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Chapter 1 — Introduction

1.1.Motivation

Oxidation products of the two xylene isomers p- andylene play an outstanding role
for the broad spectrum of value products in thidfed polymer chemistry. Terephthalic
acid which is gained as its ethyl ester from p-wmgleis the main component in
polyethylene terephthalate (PET) used as a largée smaterial for plastics, mainly
bottles. But also phthalic acid is an important poment for the production of plastics. It

is mostly used as plasticizer for example in thedpction of PET.

In the first industrial processes phthalic anhyeridas gained by the oxidation of
naphthalene. This process is still applied nowadesrsy rarely depending on the
available feedstocks. During this reaction route dafinition two carbon atoms per
molecule of reactant are lost. This fact led toughier development of the oxidation
reaction because it is economical and ecologicafanmrable. The most widely spread
process for the production of phthalic anhydridesth days is the direct oxidation of

o-xylene by air over vanadia-titania catalysts:

@)
air Q
- O
V,04/TiO,

Scheme 1-1: Oxidation of o-xylene to phthalic anhydride ovanadia/titania catalysts.

In terms of carbon efficiency this process is aclenprovement to the original. But
still there is room for further development. Thejonalrawback of the direct oxidation of
o-xylene lays in the limited selectivity of approxately 85% at a conversion of 100%.
The rest mainly results in the total oxidation pradCQ and thus is lost as a value
product. One possible starting point to improve theld of the desired phthalic
anhydride is the partition of the process into sieps.
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O
X O

Scheme 1-2: Two step process for the oxidationamkylene to phthalic anhydride. Note that X stanals f
oxygenate and is not further defined.

In a first stepo-xylene is oxidized to a mixture of oxidation pratkiof one of the two
methyl groups. Further oxidation of these oxygemadeperformed in a second reaction
step in which the existing catalyst technology bamapplied. The advantage of this two
step process is that the reaction parameters gsetatare, residence time and catalyst
activity can exactly be tuned depending on the amsitipn of the oxygenate mixture.
With this tuning possibility the oxidation can berformed under milder conditions and
thus the overall selectivity towards phthalic antigel can be increased.

One possibility for the selective oxidation of omethyl group is the application of a
liquid phase oxidation route. Typically Co and/omNbased systems are applied as
catalysts for these reactions being considere@disal chain reactions. It is most likely
for this type of reaction that it will stop at tineono acid because of its high stability.
Applications are known for the liquid phase oxidatof p-xylene to terephthalic acid. In
this process an additional source of Br is addeth¢oease the activity of the initiator

system and thus also oxidize the second methylpgobthe molecule.

The target of the research is to optimize a liqphdse route for the selective oxidation
of one methyl group i-xylene. Further requirements to the developed gg®a@re the
use of heterogeneous catalyst system and the pi@vesf the use of solvents. One
solution for this is the use of transition metalatgsts embedded in organically modified

hydrophobic silica materials which are applied soé/ent free process.
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1.2.Scope of thisthesis

This doctoral thesis aims at the detailed desomptf the selective liquid phase
oxidation of one of the two methyl groupsakylene by heterogeneous transition metal
catalysts. In this context the development of theemals which are suitable as catalyst
and initiator systems is as important as the unaeding of elemental reactions during
the oxidation reaction.

Synthesizing materials in a defined macroscopigalia a one step procedure which
offer catalytic activity is a challenging task agh potential for application in industrial
processes. In this work the incorporation of cdiedyly active transition metal
components into a network of hydrophobic polysilexavas developed. An optimized
procedure to synthesize spherical particles isrdest by varying relevant parameters
such as type of precursor compounds, precursor gsitign or the application of the
various catalysts. The incorporation of severatgiof transition metals is described. The
complexation to an amino group which is fixed te #ilica matrix and the accessibility
of transition metals were studied by FT-IR spedopy. Furthermore the impact of the
transition metal addition on the specific surfaceaaand the condensation behaviour of

the spheres were elucidated.

Due to the hydrophobic properties of these orgdigicaodified transition metal
catalysts the selective liquid phase oxidation cekylene to partially oxygenated
intermediates is a suitable application for thesgemals. By using gaseous oxygen a
potentially industrial applicable bubble column aea system was developed.
Scientifically the focus was on the investigatioh the reaction steps and on the
understanding of the course of the radical chaactren mechanism of the catalyst
modified oxidation reaction. Thus the influencetloé catalyst composition and the type
of transition metal on the reactivity and the selgty towards oxygenates is elucidated.
Upon the most attractive transition metals coball amanganese are considered to be

especially promising.

Next to the development of active catalysts thecidetson of the reaction network was

a major focus of the presented work. The primamydpct of the present reaction is

-4 -
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supposed to be 2-methylbenzyl hydroperoxide whicbhiallenging to be quantified due
its thermal instability. Therefore, a method toesévely reduce it to the alcohol before
analysis was adopted from literature and improvéek major products at low-xylene
conversions were-tolualdehyde and 2-methylbenzyl alcohol.

lllustrating the described reaction network by reatltical simulations is a further
aspect of the thesis. The quantitative comparisbithe most promising cobalt and
manganese catalysts to their homogeneous courteegdays a decisive role. Moreover
an analysis of spent catalysts after reaction éllperformed in order to follow changes
during the reaction and investigate the catalystility.
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2.1.Selective oxidation of hydrocarbons

Among petrochemical processes oxidation reactioersome of the most important
group of reactions. Especially when oxygen is idticed into hydrocarbon molecules

oxidation is the most favorable choice.

Oxidation is defined as a reaction which increabesformal oxidation number of the
reactant. For oxidation reactions of organic mdkesun principle, two types of reactions
can be differentiated. On the one hand the dehyatigpn and on the other hand the
introduction of heteroatoms like O, N or CI intcetimolecule. In both reactions the
oxidation number of carbon increases. Selectivelaiions of organic compounds by
oxygen thus offer a cheap route to incorporatetfanal groups which are the reason for
the added value of chemical compounds. Examplesufmtional groups are alcohols,
aldehydes, acids, esters or ethers. When carbdainmg molecules react with oxygen
the thermodynamic most stable product is,C@hich is of no value for the chemical
industry. Oxygenates are industrially most attkecand thus interesting in research. As
these molecules are intermediate products withexdp the thermodynamics. Therefore,
selective oxidation reactions are a sensitive phégr of finding the right balance of
activity to reach a sufficient yield of the desirptbduct and not to over oxidize the

reactant to Ce(see Figure 2-1).

RO

7

RH

N

Figure 2-1: Formation of oxygenates during the oxidation afitmgarbons.

Cco,

A very illustrative explanation of the selectiveidation principle is given in by C. H.
Bartholomew.™ The partial oxidation is compared to “toasting shemallows on a

campfire; the trick is to find the perfect condit®onear the red hot coals and to allow just
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enough time to reach a nice gold-brown without mgrthem to a tasteless black crisp.”
Translated to science this means to find apprapmratalysts showing high selectivity
towards partial oxidation products compared to detepcombustion and furthermore to

find the right reaction conditions particularly tteamperature to avoid loss of selectivity.

Table 2-1: Overview of some important industrial applicatimiselective oxidation reactions. Adopted
from "]

1994 world-
Selective oxidation ) o
wide production Principal uses
product
(10*tp.a)
) ) Intermediate for vinyl acetate, acetic anhydride,
Acetic acid 3.1
esters
Methyl-t-butyl ) .
25.5 Gasoline additives
ether
Intermediate for formaldehyde, methyl chloride,
Methanol 29
solvents
Phthalic anhydride 3 Dyes, polymers, plasticizpayesters
Vinyl chloride 18 Polyvinyl chloride

For selective oxidation reactions numerous diffeieatalyst systems are known. Most
of the materials used for heterogeneous gas pkastians are based on metal oxides. As
a second component a redox active (transition) Imgtaresent which undergoes the
actual transfer of electrons. A very prominent eghams V,Os which is typically used on
oxidic supports like Ti@ By applying special synthesis procedures thesdysas have a
very high activity for the respective reaction. Nexthe main component many additives
can be inserted to improve the activity, selegtitdwards the desired product or the

stability of the catalyst.
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When oxides are applied as catalyst in oxidati@ttiens the mechanism commonly

follows the Mars-van-Krevelen type mechanism. Thactant is oxidized by reacting

with an oxygen atom from the catalyst surface {3gare 2-2):

%)

Figure 2-2: Reduction and regeneration of the oxide surfacebyeactant during the Mars-van-Krevelen
mechanism.

After the reaction product desorbs from the catallys regeneration of the surface is

performed by oxygen which comes from the oxidantmost cases this is molecular

oxygen from air. This principle reaction mechanisnalso called defect site mechanism

because a defect site in the catalyst surfaceeated during the reaction.

From the mechanistic understanding it is obviows the bond strength of the metal

oxygen bond plays a key role for the catalyst'Sqremance. If the bond is too strong,

hydrocarbon oxidation will not take place, and isitoo weak, overoxidation to GWill

occur. Grasselli described this correlation in aereiew article of selective oxidation

reactions with the following schem®:

UNSELECTIVE |
i

YIELD OF USEFUL PRODUCT

;
! UNREACTIVE

METAL-OXYGEN

(M-0) BOND STRENGTH

Figure 2-3: Dependence of theoretical product yields on theakexygen bond strength (Adopted

from ).
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As the most appropriate materials Grasselli mestioxides which have covalent or
amphotheric bond character, e.g. molybdates, anaes or vanadates. Grzybowska-
Swierkosz specifies this in her review article imare detailed way?® The M-O bond
energy for unselective catalysts is approximated &J/mol. This bond strength is
typically found in transition metal oxides, e.g.NiCgO, or MnQO,. These oxides are
known to promote the total oxidation because thggew is readily donated to the
reactant. For selective oxidation catalysts the My@hd energy is in the range of
300 kJ/mol. If the bond becomes too strong on therchand no catalytic activity will be

observed (see Figure 2-3).

2.2.Selective oxidation of xylene isomers

2.2.1. Freeradical chain reactions

Radical reactions are combinations of a series riciple steps which include

initiation, radical chain propagation and termioati

In, — 2In-

In* + RH — R* + InH
R«+ O, — ROO"

ROO*+ RH — R+ + ROOH

2RO0* — o, * Oxygenates

Scheme 2-1: Basic reactions of a free radical chain oxidation.

During the initiation the first radicals are formgh homolytic bond cleavage in an
initiator molecule. Initiators can be added to tkaction in form of labile compounds

which decompose at certain temperatures. Alteragtimpurities, mainly small amounts

-10 -
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of hydroperoxides present in the reactant can stigpe initial radical formation. Thus
this step is crucial for the start up of the reactand the build up of a certain radical
concentration to keep the chain reaction runnifiguol catalyst is used the initiation
mainly proceeds via the bond cleavage of the pgnfarmed hydroperoxide which
decompose to two radicals (alkoxy and hydroxy) frame starting molecule as the bond

strength of the O-O bond is only approximately k30mol.™

The chain propagation step consists of two prieciptactions. An addition of
molecular oxygen to an alkyl radical is the firdttbese. The resulting alkylperoxy
radical abstracts a hydrogen atom from a reactaftcgule to form a hydroperoxide and
an alkyl radical to close the circle of the cha#aation. The selectivity of the reaction is
determined by the C-H bond strength. Hydrogen efepentially abstracted from the
weakest C-H bond. In the case of alkyl substitateshatics this is the alkyl chain. In the
toluene molecule for example the dissociation epefghe C-H bond is 465 kJ/mol and
370 kJ/mol for the aromatic and the alkyl C-H baespectively™ In principle it can be
concluded that the selectivity of the process igelothe more reactive the attacking
radical is. As an alkylperoxy radical shows onlydest reactivity, it has a relatively high
preference to attack the weakest C-H bond. Ondh&ary the hydroxy radical is a very

reactive and thus unselective radical.

Termination of radical reactions is the combinatadradicals to non radical products
which accompanies with a net decrease of the radicacentration. Generally
combination of any present radical species canroaod terminate the reaction. In the
case of recombination of two alkylperoxy radicateducts are alcohols and aldehydes

under oxygen liberation.

Autoxidation reactions can be catalyzed by tramsithetals. Next to the acceleration of
the initiation step, which is not a real catalytimction, transition metals are able to
catalyze the decomposition of the hydroperoxides Thatalytic pathway is known as the
Haber-Weiss mechanisrf

-11 -
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ROOH + M™ —— RO+ + [M"V*« OH

ROOH + [M™Y*+ OH] —— ROO* + M™+ H,0

2ROOH —— RO* + ROO* + H),O

Scheme 2-2: Haber-Weiss mechanism for the catalytic decomjoosivf hydroperoxides over transition
metals.

Transition metals that are capable to perform #eochposition of hydroperoxides are
those which readily change between two successwdation states like Co or Mn.
Scheme 2-2 gives only a representative overvietheffunction of the transition metal
during the process. In the case of a non catalgeedmposition the neat result is equal.
But this route proceeds via a free OH radical whiehy reactive. Therefore the role of
the transition metal can also be described as hiliztdion of the OH radicals.
Furthermore the transition metal enhances the foomaate of radicals by creating alkyl

radicals”

Organic molecules usually are present in a singletind state. The oxygen molecule
as a biradical in its ground state is a triplet.d&kect reaction of oxygen and a
hydrocarbon is very slow at room temperature du@edact that reactions of singlet and
triplet states are spin forbidden. A concerted ritizie of oxygen to C-C or C-H bonds
can thus be neglected. To transfer the hydrocairitora triplet state two possibilities are
available. First the transfer of an electron frdme brganic substrate to oxygen or to a
catalyst can occur. More likely is the direct ahstion of a hydrogen atom by the
biradical oxygen or by another radical species, angnitiator.

2.2.2. Radical based oxidation route

The oxidation of xylene to the corresponding aadiofvs a route of consecutive

reactions via the formation of alcohol and aldehfgke Scheme 2-3). In this sequence

-12 -
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the acid is the thermodynamically favored prodlfcintermediates are desired as value
products the reaction has to be stopped at themmami yield of the desired product,
which is for example the case in pharmaceuticaliegpons. Additionally, this can be
achieved by adding the corresponding stoichiometnount of oxidizing agent to the

reaction or by removing the product from the reacto

CHg CHg CHg CHg
OH O O
Coone O o — (34
OH

Scheme 2-3: Product sequence of oxidation reactions-af/lene as an example for alkyl aromatics.

A key step during the side chain oxidation of xgeis the formation of benzylic
radicals and their further reactions. The formatian occur via homolytic bond cleavage

or by a redox process (Scheme 2-4).

Rad - Rad-H

)_&
O e

. B-H
€ R

B

Scheme 2-4: Formation of benzyl radical from an alkyl subdt aromatic.

A homolytic bond cleavage of the,€&l bond can occur when a radidalattacks the
reactant. This radical can be a radical initiatbich is added to the reactant or a radical

from an ongoing radical chain reaction. A hydroggom in the benzylic position is

-13 -
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abstracted by thR. The reactivity is defined by the dissociationrgyeof the G-H bond
and the stability of the formed radical. In theeca$ a redox process the aromatic is first
oxidized to a radical cation by electron transfenf ther-system. By a base this cation
is deprotonated and a charge neutral radical imddr The reactivity via this route is
defined by the ionization potential of the aromatitd the acidity of the radical cation.
Consecutive reactions of the benzyl radical arecehdsubstitution, recombination of

radicals and the oxidation of the radical.

The liquid phase oxidation of methyl substitutednaatics is performed with air as
oxidizing agent on industrial scale. Originally ettbor manganese compounds, or a
mixture of both, were used as catalysts. Duringgtaduction of terephthalic acid the
further oxidation ofp-toluic acid is a big problem. Due to the deactivgteffect of
carboxy group the oxidation of the mono acid was/\wow. A first improvement was
the esterification of the first carboxy group witlethanol to enhance the mono acid’s

reactivity. [©

An alternative was shown in the Eastman-Kodakgsec There
acetaldehyde or propanone were used as a co-amjdigent® A way to improve the
activity of the initiator system was introduced thye Amoco in the late 1950s. It was
shown that the addition of any kind of bromine seuto the reaction significantly
increased the yield of terephthalic acid. The us€afll)/Mn(lll)/Br " as initiator system
is known as the Amoco-MC (MC stands fmid-century process!” This system was
further developed in the past years and it was dotimt the selectivity towards
terephthalic acid was increased by additives likgnium, zirconium, cerium or

molybdenum!” 10 11

2.2.3. Industrial gas phase process

An example of a very well studied process in chamiadustry is the gas phase
oxidation ofo-xylene to phthalic anhydrid&?*® Typically vanadia-titania catalysts are
used in this process. As the reaction is highlytanic catalyst with low specific
surface areas (ca. 10gi)) are used also to make consecutive reactionsféessed.

Typically 2 wt. % \LOs are grafted on anatase. On industrial scale tloeegs is

-14 -
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performed in multitubular fixed bed reactors at pematures of around 400°C. The
conversion ofo-xylene is very close to 100% with a phthalic anfigel selectivity of
approximately 85%.

In the gas phase oxidation@iylene a broad variety of catalyst additives arewn in
literature.' ® ¥ This makes the catalyst system to an almost alistienmixture of
many components and every company which is conaydtiis reaction has its own
recipe for the best available catalyst. One ofsiierets obviously is to find the right form

of surface species (see Figure 2-4).

V205
I;, ~
tetrahedral amorphous ~
species polyvanadates o KM
A B W W R crystal
gdo q o 0 ystais
¢ v P \}J-O~'L'i'-v{' 2 o
,V\ / \ Y-O-V—O—V ,‘ AN ****/CD {G{' —
f / / [/} f’ RN
// / 45/ 1] /]
| qasysay
fr :' r'f‘ _L." _:_JIX_J_!J_J_J'/J“ / I, /

vanadium content

Figure 2-4: Different VO, species on TiPanatase suppoft?

The different species increase in particle sizé wie concentration of vanadium on the
support. With growing particle size the outer scefaand thus the relative number of
active vanadium atoms decreases. If one mono lafy®xOy is exceeded amorphous or
crystalline W,Os is formed which shows the lowest activity. Higheatalytic activity is
observed for isolated species. Finding the balémt@een active isolated species which
occur at very low loadings and a sufficient concaidn of vanadium in the catalyst is
the key challenge in producing highly active cattdy One way is to insert additives
which are able to stabilize the most active speeie=n at higher vanadium contents.
Further functions of additives are: the preventadranatase rutile transformation (e.qg.

