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CHAPTER 1

Introduction

Cresols have a wide variety of uses including the manufacture of synthetic
resins, tricresyl phosphate, salicylaldehyde, coumarin, and herbicides. cresol
molecule has a methyl group substitut ’- ito the benzene ring of a phenol molecule.

There are three forms of cresols thi ‘*‘ lightly different in their chemical
structure: ortho-cresol (o0*cres ). meta rﬁml], and para-cresol (p-cresol).
These forms occur separaté!V oras a iximate breakdown of cresol

and cresylic acid :
agricultural chemicg % JDhgsphate esters,, 5%y disinfectants and cleaning

compounds, 5% ore flgifitiof, hd 25% miscellanebus and exports.
The oldest creSol productian sad e United States is through the
recovery of fractional ¢ [ ¢ I domestic cresols are formed via

catalytic and thermal during petroleum distillation.
Since 1965, quantities of ¢ / a_have been insufficient to meet the
rising demand. CaonSequently, seve —_u,___._,__._._...___ 5 ananufacture of the various
isomers have been V ¢ frility produces cresol by the

lﬂ

methylation of p]]E whmh phﬂnoi 1s produced B

hydroxylati ‘_ﬁ ﬁ‘ﬂ m nzene and toluene are
always co-p m is research interests in
the direct add:uun of an —OH group'to the ring of toluene. Thisgprocess should have

i bV e R o

three stage of cumene or



Propene /"\CH,
Cumene process @ )'\
— —
nol

Benzene (¢
Catalytic ' umene fh
o [ .
reforming i Hydroxylation J' Methylation
'3
CH; & Cresol
& OH
Toluene
Figure 1 The routes of gi d toluene
Therefore, a ngW rglitg 10 ‘» 1 one step is demanded and the

@ guide line. For the overall
diagram of cresol production dation path and a new proposed
route are illustrated in Fig al, benzene and toluene are always
co-produced (from the catal '{F_‘-....{ o produce cresol with the direct
hydroxylation of tolugne by H30; as oxidan idered in this research.
h%. :‘

The dismveryﬂﬁ aniur w@ﬁ: is a zeolite of the pentasil

family by Taramasso anckco-wurker in I'EIE%’pcned a new route for the catalysis and

ma]yuc W wﬁﬂ t deal of attention.
Su-uctumll}r, the@tamum in TS-1 lsumnrphuus laces silicon in a tetrahedral site
of the m ‘%r of the high

TR e

while retains the spatial selectivity and specific local geometry of the active sites of
molecular sieve structure. -

concept of the hydroxyldtic




There are many types of reactor using for hydroxylation such as catalytic
membrane reactor (Molinari et al., 2006), fixed bed and recycle reactor (Reitzmann et
al., 2002), glass batch reactor (Kumar et al., 1999) and electrochemical cells reactor
(Otsuka and Yamanaka, 1998). From a former researcher (Manit, 2006) studied in the
bubble reactor which are widely used in chemical industry where heterogeneous gas-
liquid or gas-solid reaction take place, particularly, in which the liquid phase controls
mass transfer processes due to the relative insolubility of gases. Therefore, the bubble

reactor is chosen as reactor in present

Pirutko et al. (2 Lha/ modified TS-1 catalysts gave a
higher phenol conversion 14 . he-found that the metal modified of TS-1
catalysts by adding Co durifigthe synthesis step by a hydrothermal method. It has
been reported that loading®ranSition melals to TS --\ a level still maintained the
MFI structure. In additigh, ghe' gxidation of metal modified TS-1 and

pretreatment of cataly$ts i liydroxylation RSt with H0; as the oxidizing

agent have never been
_ LA WY
Previously, the hydg@xylation el ed in liquid phase that the catalyst
surface is mostly covaredbyth rbed oluene and left only a small area for H,O;
to present on the ¢ \e Conseques Preaction rate. An attempt

hance the hj thanging toluene feeding
method (bubble reactdr). In the bubble reactor, the catalyst is firstly dispersed in
H;0; in a slurry form tg allow H;0; to bg the first species that cover the catalyst

Lo e ye—

of toluene is rediiced and toluene ls‘,mtmdumd secondly, the pomun of the catalyst

R TRNT IR 10 (305 Ralans

In the present work, the objective is to study oxidation properties of TS-1 and
Co-TS-1treatment with HNOj; solution in the hydroxylation of toluene by hydrogen
peroxide as an oxidant in a bubble flow reactor. The research has been scoped as

follows:



Scopes of this research

1) Preparation of Co-TS-1 catalysts which have 50 Si to Ti and 50, 150 and
300 ratio by using the incorporation method.
2) Treatment of these catalysts with 5SM HNO; solution
3) Characterization of the synthesized TS-1 catalysts by using the following
techniques.

- Determination o
fluorescence (XRF). \

-..:“\:"'-. /
- Determination.the surfac éom volume by N, Adsorption

based on BET metd Ty*-"’ “"""

- -|-||4“r aLlg \: 'H}\‘x _ i.ty ﬂf Oﬂtﬂl?ﬁtﬁ hy x-l'ﬂ.]?
diffractrometer (XR D)

ifatigh of inco atoms as a framework element
by IR Spectroscopy (IR)/ # | \

"‘.\u'n- =size catalysts by NH3;-TPD

\ sitiun of Si, Ti and Co by X-ray

technique. oA A

4) Investigate catalyfic bighavior of sizeéd catalysts are evaluated by three
phase hydroxylation u,,f'm':i’:-qﬁ,,y :n peroxide as an oxidant in bubble
reactor at 7 (.

5) Influence fto " Xid ‘ hat affect on synthcsmnd

T

| I

catalysts in hydsoxylation of toluene.

AULINENINYINS
RINNIUUNININY



This present work is organized as follows:
The background and scopes of the research are described in chapter 1.

Chapter II collects theory of aromatics substitution and reviews research
works on the hydroxylation of toluene on TS-1 catalysts.

ation, catalysts characterization and
Ae in a bubble reactor.

and results of hydroxylauon of

toluene, mcludmgan exg ﬂ/ # \\\ 1 in chapter IV.

/ / \\\E
Chapter VI conftain i. 0 \\ g from this work and some

recommendations for fuil
Finally, the sample Of gaicuiati t preparation, calibration curves

from area to mole of reaction data of the experiments which had

emerged from this stud ig€S at the end of this thesis.
\7 RY |

I.I rt
iF

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ



CHAPTER II

THEORY AND LITERATURE REVIEWED

2.1 Titanium silicalite — 1

Titanium silicalite is an : sting material obtained by isomorphic

substitution of trivalent metals o1 'f'+ _ s in the framework of crystalline
aluminosilicates or silicates.™ Titaniu ith MFI (TS-1) and MFI/MEL

reactions with H,O; as the

oxidizing agent.
Titanium has a s alénée af 4 r-"i , idizing medium it is very likely
that this valence is chemistry of Ti*" compounds

(@ assume a high coordination

immediately shows tha
caordination form a stable and very

number: with oxygen, siy‘grot

frequently observed configgratipn, b £ is Ti'*" must have near neighbours
capable of increasing their coordination number to satisfy at the same time titanium
valency of four and goofe of six. W f@joups are linked to Ti*',

on_of seven in a pentagonal
potnds and Of cight like in Ti(NOs) are

tetrahedral coordinalign is also
pyramidal armngemcnﬂike In pere

T AU INENSNYNS

From mailcrystal]inﬂ structurg and the reggar change in E’;t cell parameters
i @ R AR OHNARATEI B ot
to reprﬂnt TS-las a siliﬂte in which ﬂﬁ“ ve taken the pigcr:s;
interpretation of the catalytic activity of TS-1 must take into consideration the role
played by these few Ti*': in fact pure silicalite is totally inactive, and other phases
containing Ti have not been identified. Due to the fact that TS-I crystallizes from a
homogeneous solution, it is reasonable to assume that the distribution of Ti*" in the
crystal lattice is at random; since the silicon/titanium ratio is in the range 40 - 90 in

typical preparations, most Ti*" must be isolated from each other by long sequences of



-0-8i-0-8i-0-. If Ti*" replaces a Si** it should be tetrahedrally coordinated by O
however, the presence of a band at 980 cm™' closely corresponds to the band observed
in other titanium compounds containing the Ti = O group, whose stretching
frequency is 975 cm™ with bond distances of 1.66 — 1.79 A; furthermore, hydroxyl

groups are present at the surface as shown by the increase in selectivity which is

obtained upon silylation.
Finally, near neighbour positian of Ti** are occupied by Si** which in a field

of O is stable only in t::trah cdinafion s A simple representation of the sites

The amount of tifanilim p -ﬁa-*'- i '."i he framework of the molecular
sieve is believed to be importani/and benefi 1 many reactions. However, it is also
widely believed that non-framework 1i-spetiesion the exterior or interior surfaces of
crystals may decrease:the catalvtic eff anigmesilicate molecular sieves.
Similar deleterious &f ‘7- s may stathinants such as aluminum

L =

and alkali elements. pamcular, extra-framework massive Ti-oxides, as well as

i 234 o i) L T4k
2 uﬂvwa-mmm PNETREE

Hydrothermal methods utilize water under pressure and at temperatures above
its normal boiling point as a means of speeding up the reaction between solids. The
water performs two roles. The water as liquid or vapor serves as the pressure
transmitting medium. In addition, some or all of the reactants are partially soluble in
water under pressure and this enables reactions to take place in, or with the aid of,
liquid and/or vapor phases. Under these conditions, reactions may occur that, in the



absence of water, would occur only at much higher temperatures. The method is
therefore particularly suited for synthesis of phases that are unstable at higher
temperatures. It is also a useful technique for growth of single crystals; by arranging
for a suitable temperature gradient to be present in the reaction vessel, dissolution of

the starting material may occur at the hot end and reprecipitation at the cooler end.

Since hydrothermal reactions must be carried out in closed wvessels, the
pressure-temperature relations of wats nstant volume are important. These are
shown in The critical temperatie of 74 °C. Below 374 °C, two fluid
74 °C only one fluid phase,

gsenis the saturated stream curve. At
vapor phase is not saturated

\\\Q{L\»,\.‘- of saturated stream which

is in equilibrium with lig Al 1 .-" th lud water is effectively under

15ed to calculate the pressure that is
ially filled with water, closed and
BC corresponds to a vessel. that is

heatedmacemtempew

initially 30 percent fui
generated inside the &losec
thcmn-vmarcmndiﬁemitﬂc, provided t

mmﬂumwﬂmwmm
AREN IO U7 mnaa

°C. a pressure of 800 bar is
applies strictly to pure water,
olubility u@)lids present in the reaction

500

Figure 2.1 Pressure-temperature relations of water at constant volume. Dashed
curves represent pressures developed inside a closed vessel; numbers represent

percentage degree of filling of the vessel by water at ordinary P, T.

(http://ocw.nctu.edu.tw/upload/sschemistry/sschemistry _lecturenotes/ssch-9-1.pdf)




The design of hydrothermal equipment is basically a tube, usually of steel
closed at one end. The other end has a screw cap with a gasket of soft copper to
provide a seal. Alternately, the bomb may be connected directly to an independent
pressure source, such as a hydraulic ram; this is known as the cold seal method. The
reaction mixture and an appropriate amount of water are placed inside the bomb
which is then sealed and placed inside an oven at the required temperature.

Toluene

= i, o =

Figure 2.2 Hydroxy[3lios Of toluene over | i€ (TS-1) catalyst.
Vi f
The products e are presented in Figure 2.2, it

was obtained o-crmlngd p-{:resol from the rmg oxidation

ﬂ‘lJEl’J“lelﬁWEl']ﬂ‘i

Effect uf time was observed the reaction was fast at beginning. The increment

o S FEI Vo WYY DA B o

increasin p—selecuwty

Effect of toluene to H,O; molar ratio was observed increasing this ratio, there
was progressive increasing H»O; efficiency as well as para-selectivity. At low ratio,
the selectivity for para-cresol was less compared to that at higher molar ratio. The
active species inside the pore might be mainly contributing catalytic site.
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Effect of diluted level was observed the increasing dilution made H,0,
efficiency and para-cresol selectivity to increase.

Effects of different Ti content of TS-1 catalyst were studied. The results were
observed the increasing Si/Ti ratio, there was a progressive increase in para-cresol,
although, there was a decrease in H,0; efficiency. This could be explained with the
relatively hydrophobic behavior of different TS-1 species. It would increase with
decreasing Ti-content in catalyst g85i the amount of Ti- would be the local
mor. obicity. The adsorption of the

| TEERRaGeaded 1o the increase shape
——

hydrophobic molecules i
selective para product.

