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Chapter 1

General Introduction

Methylenedianiline (MDA) is an important starting material for the production of
polyurethanes. It is industrially produced from aniline and formaldehyde in an
acid catalyzed process. Most commonly mineral acids, such as HCI, are applied
as catalysts. As this poses plant engineering and environmental problems, it is of
great commercial interest to replace mineral acids in the process by solid acid
catalysts. Zeolites are among the most promising candidates for choice of such
catalysts, as they provide strong Brgnsted acidity, high thermal and mechanical
stability and tailor able acid site density and porosity. However, first studies in
this field revealed that the formation of MDA from aniline and formaldehyde over
zeolite catalysts is heavily limited by pore diffusion and the catalysts tend to
deactivate very fast. The aim of this study to reveal the reaction network and
mechanism involved in the formation of MDA over solid acid catalysts to identify
the critical parameters for the catalysts’ activity and lifetime and to understand
and describe the processes leading to catalyst deactivation. Distinct goal of the
project is the development of a catalyst with high activity and improved lifetime
behavior based on a profound understanding of the above mentioned reaction

parameters.
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1. Introduction

1.1 Polyurethanes

Polyurethanes are widely used for the productiorlastic foams (mattresses, cushions,
car seats, earplugs), rigid foams (insulation nmeter water heaters, refrigerated
transport), rigid and flexible moldings with compaskins, window frames and
engineering moldings with high hardness and ei&gtiocluding high performance
adhesives and sealant¥he consumption of polyurethanes in Western Eugipeunts
to 10.4 million metric tons per yeaChina is already the biggest polyurethane market i
the world, and forecast to grow at a remarkable J@%¥oyear within the next 12 years,
with downstream customer industries growing at simates’

The first essential component of a polyurethangret is an isocyanate. The applied
isocyanates can be classified as aromatic, suctipasnylmethane diisocyanate (MDI),
and aliphatic, such as hexamethylene diisocyartdl)(or isophorone diisocyanates
(IPDI).

o
N
/O
C//N\/\/\/\N//C/ [0)
O\\C\ /C//O O// //C//
MDI HDI IPDI

Figure 1: Isocyanates for the production of polyurethanes

Volume wise, aromatic isocyanates account for @& majority of global diisocyanate
production, as the aromatically linked isocyanateug is significantly more reactive
than the isocyanates linked by aliphatic chaingtHeumore, aromatic isocyanates are
more economical to use. Aliphatic isocyanates atg applied if special properties are
required for the final product. For example, liggtable coatings and elastomers on

polyurethane basis can only be obtained with atiphisocyanate$.One of the key
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precursors for the production of the most commoromatic diisocyanate,
diphenylmethane diisocyanate (MDI), IS 4.,4'-Metmadianiline
(Diaminodiphenylmethane or MDA). MDI is producedrdt MDA by reaction with two

equivalents of phosgene.

o) -4 Hcl
H,N NH,
MDA

c’ cl
Phosgene MDI

Figure 2: Synthesis of diphenylmethane diisocyanate (MDInfrmethylendianiline
(MDA).

MDI is further converted to polyurethanes by reagtwith polyols. This polymerization
reaction is catalyzed by tertiary amines, such asethylcyclohexylamine, or

organometallic compounds, such as dibutyltin da&ior bismuth octanoat@.

'HZO — — —_ —_ 1

R—N=C=0 + R'—O—H R II\I (u: O~R
H O

Isocyanate Polyol Polyurethane

Figure 3: Generalized polyurethane formation reaction.

In 1999, 1.02 million metric tons of MDI were pramd in U.S. and 1.08 million in
Western Europe with an average annual growth rfaféwin the U.S. and 5% in Western
Europe in the past 5 yedrsn addition to the polyurethane production, ab&d®0 t of

MDA are annually used as hardener for epoxy resi@sdener in adhesives and

intermediate in the manufacture of other high-penfance polymer&.