Mo), decrease of byproduct formation (e.g. K), wthn of the surface acidity to
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improve the adsorption of xylene (alkali promotesgnhancement of the surface acidity

to reduce the adsorption of acid reaction prodiiéts.

2.2.4. Recent developments

In recent process developments sustainability amnvir@mental considerations play a
key role. Not only to improve the carbon efficienioyt also to increase the energetic
economics of chemical processes are importantsfisldhe chemical engineering area.
Moreover the chemistry itself might be changededach those noble goals. Basically
three possibilities are available. Firstly the taat itself can be substituted to a more
suitable precursor for value products. This esplgdminteresting if carbon is lost during
the reaction. Also the catalysts can be modified way that the selectivity to the desired
product is increased. And finally the solvents usad be changed to environmentally
friendly i.e. better recycling or for example sutugion by water or supercritical GO

But the most environmentally friendly solvent ise-solvent.

2.3.Principle of sol-gel transformations

The sol-gel process is a synthesis procedure fommetallic inorganic polymers which
can result in pure oxides or contain organic fragisieSol-gel technology offers a useful
tool to vary material properties in a very broadga with relatively low experimental
effort. %Y These properties include the polarity, mechanistbility, acidity,
introduction of special functionalites and manyhet features.???” In principle
reactions of Si, Al, Zr or Ti are performed as gel-reactions as suitable precursors of
these are available and stable under atmosphenditams. Upon these elements Si is
the most frequently and best understood compongms is the reason why in the
following explanations are based on Si. The prilecieactions include the hydrolysis of

precursors, the condensation and the formatioheogel.
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Il?O Il?O
RO—?i—OR + HO —> RO—?i—OH + ROH
RO RO

Scheme 2-5: Hydrolysis reaction of silicon alkoxides.

In the hydrolysis step reactive hydroxy intermeeabf the metal are formed. The
precursor thus consists of compounds that haveest lone hydrolysable bond; most
frequently alkoxides are used. As the Si-C bondstsble against hydrolysis and
temperatures below 100°C are applied during thetisgaorganic functional groups can

be introduced into the material via utilizing presars carrying one to three organic side

groups.
Cl)R Cl)R (l)R (l)R

RO—|Si—OH + HO—?i—OR e RO—?i—O—?i—OR + H,O
OR OR OR OR

Scheme 2-6: Condensation of silanol intermediates.

The hydrolysis is followed by condensation of tmermediately formed hydroxy
species. Condensation can also occur with alkorymgs resulting in one equivalent of
alcohol. The formed inorganic polymer first formsa consisting of very small colloidal
particles. Agglomeration of these is called gelatid gel is defined as a solid which
includes a liquid phase usually the solvent or emsation product. After drying the sol
is called aerogel or xerogel depending on the whyrging. The polymerization to
macroscopic particles includes three steps: polyagon of monomers, particle growth

and combination of particles to chains and networks

Both basic steps, hydrolysis and condensationpeasccelerated by catalysts. It should
also be mentioned that these reactions are notatepabut take place parallel. Generally
it can be concluded that acids increase the ratgarolysis and basic catalysts enhance
the condensation reactidf! Another type of reaction accelerator is basediafkyl tin
compounds having two hydrolysable groups. The sllagacts with the tin compound to
an ether like species which then reacts with ah&rsilanol molecule. By this the OH

group is transformed into a better leaving groug #ius the condensation is accelerated.
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2.4.Synthesis method of spherical silica

Catalysts applied in industrial processes need awe hmacroscopic shapes. After
catalytic active materials have been synthesizedraterials undergo a molding process
to fulfill this requirement. Only few synthesis pezlures are known in which a direct

formation of applicable shapes is performed. Orargte is the production of spherical
polysiloxane support materials in the millimetenge.

Spherical particles are formed from droplets insew atmosphere while different ways
to create stable droplets are known. The simplestis/to inject a hydrophobic precursor
mixture into a vessel with stirred water. A drawkaxf this method is the unequally
distributed drop size. This will end in a very hioparticle size distribution of the
resulting solid spheres. In order to overcome ginablem a method was developed by

Witosseket al.!?® *%in which droplets are created on the end of aledsga water flow
with constant flow rate.

7/

Precursor ("
( Precursor | )
F// Bypass flow o

<—Main flow; *]

W
A

—

e

Water o>-——| @“

D

Figure 2-5: Set up for the synthesis of spherical polysiloxpadicles.
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A precursor mixture is introduced on top of thecteasystem by a syringe pump via a
needle. By a constant bypass flow in the reactopldts with equal diameters are formed
(see magnification in Figure 2-5). With the byp#ess the droplets are transported into
the main part of the water filled, heated reactumn. As the mixture of precursors is
hydrophobic the droplets remain stable in the waierounding. Since the density of the
reactant solution is below the density of waterdheplets tend to ascend. But because of
the down flow of water they are kept in balanceluheir density is increased since the
degree of polymerization is growing. When a cerextent of solidification is reached

particles sink to the bottom of the reactor andcatkected in a storage container.

Besides the hydrophobicity of the precursor sotutiwe velocity of the bypass flow is

of great importance for the appropriate formatibdrops (see Figure 2-6).

Figure 2-6: Different types of drop formatiof"

In Figure 2-6 different regimes of droplet formatiare illustrated whereas the flow
rate is increasing from 1 to 4. At very high byp#ews (case 4) the precursor solution is
atomized from the needle resulting in very smalbpdr without any defined size
distribution. If the bypass flow rate is reducedet is formed. This can result in
undefined drop shapes (case 3) or spherical dsofdase 2) can be formed which do not
show evenly size distributions. Best results aseed when the flow velocity is further
decreased and single drop formation is observetl @rthis mode a monodispers size

distribution can be achieved.
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Within the regime of single drop formation, whicénconly be achieved under laminar
bypass flow conditions, the diameter of synthespelgsiloxane spheres depends on the

velocity of the bypass flow (see Figure 2-7).

=]

dy (M (50, )) mm]
=]

00 01 02 03

wimvs]
Figure 2-7: Dependence of the particle size on the bypass riie*

Generally all types of silane precursors can bel urse¢his synthesis procedure as long
as conditions can be found which assure a suftipelymerization velocity. This is one
of the key points in the presented process asethietion rate has to be well balanced. On
the one hand it has to have a minimal rate to assoiidification. On the other hand the
velocity has to be below a certain value at whiah polymerization already starts on the

top of needle resulting in a blockage of the precusupply.

HaC
HsC s
3 \(l) ch/\? >
/O—?i@ o—?i—o
HC 0O // o] CH
“CH; PTMS H3C TEOS
H,N
HeC HqeC
3 \(l) 3 \(l)
/o—?i NH /O—Si—\_/NHZ
HsC O HyC (|)
CH; AAMS SCH; APTMS

Scheme 2-7: Most frequently used silane precursors (PTMS: pliemethoxysilane, TEOS: tetraethyl
orthosilicate, AAMS: 3-(2-aminoethylamino)propylitrethoxy-silane, APTMS: 3-aminopropyl-
trimethoxysilane)
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Mixtures which fulfill these requirements best dshsof the network building
component TEOS and an amino group carrying sildkee AAMS or APTMS. The
network building component is necessary to guaeaatsatisfactory mechanical stability
of the spheres and the basicity of the amino gnsupequired to assure a sufficient
reaction rate. The rate is additionally adjustedaliging tin compounds which are known

to accelerate polycondensation reactions of silanes

2.5.Introduction of transition metals

The sol-gel process generally allows an incorporatf different metals into the
framework via hydrolysis and condensation of alkexprecursors; examples are Zr, Ti
or Al. Via this route oxides of different metalseacreated resulting in interesting
properties such as acidity. As the precursors @erdint metals have very different
reaction rates an even distribution of the heteetain is very ambitious to reach. Also it

is questionable whether these metals show anyytatattivity.

A more general way to introduce transition metat® ithe matrix is the anchoring of
those via organic functionalities on the polysilogasurface. Due to its electron donating
property the amino group is the most suitable amihvoge. Via this bonding position
metals can be incorporated. In general two optexist: a direct addition of transition
metal precursors to the reaction mixture of thar&k or inclusion by an impregnation
procedure with synthesized polysiloxane supports.
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Chapter 3

One step synthesis of
or ganofunctionalized transition metal

containing mesoporous silica spheres

Hydrophobic mesoporous silica spheres containingngition metals coordinatively

bound to aminosilane groups are synthesized ineastep procedure from functionalized
silicon alkoxides. In situ IR spectroscopy shows pinesence of amino groups in the
solid. These amino groups are critical to bind tsd@ion metals such as Co, Cu, Fe, Mn
or V by complexation. The accessibility of the siian metals is shown by IR spectra of
adsorbed CO. The method described provides a deadgiproach to synthesize tailored
transition metal containing structured micro andsoporous organofunctionalized silica

spheres, which show great potential for catalypplécations.



Chapter 3 — Synthesis of spherical polysiloxanes

3.1.Introduction

Silica based inorganic polymers are intensely stlidiecause of their potential use in
catalysis, sorption, separation, membrane techgoloigroelectronics and optids”? As
catalysts and adsorbents, these materials have forimed into various shapes such as
spheres, pellets, extrudates or monoliths taildcedheir dedicated use in a particular
process. This forming step adds not only cost éopgiocess of making the final active
material, it poses also a challenge with respedhé&oscalability of complex catalyst
preparation. Thus, a one-step synthesis proceddrieh encompasses the incorporation
of the catalytic function and the formation of a amscopic body, is conceptually

promising.

The emulsion techniqué appears to be a particularly interesting routsytathesize
spherical particles varying in size from nanométemillimeter diameter realizing such
different materials as nano-sized met&l$® or oxide particled 2 However, it has
also been reported for the synthesis of macroscgpica spheres. Starting from
tetraethyl orthosilicate (TEOS) in an oil-in-watemulsion, Schactt al **! were able to
synthesize silica hollow spheres in the range tf 100 um. Their strategy was based on
controlling the oil-water interface by adding satints. Hucet al ™ extended the size
of the silica spheres from the micrometer to théimeter range. In their work beads in
the range from 0.1 to 2 mm were synthesized byragthe reactive precursor mixture
into a stirred tank reactor.

In order to form silica spheres in an oil-in-wagenulsion, the key point is the control
of the interface between the hydrophobic silicoecprsor and the water phase. The
hydrolysis and, thus, the solidification of theatbee silanes starts at this interface due to
the contact with water. By diffusion of water intive droplet, hydrolysis and
condensation reactions proceed as illustrated lrei®e 3-1. The formed emulsion can be
stabilized by adding surfactarits *® or by mechanical means, i.e., application of aflo

in combination with a rapidly starting gelation pess!” "
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||=zo Il?o
Hydrolysis RO—?i—OR + HO —> RO—TQ,i—OH + ROH
RO RO
PR OR OR  OR
Condensation RO—?i—OH + HO—?i—OR —_— R0—|Si—0—?i—OR + H,0
OR OR OR OR

Scheme 3-1: Hydrolysis and condensation reaction during tHegebprocess. OR= alkoxy group.

Pure silica materials are catalytically inactive. Tracorporate catalytic activity
components such as functional groups (e.g. amino-pRyHr alkyl-, phenyl- or carboxy
groups) or metals have to be introduced. Replacimg ar two alkoxy groups of the
silane by organic moieties is a useful tool to syntleesiganofunctionalized silica since

the Si-C bonds are maintained during hydrolysis amdieosation!*8-2"!

Within these functionalized materials, amino funcéiltwed polysiloxane materials are
particularly suited as anchoring groups for transitiwetals?!! El-Ashgaret al. reported,
for example, the application of aminopropylsilanedgand for the pre-concentration of
Cu(ll) in ion chromatography proceduf®. In terms of catalytic applications it is
interesting to note that the thermal stability of mmncontaining polysiloxanes increases

by the complexation of a transition mefal.

Stimulated by these reports, we developed a onesstejmesis procedure for highly
functionalized materials containing transition metaltions. Here, we describe the
synthesis of transition metal containing spherical amfumctionalized polysiloxanes

with millimeter size diameters under continuous opegatonditions.
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3.2.Experimental
3.21. Chemicals

3-Aminopropyltrimethoxysilane (APTMS) (>97%), tetthyl orthosilicate (TEOS)
(>99%), phenyltrimethoxysilane (PTMS) (97%), [3-(@aoethylamino)
propyl]trimethoxysilane (AAMS) (>98%), butanol (>896), dibutyltin dilaurate
(DBTDL) (95%) and metal acetyl acetonates (97%) vpenehased from Sigma Aldrich.

All chemicals were used as received from the supplier.

3.2.2. Synthesis apparatus

The principle procedure for the synthesis of macrascspherical silica particles
utilized in this work was first described by Witossatkal. ') A schematic overview of

the reactor employed for the synthesis is presentegyure 3-1.
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Precursor -5~
@)nomersi N J JELL%—

(/ Bypass flow o
I_I/ 7/
! é; Heating
° <—Main flow ]—[]
. [ . ™ Heating
®_

i 4

Heating

Water o—c——

£00 o Waste

Figure 3-1: Schematic overview of the water filled column u$mdthe synthesis of silica beads.

The precursor solution is injected at the top of thetew filled reaction column.
Droplets are created and transported into the matropghe column by the bypass flow.
In the main stream they are forced to move downwaiitls optimized velocity. This
procedure allows a continuous production of sphepealicles. The droplet diameter is
controlled by the linear velocity of the bypass flolheir size furthermore defines the
dimension of the resulting spherical solid. Overashibuld be noted that the formation of

stable droplets is very sensitive to the flow, tempegatimd the precursor composition.
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3.2.3. Preparation of poroussilica spheres

Porous silica spheres were synthesized using the setdpydidpn Figure 3-1. Two
mixtures of silanes were used as precursor for the ptioduof silica spheres. The
components of the synthesis mixture S1 were TEOS, AAW& PTMS in the molar
ratio of 5 : 2 : 3. Synthesis mixture S2 contain&DBE and APTMS in the molar ratio of
2:1. In both cases 1-butanol (10 vol. %) was usesbb&nt and DBTDL as catalyst.
The mixtures of silanes, solvent and DBTDL were stirfed 30 min to assure a
homogeneous solution before being continuously inject® the column via a syringe.
For every experiment the rate of injection was remdiconstant at 15 mL min The
water temperature was 333 K and the linear velafitye carrying water flow was in the
range of 0.03 to 0.3 m's After the synthesis procedure, the silica spheres aged in
water at ambient temperature for 12 h followed sking with deionized water and

i-propanol. The materials were freeze-dried afteshiay.

To synthesize metal containing silica spheres, colvtganese, copper or vanadium
acetyl acetonate was added directly to the precumsgture. The concentration of
transition metal was controlled in the range from t6.%.0 mol % with respect to Si in

the precursor mixture.

3.2.4. Characterization

IR spectroscopy was used to evaluate the structure dsarpdion ability of the
resulting materials on a Bruker IFS88 spectrometénénregion from 400 to 4000 ém
with a resolution of 4 cth Before measurement, samples were prepared as self-
supporting wafers with a weight of approximately 5eng’ and inserted in a vacuum
cell with a geometry optimized for transmission IRd&pescopy. For structural studies,
samples were dried under vacuum (p £ ifbar) at 723 K (heating increment 10 K min
! for 1 h before each measurement. For CO adsorpsipariments, wafers were dried at
723 K under vacuum prior to the CO adsorption anatspavere recorded at ambient
temperature at CO pressures of 1.5 mbar. Water wasbadsat 323 K in a pressure

range from 13 to 1 mbar.
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The content of silicon and the metal component wasrehéned by atomic absorption
spectroscopy (AAS) using a UNICAM Solaar M5 Spectranetypically, 20-40 mg of
the sample was dissolved in a mixture of 0.5 ml of bfdoric acid (48%) and 0.1 ml of
nitro-hydrochloric acid at the boiling point of thmixture (about 383 K). The specific
surface areas were derived from &tlsorption measurements carried out at 77.4 K using
a PMI automated BET sorptometer. Prior to the measemés, all samples were
outgassed at 523 K for 2 h. The specific surface arsawed as the mesopore and
micropore distributions were calculated accordintheoBET and BJH theory and t-plot

analysis.

Scanning electron microscope (SEM) images were mehsurea JEOL 500 SEM at
25 kV. Transmission electron microscope (TEM) imagethefmaterials were recorded
with a JEM-2010 JEOL transmission electron microscoperatimg at 120 kV. The
samples were grinded, suspended in ethanol and ulicaly dispersed. Drops of the

dispersions were applied on a copper grid-supportdxbadilm.

For solid-state MAS NMR experiments, samples were patkedd mm ZrQ rotors.
2%Si MAS NMR measurements were performed on a Bruke500 spectrometer
(Bo=11.75T) using a spinning rate of 12 kHz. Chemstafts are reported relative to
Si(SiMey), for 2°Si (8si = - 9.84 ppm).
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3.3.Results
3.3.1. Synthesisof spherical silica particles

The polysiloxane materials were synthesized by conibmaf controlled hydrolysis
and condensation of respective silane precursor comdgourhe network building
component TEOS was patrtially substituted by organdimmalized silanes in order to
fine tune the hydrolysis and condensation rate ofntib¢ure and to introduce amino
groups. Various mixtures of silane precursor were egploand optimized for the
synthesis of polysiloxane beads. After screening, twedyof polysiloxane materials, S1
derived from TEOS : AAMS : PTMS =5: 2 : 3 andl&#ed on TEOS : APTMS =2: 1,
were found to be suitable for the synthesis of wethied and mechanically stable silica

spheres. Their respective elemental composition is suizedan Table 3-1.

Table 3-1: Elemental composition of the synthesized polysifexanaterials.