Due to its m-elgétroft gl i¢ Benzene molegule has basis (nucleophilic)
agents. In these reactions a
ed) by an electrophilic reagent. This

important type of reaction is eaiied fophilic aromatic substitution”. The

WA A
electrophilic arnma : jon involves s ps.

;=

S i |
A m complex 5 forme | mﬁm Y " is attracted by the

nucleophilic n-electron c{oud of benzene and is loosely held.

AUYINYNINYINT
QW’]aﬂﬂ‘i@W’ﬁ \'E)

Electrophile Nucleophile « complex,
& charge-transfer complex

A conjugated carbonium ion is formed. The electrophilic reagent Y@ in
the @ complex attaches to a particular carbon atom, which thereby becomes sp'-
hybridized. The positive charge is delocalized over the other five carbons which are
still in the sp” state and remain in one plane with the sp’-hybridized carbon. Thus the
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orbital of the sp’-hybridized carbons can overlap and the resonance-stabilized
carbonium ion, known as a o complex, is formed. During this reaction at;mpletc
delocalization of the m electrons in benzene must be interrupted. This is therefore the
slowest and rate-determining step, requiring a high energy of activation.

The o complex is a zesenance hybnid-ef thiee contributing structures. The
positive charge is mainly in'® ornpositipn:

H ¥
H
U
H Y
2]
. Electron density in
:V- the phenonium ion

i
Abstraction nﬂe protun. By abslractmn of the a proton with a base the ring

- “E“ﬁﬁﬂﬁ“ﬂWﬁT’“m‘”m "
ammnim AN Y

7 )
: S v + 1B®  substitution

@ Complex Substituted benzene

H
B
H .
G(Y Addition
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Figure 2.3 Energy p eCITOp apomatie substitution on benzene ring.
(Zlatkis et al., 1985) "

This step requires only. asmall e exothermic. The energy profile in
Figure 2.3 summarige§ the energetic cours r---—----“-m--:i,u aromatic substitution

I;."

on benzene. :
y

2.5 Effects of substitutioh <

uﬂﬂﬂﬂﬂ§Wﬂﬂﬂi

T

1) T!'u: first is the relative reactivity of the compound compared with benzene
itself. Experiments have shown that substituents on a benzene ring can influence
reactivity in a profound manner. For example, a hydroxy or methoxy substituent
increases the rate of electrophilic substitution about ten thousand fold. In contrast, a
nitro substituent decreases the ring's reactivity by roughly a million. This activation
or deactivation of the benzene ring toward electrophilic substitution may be correlated
with the electron donating or electron withdrawing influence of the substituents, as
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measured by molecular dipole moments. The dipole moment of the symmetrical
benzene molecule is zero. Monosubstituted benzenes have unsymmetrical electron
density distributions. Electron donating groups increase the electron density of the
benzene nucleus making the nucleus more nucleophilic toward electrophilic reagents.
These groups activate the aromatic ring system. Electron withdrawing groups
decrease the electron density of the benzene nucleus making the nucleus less
nucleophilic toward electrophilic reagents. These groups deactivate the aromatic ring
tron donating substituents (blue dipoles)
attack, and electron withdrawing
substituents (red dipoles) déactivate | : it less reactive to electrophilic
attack). '

system. In Figure 2.2 we see that e

o R T e
M DN ki ey (AT

The influence a substituent exerts on the reactivity of a benzene ring may be
explained by the interaction of two effects: The first is the inductive effect of the
substituent. Most elements other than metals and carbon have a significantly greater
electronegativity than hydrogen. Consequently, substituents in which nitrogen,
oxygen and halogen atoms form sigma-bonds to the aromatic ring exert an inductive
electron withdrawal, which deactivates the ring. The second effect is the result of

conjugation of a substituent function with the aromatic ring. This conjugative



14

interaction facilitates electron pair donation or withdrawal, to or ﬁ-um the benzene
ring, in a manner different from the inductive shift. If the atom bonded to the ring has
one or more non-bonding valence shell electron pairs, as do nitrogen, oxygen and the
halogens, electrons may flow into the aromatic ring by p-n conjugation (resonance).
Finally, polar double and triple bonds conjugated with the benzene ring may withdraw
electrons. In both cases the charge distribution in the benzene ring is greatest at sites
ortho and para to the substituent. Sometimes these two effects are opposite to one
another. One effect may be slmngr:r V ’xert greater influence

2) The second factér.tha t in reactions of substituted
benzenes concerns the “§ite Al which Blmtlbﬁﬁmﬂﬂﬂ PREAE, Sings A

VIS

monosubstituted benzene e | + o| €¢ "..".4 ortho-sites, two equivalent meta-
sibl

sites and a unique para ; - HiUtions isomers may be formed in
such a substitution, as shéwa i Figure ! \ edetion occurs equally well at all
available sites, the expected * ic products would be 40%

ortho, 40% meta and 208% 1 additio ‘ the substituent influences in

¥ R_'f -. ‘
this product ratio in a g !- Ehiag pmination of methoxybenzene
(anisole) is very fast and gi »——-r-,r-.,:j_ br mo isomer, accompanied by 10%
of the ortho-isomer and unly a traeg o a-isomer. Bromination of nitrobenzene

requires strong hea n: : 0 :ﬁ as the chief product.

L- ortho & &, E

\J
! A8 I

S C

WW"& NIUTIATETS ET'

Figure 2.5 The position of monosubstituted electrophile on benzene ring.
(www.cem.msu.edu/~reusch/Virtual Text/benzrx | .htm#benz5)

The manner in which specific substituents influence the orientation of
electrophilic substitution of a benzene ring is shown in the following interactive

diagram (Figure 2.5). The product-determining step in the substitution mechanism is
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the first step, which is also the slow or rate determining step. Therefore, that there is a
rough correlation between the rate-enhancing effect of a substituent and its site
directing influence. The exact influence of a given substituent is best seen by looking
at its interactions with the delocalized positive charge on the benzenonium
intermediates generated by bonding to the electrophile at each of the three substitution

sites.

H CHS favored 3
- ||'E. rrovm di ates . .;H E
"@ -
CHa ; .

ortho-para
substitution is favored

favored
arntee dut-

Figure 2.6 The delocalized positive « *“on the benzenonium intermediates
generated by bondingto th

(www.cem.msu.ed Vs

' From ubsemtmns that led chemists to formulate an empirical classification of
the various s nmanc substitution
reactions. Thﬂm:;u ﬂm j mm electrophilic attack

m né( e exceptions,
suchmuadﬁ’-la mMﬂ ﬂ’] lyn eta location.

The Tah[e 2.1 summarizes this classification. The information summarized is very
useful for rationalizing and predicting the course of aromatic substitution reactions,
but in practice most chemists find it desirable to understand the underlying physical
principles that contribute to this empirical classification. We have already analyzed
the activating or deactivating properties of substituents in terms of inductive and
resonance effects, and these same factors may be used to rationalize their influence on

substitution orientation.
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Table 2.1 Classification of the various substituent groups.

Orientation and Reactivity Effects of Ring Substituents

Activating Substituents Deactivating Substituents Deactivating Substituents
ortho & para-Orientation meta-Orientation ortho & para-Orientation
-ov -NH, -NO; —-COH -F
~OH ~NR; ~NR;® —COR 0
-OR ~NHCOCH; | -PR4® P Br
-ocHs  |R sk A THo -1

p—
~OCOCH; | ~CgHs =50 —COR ~CHCl

77, ‘}\Lh\hﬂ

Theory of reactivity

pe of substituent group. The
group that releases electrogh ng “activating group”. The group
that withdraws electrons deaglivatésthe ring ealled “deactivating group”.

Y 5".!"'.:_3.

The activity of s

I Activating grou
Y ]
Activating gro eas S In ring by a usually strong
resonance effect. The nt ilectmns flow from the substituents to the ring. The release

of electrons lrﬁ Fﬁw sﬁc f]:ﬁ develops during the
reaction, lowering the energy o actwatmn, increasing the reaction rate over that

sy
MR WENPIUE oA I
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II Deactivating groups.

Deactivating groups are electronegative and withdraw electrons from the ring
by a strong resonance effect or by a strong inductive effect. The x electrons flow
from the ring to the substutuents. The withdrawal of electrons from the ring
destabilizes the positive charge that develops during the reaction, raising the energy of
antivatinn, and decreasing the reaction rate relative to benzene. Figure 2.7 shows type

G = release electrons :
stabilizes carbocation,
activates

G
G = withdraws electrons :
+ Y destabilizes carbocation,
] deactivates
G
Figure 2.7 Type of § substitution

2.6. Theory nfm'lta tion

e w853 AR TIEEAR T i v

positions meta bt at ortho and para ?osnmn much more actwatesetban meta position.

e PP ST 2 P i m

tion meta much more deactivate than orthe and para position considering
Flgun: 2.8 activating group substituent at position orho, para and meta. The ortho
and para position, the positive charge is located on the carbon atom to which ~CH; is
attached. Although —CH; releases electrons to all positions of the ring, it does so
most strongly to the carbon atom nearest it. The structure that the positive charge
located at the same position of -CH; make this structure most stable because the
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electrons from —CHj transfer to the ring faster than another structure. In other hand,
the meta position does not have the structure that make substituted ring stable.

CH,
H
Y Ortho

Especially stable : charge on

Ci'la cl-l_,,

2
2

carbon carrying substituent
CHy CH,
H H Meta
Y
CHy CH,
4
Para
Y Y
Figure 2.8 Activating gr pars and meta

Vi )
In case of -‘-i 1tic benzer ,@'ﬁs compound contains a
deactivating group. Thegsubstitution at position ortho has a three hybrid structures.

Y LT Y v—

Although ~NO, Withdraws electrons from all posmcm, it does so most from the carbon

ol VN I (il 1R

position is particularly unstable and does little to stabilize the ion resulting from
attack at ortho position. The ion for ortho attack is virtually a hybrid for two carbon
atoms which is less stable than the ion resulting from attack at a meta position
because meta position has a hybrid of three structure and in which the positive charge
is accommodated by three carbon atoms. The substitution of ertho occurs more
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slowly than mera substitution. In case of position para is same as position ortho. The
mechanism of deactivating group is showed in Figure2.9

NO, NO, NO,
H H H
Y Y Y Ortho

Especially unstable: charge on

Meta

'lii )
AULINENINYINS
RINNTUUNININY



CHAPTER 111
EXPERIMENTAL

The experimental in this chapter is divided into four major parts: (1) catalyst
preparation, (2) catalyst characterization, (3) reaction study in hydroxylation of
toluene and . The chemicals, apparatus and procedures for catalyst preparation are
explained in section 3.1. The compositiop, structure, surface properties and acidity of
the catalyst are characterized by vau us echuiques such as XRF, BET, XRD FT-IR
and NH;-TPD are discussed™in. sect / _details of the reaction study are
illustrated in section 3.3 aiy, The adsQrption of reactants on catalysts are
described . '

3.1 Catalyst preparatic
3.1.1 Chemica

All chemicals used edure of Co-TS-1 catalysts are

following in Table 3.1.

Table 3.1 Chemical§ i&ed )

Chemics L Grade J Supplier

Iﬁiﬂﬁﬂﬁﬁﬁmw N7 L
“@maﬂﬂimumma e

Sulfuric acid Aldrich
Sodium silicate solution Extra pure Merck
Cobalt(IT)nitrate hexahydrate Analytical Aldrich
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3.1.2 Preparation Procedures

The preparation procedure of Co-TS-1 by rapid crystallization method is
shown in Figure 3.1, while the reagents used are shown in Table 3.2.

Table 3.2 Reagents used for the preparation of Co-TS-1: Si/Ti = 50, Si/Co = 150.

Solition for the gel prepara.tiou Solution for decant-solution
preparation

Solution Al ‘ﬂ {.’.«r’.‘ A
Ti[O(CH;);CH:]4 .ﬂm i 'n_ als 22085 g
TPABr | I : 753 g
NaCl -‘ ; ' 60 ml
Co(NO3).6H20 T
De-ionized water ; ; 34 ml
H,S04 (conc) |
Solution BI
Sodium silicate {s 69 g
De-ionized water 45 ml
Solution C1 Snlutmn C2
o611/ 302 ”‘ﬂﬂﬂi i
NaCl 40.59 4g oy 104 ml
neo % Y711 ﬂﬁgtugum'mma t
Da-mmzsad water
H;804 (conc.) 1.55 ml




Al Bl Cl A2 B2 Q2
SOLUTION SOLUTION SOLUTION SOLUTION SOLUTION SOLUTION
HOMOGENIZED MIXING HOMOGENIZED MIXING
OF OF

GEL-PRECIPITATION DECANT-SOLUTION

o,

o,

969N GREE )

Co-TS-1

NYAY

Figure 3.1 Preparation procedure of Co-TS-1 by rapid crystallization method.

