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CHAPTER |
INTRODUCTION

Cresols have a wide variety of uses including the manufacture of synthetic
resins, tricresyl phosphate, salicylaldehyde, coumarin, and herbicides. Cresols also
serve as components of degreasing compounds in textile scouring and paintbrush
cleaners as well as fumigants inphetographic.developers and explosives. Cresols also
function as antiseptics, disiafectants, and parasiticides in veterinary medicine. An
approximate breakdown of-eresol and eresylic-acid-use is 20% phenolic resins, 20%
wire enamel solvents, 10% agricultural chemicals, 5% phosphate esters, 5%
disinfectants and cleaning eompounds, 5% ore flotation, and 25% miscellaneous and

exports.

The oldest cresol production method used in the United States is through the
recovery of fractional distillatgs from'coal tars. Most domestic cresols are formed via
catalytic and thermal cracking of naphtha fractions during petroleum distillation.
Since 1965, quantities of coal tar-and petrblelj‘-rn have been insufficient to meet the
rising demand. Consequently, Several processes for.the manufacture of the various
isomers have been Cevetoped:—One General Electric facility produces cresol by the
methylation of phenal which phenol is produced by three stage of cumene or
hydroxylation of benzene. Since in real industrial practice, benzene and toluene are
always co-produced (from the catalytic reforming process), this research interests in
the direct addition of an —OH group to the ring of toluene. This process should have

advantage over.the.current.process that cresol can-be produced. in.only one step.

Titanium silicalite-1 (TS-1) is discovered by Taramasso et al. in 1983 opened
new route of synthesis catalysis and catalytic reaction. TS-1 is a silica rich molecular
sieve with MFI structure in which isolated titanium species in the zeolite framework
function as catalytic sites. Moreover, TS-1 has unique catalytic properties, being
effective in the oxidation of a variety of organic compounds at low temperature, using
diluted hydrogen peroxide as an oxidant such as the conversions of ammonia to

hydroxylamine, of secondary alcohols to ketones and of secondary amines to



dialkylhydroxylamines or reactions such as the phenol hydroxylation, the olefin
epoxidation, the ketone ammoximation and also sulfide and disulfide oxidation. For

these reasons TS-1 has become one of the most relevant oxidation industrial catalysts.

The hydroxylation reaction by hydrogen peroxide with a heterogeneous
catalytic system has advantages over homogeneous system since it allows simple
separation and recovery of catalysts from reaction mixture. Therefore, development
of heterogeneous catalysts is particularly attractive. Recently, many researchers have
attempted to improve catalytic properties. /Many second metals such as Al, V, Cr, Fe,
Co and Ru are introduced into TS-1 catalyst fer improve its performances. Laufer
and Hoelderich (2001) found that Pd/Pt/TS-1 catalyst could improve the selectivity of
propylene oxide in the direet oxidation of propylene. Ma et al. (2005) studied the
transesterification of dimethyl-oxalate with phenol over stannum modified TS-1 and
found that the Sn-modified /TS-1 catalysts had fewer Lewis acid sites than the
unmodified TS-1 but.its catalyti¢ activity was increased greatly by the interaction of
Sn with Ti-O-SiO3; weak Lewis acid centers. Gas-phase epoxidation of propylene
over small gold ensembles on TS-1 was inVeétigated by Taylor et al., (2005). They
found that low gold loadings resutied in an ‘inherently small number of very active
sites and forcing the gold loading to higher ‘values resulted in poor activity and

stability.

There are many types of reactor using for hydroxylation such as catalytic
membrane reactor (Molipari et al., 2006), fixed bed and recycle reactor (Reitzmann et
al., 2002), glass batch reactor (Kumari et ali, 1999) and electrochemical cells reactor
(Otsuka and Yamanaka, 1998). From former researcher (Manit, 2006) studied in the
bubble-reactorwhich areawidely<tiseddin chemical industry;whergiheterogeneous gas-
liquid orzgas-solid Teaction 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 work.

Previously, the hydroxylation is performed in liquid phase that the catalyst
surface is mostly covered by the adsorbed alkyl benzene and left only a small area for
H,0, to present on the catalyst surface. The consequence is low reaction rate. An

attempt has been made to enhance the adsorption of H,O, by changing alkyl benzene



feeding method (bubble reactor). In the bubble reactor, the catalyst is firstly dispersed
in H20; in a slurry form to allow H,O; to be the first species that cover the catalyst
surface. Then, alkyl benzene vapor is bubble through the slurry. Due to the
concentration of alkyl benzene is reduced and alkyl benzene is introduced secondly,
the portion of the catalyst surface covered by H,O, is expected to be higher than
feeding alkyl benzene in liquid phase.

In the present work, the objective is to study oxidation properties of TS-1 and
metal modified TS-1 catalysts (Al-TS-1, Co-TS-1, Fe-TS-1 and V-TS-1) pretreatment
with HNOg solution in the hydroxylation of atkylbenzene by hydrogen peroxide as an
oxidant in a bubble flow reactor. The research has been scoped as follows:

1) Synthesizing TS-4"and metal modified TS-1 catalysts (Al-TS-1, Co-TS-1,
Fe-TS-1 and V-TS-1) using incorporation technique to introduce second metal during
hydrothermal synthesis.

2) The ratio of synthesized catalysts is 50 for Si/Ti and 150 for Si/M, where M

is second metal.
3) Pretreatment of these catalysts with HNOj3 solution 5 M.

4) The synthésized catalysts will be characterized by using the following
techniques.

4 Determination 'of ‘bulk’ composition of Si/T1 by X-ray fluorescence
(XRF).

=“Determination’ afyspecific area by, N, adsorptionm based on Brunaur-
Emmett-Teller method (BET).

- Determination of phase structure and crystallinity of catalysts by X-
ray diffractrometer (XRD).

- Determination of incorporation of Ti atoms as a framework element
by Fourier-transform infrared spectroscopy (FT-IR).

- Determination of acid site and acid strength by temperature program
desorption (TPD)



- Determination of morphology of catalysts by scanning electron

microscopy (SEM)
5) Investigate catalytic behavior of synthesized catalysts are evaluated by three
phase hydroxylation alkyl benzenes (toluene and ethyl benzene) using hydrogen

peroxide as an oxidant in bubble reactor at 70 °C.

6) Influence of concentration of hydrogen peroxide that affect on synthesized

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

Chapter Il theory of aromatics substitution and reviews research works on the

hydroxylation of alkyl benzgnes on TS-1 (;atalysts.

Chapter 11l consists of. catalysts dfép@ration, catalysts characterization and
catalytic reaction study the hydroxylation of alkyl benzenes in a bubble reactor.

The characterization of synthesized catalysts and results of hydroxylation of

alkyl benzenes, including an expanded discussion, are described in chapter IV.

ChaptersV I contains the overall conclusion'emerging from this work and some

recommendations for future work.

Rinally, the sample of calculation of catalyst preparation, calibration curves
from area to mole of reaction products and data of the experiments which had

emerged from this study research are included in appendices at the end of this thesis.



CHAPTER Il

THEORY AND LITERATURE REVIEWED

2.1 Electrophilic aromatics substitution

Due to its m-electron cloud the benzene molecule has basis (nucleophilic)
properties. Benzene reacts mainly with electrophilic reagents. In these reactions a
hydrogen atom of benzene is displaced (substittted) by an electrophilic reagent. This
important type of reaction..is called.*‘electrophilic. aromatic substitution”. The

electrophilic aromatic substitution-involves several steps.

A 1 complex«is formed. The e.Ie_gtrophiIic reagent Y@ is attracted by the

nucleophilic n-electron.€loud of benzene and is loosely held.

v B (4 i — ¥
e ] T
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Electrophiles = -Nucleaphule = == 7 complex,

& chagg=-fransfer complex

A conjugated.carbonium 1on is formed. The electrophilic reagent Y@ in
the n complex attaches‘te=a particular carbon atom, which thereby becomes sp*-
hybridized. The positive charge is delocalized Qver the other five carbons which are
still in the sp? state and remain in one plane with the sp*-hybridized, carbon. Thus the
orbital'sof "the sp*shybridized carbons| can” averlap ‘and ‘the “resonance-stabilized
carbonium ion, known as a ¢ complex, is formed. During this reaction complete
delocalization of the & electrons in benzene must be interrupted. This is therefore the
slowest and rate-determining step, requiring a high energy of activation.
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Figure 2.1 Energy profile of electrophi;!ic:aromatic substitution on benzene ring.
(Zlatkis et al., 1985) v =
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This step requires only.asmall Es, and is exothermic. The energy profile in

Figure 2.1 summarizes the energetic course_.gf;an electrophilic aromatic substitution

on benzene.

2.2 Effects of substitution

When 'substituted benzene compounds undergo electrophilic substitution

reactions of the Kind discussed above, two related features must be. considered.

1) The first'is the relative reactivity of the ‘compotnd 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

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
system. In Figure 2.2 we see that electron donating substituents (blue dipoles)
activate the benzene ring toward electrophilic attack, and electron withdrawing
substituents (red dipoles) deactivate the ring (make it less reactive to electrophilic
attack).

Aciivating Substtuents
152 145 1.20 0.40
Daactivating Substituants
— ' - ¥ ’IJ d P }

.97 3.9 1.91 1.56

Figure 2.2 Diagram of electron donating substituents™ (blue dipoles) activate the
benzene ring and electron withdrawing substituents (red dipoles) deactivate the ring.

