimetric analysis

Thermogravimetric results for the phosphorus-containing species indicated
that the compounds decomposed according to the equation:

2[CoHan+1]aN]3[PM12040] = P20s + 4903 + 6CyHzq + 6(CyHzn+1)3N + 3H20,

2

for which M = Mo or W and 1

L ——
9 0.0
— 0.5
S 804 -
8 >
5 70 0 §
L] -
= g
.15
60 -
--2.0
50 4v—1— v [
00 900 1000
"t:' I.:."
Figure 4.6 The\ﬂ 1nCol ‘i“: O39] catalyst.
|

The thermogra.‘ ofi[(n-C4Ho)4N]4sH[PW,4#Co(H,0)039] catalyst exhibits three

v n@IAEBLN W4 P o
sisorbed water and the second one at ca. 350-450°C (27%)

is due to thloss of phy:
corresponds to the loss of waters of‘nydration and déiéto the decompositieh of the
CL Rk Ty ey e
substituted polyoxometalate to correspond metal oxide. For the other compounds, the

similar results were obtained as collected in Table 4.3.
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Table 4.3 Decomposition temperatures and percentage mass loss

Decomposition Mass loss
Catalyst
temperature ("C) (%)
[(n-C4Hg)sN]3[PMo0;2040] 152-610 28.9
[(n-C4Hg)aN]3[PW12040] 154-650 20.7
[(n-C4Ho)NJH[PW i Ni(H,0)O0x0] 1 648 28.1

26.3
27.6

[(n-C4Hg)aN]sH[PW;;Mn(H,0)C : ‘ \
[(n.c‘Hg)"N]4H[PWUC o(H0)010]

4.4.4 Temperature progs

Tempera 1sed to investigate the
acidities of the catalysts, and thé wesnlts aré as n Tab 4. The temperature
ranges were used to ideafif 1gth; W earing in the range 100-

300°C whereas strong acids wi

.ﬂl.l-i

Tabledd  Acidity off ﬁ;ﬂ :

e hcidity ion mmol of NH,/g of catalyst)
Catalyst : = -

Weak Strong

LTI I
H3[PMo;,04] D 1.2
Hs[PW1,040] v——l {:‘ 19
Na;H[PMo,,040) ; 13
Na;H[PW,,040] m 23 1.@ 1.3
[(7-CHs)NL:[PW1,040] © 1.7 &/ 0.8
eyt 3 71 UHaN BN »

[("‘C4H9)4 Wi0V2040]

mmmm ummmaﬂ

[(n-CJ-I,)..N]‘H[PW. 1Ni(H,0)03]

From these results, the total acidity was maximized with H" was the counter
ion and weak acidity or Brensted acidity was also height. The acidities of



i

polyoxotungstates are greater than those of polyoxomolybdates, in agreement with the
higher negative charge on the oxygen atoms in polyoxomolybdates as compared to
polyoxotungstates. In the series of tetrabutylammonium salts, when transition metals
were substituted for a W atom, the total acidity decreased. In particular, in the case of
[(n-C4Hg)4N]s[PW19V2040], when two V atoms were replaced with two W atoms, the
total acidity clearly decreased.

445 Temperature p

The reduction te . e catalyStsswere observed by H,-TPR, the
results being shown in T'

Table 4.5

Ilﬂ@fﬁx o

505 1 15-650
8, 650-660

80, 590-685

85, 590-675
80-590, 610-620
595-610

[( f‘pr‘nkln-llﬂ m-i I-E\‘ll.m_i‘ ‘E-L-_IF! ¥

These resul@e in good agreement with ca 1erreporrw03] that substitution
of W®" sites by V¥, N an"' and Co®" in the leom] anion tends to decrease

:z:::mmmmm .
mmm:m MAINENAL.

a.cetomtnlc The catalysts with the tetrabutylammonium cation are soluble in

acetonitrile.
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4.5  Oxidation of ethylbenzene

The catalytic oxidation of ethylbenzene was studied using mono-substituted
polyoxometalates. The effects of temperature, effect of solvent, reaction time, types of
catalyst, oxidant per substrate mole ratio (O/S), substrate per catalyst mole ratio (S/C)
and catalyst reusabilities were investigated.

W/ \\\\\.

equipped with a co "'7= : tion nnxturewashcated to

the desired tempe  the given reactie >sired time, the catalyst
was filtered from the feaction m siore- 1  was placed into a 25%
H;S0, solution and e with-dicthyk * pixture was neutralized with
saturated NaHCO; solution ,r___ with anhydrous Na,SOs. The oxygenated

products and recovered s P?M.'-'L;, *I= e were qualitatively analyzed by
gas chromatography : : balances of all samples
Hexane, when it ranged

&om87-99'/..m ﬁ
ﬂ'lJEl’WIEW]‘ﬁWEI']ﬂ‘i

Q‘mﬁﬂﬂ‘iﬁu UAIINYIAY
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4.5.1 Effect of temperature in solvent-free systems

The effects of temperature on activities and product selectivities were
observed in the range of 33 to 100°C using [(n-CsHo)sN]4H[PW;,Co(H20)O39] as the
catalyst.

s 80 g
,g 60 %
) :E
C g

20 &

Figure 4.7  Effect of rgaction d selectivity.
Reaction conditions; (hyiben nol, catz yst 0.01 mmol

(0.037 g), H30, d0imsmol, 24-h

-

S WA DL
When the seacti era incr

enhanced. The MaXlmum-lomperatue-iilised-was-S0Caaid-l :" perature did not
. y

ionof ethylbenzene was

affect acetophen : «-n.; -

I J
i i¥

AULINENTNEINS
AR TUNNINGAY
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4.5.2 Effect of types of substituted metal in ethylbenzene oxidation
The effects of metal incorporation in mono-substituted polyoxotungstate
catalysts were studied and the results are collected in Table 4.6.