22
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3.1.2.1 Preparation of Gel Precipitation and Decantation Solution

The source of metals for preparation of decantation and gel solutions were
Co(NO;),.6H;0 for Co for Ti, and sodium silicate for Si, respectively. TPABr (Tetra-
n-propyl ammonium bromide[(CH3;CH>CH,)sN]Br) was used as organic template.
The atomic ratio of Silicon/Titanium and Silicon/Metal were set at 150, 200, 250
respectively. The preparation of supernatant liquid was separated from the gel, which
is nnpomnt for prepanng the umf‘n stals. The detailed procedures were as

‘ adding solution A-1 and solution B-1

sing a magnetic stirrer at room
_ itained within the range 9-11
because this pH range is s i€ for precipitatic H,S04 (conc.) or KOH solution
were used to adjust pH te fo an app Opr rate level if it was necessary.

The gel mixture was sepdrayéd lqmd by a centrifuge. The
precipitated gel mixtur€ w; / '

min and then the superp#

he milling was done for 15

centrifugal separation before

the hydrothermal treatmegf infordef o abiin the uniform, fine crystals. The milling
procedure was as follows: miille 3_4- in > uge (to remove liquid out) 15 min

— milled 15 min — centrifuge }5min 5 milled 30 min — centrifuge 15 min.

b addmg solution A-2 and

solution B-2 into solution C-2, prcp&nnn of gel mixture. The
supernatant liquids from éA;2, B-2 and C-2gyere mixed together with the milled gel

mixture. How§er] bbbk Tk Sl TpH oF o Wab hiaintained between 9-11.

The colorless suﬂlmatant liquid was ‘scparated ﬁ'nm the mixture b cenmﬁ;gauan

ARIANT 9Tl mﬂﬂﬂﬂ’]ﬂﬂ

Secondly, a

The mixture of the milling precipitate and the supernatant of decant solution
was filled in a 500 ml Pyrex glass. The glass container was placed in a stainless steel
autoclave. The atmosphere in the autoclave is replaced by nitrogen gas and
pressurized up to 3 kg/cm® gauge. Then, the autoclave is heated from room
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temperature to 180°C and kept at this temperature for 3 days, followed by cooling the
mixture to room temperature in the autoclave

3.1.2.3 Calcinations
The dry crystals were calcined in an air stream at 550 °C and held at that

temperature for 7 h, by heating them from room temperature to 550 °C at a heating
ganic template and leave the cavities and

rate of 8.6 °C/min, to burn off the g

Co-TS-1 and TS-148 ttmn flask then 5M of HNO;

h, the pretreated catalyst was
: : \ 110°C and calcined at 540°C
T

3.2 Catalyst characterization
) = Vs

aqueous solution was ddde
filtered, washed with digfille
for 7 h in static air.

3.2.1 X-Ray¥iu )

The chemical cor%posmon analysis of elements of the catalyst was performed

e MT%%W N 1AL
ammmmwnwmaa

3 .2  BET surface area measurement

The total surface area, pore volume and pore size were calculate using BET
Micremeritrics ASAP 2020. The sample cell which contained 0.3 g of sample was
placed into BET Micromeritrics ASAP 2020. After degassing step, the surface area
and pore volume of catalyst were measured.
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3.2.3 X-Ray Diffraction (XRD)

The crystallinity and X-ray diffraction patterns of the catalysts were performed
by an X-ray diffractometer SIEMENS D5000 connected with a computer with
Diffract ZT version 3.3 program for fully control of XRD analyzer. The experiments

were carried out by using Cu Ka radiation with Ni filter. Scans were performed over

the 260 ranges from 6 ° to 40°.

3.2.4 Fourier transfor: _‘ :\\“ '
..-J

The functional group Giethe catalyst surfacs
Nicolet model Impact 408 7

as determined by FT-IR using
awith KBr with ratio of sample:

KBr equal to 1:100 and ed spectra were recorded
between 400 and 1300 cry

3.2.5 NH; Temgerafuge Programmed Desorption (NH3-TPD)

Temperature programimed de: _ : ammonia (NH;3;-TPD) was used to
determine the acid properties of catal ,-F r TPD were carried out using a flow
apparatus. The catalySh s g) was trez 0°C in helium flow for 1h and
then saturated with 15/ 9100 °C. After purging with
helium at 100 °C for 1 h to remove weakly physisorbed NH;, the sample was heated to

550 °C at therate of 10 °@/min in a helium flow of 50 cm*/min. The amount of acid

stes on the cafflys{ Juftice s cRdolite g $id Gasfrbiign amount of NH;. T

was determined ﬂ( measuring the areas of the desnrptmn pmﬁl btained from the

“@Wﬂ'&ﬂﬁ‘ﬁﬁm’]’l WEHE'IEI

The deconvlution of NH;-TPD peak was carried out with the “fityk™ curve
fitting programme. The peaks were assumed to be Gaussian with showness shape

(using parameter ‘SplitGaussian’ in the programme).



3.3 Reaction study in hydroxylation of Toluene

3.3.1 Chemicals

The reactants used for the reaction study are shown in Table 3.3.

Table 3.3 The chemicals used for the reaction study.

Chemical Supplier

Toluene Fisher Scientific
Hydrogen peroxide 30% Merck
Ethanol Merck

33.2 Appa

The catalytic tes “m shown diagrammatically in
Figure 3.2. The reaction Sysie ) . a gas controlling system, an
evaporating system, an oil batl ‘ﬁ;’ T atog; phy. The instruments used in

this system are listed and explaiifec

3.3.2.1 Reactor " Y )

y 2

The reaction wassperformed in a cgpventional glass tubular reactor (inside

diameer = 4@5%@%&%@%%‘%@3%%%%

part and head p } Thegasm:xtmv&cmeredtuthercacmrﬁumﬂleheadpanwhwh

is _]0 ﬂﬁlﬁ gm peroxide
in order tqallow gaseous toluene flows upward e bottom af the reactor.
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3.3.2.2 The evaporating system

The evaporating system consists of a 1 meter tube bending in spiral shape.
The entrance of the tube was installed with a three way valve which is connected to
the gas controlling system in one side. Another side was adapted and used as the
injection port. This tube was immersed in an oil bath which heated temperature at
150 °C and used as the evaporator for liquid alkyl benzene. The hot plate was used
for heating up the oil bath. qumd olugne pvas evaporated into gaseous phase before

This instrumen# igS the required heatito d actor for the reaction. The

The gas sup‘ g tem consists er of-ultra high purity nitrogen
that equipped with 2 pressure regul on-pff valve and a mass flow

mmimusedfur ing v rate m

s Y SNENT
- uammmmm e

Table 3.4.



Table 3.4 Operating conditions for gas chromatograph
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Gas chromatograph SHIMADZU GC9A
Detector FID
Packed column GP 10% SP-2100
Carrier gas N3 (99.999%)
Injector temperature (°C) 250
Detector temperature (°C) 250
Initial column temperature (°C) 80
Initial hold time (min) 5
Program rate (°C/min) 2
Final column tempera 230
Final hold time (min) \
Analyzed chemicals SR AN Wen dehyde and cresol

3.3.3 Reaction pfo

The hydroxylation o

a conventional bubble reactor shows gt
f’ ' .i ' ,r

The proced {,

1) 1gof cnmlyst'powder hydmgcn peroxide and a magnetic bar were filled

“ﬂ"ﬁt‘l"‘ﬁ'ﬁﬂﬂﬁﬂﬂﬂﬂ‘i

AT T

3) Cool down the reactor to70 °C. Then, added water and H20; solution to
adjust the final concentration of HO; solution in the reaction to a desired

value.

4) Heat up the temperature of oil bath of the evaporating system to 150 °C,

eroxide was carried out by using

2 operated at atmospheric pressure.
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5) Adjust the outlet pressure of nitrogen to 1.5 bars and turn on the on-off
valve to allow nitrogen gas to pass through the evaporating system. The flow
rate was adjusted to 60 ml/min by a mass flow controller. The outlet gas flow
rate can be rechecked by using a bubble flow meter.

6) Start the reaction by injecting certain an amount of liquid toluene to the

evaporating system. Upon entering the hot spiral tube, the liquid toluene was

> containing the catalyst and
Iuene reaction to took place.

7) The gas mix
hydrogen peroxidgs®

8) The next pefioddthé’e alent liguid toluene was injected into the toluene
feed tube again

9) Analyze the prod#ict sampi 7 o the reactor into the cool bath in

order to stop the reaction. -

10) Mix the G BB stir until the liquid

mixturcbecam@ho - lhﬁcentﬁﬁ.lgethcmixmin

order to separate ﬂu talyst from thiqud solution.

AULINENININT

11) Thefiquid product was ngalyze-d by t]:n: FID gas chmmatugmph}r

TR THN TN TIN g @ =
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13

N2
: | ] ."\"\ \ \ ¥
Figure 3.2 Schematic di of the seaction apparatus for the hydroxylation of
toluene with hydroge j NN
1. Pressure Regulator sas Filt 3. Gas Controlling System
4. Reactant Syringe Se Thiee W nnéctor 6. Evaporator

7. Thermomeier 9. Reactor
10. Thermometer | A 4., 12. Gas Trap
13. Vent Gas V. A

] I
AULINENINYINS
MR TUAMINYAE



CHAPTER IV

RESULTS AND DISCUSSION

This chapter is the results of catalyst characterization and catalytic
performance evaluation. The following physical characteristics of catalysts; crystal
structure (identified from XRD), location of titanium cation (determined from FT-IR),
surface area (measured from B AN “ ), and catalyst composition (measured
from XRF technique) are rep / ' ¢ Section 4.2 reports the catalytic

- "‘-...__‘_
activity of TS-1 and CoskSsdeiii-the & drﬁlf toluene. The experimental
results are presented "85 piefiwfice, bf hydregen peroxide convert to product,

selectivity and yield of'§

4.1. Catalytic characts

The physical and cliendical properties 6f Co-1S-1 and TS-1 were determined
by several techniques to st

4.1.1 Chemigal ¢

The chemical
Fluorescence Spactromet? (XRF) was usecl. for the quantitative determination of Co,

s 171301 R A M
ﬁ““ﬁ*ﬁ&fﬁ“@ﬁﬁ‘fﬁwwmﬁ‘ﬁ

a . ‘*,-jj are determined by X-Ray
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Table 4.1 Chemical compositions of the metals and the atomic rz \\l i ,( - d Si/Co of samples. (% by mole) before treatment
——  Day
wsi | RILCh | | SL | %8i | %Ti | %Co | simi
Co-TS-1(50) | 94.26 |3 ‘ﬂ";ﬂlﬂ}i‘\:(\*m\ 240 | 135 | 397
Co-TS-1(150) | 94.56 (392 049, | 3234 |"9402 | 293 | 065 | 3205

Co-TS-1(300) | 94.86 | 2684 043 - 3528 | 9424 | 326 | 048 | 37.01

ol ol
s
. Fl
L - N
= -
F

[

Sample

ety |
Table 4.2 Chemical compositions of the metals and the ato ic '.;._.:.—{ and Si/Co of samples. (% by mole) under treated
A am ._':—:,l:a"_
1 Day
Sample
%Ti | %Co | SiUTi
TS-1 97.34 1.95 | none | 50.25
Co-TS-1(50) 0.10 | 120.12
Co-TS-1(150) 0.10 42.90
Co-TS-1(300) | 95. 0.40 32.07

(4%
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First, let consider the effect of aging time. Data in table 4.2 show that TS-1
prepared from 1 day aging time (TS-1(1)) has lower amount of titanium than TS-1
prepared from 3 day aging time (TS-1(3)). This is due to longer aging time allows
more stable structure to be formed. Titanium incorporated in the stable structure is
not washed out in the treatment step.

The amount of cobalt added before crystallization and the amount of cobalt
appeared in the obtained catalysts
concentration of cobalt cation ‘n\sir 7 / at solution, cobalt cations are further
aparted. Therefore, cobalt.calions have less €haftl to form a cobalt compound phase.