1.2 Methylenedianiline (MDA) production

Industrial amounts of MDA are produced by the caorsd¢ion of aniline with

formaldehyde tdN,N-diphenylmethylenediamine (further referred to aminal”) and a
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following rearrangement reaction catalyzed by hgtloric acid. The reaction is
currently performed by adding formaldehyde to dtmmetric amounts of hydrochloric
acid and aniline at 60-80°C in an agitated reatfne reaction mixture is then heated to
100-160°C for about 1 h to complete the rearrangémeaction. The stoichiometric
amount of HCI is needed as the resulting amineoimihg hydrochlorides. MDA is
yielded as the major component of a technical métuith a varying content of tri- and
polymers with varying substitution patternsrtho and para), which is processed to
polyurethane without further purification. The prese of 2,4-MDA and MDA
polymers is not only not hindering the ongoing aension, but is vital for the properties

of the resulting polyurethane.

NH, NH, NH,
H2N | II NH, i ‘ "NH, ‘ ‘
4,4-MDA 2,4-MDA 2,2-MDA

H,oN

Figure 4: MDA isomers.

The use of hydrochloric acid as catalyst in thiact®n causes several problems,
including the handling of hydrochloric acid, whiadorrodes storage and disposal
containers and requires the construction of imponparts of using special and expensive
materials that can resist such corrosion. Furthesma large environmental problem is
caused by the necessity of neutralizing the hydaoictes prior to further conversion to
MDI. This process does not only consume stoichiomemounts of NaOH, but also
forms about 590 kg of aniline-contaminated sodiumoride per ton of MDA. The
separation of this phase is often a difficult andesirable energy-consuming procéss.

overview of the process is shown in Figuré'"
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NH,
H,0 N_ N
) -2 ~
.00, =2 (D
H” O H
aminal

H H
0 e
*2HCL N NHg*CI
“CI*HaN NH5*CI"
H,N NH,

- 2 NaCl (aq)

Figure 5: Formation of aminal, hydrochloride and MDA.

Due to these major drawbacks, which are alignethéouse of HCI as catalyst, it is of
considerable commercial interest to substitutentieeral acid by a solid acid catalyst.
Moreover, a solid catalyst could be regeneratedeting the total cost of raw materials.
Numerous efforts have been made during the lagsyeareplace liquid mineral acids,
such as HCI, by solid catalysts. lon-exchangedsgsiays, intermetallic compounds and
zeolites are only some of the materials that haenlproven to be possible catalysts for
the proces$?**

However, intermetallic compounds present a sefwablem for the synthesis of MDA: a
considerable amount &f-methylated-MDA (6.1-8.6% of reaction products)pieduced
during the reactionN-methylated-MDA is a very noxious byproduct in MB#Anthesis
because it can not be transformed into MDI throtighreaction with phosgeR&Having
only one isocyanic group per mold;methylated MDA interrupts the polymerization
chain and the free acidity of thW-methylated amine lowers the stability of the
polyurethane polymer.

The productivities reported for ion-exchange regstgrene-divinylbenzene containing
sulfonic groups and tetrafluoroethylene-perfluonplether containing sulfonic groups
(Nafion)) are not adequate for industrial developtnalthough their selectivity to MDA

was found to be very high. The maximum performanocé 4.95 and
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2.47 g(MDA)/g(catalyst) is still very poor in compson with zeolites
(260 g(MDA)/g(zeolite) /!

Zeolites can achieve higher aminal conversion, drigictivity and better selectivity to
MDA in comparison to other solid acid catalyStsThus, zeolites such as FAU, BEA,
silylated BEA and ERB-1 have shown a clear improsemfor the reactioré?

Previously, Pereget al*°

have screened various solid acid catalysts. Thafirmmed that
zeolites seem to be the most promising alternaiivéerms of activity and stability to
catalyze this reaction. According to the large disien of the aromatic molecules
involved in the reaction, one can deduce that n@®eys materials or large pore zeolites

should be good candidates to catalyze this reacGonmaet al*

have also suggested
that this process could be controlled by diffusidhey have claimed that the use of
delaminated zeolites, such as ITQ-2, ITQ-6 and IBQ-causes a significant gain in
activity. It has been found that ITQ-2 exhibits aah lower rate of deactivation than
other zeolites and aluminosilicates tested so Tére improved catalyst lifetime is

attributed to the molecular diffusion and fastesatption of products inherent to a
process taking place in the outer shell of thelgsttalt is noticeable that the structured

external surface of ITQ-2 has an important inflleemcthe product selectivity.