Sample . Elemental concentration [wt. %b]
Name Precursors composition S c y N "

S1 TEOS/AAMS/PTMS = 5/2/3 24.0 34.0 3.7 1.1 -
Co-S1 TEOS/AAMS/PTMS = 5/2/3 24.1 38.0 3.6 1.2 0.4
V-S1 TEOS/AAMS/PTMS = 5/2/3 23.5 39.7 4.0 1.0 0.4
Cu-S1 TEOS/AAMS/PTMS = 5/2/3 23.9 38.6 3.9 1.3 0.4
S2 TEOS/APTMS = 2/1 31.7 82 2.8 2.1 -
S2-3 TEOS/APTMS = 3/1 355 88 3.1 1.3 -
S2-4 TEOS/APTMS = 4/1 36.2 92 28 1.6 -
S2-5 TEOS/APTMS =5/1 35.8 75 25 1.3 -
S2-6 TEOS/APTMS = 6/1 35.7 87 2.8 1.7 -
S2 TEOS/APTMS = 2/1 31.7 82 2.8 2.1 -
Mn-S2 TEOS/APTMS = 2/1 30.9 12.7 34 3.9 0.9
V-S2 TEOS/APTMS = 2/1 31.3 126 35 3.2 0.9
Co-S2 TEOS/APTMS = 2/1 311 109 3.2 2.9 1.0
Cu-S2 TEOS/APTMS = 2/1 31.7 10.3 35 3.1 1.0

-31 -



Chapter 3 — Synthesis of spherical polysiloxanes

Col1-S2  TEOS/APTMS = 2/1 28.5 119 3.6 3.4 11
Co13-S2  TEOS/APTMS = 2/1 28.7 11.7 3.5 3.0 1.3
Co16-S2 TEOS/APTMS = 2/1 26.7 150 3.3 3.1 1.6
Co020-S2  TEOS/APTMS = 2/1 27.5 126 3.6 3.1 2.0
Co025-S2  TEOS/APTMS = 2/1 26.9 16.0 3.7 3.9 2.5

a: The silicon and the metal amount were determibgdAAS and the C, N, H
concentration by elemental analysis
b: M refers to the respective transition metal species

The set of materials S1 had a relatively higher catiancentration in the range 34-
40 wt. % while the carbon content in the series oW&8 only between 7-16 wt. %. This
significant difference is related to the nature o thilanes added to the precursor
solutions. To introduce amino groups into the finabdmuct, amino group carrying
precursors, AAMS for S1 and APTMS for S2, were usetthénsynthesis mixtures. In the
materials S2, the detected N concentrations wereoappately 60% of the expected
value; however, only 20% of the expected N wasiftefhaterials of type S1. While the
concentration of nitrogen in the solid polysiloxar#ained via both routes is below the
value expected, the higher concentration of amiowgs in type S2 materials (derived
from APTMS) is related to the lower solubility of shiaminosilane in water. In

consequence, the detailed studies described belovased bn type S2 materials.

3.3.2. Structural propertiesof the spherical materials

The spherical shape of the polysiloxanes is illustrateBigure 3-2. The pure silicon
precursors resulted in white spheres with uniform diamat0.5-1 mm. Incorporation of
a transition metal into the precursor solution didhegi change the morphology nor the
size of the resulting spheres. However, the color efsttheres varied depending on the
nature of metal and its oxidation state. IntroductdnCo led to blue spheres, Mn to

brown and V to green-colored. In the case of Coaaddteristic change in color from
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violet into blue was observed during the condensgirocess, indicating a coordination

of Co to the amino groups in the polysiloxane network

Figure 3-2: Photographs of spherical materials S2 in the at&séa) and in presence of metal ions (b) Co,
(c) Mn and (d) V.

A detailed examination of the surface morphology atrdcture of the polysiloxane
spheres was performed by scanning electron microscepg figure 3-3). The
measurements show spherical particles (Figure 3-3a)avititugh and macroscopically

dense surface (Figure 3-3b).
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Figure 3-3: SEM images of S1 type silica spheres as synthg e of a sphere surface (b), of a cross-

section of a sphere (c) and of the inner primaryigias of a sphere (d).

To study the structure of the spheres, a bead was touhé@mispheres and the cross-
section was analyzed by scanning electron micros¢sgy Figure 3-3c). It is seen that
two different states of silica were formed, i.e., ensk layer forming the surrounding
shell and a second region consisting of macroporowssilihe inner part of the sphere
consists of primary particles of 5 um in diameter (sggiré 3-3d). TEM and XRD
showed that the synthesized materials were complat@grphous and a long range

structure was not developed.
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The patrticle size distribution of the beads was datexd by a laser particle counter.

-

Exemplary, the result of one batch is presentedgnorei 3-4.
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Figure 3-4: Particle size distribution of the sample S2.

A sharp monodisperse peak at 1000 um was obserradristrating the uniformity of

the bead size distribution. Indeed, the bead sirebe tuned in the range from 600 to
1200 um by changing the flow rate in the injectipart under otherwise identical
conditions. In general, the sphere diameter inectagith decreasing flow rates. This

dependence of the sphere diameter on the injecaitanis in good agreement with the
results described by Witossekal. ")

3.3.3. Textural properties
The textural properties of the resulting silica deawere evaluated using,N

physisorption. At first, the influence of the presor composition and especially of the
organosilane content in the precursor was studted. TEOS/APTMS ratios between 2
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and 6, the specific surface area increased fromnfag* to 143 Mg’ as the
TEOS/APTMS ratio increased from 2 to 6 indicatiratt higher concentrations of
APTMS leads to decrease of the specific surfaca &ee Figure 3-5). As APTMS

contains one amino group it acts as a base whithlyzas the hydrolysis and

condensation of TEOS resulting in more condensdednmaés.
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Figure 3-5: Specific surface areas of silica materials basedth®e S2
TEOS/APTMS ratio.
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Figure 3-6: Comparison of the specific surface areas deteiyeBET analysis of nitrogen isotherms for

the two types (S1 and S2) of polysiloxane materiflife amount of transition metal was 0.4 wt. %tfar

S1 series and 1 wt. % for the S2 series.
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Addition of transition metal components to the pmsor mixture had a significant
influence on the bead formation rate of and isex#fid on the specific surface area. The
effect derived from the transition metal component the specific surface area for
materials S1 and S2 is presented on Figure 3-6.speeific surface area of the S1
material was larger than in the case of S2 systeng transition metal is added to the
system. Both types show the tendency that the fspecirface area was lowered by the
addition of a transition metal (Co, V or Cu) indadent of the kind of transition metal. In
the case of Cu, the specific surface area was eedtec 14% of the value found in the
absence of the metal component. The addition ob ¥hé mono amino type precursor
solution resulted in a reduction of the specifidate area to 32%. A general trend of the
influence of the type of transition metal on theedfic surface area of the resulting
functionalized silica spheres cannot be deduced ftos.

To investigate the influence of the concentratioh transition metal, C3 was
introduced in different concentrations to otherwidentical precursor solutions. The
specific surface areas of the resulting spheresshmvn in Figure 3-7. While the
incorporation of 2 mol % Co in the polysiloxane leda reduction of the surface area
from 103 nig™ to 58 nfg’ compared to the pure silica spheres, further as®eof the
loading of Co from 2 mol % up to 5 mol % led tareehr increase of the specific surface
area from 58 g™ to 85 nf g*.
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Figure 3-7: Effect of Co concentration on specific surfaceaaref polysiloxane materials S2.
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3.3.4. S  MASNMR spectroscopy of silica materials

-10 -30 -50 -70 -90 -110 -130 -150
& [ppm]

Figure 3-8: ?°Si MAS NMR spectra of a transition metal (Co or Quntaining polysiloxane material
compared to the pure silica material. The displesifida materials are of the S2 type. NMR spectesew

recorded at ambient conditions.

To determine the degree of polymerization of thiygtmxane the local environment of
Si was investigated bySi MAS NMR spectroscopy. TypicalSi MAS NMR spectra of
investigated samples are displayed in Figure 3i8levattribution and relative intensity
of the bands are compiled in Table 3-2. Two grafpsgnals are observed in Figure 3-8.
The signals in the range from -40 to -60 ppm asegasd to silicon with three oxygen
neighbors (T species), whereas the group in thgerénmom -70 to -110 ppm corresponds
to silicon in the environment of four adjacent oggigatoms (Q species). Deconvolution

of the superposed signals lead to three subspeicieand Q species respectively.
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Table 3-2: Relative intensities of Si-species occurring ie fiolysiloxane network for materials of the
composition TEOS : APTMS =2 : 1.

Chemical shift Si-species relative intensity

(PPm) S2 Cu-S2  Co-S2
-55 T 0.016 0.022 0.022
-60 T 0.022 0.069 0.078
-68 T 0.093 0.081 0.080
T total 0.131 0.172 0.180
-92 07 0.076 0.072 0.092
-100 o} 0.326 0.307 0.249
-110 d 0.466 0.449 0.480
Q total 0.868 0.828 0.821
TIQ 0.151 0.208 0.219

QYQ? 1.429 1.463 1.922

The T species result from the aminopropyl silanbergas the Q species result from
TEOS. A comparison of the ratio of T species revéfat the addition of transition metal
results in a lower degree of condensation of tigamofunctionalized Si species. But this
fact is neutralized by the fact that the relativenaentration of T sites increases as
concluded by the observation that the ratio of¢lmie of T and Q species increases after
metal addition from 0.151 to 0.208 and 0.219 repely. This is accompanied by a
higher concentration of nitrogen in the materidieTatio of @ to Q@ is shifted towards
the totally condensed Si, when transition metaésiatroduced to the system indicating

that the degree of condensation of TEOS increased.

3.3.5. IR spectroscopy of synthesized materials

The amino functional group incorporated into thelypitoxane network and its

influence on the anchoring of the transition metahponent to the silica framework was
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characterized by IR spectroscopy. The IR spect@o€ontaining and pure polysiloxane
spheres are compiled in Figure 3-9.

\s
e

e

3800 3300 2800 2300 1800 1300
Wavenumbers [cm-]]

Cc

Absorbance [%]

Figure 3-9: IR spectra of polysiloxane materials with no Cos@mple S2), 1.1 wt. % Co (b, sample Col1l-
S2) and 2.0 wt. % Co (c, sample Co020-S2) loading.

As shown in Figure 3-9, all spectra indicate a paaR740 crit, which is assigned to
the stretching vibration of terminal silanol groupghe broad peak at 3700 ¢nis
attributed to the perturbed OH groups resultingnfroydrogen-bridge bonding in the
material. The presence of aminosilane is indicatethe band of unperturbed NH groups
at 3420 crit in every spectrum. In the presence of Co additibaads at 3338 cihand
3284 cni appear (see magnification in Figure 3-9). These bands were observed
independently of the method Co was introduced te $ilica matrix, i.e., direct
incorporation during the sol-gel process or inaipetness impregnation of synthesized
silica beads with Co salt solution. These bands afgpear independently of the solvent
and the counter ion used during the impregnation.
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The bands between 2800 and 3000'ame attributed to the C-H stretching vibrations
of the organic side groups. The bands at 1740 9 26¢ are attributed to vibrations of
the Si-O bonds in the framework. At lower wavenursb@520 — 1740 ci) the N-H
deformation vibrations were observed. A changehefghape of this band from the Co
free sample to the material with higher Co contedicates the complexation of the
metal ion by the amino groups. Between 1320 and0i&0' originate from the
deformation vibrations of CH-, HCN- and HNC functé groups!®

2169 cm!

2048 cm-!

Absorbance [%]

2250 2200 2150 2100 2050 2000
Wavenumbers [cm™]

Figure 3-10: IR spectra of adsorbed CO on the Co containingptai@o020-S2 (a) and the spectrum of Co
free polysiloxane S2 at 303 K and 1.5 mbar CO.

In order to test the accessibility of transitiontal® CO was adsorbed to Co containing
materials. Figure 3-10 shows the IR spectrum ofgd8orbed on the sample Co20-S2 at
ambient conditions compared to the spectrum of giiea (S2). Adsorbing CO to Co
containing materials results in two bands in thectpim at 2048 cthand 2169 cm.
The first one is characteristic of terminal str@tghvibrations of CO in carbonyls, while
the band at 2169 chis attributed to CO adsorbed on“oations?® Both bands appear
in all Co containing silica spheres.
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Figure 3-11: Normalized absorption of the band 1630 coaused by water adsorbed to the material. The
S1 material &) was compared to S2 material) (and to the corresponding calcined material withou
organic side groupaj (adsorption of water was recorded by IR at 323 K)

To identify the adsorption of water to the polysdoe network IR experiments at
different water partial pressures were conductégurg 3-11 shows the uptake of water,
which is based on the normalized intensity of th®4#H deformation vibration band at
1630 cnt* in the IR spectra. Here, the water uptake was wedndicator for the
hydrophobicity of the synthesized materials. Sysittexl polysiloxane materials were
compared to an oxidic reference sample (100% wadsprption capacity) which was
created by treating a polysiloxane in air at 873& . comparison of resulting water
isotherms shows that sample S1, containing 34 W&, %as lower water uptake capacity
(4%) compared to sample S2 which contains 9 wt. %and shows a water uptake
capacity of 39%. To quantify this trend of hydroploity water uptake measurements
were performed by thermogravimetry under identmahditions. The oxidic reference
sample showed the highest water uptake (100% qamels to 74 mg Goiq). Sample S1
only reached 13% of maximum water uptake, wheraagpke S2 shows a water uptake
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capacity of 47%, which is in good agreement with iR experiments. Summarizing the
water adsorption experiments, it is observed thatreference sample which does not
contain organic groups shows the highest waterkepéad, thus, is considered as the
most hydrophilic one.

-44 -



Chapter 3 — Synthesis of spherical polysiloxanes

3.4.Discussion

The combined experiments show that an upper lifraround 30 mol % APTMS in the
mixtures consisting of TEOS and APTMS exists witspect to a sufficient stability of
the resulting solid spheres. If the concentratibABTMS is higher, the spheres formed
collapse to fine particles during the drying praoed This is attributed to the formation
of an insufficient concentration of Si-O-Si bridgescase of a higher concentration of

non-condensable silica components.

The presence of basic amino groups and of a cat@)BTDL) is beneficial for the
forming of the silica network and the complexatiohthe metal. The basicity of the
amino group accelerates the hydrolysis and inceedise gel formation rate due to
hydrogen-bridge bonds between the amino group gdrbikyl groups already formed on
the silica surfacd?¥ The dialkyl tin catalyst containing two hydroly$afunctionalities
acts as a leaving group, which can be created fr@mintermediately formed silanol,
increasing in consequence the condensation rate. cFhcial point in the present
synthesis strategy is to subtly adjust the condemsaate. High reaction rates are
unfavorable with respect to the formation of umfoispheres and blockage of the
injection system, but too low rates on the otherdhlamit the formation of mechanically
stable beads.

The particle diameter of the spheres can be adjustecontrolling the droplet forming
process via the water flow rate and the injectieloeity of the precursor solution, which
both define the size of drops of reactive mononaerd so the diameter of the resulting
sphere allowing a narrow size distribution of tletigles. As a quantitative measure the
dimensionless Weber number (Wé w?dc™) is used. It describes the fluid inertia
compared to its surface tension. The lower the ¥lees the closer the droplet geometry
approaches a perfect sphere. For a standard exgeripn= 0.95 g cit; w = 0.15m &;

d = 1000 pm;oc = 0.02 N n) the value is calculated to We = 1.1. As compariso
should be mentioned that droplets, which providéo®Yenumbers above 13 disintegrate

in gas phase processes.
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It was observed that the concentration of aminougsois below the expected
depending on the precursor mixture. This is atteduo the water solubility of amino
containing silanes and the formation of oligomewmf aminopropyl silanes, which are
water solublé®™ When di-amino silanes are applied the resultingceatration of N is
lower than in the case of the mono-amino mixturee @o the presence of two polar
amino groups, it is assumed that AAMS and the ofigrs formed from it show a higher
tendency to dissolve in water than the mono-basmina Although the amine
concentration is below the expected value an iraratpn of amino groups into the

polysiloxane network was shown by IR spectroscopy.

The hydrophobicity of the synthesized materials diasctly proportional to the carbon
content, and the hydrophobicity of the organic goun oxide materials, OH surface
groups allow the adsorption of water and, thus.elatively high hydrophilicity is
generated. If a certain fraction of ester groupshim precursor mixture is replaced by
organo-functionalized side groups, the concentnatid surface OH-groups of the
resulting material in the sol-gel process is redudsecause hydrophobic groups are
substituting hydrophilic ones. When phenyl groupsiatroduced (material S1) an even
more pronounced decrease of the water adsorptjpecits is observed since the phenyl
ring itself is less polar than the amino propylupo

The complexation of the metals by the amino grauperified by IR spectra of cobalt
containing polysiloxane spheres. Two bands appeahé IR spectra at 3338 &nand
3284 cm', which are assigned to NH vibrations. Note that thwer wavenumber
compared to the NH vibration in the absence of ktdbédicates an interaction with the
metal cations. Additionally, the change of the bamdhe region of the deformation
vibration of the NH supports the assumption oflibading of Co to the amino groups of
the framework. The same effect can be observedhenlR spectrum when an amino
group containing polysiloxane is exposed to anpiecit wetness impregnation procedure

where an aqueous solution of a Co salt is addéaketpolysiloxane support.
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Scheme 3-2: Schematic representation of the coordination ofedal species to the polysiloxane network

via amino containing side groups.