(www.cem.msu.edu/~reusch/Virtual Text/benzrx1.htm#benz5)

The influence a substituent exerts on the reactivity of a benzene ring may be
explained by the interaction«of twao effects: ~The first is theyinductive 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
interaction facilitates electron pair donation or withdrawal, to or from 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-m 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 stronger and exert greater influence

2) The second factor that becomes important in reactions of substituted
benzenes concerns the site at which electrophilic substitution occurs. Since a
monosubstituted benzene ring has two eguivalent ortho-sites, two equivalent meta-
sites and a unique para-site, three possible eonstitutional isomers may be formed in
such a substitution, as shown in Figure 2.3. If reaction occurs equally well at all
available sites, the expected statistical mixture of isomeric products would be 40%
ortho, 40% meta and 20%para. In addition, the nature of the substituent influences in
this product ratio in a dramatic fashion such as bromination of methoxybenzene
(anisole) is very fast and gives mainly the para-bromo isomer, accompanied by 10%
of the ortho-isomer andnly a trace.of the:meta-isomer. Bromination of nitrobenzene

requires strong heating and produces the meta-bromo isomer as the chief product.

Y Y Y Y
CEs OB, O
il | - — 4 +
-.._._;.o meta .""E o
para IIE
A rrnorwssulesiisbad ortho lsomar  musta omar para lsomar
beanrans oo

Figure 2.3 The position of monosubstituted electrophile on benzene ring.

(wwwicem.msu.edu/~reusch/VirtualText/benzrx1.htmi#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 2.4). The product-determining step in the substitution mechanism is
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
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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.
Inductva
Ha :lt-lblllllﬂnl'l favorad
' Inhrrn-dlat-
H -—- @ E =
CHs CHa
O+ e+ @ e @L - @Y
mH e 1H
E
CHa indiectes 3
ortho-para -
substitution is favorad " ||-|I::I::::::i.h
. .
E H

Figure 2.4 The delocalized /positive charge on the benzenonium intermediates
generated by bonding te theelectrophtie.

(Www.cem.msu.edu/~reusch/VirtuélText/B_eﬁzrxl.htm#benzS)

From observations that led chemisf;s‘jftp:fprmulate an empirical classification of
the various substituent groups (‘:ommonléé%é‘ﬁcountered in aromatic substitution
reactions. Thus, substituents that activate th’fé-”l-jéh‘zene ring.toward electrophilic attack
generally direct substitutten-to-the-ortho-and-para-lecations. With some exceptions,
such as the halogens,:deactivating substituents direct substitution to the meta location.
The Table 2.1 summarizes this classification. The information summarized is very
useful for ratienalizing: and predicting the=courserof 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.



Table 2.1 Classification of the various substituent groups.
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Orientation and Reactivity Effects of Ring Substituents

Activating Substituents
ortho & para-Orientation

Deactivating Substituents
meta-Orientation

Deactivating Substituents
ortho & para-Orientation

-0 -NH,

~OH -NR;

-OR ~NHCOCH;
~OCeHs -R
~OCOCH3; | —CeHs

-NO; —CO,H
-NR;™ —-CO,;R
—PR;™ —CONH,
—SR,*) —CHO
—-SO3H “COR
—-SO,R £CN

-F
—ClI

—Br

-1

—CH_CI
—CH:CHN02

2.3 Hydroxylation of arematic hydrocarbon

2.3.1 Hydroxylation of benzene

Hydroxylation is any chemical procesé that introduces one or more hydroxyl

groups (-OH) into a compound (or radical) thereby oxidizing it. For hydroxylation of

benzene as shown in Figure 2.5 that has phenel is a product and para-benzoquinone,

catechol and hydroquinone as secondary produéts

®

Benzene

TS-1
H,0,

e

Phenol

Figure 2:5 Hydroxylation of benzene to phenol over TS-1 catalyst.

From previous work, Kumar et al. (1999) studied enhancement in the reaction

rates in the hydroxylation of aromatics over TS-1/H,0, under solvent-free triphase

conditions. They found that significant enhancement (3-10 times) in the reaction rates

in the hydroxylation of water immiscible aromatic compounds like benzene, anisole

and toluene when compared with bi-phase condition in the presence of a co-solvent.
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In the case of substituted benzenes (anisole and toluene) para-hydroxy product was
predominantly obtain under triphase condition. However, in biphase the formation of
ortho-isomer was preferred. The probable factors responsible for enhancement in
activity and change in region-selectivity are relative hydrophobic nature and restricted
pore dimensions of titanium silicate TS-1, diffusive resistance faced by the substrate

with an organic co-solvent in biphase while such a resistance is minimized in triphase.

Bengoa et al. (1998) studied influence of TS-1 structural properties and
operation conditions on benzene catalytic oxidation with H,O,. They found that small
changes in the preparation lead to the presence of extra framework. The synthesis
conditions must be controlled carefully to get pure TS-1, since the presence of extra
framework titanium inhibits*benzene hydroxylation. Both of catalyst, pure TS-1 and
extra framework titaniumghave the same MFEI structure. In the benzene hydroxylation
reaction using TS-1 prepared by the method of Thangaraj et al., the presence of
sodium traces in the“solid or methanol in reaction mixture change the activity
drastically. These results were attributed to a deactivation of active Ti*" sites. From
this research, novel evidence is presented_f for the existence of different types of
framework Ti** in TS-1 prepared by the méihbq_of Thangaraj et al.

Pirutko et al."(2001) studied preparétibhr énd catalytic study of metal modified
TS-1 in the oxidation . of benzene to phenol by N2O. The second metals (Fe, Al, Ru,
Co, V, Cr) are introduced into the TS-1 matrix at stage hydrothermal synthesis. In all
case, the chemical compesition of initial gel was calculated to provide 1 wt.% of the
metal in TS-1.0This condition 1s satisfied for Fe,~Al and Ru; With Co and Cr, the
concentration isthigher (1.6 and 1.9 wt.%) and with V is lower (0.14wt.%) than the
calculated waluey The resultsfordFesTiS-1icontaining0:95wt:% are 3:84 mol% of exit
reaction imixture and 98% phenol selectivity. One may see that all M-TS-1 samples
are inert and not even trace amounts of phenol are produced in their presence. Only
the Al-containing sample exhibits a detectable but very low activity. However, this

can hardly be interpreted as an intrinsic catalytic activity of Al species.
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2.3.2 Hydroxylation of toluene

There are many researchers who attempt to modified catalysts for
hydroxylation of aromatic compound. Bartoli et al. (2002) studied unusual efficiency
of a non-heme iron complex as catalyst for the hydroxylation of aromatic compounds
by hydrogen peroxide comparison with iron porphyrins. The non-heme iron complex,
Fe(TPAA)(CIO,),, is a bad catalyst for the epoxidation of alkenes such as
cyclooctene, cyclohexene and cis-stilbene and for the hydroxylation of alkanes such
as adamantane by H,O,, when compared to.the iron porphyrin Fe(TDCPNsP)CI. At
the opposite, they found Fe(TPAA)(CIOs),+S a much better catalyst for the
hydroxylation of arenes by H,;O, in its presence, anisole, toluene, ethylbenzene,
benzene and chlorobenzene are transformed into the corresponding phenols, with
respective yields of 53, 47, 24,22 and 13% based on H,O,. The main products

alkylphenols (ortho-, meta#and parasubstituted phenol) of toluene was found.

|
Fe(TPAA)ClE@E) et W
md b\ @
H.U: W s fy

Toluene oicresolstuld m-cresol p-cresol

Figure 2.6 Hydroxylation of toluene over Fe(TPAA)(CIQz), catalyst.

2.3.3 Hydroxylation, of ethylbenzene

Effective” utilization of ethylbenzene, available in the xylene stream of the
petrochemical ‘industry- to- more value added products is an inieresting proposition.
Well knoewn are the 1somerization of ethylbenzene to xylenes and dehydrogenation to
styrene monomer. Oxidation of ethylbenzene has not drawn much attention due to the
complexity of the products that could be formed, particularly in the vapor phase
catalytic oxidation using molecular oxygen. Mal et al. (1996) studied oxidation of
ethylbenzene over Ti-, V- and Sn-containing silicalites with MFI structure. They take
an interest in the course of reaction, which has more than one possibility. They found

that oxidation of ethylbenzene to the different products can take place in two ways.
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One is the aromatic ring hydroxylation under which the hydroxylation at the para
position is preferred to some extent to the ortho position. The other is the side chain
(ethyl group) oxidation at primary and secondary carbon atoms. The primary and
secondary carbinols formed from the side chain oxidation undergo further oxidation
to the respective aldehyde and ketone. The side chain oxidation at the secondary
carbon predominates over the primary carbon atom. In the case of TS-1, the oxidation
does not occur at the primary carbon atom. Nevertheless, between the two path ways,
the product distribution indicates that the side chain product selectivity is around 4 to
5 times that of aromatic ring oxidation produets. The turn over number (TON) of
ethylbenzene over TS-1 and V/S-1 are 8.4 and 4:9; respectively whereas over Sn-Sil-1
it is 15.4. The product selectivity shows that in the side chain oxidation of
ethylbenzene over TS-1 gives«1-phenylethanol (33%) and acetophenone (41.4%)
whereas aromatic ring .gives .0-hydroxy ethylbenzene (10.6%) and p-hydroxy
ethylbenzene (12.4%). Moreoyer, they studied effect of H,O, concentration and
influence of ethylbenzenesconcentration. They found, the lower concentration of
H,O, results in a lower TON of ethylbenzene and little effect of solvent (acetronitrile)

dilution on the product distribution was observed.
2.4 Titanium silicalite — 1

Titanium silicalite 1s the most Interesting material obtained by isomorphic
substitution of trivalent metals or tetravalent metals in the framework of crystalline
aluminosilicates or silicates. Titanium silicalites with MFI (TS-1) and MFI/MEL
(TS-2) structures have- been used in“several oxidation reactions with H,O, as the

oxidizing agent:

Titanium'has a stable valence of 4 and in an oxidizing medium it is very likely
that this valence is maintained. An examination of the chemistry of Ti** compounds
immediately shows that Ti** has a strong tendency to assume a high coordination
number: with oxygen, six groups in octahedral coordination form a stable and very
frequently observed configuration, but to do this Ti** must have near neighbours
capable of increasing their coordination number to satisfy at the same time titanium
valency of four and coordination of six. When bulky groups are linked to Ti*,

tetrahedral coordination is also observed. Coordination of seven in a pentagonal
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pyramidal arrangement like in peroxo compounds and of eight like in Ti(NOs), are
also observed.