1.3 Reaction Mechanism — state of the art

The reaction network and mechanism of the formawbnMDA from aniline and
formaldehyde over solid acid catalysts has, tdotbst of our knowledge, not been studied
in detail so far. In literatut®'? the reaction network is roughly divided into tamain
steps:
1. The uncatalyzed formation of aminal by condensatioh aniline with
formaldehyde.
2. The acid catalyzed rearrangement reaction of thenamto intermediate
benzylaniline species.
3. The acid catalyzed rearrangement of the intermesliat MDA isomers.
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1.3.1 Non-catalytic condensation of aniline and formaldeixde to
N,N’-diphenylmethylenediamine (aminal)

N-phenylaminomethanol is formed by the reaction wfirre with formaldehyde. The
N-phenylaminomethanol then forms a Schiff base Isg lof water. The excess aniline
will react with the Schiff base to form the aminaidhich is stable up to 50 °C in the
absence of an acid catalyst. As it hinders thevigtof the applied catalyst, the water

produced in this step is removed before furthectrea.

Figure 6: Reaction of aniline with formaldehyde.

1.3.2Catalytic rearrangement of aminalto benzylanilines

The following rearrangement step requires an aatdlgst, such as a zeolite. The amino-
group of the aminal is protonated by a Brgnsted,aeisulting in the dissociation of the
aminal into a molecule of aniline and a carbocatishich can react by an electrophilic
substitution with an aromatic compound (e.g. as)liand form thepara and ortho-
aminobenzylanilines PABA and OABA.
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H H

. H HH H H
N N +H N N N< N
T O—0O—U T

s asie e agieg
7

PABA OABA

Figure 7: Reaction mechanism for the rearrangement of amirialPABA and OABA.

The formation of PABA and OABA is very rapid. Wéithe concentration of PABA and
OABA in the reaction mixture grows quickly, the cemtration of aminal decreases
drastically. The formation of PABA is favoured, aoting to the lowest steric hindrance

of thepara-position compared to th@tho-position?

1.3.3Acid catalyzed rearrangement of benzylamine-intermdiates into MDA

The benzylamines themselves are converted to MDAéss in a further acid catalyzed
rearrangement reaction. According to Peregal?, the reaction proceedsa a benzylic
carbenium ion, which reacts with aniline yieldind>®. It is proposed that the catalyst
protonates the secondary amine and splits the PAB& OABA into two molecules,
aniline and ap-aminobenzyl carbenium ion in case of PABA oro@aminobenzyl
carbenium ion in case of OABA. The reactive carbanions attack either the electron
rich ortho or para position of aniline, producing the different isaimeof MDA
(2,4’-MDA, 4,4’-MDA and small traces of 2,2’-MDA)According to the steric hindrance,
4,4-MDA is the favoured product. This reactioncensidered to be the rate determining

step. However, the existence of these carbeniumignot clarified at the present time.
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@nﬁ o J@

PABA OABA
[H'] [H]
NH,
[H*] [H']
H,N
2,4 MDA
(J ‘\A‘
H,N NH, NH;
4,4' MDA 2,2" MDA

Figure 8: Rearrangement of PABA and OABA into MDA isomers.

The most important variables affecting the proddistribution are the molar ratio of

aniline to aminal and the temperature. High corretioihs of aminal and high reaction
temperatures favor the formation oligomeric MDA &ps. On the other hand, the choice
of catalyst seems to have little influence on thalfproduct distribution. Only BEA-type

zeolites display an increased selectivity to 2,2DM However, the reason for this

behavior is not fully understood until now, thougbme theories state a correlation
between 2,4'-MDA formation an the density of str@mgnsted acid site's.

All authors agree that the reaction is limited hyre diffusion of the bulky reactant

species through the micropores, if zeolites arelieghpas catalysts, as the pores

themselves are of similar size as the reactantsrdar to bypass this limitation, the use
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of mesoporous materials, such ITQ-2 and MCM4dr nanosized materials with large
external surfacé, was proposed.

The main problem of all solid acid catalyst tessedfar is deactivation. None of the
proposed catalysts showed lifetimes that would makendustrial process based on a
solid acid catalyst feasible. However, the procedsading to catalyst deactivation are
not understood so far.