A further indicator of the complexation is the fabiat the transition metal acetyl
acetonate is hardly soluble in TEOS or the solvesgd for the synthesis, but in the
amino silane it dissolves readily. One or more angantaining silane molecules form a
complex with the Co species resulting in a bulkydure. Starting from thesa situ
formed nuclei the condensation will start readdgulting in an enhanced overall reaction
rate. As a result the conversion into solid pagscivas faster, when metal compounds
were added to the reaction solution. During the@iiporation of Co into the polysiloxane
matrix a change in color from violet to blue in thesulting solid polysiloxane is
attributed to the change of coordination of Co.the violet starting material Gbis
tetrahedrally coordinated by the acetyl acetorigentls. During the synthesis procedure
Co is coordinated by an amino group. Thereforectt@dination sphere is supposed to
change to octahedral which accompanies with areased splitting of the energy levels.
It is also noted that in general amino groups a@nk to split up the energy levels more
pronounced. Higher splitting in turn leads to apson of light of shorter wavelengths,

which corresponds in a red shift of the appearwigrc

Besides the complexation of the metal ions, amimationalized silanes remarkably
influence the condensation behavior. By varying &RTMS concentration in the S2
mixture it was shown that higher base concentrataxcelerate the overall reaction rate
and lead to a decrease of the specific surface &teareason for this is that the higher
concentration of amino groups causes a higher cdrateon of water inside the droplet.
This is supported by the more pronounced leachfr§AMS compared to APTMS as
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AAMS has higher basicity and hydrophilicity. In tiease of the AAMS precursor, the
barrier for water diffusing into the droplet is lemthan in the case of the less hydrophilic
APTMS. Although the higher basicity of AAMS (duett@o amino groups) and a higher
hydrophilicity compared to APTMS allow a faster densation of the polysiloxane
network, it was observed that the specific sura@a of S1 materials was higher than of
S2 materials. This is explained by the fact that dinganic side chains of AAMS and
PTMS have a higher steric demand which circumveamtsiense packing of the

polysiloxane.

The degree of condensation is also affected byptheence of transition metafSSi
MAS NMR spectroscopy shows that the concentratiamghly condensed Si Q4 species
increased in the presence of transition metals eoatbto Q3. We attribute this to the
complexation of the metal by the amino group of thitane precursor and the
accompanied increased overall reaction rate bydimeation of condensation nuclei. As
a second fact, it is observed that the specifidaser area is decreased as soon as
transition metals are added to the polysiloxan&irgthese facts together it is concluded

that a denser network is formed, when transitiotaims added.

Starting from the Co concentration of 1.9 mol % $pecific surface area is decreased
to 53% compared to the equivalent material with@at If the Co concentration in the
precursor mixture is raised above this level, havethe specific surface area increases
linearly. The reason for this might be the reductaf the absolute concentration of
(basic) amino functions. By the complexation oft6e amine is blocked and is no longer

available as a base to enhance the silane condamsat

Although a more rigid network was created by inocogbing transition metals, the
transition metal was still accessible by CO asabemolecule (CO did not adsorb on Co
free polysiloxane). The adsorption of CO to thealst shows that at least one
coordination position on the Co cation is accessihtlicating that it is coordinatively
unsaturated. Under the applied synthesis conditicater fills all coordination places in
the Co surrounding and is replaced by CO during @tisorption experiments. In a
potential catalytic application the thermal activat procedure will free this site and

allow access to the transition metal cation.
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3.5.Conclusions

A one step method for the synthesis of millimeieed silica spheres covered with
organic functional groups and containing accessialesition metal cations is presented.
Through tailoring the initial silicon precursor cposition and injection rate it is possible
to prepare spherical silica beads and control tim@icroscopic size as well as their pore
structure. Amino silane functional groups introdiiceto the polysiloxane networks are
not only important for the successful formation lmfads and adjusting the textural
properties and hydrophobicity of the resulting mate, but are also the sites for
anchoring transition metals such as Co, Cu, FeahthV. The method described allows
the synthesis of catalytic active moieties alreamtyprporated in a tailored macroscopic

shape.
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Chapter 4

Selective liguid phase oxidation of o-xylene
with gaseous oxygen by Cobalt containing

silica initiator -catalyst-systems

Polysiloxanes containing Co or Mn act as initiat@sd catalysts in the selective liquid
phase oxidation of o-xylene by oxygen under solfireetconditions. Their hydrophobic
character allows the fast desorption of polar protfuresulting in a higher activity
compared to the benchmark system Co naphthenagdd3ethe acceleration of the
initiation Co or Mn catalysts efficiently decompoiee intermediate 2-methylbenzyl
hydroperoxide. The decomposition ratio of the puaisglu o-tolualdehyde and
2-methylbenzyl alcohol can be controlled by thestgh the transition metal, i.e., Co
increases the selectivity towards the aldehydelentin cations favor the formation of

alcohol.
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4.1.Introduction

The direct insertion of oxygen into organic molesulgenerates important chemical
functionality with high atom efficiency. This makeeglective oxidation reactions very
attractive for industrial applications. Importantaeples of liquid phase oxidation
reactions carried out on industrial scale are ttidation ofp-xylene and related aromatic
educts to the corresponding acids (especially toelyztion of terephthalic acid from
p-xylene!™) and the oxidation of cyclohexane to the corresipanketone and alcoh®i.
The resulting products are important intermediatesnonomers for the production of
nylon and polyethylene terephthalate (PET) respelsti These autoxidation processes
have in common that the reactions are carried muhé liquid phase using oxygen as
terminal oxidant. Both proceed via a radical reaciathway in presence of Co and Mn
compounds, which act as initiators for the formatad radicals. In case of thexylene
oxidation a halogen source (i.e., HBr) is typicahyroduced to increase the activity of

the system via enhancing radical formatigr!

The mechanism of autoxidation reactions is desdrizefree radical chain reactiofls
consisting of initiation, chain growth and terminatsteps. The chain growth is sustained
by the formation of hydroperoxides, which are thaltynor catalytically decomposed
over transition metals (e.g., Co or Mn) to oxygesafThis decomposition is generally
described as the Haber-Weiss mechani@mlternatively, the hydroperoxide can also be
dehydrated to an aldehyde over an acid functignalihe central role of the transition
metal species lies (a) in the generation of orgamtties in the form of radicals via
hydrogen abstraction and (b) the catalytic decomtipasof hydroperoxide compounds to

the corresponding alcohols and aldehytfés.

For the oxidation of cyclohexane on an industréals typically mixtures of cobalt and
manganese naphthenates are employed. The limgabbrthis process are the low
conversion usually achieved and the undesired higiiohexanol yields. The ratio of
cyclohexanone and cylohexanol can be tuned anadhasvik to strongly depend on the
type of transition metal of the cataly$t. Co enhances the formation of cyclohexanone,

whereas Mn catalysis increases the selectivity tdsvayclohexanol. For the commercial
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oxidation ofp-xylene mixtures of Co, Mn and Br initiators arephgd as initiators with
acetic acid as solvent. Due to the presence of in@mand acid the mixture is highly

corrosive and special precautions have to be takbandle it on an industrial scale.

As an alternative heterogeneous initiator and gsttadystems are available for liquid
phase oxidations in the presence of oxygen, whial potentially combine the benefits
of easy separation with the advantage of non ceeoseactions mixtures. Several
examples for the successful application of heteregas initiator/catalyst systems for the
oxidation of alkyl substituted aromatics are ddsedliin the literature, however, in depth

insight on the prevailing reaction mechanismsrstéd.® °!

Thomaset al. used heterogeneous AIPO-36 systems loaded witiM@mr Fe for the
liquid phase oxidation g-xylene top-toluic acid, 4-formylbenzoic acid and terephthalic
acid under varying conditions® These materials, however, are up to date only of
academic interest, because they do not reach taugtivity of the industrially used

Co/Mn/Br systems.

MnAPO-5 was studied by Modeet al. *” for the decomposition of hydroperoxides
during the selective oxidation reaction of cyclotwes. The investigated catalyst systems
were proven to act as heterogeneous catalysts lbpngmsing the intermediate
hydroperoxide !> * Ramanatharet al. developed an amorphous mesoporous cobalt
containing silicate (Co-TUD-1) as an effective ¢tgh for the decomposition of

cyclohexyl hydroperoxide to cyclohexanol and cyeidnone!*?

The selective oxidation af-xylene to phthalic anhydride is carried out asaa ghase
process using vanadia-titania catalysts on indasstale.** ¥ A large number of
reports on the reaction conditions, catalyst contipos and reaction mechanism exists
in the open literature for this gas phase reactdrt® The main limitation of this process
is the selectivity of ca. 80-85% to phthalic anhgdrat almost 100% conversion.
Separating the process into two consecutive stggsspresented as possible solution to
increase the selectivity to 88% in the patent ditere.*®! In a first stepo-xylene is
oxidized over Co naphthenate d@eoluic acid, which is converted to phthalic anhger

by a subsequent partial oxidation step using adianzatalyst. Recently, we described a
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polysiloxane based material that is capable forstective liquid phase oxidation of one
of the methyl groups ob-xylene under solvent free conditiond” In the present
contribution these solid Gband Mri* cation containing hydrophobic initiator catalyst
systems are used for the mechanistic descriptiothefreaction network of this liquid
phase oxidation. The formation and consumption hef tadicals in the individual
elementary steps of the reaction were used to eterthe reaction pathways and a
complex network of reaction steps was derived tdax the reactivity and selectivity to

artially oxygenated substances ovef'Go Mn** containing initiator catalyst systems.
p y 0Xyg
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4.2 .Experimental

4.2.1. Catalyst Synthesis

Spherical polysiloxanes were synthesized by apglyire sol-gel proces$® using a
mixture of (easily hydrolysable) silane precursargl a transition metal source, which
was injected into a water filled column. The iflgaformed stable droplets were
converted into spherical particles by polymerizatd the silanes in the aqueous phase at
333 K. In order to assure a sufficient condensatide dibutyl tin dilaurate was added to
the solution. The detailed procedure of the syrishissdescribed elsewheré? After
ageing in water at room temperature for 12 h thalyst materials were washed with
deionized water andpropanol. Before their usage the solid materialsewdried by
lyophilization. The diameter of the synthesized tip|ms was in the range of
800 - 1200 pm. 3-aminopropyltrimethoxysilane (>97%jraethyl orthosilicate (>99%),
1-butanol (>99.5%), dibutyltin dilaurate (95%), edtb (I) and manganese (lll)
acetylacetonate (97%), triphenyl phosphine (>98.5%g tetradecane (>99%) used for
the catalyst synthesis and the reactauxtylene (>99%) were purchased from Sigma

Aldrich and used without any further purification.

The concentration of the metal in the solid catalywas determined by atomic
absorption spectroscopy using a UNICAM Solaar Mecdmmeter. For this typically,
30-60 mg of the sample was dissolved in 0.5 mlyafrbfluoric acid (10%) at its boiling
point (about 383 K).

4.2.2. Liquid phase oxidation of o-xylene

The liquid phase oxidation experiments were caraetin a lab-scale bubble column
reactor consisting of a 10 mm inner diameter gtabe loaded with reactant-kylene)
and catalyst without the usage of a further solv@rior to each reaction, the reactant was
heated to the desired temperature under nitrogenudking a pressure of 2.4 bar. The gas
was directed through a glass frit to form smalllidab in order to minimize the transport
resistance of the gas into the liquid. The uppet phthe reactor was cooled to 293 K
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and the entrance gas stream was saturated at ithe teemperature witlo-xylene to
prevent the loss of reactant via the gas stream.r@action was started by switching the
nitrogen to a mixture of synthetic air (50%) anttogen. After the reactor the gas stream
was directed through a saturator filled with 0.IN®OH to quantify the integral amount

of CO, formed in the reaction by back titration with hgdnloric acid.

Liguid samples were collected by using a syringeited from the top of the reactor.
Hexachlorobenzene was used as internal standaeldry reaction. To identify the
concentration of products a Shimadzu GC-2010 geswdtograph equipped with a 30 m
DB-5 column (0.25 mm inner diameter and 0.25 pm fihickness) and a FID detector
was used. Tetradecane was added to each analysierasl GC standard. To determine
the concentration of the 2-methylbenzyl hydropedexithe procedure described by
Shulpinet al.?® was used.

4.2.3. Adsorption of CO followed by IR spectr oscopy

The samples were prepared as self supporting wéBet® mg crif) and measured in
transmission mode using a with a Bruker IFS88 spewter using a resolution of 4 ¢m
After activation in vacuum (Idmbar) at 723 K (heating rate 10 K rifjnfor one hour
the samples were cooled to 300 K and CO was adsaabgartial pressure between
10° mbar and 1 mbar.

4.2.4. *H NMR spectroscopy

'H NMR spectra of the reaction solutions were aredyavith a Bruker NMR
spectrometer operating at 360 MHz, using 5-mm hegolution liquid probes under

ambient conditions. The reaction products wereotiiesl in CDC3}.
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4.3.Results
4.3.1. Catalyst characterization

The chemical composition of the Co and Mn contaroatalysts determined by AAS
and elemental analysis are summarized in TableBethre synthesis of the catalysts, the
metal compound was mixed with tetraethyl orthoatéc (TEOS) and 3-amino-
propyltrimethoxysilane in a ratio of 2:1 in 10lv8o 1-butanol and a Sn containing
reaction accelerator was added. The precursor mixtias injected into a water filled
column at 333 K. During the polycondensation resctthe density of the injected
droplets increased until solid spheres were fornvauich sunk to the bottom of the
reactor. After removing the solid polysiloxane sm@sefrom the synthesis apparatus the
catalysts were stored in water at ambient condition 12 h for further ageing and finally
freeze dried. The catalysts were used for the owidareaction without any further
pretreatment. The elemental composition of the lgstea was not affected by the

oxidation reaction; especially the N concentrati@s constant.

Table 4-1: Chemical composition of the Co and Mn containiatatysts. Note that the difference to 100%
is balanced by oxygen.

Sample  Metal loading C content  Sicontent N content H content

name (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
Co-0.3 0.3 6.7 33.6 1.1 2.7
Co-0.8 0.8 7.6 34.2 1.8 25
Co-1.1 11 8.7 33.1 2.0 2.5
Co-1.9 1.9 8.0 25.7 2.2 3.0
Mn-2.0 2.0 14.3 31.5 3.1 3.7

The loading of Co was varied in the range from @.3L.9 wt. % by synthesis. The
diameter of the spheres was kept constant at 80@gurall materials. Co containing

samples showed blue color and the Mn materials tmeren.
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4.3.2. Adsorption of CO on the Co containing catalyst

The IR spectra during adsorption of CO on Co-1.9G8 K and CO partial pressures
between 18 mbar to 1.5 mbar are shown in Figure 4-1.

2169 cm™

Absorbance [%]

2250 2200 2150 2100 2050 2000
Wavenumbers [cm™]

Figure 4-1: Difference IR spectra of CO adsorbed on Co-1.@lgst at 303 K and CO partial pressures
between 18 and 1.5 mbar.

Adsorption of CO on the Co containing catalysts tiedhe formation of two bands at
2048 cm' and 2169 cm, which are characteristic for stretching vibrasioof CO in
metal carbonyl species and for CO adsorbed on Lewidic Co (Il) cations?) The
carbonyl band at 2048 ¢his more intense at low pressures and increasegsstightly
with the CO partial pressure. The band at 2169,cattributed to CO adsorbed on
Co (I), increase over the entire pressure rangeiest and did not reach saturation at the
highest pressure applied. Therefore, the saturaiimerage was calculated from fitting
the coverage with a Langmuir sorption isotherm:

_ K xp
Q_Qsat1+pr
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With Os4 the saturation coverage, K the Langmuir adsorptionstant and p the CO
partial pressure. The value for K was constant42 hbar for every catalyst sample.

CO adsorption [%]

0 1 1
0 0.5 1 15 2
Co concentration [wt. %]

Figure 4-2: Maximum CO coverage (band at 2169 9ras function of the Co loading of the catalysts.

The maximal CO adsorption capacity shows a linepeddency on the Co loading (see
Figure 4-2), which indicates that the accessibitind the local structure of the €o

species is not affected by the metal loading. TUppert itself did not show any evidence
for CO adsorption in the IR spectra.

In order to test the hydrophilicity of the polysiEne materials water was adsorbed at
different partial pressures. The coverage was Vi@t by IR spectroscopy and the

intensity of the H-O-H deformation vibration band 4630 cm' was used for
guantification.
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Figure 4-3: Normalized absorption of the band 1630’coaused by water adsorbed to the material. The
Co-1.9 catalyst«) was compared to the corresponding calcined nahtefthout organic side groups)
(adsorption of water was recorded by IR at 300 K).

The hydrophilicity of the C8 containing polysiloxane material was 40% of thédiux

reference sample, from which organic side groupsewemoved by treatment at 873 K
under air flow (see Figure 4-3).

4.3.3. Thermal decomposition of the hydroperoxide

Hydroperoxides are expected to be formed as reactitermediates in the partial
oxidation reaction of aromatic molecules, howeveey cannot be directly detected by
GC analysis as they thermally decompose into arehgide and an alcohol at
temperatures around 473 K (see Scheme 4% Yherefore, an indirect method has to be
applied for the detection of 2-methylbenzyl hydnapéde.
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OH @)

@)
“OH =
CHj CHj CHj3
2 — + + H,0 + 120,

Scheme 4-1: Decomposition of 2-methylbenzyl hydroperoxide ddolualdehyde and 2-methylbenzyl
alcohol.

Using a solution containing 1 mol % 2-methylbeniyldroperoxide (ino-xylene),
prepared by oxidizingp-xylene at 398 K with synthetic air for 12 h, aioabf 7:1
between o-tolualdehyde and 2-methylbenzyl alcohol formed Mllge thermal
decomposition in the GC inlet system was determiried the analysis of the liquid
samples a fraction was reduced with triphenyl phospto 2-methylbenzyl alcohol (see
Scheme 4-2).

OH
“OH
CHs CH,
+PPh, ——> + POPh,

Scheme 4-2: Reduction of the 2-methylbenzyl hydroperoxide 4methylbenzyl alcohol by PRh

o]

A second fraction was analyzed directly and by gighre ratio between alcohol and
aldehyde determined before, the concentrationdcohal, aldehyde and hydroperoxide

in the liquid samples could be determined.

The ratio of o-tolualdehyde and 2-methylbenzyl alcohol formed tme thermal
decomposition of the hydroperoxide was determingmtementally. The presence of the
hydroperoxide was confirmed Bii-NMR spectroscopy (Figure 4-4).
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Figure 4-4: 'TH-NMR spectra of the untreated 2-methylbenzyl hperoxide solution (a) and the solution
after reduction with PRH(b) under ambient conditions.

The 'H-NMR spectrum of the 2-methylbenzyl hydroperoxmstgution (Figure 4-4a)
contains a signal at 5.2 ppm which is assignedht grotons of thex-CH,-group.
Additionally, the mixture contains 2-methylbenzi¢@hol (4.8 ppm) ana-tolualdehyde
(10.4 ppm, not displayed here) in low concentratidrhis solution was injected into the
GC and analysis gave @tolualdehyde to 2-methylbenzyl alcohol ratio of 7 after

correcting for the initially present components.