From the crystalline structure and the regular change in unit cell parameters
which are consistent with isomorphous substitution of Si** with Ti*" it seems justified
to represent TS-l as a silicalite in which few Ti*" have taken the place of Si**. The
interpretation of the catalytic activity of TS-l 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 io 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; sinee the silicon/titanium ratio is in the range 40 - 90 in
typical preparations, mostFi**.must be isolated from each other by long sequences of
-0-Si-0-Si-O-. If Ti*" replaces‘a Si* it should be tetrahedrally coordinated by O=
however, the presence of @ 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 positions of Ti*" are oceupied by Si** which in a field
of O= is stable only“in tetrahedral coordination. A simple representation of the sites
where substitution has.occurred which takes Into consideration the various pieces of

experimental evidence could:be

OH O _HO
PA |, N\
Ti /S
o o)

O
\Si
1R g AN

i/O
\O

The amount of titanium positioned within the framework of the molecular
sieve is believed to be important and beneficial in many reactions. However, it is also
widely believed that non-framework Ti-species, on the exterior or interior surfaces of
crystals may decrease the catalytic effectiveness of titanium-silicate molecular sieves.

Similar deleterious effects may be caused by other contaminants such as aluminum
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and alkali elements. In particularly, extra-framework massive Ti-oxides as well as
other contaminants cause undesirable side reactions and consequence losses of
activity and selectivity of the catalyst.
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CHAPTER I

EXPERIMENTAL

The experimental in this chapter is divided into four major parts: (1) catalyst
preparation, (2) catalyst characterization, (3) reaction study in hydroxylation of alkyl
benzene and (4) adsorption of reactants on catalysts. The chemicals, apparatus and
procedures for catalyst preparation are explained in section 3.1. The composition,
structure, surface properties and acidity of ihe.catalyst are characterized by various
techniques such as XRF, BET, XRD, ET-IR and NH5-TPD are discussed in section
3.2. The details of thesreaction study are illustrated in section 3.3. Finally, The

adsorption of reactants.on caialysts are described in section 3.4.

3.1 Catalyst preparation

3.1.1 Chemicals

All chemicals used in“this preparation procedure of M-TS-1 catalysts are

following in Table 3.1.

Table 3.1 The chemicals used in the catalyst preparation

Chemical Grade Supplier
Titanium(IV) butoxide 97% - Aldrich
Tetrapropylammonium bromide 98% - Aldrich
SodiunTrchiaride Analytical APS
Sodium hydroxide Analytical Merck
Sulfuric acid Analytical Aldrich
Sodium silicate solution Extra pure Merck
Cobalt(Ilnitrate hexahydrate Analytical Aldrich
Vanadium(l1)chloride Analytical Fluka
Iron(l11)chloride hexahydrate Analytical Merck

Aluminium(l1)nitrate nonahydrate Analytical APS
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3.1.2 Preparation Procedures

The preparation procedure of M-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 M-TS-1: Si/Ti = 50, Si/M = 150.

Solution for the gel preparation Solution for deca.lnt-solution
preparation

Solution Al Soluion.A2
Ti[O(CH,)3CHs]4 2:2085 | TifO(CH2)3CH;]4 2.2085 ¢
TPABr 2 //Jo\| TPABK 753 ¢
NaCl 1195/ g ] De-ionized water 60 ml
Co(NO3),.6H,0, VCl; X g VCQ_(N03)2.6H20, VCl; X g
FeCl3.6H,0, AI(NO3)3.9H,0 FeCl3.6H:0, Al(NO3)3.9H,0
De-ionized water 60 mi HZSO4 (cone.) 3.4 mi
H,SO,4 (conc.) 3=l
Solution B1 Solution B2
Sodium silicate 69 g | Sodium silicate 69 g
De-ionized water 45 ml | De-ionized water 45 ml
Solution C1 Soldtion C2
TPABr 2.16 _ g | NaCl 26.27 g
NaCl 40.59 . g || De-ionized water 104 ml
NaOH 239 g
De-ionized water 208  ml
H2S04 (conc.) 155 ml
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Al B1 c1 A2 B2 C2
SOLUTION || SOLUTION || SOLUTION SOLUTION || SOLUTION || SOLUTION
HOMOGENIZED MIXING HOMOGENIZED MIXING
OF OF
GEL-PRECIPITATION DECANT-SOLUTION

GEL- DECANT-
SOLUTION GEL

GEL
PRECIPITATE

MILLING

DECANT-
SOLUTION

HYDROTHERMAL TREATMENT

IN AUTOCLAVE

DECANT AND WASHING

SOLUTION

CRUDE CRYSTAL

CALCINATION

M-TS-1

Figure 3.1 The preparation procedure of M-TS-1 by rapid crystallization method.
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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(NO3)2.6H,0 for Co, VClIs for V, FeCls.6H,O for Fe, AlI(NO3)3.9H,0 for Al,
Ti[O(CH,)3CHs]s for Ti, and sodium silicate for Si, respectively. TPABr (Tetra-n-
propyl ammonium bromide[(CH3CH>CH,)4N]Br) was used as organic template. The
atomic ratio of Silicon/Titanium and Silicon/Metal were set at 50, 150, respectively.
The preparation of supernatant liquid was separated from the gel, which is important
for preparing the uniform crystals. The detailed procedures were as follows: Firstly, a
gel mixture was prepared by adding solution.A=1 and solution B-1 into solution C-1
drop wise with vigorous stirring using a magnetic stirrer at room temperature. The
pH of the gel mixture was.malatained within the range 9-11 because this pH range is
suitable for precipitation.«H,SO,4 (conc.) or NaOH selution were used to adjust pH of
the gel mixture to an appropriate levelif it was necessary. The gel mixture was
separated from the supernatant liquid by: a centrifuge. The precipitated gel mixture
was milled for totallys1 hour. The milling was done for 15 min and then the
supernatant solution was femoved by cent_ri_ﬁ]bal separation before the hydrothermal
treatment in order to obtain‘the uniform, fi‘r{e" crystals. The milling procedure was as
follows: milled 15 min — centrifuge (to re,mb_v’e_ liquid out) 15 min — milled 15 min
— centrifuge 15 min > milled 30 min — cen-trirfuge 15:min,

Secondly, a“décantation solution was prepared by adding solution A-2 and
solution B-2 into solution C-2, same as for the preparation of gel mixture. The
supernatant liquids from’A=2, B-2 and C-2,were mixed together with the milled gel
mixture. However, before mixing, the pH of solution was maintained between 9-11.

The colorless supernatant liquid was.separated from the mixture by centrifugation.
3:1.2.2 Crystallization

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 was replaced by nitrogen gas and
pressurized up to 3 kg/cm? gauge. Then, the autoclave was heated from room
temperature to 160 °C with a heating rate of 2 °C/min, and then heating up to 210 °C
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with a heating rate of 12 °C/h while being stirred at 60 rpm, followed by cooling the
mixture to room temperature in the autoclave overnight. The temperature was
programmed under the hydrothermal treatment to minimize the time which was
necessary for the crystallization. The product crystals were washed with de-ionized
water by centrifugation in order to remove chloride out of the crystals. Then the
crystals were dried in an oven at 110 °C for at least 24 h.

3.1.2.3 Calcination

The dry crystals were calcined 1n 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
rate of 8.6 °C/min, to buen Off the organic template and leave the cavities and
channels in the crystals. JFhenythe calcined crystals were finally cooled down to room

temperature in a dessicator:

3.1.3 Pretreatment.catalysts

M-TS-1 and TS-1 were placed into around bottom flask then 5M of HNO;
aqueous solution was added. Afier reflux at 80°C for 3 h, the pretreated catalyst was
filtered, washed with distilled water until pH 7, dried'at 140°C and calcined at 540°C

for 7 h in static air.

3.2 Catalyst characterization

3.2.1 X-Ray Fluorescence Spectrometer(XRF)

The chemical composition analysis of elements of the catalyst was performed
by X-ray fluorescence (XRF) using Siemens SRS3400 at Scientific and Technological

Research Equipment Centre, Chulalongkorn University.
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3.2.2 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.
3.2.3 X-Ray Diffraction (XRD)

The crystallinity and X-ray diffraction pattérns of the catalysts were performed
by an X-ray diffractometer SIEMENS D5000 connected with a computer with
Diffract ZT version 3.3 proegramfor fully control of XRD analyzer. The experiments
were carried out by using«Cu Ko radiation with Ni filter. Scans were performed over

the 20 ranges from 6° to 40°.
3.2.4 Fourier transform Infrared_(F'l_'-IR)

The functional group on the catalyéf ﬁsu_[face was determined by FT-IR using
Nicolet model Impact 400. Each sample was mixed with KBr with ratio of sample:
KBr equal to 1:100 and then pressed into a thin‘wafer. Infrared spectra were recorded
between 400 and 1300'cm ™ on a microcomputer

3.2.5 NHj3; Temperature Programmed Desorption (NHs-TPD)

Temperature programmed desorption of ammonia (NH3-TPD) was used to
determine the acid-properties-of catalysts: The catalyst sample {0.1.g) was treated at
550 °C in helium flow for 1 h and then saturated with 15 %NH3/He mixture at 80 °C
for 15 min. After purging with helium at 100 °C for 1 h to remove weakly
physisorbed NHs, the sample was heated to 550 °C at the rate 10 °C/min in 50
cm®min of helium flow. The amount of acid sites on the catalyst surface was
calculated from the desorption amount of NHs. It was determined by measuring the
areas of the desorption profiles obtained from the Micromeritics Chemisorb 2750

analyzer.
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3.3 Reaction study in hydroxylation of alkyl benzene

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 Grade Supplier
Toluene Analytical Fisher Scientific
Ethyl benzene Analytical Carlo Erba
Hydrogen peroxide 30% Analytical Merck
Ethanol Analytical Merck

3.3.2 Apparatus

The catalytic test was performed in a flow system shown diagrammatically in
Figure 3.2. The reaction system consists of a reactor, a gas controlling system, an
evaporating system,-an oil-bath and a gas chromatography. The instruments used in
this system are listed and explained as fotiows:

3.3.2.1 Reactor

The reaction was performed. in a conventional glass tubular reactor (inside
diameten = 4 c¢m);-at.atmospheric) pressure.’ ‘The reactor consists of two parts (tube
part andihead part). The gas mixture entered to the reactor from the head part which
is jointed with glass tube immersing in the mixture of catalyst and hydrogen peroxide
in order to allow gaseous alkyl benzene flow through the bottom of 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. Liquid alkyl benzene was evaporated into gaseous phase
before entering to the reactor by pulse injecting.to the system via the injection port

using a 1 ml syringe in order to control the acetracy of reactant amount.