Table 4.6 Effect of types of substituted metal in ethylbenzene oxidation

Catalyst Product selectivity (%)

acetophenone  1-phenylethanol

[(n-C4Ho)aN]4H[PW  Ni(E . 5
[(n-C4Hg)aN]sH[PW ;Mn(H,0)Os0 ] 2
[(n-C4Ho)sN]sH[PW;CuO3g 19 0 9
[(n-C4Hs)aN]H[PW{Co(H,0)Os6] 8 9 8
[(n-C4Ho)4N]{H[PW ;€ J ! 8
Reaction conditions: ¢ cfizede | mr -,-- catalyst 0.01 mmo (0 037 g), H,0, 10

mmol, 80°C, 24 h.
*in CH;CN 5 mL

When the reactio: LW 10 product was observed.
In the solvent-fi i 35 SICIu ; 9 4H[PW|1CU039] and

[(H-C4H9)41\1]4H[PW11C0(H20) i=’-?"""_~;‘ higher ethylbenzene conversions
but lower acetophenone mation was observed for any

of the catalysts.\Beeause of the low yield of oxygenated prodnefs4n the solvent-free
system, a solverit-uch 'sifice it can dissolve
tetrabutylammoni ‘:!I salt . polyoxotungstate. However, [(n-
C4H9)4N]4[PW“Cr(H29)039] showed no activi&’in this system.

nﬂ UL NANINENDT. .. ..

C4H9)4N]4H W11Co(H,0)039] catalyst is attributed & the polarity of Lﬁ',solvent,

SR IR TUSRTINHIR Y

metal enhance catalytic activity.
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4.5.3 Effect of reaction time on the oxidation of ethylbenzene

The effect of reaction time was investigated in the range of 12 to 72 h using
[(n-C4Hg)sN]sH[PW;Co(H,0)039], with H,O, as the oxidant, and the results are
collected in Figure 4.8.

100 - L 100
80 - - 80 &
:
g %7 %0 s
£ z
2 40 - L 40 &
(-] (5]
© =
20 - L 20 @
0 - 0

Figure 4.8  Effect ¢
selectivity.
Reaction conditions; & T‘:“" nmol, catalyst 0.01 mmol (0.037
2),.H20;

onversion and product

Convcrsi- it y h but then leveled
off and ethylbenzcﬁonve sion el sonstant. I;.II:- might be due to the
fact that the H,O, had y decomposed in early stage and reaction was limited by

t:::;mﬁm%m v e
AMIAINTAUMIINGIAY
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4.5.4 Effects of oxidant per substrate mole ratio (O/S) and substrate per
catalyst mole ratios (S/C)
The effects of oxidant/substrate and substrate/catalyst concentration ratios
were studied, and the results are collected and described in Table 4.7.

Table 4.7 Effect of

O/ Sy« Yalid
C4H9)4N]4H[P Pl ‘LU f ..f"
O/S S/C  Conversion . Produet sclectivity (%)

% acetopher phenylethanol  benzoic acid

mole ratios using [(n-

10 100
20 50
20 100

Reaction conditions: e mmol (0.037-0.074 g),
H,0; 10-20 mmol

v
The results showed that the ¢ \»- ‘. ene and the distribution of

the products depended on acentiations o ‘\. S and oxidant. When the

catalyst amount was incregsed (S/C = 50), thi enzene conversion was enhanced

from 19% to 27% with constantselectivity acetophenone. However, when the
TR

oxidant amounts were ificreased - acetop higher 1-phenylethanol

selectivities wergi@bserved. .3

v X

4.5.5 Reusabi]iﬁE catalysts
At the end of th reaction, the [(n-C4H9)4N]4H[PW 11Co(H,0)030] catalyst was

e} AT

catalyst en used in another reas.hon. The results showed that the catal t can be

TINTRNILSN STINE Y-
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4.5.6 Effects of reaction conditions

To investigate mechanism of ethylbenzene oxidation with H,O, catalyzed by
[(n-C4Hg)sN1sH[PW;;Co(H,0)O39], experiments were conducted under nitrogen
atmosphere, in the dark and with radical scavenger (iodine). The results are given in
Table 4.8.

Table 4.8 Oxidation of ethy i ne at vafous c nditi
able n of ethyl e at yad ditions

Condition onversion Product selectivity (%)

mﬂi nylethanol benzoic acid

in air
in nitrogen
in the dark
in of iodine (1 mmol)

, OO
Reaction conditions#ethylbenzeng | mmol, catalyst 0.01 mmol (0.037 g),
H;0; 10 mmol, 80°C, .

When the

similar result as that in aigiwag pbtained. Th no reaction was observed when

nitrogen atmosphere, a

e ] Sion was increased in the dark and
oxidation of ethy

radical scavenger (iodine) was added. T

ﬂ‘lJEl'IIVIEWI‘ﬁWEI']ﬂ‘i
ammnimum'swmaa



4.6  Oxidation of cyclohexane

The prepared mono-substituted polyoxometalate catalysts were studied for the
oxidation of cyclohexane to cyclohexanone and cyclohexanol using H;O, as the
oxidant. First of all, the effect of oxidant was investigated using either the oxygen
molecule itself or HyO,. The results showed

that using the oxygen molecule at a

Cyclohexane Cyclohexanone
(CyH) (CyONE)
Scheme 4.2  Reaction sciieme for cyelo exane oxidation and the products found in
this stud:

The catalytic oxidal _,r":;__ = monitored as functions of the
types of metal, oxidant/sub =ﬁ;p ¢ ratio; d substrate/catalyst mole ratio
(S/C). | R

W Y
4.6.1 Effect of types of s Ine o i‘,:“f ation
!
The catalytio-activities of the various mono-substituted-Keggin compounds in

homogeneous and bipﬁ.ﬁsystem were studi@d/in the pressure reactor. The results

m“Wlfé’E‘l"”J‘VIEWI‘ﬁW g1
ammnim UAIINYA Y
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Table 4.9 Effect of types of substituted metal in cyclohexane oxidation

Product (mol%)* CyONE+CyOH
Catalyst CyONE/CyOH
CyONE CyOH (mol%)*

[(7-CaHo)iNJH[PW, Ni(H,0)0%] 34 25 59 14
[(n-C4Hg)sN]4H[PW;Co(H,0)039] 4.1 7.0 0.7

[(n-C4Ho)sN]sH[PW ;Mn(H20)O30] 79 1.1
[(n-C4Hg)4N]4sH[PW;CuO39] 112 0.6
Reaction conditions: cyclohe eatdlyst0:04 mmol (0.148 g) , H,0,
e ——

39.5 mmol, CH3CN 5 mL, 80 C.d2h. H

CyONE = cyclohexanone
CyOH = cyclohexane
CyOOH = cyclohe
* based on substrate

2+

The phospho was preferable for
. | (- "!-‘a 9)aN]4H[PWCuO39] as
}'_;‘-,’_E"Ej ontent (11.2%), with no cyclohexyl

hydroperoxide observed. iE-'*“m ar ounts of CyONE+CyOH were

cyclohexane oxidation

catalyst gave the hi

obtained than in the previous repotE] :‘: o-workers [96]. In this study, we
= L
found that the Ma-containifEICaIySt (0LC) Mn(H,0)Os], gave low

activities for cyclohexane oxidation. This resuit 1s 1 sood-asreement with a report by
] LY

Nowinska and cowor hat 'K£[PW,;MnO3,] and

an,s[PWuMnosgli owed low oxidative ac s for prope xidation.