The hydroperoxide was completely reduced with £8h 2-methylbenzyl alcohol
(Scheme 4-2) which is confirmed by the disappeaafithe NMR signal at 5.2 ppm and
the increased signal at 4.8 ppm correspondingd@litohol (Figure 4-4)he intensity of

the aldehyde peak remains constant after this druvee
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4.3.4. Influence of the Co concentration on the oxidation of o-xylene

The conversion ob-xylene as function of the Co concentration waglistl at 445 K
and a total pressure of 2.4 bar. In all reactiomsrauction period was observed. Its
duration decreased linearly with increasing Co ilogdThe rate ob-xylene conversion
for catalysts with Co loadings from 0.3 to 1.9 %tis compared in Figure 4-5.

0.8

o
o
\

Rate of o-xylene conversion
[mmol/h]
o o
N I
1 1

0 I I I 1
0 0.5 1 15 2

Co concentration [wt. %]

Figure 4-5: Initial rates ofo-xylene conversion as function of the Co conceittnabf the polysiloxane
catalysts (experimental conditions: 445 K, totagsure 2.4 bar).

The linear relation of the activity of the initiatoatalyst systems and the concentration
of active transition metal indicates that the ctehinature of the G species is
identical for all catalysts. This is supported ke tfact that the selectivity towards the
oxidation products as function of tlexylene conversion was independent of the cobalt
loading. An example of the selectivity as functiohthe conversion for the Co-1.9
catalyst is shown in Figure 4-6. Initially 2-methghzyl hydroperoxide, 2-methylbenzyl
alcohol andb-tolualdehyde are formed, whereas the selectieiyardso-toluic acid only

increases when the conversion exceeds 4 mol %. imhi@l slopes indicate that
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2-methylbenzyl hydroperoxide, 2-methylbenzyl aldadwed o-tolualdehyde are formed as

primary products, while-toluic acid was formed as a secondary product.

6_
T 41
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s 27
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0 4 8 12 16 20

Conversion [mol %]

Figure 4-6: Yields of o-tolualdehyde €), 2-methylbenzyl alcoholm), 2-methylbenzyl hydroperoxidei()

and o-toluic acid @) as function of the-xylene conversion (reaction conditions: 445 K, 19§ Co-1.9
catalyst, total pressure 2.4 bar).

Besides the main products phthalide (yields of 1 ¥hpand other side products such as
o-xylene dimers, esters of-toluic acid and 2-methylbenzyl alcohol, formiate$
2-methylbenzyl alcohol, toluene and phthalic anfdelrwere detected in minor

concentrations (molar yields below 0.4 mol % atvayeions above 20 mol %).

The ratio ofo-tolualdehyde and 2-methylbenzyl alcohol for theleation of Co and
Mn catalysts are compared in Figure 4-7. This rasicseen as a measure for the
selectivities of the decomposition products of Zimibenzyl hydroperoxide. The
absolute values for the yield of oxygenates casdamn in Figure 4-6. The ratio between
o-tolualdehyde and 2-methylbenzyl alcohol decredsmd an initial value of 2.5 at low

conversion to a constant level between 1 and Oghv@o or Mn were applied as catalyst
at higher conversion.
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Figure 4-7: Ratio of yields ofo-tolualdehyde to 2-methylbenzyl alcohol in deperadenf theo-xylene
conversion for the Co-1.9), Mn-2.0 (A) catalyst and without a catalyst)((reaction conditions: 445 K,
total pressure 2.4 bar).

Without catalyst the decomposition of the 2-metkytbyl hydroperoxide occurred only
at higher local concentrations, and the ratio efdldehyde and the alcohol was 0.7.

To verify that the transition metal was not leaclredn the catalyst during the reaction
the Co containing catalyst was used under the &ypeaction conditions at 445 K until
2-methylbenzyl hydroperoxide was decomposed, 8.enol % conversion (Figure 4-8).
After reaching this point the catalyst was remofredn the liquid phase by filtration at
353 K and the solution returned into the reactoffdather reaction at 445 K.
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Figure 4-8: Yields of the oxygenates-tolualdehyde €), 2-methylbenzyl alcohols), 2-methylbenzyl
hydroperoxide A) and o-toluic acid @) as function of theo-xylene conversion (reaction conditions:
445 K, 100 mg 1.9 wt% Co catalyst, total pressudebar). The Co catalyst was removed from the i@act
mixture when the concentration of 2-methylbenzyditmperoxide was below 0.03% (at conversion of 8%)
which is indicated by the vertical line.

The concentration of 2-methylbenzyl hydroperoxideréased again after the catalyst
was removed from the reaction mixture, while theasmtration ofo-tolualdehyde and
2-methylbenzyl alcohol remained constant until tmeaximum hydroperoxide
concentration was 0.7 mol %. At this concentratibbe decomposition rate of the
hydroperoxide in the liquid phase became largen tih@ formation rate (similar to the
reaction carried out without catalyst (see Figuk}and accordingly the concentrations
of the alcohol and aldehyde started to increasetidu Interestingly, the formation of
the acid was not affected by the removal of thelgats, which indicates that the
formation of o-toluic acid from o-tolualdehyde does not require the presence of the
catalyst. Additionally, the concentration of 2-mghenzyl hydroperoxide is below the
concentration compared to the reaction of mukglene. This is attributed to the presence

of oxygenates, which inhibit the formation of neadicals.
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To further assure that Co is not leached into ipgéid phase an AAS analysis of the
liquid phase after the oxidation reaction was penex, confirming the absence of Co in
the solution. Additionally a reaction without theeuof any catalyst was performed using
the concentration of the reaction products corredpg to a conversion of 8 mol % (see
Figure 4-8). The profile of reaction products wasi@ to the reaction where the catalyst
was removed at conversion of 8 mol % giving an @alial evidence for the absence of

Co in the solution.

4.3.5. Influence of temperature on 2-methylbenzyl hydroperoxide
decomposition

The effect of the reaction temperature on the deosition rate of the 2-methylbenzyl
hydroperoxide was studied over Co-1.9 at 2.4 bassure. The maximal yield of
2-methylbenzyl hydroperoxide and the correspondinglene conversion at which this

maximum yield has been reached are shown in Figy@e

Yield, Conversion [mol %]
.

0 ‘ ‘ ‘ ‘
420 430 440 450 460

Temperature [K]

Figure 4-9: Maximum vyield of 2-methylbenzyl hydroperoxide)(and the corresponding-xylene
conversion at which this yield has been reacidgxperimental conditions: 100 mg Co-1.9 catalistl
pressure 2.4 bar).
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The maximum concentration of 2-methylbenzyl hydrogele in the liquid phase
decreased when the reaction temperature incredgigite the maximum hydroperoxide
yield was reached at low temperature, the selégtai the conversion this has been
reached remained approximately constant for alttiea temperatures. This indicates
that the activity of the catalyst for decomposingnethylbenzyl hydroperoxide has a

higher apparent energy of activation than the feoioneof the hydroperoxide.

At a reaction temperature of 445 K the maximum 2hylbeenzyl hydroperoxide yields
were reached at 2.0 mol % and 2.7 mol % conversfoo-xylene for C6* and Mri*
catalysts, respectively, indicating that the hy@rogide was decomposed more

effectively on Co.

Normalizing to the concentration of the transitioetal species the TOF for the Co
polysiloxane catalysts was 4.0 iliand 3.5 mift for the Mn cation containing materials.
This is twice as high as the benchmark system @tithanate (TOF = 2.0 mif). With
the benchmark catalyst the yield oftolualdehyde was the highest tested (5 mol %

o-xylene conversion; see Table 4-2).

Table 4-2: Yields (in mol %) of main oxygenates with diffeteratalyst systems (experimental conditions:
445 K, total pressure 2.4 bar, 5 mol % conversion).

Co-
Compound Co-1.9 Mn-2.0
naphthenate
o-tolualdehyde 2.3 2.0 1.4
2-methylbenzyl
Y Y 0.2 1.8 2.4
alcohol
o-toluic acid 0.8 1.1 0.1

The yield of 2-methylbenzyl alcohol is the highesth Mn based catalysts, while in the
case of Co based catalysts the selectivities tawvartblualdehyde, 2-methylbenzyl
alcohol are nearly equal (2.0 and 1.8 mol %, retypedg). When Co naphthenate is used
1 mol % of the diester af-toluic acid and 2-methylbenzyl alcohol is formétbte that

the yield of 2-methylbenzyl hydroperoxide is veowl (< 0.1 mol %) at conversions of
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5 mol %, as it already decomposed to a large exfentdditional product phthalide is
formed with every catalyst used, which also balarthe sum of yields to 5 mol %.

The role of the transition metals for the decompmsi of 2-methylbenzyl
hydroperoxide was examined by comparing the reactith and without addition of a
Co containing catalyst at 445 K as show in Figut®4

3,

Yield [mol %]
N

0 4 8 12 16 20
Conversion [mol %]
Figure 4-10: Yield of 2-methylbenzyl hydroperoxide in dependeinf theo-xylene conversion in absence

(m) and presence of a catalyst (Co-1.8)) (and with support materia#} (reaction conditions: 445 K, total
pressure 2.4 bar).

The formation of 2-methylbenzyl hydroperoxide ised¢ed as soon as oxygen is added
into the reactant gas mixture. In the absence otatalyst the 2-methylbenzyl
hydroperoxide vyield increased to 2.6 mol %, while the presence of Co-1.9 the
hydroperoxide was rapidly decomposed on the cat#&gsling to a significantly lower
concentration. The maximum yield of 2-methylbenaytiroperoxide (2.6 mol %) can be
considered as a maximal vyield, before the decortiposito o-tolualdehyde and
2-methylbenzyl alcohol exceeds the formation ratethe liquid phase without the
application of a catalyst. When the support matesighout any transition metal was
tested under reaction conditions the maximal 2-gleémzyl hydroperoxide yield was
0.5 mol % and the conversion was limited to 1.5 %ol
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Figure4-11: Yields ofo-tolualdehyde €), 2-methylbenzyl alcohom), 2-methylbenzyl hydroperoxidek()
and o-toluic acid @) in dependence of thexylene conversion without catalyst in the initiase of the
reaction. The Co-1.9 catalyst was added after melkftime (vertical line) (reaction conditions: 4K5
total pressure 2.4 bar).

To further investigate the function of the catalytste reaction was initially started
without catalysts and only after the 2-methylbenhyldroperoxide yield reached a
constant level Co-1.9 was added. The concentratiofiles of the oxidation products are
shown in Figure 4-11. In the initial phase the ¢ief 2-methylbenzyl hydroperoxide
increases to 2.4 mol % before the’Ceatalyst was added. In the presence of the catalys
the yield of 2-methylbenzyl hydroperoxide decreasapidly and simultaneously the
yields of the decomposition productstolualdehyde and 2-methylbenzyl alcohol
increased at almost the same rate. Note that thease ob-toluic acid yield rises after
the addition of the catalyst due to the creation-tflualdehyde by the decomposition of
2-methylbenzyl hydroperoxide.

4.3.6. Reaction with intermediate products

To elucidate the reaction network and to studyitfieence of the concentration of the

reaction intermediateg-tolualdehyde and 2-methylbenzyl alcohol on thectiea, each
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of them was added into the reactant before starthmy reaction. The vyield of
o-tolualdehyde after adding 2-methylbenzyl alcohplogolualdehyde is illustrated in
Figure 4-12.

3,

N
1

Yield [mol %]

0 5 10 15
Conversion [mol %]

Figure 4-12: Yields of o-tolualdehyde after adding 1.8 mol % 2-methylberegiohol (A) or 1.6 mol %
o-tolualdehyde %) to the reactant and for the reactiorpefylene (@) (reaction conditions: 443 K, 100 mg
Co-1.9 catalyst, total pressure 2.4 bar).
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Figure 4-13: Yields of o-toluic acid after adding 1.8 mol % 2-methylbenajtohol (A) or 1.6 mol %

o-tolualdehyde %) to the reactant and for the reactiorpefylene (@) (reaction conditions: 443 K, 100 mg
Co-1-9 catalyst, total pressure 2.4 bar).

At low conversion levels the yield ob-tolualdehyde increased after adding
2-methylbenzyl alcohol, while at higher conversievels the addition of 2-methlybenzyl
alcohol did not change the vyield oftolualdehyde compared to the oxidation of neat
o-xylene. This confirms that-tolualdehyde is a consecutive product of 2-methyityl
alcohol. On the contrary, the addition @tolualdehyde into the reactant significantly
lowered its formation in the reaction.

The influence of adding-tolualdehyde and 2-methylbenzyl alcohol on thenfation of
o-toluic acid was investigated at 445 K at 2.4 bsing the Co-1.9 catalyst (see Figure 4-
13). Adding 2-methylbenzyl alcohol to the reacthatl a positive effect on the yield of
o-toluic acid. The addition ofo-tolualdehyde leads to an even more pronounced
enhancement of the vyield iro-toluic acid. Adding the intermediate reactants
o-tolualdehyde and 2-methylbenzyl alcohol into tleaatant generally increased the
induction period, which implies that the formatiaf radicals is retarded when

oxygenates (i.e., aldehydes or alcohols) are ptediiter adding the intermediate
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products not only the selectivity towards the censge products but also the rate of
o-toluic acid formation is increased in the seqeemxylene, 2-methlybenzyl alcohol

addition,o-tolualdehyde addition.

4.3.7. Catalytic activity in the oxidation of methyl substituted aromatics

To test the general catalytic activity of Cacontaining polysiloxane spheres also
toluene and 1,3,5-trimethyl benzene (mesitylene)rewéested. The experimental
conditions were kept equal to thoseoetylene oxidation, i.e. 100 mg of the catalyst was

used and the reaction temperature was 445 K.

The spectrum of oxidation products of toluene ideld benzyl alcohol and
benzaldehyde. Benzoic acid was observed in veryyi@ds under the applied reaction
conditions. In case of the oxidation of mesitylggr@ducts were 3,5-dimethylphenyl
methanol, 3,5-dimethylbenzaldehyde and 3,5-dimb#nioic acid. The reactivity
increased in the row toluene, mesitylene and/lene which is in good agreement with

the predicted initial rate of oxygenation summatibg Partenheimef’
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4.4.Discussion

The results clearly indicate that the selectivalation ofo-xylene over transition metal
based catalysts proceeds via radical reaction @athwA linear correlation of the €o
loading and the initial reaction rate was observadch implies that the active center for
the initiation reaction is the transition metal.eTaccessibility of the G6by CO showed
a linear correlation to the oconcentration in the material which further strizegs
this assumption. The stability of the catalyst mate was shown by an unchanged
elemental composition of the polysiloxanes after akidation reaction. Furthermore the
CO adsorption behavior of used catalysts was gquakt of fresh materials proving that

the accessibility of the transition metal was reatuced.

The formation and decomposition of 2-methylbenzydroperoxide can be seen as the
initial step followed by a series of radical bagedctions leading t@-tolualdehyde,
2-methylbenzyl alcohol andtoluic acid. To evaluate the formation and constiompof
radicals by the individual reactions along the teacroute the most feasible reactions
occurring in the oxidation ob-xylene via a radical based reaction mechanism are
summarized in Table 4-3. The reactions includethis table contain the routes to the
main products observed, i.e., 2-methylbenzyl hydropide, o-tolualdehyde,
2-methylbenzyl alcohol angttoluic acid.

Table 4-3: Radical reactions during the oxidationceylene.ln stands for initiator specieR, symbolizes
radicals species.

CH5

11 Co* + O, + H —— = Co® + «OOH

CH;

12 + |n° N + InH
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/OH .
o 0
11.0 o o)
- - +OHe
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The formation of 2-methylbenzyl alcohol can proce&dfive possible pathways. Four
of these routes proceed via the formation of 2-glbdnzyl hydroperoxide (reactions
1.0, 1.2 or 1.3 in combination with 2.0 and 3.0)dwed by its thermal or catalytic
decomposition (reactions 5.0 and 6.1, 5.1 and 8.0, and 6.1 or 3.0 and 6.0).
Alternatively, it can be formed from a benzylic iGa by a recombination with an
OH-radical (reaction 6.2). This OH-radical origiesitfrom the decomposition of a
hydroperoxide.

For the formation ob-tolualdehyde three pathways are possible. Onweislirect route
starting from o-xylene, which proceeds via the dehydration of 2hylbenzyl
hydroperoxide (reaction 7.0). Alternativelg-tolualdehyde can be formed from
2-methylbenzyl alcohol as a consecutive productcdtiens 7.1, 7.2) or from a
2-methylbenzyl alcohol pathway by the reaction wath alkoxy radical by delivering a
hydrogen atom to a carbon based radical (reacti@h The latter step is consuming
radicals to a high degree and, therefore, the foomaf o-tolualdehyde via this pathway
has to be seen as highly radical annihilating. Aate initial radical concentration is
necessary to propagate the radical chain. Wherm-tb&ialdehyde fraction is too large

the chain propagation is slowed down strongly bseaof the consumption of radicals
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that is necessary for its formation and furthernession and thus is observed as the first

main product of the oxidation reaction.