3.3.2.3 Oil Bath

This instrument'suppligs the required heat to the reactor for the reaction. The

reactor was operated at 70 °C.

3.3.2.4 Gas controlling system :
The gas supplying Systém consists of a cylinder of ultra high purity nitrogen
that equipped with a pressure regulator (0-120 psig), an on-off valve and a mass flow

control was used for adjusting the flow rate.

3.3.2.5/.Gas chromatography

T he feed,and products-were analyzed by a-gas ehromatograph, equipped with a
FID detector (SHIMADZU GC9A)." The operating conditions of the-GC are listed in
Table 3.4.

3.3.3 Reaction procedure

The hydroxylation of alkyl benzene with hydrogen peroxide was carried out

by using a conventional flow shown in Figure 3.2 under the following condition

atmospheric pressure.
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Table 3.4 Operating conditions for gas chromatograph

Gas chromatograph SHIMADZU GC9A
Detector FID
Packed column GP 10% SP-2100
Carrier gas N2 (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 temperature (°C) 230
Final hold time (min) 15
Analyzed chemicals Toluene, Benzaldehyde and cresol

The procedures are described in-the detail below.

1) 1 g of catalyst powder; hydrogen peroxide and a magnetic bar were filled in
the glass tube reactor. Then, ife reactor was heated up by raising the oil bath

temperature to 70 °C.
2) Heat up the temperature of oil bath of the evaporating system to 150 °C.

3) 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
adjustedité 60" ml/nintby a“mass) flow controllery “Thetoutlet Gas/flow rate can be

rechecked by using a bubble flow meter.

4) Start the reaction by injecting certain an amount of liquid alkyl benzene to
the evaporating system. Upon entering the hot spiral tube, the liquid alkyl benzene
was evaporated immediately to gaseous alkyl benzene and was flushed to the reactor

by using N as the carrier gas.
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5) The gas mixture passes through the mixture containing the catalyst and

hydrogen peroxide, where the hydroxylation of alkyl benzene reaction to took place.

6) The next period, the equivalent liquid alkyl benzene was injected into the
benzene feed tube again.

7) Analyze the product sample by placing the reactor into the cool bath in

order to stop the reaction.

8) Mix the liquid iture wi Z& ethanol and stir until the liquid
mixture became a homogeneous pk wrlfuge the mixture in order to

9) The liquid
chromatogram data we
(Appendix C).

gas chromatography. The
‘. s using a calibration curve
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3.4 Adsorption of reactants on catalysts

The blank of toluene was prepared for a reference of the adsorption; 0.5 ml
reactants as toluene and ethyl benzene, 70 ml ethanol and 40 ml water were added
into 100 ml reactor (Scott duran) as showed in Figure 4.3 and stirred. The 0.5 g of
TS-1 and M-TS-1 and 40 ml of water were carried out into reactor. The 0.5 g catalyst
and 40 ml water were carried out into a reactor and stirred at 90 °C for 1hr after that
cooled down at room temperature. The 0.5 ml of reactant and 70 ml ethanol were
added and stir so as to combine phases of toluene and water. When the suppressible
solution had deposited, the clear solution, whiChwwas a part of toluene non-absorption.
It was analyzed by a gas chromatograpﬁ equipped with a FID detector (SHIMADZU
GC9A). The reactant adsorption©on catalyst is determined in Appendix H.

Septum

Figure 3.3 The adsorption bottle.



CHAPTER IV

RESULTS AND DISCUSSIONS

The results and discussion in this chapter is divided in two sections: (1)
characterization and (2) catalytic hydroxylation of alkyl benzenes. The results from
characterization using XRF, XRD, FT-IR, BET and NH3-TPD are discussed in section

4.1. Finally, the section 4.2 is results of catalytic hydroxylation of alkyl benzenes.
4.1 Catalytic characterization

The physical and chemieal properties of M-TS-1 and TS-1 were determined
by several techniques te'study the effects_o_f_ catalytic behavior.

4.1.1 X-ray fluogescence spectrdjscépy (XRF)

X-Ray Fluorescence: Spectrometer. (XRF) was used, for the quantitative
determination of the M, Ti, and-Si contentiih‘:-'the modified TS-1 sample. In Table
4.1, the measured concentrations-of the metals M=TS-1 are given. As can be seen the
Co, V, Fe, and Al concentrations added in the synthesized procedure were 0.77, 0.51,
2.57 and 0.13, respectively. However, the corporation of each cation (Si, Ti, Al, Co,
Fe, and V) into the MFI structure is in random form. Therefore, it is impossible to fix
the ratio of Si/Ti and Si/M-of.the synthesized, catalyst.for.each sample. In addition,
the amount of titanium-and“metal ‘are very“low when comparing with the amount of

silicon.
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Table 4.1 The chemical compositions of the metals and the atomic ratio of Si/Ti and
Si/M of samples. (% by mole)

Samples %Si %Ti %M Si/Ti Si/lM
TS-1 93.92 5.84 none 16.09 none
Al-TS-1 94.11 4,94 0.77 19.04 122.85
Co-TS-1 95.42 3.92 0.51 24.37 186.18
Fe-TS-1 92.26 18.15 35.91
V-TS-1 18.08 755.38
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4.1.2 X-ray diffraction (XRD)

The crystal of each type of zeolite has different characteristic peaks. Hence,
the XRD pattern can be use to identify the structure of zeolite. Figure 4.1 show the
XRD patterns of TS-1 and M-TS-1 zeolite. The XRD patterns show six main peaks at
20 as 8, 8.8, 14.8, 23.1, 24 and 26.7. The pattern obtained is the pattern typical for a
crystalline zeolite having a MFI structure (Zhao et al., 2000). The result indicates that
the catalyst contained well-defined single-phase and is consistent to those already
reported for TS-1 (Taramasso et al., 1983). /From Figure 4.1, the XRD patterns from
M-TS-1 catalysts have same characterisiiCpeaks as MFI structure the TS-1.
Therefore, the incorporation of second metal into TS-1 catalyst does not affect

significantly on the MFI stiuCture.

Intensity

2Theta

Figure 4,1 XRD patterns of TS-1 and M-TS-1 catalysts.
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4.1.3 Fourier-transform infrared spectroscope (FT-IR)

In 2001, Li et al. reported that the catalytic performance of TS-1 was related to
the amount of Ti in the framework of zeolite with Si/Ti ratio in the gel decreasing, the
960 cm™band in the FT-IR spectra characterized framework titanium atoms becomes
stronger. The strong band at 960 cm™ mean more titanium atoms incorporated into
framework. Besides, the research from Pirutko et al. (2001) that referred to Zecchina
et al. (1991) and Bolis et al. (1999) also reported the IR at the position 960 cm™ that is
band typical for tetrahedral group Ti(OSi)s appears in the silicalite spectrum. The IR
spectra of the synthesized M-TS-1 and TS-1 catalysts of the present work show the
characteristic absorption band of tetrahedral Ti**'if the M-TS-1 and TS-1 framework

at 960 cm™ as shown in Figuré 4:2.

Kubelka-Munk

1200 1150 1100 1050 1000 950 900 850 800
wavenumber (cm’")

Figure 4.2 IR spectra of TS-1 and M-TS-1 catalysts.
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4.1.4 Temperature Programmed Desorption (TPD)

NH3-TPD was used to determine the strength and amount of the acid site of
the catalysts. It is found that each NH3-TPD profile can be divided into two main
peaks. The first peak, will be named here “the weaker acid strength”, appears around
148-160°C and the second peak, will be named here “the stronger acid strength”,
appears around 289-352°C as representative in Table 4.2 and Figures 4.3. The peak
fitting process, using a freeware programme named “fityk”, was carried out by finding
the best fit of skew-Gaussian peak(s) (parameter. “splitGaussian” in the programme).
The amount of each acid Site can be determined from the percentage of each
component peak and the total.amount of ammonia desorbed. The results which are

calculated from the raw data are'showed in Appendix F.

Table 4.2 Desorption tempgrature and acid site guantities of the synthesized TS-1
and M-TS-1 catalysts: {

i Weaker acid streng?h -___,S;ronger acld strength Total acid site
atalys i f i
y Temp!” & _Site ‘N Temp. Site (umol/g)
(°C) (pmol/g) “H==2(°C) (umol/g)

TS-1 153 et ) 4313 7 19
Al-TS-1 160 66 352 | 50 116
Co-TS-1 151 = - - 12
Fe-TS-1 150 41 289 43 84
V-TS-1 15% 15 - - 15
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4.1.5 Brunaur-Emmett (BET surface area), pore volume and pore sized

analysis

The surface area, pore volume and pore size of TS-1 and M-TS-1 samples are
presented in Table 4.3. The results show that surface area of M-TS-1 increased when
the second metal was introduced into TS-1 catalyst. The average pore size shows in

the table is the size of meso pore.

|

Table 4.3 Surface area, pore volume and pore sized of TS-1 and M-TS-1 catalysts.
P S\ d

sample N — “Pofevoll me Pore size
' (cm°/q) (A)
TS-1 28
Al-TS-1 28
Co-TS-1 29
Fe-TS-1 26
V-TS-1 31

AULINENTNEINS
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4.2 Catalytic hydroxylation of alkyl benzenes

The catalytic reaction of alkyl benzenes (toluene and ethyl benzene) in the
bubble reactor over TS-1 and modified TS-1 catalysts are discussed and divided into
three sections. The blank run reaction is reported in section 4.2.1. The hydroxylation
of toluene reaction is discussed in section 4.2.2 followed by the hydroxylation of ethyl

benzene in section 4.2.3.
4.2.1 The blank run reaction

A test of blank run is_performed to determine the effect(s) of homogeneous
reaction (the direct reactionbeiween the alkyl benzenes (toluene and ethyl benzene)
and hydrogen peroxide without any: invelvement of the catalysts). The experimental
procedures are the same as of the normal run but no catalyst is added to the reactor.
The analysis of the reaction mixture found no reaction product. Therefore, it can be
concluded that any reagtion‘products reperted in the subsequent sections come from

the reaction with the involvement of the cataijéts.