“ BUHINBNINEAN T e

respectively, were not optimal, givinglow yields of cyelohexanone and cyglohexanol.

PR/ ERARIIBHIR

products.
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30 0.8
= 25
g
& 20 ¢ §,
oo
3- 15 + 2
Qo
B 10+ &
(=}
& 5l
0
Figure 4.9  Effect of O/ eonversion using
[(n-€3Ho)N], uCuOsg]
Reactig iti iclohexa 18.5 mmol, catalyst 0.04 mmol
(0.148 g). \
 based on s
Since H,0, acts as the .ox ;r-‘ ‘w wersion of cyclohexane, it is thus

natural that no CyQH 2
significant dep rm‘: 0. In this study,
increases in the | . -“:.'II. gain higher yields of
the desired products II ithout apparent formation of CyOOH, ¥ vhi h could be assayed
through its reduction hy&h;, and quannﬁ e amount from the increase of the

C”““FT"iJEI’WIEWI‘ﬁWEI']ﬂ‘i
ammnit‘uum'mmaa

0,. The results showed no
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4.6.3 Effect of amount of catalyst
The effect of the amount of catalyst in the cyclohexane was investigated in the
range of 0.04-0.14 g, and the results are as shown in Figure 4.10.

30 0.8
= 25 -
E + 0.6
E 20 ; 5
i 9
% 15 1 0.4 E
% (@]
S 10 { g
o + 0.2
5 -+
0 - - 0.0
Figure 4.10  Effect of catalyst amount for. e conversion using

[(7-CH)iN]HP W Ca05],
Rez ﬁg Ww‘*

s ‘;":’ﬂ.“m_'li'_-..

'
; Ly
A ST

]

A higher catiy%amount enhanced {}e product yield with no significant
change in’th ] i ; L'of catalyst, the
mﬁlyﬂﬁnmﬁmwmmmn was thus
taking place in both heterogeneousgand homogeneous, phases, and as a gesult, little

thus cyclohexanol can be converted to cyclohexanone easily, as described previously

by Tian and co-workers [105].
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4.6.4 Effect of reaction time in cyclohexane oxidation

Oxidation reactions using H,O, as the oxidant are time dependent and thus the
effects of reaction time on the catalyst performance and product selectivity were
investigated. Since cyclohexanol and cyclohexanone are more reactive than
cyclohexane, which can lead to further undesired oxidation processes, the reaction

time could not be extended witho . n/unfavorable results. The reaction time

.

was therefore limited to the rang “\:"'- 5 }l

30 - _ - 0.8
. 2 ) —
-]
S - 0.6
E 20 + =
= )
i &
15 + - 0.4 E
g 10 z
g. L 0.2
5+
0 - L0

Figure 4.11 Effect of re

[PW1CuOs].

__,;:A_;,.:K;I:.;_-xg;m;;;a;;:[-.,j;::r- catalyst 0.04 mmol

(G R o C --II-'?I J
Figure 4.11 sho the effects of the reaction time on the catalytic oxidation of
it Sy [5RTo I8 v 1ot B
indicated Dﬂ cﬂ ’Tn creasing the

reaction " further only shghtlydaffected the amounts of cycloheane and

Tl o Anlewigb e igri i

mcrease in cyclohexanone product perhaps can be attributed to the partial oxidation of
cyclohexanol. After about 24 h the reaction practically stopped, because of the
consumption of the hydrogen peroxide; however, further addition of H,0, led to
further oxidation of cyclohexane. Thus, the catalyst proved to be still active.
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4.7  Stability of the catalyst
After the reaction the used catalyst was separated and washed with water and

dried, then it was characterization with XRD. The XRD patterns of the catalyst before
and after reaction were compared in Figure 4.12.

Intensity (a.u.)

il l'
)alNT4!

Co(H,0)039], before and after

el =
Figure 4.12 XRD patterns o 'g"':‘-‘"

reaction in catz r i_‘-’ "'"7.""" sxane.

XRD patleFiis indicated that [( (H,0)03] catalyst did

not show signiﬁcanﬁ ffere . re-mi after use.

rllsm 0 exane oxidation'with POMs

R NG YPBI g e

atmospheredf nitrogen. The results were not different from those obtained in air in

SNSRI

wa also performed in the presence of iodine, a well-known radical scavenger and the

oxidation of cyclohexane did not occur [96].
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In this case, the first step was assumed to be the coordination of H,0,
molecule to metal (M), followed by the formation of HOOe=. The HO- radicals were
then generated by a reaction similar to that of Eq. (3), with reoxidation of metal.

Catalytic oxidation of cyclohexane using H,O; as oxidant was conducted by

0]
()
3)
“)
)
(6)
)
®)

o~

4.9.1 Oxidation of primary , arboxylic acid @
The conversion of primary alcohols into carboxylic acids is not a difficult task.

aldehydes is
ijts in different

solvents, mhlgher temperatures, o at longer reaction times. An example is the

mﬁﬁm 1] WTWW#H
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4.9.2 Oxidation of secondary alcohols to ketones

All oxidants used for the oxidation of primary alcohols to aldehydes can be
applied to secondary alcohols. Because the products, ketones, are much less sensitive
to overoxidation than aldehydes, more intensive reaction conditions, such as an excess

of the oxidant, higher temperatures, or lo tion times, can be used.

Secondary alcohols are converted i 70-98% isolated yields when
refluxed with Raney nickeli ez ne fe ' tropic removal of water.
The addition of 1-octene as.a-hvdic ACCE oc. fect the yields. Primary
carbonylatlon and yield
hydrocarbons wi
through solutions gffa!

ed by passing oxygen

4.9.3 Oxidatior

The treatment of fSecondary ' powerful oxidants such as nitric
acid, chromium trioxid sium permanganate tesults not only in oxidation to

ketones but also in subsequent sxidation ¢ : es to carboxylic acids. Thus

Gk T >
cyclohexanol gives adipic acid !g”w propyl anol gives B-isopropyladipic acid,

and 2-methylcyclohexanol 3___,. 6-ke 0 "‘,.'-'l"-*'-‘v acetylvaleric or heptanon-6-oic)

acid.

f z
4.10 Literaturé re

Many publi Iu ons have appea e use of polyoanctalates in catalytic
oxidations of alcoholi-and are described bclo

Tl EJ N3NEIDS.

using Nau uZn3W906s]. The reagtion was camed t in 30% H,0, at E‘C for2 h,

IR IATR HATIN B -

In 2000, Yang et al. [77] reported the preparation of CsyHs.n[PMo0;;VO4),
n > 3. These catalysts were used in oxidation of ethanol to acetaldehyde, ethylene and
diethyl ether, the feed gas consisted of ethanol 13%, oxygen 30% in nitrogen balance
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(flow rate 15 mL/min) at 250°C. For the Cs, salt in which n < 3, acetaldehyde was the
main product (> 95%). For n = 2-3, ethylene and diethyl ether selectivity were
increased, while acetaldehyde selectivity was decreased (< 40%).