1.4 Aluminosilicates as solid acid catalysts

1.4.1 Zeolites
General Introduction

Zeolites are crystalline microporous (alumino-fsites of natural or synthetic origin with
highly ordered structures amticroporesof molecular dimensions (pore diamet@0<).
They occur naturally in the vugs of basaltic lawa,volcanic deposits from saline,
alkaline lakes and non-marine tuff beds. The teewolite was coined in 1756 by Axel
Fredrik von Cronstedt He found that the material stilbite can produdarge amount of
steam from water which had been adsorbed previdmglyhe material. Therefore, he
named the material “zeolite”, from the Greek wozds,meaning “to boil”, andithos for

“stone”.

The general empirical formula for a zeolite’s comsigion is:

M ym- Al Si> 04 - NHO
wherem is the valence of the cation M, is the water content and x the Al content
(0=x<1). The structure of a zeolite is composed of adhtimensional supporting
network filled with loosely bound exchangeable @asi and adsorbed phase. The
building blocks of the underlying network are J®®trahedral. The central T atom is most
commonly a silicon or aluminum atom, or more rar@lyhosphorus, titanium, gallium or
iron atom. Thus, the framework of a zeolite is maflaluminium and silicon tetrahedral
with the restriction that, according to Lowensteiale, two AlQ, tetrahedral will never
lie side by sidé?

10
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Zeolites are industrially produced since the midofieghe 1950s and have then mainly
been used as adsorbents and ion exchangers. In ¥9B%e zeolite (a synthetic
faujasite) was first used as catalyst by Union @&rbin 1972, Mobil Oil (foremost
Socony) developed a whole new family of pentasilemals. The most important of these
pentasils is ZSM-5. In the 1980s, zeolites weredusereplace phosphates in washing
agents. Today, zeolites find wide application intabsis (FCC cracking,
hydroisomerization), water purification, detergefds washing agents and construction
(additive to asphalt concrete or Portland cement).

Common Properties

The backbone structure of a zeolite is constructed O, tetrahedral units linked by
shared oxygen corners, yielding a network-like guatt This pattern replicates
periodically, giving rise to well-organized arragé channels that comprise topological
characteristics specific to the zeolifdsThe resulting framework does not depend on
specific cations, adsorbent phase, chemical coriposior physical and mechanical
properties of the zeolite crystals. Following thées set up by the Commission on Zeolite
Nomenclature of the International Union of Pure amplied Chemistry> a distinct
framework type is labeled by a framework type cqB&C) denoted by three capital
letters. FTCs are assigned and curated by thet8teu€ommission of the International
Zeolite Association (IZAJ° The search for novel framework is up until now atively
pursued research area. Currently, 191 distinct dvaonk types have been approved by
IZA, including 5 frameworks approved in the firstthof 2009 and 10 others in 2088’

11
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FAU MOR

Figure 9: Several zeolite frameworkS.

By replacing a silicon atom with a net +IV chargethe framework by an aluminum
atom, which only carries a +lll charge, a net niegatharge is introduced to the
framework. To compensate this charge, a wide waodétcations, such as™HNa', K,
C&”, etc. are held in the pores and cages of a zédlfthese cations do not only allow
zeolite crystals to be used in ion-exchange presgsbut they also create a strong
Brgnsted acid site if a proton is used as coumter The oxobridges on the other hand

exhibit Lewis base properties.

H H H

O O O
., /’xmfx/ . /
SN S N xx’ x

Figure 10 Bransted acid site generated by substitution ofiti Al>°

For Brgnsted acidity both the density and actuahgfth of the acid sites are important in
catalysis. While sites of different strength maydimde to catalyze different reactions -
e.g. only very strong Bransted acid sites are aciivfluid catalytic cracking - the
density of such sites is directly correlated witte tcatalyst’s actual activitydrgnsted
acidity is influenced by both the chemical compositand by the lattice structure of the
zeolite (topography). The density of acid siteglirectly related to the Si/Al ratio: The

lower the ratio of Si/Al, the higher the concentratof acid sites.