4.2.2 The hydroxylation of toluene - :

The catalyti¢ activity of toluene hydroxylation over the synthesized catalysts
(TS-1 and M-TS-1) with hydrogen peroxide concentrations 30 wt%, 7.5 wt% and 3
wit% in water are summarized in Table 4.4.and showed in Figure 4.4 and Figure 4.5.
The volume of hydrogen peroxide ‘solution used in-each run is40 ml which is equal to
388.2 mmol, 97 mmol and 38.8 mmol for the 30 wt%, 7.5 and 3 wt% solutions,
respectively:y The totaliamount afitolueneiused,in-eachi run is'1.5"mb (14.1 mmol). It
is important to note here that the total'amount of toluene Said above'is the amount of
toluene fed to the reactor with the gas bubble. Only a small fraction of toluene in the
gas bubble can dissolve into the hydrogen peroxide solution due to its very low
solubility in water, while the majority of toluene in the bubble leaves the reactor with
the bubble. Because of this reason, the real mole of toluene in the solution which can
react with hydrogen peroxide is much lower than the mole of hydrogen peroxide

presents in the solution (i.e. the ratio of mole toluene per mole H,0, << 1).
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Table 4.4 The catalytic activity of TS-1 and M-TS-1 catalyst with various
concentration of H,0,.

% conversion % Selectivity
Catalysts  wt% H,0,
Toluene Benzaldehyde  o-cresol p-cresol
TS-1 3 0.15 80.08 19.92 -
7.5 0.26 86.59 13.41 -
30 0.32 93.77 6.23 -
Al-TS-1 3 0.80 97.69 2.31 -
7.5 0.85 96.67 3.33 -
30 240 97.17 1.86 0.97
Co-TS-1 3 0:04 - 100 -
7.5 QO3 & . 100 -
30 0.19 80.5 13.69 5.82
V-TS-1 3 0.1 2504 67.19 32.81 -
75 0.9 © 8. 21.26 -
30 o4 ——=mmmn U4.62 8.38 -

* For Fe-TS-1, due to the severe decompositidn reaction/of hydrogen peroxide when
Fe-TS-1 is added 1o/ the hydrogen peroxide solution in the bubble reactor, the

hydroxylation reaction using Fe-TS-1 as the catalyst can not be investigated.
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Figure 4.5 Selectivity of o-cresol with various concentration of H,O, over TS-1 (X),
Al-TS-1 (O), Co-TS-1 (A) and V-TS-1 () catalysts.
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The data obtained from the hydroxylation of toluene shows that the conversion
of toluene increases with the concentration of hydrogen peroxide, but not in a
proportional ratio. For example, when the concentration of H,O, is decreased from
30wt% to 3 wt% (10 times decrease), the conversion of toluene drops from 0.32% to
0.15% (approximately 2 times) for TS-1, from 2.4% to 0.8% (approximately 3 times)
for AI-TS-1, from 0.19% to 0.04% (approximately 5 times) for Co-TS-1, and from
0.24% to 0.11% (approximately 2 times) for V-TS-1. The main reaction products of
toluene hydroxylation over TS-1, AI-TS-1 and V-TS-1 are benzaldehyde and o-cresol
at every H,O, concentration. In addition, the ebserved selectivities of benzaldehyde
are much higher than that of o-cresol. Co-TS=1"behaves differently from the other
catalysts. At low H,0, concentrations (3 wit% and 7.5 wt%), o-cresol is the only
reaction product formed. .When the concentration of H,O, is raised to 30wt%,
benzaldehyde and p-cresolarefound in the reaction mixture. It should be noted here
that only in the cases of #Al-TS-1 and Co-TS-1 at high concentration of hydrogen
peroxide (30 wt%), p-cresol is also formed in a significant amount. In summary, the
conversion of toluene aver the Synthesized catalysts can be arranged in the following
order: AI-TS-1> TS-1> \-T8-1> Co-TS-1,

Kumar and co-workers (Kumar andr Bhdumik (1998) and Kumar et al. (1999))
reported that p-isomer is the major product ih‘t-ri-phase reaction and o-isomer is the
major product in bi-phase. They explained that under the tri-phase condition, the
reaction occurred mainly inside “the channels™ of TS-1 on the basis of restricted 10-
ring pore opening, whereas under the bi-phase condition the active sites presented on

“the surface” were responsible for reaction.

The rdata «obtained, fron1they XRD ~andy BET panalysis, presents that the
synthesized catalysts of the present work have both micro pore system (“the channels”
in the works of Kumar and co-workers mentioned in the previous paragraph) and
meso pore system (“the surface” in the works of Kumar and co-workers mentioned
above). The data showed in Table 4.4 and the information presented above show that
the concentration of hydrogen peroxide affects the formation of p-cresol, especially in
the case of AI-TS-1 and Co-TS-1. This phenomenon can be explained in a similar

way as of the work of Kumar and co-workers.
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Before the gas bubble (with dissolved toluene) is fed to the reactor, the pores
of the catalyst in the reactor are filled with H,O, solution. When the gas bubble is fed
to the reactor, toluene begins to present in the liquid phase. The concentration of
toluene in the liquid phase, though, much lower than the concentration of H,0,
peroxide, toluene can replace the H,O, solution previously filled the catalyst pores
(both micro and meso pore systems) due to the nature of the catalyst that prefer the
adsorption of a non-polar molecule. Therefore, at low a hydrogen peroxide
concentration, hydrogen peroxide can competitively adsorb with toluene only in the
meso pore system. This phenomenon is illustrated schematically in Figure 4.6. The
consequent is the reaction between adsorbed_ hydrogen peroxide and toluene in the
meso pore system which leads to the formation of o-cresol and benzaldehyde. At
high hydrogen peroxide coneeniration, some part of hydrogen peroxide molecule can
penetrate into the micro_poreSystem due to the higher driving force (concentration
difference between the outSide and the inside). This leads to the observed formation

of p-cresol when the concentration of hydrogen peroxide is raised to 30wt%.

Lo @ Fluid
Ng->" PN
@ o H Adsorbed species

OH
Surface

Scheme 1

x

OH ©
Fluid
O Y H
Adsorb

o LN 1RITNQ 10

OH ed species

Surface

Scheme 2

Figure 4.7 Schematic diagram of mechanism of toluene oxidation on catalyst.
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The higher amount of benzaldehyde formed is likely due to the more active of
the methyl group than the benzene ring. Theoretically, the oxidation of toluene to
benzaldehyde should form benzyl alcohol, a primary alcohol (CgHsCH,-OH), first.
There are two possible explanations to explain the non-appearance of benzyl alcohol
in the product mixture. The first one is the direct oxidation of toluene to
benzaldehyde without desorption of any intermediate(s) formed (scheme 1 in Figure
4.7). The second one is the fast oxidation of benzyl alcohol (if really formed) to
benzaldehyde (scheme 2 in Figure 4.7).. In our case, the first explanation is preferred.
This is because if the formation of benzaldehyde follows the second explanation, trace
of benzyl alcohol should be observed in thereacion products.

4.2.2.1 Mechanismrfor.oxidation of toluene

Another possible mechanism for the formation of benzaldehyde is shown in
Figure 4.8 below. The mechanism in Figure 4.8 follows the generally accepted free
radical substitution of halogen .’ The only-difference is halogen atom (Xe) is replaced
by hydroxyl free radical (¢<OH). The initiatirjg"'-step IS the breaking of O-O bond of the
hydrogen peroxide into two/hydroxyl free féd'iqals (step 1 in Figure 4.8). The oxygen
atom of the hydroxyl free radical is very reaCt’iv;e because it has an incomplete valance
shell. 'When the hydroxyl free radical coII'i-d’é-s with. the: methyl group of toluene
molecule, it will abstract a hydrogen atom from the methyl group with results in the
formation of benzyl alcohol. Due to the nature of primary alcohol which can be easily
oxidized, the benzyl alcohol forms is then rapidly oxidized by hydrogen peroxide to
benzaldehyde (step 2 in-Figure 4.8)
Step 1

M"™ + H>05 M + 2HOse

Step 2

H

O+ + ot —— O —— O
H

Figure 4.8 The mechanism of benzaldehyde formation by hydroxyl free radical.
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In the present study, it is believed that the mechanism of toluene
hydroxylation follows the generally recognized electrophilic aromatic substitution on
benzene ring. Therefore, the following mechanism of the hydroxylation of toluene
over TS-1 and M-TS-1 is proposed. This path of electrophilic aromatic substitution to
form ring oxidation products of toluene hydroxylation

Step 1: Metal cations act as Lewis acid that convert H,O, to the more reactive

electrophile.
H
n+ / +
M™ + H-O-O-H @) O----M
ya 0
H
Weak electrophile Strong electrophile

Step 2: The foumed reactive electrophile attacks the ring at ortho or para

positions, resulting in the formation of cabonium ion.