In 2005, Wang et al. [106] studied the catalytlc oxidation of alcohols using
Naa[Slqu(HzO)Ow] 12H,0 (wh * Mn*, Fe¥', Co?*, Ni¥, Cu®*

with H,0,:substrate = 1.5,
substrate:catalyst = 670 ¢ 2> Mn* + M* + Mn®** >
Fe3+ + Fe2+ > Coz+

> " was \ W and cyclohexanol was
converted to benzoiC a . ohexanone with 100% conversion and 100%

selectivity in 2 ane gSpectivel e cata could be reused without loss of

activity.

In 2007, V gl F cporte ion of benzyl alcohol
by H;O, in dimethyl acetate ety ni ’&\s ternary ammonium salts;
[C7H;N(CH3);]" and | H;0)C5H; T_, ostate anions; [PW,040]”,
[PW11030]", [PWoOuq)*, [E I [SiW, and [ 1wmo.=.61 It was found
that the activity of the ur 7" < 12 atoms) was higher

i thiese with complete stru" WPcatalyzed by the catalysts with P
was faster than those with /éd reused with slight decrease in
activity (83.5% ,;__."‘_H___..._.ﬁ
Y S

In 2008, Egusquiza ef al. [1( D ‘the catalytic oxidation of 2-napthol to
1, 2-naphthoquinone by H,0, using K;o[(PWg034)2M4(H;0),] catalyst, where M =
Co**, Zn*Lor i 5 onversion was
e RV L i
were 89%” acetonitrile in 20 min at 80°C and 94% i m acetone in 1 h at 56 C.

0 mammummﬂ AR L.

hydrocarbons with mono-substituted polyoxometalate. Using mono-substituted

polyoxometalate, molecular oxygen and hydrogen peroxide for oxidation of
cyclohexanol and catalytic function of polyoxometalate in the solid-state as well as in
solution has attracted much attention in the catalytic research.
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In this research, the system consists of environmentally oxidant, hydrogen
peroxide to oxidize cyclohexane and cyclohexanol with polyoxometalates and mono-
substituted polyoxometalates catalysts.

4.11 Catalytic study b
The prepared polyoxometalates as' doscaibedearlier were used in catalytic

4.11.1 Effect of reae
Effect of temp
temperature between 5

vas studied by varying the
kcpt constant.

Conversion (%)

29

I
80 90 100 110 120
Tempera

el U ANENINEINT.

Reactlon conditions: ¢yclohexanol 6.7 Jmmol, catalyst 0.01 mmol,

AR/ INNINYA Y

Conversion of cyclohexanol increased with the reaction temperature up to
90°C and the conversion of cyclohexanol was decreased at 110°C. This may be due to
faster rate of H,O, decomposition [85]. Therefore temperature at 90°C was used for
further study.
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4.11.2 Effect of types of catalyst
The activity of various polyoxometalates catalysts in oxidation of
cyclohexanol with hydrogen peroxide as oxidant was investigated and compared

under the same reaction condition. The results are shown in Table 4.10.

Table 4.10 Oxidation of cyclohexa wgen peroxide

W

1 a

N "-..,:"'-. ‘onversion  TON
- '-1%"-.

H3[PMO|230‘ d 127

H;[PW 0, —d8 321
0 168

375
201
549
643
389
: 3l - : 402
[(n-C4Hg)aNJ4 of 1o LO) 01 610
[(n-C4Hs)aN]H[P W NigH, 0 99 663
[(n-C4Ho)NJ{H[PW1; Ma(H;0)¢ : 596

-

9°C, 7 h.
*TON = St-Aum Q"‘

a

It was obseried that W-POM has thher activity than Mo-POM in every

87Linth 13 1w b
activity jo ty lof até. and salt effect.

H3[PW;;(§'10] is more acidic than H;F'Mo 12040].

9 RAASNSARIANNAEL.

the reaction mixture showed the activity in the order; [(n-C4Hg)sN]3[PW2049] >
Na,H[PW,049] > H3[PW2040]. This might be due to the reaction was carried out in
biphasic system (solvent-free), tetrabutylammonium salts can be solvated by the
substrate molecules and function as phase transfer catalyst between organic and

Rmﬁon con ( Ly :' P Y A %5 :_; LIL A LI Ll;-;_— LEIEIN) )_;‘;:3::_;‘;‘-1;_‘_-‘_'_!_\1;.’
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can be solvated by the substrate molecules and function as phase transfer catalyst
between organic and aqueous phase. Thus, tetrabutylammonium salt showed the
highest catalytic activity in this system. POM could catalyze in aqueous phase.

Q[PW12040] QIPW12(0,)049] 1120
L

Aqueous phase

- e - : - , - o

idation of alcohols with phase

s7 catalyli cycl en in Figure 4.15. This
i s,
cycle consists of four basig ST o
] -

transfer catalyst may b
1. In the presence of " ,.mm-: 9)aN [P W 2040] or tetrabutylammonium

ociated to form peroxometal

5-1"-*! can function as
phase er cata PEroxome o organic phase.
3. In organic phase alcohols are oxldlz.ed by peroxometal complex and form

mﬁcﬁm NIWYIDT e

ytlc cycle.

3 Vo Laladd SAURANLIAL.

to higher cyclohexanol conversion. However the conversions of cyclohexanol
over [(n-C4Hg)aN]3+x[PW12xVxO4g] catalysts decreased with more vanadium
substitution  [(n-C4Ho)aNJs[PW1 1 VOs] > [(n-C4Ho)aN]s[PW1oV2040] < [(n-
C4Hg)sN]s[PWoV3040]. This could be due to wider ligand-to-metal charge transfer
(LMCT) band gap which led to decrease in the catalytic activity [109] or due to the
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poor stabilities of the corresponding peroxo intermediate species in the oxygen
transfer reaction [110].