12
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On the other hand, as the density of aluminum atomntte framework increases, the
actual strength of the Brgnsted acid sites decsea@aantum chemical calculations
indicate that this effect has its origin in the ®welectronegativity of aluminumwersus
silicon atoms in the vicinity of a given Al-OH g

Apart from their acidity, which can be tailored oth acid strength and site density to
meet the requirements of an application, zeolitfer aa second interesting property
related to their structure. Zeolites have a highiglered crystal structure with regular
pores being present. These micropores (3 -20 Adotmon zeolites) are of similar size
as common reactant molecules, endowing these nlatesieves with a special property
known as shape selectivity. This refers to the cseiey achieved in heterogeneous
catalysis reactions, which depends specifically tbe pore diameter or framework
architecture of the microporous material and tlze sif the reactants. One distinguishes

between three types of shape selectivity:

® Reactant selectivity: Only starting materials belawertain size can enter into the
interior of the zeolites’ pore system and undetg® ¢atalytic reaction at the active
sites in the micropores.

® Product selectivity: Only products of a certainesend/or shape can exit from the
pore system. Larger products are retained and ct@uvagain until a smaller product
is formed, which is then able to exit the pore ayst

® Restricted transition state selectivity: This foofnshape selectivity depends on the
fact that chemical reactions often proceeth intermediates. Only those
intermediates that are geometrically fitting intee tzeolite cavities can be formed

during catalysis, exit the pore system and tura the desired product.

13
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SN —— NN

A R S
Uiz |

Figure 11 Shape selectivity of zeolites; a) reactant seldytita) product selectivity; c)

restricted transition state selectivity.

In the following pages, the frameworks and propertiof the zeolites and other

aluminosilicates, which were applied in this theare discussed in more detail.

14
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BEA-type zeolite

Zeolite Beta, a large pore, high-silica zeolite Viiest reported in a US Patent issued to
Mobil Oil Corporation in 1967. It has been demoattd to be useful in several
hydrocarbon conversion processes, such as cracKiygrocracking, dewaxing,
dealkylation and isomerization of n-alkariés> Zeolite Beta crystallizes in a tetragonal
structure with 12-membered ring channels (6.6 x29.ih one room direction, which are
crossed with a second type of 12-membered ringredan(5.6 x 5.6 A) in a second
direction. Figure 12 shows a model of zeolite Betewed along the 100 plane. One set
of 12-membered pores is running perpendicular ¢éopttojection plane, opening “out of
the sheet”, while the second set of 12-memberedsasrrunning from left to right within
the projection plane. As these two pore systemsnéeeconnected, they can be regarded

as ‘tcommunicating vessé)sn which reactants can easily pass from one po@nother.

Figure 12: Model of the zeolite Beta pore structure vieweagl@00)?®

15
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MFI-type zeolite

MFI-type zeolite is a highly porous material ands fem intersecting two-dimensional
pore structure. It has two types of pores, strai@dtmembered ring channels
(5.1 x 5.5 A) and intersecting 10-membered ringnoeds (5.3 x 5.6 A) which are not
straight but sinusoidal. This two-dimensional petricture allows molecules to move

from one point in the catalyst to anywhere elsthepatrticle.

N N
\

V v,

Figure 13: Schematic pore structure of ZSM-5.

ZSM-5 is one of most important zeolites with sturettype MFI. It is also one of the
most versatile catalysts ever found. It was disoedeén 1972 by researches of Mobil Oil
(foremost Socony}®*® who were looking for novel zeolite materials basedpentasils.
The new materials discovered by this group wereathASMs, -Zeolite Socony Mobile-,
after the type of material (zeolites) and the comypahich discovered them (Socony and
later Mobil Oil). The abbreviation ZSM is followda)y a running number, simply giving
the chronological order of their discovery.

As ZSM-5 is a zeolite with a high Si/Al ratio, itspplays strong acidity, resulting in high
activity in processes catalyzed by strong Bregnséedds, such as isomerization.
Therefore, zeolite ZSM-5 is widely used in the pletum industry as a heterogeneous

catalyst for hydrocarbon isomerization reactidhs.
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Figure 14: Model of the MFI pore structure viewed along (010).