CHs
o) o—— M* —
5 @ ‘
H ~, HO “H
Strong electrophile Toluene % 5-"' Carbonium ion

Step 3: The intermediate carbonium’ion can eliminate a proton, giving an

overall result of substitution:

Hs Ha N
N H—Oi--M
H
H™ H o)
Water

Carbonium ion Cresol
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4.2.2.2 The roles of second metal

Since, catalytic activity and selectivity depend on the amount of active site,
metal cation, the amount of active sites should be taken into consideration along with
conversion and selectivity. Due to the amount of titanium and second metal in each
synthesized catalysts is not equal, the conversion per of active site (Ti + M) will be

used for catalytic activity comparison as shown in Table 4.5 and Table 4.6.

Table 4.5 Toluene conversion and toluene canversion per mole of total metal on TS-1
and M-TS-1 at 3, 7.5 and 30 wi% hydrogen peroxice concentration.

. %Conversion per mole of
%Conversion P

(Ti + M)
Catalysts  %Ti %M o8 \yoh < 75 Wt% 30 W% 8wt% 7.5wWt% 30 wt%
@ A/ JHO | HOs H.0,  Hy0; H,0,
Ts-1 584 none 045 [ 026° 082 16168 26945 33259
ALTS-1 494 0774 080/ 085 241 75697 807.17  2277.36
CoTs1 392 051 4004 003 . 019 | 5658 4716 26228
V-TS-1 522 043 0114019 025 12733 21511 2749

Table 4.6 Selectivity-and-moie-of o=cresol-on iS=1-and M-TS-1 at 3, 7.5 and 30 wt%

hydrogen peroxide concentration.

%selectivity of o-cresol mole of o-cresol
Catalyst 8wt% ~ 7.50 wi% - 30 wt% 3wt% 7150 wt% 30 wt%
H,0, H,0, H,0, H,0, H,0, H,0,
TS 1992 13.41 6:23 2,78E-10 3.11E-10 1.79E-10
Al-TS-1 231 3.33 1.86 1.67E-10 2.56E-10 4.03E-10
Co-TS-1 100 100 13.69 3.71E-10 3.10E-10 2.36E-10

V-TS-1 32.81 21.26 8.38 3.37E-10 3.69E-10 1.86E-10
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The results in Table 4.5 - 4.6 above show that changing of metal amount of
TS-1 and M-TS-1 has effect on the conversion of toluene, but not in proportional ratio
when compare with TS-1. For example, Co-TS-1 and V-TS-1 have 0.67 and 0.89
times, respectively, lesser amount of Ti when compare with TS-I but their conversion
at 3 wt% H,0O, decrease from 0.15% to 0.04% (approximately 4 times) for Co-TS-1
and from 0.15% to 0.11% (approximately 1.36 times) for V-TS-1, respectively. On
the contrary, the selectivity to cresol of Co-TS-1 and V-TS-1 increases when the
second metal is incorporated. These results point that the second metal inhibits the
formation of side chain oxidation (benzaldghyde). In addition, the observed higher
amount of cresol formed suggests that the seCond metal also enhances the formation
of ring oxidation product (cresal).- Especially, Co-TS-1 gives a hundred percent of o-

cresol selectivity.

Al cation behaves.differently from Co and V/ cations. Amount of total metal
(titanium and second metal) of Al-TS-1 and TS-1 is equal but the conversion on Al-
TS-1is greater than TS-L. Table 4.6.shows that at high H.O, concentration (30 wt%)
the Al cation promotes bath the Tformation of 'r-ing oxidation products (o-cresol and p-
cresol) and side chain oxidation product (bén;_aldehyde). In the case of low H,0,
concentration found less amount of o-cresol Whereas benzaldehyde was selected to

produce in a large ameunt.
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4.2.3 The hydroxylation of ethyl benzene

The catalytic activity of ethyl benzene over synthesized catalysts (TS-1, Al-
TS-1, Co-TS-1 and V-TS-1) using 3 wt% of hydrogen peroxide concentration, the
condition that give highest selectivity of oxidation ring in toluene hydroxylation,
found acetophenone and 1-phenyl ethanol that are side chain oxidation products as
shown in Figure 4.9. The products were found in trace amount due to lower solubility
of ethyl benzene in water when compared with toluene (the solubility of toluene and
ethyl benzene is 0.053 g/100 mi and 0.015.0/200 ml, respectively) which leads to a
fewer amount of ethyl benzene on catalyst surface as shown in adsorption graph
(Figure 4.10).

At high hydrogen-perexide ‘concentration (7.5 and 30 wt%) still found
products in trace amount«" Insaddition, some catalysts accelerate hydrogen peroxide
decomposition so severe that the/hydroxylation reaction cannot be carried out.  In the
present work, we have'interesied in the substitution at aromatic ring that give the ring
oxidation products. Therefare, the hydroxylation of ethyl benzene will be not further

investigated.

@A%

Ethyl benzene Acétophenone 1-phenyl ethanol

Figure 4.9 The hydroxylation of ethyl benzene.



47

(=}
o
| J

~N oo
o O
|

g o
o O
| |

o
| |

N W bH
o O
|

[2=Y
o
|

Adsorption [(10™ * mole)/(m’-g)]

o

Figure 4.10 The adsol e and ethyl £ :“»i- on surface of TS-1 and M-
TS-1 catalyst. '

4

T )
AULINENINYINS
AN TUNN NN Y



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In present work, the hydroxylation of alkyl benzenes in a bubble reactor over
TS-1 and modified TS-1 (AI-TS-1, Co-TS-1, Fe-TS-1 and V-TS-1) catalysts using 3,
7.5 and 30 wt% hydrogen peroxide concentration has been studied. The overall
conclusions in the experiment are summarized in section 5.1. Section 5.2 is

recommendation for further study.
5.1 Conclusions

1. The reactionspath.way in the hy_d_roxylation has two paths. The first is the
ring oxidation and the gther'one is the siﬁdé chain oxidation. Toluene hydroxylation
gives cresol (ring oxidation) and benzaldehyde (side chain oxidation) products.
Acetophenone and 1-phenyl ‘ethanol “are side chain oxidation products that are
observed from hydroxylation of ethyl benzene.

2. The synthesized catalysts (TS-1 and M-TS-1) have meso pore and micro
pore. The o-cresok and benzaldehyde product are produced in meso pore system

whereas p-cresol are farmed in micro pore system.

3. The_possible ;mechanism, of. benzaldehyde. formation is substitution by
hydroxyl free radical at-methyl group to' form'benzyl alcohol‘that is rapidly oxidized
to benzaldehyde product by hydrogen peroxide.

4. The cresol product from toluene hydroxylation is believed that is performed
by electrophilic aromatic substitution over TS-1 and M-TS-1. The metal cation
converts the H,O, to more reactive electrophile that attacks the aromatic ring to from
carbonium ion and abstraction photon to form the cresol product.
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5. Co and V ion on catalyst enhance the formation of aromatic ring oxidation
(cresol) and inhibit the production of the side chain oxidation product (benzaldehyde).

Especially, Co-TS-1 gives a hundred percent selectivity of o-cresol product.

6. In the case of Al-TS-1, at high hydrogen peroxide concentration (30 wt%)
Al ion promotes the oxidation at aromatic ring and inhibit the formation of the ring

oxidation product at low hydrogen peroxide concentration (3 and 7.5 wt%).

7. The products from hydroxylation of ethyl benzene are found in trace
amount due to low solubility in water which-€adsto a fewer amount of ethyl benzene

on catalyst surface.
5.2 Recommendations

From the previoussconclusions, the fallowing recommendations for further

studies can be proposed

1. Since in some catalysts enhance the production benzaldehyde (side chain
oxidation) when the high concentration of hydregen peroxide was placed in reactor in
liquid phase, therefore the feeding procedure of hydrogen/peroxide in gas phase using

packed bed reactor should be tried.

2. Owing to the at low concentration hydrogen peroxide Co-TS-1 and V-TS-1
give high selectivity of ring ‘oxidation. “Especially, the' Co=TS-1 hundred percent
selectivity of ring oxidation, therefore The Co-TS-1 and V-TS-1 should be further

investigateddin-electrophilic aromatic substitutionreaction:
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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 due to a very regular pore structure of molecular
dimensions. The maximum size of the melecular.or ionic species that can enter the
pores of a zeolite is controlled by the diameters of the tunnels. These are
conventionally defined by the.ring size of the aperture, where, for example, the term
"8ring" refers to a closed loep that is built from 8 tetrahedrally coordinated silicon (or
aluminium) atoms and'8 oxygen atoms. .Th.ese rings are not always perfectly flat and
symmetrical due to awariety of effects;; including strain induced by the bonding
between units that are needed to produég Jt-he overall structure, or coordination of
some of the oxygen atoms of the rings to cations within the structure. Therefore, the
pore openings for all rings of one'size aré{’n_ot_identical. Zeolite with 10-membered
oxygen rings normally possesses a high siiicéégus framework structure. They are of
special interest in industrial applications. |h"'féc't', they were the first family of zeolite
that was synthesized With-6rganic-afmimoniuii-satis-\ith pore openings close to the
dimensions of many organic molecules, they are particufarly useful in shape selective
catalysis. The 10-membered oxygen ring zeolites also possess other important
characteristic properties jincludingshighnactivity; high-tolerance to coking and high
hydrothermal stability.
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Reactants of charge selectivity results from the limited diffusibility of some
of the reactants, awhich cannot effectively tenter jand -diffuse inside crystal pore
structures of the, zeolites. Product shape selectivity occurs as slowly diffusing product
molecules cannot escape..from _the crystal and-undergo, secondary, reaction. This
reaction path is é;établished by: monitoring changes ! in prodJct distribution 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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APPENDIX B

Table B1 Data of experiments over TS-1and M-TS-1 catalyst.