Most of cobalt cations in the. setuts sed in the MFI structure. This
Co-TS-1(before treatment) has

in an ambiguous manner. At low

is possibly the explanatigi

cobalt cation higher thafi™ Cé- IS¢ I afiér treal ‘-\ n, the case of Co-TS-1(after
treatment),cobalt cation caft he'\washed-out By \_\ id solution during the treatment
step. Because of tHiS géas \ balt” appears in Co-TS-1(after

treatment).is lower thandhe gmgt -r_ ppearsin Co-TS-1(before treatment)
ery : :

If cobalt concentratién it e ; solutions further increased, the
chance of cobalt cations incorpg F:LH';F o ' I.framework and the chance of cobalt
cation to form its ownk : ghei, The final concentration of
cobalt in the obtained.€e Jmefon has higher probability

during the crystallizati -!nl step

AULINENINYINS
RINNTUUNININY



34
4.1.2 Crystal structure

The crystal structure of all prepared catalysts is identified using x-ray
diffraction technique, details described previously in section 3.2.3. The recorded
XRD patterns of TS-1 and TS-1 modified with Co (Co-TS-1) before and after
treatment is summarized in Figures 4.1 and 4.2 respectively. All recorded XRD
patterns show six main characteristic peaks at 2 theta = 8, 8.8, 14.8, 23.1, 24 and 26.7
which are typical for MFI structure _TH arpasso et al., 1983], see section 2.1

| @n well form within 1 day aging.

Leaving the catalysts in the auleelave up te-3 davs does not make any significant
difference, which can be seerfiofs slighi change oithe XRD spectra.

. Fo—TS-l (300)

Co-TS-1(300) 1
R == O
o TS-1(150)

Intensity (a.u)

0-TS-1(150) 1da

|, o v/
A1 L AMNINIF R E1lakat, 20-TS-1(50) 3da
Y 1 ¢ - Co;TS-1(50) 1day
Q| Y A Q:..;-:,.ig‘-:n'-‘“.:_"fiu'.. = r‘lf"iu.'i- :
q
5 10 15 2 % C %

Figure 4.1 The XRD patterns of Co-TS-1 before treatment.
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‘ | . A . TS 3da3,r
2 TS-1 1 day
%" Co-TS-1(300) 3 day
-E Co-TS-1(300) 1 day
a o Co-TS-1(150) 3 day
//'\\\\\ Co-TS-1(150) 1 day
* /// ‘\\\ Co-TS-1(50) 3 day

m,-«* \
5 0" T 0 53

ﬂ’_..f.w.uﬂr

) fad
L

As e g

7 = ~J

a.

o “ﬁ"ﬂ”ﬁ“ﬁ ViEwnsR ﬁ"‘iﬁ "

The appcamnce of the peaks at 2 theta = 24.and 26.7 indicate an orthorhombic
o ] 151 5 A A ) o i
framework of TS-1 having Si/Ti < 100 [Grienisen et al.,2000]. The peaks at 2 theta =
24 and 26.7 are also interpreted as a change from a monoclinic symmetry (silicalite)
to a more catalytic active orthorhombic symmetry (Titanium silicalite) [Taramasso et
al.,1983]. The absence of the peak at 2 theta = 25.3, the strongest peak of TiO; in
anatase phase, shows that anatase does not exist in the TS-1 and Co-TS-1 synthesized
using TPABr as the template [Li et al.,2001].
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4.1.3 Location of titanium cation

The location of Ti*" in the catalyst can be determined using the absorption of
infrared technique. It has been reported that Ti"" embedded in the MFI framework
would produce an IR absorption band around 960 cm™ [Liu et al.,2005 and Bengoa et
al.,1998]. The characteristic absorption bands of Ti** in the TS-1 and modified TS-1
catalysts are presented in Figure 4.3. All samples have the absorption band at 960 cm’
! which indicates that all catalysts ii‘* incorporated in the framework of TS-1

Zootile y/
-...-'..‘.f-'-r
It should be t dic perfofmance of TS-1 was claimed
to be related to the o tk : f zeolite [Liu et al.,2006].
fd-t‘:
: e :
= bgi? 5
: i : :
: i.“w (150)1 D
. :
5 Co-TS-1(1583 D
E | : !
£ o sy
3 . L (503 D
: ; TN
: ] [}
M Co=TS-1{300)1 1
: ¢ :
# : ™
: : : b
i I T i
1100 1050 1000 950 900 850

wave number {r.:m-t}

Figure 4.3 IR spectra of Co-TS-1 before treatment.
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s INENTNGIN T
Wmﬂ%ﬁ;%@ﬁﬂﬁ Table 4.3.

All Co-T8-1 samples have surface area in the range 260-315 m%/g which is not so
different. The exception in Co-TS-1(150 N 3) which has surface area 394 m’/g
Hence, any different observed during catalytic testing should not be the result of the
difference in catalyst surface area.
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Table 4.3 Composition and surface area of Co-TS-1 and TS-1 samples.

Sample 3
Aggr(m©/g)
With treatment No treatment
1 day 3 day 1 day 3 day
TS-1 = s 341 344
. Co-TS-1(50) 311 314 309 288
Co-TS-1(150) 258 394 257 286
Co-TS-1(300) 282 o\ 304 284 267
1;--.."...'._fj_':":"-I""l‘”y /
Since, catalyst charaeteristic @artrom. XRD, FT-IR and BET surface

ffect catalytic properties of
f'/‘// \\ “‘\;'\"i\‘“‘ alt of each catalyst sample.

/j } \ pwed in the next section,

area measurement are
the catalyst. The maijg
The difference in catal¥t

therefore, should be thgfres

sample.

1 he
\ \..
ie content of cobalt of each
Bl \
o
S aidais v 2] '

SN,

-

.'I |":

ﬂ‘IJEI’J'VIEWIﬁWEI']ﬂ‘i
ammﬂimum'swmaa
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4.2 The catalytic performance of reaction.

The selective hydroxylation of toluene performed in a typical bubble reactor
over TS-1 and Co-TS-1 are discussed in this section. Since the main interest of this
reaction is to maximize the usage of HyO,, the amount of H;O; that reacts with
toluene and converts toluene to organic products is much more concern. Therefore,
the H,0; conversions to organic compounds are reported in this chapter instead of the
total conversion of H>03, which must include the decomposition of H,0s.

ve a look at mixing phenomena
occurring in the reacto sbin the b r, a catalyst is put into an
. 16°90 °C to remove gas from the
pore of the catalyst and*fill : | water. i€ reactor is cooled down to the
reaction temperature, Mt 30wt Dy aqueous solution and additional
. \ 1onef H20; to a desired value.

It is well known that se¥e an : ate the decomposition reaction
of Hy0,. The rapid decompg@Sition éan les t angerous situation. Because of this

reason, an upper limit concentratio: @it can run the reaction safely must be

determined. To determine e upper. limit atration of H;0,, several H;0,
solutions hawngdi #. , the catalyst is put into

thepreparodeﬂzsu tions ¢ decomposition of H;0; can be

observed from the form tu:m of gas hubblr.s which are the decomposition product.
The severity o m mmm the rate of bubble
generation i.e @ Hmjm the decomposition
reactio

gﬂ W’W&Nﬂim URIANYIAY

It 1s found that all catalysts can be run safely at H,0; concentration not more
than 7.5 wi%, though some catalysts can be used at higher H,O: concentration.
Because of this reason, the highest concentration of H>O; in the present work is
limited at 7.5 wt%.
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Before toluene vapor is fed to the reactor, the catalyst surface is covered with
water and H0,. When nitrogen carrier gas is bubbled through the H,0; solution in
the reactor, toluene vapor in the carrier gas would dissolve into the aqueous phase.
Due to the solubility of toluene in water is rather low, this factor should play some
roles in controlling the reaction rate by limiting the concentration of toluene in the
aqueous phase. In addition the dissolved toluene must present on the catalyst surface
before the hydroxylation reaction can occur. The concentration of toluene on the

catalyst surface which depends on the concentration of dissolved toluene, therefore,

The catalytic activi Sienc : lation over the synthesized catalysts

(TS-1 and Co-T5-1) with hyd op

.l“' seronide concentrations 7.5 wt% and 3 wt% in

water are summari tn [ T
\Z )
The total vol S0 %m the reactor used in each

run is 40 ml which is eq“:l to 0.38 mol and 0.13mol for the 7.5 and 3 wt% solutions,

respectively. 'ﬁ W{}ﬂﬂ;ﬂ W ﬁfﬁ}ﬂ 5 ml (0.0141 mol). It
is important to sigte here that the tutal amount of toluene said abuve is the amount of
toluen Beeauseofithistes

mlmmmm m : i lower than the

mole of hydrogen peroxide presents in the solution (i.e. the ratio of mole toluene per
mole H,0; << 1).

e real mole of
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Table 4.4 Comparison of the catalytic performance of various catalysts before
treatment and after treatment

o % % Selectivity
Co-TS-1 Aging  Ratio ’ conversion

Day Si/Co H,0, Benzaldehyde o- p-
H,0, cresol  cresol
50 75 00192 85.67 14.33
3 3 0.0691 89.93 10.07
150 62.42 23.04 14.53
0 8091 19.09
1272 18.01
4246 12.18
Treated
933 0
| 33.83
40 0
6338 36.62
13.10 0
10.72 0
14.32 0
3 61.7 2528
P 76.088 23.92
ﬂ u ﬂ - ' 1La] h = 63.385 36.614
u L4 o4’V Jolsk @ 3938 3124
No 1 A QN01A A BIISS 2842
wemct] 117161 5222
| 50 75 0.0141 46.29 3847 15.23
1 3 0.0422 83.59 16.41 0
150 5 0.0089 22.14 2824  49.60
3 0.0083 0 100
300 4 0.0075 56.99 43.01

3 0.023 14.87 9.91 75.21
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Since the main interest of this work is the production of cresol, any catalyst
has high cresol selectivity will be considered. From this point of view and data shown
in table 1, the catalysts that satisfy the above criterion are 150 T 3, 150 T 1, 150 N 3,
150 N 1 and 300 N 3. (Due to its 150 T 3 has basis Co-TS-1 Si/Co 150 after treatment
and cave 3 day, 150 T 1 has basis Co-TS-1 Si/Co 150 after treatment and cave | day,
150 N 3 has basis Co-TS-1 Si/Co 150 before treatment and cave 3 day,150 N | has
basis Co-TS-1 Si/Co 150 before treatment and cave 1 day, 300 N 3 has basis Co-TS-1
Si/Co 300 before treatment and cave |1 day) The remainders will not be discussed any

more from this point forward. ' I//

It should be remi : . at th
of benzaldehye is ~- of | \
mole of cresol. Theref@ 4“? ypp }‘i,b\‘

H,0, used, the highes 2 \;

that data exhibit in Tabjé’] sfipgod this hypotiesis A

(both ortho and para isoufers) 2 ; fce “-‘\g %. When the concentration
of H,0; is increased fromd s wi%s t¢ wi%.fall\catalysts, but 150 N 3, loss cresol

;0; required for the formation
iired for the formation of the same
higher the concentration of
ed. It can be clearly seen

catalysts produce only cresols

Before discus m/ﬁfhv =1 hould be kept in mind that the

conversion reported i th rersion-of H;Oz to-organic Pic ducts (benzaldehyde, o-
cresol and p-cresol), Tot th z which must include the

decomposition of H20,. me this point furwa:d unlf.-.ss otherwise stated, the H,0;

conversion m In addition, each

experiment mﬁmﬂmﬂmzﬂz used is varied.
A AL i&MJﬂ AANLANLL, e

misinterpretation of the experimental results. Therefore, the productivities of the

organic products are also provided to give a clearer view of the results. For example,
let consider the catalysts 150 T 3, 300 N 3, and 150 N1. These catalysts, when the
concentration of H;0; is increased from 3wt% to 7.5 wt% (2.5 time increase), the
observed H,O; conversions are slightly increased. The productivities data, however,
give different picture. When the concentration of H;O; is increased 2.5 time, the

amount of organic products produced also increased about 2 times. The increase
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amount of organic products formed, however, mainly belongs to benzaldehyde which
is not the required product. These results agree with what is expected before that the
increase in HyO, concentration will result in the increase in benzaldehyde formation
rather then the formation of cresol.