FAU-type zeolite
The abbreviation FAU refers to the small family rafre natural silicate minerals of

faujasites, namelyfaujasite-Na faujasite-Ca and faujasite-Mg Faujasite was first
discovered in 1842 by M. Damour in Sasbach am Kstiskl and is named for
Barthélemy Faujas de Saint-Fond, a French geolagiivolcanologist® Apart from this
rare natural form, synthetic zeolites X and Y hamadentical structure.

The faujasite framework consists of sodalite cage®mected through hexagonal prisms.
The pores are arranged perpendicular to each otherpores, which are formed by 12-
membered rings, have a relatively large diametef.4fA. The inner cavity (supercage)
has a diameter of 12 A and is surrounded by 10lsedsages. Zeolite Y has a void
fraction of 48 % and thermally decomposes at 793'°Depending on the silica-to-
alumina ratio of their framework, synthetic faujasteolites are divided into X and Y
zeolites. In X zeolites that ratio is between 2 &navhile in Y zeolites it is 3 or higher.
The stability of the zeolite increases with theASifatio of the framework. It is also
affected by the type and amount of cations locatedhon-framework positions. For

catalytic cracking, zeolite Y is often used in attanum- exchanged forff.
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By using thermal, hydrothermal or chemical methosisme of the alumina can be
removed from the Y zeolite framework, resultinghigh-silica Y zeolites with increased
stability. Both common Y-type and USY-type (ultrtalde Y) zeolites are used as
catalysts in fluid catalytic cracking and hydrodaag to convert high-boiling fractions of
petroleum crude to more valuable gasoline, diesel ather products. Zeolite Y has
superseded zeolite X in this field because, duthéohigher Si/Al ratio, it is both more
active and more stable at high temperatures.dlsis used in hydroisomerization units as
a platinum/palladium support to increase the octaneber of reformulated refinery

products®?

Figure 15: Model of the zeolite FAU pore structure viewed gl¢h00)?®

MOR-type zeolite

Mordenite is a naturally occurring mineral that denfound e.g. in India, Canada, USA
and Central Europe. It was first described by Hedoyv in 1864. He named it after the
small community of Morden in Canada where it wast filiscovered®

Mordenite-type Zeolite (MOR) has orthorhombic cayststructure with straight
12-membered ring channels (6.5 x 7.0 A) and crossiégdshaped 8-membered ring
channels (2.8 x 5.7 A). Synthetic mordenite findsie application in the pertrochemical

industry as catalyst for isomerization reactions.
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Figure 16: Model of the zeolite MOR pore structure viewed gl(#01)?®

MCM-22 framework
MCM-22 has an MWW-type framework consisting of aotwimensional sinusoidal

channel system within hexagonal sheets, accedhitlagh 10-membered ring apertures.
One of these pore systems is defined by two-dino@asi sinusoidal channels
(4.0 A x 5.5 A), while the other consists of largaipercagesyhose inner free diameter
(7.1 A) is defined by a 12-membered ring with amein height of 18.2 AThese
coexisting pore systems may provide opportunities a wide variety of catalytic
applications in the petrochemicahd refining industry® MCM-22 with mid-strong
acidity may also obtain a high catalytic activitydaselectivity for alkylation of toluene
with methanol. By swelling and following delamir@ti the MWW layers of MCM-22
can be separated, thus producing mesoporous nsteuah as MCM-36 and ITQ-2.
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Figure 17: Proposed structural model for MCM-22.

1.4.2 Mesoporous aluminosilicates
General Introduction

While the use of zeolites as solid acid catalystsigdes the above mentioned advantages
of tailorable acidity (both density and strengtiggular structure and thereby shape
selectivity, high thermal and mechanical stabitityd rather low costs, their application
as catalysts regularly faces one problem: masspgmah limitation. As most reactant
molecules are of similar size as the zeolites’ pdhemselves (which is indeed vital for
shape selectivity), diffusion of these molecule®tigh the pores is very slow, resulting
in pore diffusion limitation’®*? This limitation can be bypassed or overcome by the
application of aluminosilicates with larger poreg applied. Their pore diameters are
then in the range of 2 — 50 nm and are referredstmesoporesThere are numerous
possibilities to create mesoporous aluminosilicatésvhich the most important are:

» The application of amorphous aluminosilicates, Whice already mesoporous,
but unordered after their synthesis. They can f@mgle be prepared by co-
condensation of silicon- and aluminumalkoxides with the addition of any
structure directing additives (SDA).