DATA OF EXPERIMENTS

56

Mole of products

Catalysts Wt% % conversion % Selectivity
H20, Toluene -
Benzaldehyde ozCrgsol p-cresol Benzaldehyde o-cresol p-cresol
TS-1 3 0.15 80.08 19:92 4 4- 1.12E-09 2.78E-10 -
7.5 0.26 86.59 13.41 - 2.01E-09 3.11E-10 -
30 0.32 93.77 6.23 - 2.69E-09 1.79E-10 -
Al- TS-1 3 0.8 97.69 2:3% - 7.05E-09 1.67E-10 -
7.5 0.85 96.67 3.33 = 7.44E-09 2.56E-10 -
30 2.4 97.17 1.86 0.97 2.11E-08 4.03E-10 2.11E-10
Co-TS-1 3 0.04 - 100 - - 3.71E-10 -
7.5 0.03 - 100 - - 3.10E-10 -
30 0.19 80.5 13.69 5.82 1.39E-09 2.36E-10 1.00E-10
V-TS-1 3 0.11 67.19 32.81 - 6.91E-10 3.37E-10 -
7.5 0.19 78.74 21.26 1 1.37E+09 3.69E-10 -
30 0.24 91.62 8.38 - 2.03E-09 1.86E-10 -
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APPENDIX C

CALIBRATION CURVES

This appendix shows the calibration curves for calculation of composition of
products in hydroxylation of alkyl benzenes reaction. The main product of

hydroxylation of toluene is benzaldehyde and cresol.

The flame ionization detector, gas chromatography Shimadzu model 9A was
used to analyze the concentration of phenol by-using GP 10% SP-2100 column.

Mole of reageniin y-axis and area reported by gas chromatography in x-axis
are exhibited in the curvess The calibration curves of benzaldehyde, o-cresol, p-
cresol, toluene and ethylbenzene are illustrated in Figure C1-C5, respectively.
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Figure C1 The calibration curve of benzaldehyde.
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APPENDIX D

CALCULATION OF CONVERSION

The catalyst performance for the hydroxylation reaction was evaluated in

conversion for terms of activity.

Activity of the catalyst performed: in term conversion. The conversion is

defined as overall mole of products with respecito overall mole of reactant feeding.

Example, in case-oftoluene-hydroxylation

Ovyerall mole of benzaldehyde and cresol (D1)

Toluene conversion (%) = 100 x
(%) Overall male of toluene

Where overall mole of o-¢resol ¢an he measured as follows:

Overall mole of o-cresol T/
= Mole of o-cresol x Total volume of solution before injection into GC-9A (D2)

Volume of injection into GC-9A

Where mole of o-cresel can be measured employing the calibration curve of o-cresol

in Figure B2, AppendiX B.,i.e.,

Mole of o-cresol= ((area of-o-cresolpeak from integrator plot on GC-9A) (D3)
x7.0x107%

Mole 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 (D9)
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
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APPENDIX E

CALCULATION FOR CATALYST PREPARATION

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

Molecular Weight of Si = 28.0855
Molecular Weight of SiO, = 60.0843
Weight percent of SiO; in sodium Silicaie = 28.5

Using Sodium Silicate 69 g with 45 g ofywateras B1 solution.

(%) . (M:W.of Si) (Imole)
wt. x X - X ,
100 (M.W.of SiO,) (M.W.of Si)

mole of Si used =

69 x (28.5/100) x (1/60.0843)
0.3273

MFI catalyst

For example , to prepare Si/Ti atorﬁjbjf;atio of 50 by using Ti[O(CH3)3CHjs]4

for titanium source. T =

Molecular weight of Ti = 47.88
Molecular weight of Ti[O(CH5)sCHs)s = 340.36
Weight « purities of Ti[O(CH,)3CHs]4 = 97

Si/Ti atomic ratio = 50
Mole of Ti[O(CH,);€Hz]s required™='0.3273/50
= 6.546 x 10° mole
amount of Ti|O(CH3)s;CHs]4 = (6.546x 10°%) x(340.36') x (100/97)
=2.2970 ¢
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For example, to prepare Si/Co atomic ratio of 150 by using Co(NOs3),.6H,0

for cobalt source.
Molecular weight of Co = 58.93
Molecular weight of Co(NO3),.6H,0 = 291.03
Si/Ti atomic ratio = 30
Mole of Co(NOs3),.6H,0 required =0.3273/150
=2.18 x 10 * mole
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APPENDIX F

DATA OF CALCULATION OF ACID SITE

Table F1 Reported total peak area from Micromeritrics Chemisorb 2750.

Sample Report total peak area
TS-1oun ! 0.007694

L 0.049063
y émm

4511

“;'\k.“m
AN

-

* '-'*

J‘d - ,'r'
AL
'yﬂg

For example, TS-1 sa Ig otal acid site is calculated from the following step.
Forid < 2l

Calulation of total acid.site

. i #
1. Conversion.of total peak area io f

7 "' . ' f
conversion from ms equal to 77.5016 ml/area
unit. Therefore, total peak volume is derlved from

%Hﬁﬂﬂﬂﬂ%ﬂﬂmﬂla
RN SUEITEN A Y
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2. Calculation for adsorbed volume of 15% NH3

adsorbed volume of 15% NH;3 0.15 x total peak volume
0.15 x 0.5963 ml

0.0894 mi

3. Total acid sties are calculated from the following equation

(Adsorbedvolume, ml)=101.325 Pa
Pa<mi
K- zmol

Total acid sites =

(8.314 %1073 jx 298 K x (weight of catalyst, g)

For TS-1 sample ,.0:1005.q of this sample was measured, therefore

0.0894ml x101:325Pa

(8.314 x10°* Pam'j 298K x (0.1948 )
Lol Keumol

Total acid sites =

18078 ithbl H/gEe

Calculation of acid site ratio

As known, the first peak from desorption is indicated as weak acid, relative
with another peak and the second one is strong acid. Ratio of each acid site on
catalyst surface |is' calculated” from 'réported‘peak area of peak fitting program as

shown above.

For example, TS-1 sample’; the ratio'of eachacid site on ‘catalyst'surface is

calculated from the following equation.

st
The ratio of weak acid = _1 peak area x 100 %
summation of both peak areas




66

From Figure F6., 1% peak area and 2" peak area are equal to 0.0162 and 0.0084,
respectively.
0.0162

The ratio of weak acid = 0.0162 40,0082 x 100 %
= 65.96 %
therefore, the ratio of strong acid = 100 - 65.96 %
= 34.04 %
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APPENDIX G

CALCULATION OF METAL QUANTITY

Example of the calculation of the metal quantity in VCI;_Al catalyst

The XRF results were reported in the amount of metal oxide as shown in Table G1

Table G1 Data from XRF te

- 92.66 wt%
580 ppm
6.47 wt%

217 ppm
179  ppm
101 ppm

ppm
0.64 wt%

Molecular weights ofh

Al,03 101.963 ¢ Fe,03 159.6922.0 SIOz 60.0843

co - ssorfl 1) E) Q) ateia 1\ Elcea| asoon

TiO, 799 ZnO  81.3894

v RN SR INYA Y



1. Convert concentration in unit ppm to weight%

For example, convert Fe,03 1217 ppm to weight%

Fe,03 1217 ppm = ﬂxloo =0.1217 wt%
1,000,000

2. Mole of metal oxides

Mole of Fe,O, =

4. Mole percent of metal (e.g. potassium:,Fe)

AUEINENINEING

Mole%of Fe= mole Of Fe

Qﬁﬁﬂﬂﬁ'ﬁfﬂﬁmﬂﬂmaﬂ

-3
Mole % of Fe = M =0.093 mole%

1.6387

73

Calculated weight%, mole of metal oxide, mole of metal and mole% of cation are

illustrated in Table G2.



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

74

Metal ) ) mole of mole of Mole% of
oxides Concentration - weight% metal oxide cation metal
Si02 92.66 Wt% 92.66 1.542 1.542 94.11
CaO 580 ppm 0.058 1.034x10°  1.034x10°  6.311x107
TiO2 6.47 Wit% 6.47 8.101x10%  8.101x107 4.943
Fe203 1217 ppm 0.1217 7.621x10*  1.524x10%  9.301x10%
Cu20 179 ppm 0.0179 1251x10*  2.502x10"  1.527x107
Zno 101 ppm 0.0101 1.241x10%  1.241x10*  7.573x10°
Zro2 75 ppm 010075 6.087x10°  6.087x10°  3.714x10°
Al203  0.64 wi% 0.64 6.277x10% . 1.255x102  7.661x10™
Total 99 9852 1632 1.639 100




APPENDIX H

CALCULATION OF ADSORPTION ON CATALYST

The amounts of toluene and ethyl benzene evaluated follow:

mole of blank sample - mole of non-adsorption (H1)

V?e area of catalyst (m?®/g)
are, rep&Table 4.3, the mole of blank is

Mole of sample adsorption =

Where, the surface area

mole of sample without.catalysts-in reactor an d e of non-adsorption is mole of
sample analyzed by ga ; hey can be measured as follow:

t:_a 4 ' \
Mole of blank sample Olirye ;"s ple feeding x Density of sample (H2)

Jv‘“' Qx ! tof sample

Mole of non-adsorption = ((are peak from mtegrator plot on GC-9A) (H3)
' ample in. Aappendix C)

i
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APPENDIX I

MATERIAL SAFETY DATA SHEET
Toluene
General

Synonyms: ethenylmethylbenzene, tolylethylene, NCI-C56406, vinyltoluene,
1-methyl-1-phenylethylene

Molecular formula=CoHyg

Physical data

Appearance: colourless liquid witha strong and unpleasant odour
Melting point: -70 {0 - 75 °C
Boiling point: 170 °C
Vapour density: 4.1 (air= 1)
Density (g cm-3): 0.963 F o
Flash point::54 °C

Explosion limits: 1.9 - 6.1 %
Water solubility: negligible

Stability

Stable. Flammable. JIncompatible with exidizing agents, peroxides, strong
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.
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Ethyl benzene

General

Synonyms: phenylethane, EB, ethylbenzol, ethyl benzene

Molecular formula: CgH1g

Physical data

Stability

Stable. Incompatﬂa!&with oxidizing&gents. Flammable.

L AUINENINGINT
ARSI TN BN B e caee

severe eye irritation. Skin and respiratory system irritant. Experimental teratogen.

Narcotic in high concentration.