150 T 1 and 150 N 3 behave differently when the concentration of H,0; is
increased from 3wt% to 7.5 wt%. Both catalysts cause H,O; to decompose more than
the others, thus results in lower H;0; conversion when the concentration of H,0; is
increased from 3wt% to 7.5w1%. « At high' H>O; concentration (7.5w1%), the catalyst
150 T 1 losses the selectivit 5 eres6I€ it the occurring of benzaldehyde. The
catalyst 150 N 3, though, d0es.mot produce @iy detectable benzaldehyde at 7.5wi%
H,0; concentration, thi® '--T'Mrc decomposition of H,0; as

\\\\,\ erated during the reaction.

can be seen from the ldfge

Reaction study *..\ he catalysts can makes the
catalyst more active o) \m,n and less active for the
decomposition of H,0;. Fheflawer'th ._ gntration of Hy0,, the lower the loss of

SAIEL
H;0, due to its own -h’n ----m-- and“the fommation of the unwanted product
(benzaldehyde). It suggests -.= 1

removes some specﬁ sl

species also enhanc P e

To determine wa.mh parameters aﬁ"ectmg the actmty and selectivity of the

-atio; 11 : t should be noted here
' oi fert mim ile' XRD inform the total
conten i which can be
rclatedﬁ mmﬁﬁf m actant. Since
the surface of TS-1 is hydrophobic in nature, the amount of Bronsted acid site (-OH)
should be low. It may be possible to assume that all NH; adsorb on the Lewis acid

washing with nitric acid solution,
site for the hydroxylation. That
BT ot wanted.

site (the cation).
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The results obtained from NH;-TPD suggest that the catalytic activity and
selectivity towards cresol and/or benzaldehyde has some relation with the acidic
strength of the catalyst. Too high acid strength (for example, due to the
contamination of Al’* in the catalyst structure) will make the catalyst more active but
less selective for cresol. In addition, catalysts having too high acid strength also
causes a rapid decomposition of H;O0,. The source of aluminiun cation that

contaminates the catalyst has yet to be determine.

Finally, it can be conclude addition of Co in an appropriate amount can
improve the activity and of F5#1lefor. the hydroxylation of toluene to
cresols. However, a better CArCmust b tﬂ@ contamination of unexpected

cations which may manip#latc i ic behaviors @nd causes unwanted results.

4.3 The importance

As illustrated in ghctinfé 1. e difference among the catalysts is the
amount of cobalt cation inge Andinsec k 4.2 we have demonstrated that
each catalyst has its own catalyticbehsvig d Lherefore, it is a topic of interest in this
research to determine, if pussil; i
catalytic behavior. =

ce amount of cobalt causes difference

;=

Let consider theNH;- ound ‘= NH;-TPD profile of TS-

1(1) and TS-1(3) can he;leconvo]utﬁd into two main peaks. The first peak, will be
=

W 1 (11 e LA
e N AT T AT

have special peak which unmodified TS-1 does not exist that is peak around 190 —
214°C will be named here “the medium strength acid site”. This peak possibly effect
to catalytic activity of catalyst.
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Table 4.5 Productivity of catalysts before treatn o Hy0,

/ W= -\\\\\\ duct (x10"%)(mole)

sample ' wersion, ‘- ..... o-cresol p-cresol
150 Co-TS-13DNO | 06 ; 3.66 1.15
150 Co-TS-1 3D treat 0.6 0
150 Co-TS-1 1D NO 0.92 1.63
150 Co-TS-1 1D treat 0.76 0
300 Co-TS-1 3D NO 0.74 5.92

]
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' L\ \Product (x10™)(mole)
sample | -\ \dehyd o-cresol p-cresol
150 Co-TS-13D NO ‘""’_ 2.05 0.87
150 Co-TS-1 3D treat 0 3.95 0.93
150 Co-TS-1 1D NO 0 1.51 0
150 Co-TS-1 1D treat 0 1.05 6.06
300 Co-TS-1 3D NO+, 0 0.62 0.24
l\
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4.4 Proposed mechanism for the formation of benzaldehyde and cresols

It has been demonstrated above that the reaction between toluene and
hydrogen peroxide over TS-1 and Co-TS-1 results in benzaldehyde (oxidation at the
side chain methyl group) and cresols (electrophilic substitution of H atom of the
aromatic ring). Both reactions are summarized in Figure 4.13. In this section, the
mechanisms for the formation of benzaldehyde and cresols will be proposed.

4.4.1 Proposed mech trophilic substitution

'@un of the second group on the

tion group to withdraw or

It is generally knoy
aromatic ring depends of

supply electron to the rifig. ori group is an alkyl group (-CH3

in case of toluene), the®Second g st ‘\\§\\ ortho- or para- position. In
our case, therefore, thesfipr \l'. e of 0 \\;\ sol with the absence of m-

cresol is not beyond expg

Let consider the resulls fram the & ation of toluene gives two parallel
!‘r =
reactions that are the reaction Scours dires 0 benzene ring (4.1) and reaction on

methyl group (4.2). The tworparaliet react owed_in Figure 4.13.

i
EdgAis

© o AUEINEN

gmasmsupding iy . ..

Figure 4.13 The two parallel reactions of hydroxylation of toluene.
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It is generally known that the substitution position of the second group on the
aromatic ring depends on the ability of the first substitution group to withdraw or
supply electron to the ring. In case the first substitution group is an alkyl group (-CH3
in case of toluene), the second substitution will prefer the ortho- or para- position. In
our case, therefore, the appearance of o-cresol and p-cresol with the absence of m-
cresol is not beyond expectation.

The mechanism for the formation of o-cresol and p-cresol are showed in

Figure 4.14. The m@m@” pns:d to consist of the following four
steps:

_ gen peroxide to a strong
eleclmphilchyfurmin , - : ) w_i )-(OH) bond.

> carbon atom of benzene ring at

ortho- or para- position, 1 the pi cloud to from a sigma bond
with ring carbon atom _ p’-hybridized. The benzene ring
acts as a pi electron donor, ogucligpiiiie 4 he electrophilic reagent.

Step (iii) The,ben Jositive charge is delocalied by
resonance to the cz ;"“""""'"""""‘""‘""" -———"i to which the OH redical
became attached; thatiﬁ the

ammﬂﬁmumqwmaa

Y e?btlrm from sp’ carbon
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H
CH; \ .+
0d -
CH; e ~ .8
H .“‘x ,12,.“'- M-n-
o5’ Il HoH
M+ moon I i e
05
4
H ]'.ﬂ "

Benzonium ion

L

Where M m#ﬂyﬂj qn EJ?] ﬁ W El/] ﬂ ‘j
rewe QARSI A AT N AR s

p-cresol (b).

4.4.2 Proposed reaction scheme for the oxidation at the methyl group

The reaction scheme of benzaldehyde formation is expected to be different
from the mechanism of cresol formation. The hydrogen atoms of the alkyl group
attached to the ring can be replaces by free radicals (such as H-O- and H-O-O-) more
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easily than hydrogen atom of the ring. Such free radicals may be generated from the
decomposition of hydrogen peroxide by the presence of some cations. It is
hypothesized that the formation of benzaldehyde will follow the mechanism similar to
the halogenation of saturated hydrocarbon. The mechanism of the formation of
benzaldehyde is showed in Figure 4.15. The active site in Figure 4.15 is possibly the
cations of Co and Ti which act as acidic site having strength higher than any other
catalysts.

CH, CHO

+ H0, — + H,0

Toluene

4.5 Conclusions

From all of the experime - 1 reasons described above, its can be
concluded that Co-TSy1 } pot : ystforﬂlepmducuonof
cresols via the reaction With hydrog: bible reactor. The activity of
mecatalystimlatedlﬁh: uflﬁcatalyst The weak of acid
site is the more the cmcdﬁ rmed. The robuf cobalt is adjusting the acidity of the

— mﬁ%@%ﬁ@ﬂﬁﬂmm s
ammmmumqwmaa



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In the present work, the hydroxylation of toluene in a bubble reactor over TS-1
and modified TS-1(Co-TS-1) catalysts using 3 and 7.5 wt% hydrogen peroxide
concentration has been studied. The overall conclusions in the experiment are
summarized in section 5.1. Section j W mmendation for further study.

—-‘"’“‘H

5.1 Conclusions

1. The reaction i e hyd .-:;-f s two paths. The first is the
ring oxidation and the g / 2§ \\\x\\‘:\“ ation. Toluene hydroxylation

gives cresol (ring oxidatigf

. -. ' d \\\\ n oxidation) products. .

AN

2. The cresol pr & % is believed that is performed

i igf substitutien ov %\ Co-TS-1. The metal cation
converts the HyO, to more reactitelectro ha

by electrophilic aromati
“ attacks the aromatic ring to from
carbonium ion and absiractmn ;

1 r—-' OL0%: H resol product.

3. Co ion un', BRati
Especially, Co-TS-1 a hundred percen ectwlty'@ o-cresol product.

. mﬂa&lﬂ% Y04 933 PHRLAE F0s e iy .

'Ihu‘cforeCu— ~1(150 N 1) has only o-cresol.

ammmmwﬁwmaa

ALower concentration of H;0, will increase cresol selectivity while higher

tic ring oxidation (cresol)

concentration will increase benzadehyde selectivity.



5.2 Recommendations

From the previous conclusions, the following recommendations for further
studies are proposed.

1. Effects of toluene concentration and feed time should be further

investigated.
2. A new reactor design which has better mixing between the gas bubble and
H;0; solution should ibjegt for future study.

] ;,_I ]
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APPENDIX A

ZEOLITES

Zeolites are the aluminosilicate members of the family of microporous solids
known as "molecular sieves". The term molecular sieve refers to a particular property
of these materials, i.e. the ability to selectively sort molecules based primarily on a
size exclusion process. This is d ) ery regular pore structure of molecular
dimensions. The maximum si e or ionic species that can enter the
of the tunnmels. These are
where, for example, the term

pores of a zeolite is
conventionally defined b;

"8ring" refers to a closg ally coordinated silicon (or
aluminium) atoms and #%0xyfcd aloms.These rings arénot always perfectly flat and

ain induced by the bonding

between units that are N St ture, or coordination of
some of the oxygen até ings-lo gation! &\ the structure. Therefore, the
pore openings for all rings of on ..;.-' ‘ ‘ i' ical. Zeolite with 10-membered
oxygen rings normally posSesggs 4 hi s framework structure. They are of
were the first family of zeolite

symmetrical due to a

special interest in industrial a Ink
that was synthesized With organic ammonium salts. " With-pore openings close to the
dimensions of man V-' . *:,l‘ useful in shape selective
catalysis. The 10-mes bmd oxygen ring zeolites '[! 0 possess other important

o Hﬁﬁ?ﬁﬂ%‘%’ﬁ T A
AMIAN TN INYAE
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- 3 =
5

o

Figure A1 The micro ar strucliureofa.zeolite, ZSM-5.

(en.wikipedia.org/wiki/s

' Iit:.

Shape selectivity -
Many reactionggfiny g' oant ) Jtrm intermediates are catalyzed by acidic
' Emriza-l %tdﬂpdmt the reaction mechanisms are nor
fundamentally different “wit zeuh-tés ur*‘ufﬂh m)‘ the acidic oxides. The shape

selective characteristics of zedﬁcimﬂucﬁ*‘!lhﬂr catalytic phenomena by three
modes: shape selectivity, re&c!m&-e.hape uﬁaﬂmty, prcj:-%:lucts shape selectivity and

b i
transition states sha].’(cﬁdmus'-@g,,mi - — :',rj

—.J’F: s

zeolite. With respects to

Reactants of ‘d!m.rge selectivity results from thélimited diffusibility of some
of the reactants; which, catingt., qﬂ%m\ml}* a.nlcle and diffuse inside crystal pore
structures of the zeofités: PmJ:Iutt 'shape seléetivity loccurslas slowly diffusing product
molecules cannot escape me thc cr}fstal and. nnderg::r secnndm-y reaction. This
reaction® path is miab’l.ﬁshed h}’ Mrnkmiig changcw in prnduc‘t dls'trlbutmn as a
function of varying contact time.

Restricted transition state shape selectivity is a kinetic effect from local
environment around the active site, the rate constant for a certain reaction mechanism
is reduced of the space required for formation of necessary transition state is

restricted.
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Figure A2 Diagram of shiipe

The critical diaméfer (s opposed t.4h length) of the molecules and the pore
channel diameter of zeolifes e irhport predicting shape selective effects.
However, molecules are deforablé and ¢a hrough opening, which are smaller
than their critical diafieters. Hence not only

of the molecules mus | .