Mono-substitution W®* atom in polyoxotungstate anions with transition metals
such as Co, Ni and Mn achieved high conversion and comparatively high selectivity.
This might be due to the increasi g of the rg ibility property of the catalyst, the
activity was decreased in «the P o) N1 H[PW Ni(H,0)039] > [(n-

4.12 Conclusion

Mono-substitt selyoxometalate) catalysts could catalyze the ethylbenzene
. xide as oxidant. [(n-
/0)O39] performed the high
hydrogen peroxide

and cyclohexane oxi
C4Hy)sN]4H[PW,CuO
activity. The amo

concentration, cataly. otungstate gave higher

catalytic  activity© i cyclohgxanol |- hari  polyoxomolybdate.

Tetrabutylammonium salt sliowed tb ivi alytic activity decreased

in the order; [(n-C4Ho)sNJ5[P V.90 Na Wi2040] > H3[PW(,04] at 110°C.

Tetrabutylammonium salt was the= in this system compared with
. . AT TN

sodium and acid salts due 0" #his cation fur 1ase transfer catalyst. Mono-

substituted polyoxg

wed hi gher activity than
their parent. "'_

ﬂ‘lJEl’JVIEWl‘WEﬂﬂ‘i
QW'WMﬂ‘iﬂJﬂMTJﬂEﬂﬂEI



CHAPTER V

OXIDATION OF CYCLOHEXANE USING TRANSITION
METAL-INCORPORATED XEROGEL CATALYSTS

In this chapter metal-incorporate , | catalysts were synthesized and

X gen and air.

5.1  Introduction

The develop selective oxidation of
hydrocarbons is a ¢ ively in recent years.
opment of highly efficient

catalytic processes, whigh miniy ¢ formation of s oducts and residues, is

Due to environmenta

Ily active metals on
molecular sieves or related gystéms, thts el g the seleetivity because the well-
defined porous syst beer essfully applied as heterogeneous oxidation
catalysts in the liquid phase, thegi; , vafio ansition metals, e.g. Mn, Zr, Cr,
Fe, Ni and Cu, have beer oippTated 0k ite icalites, silicon aluminium
phosphates (SAPOs) or alun » ho _;' " (AIPOs) and used in oxidation
reactions. However, the use & ma -:i;;‘.r Is- idation catalysts is restricted
because of relatively lov y or of metal le : _,..-*' ecular sieves. On
the other hand, Rapdition metals srporated into xerogels,
have been studied in cyclohe “showed, to have considerable

sclectmty and actnnty [111]. Because of their excellent properties, silicon oxide

i IO I VI o) gl

oxidation ucts which are expell from the catalytlcaily active sites as soon as

PRt ﬂﬁmﬁWTWW’HM

S5.1.1 Sol-gel process
The sol—gel process is particularly suitable for the preparation of oxide glasses
and it is therefore of scientific and technological interest to study the structural

developments occurring at various stages of the entire sol-gel to glass process and
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investigate the factors influencing its structure and properties as shown in Figure 5.1
[114-115].

Xerogel film Dense film

&Sy = —=

Wy

il

Figure 5.1  Sol-gel pre

The w” |

solution, gelation, ':'-n drying and densification. In th
materials, one starts “:Ph an appropriate alkoxldc tetramethyl orthosilicate (TMOS)

. ““””EITLFJ L3N 1A b Y4y W
methanol m ﬁ;o of sil j:ups (Si-OH).

These spccn are intermediates as thta react further bh condensation to fowlloxane

SR ANV T LR TR

summanzed in equation below [116].

LY .
ng stéps: formation of a

reparation of silica

Hydrolysis: Si(OR)s + nH,O — Si(OH),(OR)4., + nROH
Condensation: 2Si(OH),(OR)4., — (OH),.1(OR)4.,Si-O-Si(OH),(OR);., + ROH
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When a wet gel is formed, the gel is converted into dense ceramic or glass
particles by drying and heat-treatment. If the liquid in the wet gel is removed under
supercritical conditions, a highly porous and extremely low density material called an

aerogel forms. However, xerogels can be obtained by slowly drying a wet gel at a low

temperature.
The parameters which influence the | d condensation reactions in
the sol-gel process include th ‘reactivi ide, water/alkoxide ratio,

In this chap i itz g ‘\" /pes of transition metals such as
and the applications of
these materials as ca sl xidation' of cyclohexane are presented. These
3 and oxygen. The
parameters such as aui€ eaction time and types of

solvent are investigated

5.2  Literatures review ;

Some literature reports ~- “oxidation activities of the metal-
incorporated xerogels are as foliows:

In 2001, Jiare QUSHO, catalysts by an
alkoxide-sol-gel method 18 1 netw rk-foﬂxg reagent. Sodium
tungstate was add ﬁ'om 10-30 wt% into the alkoxide gel and it was calcined at
550°C. ﬂ %’ tivity (100%
conversxﬁnw %ﬂm m 'm i in fert-butyl

ethanol at ﬂ C for 24 h.

o Tobbladd SALUNAINIAE..

to 2, S-furandicarboxylic acid and 5-hydroxymethoyfurfural using cobalt
acetylacetonate (Co(acac);) in xerogel as the catalyst in air (20 atm) at 160°C for 65
min and water as solvent. Conversion was 46% with 83 and 17% selectivity of 2,5-
furandicarboxylic acid and 5-hydroxymethoyfurfural.
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In 2004 Daparkar ef al. [114] reported the synthesis of the mesoporous
material MCM-41 containing vanadium (3.3 wt %) in the framework. The catalyst
was used in the oxidation of cyclohexane in the presence of acetic acid and methyl
ethyl ketone (MEK) at 100°C using H,0, as oxidant. They found that methyl ethyl

ketone worked as an initiator, giving 100% conversion in 12 h with 90% selectivity of

cyclohexanol. ’ ,//

In 2005 Zhou et @ --,.4,__-.. orted m& of nanocrystalline cobalt
oxide (50 nm) by precipitation.of cobalt - -cetyl-N,N,N-trimethyl
ammonium bromide. The ; ion O cyclohexane in oxygen
at 120°C for 6 h. T / . : ain products being
cyclohexanol and cycie duc : ‘\-\'ﬂ ene and adipic acid).

In 2006 Ar orporation into the
framework of a three-dime ] s,. ID-1; M = Ti, Co, Fe
and Cr). These catalysts Wergtused i r~r. ape oxidati ith TBHP, with the
ratio of TBHP/cyclohexane cguz I ."- 3 b NG i and Co-TUD-1 gave the

highest activities, 13.5 and"9.59 e main product with more
than 90% selectivity (minor products were cyelohexanol, cyclohexene and adipic

acid).