* The generation of mesopores in a preformed zefoéiteework by dealumination

by steaming.
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* The generation of mesopores in a preformed zefoéitaework by desilication by
alkaline leaching.
» Delamination of a layered zeolite precursor.

» Synthesis of ordered aluminosilicates, such as $3BAVICM-41 or KIT-6.

While amorphous aluminosilicates are easy and cheagynthesize, their unordered
structure and relatively low acid site density nsakeem rather poor catalysts for acid
catalyzed processes, as was already shown in peewi@rk!''? The generation of
mesopores by steaming is a well established teakréad is applied in technical scale
for the preparation of USY catalysts from commonblite Y by treatment with steam,
leading to dealumination of the zeolite framewokk. vast amounts of Al are removed
from the zeolite framework (Si/Al ration increaskem 2.5 up to 40) during this

treatment, holes and cavities, which act as messpare created:*’

Figure 1.18 left:3D TEM reconstruction of a parent Na-Y crystaght: 3D TEM

reconstruction of a steamed Na-USY crystal.

Very similar effects can be achieved by removingnSiead of Al from the framework by
treatment with NaOH. The advantage of this metteothat desilication, in contrast to
dealumination, does not result in a loss of adiel density*®

The delaminated materials ITQ-2 and MCM-36 are hmttpared from MCM-22 and
will be discussed in more detail later.

Ordered mesopores materials have attracted spatggition in many fields, including
adsorption, separation and catalysis since theodésy of M41S by Mobil's researchers

in 199279 For the synthesis of such materials, it is necggsapreform a liquid crystal
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from an organic template (e.g. Cetyltrimethylamnooméalts CTMA in case of MCM-41
or polymers such as P123 in case of SBA-15 and 6J)/Twhich is then serving as a
matrix around which the (alumino-)silicate growdstek complete condensation of the
silica material under hydrothermal conditions, thganic template is removed by
calcination.

Such aluminosilicates exhibit large uniform porzesihigh surface area, high thermal and
hydrothermal stability and relatively high acidestgth. Therefore, materials such as Al-
MCM-41, AI-SBA-15, AI-KIT-6, possess great potemtiar acid catalyzed reactions
involving large reactant molecules. The large parkéshose materials could alleviate

diffusion problems present even in the best zevlite
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Figure 1.19: Possible mechanistic pathways for the formatiorM&@M-41: (1) liquid

o
l

crystal phase initiated and (2) silicate anion iaied>’

Delaminated materials: ITQ-2 and MCM-36

Both ITQ-2 and MCM-36 are prepared by delaminatmnthe MWW-layers of a
MCM-22 precursor (MCM-22(P)). While the MWW layease randomly orientated in
ITQ-2, they are neatly stacked and supported ligasipillars” in case of MCM-36, thus

generating regular mesopores between the layes MCM-22(P) material, the MWW
layers are already formed, but organic templatexgimethyleneimine HMI) trapped
between the layers prevent them from condensinglerdby forming the final MCM-22
framework, which was already described earlier. tJpalcination of MCM-22(P), the
organic template is removed and the MWW layers camdense and form MCM-22.

However, it is possible to replace the HMI templdtg an even larger one
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(Cetyltrimethylammonium-ions CTMA, thus further separating the MWW layers. This
CMTA exchanged precursor is commonly referred tosasllen MCM-22. It is now
possible to separate the layers completely by sdtriw treatment, which yields the
randomly oriented MWW layers in form of ITQ-2. Unduilder delamination conditions
followed by pillaring with TetraethylorthosilicaterEOS), the neatly stacked MWW-
layers of MCM-36 are producéd.

e a
; 'i'bl';gjtoﬁ_‘-

MOCM-22{1")

SWOLLEN MCM-22

1TQ-2

Figure 1.20 Synthesi®f MCM-22, MCM-36 and ITQ-2 from MCM-22(P.