-,-.-.;.;7;:,;.:;';; e dynamics and structure
i

il
[~
|
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Table B1 Data of experiments over Co-TS-1 catalyst at

67

% conversion - p-cresol Benzaldehyde 7
Co-TS-1 3D NO 0.0106 D";_r;;ﬁ--g , 1.15096E-13 0| 4.81348E-13
Co-TS-1 3D treat 0.0299 ABRE12 -14 0 3.30718E-12 3.3679E-12
Co-TS-1 1D NO 0.00882 1.45¢ = 9E-14 1.63136E-13 2.91227E-13 | 5.47257E-13
150 Co-TS-1 1D treat 0.0505 » E-14 0 4.58438E-13 | 5.34844E-13
Co-TS-1 3D NO 0.0093 0 2.86473E-13 | 5.63414E-13
Co-TS-1 3D treat 0.0192 0 1.60324E-12 | 1.67027E-12
Co-TS-1 1IDNO 0.0141 6.67394E-14 8.11265E-13 | 1.04654E-12
50 Co-TS-1 1D treat 0.0877 3. .94445E-1 0 7.55668E-12 | 7.75113E-12
Co-TS-1 3DNO 0.0054 ¢ 1.11315E-13 | 7.46404E-14 5.92233E-14 2.22631E13 | 3.56495E-13
Co-TS-1 3D treat 0.0 o~ - 085E-13 2.79989E-12 | 3.11063E-12
Co-TS-1 1D NO 0. u iﬁg% gﬁ%&ﬁ %2 0 4,9063E-13 | 5.8317BE-13
300 Co-TS-1 1D treat 0.0 : 13] 5. -1 0 1.50408E-12 | 1.56077E-12

ARSI,

RIINYIAY
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Table B2 Data of experiments over Co-TS-1 catalyst at 3wt% of H 0 ' ,/

//4

68

_d
! M oauct LI-H-,k
% conversion | Benaiden ‘,I']‘i‘\\:::: p-cresol Benzaldehyde L)

Co-TS-1 3D NO 0.0398 7o\l \2.05 4 8.77634E-14 0 2.05E-13
Co-TS-1 3D treat 0.0270 " \ ** 9.32949E-14 0| 4.88932E-13
Co-TS-1 1D NO 0.0083 L9158 0 0| 1.51228E-13
150 | Co-TS-11D treat 0.0913 i 1.0 6.06156E-13 0| 1.85551E-12
Co-TS-1 3D NO 0.0319 1.29472E-13 | 2.66641E-13 | 7.12076E-13
Co-TS-1 3D treat 0.0691 0| 2.37201E-12 | 2.43846E-12
Co-TS-1 1D NO 0.0422 0 1.39284E-12 | 1.46116E-12
50 Co-TS-1 1D treat 0.0467 0 1.42055E-12 | 1.55672E-12
Co-TS-1 3D NO 0.0048 2.47217E-14 0| B.70013E-14
Co-TS-1 3D treat 0.0186 2.83439E-14 | 4.21898E-13 | 5.48993E-13
Co-TS-1 1D NO 0.0230 2.72391E-13 2. 15432E-13 | 5.23728E-13
300 | Co-TS-11D treat 0.0394 - 0 1.34611E-12 | 1.38652E-12

ﬂuEJ’JVlEJ'VlﬁﬁWEJ’TIﬂ'ﬁ
ammmm UA1INYAY
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69
Table B3 Data of experiments over TS-1 and Co-TS-1 catalyst

% % Selectivity

. Day Rato W% ;
e H0, OVESIOM - Benzaldehyde  o-  pcresol

Si/Co
H,0, cresol
50 75 0.0192 85.67 14.33
3 3 0.0691 89.93 10.07
150 2 0,0295 62.42 23.04 14.53
' 0 8091  19.09
1272 18.01
4246 1218
Treated
9.33
{ 33.83
40
6338  36.62
13.10 0
10.72 0
14.32 0
3 ‘_ —— 61.7  25.28
o b 76.088  23.92

0.0913 63.385 36.614

No ﬂuﬁﬁ ﬂﬁ ﬂﬂigw E]’]ﬁ’:? 3938 31.24

, 00048 7158  28.42
treatm : =Y o
W W 89N TR HIBR ) T HBR F ssr 15
q i 3 0.0422 83.59 16.41 0
150 0.0089 22.14 2824  49.60
3 0.0083 0 100
300 4 0.0075 56.99 43.01

3 0.023 14.87 9.91 75.21
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APPENDIX C

CALIBRATION CURVES

This appendix shows the calibration curves for calculation of composition of
products in hydroxylation of toluene reaction. The main product of hydroxylation of
toluene is benzaldehyde and cresol.

The flame ionization detector
used to analyze the concenisation of

_—"""
Mole of rnag

aatography Shimadzu model 9A was
pGP 10% SP-2100 column.

as chromatography in x-axis

a\\?{h \ of benzaldehyde, o-cresol, p-

are exhibited in the ¢

cresol, toluene are illustrg

T RuEINENINgINg

0.0E+00 +=

QWﬂa%mﬁE}ﬁi’lH%ﬁ“

Figure Cl The calibration curve of benzaldehyde.
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1.2E-09
1LOE-09 |
)
E 8.0E-10
4
S 6OE-10 |
=]
=
S 40E-10 |
=

2.0E-10 -

Mole of p cresol

40E08 | J | 7
NN INgIng

T T e -

Figure C3 The calibration curve of p-cresol.
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APPENDIX D

CALCULATION OF CONVERSION

The catalyst performance for the hydroxylation reaction was evaluated in

conversion for terms of activity.

Example, in ¢

d¢hyde and cresol
Ve gen peroxide (D)

H,0; conversion (%) =4
Where overall mole of o-gi

Overall mole of o*Cre
= Mole of o-cresol % TalaFvGlume ution before injection into GC-9A (D2)

Where mole of o-cresel ca : ig thé calibration curve of o-cresol

in Figure B2, Appendis

Mole ﬂl&ﬂlﬂmm ﬂnlm:' plot on GC-9A) (D3)
TN ARSI Y

ule of all products = (mole of benzaldehyde + mole of o-cresol (D4)

+ mole of p-cresol)
Where selectivity of o-cresol can be measured as follows:

% Selectivity of o-cresol = Mole of o-cresol (D5)
Mole of all products
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Where overall mole of benzene can be measured as follows:

Overall mole of toluene = Volume of toluene feeding x Density of toluene

Molecular weight of toluene

Overall mole of toluene = Volume of toluene feeding x 0.903 (D6)
92.14
Where overall mole of hydrogen peroxide can be measured as follows:

Overall mole of H !_,__ﬁ___ ume ot iedluen® feeding x Density of H,0, (D7)

':ZF |
AULINENINYINS
ARIAATAUUNINGIAY



74

APPENDIX E

CALCULATION FOR CATALYST PREPARATION

The calculation is based on weight of Sodium Silicalite (Na;0SiO;H;0) in
B1 and B2 solutions.

Molecular Weight of Si = 28.0855
Molecular Weight of SiO; e 60.0843
Weight percent of SiO, in sodivn/Sili€ate, =  28.5

For example , to preparé 8i/li alor io of 50 by using Ti[O(CH;);CH;]s

- oﬁﬁuam xm*i WHINT

=6.546x 10° mole o

amaxaﬂ@ﬁu | 14164 Jiodf< b8 ) x aoow)

=22970g
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For example, to prepare Si/Co atomic ratio of 150 by using Co(NO3),.6H,0
for cobalt source.

Molecular weight of Co

Molecular weight of Co(NO;),.6H,0

58.93
291.03

Si/Ti atomic ratio = 150

Mole of Co(NO;),.6H,0  required =0.3273/150
=2.18x 10 ® mole
=(2.18x107)x(291.03)

amount of Co(NO;),.6H

which used in Al and

] ;,_I ]

AULINENINYINS
ARIAATAUNINGIAY



DATA OFCA £ .i"kng_'g"‘ CID SITE

600 0.008
3 1 0.007
500 n
q 0.006
T I e e L Y 7 ey 'L o . T e :
1 o.00s
g 300 | TCD 1 0.004 !
! ] I 1 0.003
200 | : '
[ ] 0.002
100 p---- # .
i : { 0.001
0 B - A " II. i ” & - Y T ™ o ,"I-‘H---_. - - 0
! ! T r
0 10 H 20 1) ¢ rlE 3 50

T}nle {ml.n} o

Figure F1 TCD signal and temperatmqversus time m Hljmenmcs h mlsorgﬁﬂ.
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600 0.008
: 1 0.007
500 | ]
{ 0.006
400 1
- | 0.005
g 300 | u.umg
I 1 0.003
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i 1 0.001
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0 50 60
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- 0.008
0.007
0.006
0.005
0.004
 0.003
0.002

- 0.001

Figure F3 TCD signal and temperature versus time of Co-TS-1 (150 T 1)from Micromeritrics Chemisorb 2750.

TCD signal

—Temp
= NH3-TPD
===Peak1l

- - - Peak 3
- - - Peak 4
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600 - - 0.008
] - 0.007
] :
] - 0.006
400 - 5
- 0.005
8) 3 E‘ ——Temp
= - ———NH3-TPD
E- 300 - 0.004 LI )
2 - - - - Peak 2
L 0.003
200 :
- 0.002
100 | .
1 - 0.001
o " /1 g _ -0
35 45 55q; 65 Sl - - 95
ATy NN
Figure F4 TCD signal and temperatureiversus time of Co-TS-1 (150 T 3)ﬁ'om cromeritrics isorb 2750.
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Figure F5 TCD signal and temperatureiversus time of Co
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Figure F6 TCD signal and temperaturéiversus time of Co-TS-1(150 N 3) from Micromeritrics Chemisorb 2750.
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Figure F7 TCD signal and temperature versus time of Co-TS-1(300 N 1) from Micromeritrics Chemisorb 2750.
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Figure F8 Curve fitting of acid site ratib of CoTS-1(50 N 1) from fitting program.
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Figure F9 Curve fitting of acid site ratio of CoTS-1(50 T 1) from fitting program.
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Figure F10 Curve fitting of acid site ratio of CoTS-1(50 N 3) from fitting program.
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Figure F11 Curve fitting of acid site ratio of CoTS-1(50 T 3) from fitting program.
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Figure F12 Curve fitting of acid site ratio of CoTS-1(150 N 1) from fitting program.
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Figure F13 Curve fitting of acid site ratio of CoTS-1(150 N 3) from fitting program.
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Figure F14 Curve fitting of acid site ratio of CoTS-1(150 T 1) from fitting program.
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Figure F15 Curve fitting of acid site ratio of CoTS-1(150 T 3) from fitting program.
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Figure F16 Curve fitting of acid site ratio of CoTS-1(300 N 1) from fitting program.
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Figure F17 Curve fitting of acid site ratio of CoTS-1(300 T 1) from fitting program.\
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Figure F18 Curve fitting of acid site ratio of CoTS-1(300 N 3) from fitting program.
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Figure F19 Curve fitting of acid site ratio of CoTS-1(300 T 3) from fitting program.
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APPENDIX G

CALCULATION OF METAL QUANTITY

Example of the calculation of the metal quantity in Co-TS-1 (50 T 1) catalyst

The XRF results were reported in the amount of metal oxide as shown in Table Gl

Table G1 Data from XRF analys

!

Metal ¢ TE— -‘a__dnnmtraﬁon

Al,05 101.963 Si0;  60.0843

TiO, 79.9

1V ]
.

AULINENINEINS
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1. Mole of metal oxides

weight of Fe,0

Mole of Fe,0, = =2

o O e S Molecular weight of Fe,0,
Mole of Fe;O; = 0.032 =2x107" mole

159.6922

3. Mole of cation (e.g. potassium; Fe)

2

Mole of cation = - catjon aigm)¥{mole of metal oxide)

Mole % of Fe = —#——28
ole % of Fe total moleet catio

Mole % of F “'-'_—'_ | X

AULINENINYINS
ARIAATAUUNINGIAY
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Calculated weight%, mole of m&nl oxide, mole of metal and mole% of cation are
illustrated in Table G2.

Table G2 Calculated weight%, mole of metal oxide, mole of metal.

Metal ) mole of mole of Mole% of metal
) weight%

oxides metal oxide cation

AlLO; 0.106 0.00104  0.002079 0.125377
Si0, 641 healt 1.64171 98.99648
TiO, 00 0.824136
Fe,0; 032 0.0002 ==00004 0.024167
Co0 / 1§ f\n.. 0.104615

st ey

ﬂ‘IJEI’J'VIEWIﬁWEI'lﬂ‘i
ammmmumawmaa
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APPENDIX H

MATERIAL SAFETY DATA SHEET

Toluene

General

e

1-methyl-1-phenyleth¥lene

Physical data

Appearanne: .‘ ,_'- 3 \l vleasant odour

Density (g cm™): 0.903 (5 I8
Flashpoint:34°C [
Explosion limi: X
Water solubili gligible )

e FUHININTNYINS
D NP TS 8 G] fprs

acids, aluminium chloride. May contain small amounts of t-butylcatechol to inhibit
polymerization.

Toxicology

Harmful if swallowed or inhaled. Chronic exposure may lead to liver or
kidney damage. Experimental teratogen.



Personal protection

Safety glasses, good ventilation.