Comparing the oxidation af-tolualdehyde and 2-methylbenzyl alcohol (reactidris
7.2 and 8.0, 9.0, 8.1, 9.0 followed by 10.0, 1101 and 12.0), it appears unlikely that
the oxidation of 2-methylbenzyl alcohol significgntontributes to the formation of
o-toluic acid. No direct route from 2-methylbenzyt@hol to o-toluic acid is available,
because only one step oxidation reactions are widén radical based mechanisms. This
assumption is further supported by the increasthénselectivity towards-toluic acid
when o-tolualdehyde was added into the reactant. The dtam rate ofo-toluic acid is
increased in both cases of intermediate additittmoagh it is more pronounced when
o-tolualdehyde is added. The presence of aldehydeslical based reactions is known to
shift the reaction pathways into the direction ef-pcids, which subsequently react to the
corresponding acid. Consequently, the formatiorperacidic species, described in the
reaction steps 9.0, 10.0, 11.x and 12.0, is enlshimcthe case of higher concentration of
o-tolualdehyde, which is the case at high convergworls (or when it is directly added
to the reactant). The addition of aldehyde firsatccompanied by a reduction of the
reaction rate because of a radical quenching byfdhmeation of stable oxygen based
radicals which do not support the radical chairppgation. A thermodynamic limitation
can be excluded here because the equilibrium betakkehyde and acid is not reached
yet as much highem-tolualdehyde concentrations have been observedo Adn
equilibrium between alcohol and aldehyde is notradpby the system here otherwise the
formation rate ofo-toluic alcohol would be increased; but this is miiserved. A
combination of the further reaction oftolualdehyde and a lower formation rate due to
the high degree of radical annihilation leads teelative increase of 2-methylbenzyl
alcohol. Consequently, the ratio oftolualdehyde to 2-methylbenzyl alcohol decreased

with increasing conversion for any type of catalyst

Within the reaction network the role of the initiatatalyst system is concluded to be a
classical initiator for the formation of radicalesjes.”® The second function of the
catalyst is to promote the decomposition of 2-miryzyl hydroperoxide to

o-tolualdehyde and 2-methylbenzyl alcohol.
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The ratio ofo-tolualdehyde and 2-methylbenzyl alcohol startyvalties of about 2.5
independent of the used catalyst system. This de@reases with increasing conversion
until it stabilizes at conversions above 4 mol %eTnitial decrease is explained by the
further reaction ob-tolualdehyde tam-toluic acid with a higher rate than the reactién o
2-methylbenzyl hydroperoxide to-tolualdehyde until a constant ratio is reachede Th
final ratio strongly depends on the transition rhigtahe catalyst. When Gbis used as
active component the tendency to fomtolualdehyde is increased compared to*Mn
which enhances the formation of 2-methylbenzyl laéd¢o This trend was also shown

earlier for the selective oxidation of toluene aydlohexanol* ”!

The decomposition of the initially formed 2-methsttzyl hydroperoxide over
transition metal species tetolualdehyde and 2-methylbenzyl alcohol is desttiby the
adsorption of the hydroperoxide to the transitioetahcenter as already illustrated for the
analogue reaction op-xylene by Partenheimef? This reaction (see Scheme 4-3)

proceeds via the cleavage of the O-O bond asdistélue transition metal.

HsC
’ /[T N\

HaC 2

Scheme 4-3: Suggested mechanism for the transition metal cadlydecomposition of 2-methylbenzyl
hydroperoxide t@-tolualdehyde and 2-methylbenzyl hydroperoxide.

When 2-methylbenzyl hydroperoxide is bound to aditgon metal cation the O-O is

weakened and tends to decompose. The descriptitvealecomposition by the Haber-
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Weiss mechanism might be simplified too much toarstand the different selectivities
for different transition metal types. The decomposi leads too-tolualdehyde or
2-methylbenzyl alcohol. If no catalyst is used tleeomposition results in more alcohol
than aldehyde (ratio aldehyde/alcohol is 0.7) as rddical based route proceeds via
alkoxy radicals forming alcohol by H abstractiordahus maintaining the radical chain.
The formation ofo-tolualdehyde via the non transition metal catalyreute is strongly
radical annihilating resulting in a decreased fdromarate of the aldehyde. The fact that
Cd®* favors the formation ob-tolualdehyde is explained by the polarization bé t
intermediately formed metal oxygen bond. The lotatiee electronegativity of Cd
leads to a very ionic bond character of the metghgen bond resulting in an increased
electron density on the hydroxy oxygen. By absingca proton from the-C-atom water
can be liberated. The metal oxygen bond charasterare covalent in the case of #n
catalysis as its electronegativity is higher thasf'Gesulting in a lower difference in
electronegativity of M#i” and oxygen'?® The resulting lower negative partial charge of
oxygen leads to a stabilization of the OH moietyclilcan be seen as a transition metal
stabilized radical. The cleavage of the O-O bonérdfore is homolytic and
2-methylbenzyl alcohol is the consecutive produatthis pathway. Note that both routes
of 2-methylbenzyl hydroperoxide decomposition ocdar all transition metals. In
agreement with earlier publications the use ofCenhances the formation of the

aldehyde species whereas ¥Mincreases the formation of 2-methylbenzyl alcohol.

The activity of the presented catalyst exceedsTi@& of the benchmark system Co
naphthenate. The water adsorption capacity, and ttme hydrophilicity, of the
polysiloxane material is lower compared to materighich were free of organic groups.
This hydrophobicity of the polysiloxane surface htige the reason for the enhancement
of the reaction rate. The tool of organic surfacedification offers the possibility to
decrease the adsorption behavior of polar reagioducts accompanied by an increased
reaction rate compared to materials without hydotyat moieties. The general catalytic
activity of transition metal containing polysilox@mcatalysts was shown in the selective

oxidation of other alkyl substituted aromatic sudtss.
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45.Conclusions

The presented results show the activity of tramsitnetal containing polysiloxanes in
the selective oxidation of methyl substituted artbesaunder solvent free conditions.
Their function of the active species is the initiat of the radical chain and the
decomposition of the intermediately formed hydropé&te. The activity of both, C&
and M, was superior to the benchmark system Co naphtthasahe hydrophobicty of
the polysiloxane material enhances the desorptigolar reaction products like-toluic
acid. The decomposition of the hydroperoxide depemn the type of transition metal
whereas C8 enhanced the formation af-tolualdehyde and MY increased the
selectivity towards 2-methylbenzyl alcohol. Thefeliénce in selectivity is explained by
the electronegativity difference of the two tralmsitmetals resulting in different partial
charges at oxygen atoms and thus varying reaetsviiThe heterogeneous polysiloxane
materials are stable under reaction conditions. |&&xhing of transition metal was
observed and the accessibility of active species ma@t influenced by the oxidation
reaction.
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Chapter 5

| nvestigation of the kinetic description of the

selective liquid phase oxidation of o-xylene

The detailed kinetic description of the liquid paasidation of o-xylene under solvent
free conditions over polysiloxane supported Co or ddtalysts revealed two pathways, a
direct oxidation by the transition metal and ana@uatalytic route for the initiation of the
reaction leading to the primary product 2-methylbg@nhydroperoxide. Both transition
metals enhance the formation as well as the decsitiio of the hydroperoxide. The
simulation indicated furthermore that the formatioh o-toluic acid only proceeds via
oxidation of o-tolualdeyhde and was barely affedbgdthe transition metal. The main

effects of the catalyst are the formation and tleeothposition of the intermediate
hydroperoxide.
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5.1.Introduction

The selective oxidation of alkyl substituted aroigmis an intensively studied area in
the field of catalysis™ Due to the large potential of carboxylic acids palymer
chemistry, an intensive effort was spent to gaiovdedge of the processes occurring
during the controlled (side chain) oxidation reastof toluene and the xylene isoméfs.
Stoichiometric oxidizing compounds, like peroxidesacids, which were used in earlier
times, are currently replaced by environmentallgnidly compounds with the goal of

using molecular oxygen from air due to its ubiquitavailability.

The mechanism of the liquid phase oxidation of blapmatics is described with a
catalyst modified free radical chain mechanism wtimg) of initiation, propagation and
termination. ! In the initiation step benzylic radicals are formand oxygen is
introduced during the propagation by the formatafrperoxy radicals, which react to
peroxides by hydrogen abstraction from further klgyoups of the aromatics. The
termination is caused by the recombination of r@dicThe primary formed peroxides
tend to decompose slowly into hydroxy radicals andarboxy radical at temperatures
above 323 KF*!

Kinetic studies of selective liquid phase oxidatiomactions of alkyl substituted
aromatics mainly focus on the description of honmegeis initiator systems. The
oxidation ofp-xylene was studied by Swet al. in a liquid phase process using cobalt,
manganese and bromine sourd8sin this work the number of fitting parameters was
kept as low as possible by assuming equal reaeswvif all occurring peroxy radicals in
terms of H abstraction and termination behaviousadon steps containing radicals

were neglected in the kinetic model.

Hoorn et al proposed an extended model for the selective abwid of toluene
proceeding via peroxides and peroxy radicalsThe reactive radical intermediates were
eliminated in the calculation by assuming a stesidye for the radical concentration.
Based on this work the oxidation of toluene to lmémacid in a liquid phase reaction
under batch conditions by using a cobalt stearat&yst system was illustrated by Gizli

et al, © who compared three different reaction networkseyTiproposed that the
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description by the formation of benzyl radicals wgapposed to be the most reasonable.
In the postulated reaction network the intermedidenzyl alcohol and benzaldehyde are
formulated but were not observed in notable quastin the reaction mixtures and thus a

simplification of the calculations was introduced.

We recently reported the function of transition ahetontaining hydrophobic
polysiloxane catalysts in the selective oxidatidh cexylene. ¥/ The reaction was
described to proceed via the formation of 2-methyityl hydroperoxide as primary
reaction product. Besides an acceleration of tlaeti@n initiation, i.e. formation of
hydroperoxide, the catalysts were shown to effetfidecompose the hydroperoxide into
the consecutive productstolualdehyde and 2-methylbenzyl alcohol. The fipedduct
observed wa®-toluic acid formed by an oxidation aftolualdehyde, while a direct

oxidation of 2-methylbenzyl alcohol to the acid wexd observed.

Based on the reaction pathways postulated we desela kinetic description for the
reaction network of the selective liquid phase akimh of o-xylene under solvent free
conditions in this work. The catalysts applied weabalt or manganese containing

polysiloxane materials.
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5.2.Experimental
5.2.1. Catalysts

The catalysts were prepared by a special methadallavs the direct synthesis of
spherical polysiloxane with the incorporation oé ttatalytically active transition metal.
[ A mixture of hydrolysable silane precursors artthasition metal source was injected
into a water filled column. By the formation of Iska droplets the spherical character of
the resulting solid is assured. The synthesis phaee was performed at 333 K and
dibutyltin dilaurate was added to the mixture as atelerating component. The
precursor compounds were tetraethyl orthosilicateqsS, >99%) and 3-aminopropyl-
trimethoxysilane (APTMS, >97%) which were used imasio of 2 : 1. The transition
metal was incorporated into the catalyst by thepeeBve transition metal acetyl
acetonate to the mixture. The resulting bead lik¢emals were aged in water for 12 h at
ambient temperature and washed with deionized veatdi-propanol before they were
dried by freeze drying.

The metal concentration was determined by atomaomgion spectroscopy (AAS)
using a UNICAM Solaar M5 Spectrometer. Typically)-&@ mg of the sample was
dissolved in 0.5 ml of hydrofluoric acid (10%) g boiling point (about 383 K).

5.2.2. Liquid phase oxidation of o-xylene

The liquid phase oxidation experiments @kylene were carried out in a bubble
column reactor consisting of a 10 mm i.d. glas®tuthe reactant (6 ml) and the catalyst
(100 mg) were filled into the reactor without adylia solvent. For all experiments a
pressure of 2.4 bar was used to prevent the liffoid foaming. To form small bubbles
the gas was directed through a glass frit with opeEof 2 pum. The reactor was divided
into two zones, one heated to 445 K where the imraetas carried out followed by a
zone cooled to 293 K in order to lower the paniessure of the reactants and products.
To prevent the discharge of the reactant via tisephse leaving the reactor the inlet gas

stream was saturated with reactant at 293 K, he&same temperature as the gas stream
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leaving the reactor. After heating the reactarth®reaction temperature under nitrogen
flow the reaction was started by adding a flow wiftketic air (50%) in nitrogen. The
waste gas from the reactor was lead through a ONal@H solution to determine the

integral amount of C&formed during the reaction by titration with hydntoric acid.

During the reaction liquid samples were collectexhf the reactor by a syringe inserted
from the top of the reactor. Hexachlorobenzene wssd as internal standard. To
guantify the concentration of each component inrdeetion mixture a Shimadzu GC-
2010 gas chromatograph equipped with a 30 m DB#Snhoo (0.25 mm inner diameter
and 0.25 pum film thickness) and a FID detector usesd. Tetradecane was added to each
analyzed sample as internal GC standard. The ctaten of 2-methylbenzyl
hydroperoxide was determined by the procedure itestiby Shul piret al.'® and in

referencé”.

5.2.3. Simulation of kinetic equations

To calculate reaction rate constants (k) for tiievidual steps in the supposed reaction
network the respective differential equations weskved using a2 order Runge Kutta

algorithm implemented in Berkeley Madonna.

5.2.4. Diffusereflectance UV/Vis spectroscopy

To analyze the deposits formed on the catalysasarfluring the reaction the materials
were characterized by diffuse reflectance UV/Viedmscopy using an Anvantes
AvaSpec-2048 spectrometer at ambient conditions. dpectra of used catalysts the
samples were applied under reaction conditionglatkdfor 3 h and were removed from
the reactant before the measurements. The reflEef@nwvas normalized to polysiloxane

samples without transition metals by the Kubelkanktunction f(R) = (R-1¥/2R.
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5.3.Results
5.3.1. Catalyst characterization

The chemical composition of the cobalt and manganesntaining polysiloxane
catalysts was analyzed by AAS and elemental arsalyi$ie results are summarized in
Table 5-1. For the synthesis TEOS and APTMS werd us a ratio of 2:1. The
diameter of the spherical catalysts was 800 um. Symthesized catalysts were freeze
dried after the synthesis and directly used in dkedation reaction without further
treatment.

Table 5-1: Chemical composition of the Co and Mn containintlyasts.

Sample  Metal loading C content  Sicontent N content H content

name (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
Co-1.9 1.9 8.0 25.7 2.2 3.0
Mn-2.0 2.0 14.3 315 3.1 3.7

Catalysts loaded with Cobalt or Manganese werehggized with metal concentrations
of 2 wt. % each.

5.3.2. Thermal decomposition of the hydroperoxide

The primary product of the selectigexylene oxidation under the applied conditions is
2-methylbenzyl hydroperoxide. As it is the only iad like species which can be
detected on a macroscopic scale its quantificaiarucial. Because of the low thermal
stability, however, its concentration can not beedained directly via GC analysis as it
will decompose thermally to 2-methylbenzyl alcoteid o-tolualdehyde already at
temperatures around 473 K. To determine the rdti2-methylbenzyl hydroperoxide a
solution containing 1 mol % 2-methylbenzyl hydrapede ino-xylene was prepared by
oxidizing o-xylene at 398 K with synthetic air for 12 Under these mild conditions

only minor concentrations of 2-methylbenzyl alcolold o-tolualdehyde were formed.
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By 'H-NMR spectroscopy of the solution their concenra were determined. A ratio
of 7:1 betweeno-tolualdehyde and 2-methylbenzyl alcohol, formed thg thermal

decomposition of 2-methylbenzyl hydroperoxide ia (BC inlet system was determined.

For the analysis of the liquid samples taken frbmn ieactor each sample was divided
into two parts. One was reduced with triphenyl ginbse to the alcohol (see Scheme 5-

1) before each analysis.

OH
SOH
CH3 CH3
+PPh, ——> + POPh,

Scheme 5-1: Reduction of the 2-methylbenzyl hydroperoxide 4methylbenzyl alcohol by PRh

o]

A fraction was analyzed directly without any pratraent. By using the thermal
decomposition ratio of 2-methylbenzyl hydroperoxidéhe concentrations of
2-methylbenzyl alcoholp-tolualdehyde and 2-methylbenzyl hydroperoxidehe liquid

samples were determined.

5.3.3. Oxidation of o-xylene with transition metal containing catalyst

The conversion ob-xylene was studied at 445 K and a total presstiz4bar. In all
reactions an induction period was observed. Itatthm was found to depend on the

activity of the transition metal applied as cattdys
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Figure 5-1: Conversion ob-xylene in dependence of the reaction time foredéht catalysts: Co-1.9)

Mn-2.0 @), Mn(lll) acetyl acetonate&) and Co(ll) acetyl acetonate)((reaction conditions: 445 K, total
pressure 2.4 bar).

Figure 5-1 shows the conversion @kylene in dependence of the reaction time for
heterogeneous cobalt and manganese polysiloxaab/statcompared to homogeneous
acetyl acetonate systems. The sigmoid shapes obtheersion plots observed are typical
for radical based reactions. In the starting phlthseconversion increases slowly until a
certain point (ca. 2 mol % conversion) is reachdds induction period is a characteristic
for radical chain reactions because a certain curatgon of radicals is necessary to
reach a sufficient overall reaction rate. This dieatis more pronounced for the examined
heterogeneous systems compared to the solved (fleor@ogs) systems. The duration of
this induction phase was shown to linearly depemdhe concentration of cobalt in the
catalyst.'® After this initiation phase the conversion incesgo a level of about
20 mol % before the rate drops down. The polysi@xaased catalysts show a longer
induction period because the transition metal cotmagon is lower compared to the
homogeneous analogues.
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Upon the tested transition metals were cobalt, raaege, copper and vanadium. All
show activity in the selective oxidation ofxylene. The most promising activity was
observed when cobalt or manganese containing sétalyere employed, therefore, the

further studies focussed on these two transitiotalsie

Typically the selectivity to oxygenates producednir of o-xylene lead to product
distributions as displayed in Figure 5-2. Firstlym2thylbenzyl hydroperoxide,
2-methylbenzyl alcohol andttolualdehyde were formed. The selectivity towasetsluic
acid only increases when the conversion exceedsol3m 2-methylbenzyl
hydroperoxide, 2-methylbenzyl alcohol awetolualdehyde were formed as primary
reaction products. This is indicated by the positinitial slopes of their yield curves,

while o-toluic acid was formed as a secondary reactiodymb

6_
o
4 =
(@]
[ ]
£, | .
S 2 2
2 2 ’
h
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Figure 5-2: Yields of o-tolualdehyde €), 2-methylbenzyl alcoholm), 2-methylbenzyl hydroperoxidei()
ando-toluic acid @) as function of th@-xylene conversion (reaction conditions: 445 K, 10§ 1.9 wt. %
Co catalyst, total pressure 2.4 bar).