In 2007 H hth yanine supported
catalyzed oxidation
of cyclohexane with air, (l atm, 30 mL/min) at 340°C for 3 h. The order of catalytic
activities oPc/y-Al,O;3
catalyst g@ T’Tﬂﬂ wﬂﬁnjnﬂmmyclohexaml

and cycloh one and 17% of cy?lohexene When they mcreascd

ﬁmw zmmmmm

h1 temperature.

onaluminamateﬁalBMP v-AlLOs; o, Feand Mn). T
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In 2008 Reddy et al. [118], reported the new cobalt encapsulated SBA-15 (2%
wt. Co) catalysts were used in liquid phase oxidation of cyclohexane without solvent
using oxygen as an oxidant (1 atm) at 160°C. The catalyst showed a 9.4% conversion

of cyclohexane and 78% selectivity to cyclohexanone.

In 2008 Wang, et al. [4], reported the aration of metal-containing ZSM-5
(M-ZSM-5) in which M = Ni : by weight). These catalysts
were used for cyclohexane 0x dation with TBE Laqueous) in an ionic liquid,

1-ethyl-3-methylimidazolium tctrafi ; ( 4, at 90°C for 12 h. Using

FeZSM-5, the maximuin activity w4 tined wi c.onversmn of cyclohexane.

In 2008, Chem@r al ji119]. geportedcobalt incorperation into the framework of
hexagonal — mesoporgu§ Silica) “(HMS) ‘modifie organic  groups,
methyltriethoxysilan CoMeHMS), . prapylt ysilane (CoPrHMS) and
phenyltriethoxysilane falys "‘" sed for the oxidation of

cyclohexane with TBHP . The highest conversion

oL U
was found with CoPhHMS a8 catal !"_ nvc of cyclohexane.
A 'JT:- =

5.3  Preparation of metal incorporated Xeroge catalysts
.-""'"' .-" i .-f

Metal-incorporated xi f"a 'sts were red by an acid-catalyzed sol-
gel metho,d [12 ] 21 1.as described below .

7 X

To 49 mmoEfTE and _ o(C 24H2(ﬂssolved in 150 mmol
of ethanol, placed in a beaker eqmpped with an efficient magnetic stirring bar, was

5 ummm%’mmm::;r:

slow evapoﬂtlon The resulting brlttb xerogel was subsequently dried at 1 10 C in air

ammmmmnmm
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5.4  Characterization of metal-incorporated xerogel catalysts
The synthesized catalysts were characterized with various techniques, the

results being given below.

5.4.1 Functional group analysis of metal-incorporated xerogel catalysts

FTIR spectra showed the typical ” amorphous cobalt on silica xerogel

il * ’//’

Transmittance (a.u.)

U w0 g 0 e
LN HERNE Y

In Figure 5.2 one can observe a broad band between 3400-3500 cm™', which is
the characteristic stretching vibration range for hydroxyl groups. The typical peaks for
amorphous silicate materials prepared via the sol-gel method appeared at 1080, 950
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and 790 cm™'. The band at about 1650 cm™ corresponds to the bending mode of the
water molecule. In Figure 5.2, for the Co(NO;),-xerogel, the sharp band close to 1380

cm™ is due to the presence of NO3™ ions [120-122]. FTIR spectra of the other samples
are shown in appendix G.

Intensity (a.u.)

Figure 5.3 )(Rﬂttem of Co(OAc)z-xcrogcl catalysts.

Til ﬂ:ﬁs gj'as ﬁl and is shown
in Figure y an amorphous e was observed with no metal phase being

apparent, presumably due to the low’metal concentration. The XRD ’ittcﬂfof other

Wﬂﬁ"\?ﬂ@@dﬂﬁmﬂﬂﬂ k4
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5.4.3 Diffuse reflectance ultraviolet-visible spectroscopy (DRUYV)

The diffuse reflectance spectra of the catalysts were obtained using a UV-
visible spectrophotometer to provide more information about the catalysts. The results
are given in Table 5.1.

Table5.1  Absorption bz \\:*-; -
Catlyste o Absorflionbad (nm)
Ni(NO1);-xeroge 330-3755:500-60C

Cr(NO,

n(NO

corporated xerogel catalysts

The Ni(NO3),-xerogel 'g'{i “two bre sorption bands between 330-375
nm and a broad band between 500-63
the sample [123]."The :
600 nm, which '*rl f
Mn(NOs);-xeroge A

Mn®" in the sample*{124]. The Cu(NO;),-xerogel exhibited I’i orptions between 420
and 570 nm, and thesé absorptions can be asgigned to O — Cu’* charge transfers

g e ale g e un e

dicated the presence of Ni** in
i0 ﬁ d between 420-
i ple [120]. The

ed 1 ich indicated the presence of

or square pyramidal environment. these bands are too broad

to allow a detailed assignment of théabsorptions. ThéBo(OAc),-xerogel &nd CoCl,-
Aok B b 4 o
indicated tetrahedral coordination of Co”* [121]. The Co(NOs),-xerogel sample
showed an absorption peak at 500-560 nm, revealing octahedral coordination of Co?".
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5.4.4 Surface area measurement (Brunauer-Emmett-Teller method (BET))

The surface properties of metal-incorporated xerogels were observed by the
nitrogen adsorption technique, after the samples were pretreated at 100°C for 1 h. The
results have been collected in Table 5.2.

§ ‘,1:‘“5 ,gelcatalysts
urface area  Porevol Mean pore
m'/g)

_—J‘r

Table 5.2 Surface anal

3

Catalyst
diameter (nm)

Ni(NOs),-xeroge U, 2.1
Cr(NO3);-xeroge 13 00 2.1
Mn(NO;),-xcs0ge 2f 2.1
Cu(NO;),-xerog ekt ' 2.0
Co(NO3)>-x 22
Co(OAc),-xerq 2.0
CoCl,-xeroge 2
The results show that zl¥ san es ha c areas between about 263-430

m?/g, with no significant differer .m-.,.-. Cir p olumes and mean pore diameters.
200 o
180 ] I_ S ——— I.I,":-l"

_ 1wt ] o

B 140 . 3 sl

§ 1201 e Q/

t MEINUNINYING

2 50y

‘ ¢ o (]

FRAAINTUUAINYAY
9
0+ } } t } } $ t ¢ $

0 01 02 03 04 05 06 07 08 09 1
Relative pressure (P/Pg)
Figure 5.4  Adsorption and desorption isotherm of Co(OAc),-xerogel.
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The adsorption isotherm is clearly of the Langmuir type indicating fairly small
pores and a narrow pore-size distribution, the same result having been found earlier
by Neumann and co-workers [126]. In this case TiO»(Cl)-xerogel was prepared which
a surface area of 750 m*/g and an average pore diameter of 1.5 nm Rogovin and co-

workers [121] prepared metal-incorporated xerogel and found the same results; BET

55  Catalytic activity

Metal-incorporated xer6gel catalysts were d with respect to the effect of
metal and anion, types of anion pressure, amount of methyl ethyl
ketone, the extent ¢ cobalt to the liquid

phase was observed hydroperoxide was used.