AULINENINYINS
ARIAATAUUNINGIAY
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Hydrogen peroxide
General

Synonyms: Peroxide, 100 volume peroxide, Hydrogen dioxide solution,
Hydrogen peroxde, 30%, unstabilized, Hydrogen Peroxide, 30%

Note: Typical concentrations lie in the range 3%-35%. Solutions of much
higher concentration (e.g. 60% and above) present significantly increased

risks, and should not be w/mng& is absolutely essential.
_‘

Molecular formula: 185

Stability

: ]
Unstable - m..\‘l'i., nd oxygen. Light sensitive. May

develop pressure in the bottle - take care when opening. Forms potentially explosive

N 1211112111112
borate, urea, sodiy e, triethylamine, sodium fluoride, sodium pyrophosphate
and i i i muﬂ i tibles, strong
= s

materials, especially wood, asbestos, soil, rust, strong oxidizing agents.
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Toxicology
Toxic. Corrosive - can causes serious burns. Eye contact can cause serious
injury, possibly blindness. Harmful by inhalation, ingestion and skin contact. Typical

OEL 1 ppm.

Hazards Identification

Danger! Strong oxidizer Cantdct gvith other material may cause a fire.
Harmful if inhaled. Corresive. Causes/eSe” aad skin burns. May cause severe
respiratory tract irritatiomswith-possib! m’ cause severe digestive tract

Inhalation: V ing to the respiratory tract.
Inhalation of mist may bufn | : \ \ f the nose and throat. In severe
cases, exposures may resul dimonary edéma and death.

Ingestion: Corrosive ..: the mouth, throat, and abdomen. Large
doses may cause SYip i 1 , and diarrhea as well as

blistering or tissue (.F action. Stomac 1_J apid liberation of oxygen),

and risk of stnmachyc d b n@]ﬂry edema, coma, possible
cerebral edema (fluid an‘the brain), and de%lg are possible.

o " BHEARURENEANG o e
;m,.,dﬁglﬁ ’mm Ty

destruction.

Personal protection

Safety glasses are essential; acid-resistant gloves are suggested. Suitable

ventilation.
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o-cresol
General
Synonyms: 2-cresol, o-cresylic acid, 1-hydroxy-2-methylbenzene, o-

methylphenol, 2-methylphenol, o-toluol, 2-hydroxytoluene, o-hydroxytoluene
Molecular formula: C;HzO

Boiling point: 197"
Vapour density
Vapour

Stable, but li 5 paﬁhh with oxidizisg
e AUBINENTNENS

APARIRTA U VINE AR Dot e

Experimental neoplastigen. Human mutagenic data. Readily absorbed through the
skin. Very destructive of mucous membranes. Causes burns. Inhalation may cause

spasm. Severe skin and eye irritant.
Personal protection

Safety glasses, gloves, good ventilation.
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p-cresol
General

Synonyms: 1-hydroxy-4-methylbenzene, 4-methylphenol, p-cresylic acid, 4-
cresol, p-hydroxytoluene, 4-hydroxytoluene, p-methylphenol, para-cresol, p-
tolyl alcohol, p-toluol

Molecular formula: CH;CgH,OH
Physical data

Appearance: cry(

Melting point

Boiling point:

Vapour density:

Vapour pressure:

Density (g cm’) 1

Flash point: 86 (c .

7 s ( ft‘l'..,

Water solubility: moderate

Stability ==

i
Stable. Cnmbusg: ‘p Incompatible w1th strong oxidizing agents. Air and light-

m“wmmwﬂmwmm
"""““Wwaﬂﬂim URIANYIAY

Pmson May be fatal if swallowed. Readily absorbed through the skin.
Harmful if swallowed or inhaled, and in contact with skin. Corrosive - causes severe
burns. May cause serious eye damage. Severe skin and eye irritant.

Personal protection

Safety glasses, gloves, adequate ventilation.
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Benzaldehyde
General

Synonyms: benzoic aldehyde, almond artificial essential oil, benzenecarbonal,
benzene carboxaldehyde, artificial almond oil, NCI-C56133, oil of bitter

almond
Molecular formula: C¢HsCHO
Physical data
Appearance: coldlrless6 3 an almond-like odour

Melting point: -56 °@
Boiling point: #79 °&
Vapour density 6

Vapour pressure:
Density (g cm™): 1§
Flash point: 63 °C (
Explosion limits: 2.1 - 13.52%
Autoignition temp: LZLAPEE
Water solubili 5,‘-"-

R TR TN Y

Toxicology

Stabili
ility &

Eye irritant. Harmful by inhalation or ingestion. May be harmful by skin
contact. May cause allergic reaction. Slight local anesthetic properties. There is
limited evidence that this chemical may act as a carcinogen in laboratory animals.

Narcotic in high concentration.
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Personal protection

Safety glasses, adequate ventilation.

AULINENINYINS
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Titanium (IV) n-butoxide
General

Synonyms: Tetra-n-butyl titanate, TNBT, Titanium(IV) n-butoxide (TYZOR
TNBT), Tetra-n-butyl orthotitanate for synthesis, titanium tetrabutanolate,
Titanium(IV)n-butoxide (TYZOR TBT), Butyl Titanate, Titaniumbutoxide
colorlessliq, Titanium n-butoxide, Titanium(IV)n-butoxide, 99+%Tetra-n-
-r-bu : Titanium tetrabutoxide,
Triethoxy Methane, Tiginium tetrabiivfs ofitanic acid tetrabutyl ester

Physical data
Boiling point: 3104814°¢
Flash point: 78 °C ;

Density : 1.486 g cm

Toxicology

\7Z
Irritating to eyes;

s

retroe 18 A NENTNEN T
THTRIATINR AN Y

.

I'-l.'i,
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Tetrapropylammonium bromide

General

Synonyms: 1-Propanaminium, N, N, N-tripropyl, bromide or Tetra-n-
propylammonium bromide or TPBr or TPABr

Molecular formula: Cj3HasN.Br
Chemical formula : (C3H;)sNBr

Physical data /

Solubility in Ware .n. (20"
pH : 5 - 10 for s6
Melting Point :

Stability and reactivity

Stable at ambient lem ﬁr . Do netexpose to high temperatures.
Oxidizers should be tested for compatibility

Hazardous decomp ;,

I
In fire conditions: ?arhon monoxide, H}'dmhmmc acid and Nitrogen oxides.

“*‘““‘““““ﬂ"TJ‘E‘I“JP‘F‘I’H"ﬂWB"m‘i
’""“"'-'J"Wﬂﬂ‘ifu URIAINYIAY

[nhalatmn May cause irritation.

Eye Contact : May cause irritation.

Skin Contact : May cause irritation.

Ingestion: No toxicity or other health effects information available.
Chronic: May cause irritation. No additional information available.
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First aid measure

Inhalation: Remove to fresh air. If breathing has stopped, give artificial
respiration. Consult a physician. '

Eye Contact: Immediately flush with water until no evidence of chemical
remains (at least 15-20 minutes) and consult a physician.

Skin Contact: Immediately flush with water with sufficient volume until there
is no evidence of the chemical on the affected area.

Ingestion: If person is co - ous and 3 le to swallow, have them drink a large

volume of water and milk and ifduc :""“ 1€ Contact a physician,

7 0.

chmmlfuamtuﬁght ire

Fire fighting measu

Hazardous product comb
; Jl'-' '..
May emit Nitrogen oxides: ,_ acid and Carbon monoxide.

]

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ
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Sodium chloride
General
Synonyms: extra fine 200 salt, extra fine 325 salt, H.G. blending, salt, sea
salt, table salt, common salt, dendritis, rock salt, top flake, white crystal,

saline, halite, purex, USP sodium chloride
Molecular formula: NaCl

Physical data _ ~,ﬁ ' _/(..-f_p

—ﬂ

Appearance : col@

Melting point: ‘80 / \\ “\
Boiling point AN \\
Vapor pressure I nufi ’ \
Specific gravity : 2'16/ ‘
Solubility in water 554 f"

S'lhiﬂt]' .r I{-{ i‘f::
Stable. '_n_-.; B+
.y:'._ ..rl

“‘ﬁ‘trﬁﬁ ?‘I’W’%‘Wmm

Personal mtecﬁun

ARAINIUNRINYIa Y

Not believed to present a significant hazard to health.

Toxicology
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Sodium hydroxide
General
Synonyms: caustic soda, soda lye, lye, white caustic, aetznatron, ascarite,
Collo-Grillrein, Collo-Tapetta, sodium hydrate, fotofoil etchant, NAOH,

STCC 4935235, sodium hydroxide pellets, Lewis red devil lye
Molecular formula: NaOH

Physical data

Appearance : co
Melting point :
Boiling point : ,F

Vapor pressure ' mfm Hg : t '

Specific gravity : 2.12¢ -5 .
Water solubility : high; 8 1 1m water is highly exothermic)

Stability

Stable. MPZiibic Withi a wide vaiicly of matciials 1
ble. Inco e “ luding many metals,

ammonium compounds;¢y s; phenols, combustible

' J
organics. Hygroscopic. ] mt of solution is very high and may lead to a dangerously

hot solution ‘fWWWE]ﬁWW"m from the air.
Tm'ﬁ’ﬁ’lﬁﬂﬂ‘im UA1INYNAY

V::r_v corrosive. Causes severe burns. May cause serious permanent eye
damage. Very harmful by ingestion. Harmful by skin contact or by inhalation of dust.

Personal protection

Safety glasses, adequate ventilation, Neoprene or PVC gloves.
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Sodium silicate

General

Synonyms: silicic acid sodium salt, water glass, sodium water glass, soluble
glass, silicate of soda, silicon sodium oxide, sodium orthosilicate, sodium
sesquisilicate, sodium silicate glass, agrosil S, barasil S, britesil, carsil 2000,
chemfin 60, chemsilicate, crystal 79, crystal 96, ineos 140, inosil Na 4237,

Stable. “--'T—'—_—-" canic s

U

Toxicology

e UEANENTHENG, e
~={WTRATSEINT Inenat

Safety glasses, gloves.
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Cobalt(I)nitrate hexahydrate
General
Synonyms: cobalt dinitrate hexahydrate, cobalt nitrate hexahydrate, nitric acid
cobalt (+2) salt, cobaltous nitrate hexahydrate

Molecular formula: Co(NO;); 6H,0

Physical data

Personal protection :

o @qummmwmm
AMIANTUNNIINYAY



113

Ethanol

General

Synonyms: ethanol, grain alcohol, fermentation alcohol, alcohol,
methylcarbinol, absolute alcohol, absolute ethanol, anhydrous alcohol, alcohol
dehydrated, algrain, anhydrol, cologne spirit, ethyl hydrate, ethyl hydroxide,
jaysol, jaysol s, molasses alcohol, potato alcohol, sekundasprit, spirits of wine.
Molecular C;HsOH

Physical data

Stability

¢ a o/
sutie. S I BRI LAINEL AN, s, sroie
acids, mﬁdﬂﬂd : ﬁ’l | 2 ﬁi' w nﬁlgismre‘ Forms
explosi ' ﬁtﬁ 2 m ).] ﬂrﬁi
9
Toxicology
Causes skin and eye irritation. Ingestion can cause nausea, vomifting and
inebriation; chronic use can cause serious liver damage. Note that "absolute” alcohol,

which is close to 100% ethanol, may nevertheless contain traces of 2-propanol,
together with methanol or benzene. The latter two are very toxic, while "denatured"
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alcohol has substances added to it which make it unpleasant and possibly hazardous to

consume.
Personal protection

Safety glasses. Suitable ventilation.

AULINENINYINS
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Catalytic study of cobalt modified titanium silicates-1 in the hydroxylation of toluene

to cresol by hydrogen peroxide

Siya Udomchatchawan, Suchitraporn Sakullimcharoen and Tharathon Mongkhonsi
; ) i
Centre of excellence on catalysis and uﬂ)’ﬂk Department of Chemical Engineering,
Faculty of Engineering, Wm‘n Bangkuk. 10330, Thailand
H‘

i _xlrhhnn nﬁglume to cresols over TS-1 and TS-|
I& reactor (total volume 40 ml) equipped with an
iiticehdeoncentratiths (3, 7.5 and 30 wi%) is used as the

'—L%lpph'omisi‘mmrgns to the bottom of the
snlknm The reaction is carried out at 70 C

)ﬂt‘:m a period of 30 minutes and the

antage over the conventional slurry

total reaction time is 2 hours. bgla-’ole reactor bas
reactor that it can compensate the l;xﬂmpl]ﬂhm %ﬁ:f_the catalyst, thus allowing more polar
reactant (H,0,) to exist un\_lhécltllysl surface. S f
TS-1 and Co-TS- W e synthesized using the hydrother guﬁ.quew.magmgmu I and
3 days. It is found that ngmg’l-'é 1 for 3 days pm-dw:ns the most saleetwe catalyst toward cresols (o-

e il T R e
and | day aging whic different behaviour is
likely due to the catalyst with 3 days aging has'a better cryslaﬂhi than the catdlySt with 0 and 1 day

win. 1nsdordhe Ao fedot (a5 ey bl Gk L) by niing

the formation of benzaldehyde.