In the case of Co catalysis a more pronounced teryddor the formation of
o-tolualdehyde was observed whereas Mn tended to foore 2-methylbenzyl alcohol.
Besides the mentioned main products phthalide antidr oxygenates such ascylene
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dimers, an ester @ftoluic acid and 2-methylbenzyl alcohol, formiatd2-methylbenzyl
alcohol, toluene and phthalic anhydride were formEuae formation of total oxidation
product CQ was detected in integral yields of maximum 0.5 Pdoln all conducted

experiments and thus was neglected for any fuititerpretation.
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Figure 5-3: Correlation of experimental concentrations anadwated concentrations by simulation when
no catalyst was used at 445 K.
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Figure 5-4: Correlation of experimental concentrations andwated concentrations by simulation for the
Mn-2.0 catalyst at 445 K.
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Figure 5-5: Correlation of experimental concentrations andwated concentrations by simulation for the
Co-1.9 catalyst at 445 K.

The parity plots (Figure 5-3, Figure 5-4 and Figh#8) show that the concentrations of
o-xylene,o-tolualdehyde, 2-methylbenzyl alcohol amdoluic acid are simulated in good
agreement to the experimental data. The radicalresepting 2-methylbenzyl
hydroperoxide is not fitting perfectly with the extpmental data but only the trend is in
agreement. This phenomenon is observed more proaduthe higher the reaction
temperature was. At temperatures below 445 K th#ilprof the experimental and

simulated 2-methylbenzyl hydroperoxide are sattsfgcsimilar.
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5.3.4. Analysisof surface species

The color of Co containing catalysts changes frdoe io grayish blue after drying
because of the deposition of reaction productsstlidy the residual oxidation products

on the catalyst surface samples of used catalysts investigated by diffuse reflectance
UV/Vis spectroscopy.

Co-1.9 used
X
(Q\]
S~
(q\|
~~
o
—
N’
Co-1.9 fresh

jJM

200 400 600

Wavelength [nm]

Figure 5-6: Diffuse reflectance UV/Vis spectra of fresh anedisobalt containing catalysts. The used
catalysts were gained from the reactor after diffiereaction times.

From the spectra (see Figure 5-6) it can be sedrtlie two bands at 245 and 315 nm
which correspond to Gbare still present but are less intensive afteréaetion!™ This
is due to the presence of aromatic deposits orcdkayst surface. The peak at 225 nm
and the broad band in the range of 360 to 550 nmesgpond to the deposits which are

colored yellow on the catalyst surface duringdheylene oxidation reaction.
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An accumulation of reaction products on the surfatéhe spheres was observed. In
our earlier work we showed that CO adsorbs to itiansmetal in the polysiloxane
support. When catalysts were investigated aftar tiee in the oxidation reaction no CO
adsorption was observed when the materials werg dniled before adsorption.
Additionally, the presence of carbonate bands mtothet o-toluic acid covered the
transition metal. The coverage was reversible agrdnsition metals were accessible for
CO when they were washed withxylene before CO adsorption. The deposit on the
surface of the employed cobalt catalysts used &tkdwas analyzed at conversions of
3.5 mol % and 15 mol %. For this purpose the reacivas stopped and the deposit was
extracted from the catalyst’s surface in acetorgeustirring followed by GC analysis of
the resulting solution. An overview of the compimsitof the precipitate is displayed in

Figure 5-7.

100 7 3.5 mol % conversion 100 T 15 mol % conversion

50 7 50 7

1

Solution Surface Solution Surface

Figure 5-7: Selectivities towards the oxygenatesgolualdehyde (black), 2-methylbenzyl alcohol (grey
and o-toluic acid (white) in the reaction solution comgé to the catalyst surface at conversion levels of
3.5 and 15 mol % respectively (reaction conditighb K, 100 mg Co-1.9 catalyst, 10%)O

The composition of the deposit shows that the Etrfraction waso-toluic acid. The
balance to 100% is made by phthalide and the e$tetoluic acid and 2-methylbenzyl
alcohol. Compared to the composition of the reactnoxture in the liquid phase it can be
observed that the concentrations of oxygenatet®dtalyst surface is different. On the
surface a pronounced agglomeratioroabluic acid was observed, i.e. the selectivity in

the liquid phase and in the surface residue waseased from 26 to 40 mol% at
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3.5 mol % conversion and even from 60 to 82 molt%5amol % conversion. In contrast
the concentrations ob-tolualdehyde and 2-methylbenzyl alcohol were desed

compared to the selectivity in the reaction mixture

5.3.5. Temperature dependence of the oxidation reaction

To determine the influence of the reaction tempeeabn the rate of reaction when
cobalt or manganese catalysts were applied theetertyse was varied at a total pressure
of 2.4 bar.

6 - Tt LR ...
x b ... ..~. -
£ : Tl
[
-8
-10
2.16 2.22 2.28 2.34 2.4

T [10°%K™

Figure 5-8: Arrhenius plot for the Co-1.9 catalyst)(and Mn-2.0 ¢). The reaction conditions were 445 K,
100 mg catalyst, 10% 0

The activation energy derived from the slope inAhndhenius plot for the use of Cobalt
was determined to 112 kJ/mol. In the case of Maegarnhe activation energy was
80 kJ/mol.
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5.3.6. Sdectivitiesof different catalyst systems

To compare the resulting selectivity towards eactygenate the yields of the
components were compared at levels of equallene conversion for different catalysts.
The reaction temperature was constant at 445 Kfarther reaction parameters were
remained constant. The selectivities in Table 3e2raached ab-xylene conversion of

5 mol %.

Table 5-2: Oxygenate selectivity at 5 mol % conversioroodylene for applied transition metal catalysts
(reaction conditions: 445 K, 10%,J0

Co-1.9 Co(acasg) Mn-2.0 Mn(acag)

o-tolualdehyde 35 39 28 30
2-methylbenzyl 35 27 40 42
alcohol
2-methy|beqzy| > 5 5 1
hydroperoxide
o-toluic acid 26 21 26 26

It can be seen that the manganese catalysts Bhifselectivity in the direction of
2-methylbenzyl alcohol. Compared to the manganesgems the cobalt catalysts

enhance the formation oftolualdehyde.

5.3.7. Kinetic analysisof thereaction network of the selective o-xylene
oxidation

Based on the interpretation of the selectivity taisadetected products a reaction
network for the selective oxidation ofxylene was deduced which is displayed in the

scheme shown in Figure 5-9.
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Figure 5-9: Proposed reaction network for the oxidatioro-ofylene.

The first step in the oxidation reaction is thenfation of radicals leading to
2-methylbenzyl hydroperoxide {(kand k"), the only radical like species that could be
guantified during the reaction. Its formation issceébed by two routes to be able to
implement the autocatalytic character of the rddluased reaction step. From the
hydroperoxide two pathways are possible. One ruthe formation ofb-tolualdehyde
directly from the hydroperoxide 4k Alternatively the reaction to 2-methylbenzyl
alcohol is feasible ¢, which itself can be further oxidized to the digde (k). The

formation ofo-toluic acid is supposed to proceed onlyilualdehyde (¥.

Mathematically the reaction network is describedHh®yfollowing differential equation

(1)-(5)):

[eX

(o)

O = ko~ xylend - ki[o -~ xylend @
d(%?H) = -k [0 - xylend[OOH] + k,[o - xylend — k,[OOH] - k [OOH] (2)
d((d)tH) = k,[0OH] -k, [OH] ©
@ = k,[0OH] + k,[OH] - k[HO] ()
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d(COO“OH) _k,[HO] (5)

The rate constants were determined by solving ifierential equations (1) to (5) by
numerical simulations. An overview of the receivate constants is presented in Table
5-3. The transition metal containing polysiloxanatatysts were compared to their

homogeneously solved counterparts.

Table 5-3: Calculated k values for different catalysts (reactonditions: 445 K, total pressure 2.4 bar).

.1 k]_'[min-l .1 .1 - -
ki [min™] mol%6Y] ko [min™]  ks[min™]  ks[min™] ks [min™]

No catalyst ~ 0.0004 0.0002 0.0140 0.0219 0.0006 aB01

Co-1.9 0.0005 0.0001 0.1591 0.3688 0.0033 0.0280

Co(acac) 0.0001 0.0003 0.2563 0.6000 0.0074 0.0840

Mn-2.0 0.0002 0.0001 0.1511 0.1242 0.0110 0.0500

Mn(acac) 0.0009 0.0009 0.2347 0.1203 0.0200 0.0387

The formation of 2-methylbenzyl hydroperoxide (8wemn of k and k") was increased
over both supported transition metal systems coetptw the uncatalyzed reference. A
particular trend of an acceleration of one of the initiation pathways was not observed.
It is notable that for both types of transition alghe decomposition of 2-methylbenzyl
hydroperoxide was accelerated énd k). The favored product in the case of manganese
was 2-methylbenzyl alcohol which results in a highatio of k and k. The further
oxidation of the alcohol to-tolualdehyde was also increased by the mangaryssens.
Both types of transition metal accelerated the atkash ofo-tolualdehyde t@-toluic acid

as it can be seen in.KThe effect on this was minor compared to the lacagon of the

decomposition of the hydroperoxide.
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5.4.Discussion

The detailed analysis of the oxidation productsficois the assumption of a radical
chain mechanism. The presence of an induction gésitypical for autocatalytic radical
chain reactions supports. As evidence 2-methyldeimggroperoxide which is the only
radical analogue compound that can be detectedr uthee applied conditions was
guantified and included in the reaction network difference to current literature.
Although the concentrations of the hydroperoxidecgs can not be described very
accurately by the simulated network the trend igand agreement with the determined

concentrations.

The reason for the discrepancy of the simulated experimentally determined
concentrations of 2-methylbenzyl hydroperoxide dan explained by the very low
concentration of this species compared to thogbeeo€onsecutive products which causes
a relatively low weight during the iteration of rhamatical simulations leading to wrong
absolute concentrations. Furthermore determinaifats concentration is performed by
an indirect method. This may cause an error iratssolute hydroperoxide concentration.
The actual hydroperoxide concentration might bénduigas the determined. Additionally,
the stability of this species is relatively low coaned to the other occurring compounds.
This may also cause an error in the determinatfahe concentration because a certain
fraction might already be decomposed when the at@tion of the concentration is
performed. A further explanation is the presencaltdrnative reaction pathways of the
hydroperoxide decomposition. These can include direct reaction with formed
oxygenates in a product catalyzed decompositioe. réaction products would certainly
be o-xylene or other stable radical based products hwig&@n not be determined. The
introduction of further reaction pathways and tlitisng parameters could solve this
problem but would result in a large number of paetars and an over parameterization is

very likely.

Radical reactions are often autocatalytic, i.eg tleaction rate increases when a
sufficient concentration of radicals is formed. Foe calculation of the rate constants for

the oxidation fromo-xylene to 2-methylbenzyl alcohol two pathways, arnocatalytic
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(ki) and a catalytic route (k were included. The second reaction pathway, frecd
formation of radicals frono-xylene via a catalytic reaction i)k was included as for
autocatalytic reactions an initial level of radg# necessary to start and to describe the
direct formation of radicals by interaction with ethcatalyst. 2-methylbenzyl
hydroperoxide can react wtolualdehyde via dehydration glkand to 2-methylbenzyl
alcohol via the decomposition of 2-methylbenzyl toygeroxide (k). The alcohol can be
further oxidized too-tolualdehyde (K, whereas a direct route wtoluic acid from
2-methylbenzyl alcohol is not reasonable under #xamined radical conditions.
Consequently, the only pathway leading tetoluic acid is the oxidation of
o-tolualdehyde (¥. The balance of the radicals supports this suggess there is no

direct path from 2-methylbenzyl alcoholaeoluic acid.

Differences in selectivities between cobalt and gamese catalysis towards the
decomposition products of 2-methylbenzyl hydropetexvere shown to depend on the
differences in the electronegativify. ! In general, manganese enhanced the formation
of 2-methylbenzyl alcohol, whereas cobalt increaseid the decomposition of
2-methylbenzyl hydroperoxide to-tolualdehyde. This trend was confirmed by the
analysis of the kinetics. In the case of’Caoatalysis increased values fog were
determined compared ta.kThe trend was the opposite wheniwas applied. Heresk

was higher thanzcorresponding to an enhanced formation of 2-mb#nayl alcohol.

Both transition metals have in common that the at@h step from 2-methylbenzyl
alcohol too-tolualdehyde was accelerated in comparison tautieatalyzed reaction; in
contrast in the uncatalyzed reaction the thermabuposition of the 2-methylbenzyl
hydroperoxide favored the direct formation @folualdehyde, which reacts further to
o-toluic acid. The oxidation of 2-methylbenzyl alabio o-tolualdehyde only occurs
with a very low reaction rate in the case of theatalyzed reaction. This effect is more
pronounced for Mn catalysis. When Co is used thepahposition already results in a
higher concentration ob-tolualdehyde and the further oxidation of 2-mebieylzyl

alcohol does not need to be fast.
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The rate constant of the further oxidationastfolualdehyde too-toluic acid was not
significantly increased by the heterogeneous Calysts, while manganese enhanced the
oxidation ofo-tolualdehyde tm-toluic acid. This is an additional explanation tbe low
o-tolualdehyde to 2-methylbenzyl alcohol ratio resattwith Mri*. The function of Co
was mainly described as accelerating the initiatadnthe radical reaction and the
decomposition of hydroperoxide specid¥! This was also observed here. Under
industrial conditions an addition of Br sourcesr@ases the activity of the catalysts to

enhance the oxidation to the acid.

The k values of the decomposition of 2-methylbergydroperoxide are two orders of
magnitude higher than those for the formation eflilgdroperoxide. This is in agreement
with the observation of the initial formation ofation products. It is observed that
o-tolualdehyde and 2-methylbenzyl alcohol are forrfrech the beginning of the reaction
although they are considered to be consecutiveugtedAs the concentration of their
reactant 2-methylbenzyl hydroperoxide is much sendlian the starting molecule of the
2-methylbenzyl hydroperoxide formation and the tieacrate is in the same order of
magnitude the k values have to be significantlyhbig It also should be mentioned that
the rate constants of the decomposition are ordémhagnitude higher than for the
formation of 2-methylbenzyl hydroperoxide and thihe local concentration of the

hydroperoxide can not be described by the reactatwork perfectly.

When the conversion reaches a certain level (depgruh the applied type of catalyst)
a decrease in reaction rate is observed. In piméyo explanations for this observation
can be proposed. One is the blockage of the asiigs of the catalyst. It was shown that
this is not the case here. UV/Vis analysis and stigations of the deposits showed that
oxygenates are accumulated on the catalyst sudiadethe biggest fraction z-toluic
acid. This forms carboxylates with the transitioatah of the catalyst, as seen in IR, and
decreases its accessibility; no CO could be addotbethe transition metal. But this
feature only occurs if the materials are driedraféaction and prior to IR experiments.
After washing ino-xylene which simulates the reaction procedure eatstl at low

conversions very good all oxygenates are washex fin@ catalyst. No carboxylates were
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observed and CO was adsorbed to the transitionl.n®eteeduction of the transition

metal’'s accessibility can thus be neglected.

The second possibility which seems to be moreikadre is the presence of oxygen
containing organic compounds. In contact with raldichey are supposed to form more
stable oxygen based radicals which by this hindergropagation of the radical chain.
Also a formation of oxygenates might lead to anilafation of radicals reducing their

concentration and so the reaction rate.
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5.5.Conclusions

By fitting the concentration time dependence ofctiea intermediates during the
selective oxidation ob-xylene the rate constants for each reaction stdheoreaction
network was determined. Calculations proved thattiodel introduced earlier is correct
and strengthened the observed selectivities. Bynaisg two pathways of the initial
hydroperoxide formation the typical sigmoid convansshapes could be described. The
radical intermediate 2-methylbenzyl hydroperoxideuld not be described very

accurately because of its low concentration andirdgcomposition by the catalysts.

The means of simulating kinetic data offers an oty to understand the principle
reactions occurring during the selective liquid gh@xidation ofo-xylene. It could be
shown that MA" enhances the decomposition of the hydroperoxideet@lcohol but also

increases the rate constant of its further oxidetiboaldehyde.

5.6.Acknowl edgments

The authors thank the German BundesministeriunBiidung und Forschung (BMBF)
for partial financial support of the presented wpkoject number 03X2007A). We are
grateful to Dipl. Ing. M. Neukamm for conducting AAmeasurements Dipl. Ing. X.
Hecht for operational support and B. Sc. S. Pedmnexperimental performance.
Furthermore the authors acknowledge fruitful discuss in the framework of the

network of excellence IDECAT.

- 107 -



Chapter 5 — Kinetics of the selective oxidatiow-odylene

5.7.References
[1] G. C. Bond,J. Chem. Technol. Biotechndl997, 68, 6-13; B. Grzybowska

Swierkosz Appl. Catal. A-Gen1997, 157, 263-310; V. Nikolov, D. Klissurski, A.
Anastasov,Catal. Rev.-Sci. Engl991, 33, 319-374; M. S. Wainwright, N. R.
Foster, Catal. Rev.-Sci. Eng1979, 19, 211-292; F. Cavani, N. Ballarini, S.
Luciani, Top. Catal.2009, 52, 935-947.

[2] Q. B. Wang, X. Li, L. J. Wang, Y. W. Cheng, Me, Ind. Eng. Chem. Re2005,
44, 261-266; P. Raghavendrachar, S. RamachantrdnEng. Chem. Re3992,
31, 453-462; A. J. Hu, C. X. Lu, B. D. LRrogress in Chemistr2007, 19, 292-
302; G. M. Cao, A. Servida, M. Pisu, M. Morbideljche Journal1994, 40,
1156-1166; S. W. Tang, B. Lianimd. Eng. Chem. Re2007, 46, 6442-6448.

[3] W. PartenheimerCatal. Todayl995, 23, 69-158.

[4] W. Z. Sun, Y. Pan, L. Zhao, X. G. ZhoGhem. Eng. Techno2008, 31, 1402-

1409.

[5] J. A. A. Hoorn, J. Van Soolingen, G. F. Vergigeg€hem. Eng. Res. De2005, 83,
187-195.

[6] A. Gizli, G. Aytimur, E. Alpay, S. AtalayChem. Eng. Technol008, 31, 409-
416.

[7] T. Forster, S. Scholz, Y. Zhu, J. A. Lerchdfjcroporous and Mesoporous
Materials 2010, submitted for publication; H. Witossek, E. BraGhem. Eng.
Technol.1997, 20, 429-433; E. Yacoub-George, E. Bratz, H. Tilts¢lderNon-
Cryst. Solidsl994, 167, 9-15.