Nevertheless, the us€ of aguegus §o 1S @ D5 (30%) er fert-butyl hydroperoxide
(70%) resulted in consi s, in this study 6 M TBHP in
decane was used and thg'results, fiou ..,__.I ‘ ‘Oxidation of cyclohexane using

metal-incorporated xerggels

General oxidation proceduire 6f ¢ } @éxanc in Parr reactor with 6 M TBHP in
decane is described in detailS as follow. The catalyst, Substrate and oxidant placed in
the stainless steel teactor k

- =~r'.yl f oxidant is air the
reactor is purg 3

) ‘
S ' ed to the desired
temperature and reaction time. Afte saction tima@lc reaction mixture is

cooled down and the tl:;talyst is filtered off. The llql.!ld mixture is added 25% H,SO4

solution trallzed with
saturated over oxygcnatcd

products an%lrecovcred substrate in quuld mixture are qualltatlvely analyzcd by gas

fill'l&?lﬁ ﬁﬁmﬂ‘lﬂ?ﬂﬂm

cy! lohcxane oxidation are shown in Scheme 5.1.
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(0]
00— 00
Cyclohexane Cyclohexyl hydmperoxzdc Cyclohexanol Cyclohexanone
(CyH) (CyOH) (CyONE)
Scheme 5.1 Reaction scheme o hexane OxXidatioaand its products found in

for the oxidation of

conditions with a

Table5.3  Oxidasic ohexané using metal-incorporated xerogel catalysts

Catalyst CyONE/CyOH
Ni(NO;),-xerogel 1.6
Cr(NO;);-xeroge 13.0 1.4
Mn(NO;),-xeroge 20
Cu(NO;),-xeroge - 3.0
Co(NO;),-xerogel \ 3.0

Reaction conditio l! yclohexane 18. 5t 0.05 g, TBHP 12 mmol (6 M in

decane), 70°C, 24 h. ¢a

Eﬁfﬁﬂﬁﬂﬂﬂﬂ‘ﬁﬂﬂﬂﬂ‘i

CyOOH = clohexyl hydroperoxidey

AU NRIINGAY

The blank experiment without catalyst gave only a negligible amount of

cyclohexanone and cyclohexanol. For the oxidation of cyclohexane using metal-
incorporated xerogel with TBHP, the Co(NO;),-xerogel gave the highest activity,
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with the products yield being 21.6 mol% and CyONE/CyOH ratio being 3.0. These
results indicated that cyclohexanone was the main product for all metal-incorporated
catalysts. CyOOH was quantitatively reduced by triphenylphosphine (PPhs) to yield

cyclohexanol.

Several types of cobaltsalts were s de, nitrate and acetate, and the

le 5.4.
-—'

Table 5.4 Oxidation of g ,, e b \t&hm atalysts

Catalyst - ﬁi}?\i\ CyONE/CyOH

CoCl,-xerogel 2.4

Co(NOs),-xerogel 3.0

Co(OAc),-xerogel 2.7
Reaction conditions: cycl@hex@ine 183 imol, catal \»,h . TBHP 12 mmol (6 M in
decane), 70°C, 24 h.

CyONE = cyclohexanone
CyOH = cyclohexanol
CyOOH = cyclohexyl hye

trace = less than. At —.

-
)

* based on mole o

Cobalt xerogel ‘patalysts with acetate amon gave the better conversions than
those wi Hbﬁ dlmmﬁ ﬁ“ﬁAc)z-xemgels
were in E r[12 activity order

was Co(OA -xerogel > Co(NO;)z-:?rogel > CoClz-xerogel

SRl Bl T UA1INYAY

The Co(OAc),-xerogel catalyst was chosen for the study of the effect of the
reaction time on the selectivity of cyclohexanone and cyclohexanol in cyclohexane

oxidation with 6 M TBHP in decane. The time dependence of the product

distributions using Co(OAc),-xerogel catalyst are given below.
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30

1 28

25 + + 2.4

= 1 120
s 1+ 1.6 %
% 15 T E
z +12 5
T 10+ o

A~ 1 0.8

ST 1 0.4

0 - - 0.0

Figure 5.5  Effect of rg
Co(OAckh-xerog
Reaction cg
12 mmol (6 M
? based on mof;
The ratio: !’f_ C o 1 reaction time. At
the beginning (6-1 "i ), CyO .6 but, .:"f ond 12 h the rate of
cyclohexanol productlo decreased and the ratio of CyONE/CyOH was enhanced.

“””“‘“FTTJEIW EWT’%’WEH irR
ammmmumawmaa
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5.5.4 Effect of air pressure

To combine the effect of oxidant such air in the presence of TBHP in decane
was observed in oxidation of cyclohexane. Air pressures of 1, 3 and 5 atm were used,
with a fixed amount of TBHP (6 mmol). The results and discussions are provided
below.

10 1 1.6
SN/ 74
— e YOl CyOH —™
¥ . *"f-l"" ‘ - 1.4
s -
e - 1.2
£ 77 o
g & - 1.0 g.
x 39 08 3
9
5 4] - 0.6 8’
£ s
- 0.4
2 -
3 4 - 0.2
0 - - 0.0
6
Figure 5.6  Effect of air pre € oxidation using
Co(OAc),-xeropsl: /i
Reaction conditions: cyclohexane 46.9 mmol, eatalyst 0.05 g, TBHP 6

157 L o

S Z
BT Y T

The sclec to products showed remarkable change with the increase of air

Cx NS TIA .

re t, it can be concluded that air can be used as oxidant with metal-incorporated
xerogel catalysts.
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5.5.5 Effect of amount of TBHP
To study the effect of the amount of TBHP (6 M in decane) on the
cyclohexane oxidation in air, the reactions were done while keeping the other

parameters constant. The results and discussion have been collected in Table 5.5.