Personal protection

Safety glasses. Good ventilation.
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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 used unless suchestrength is absolutely essential.

Molecular formula: H,0,

Physical data

Appearance: colourless liguid
Melting point: -28 °C

Boiling point: 114°C

Specific gravity: typically fear 1.19
Vapour pressure: 23.3 at 36 °C

Stability

Unstable - readily decomposes to water and oxygen. Light sensitive. May
develop pressure in the bottle - take care when'opening. Forms potentially explosive
compounds with ketones, ethers, alcohols, hydrazine, glycerine, aniline, sodium
borateyurea;sodiumcarbanate; triethylaminge ssodium fluoridey sodium pyrophosphate
and carboxylic acid anhydrides. Materials to avoid include combustibles, strong
reducing agents, most common metals, organic materials, metallic salts, alkali, porous

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. Contact with other material may cause a fire.
Harmful if inhaled. Corrosive. Causes ‘eye.and skin burns. May cause severe
respiratory tract irritation with possible burhs:“May cause severe digestive tract

irritation with possible burns.
Potential Health Effects

Inhalation: \apors' are ‘corrosive and irritating to the respiratory tract.
Inhalation of mist may burn the mucous ﬁn_embrane of the nose and throat. In severe
cases, exposures may result in pulmanary. ed;er"ﬁa and death.

Ingestion: Corrosive and.irtitating Eftk_}w__e mouth, throat, and abdomen. Large
doses may cause symptoms of abdominalfpa{h, vomiting, and diarrhea as well as
blistering or tissue destruction. Stomach diéteﬁﬁdn (due torapid liberation of oxygen),
and risk of stomach perforation, convulsions, pulmenary edema, coma, possible
cerebral edema (fluid on the brain), and death are possible.

Skin Contact: Corrosive. Symptoms of redness, pain, and severe burn can
occur.

Eye Contact: Vapors are very corrosive and irritating to the eyes. Symptoms
include™pain; rednasscand dlurred wision: +Splashes) can «cause permanent tissue

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;HsO

Physical data

Appearance: colourless to light yellow liguid
Melting point: 32 - 34°C

Boiling point: 191.°C

Vapour density: 3.72

Vapour pressure: 0.8 mm/Hg at 20 °C
Specific gravity1.048

Flash point: 81 °C

Autoignition temperature: 598 °C

Stability

Stable, but light and air sensitive. Combustible. Incompatible with oxidizing
agents, bases.

Toxicology

Highly toxic. May be fatal if ‘inhaled, swallowed or absorbed through skin.
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;CgH4OH

Physical data

Appearance: crystals

Melting point: 34 2C

Boiling point: 202.°C

Vapour density: 3.7 (air = 1)

Vapour pressured0.L'mm Hg.at 20°C
Density (g cm-3): £.03 -
Flash point: 86 (closed cup)

Water solubility: moderate

Stability

Stable. Combustible, Incompatible with strong oxidizing agents. Air and light-
sensitive. Hygrescapic,

Toxicology

Poison. 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: CgHsCHO

Physical data

Appearance: colourless io yellow liquid with an almond-like odour
Melting point: -56.2C

Boiling point: 179.°C

Vapour density: 3.6/(air = 1)

Vapour pressuresl mm Hg at 26 °C

Density (g cm-3): 4.04 -

Flash point: 63 °C (closed ¢cup)

Explosion limits: 2.1 - 13,5 %

Autoignition temperature: 192 °C

Water solubility: slight

Stability

Stable. Combustible. Incompatible with strong oxidizing agents, strong acids,

reducing,agents;steamoAir; lightand moisture-sensitive.
Toxicology

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.



Personal protection

Safety glasses, adequate ventilation.
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Titanium (1V) n-butoxide

General

Synonyms: Tetra-n-butyl titanate, TNBT, Titanium(lV) n-butoxide (TYZOR
TNBT), Tetra-n-butyl orthotitanate for synthesis, titanium tetrabutanolate,
Titanium(IV)n-butoxide (TYZOR TBT), Butyl Titanate, Titaniumbutoxide
, Titanium(IV)n-butoxide, 99+%Tetra-n-
utoxytitanium(IV)~Tetra-n-hi itanate, Titanium tetrabutoxide,

colorlesslig, Titanium n-butoxi

Triethoxy Methane, Titanium | thotitanic acid tetrabutyl ester

Toxicology

yl____,—__ﬁf,

Irritating to ey

il m
oo £ 3 Y169 TNEN T
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respirator
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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: C12H2sN.Br

Chemical formula : (C3H7)4sNBr

Physical data
Solubility in Water::60%(20 °C)
pH : 5 - 10 for solution
Melting Point : 275-278 C (decomposes)

Stability and reactivity:

Stable at ambient temperatures. Do notexpose to high temperatures.
Oxidizers should be tested for compatibility before use.

Hazardous decomposttion

In fire conditions::Carbon monoxide, Hydrobromic acid and Nitrogen oxides.
If heated to decompositian, triprapylamine may be released.

Potential health, effect

Inhalation: 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

ted area.

is no evidence of the chemical on the af
Ingestion: If person is ¢

}# to swallow, have them drink a large
volume of water and milk a vom I@Ct a physician.

Fire fighting measury

Wear S.C.B.A.

chemical foam to fig

ioxide, dry chemical or
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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 § !/

Appearance : colo "h ite powde

Melting point: 8

Stability

Stable. Incom ,,;.-.-.._,.....-_..-_._._-' ______________________ S

Toxicology

" TSNS
F’””“ﬁ*ﬁ‘s‘fmﬂim URIANYIAY

Not believed to present a significant hazard to health.
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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 : colorless white solid (often sold as pellets)
Melting point : 318°C

Boiling point : 1390 °C

Vapor pressure” Lmm Hg at /39°C.

Specific gravity4 2.12 g cm™

Water solubility : high (Note: dissolution in water is highly exothermic)
Stability

Stable. Incompatible with a wide variety of materials including many metals,
ammonium compounds, cyanides, acids, nitro compounds, phenols, combustible
organics. Hygroscopic. Heat of solution is very high and may lead to a dangerously

hot solution if'small amounts of water ‘are used. Absorbs carbon dioxide from the air.
Toxicology

Very 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,
portil A, pyramid 8, vitrasol N40, ZhS 3; very large number of further trade
names

Molecular formula: Na,04Si
Physical data
Appearance : e6lourless liquid as usually supplied (solution)

Boiling point : ca: 102 °C for.a 40%_ aqueous solution

Specific gravity: approximately 1.3 f_g'Jr'"-a ca. 40% solution

i

Stability
Stable. Incompatible with acids, most metals, many organic materials.
Toxicology

Harmfuliby ingestion. Corrosive - may cause burns through skin or eye

contact:“\VVeny: destructive of mucous/membranes.
Personal protection

Safety glasses, gloves.
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Iron(l11)chloride hexahydrate

General

Synonyms: ferric chloride, ferric chloride hexahydrate, iron trichloride, iron
trichloride hexahydrate, iron(l11)chloride hexahydrate

Molecular formula: FeCls;

CAS No: 10025-77-1

Physical data

Stability

Stable. Inco rms explosive mixtures
with sodium and potz f . Hygr » x]
Toxicology

AULINENINYINT

CorrosiVe - causes burns. Harmful by |nhalat|on mgestlon and through skin
e AL
- BIINYINY
Personal protection

Safety glasses, adequate ventilation.
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Aluminium(l1)nitrate nonahydrate

General
Synonyms: aluminum nitrate 9-hydrate, aluminium nitrate nonahydrate,
aluminum nitrate nonahydrate, nitric acid aluminium salt

Molecular formula: AI(NO3); 9H,0

Physical data

Stability

Strong oxidizer - rial may lead to fire.

Incompatible with water,'m ics. Moisture-sensitive.

Toxicology
4

e tory@ritant. May cause serious

ﬂuﬂqwﬂw%Wﬂwni

Personal proteétion

Safetyﬂaﬁl@mgﬂitm quq ﬂEJf] a E]

V.
May be harmful if sw@)we
eye irritation.



Cobalt(I)nitrate hexahydrate

General

93

Synonyms: cobalt dinitrate hexahydrate, cobalt nitrate hexahydrate, nitric acid

cobalt (+2) salt, cobaltous nitrate hexahydrate
Molecular formula: Co(NO3), 6H,0

Physical data

Appearance: red ¢

Stability
Stable. Strong oxi smpatible Withrec cing agents.

Toxicology

Harmful if sy ‘: d'eye irritant.

E ]
. iy
Personal protection

AUHANINTNYINT

Safety glasses, adequate ventllatlon
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Vanadium (I11) chloride

General
Synonyms: Vanadium (111) chloride
Molecular formula: VCl;

Chemical formula : VCl3

Physical data

Appearance: pur
Solubility: react
Specific Gravi

Stability

sulfuric acid, phosgeae. il
Y gﬁf A

Hazardous decomy —— ------------ inf Ion available.

Further inform;ﬁjon. ro_mépic, explosive with air in a

vapor/gas state. ' ¢

ey AUEANENINEING
WNAIAIUININYA Y

Personal protection

Avoid contact with eyes.
Wear suitable protective clothing, gloves and eye/face protection
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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

Appearance: colourlessTiguid
Melting point: -144°C

Boiling point: 78 °C

Specific gravity#0.789

Vapour pressure: 159

Flash point: 14 °C (closed ¢cup)
Explosion limits: 3.3% - 24.5%
Autoignition temperature: 363 °C

Water solubility: miscible in all proportions

Stability

Stable. Substances to be avoided include strong oxidizing agents, peroxides,
acids, sacid rehlorides, tacid anhydrides; alkali metals, ;ammonia, imoisture. Forms

explosive mixtures with air. Hygroscopic.

Toxicology

Causes skin and eye irritation. Ingestion can cause nausea, vomitting 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”



96

alcohol has substances added to it which make it unpleasant and possibly hazardous to
consume.

Personal protection

Safety glasses. Suitable ventilation.
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