Keywords: ts-1, modified ts-1, toluene, cresol, bubble reactor, hydroxylation
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CATALYTIC STUDY OF COBALT MODIFIED TITANIUM SILICALITES-1 IN THE
HYDROXYLATION OF TOLUENE TO CRESOL BY HYDROGEN PEROXIDE.

Siya Udomchalchawan*and Tharathon Mongkhonsi

Centre of excallence on catalysis and catalytic reaction engineering, Department of Chemical Engineering, Faculty of
Engineering, Chulalongkorn University, Bangkok, 10330, Thailand

Abstract The pressnt research Investigates the These forms ccour saparately or as a mixture. An approximaite
hydroxylation of toluene to cresols over TS-1 and TS-1 breakdown of cresol and cresylic acid use is 20% phenolic
promoted with cobalt (Co-TS-1) catalysts in & bubble reactor 20% wire enamel solvents, 10% agricultural chemicals,
(lotal volume 40 mi) equipped with an overhead ,’ esters, 5% disinfectants and cleaning
Hydrogen peroxide ai differant concentrations (3, 7.6 5% ore flotation, and 25% miscellaneous and

Wi%) Is used as the oxidant. Toluene Is fed in : uﬂ'

phase, using nitrogen as carrier gas, lo the bolig

of titanium silicalite-1 (TS-1) which is a
tamily by Taramasso and co-worker in

solution, The reaction is carried out at 70 * route for the catalysis and catalytic
pressure. Total volume of toluene fed is 1. f 72 1 _malerial has atiracted a great deal of
of 30 minutes. The bubble reactor has an advapiige e e — — aftention  Steturally, the titanium in TS-1 isomorphously
conventional slumy reactor thal it can JSSmpghss e T Topiades Willoop atrahedral site of the MFI silicalite lattice.
hydrophobic nature of the catalyst, thus allowig§ mdfe foldr .+ /WJAs such, Il combipes the advantages of the high coordination
reactant (H,0,) to exist on the catalyst , with the hydrophobicity of the silicalite

T5-1 and Co-TS-1 are synthesiz ] _ I3 . retains the spatial selectivity and specific
hydrothermal technique with aging time 0, 1 and 3 dfiys. 1K44*lcalgeomelly of the active sites of molecular sieve structure,
found that aging TS-1 for 3 days produces the most selective ~“Tere are many types of reactor using for hydroxylation
calalyst lowerd oresols (o- and p-cresol) with a tada7aly) | -/ iERcatalytic membrane reactor [1] fixed bed and recydle

catalyst with 0 and 1 day aging wh 2 s " researcher [5] studied in the bubble
likely due lo the catalys! with 3 days agh slerogensous gasdiquid or gas-sofid reaction lake place,
anmmnmidaywng in Inwhhhhiqmdpfmmsmhmht
addition, the addition of cobalt 151 insolubliity of gases. Therefore,
mmwmg@mwmmmm
mmm o-cresol, l’uﬂ-&inm-nm [qmpummm.mmmodmuummguua
1. Another work has
A TS T W T R
oxidation product and inhith} the ring oxidation product at low maintained the MF1 structure (7).
H;0; conceniration (3 and 7.5 wi%). The aim of the presen! research is to investigate the
1. Introduction matal modified TS-1 catalysts by adding Co durng the
Cresols have a wide variely of uses including the synthesis step by a hydrothermal method. In addition, the
manufacture of synihetic resins, ftricresyl phosphate, oxidation properies of metal modified TS-1 and effect of
salicylaldshyde, coumarin, and herbicides. cresol molecule has treatment of catalysts in the hydroxylation of toluene with H,0;
a methyl group substituied onto the benzene ring of a phenol as the oxidizing agent have never been studied balore.

molecule. There are three forms of cresols that are only
slightly different in their chemical structure: ortho-cresol [o-
cresol), melacresol (m-cresol), and para-cresol (p-cresol).

* Corresponding author annsiyaf@windowslive.com



2. Experimental
2.1 Catalyst preparation

The sources of metals are Co(NO,)6H.0 for Co,
THO(CH:1CHyly for Ti, and sodium silicate for Si. TPABr
(Tetra-n-propy!  ammonium bromide [(CHyCHCH;)N]Br) s
used as the organic template. The atomic ratio of SUTI is set at
50 and Si/Co s set at 50 and 150, respectively. The recipies
ars listed in table 1.

In this study, TS-1 with 1 and 3 days hydrothermal aging
are named T5-1(1) and T5-1(3) respectively. The TS-1 modied
by adding Co with 3 days aging are named Co-TS-1(150)
pretreated and no pretreated respectively,

Table 1 Reagents used for the preparation of TS
Co-TS-1

£y

120
the auioclave. The product crystals are washed with de-lonized

water by a cenfrifuge. Then the crystais are dried in an oven at
110°C after that they are calcined in an air stream at 550°C
and held at that temperature for 7 h, by heating them from
room temperature to 550°C &t a healing rale of 8.6 "C/min.
For a catalyst sample, the catalyst is treated with a nitric acid
solution (5 M) at BO'C for 3 h. Afier that, the catalyst is
washed with distiled water until pH 7, dried at 110°C and
calcined at 540°C for 7 h in static air.

2.2 Catalyst characterization
The crystaliinity and X-ray diffraction patterns of the

ware performed by a X-ray diffractometer SIEMENS
necled with a computer with Diffract AT version 3.3

fmfulrmhniulhmunlymm

< wwﬂﬂmﬂwmsmmmm

ﬂfﬂnﬁdnmh!bﬂhrﬂuﬂi‘mﬁ

let model Impact 400, Each sample is
ga reflectance mode. Infrared spectra are
-1d1300m"mnrrinumnwhr.
composition analysis of elements of the
by X-ray flucrescence (XRF) using

Solution for the gel
praparation

Solution Al Solution A2
THOICHCH,), 22085 THO{CH,}CH,)
TPABr 572 g TPABr
Hall 1195 g Dao-lonized water
CoNOJLEHO  x @ | CofNO,BH,C
Do-ionired water 60 mi Hy80, (conc.)
H,S0,(conc) 34 mi
Solution B1 Solution B2
Sodium silicata & g Sodium siicats
Do-lonized water 45 ml De-lonized waler 45
Solution C1 p
TPABr 218 g Nac
Mall 4058 g Do :
NaDH 23 g

De-lonized walse 208 mi
H2SO4 fconc) 155 mi

B lfﬂ:ﬁ“w M -gm

l&'ﬂmlulnwﬁmrltrwn

of the gel mixture s maintained within the range 2-11. Tl'l'.l‘

ARG N TR

mixture is separaled
centrifuge. Secondly, a
adding solution A-2 and solution B-2 inlo solution C-2, same
as for the preparation of gel mixture.

Thea colourless fBquids from A-2, B-2 and C-2 are
saparated from the mixture by a centrifuge then mixed togethar
again with the milled gel mixture and filled into a pyrex glass
which Is placed in a stainless steel autoclave. The atmosphere
in the autoclave is replaced by nitrogen gas and pressurized
up to 3 kglom' gauge. Then, the autoclave is heatsd from
room temperature to 180°C and kept at this temperature for 3
days, followed by cocling the mixture to room temperature in

* Corresponding author ;annsiva@windowslive.com

édures are described in the detail below. 1 g of
ulﬂy:tpnwdar' peroxide and a magnetic bar ware
Jnhblbbhmdnr Then, the reaclor was heated up

the outiet pressure of nitrogen to
ff valve lo allow nitrogen gas to
plnlh'uﬂﬂuwlpmﬂngm Start the reaction by

containing the catalyst and hydrogen peroxide, where the
hydroxylation of alkyl banzene reaction to ook place. Analyze
the product sample by placing the reactor into the cool bath in
order fo stop the reaction. Mix the liquid mixture with 40 mi of
ethanol and stir wuntl the liguid mixure became a
homogeneous phase. After thal, centrifuge the mixturs in
order o separate the catalyst from the liquid solution. The
liquid product was analyzed by the FID gas chromalography.
The chromalogram data wers converted into mole of products
using a calibration curve



3. Result and discussion
31 Characterization of catalysts

X-ray diffraction (XRD)

The XRD spectra of TS-1 and modified with Co (Co-TS-1)
are shown in Figure 1. All samples consist of six main
characteristic peaks at 2 theta = 8°, 8.8°, 14.8°, 23.1°, 24" and
26.7°[8) that indicate the typical MFI pattern and high
crytalinity. The pattern of analase 2 thela =~ 25.3* doas not
appear which shows anatase does not exist in the TS-1 and
Co-TS-1 synthesized using TPABr as the lemplate[9). The
single peaks at 2 theta = 244 and 26" indicale an
erthorhombic symmetry typical of TS-1 with a framework SUTi
< 100 [10].

Intensity (a.u)

#F
';"

Figure 1. XRD pattern of TS-1 and modified &

Fourler-fransform Infrared
FT-IR is a useful tool to

AL

hq-.l-d -ill-i

B e
(FT-IF “5’3‘&? J‘I ks
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Determination of surface area by BET technigue
It is found that the surface areas of all catalysts
investigated are in the range 340-390 m'lg.

3.2 The catalytic reaction of hydroxylation of toluene
The conversion of loluene and product seleciivites
obtained from the hydroxylation of toluene at 70°C with TS-1
and Co-TS-1 are reporied in Figures 3 and 4, respectively.
Co-TS-1(reated) can not used with 30% H,0, because il
causes the rapid and vigorous decomposiion of H.O..
Because of this reason, no experimental data on 30% H,0,

tration of Co-T5-1(reated) is absant.

F results in figure 3 show that at the concentrations of
ma&mw-mmum
llnlptTS-‘I (1 day). When the concentration
to 30%, each catalys! behaves differently.
a large increasa in ioluene conversion
) and Co-TS5-1 (no treatment) show a

s

)

A

ey

b i o o

=

TS1(1day) TS1@dey) CoT51  CoTSd (o
(treated) treatment)

hydroxytation of toluene at T0°C

The catalytic performance of TS-1 is ,

Ti in the framework [10]. FT-IR spectra of :
shown in Figure 2. mmﬁumm
tetrahedral Ti'" hursqwco-rs-uppu(nmnm
em”, MIMMMuﬁ

the framework [8-11].

fl,

Too

1200 1100 1000 w0 800

wave numbar [Cm”)

Figure 2. IR spectra of T5-1 and modified TS-1 ; TS-1(1) (a),

TS-1(3) (b}, Co-TS-1{reated) (c) and
Co-TS-1{no reatmant) {d).

* Corresponding author annsiya@windowslive.com

product selectivity of each catalyst at

of H;0; are schemalically summarized

in Figure 4. TS-T'(1 day) and TS-1 (3 day) produce mixtures
dlside chain oxidation and ring hydroxylation products at every
in this study. The addition of Co

ROV T o s

accompany with the

makes thewcatalyst bahaves diffggently. Although the treatment
B e e

banzene to phenol, this
technique can not ba used with Co-TS-1 used in the
hydroxylation of toluene to cresols. The treatment causes the
catalyst (Co-TS-1(treated)) produces only benzaldehyde, the
undesired product in this work while the catalyst without any
treatment (Co-TS-1(no treatment)) yields only cresols.

The different products formed between Co-TS-1(trealsd)
and Co-T5-1(no treatment) is possibly due lo the treatment
with the nitric acid solution removes soma species thal block
the active site thal prefers the formation of benzaldehyde and
destroy the active site that prefers the formation of cresols.
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1 |3 7Ts-1(1day) B TS-1(3 day) B8 Co-TS-1 (pre) BB Co-TS-1 (no pre)]

3%

nge, W. N. Delgass. Enhancement of
corporatio efficiency and activity of AWTS-1
mﬂﬁdmm”mmm v gife : ts for propylane epoxidation. J. Catal. 232,
side chain oxidation product (benzalderiyo ,

hydroxylation products (o-cresol and
hydrexylation of toluene at 70°C. The treal ithl tile* — : laining molecular sieves with MFI, BEA

solution of nitric acid of Co-TS-1 produces il -TE- . i 1 lopologies. Appl. Catal, A. 277, 2004,

—"'

concentration. On the contrary, at the ko, A. K. Uriarla, V. 5. Chemyavsky, A. 5,

calalyst withoul any treatment (Co-TS-1 | reaitment]) ) [ pnov, G. |. Panov. Preparation and catalytic
= 1 of medified TS-1 in the oxidation of benzene

to phenol by MN;0. Micropor. Mesopor. Mater, 48,

The authors would like to thank the Asahi - T
gﬁ"/y.
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