Table 5.5 Effect of the amo:

nt of \ 1P in gyclohexane oxidation
: iy I-"-. IIL
using Co(OAC) "‘14,,“: gel !

TBHP Produet.(mo!%)* SONT LCy@H
CyONE/CyOH
(mmol) CyONE WE (m0l%)"
0.6 0.8 ' race 16 1.0
3.0 1.6 1.1
6.0 3 1.5
Reaction conditions: ohéxafie J46.9-mmol, catalyst.0.05.¢, TBHP 0.6-6.0 mmol

(6 M in decane), MEK 5 £ ( Jair 3 atm
CyONE = cyclohexar I
CyOH = cyclohexanoi
CyOOH = cyclohexyl hyd
trace = less than 0.05 molS
* based on mole of substrate

\"“

When thetamount of TBHP was inereased, the total produ¢t yields increased.
\YF g L)
More oxidant ;V: ¥ IsThe selectivity of

P amount and the selectivity of

. .
cyclohexanone inc ‘! ses with a

cyclohexanol decreasei,, as described earlier by Kumar and co-workers [127]. This

e\ 11101 1) () 11 0 e
RN IUNRINYIAE
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5.5.6 Effect of amount of methyl ethyl ketone
Methyl ethyl ketone is the initiator in oxidation with air, thus the effect of the

amount of methyl ethyl ketone (MEK) is observed for cyclohexane oxidation with
TBHP (6 M in decane) and air. The results are in Table 5.6.

Table5.6  Effect of amount of i i cyclohexane oxidation using
Co(OAc)-xerog "x"\:"" l {

MEK ucts (mol%) CYONT L CyOH
(mmol) CyO . 7
- 2.6 e 43 X

CyONE/CyOH

5.6 3 : ‘ 1.5

8.4 3.0 3 ' 5.3 1.3

11.2 2.8 = \ 1.6
Reaction condition$® cyclohexz .9 mmol, catalyst 0.05 g, TBHP 6 mmol (6 M in
decane), air 3 atm, 10
CyONE = cyclohexano
CyOH = cyclohexanc
CyOOH = cyclohexyl hydroperoxide 7
trace = less than 0.05 mol% -
* based on mole of subst

MEK 1."" o the amount of

cyclohexanone angyclohe . vhen MEK \ﬁ added. However, the

increased amount of }/IEK did not s1gmﬁcantly affect the amount of cyclohexanone

and cyc M4 1-catalyzed
cyclo a n, the use of

cyclohexag%ne instead of MEK l? to more products yields (cyclohe canone (3.4

T mmumﬁ WEI“T?{ v
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5.5.7 Effect of the amount of catalyst
The amount of Co(OAc),-xerogel catalyst was varied in the range of 25-150
mg for the cyclohexane oxidation with 6 M TBHP in decane and air in the presence of

MEK. The results and discussions are given below.

[
=

1.6
- 1.4

- 1.2
- 1.0
- 0.8
- 0.6

CyONE/CyOH

Products (mol%)?*

- 0.4
- 0.2

- 0.0
175

S = N W A U1 &N O 0L
1

Figure 5.7  Effect of catal ‘H, n X2 \‘ xidation using
Co(OAc);-xerogel
Reaction cond sityclohe) amol, catalyst 25-150 g, TBHP

6 i ir3 ndl, 100°C, 6 h.
(T Y]
Figure 5.7 1 ws th on the eyclohexane oxidation

n that cyclohexanone and cyclohexan increase with catalyst

amount and maxmuﬁl int was obtained fo10.05 g of Co(OAc),-xerogel catalyst.
ol ) S TR B &) e o
Gdtalyst.

reaction. It can be

the excess

AR TUNNINGAY
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5.6 Leaching test of metal-incorporated xerogel catalysts
The extent of leaching in the metal-incorporated xerogel catalysts used for

cyclohexane oxidation was observed in aqueous solution and decane.

No leaching of cobalt species to the liquid phase was observed for TBHP.
Nevertheless, the use of aqueous solutions 0£30% Hy0, or 70% TBHP resulted in
considerable metal leaching {121 j‘j: A
Co(OAc),-xerogel indicaied that this
solutions. However, ICP analysis.indicated th: "COBalt species concentration in
- M) thus this catalyst
ne and least leaching as

j-,[ from the leaching test of
ledoned Cobalt species only into aqueous

non polar solvent such as ds
was catalyzed with
described above.

5.7  Conclusion ﬁ-
The metal-incorpogated xeroge alysts', co atalyze oxidation of
) vas the best catalyst in

ved, the maximum mole

cyclohexane in good yie ,Cold
this study. In TBHP as/xidant more & clohie

ratio of cyclohexanone/cy <8 2T sver in TBHP/air/MEK condition
found the lower mole ratio of cy&loh yclohexanol which is 1.6 but the
reaction time is shorter tha nly TBHP- t.for 4 folds. When TBHP in

decane was used 3s oxidant, there was no lea 1ing of the mills ‘into the reaction
—_— .“
u %

AULINENTNEYINS
RN IUNRINYIAL
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APPENDIX A
Adsorption and desorption isotherm of LDH and mixed metal oxide
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APPENDIX B
Fourier Transforms Infrared Spectroscopy (FTIR)
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Figare B2  FTIR spectrum of CoysAl oxide.
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APPENDIX C
X-ray diffraction (XRD)
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APPENDIX D
Diffuse reflectance ultraviolet-visible spectroscopy (DRUV)
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Figure D.2 DRUYV spectra of Co,sAl oxide.



Reflectance (a.u.)

Reflectance (a.u.)

Figure D.4 DRUV spectra of Nis |Cr oxide.
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Figure D.6 DRUV spectrum of Nig Mg, Al oxide.
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Figure D.8 DRUV spectrum of Cu; (Mg; 9Al oxide.
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Figure D.10 DRUYV spectra of CrogsMg 4Al oxide.
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APPENDIX E
PRODUCT ANALYSIS
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APPENDIX F

Soluble basicity

Table F.1 Soluble basicity of binary LDHs and mixed metal oxide catalysts
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APPENDIX G
Fourier transform infrared spectroscopy (FTIR)
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Figure G.2  FTIR spectrum of Cr(NO;)3;-xerogel.
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Figure G.4  FTIR spectrum of Cu(NO3),- xerogel.
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APPENDIX H
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APPENDIX I
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Figure .2  DRUYV spectrum of Cr(NO;);-xerogel.
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Figure .6 DRUYV spectrum of Co(OAc),-xerogel.
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