[8] G. B. Shulpin, D. Attanasio, L. Subek,Catal.1993, 142 147-152.

[9] T. Forster, S. A. Schunk, A. Jentys, J. A. lleng Chem. Commun2010,
submitted for publication.

[10] W. Pritzkow, R. HofmannJournal Fur Praktische Chemi©60, 12, 11-17.

[11] S. A. Chavan, D. Srinivas, P. RatnasathyCatal.2001, 204, 409-419.

[12] W. Partenheimed. Mol. Catal. A-Chen003, 206 105-119.

- 108 -



Chapter 6

Summary and conclusions



Chapter 6 — Summary and conclusions

The focus of this work was the synthesis of tramsitmetal containing spherical
polysiloxanes as catalysts for the selective olodabf alkyl substituted aromatics. To
optimize the catalytic performance of these malettze effect of the synthesis procedure
was elucidated and fine tuned. By means of phybieamical characterization techniques
the surface chemistry and the properties of the/glokanes were studied. Relevant
properties were the chemical nature of interactbthe support with transition metals,
the hydrophobicity of the materials and the actdl#yi of the catalytically active
transition metal species. Besides the descriptiothe catalyst’'s nature the selective
liquid phase oxidation ob-xylene under solvent free conditions was investigaThe
focus was the understanding of mechanistic desaitsthe elucidation of the function of
the catalyst. The development of a reaction netwecluding all reaction intermediates

was the fundament for the kinetic description @f tietwork.

After the description of the motivation of this Wwom Chapter 1 a summary of the
reaction principles of synthesis routes of polysiloes by the sol-gel process using
hydrolysable silane precursors are overviewed iapf#r 2 of this thesis. The synthesis
procedure is explained in detail because it alldvesproduction of spherical polysiloxane
particles in the millimeter range. Furthermore phimciples of radical based liquid phase
oxidations of alkyl substituted aromatics are sumired focusing on the industrially

applied initiator systems.

The investigations on the synthesis procedure béspal polysiloxane based catalysts
in Chapter 3 described the structure and propedtigbe organically modified silica. It
was shown that the incorporation of transition risebato the polysiloxane support was
possible for a broad variety of metals including Ca, Fe, V and Mn. For the synthesis
of polysiloxane spheres by the present synthesisess the introduction of basic amino
group containing silanes is necessary since thiityas crucial to ensure a sufficient
reaction rate. The rate of polycondensation is waortant because the reaction volume
is limited by the height of the water filled colunmmthe present process. Additionally,

the amino groups act as anchor for transition et spectroscopy confirmed the
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coordination of the transition metal by amino gre@ffixed to the polysiloxane network.
The accessibility of incorporated transition metahich is very important in terms of
catalytic applications, was verified by adsorbin@ @s a probe molecule. The presence
of transition metals in the precursor mixture fertnore allowed a faster condensation of
the silanes because of the formation of condensatialei. This resulted in a higher
degree of condensation shown B$i MAS NMR spectroscopy. A variation of the base
concentration in the reaction mixture illustratée tfunction of the basic groups. By
increasing the base concentration the specifiasarérea decreased giving evidence for
a higher degree of condensation of the polysiloxaetvork. Also the type of amino
source influenced the condensation behavior. Tleadfisside groups with two amino
groups increased the reaction rate due to thehehnigasicity and hydrophilicity. When
the concentration of organic side groups was irsg@ahe hydrophobicity increased as
more lipophil groups are located on the (inner)¥aste. By adsorption of water to the
polysiloxane network the hydrophilicity was shovenbie lower than an oxidic reference
material. The hydrophobicity depended on the am@unat the type of organic chains
introduced into the polysiloxane. It was concludbdt the present method allows the
incorporation of a variety of transition metalsarde hydrophobic polysiloxane matrix
offering potential for catalytic applications. Thedatively simple variation of the surface
properties of the spherical polysiloxanes, adddlbyn offers a powerful tool to adjust the

support to the specifications of the applied preces

In Chapter 4 the application of €oor Mn** containing polysiloxane catalysts in the
selective liquid phase oxidation ab-xylene under solvent free conditions was
investigated. The reaction mechanism is describgda lradical chain reaction. The
function of the catalysts is the acceleration ef tadical initiation and the decomposition
of intermediately formed hydroperoxide species.nirthe linear correlation of the
catalysts’ activity and the transition metal cortcation it was concluded that the active
center is the transition metal cation. The quasdtion of CO adsorption experiments,
additionally, showed a linear correlation of thesagbtion capacity and the cation
concentration indicating that the metal loadingtié catalyst does not change the
accessibility and the local structure of the traosi metal species. The catalysts were

shown to effectively decompose 2-methylbenzyl hpdroxide during the oxidation
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reaction ofo-xylene to 2-methylbenzyl alcohol aratolualdehyde. Depending on the
type of transition metal a more pronounced selggtio one of the two decomposition
products was observed. €aenhanced the formation oftolualdehyde whereas in the
case of M 2-methylbenzyl alcohol was favored. The differeirceeactivity is caused
by the different electronegativities of the metalsulting in a different polarization of the
intermediately formed metal oxygen bond. The oVexetivity of the polysiloxane based
catalysts was higher than the reference systema@bthenate. This was explained by the
hydrophobicity of the polysiloxane support as iat¢ions of the polar reaction products
with this hydrophobic surface are weak reducingetention in the pores. Toluene and
mesitylene were also selectively oxidized over imeestigated materials showing a

general activity for the selective oxidation ofydlkubstituted aromatics.

To further strengthen the conclusions drawn from tbservations in the reaction
network analysis the kinetic simulation of eachctem is described in Chapter 5. The
description follows the network deduced from thactevity analysis. As primary product
2-methylbenzyl hydroperoxide is formed frawxylene. Consecutively it is decomposed
to o-tolualdehyde and 2-methylbenzyl alcohol by thealyst. The rate constant of the
two decomposition pathways strongly depends ortrresition metal of the catalyst as
seen in the analysis of the reaction network inpf#ra4. Mri* enhances the formation of
2-methylbenzyl alcohol whereas €£dends to form more-tolualdehyde. This selectivity
relation is reflected in the rate constants oftthe decomposition pathways which both
were orders of magnitude higher than those of thelrdperoxide formation.
Additionally, it was confirmed by the calculatiotizat the further oxidation to-toluic
acid proceeds vi@-tolualdehyde and no direct route from 2-methylly¢radcohol is
assumed. The initial reaction ofxylene to 2-methylbenzyl hydroperoxide occurs via
two pathways. A direct oxidation by the transitimetal component and an autocatalytic
route are used for the simulation. The functionthe catalysts was shown to be the
increase of rate of the initiation step and evemengyonounced the acceleration of the
hydroperoxide decomposition. In case of Mn catalyshe further oxidation of
2-methylbenzyl alcohol tm-tolualdehyde was accelerated and also the oxidatio

o-tolualdehyde tm-toluic acid more pronounced than in the case of Co
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In summary, the studies described in this work shbe effect of the systematic
variation of the synthesis parameters during thedyction of polysiloxane supported
catalysts on the material's properties. The dedadbaracterization of polysiloxanes is
summarized in Chapter 3. The application of Co ar &bntaining catalysts for the
selective liquid phase oxidation ofxylene is the main focus of the Chapters 4 and 5.
Knowledge of mechanistic aspects of tuned matewals gained by the detailed analysis
of the reaction network by consideration of theividual reaction steps and by kinetic
analysis. This work contributes to the understagdifiradical chain oxidation reactions

by elucidating the function of transition metalgidg this process.
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Der Schwerpunkt der vorliegenden Arbeit lag auf deBynthese
Ubergangsmetallhaltiger, kugelférmiger Polysiloxae Katalysatoren fir die selektive
Oxidation alkylsubstitierter Aromaten. Die Optimueg der Synthese und die exakte
Kenntnis und Steuerung der Katalysatoreigenschafsamd von entscheidender
Bedeutung fir die Verbesserung der katalytischetivAdt der Materialien. Mittels
physiko-chemischer Charakterisierungsmethoden vnudi Chemie der Oberflache und
die Eigenschaften der Polysiloxane untersucht.\lReke Eigenschaften waren dabei die
Interaktion der Ubergangsmetalle mit den Tragerrwien, die Hydrophobizitat der
Materialien und die Zuganglichkeit der katalytisaitiven Ubergangsmetalle. Neben der
Beschreibung der Katalysatoren wurden diese insaétktiven Flussigphasenoxidation
von o-Xylol unter |6semittelfreien Bedingungen getesi2er Schwerpunkt lag dabei auf
dem Verstandnis des Reaktionsmechanismus und digaBen der Katalysatoren in
diesem. Die Entwicklung eines Reaktionsnetzwerkss damtliche Intermediate der
Reaktion beinhaltet, stellte das Fundament zur tikideen Beschreibung der

vorliegenden Prozesse dar.

Nach der Darlegung der Motivation fur diese ArbeitKapitel 1 sind in Kapitel 2
dieser Arbeit die Grundlagen der Reaktionen hydielparer Silanverbindungen
wahrend des Sol-Gel Prozesses und die Prinzipisnirdelieser Arbeit angewendeten
Syntheseprozesses zusammengefasst. Die Grundlagen Syhthesemethode sind
ausfuhrlich erlautert, da dieses spezielle Verfahtee Herstellung kugelférmiger
Polysiloxane im Millimetermal3stab ermdglicht. Auféemn sind die Grundlagen von
Oxidationsreaktionen, die Uber Radikalketten aldapbeleuchtet. Der Fokus dabei auf

industriell verwendete Initiatorsysteme gelegt.

Untersuchungen der Synthese der sphérischen RoigaHKatalysatoren konnten die
Struktur und die Eigenschaften der organisch modifien Materialien aufklaren. Diese
sind in Kapitel 3 dieser Arbeit zusammengefasstwhlgele gezeigt, dass die Integration
von Ubergangsmetallen in die Polysiloxanmatrixdiire Vielzahl von Metallen mdglich
war, darunter Co, Cu, Fe, V und Mn. Fur die Synthesr Polysiloxankugeln mittels der
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beschriebenen Methode erwiesen sich Silane mit Agrippen als notwendig, da diese
eine ausreichend groRe Reaktionsgeschwindigkeithesstellen. Die Rate der
Kondensation ist aul3erst wichtig, da der Reakteunsrdurch die Hohe des verwendeten
Reaktors begrenzt ist. Dariber hinaus fungieren Aminogruppen, die an das
Polysiloxannetzwerk gebunden sind, als Bindestdile Ubergangsmetalle. Die
Zuganglichkeit der integrierten Ubergangsmetalles @in Hinblick auf katalytische
Anwendungen sehr wichtig ist, wurde durch die Agdon des Testmolekils CO
bestatigt. Die Anwesenheit von UbergangsmetalledeinAusgangslsung fiihrte ferner
zur Beschleunigung der Kondensation der Silane, stt2h Kondensationskeime
ausbildeten. Diese fiihrte zu einem hoheren Grakdedensation, welcher duréfSi-
MAS NMR-Spektroskopie gezeigt wurde. Durch Variatider Basenkonzentration der
Reaktionsmischung konnte die Funktion der basiscBrmppen ermittelt werden. Eine
Erh6hung der Basenkonzentration fihrte zu einer uRedung der spezifischen
Oberflache, die auf eine Zunahme des Kondensatiadsgchlie3en lasst. Auch die Art
der Aminoquelle spielte eine Rolle fur die Kondditsa Bei Verwendung organischer
Gruppen mit zwei Aminofunktionalitaten stieg dieaReonsgeschwindigkeit wegen der
hoéheren Basizitat und Hydrophilie. Eine Erhdhung d@nzentration organischer
Seitengruppen ging einher mit einer Steigerung tgdrophobie, da mehr lipophile
Gruppen auf der (inneren) Oberflache lokalisiendsiMittels Adsorption von Wasser
konnte verdeutlicht werden, dass die Hydrophiligingger ist als bei oxidischen
Vergleichsmaterialien. Diese hing von der Konzdmmund der Art der eingebauten
organischen Gruppen ab. Es konnte gezeigt werdess die beschrieben Methode die
Integration einer breiten Anzahl an Ubergangsmetallin eine hydrophobe
Polysiloxanmatrix ermdglicht und somit gro3es Pogriir katalytische Anwendungen
besitzt. Die verhéltnismallig einfache Variation de@berflacheneigenschaften der
kugelférmigen Polysiloxane ermdglicht dariber hmaein méachtiges Werkzeug zur

Abstimmung des Tragermaterials auf die Forderumiggneweiligen Anwendung.

Kapitel 4 beschreibt die Anwendung Tound Mri*-haltiger Polysiloxankatalysatoren
in der selektiven Flussigphasenoxidation vamXylol unter I6semittelfreien
Bedingungen. Der Reaktionsmechanismus dieser QOauidatvird durch einen
Radikalketten-Mechanismus beschieben. Die AufgateEnKatalysators bestehen dabei
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in der Beschleunigung der Radikal-Initilerung uret dersetzung intermediér gebildeter
Hydroperoxide. Aus der linearen Abhéangigkeit der tafysatoraktivitdt von der
Ubergangsmetallkonzentration wurde geschlosses, dladJbergangsmetalle die aktiven
Zentren sind. Die Quantifizierung der CO-Adsorptiareigte ferner, dass die
Adsorptionskapazitat linear von der Ubergangsniaiattentration abhangt. Dies ist ein
weiterer Hinweis dafur, dass die Metallbeladung Katalysatoren die Zuganglichkeit
und die lokale Struktur nicht verdndert. Die Kasaipren zersetzten wéhrend der
Oxidationsreaktion vow-Xylol 2-Methylbenzylhydroperoxid effektiv za-Tolylaldehyd
und 2-Methylbenzylalkohol. Abhingig vom Ubergangsatiewar die Selektivitat zu
einem der beiden Zersetzungsprodukte mehr ausge[@&j bevorzugte die Bildung
von o-Tolylaldehyd wahrend Mii die Zersetzung zu 2-Methylbenzylalkohol forcierte.
Die unterschiedliche Reaktivitat wurde mit den ehisdenen Elektronegativitaten der
Metalle begrindetet, die eine unterschiedliche rf&daung der zwischenzeitlich
gebildeten  Metall-Sauerstoff-Bindung  verursacht. e Di Gesamtaktivitat der
Polysiloxankatalysatoren war groBer als ein Refesgstem Co-Naphthenat. Diese
verbesserte Aktivitat wurde durch die hydrophobeef@ache des Polysiloxantragers
erklart. Die Interaktion dieser mit polaren Reakiprodukten ist auf3erst schwach und
verringert dadurch die Zuriickhaltung der Produktden Poren des Katalysators. Toluol
und Mesitylen konnten mit den beschriebenen Katétyen ebenfalls selektiv oxidiert
werden. Dies zeigt, dass diese als allgemein alfiaterialien bezlglich der selektiven

Oxidation alkylsubstituierter Aromaten angeseherder konnen.

Um die Folgerungen, die aus den Beobachtungen daly$e des Reaktionsnetzwerks
gezogen wurden, zu belegen wurde in Kapitel 5 diegetnen Reaktionen mittels eines
kinetischen Modells beschreiben. Die Beschreibwtgt fdabei dem Reaktionsnetzwerk,
das aus der Untersuchung der Reaktivitat abgelaetede. Als Primarprodukt aus
o-Xylol wurde 2-Methylbenzylhydroperoxid angenommebieses wird katalytisch
anschlielend zu o-Tolylaldehyd oder 2-Methylbenzylalkohol zersetztDie
Geschwindigkeitskonstante der beiden Zersetzungmndudngt dabei stark von der Art
des verwendeten Ubergangsmetalls ab, die bei daly#a des Reaktionsnetzwerks in
Kapitel 4 beschrieben wurde. Mrbeschleunigt die Bildung von 2-Methylbenzylalkohol
wahrend C&' zur Bildung vono-Tolylaldehyd tendiert. Diese Selektivitaten werden

-117 -



Chapter 7 — Zusammenfassung und Folgerungen

den Ratenkonstanten der Zersetzungswege widerge#pielie in beiden Fallen um
GroRenordnungen grol3er sind als die der BildungHielroperoxids. Dartber hinaus
wurde durch die Berechnungen gezeigt, dass dieevdaitlation zuo-Tolylsdure tber
o-Tolylaldehyd erfolgt und keine direkte Route voiMBthylbenzylalkhohl ausgehend
existiert. Die Initierung der Reaktion desXylol zu 2-Methylbenzylhydroperoxid
erfolgt Uber zwei Pfade. Zum Einen wurde eine deelOxidation durch das
Ubergangsmetall und zusétzlich eine autokataly@isdRoute zur Simulation der
Ratenkonstanten verwendet. Als Wirkungsweise dewly&ators wurden somit die
Erhohung der Bildungsrate des 2-Methylbenzylhydroxids und ferner dessen
Zersetzung, die in groéRerem Mald beschleunigt wubgstimmt. Im Falle der Mn-
Katalysatoren wurde die Oxidation von 2-Methylbdaiohol zu o-Tolylaldehyd und
auch die Weiteroxidation dessen auifolylsaure in grofierem Mal3e beschleunigt, als
das fur Co der Fall war.

Zusammenfassend lasst sich resumieren, dass difrisd®nen Studien den Einfluss
der systematischen Variation der Synthesebedingurme die Eigenschaften der
Polysiloxane darstellen. Die detaillierte Charakierung der Polysiloxane ist in Kapitel
3 zusammengefasst. Die Anwendung Co- oder Mn-lealtigatalysatoren fur die
selektive Flussigphasenoxidation va@nXylol ist der Hauptteil der Arbeiten in den
Kapiteln 4 und 5. Verstandnis mechanistischer Aspdlei Verwendung optimierter
Katalysatoren wurde aus der genauen Analyse desktiBesnetzwerks unter
Bericksichtigung der einzelnen Reaktionen und deretk gewonnen. Durch die
Beschreibung der Funktion der Katalysatoren tragsed Arbeit zum Verstandnis von

Radikalkettenreaktionen bei.
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