The first synthesis of ITQ-2 has been reported byn@ et al®>>. The material has been

named ITQ after the Instituto de Tecnologia Quimighere it has been developed. It
consists of very thin sheets of MWW-layers25 A thick), leading to an extremely high
external surface area of 700°7/m These thin sheets consist of a hexagonal afay

“cups” penetrating into the sheet from both sidg@scause of the delamination of the
MCM-22(P) precursor layers, the large cylindricapsrcages of MCM-22 were halved
and an increasing number of nowhalf-open supercdymgs”) are present in a

hexagonal array on the sheets’ surface. Theselayesan aperture of 7.0 A, formed by a
12-membered ring. The cups are 7.0 A deep and ané¢le¢ center of the sheet, forming a
double 6-membered ring window that connects the chpttom to bottom, resulting in a
smooth 10R pore system around the cups insideatfex>F Thus, reaction sites located

previously in the supercages are more easily atesgven for larger moleculeshe
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ITQ-2 structure is therefore more active for reasi controlled by diffusion through
micropores than the parent MWW-type framework.

It was shown that, for example, that ITQ-2 exhilnireased catalytic activity in relation
to the precursor zeolite in the cracking tatisopropylbenzene and gas oil, and also
relative to other zeolites in the liquid-phase camghtion of naphthalene with
paraformaldehyde to dinaphtylmethane. Recently, it i@amsd that the~riedel-Crafts
alkylation of biphenyl with propylene in gas phaser ITQ-2 can be considered a clean

reaction to obtain only alkylated products, withothter lateral reactior.

OH OH OH OH OH OH OH OH CH OH
! b - ) ). A, N ke

- |~\r_o;_h)> ]q.\{_,g___b; ._..{_f'g:;.ﬂ_..-..]

"'_l
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] I | 1 T 1
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OH OH OHOH OHOH OH OH OH OH

12MR— -
e — —
Hexagonal o[ T <«=—— 10MR
prisms o

Figure 1.21:Proposed structural model for ITQ3

MCM-36 is a pillared molecular sieve with define@sopores generated by expansion of
the MCM-22 inter-layerwvia swelling and pillaring. MCM-36 contains mesopovéth
diameters between 2 and 4 nm and sinusoidal, 10b@esd ring channels in the intact
layers. As shown in Figure 21, the mesoporous regidocated between the microporous
layers of the MCM-22 and has the properties of @iom-pore zeolite. These attributes
make MCM-36 a unique mesoporous material: it ctuts$ the first example of a
zeolite-based pillared molecular sieVt is known that MCM-36 is an active, selective

and stable solid acid catalyst for alkylation adkistene with 2-butene. It has also been
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shown that MCM-36 is very active for the alkylatiaf benzene with propylene to

produce cumen®.

MCM-22 layer & 25 A
Oxide pillar _

10-25A
Mesopore

Figure 1.22: Model of the MCM-36 structurg

Framework MCM-41

MCM-41 is a direct descendant of M41S, the firsteved mesoporous material. It was

developed by the same group in 199MCM-41 is a completely ordered mesoporous
material, not containing any micropores. It displag honeycomb-like structure of
hexagonally arranged uniform mesopores (~3 nmaméier) running through a matrix
of amorphous silica.

Due to its high specific surface area (approxinyaleD00 ni/g) and mesopore volume
(up to 1.0 cn¥g), high thermal and hydrothermal stability, itscity and hydrophobicity
and the possibility of controlling its pore size bgjusting the synthesis conditions
MCM-41 has attracted the attention of scientistan&vaiaet al® have shown that the
well-defined mesoporous MCM-41 silicas may be rgadarnessed to achieve selective
oxidation (using in-built titanium ions and,®, as the key agents) of quite bulky
molecules. Armengokt al>® have demonstrated that it is possible to alkylatge
molecules, such as 2,4-diutyl)phenol with cynamil alcohol giving rise to
6,8-dit-butyl)-2-phenyl-2,3-dihydrobenzopyrab over Al-MCM-.
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However, because the O-Al-O angle is more rigichttiee O-Si-O angle, AI-MCM-41
materials are less structurally ordered than thefe silica version and are highly similar

to amorphous alumina, especially at high Al-corgéht

Figure 1.23: Structural representation of MCM-41.

Framework SBA-15
The structure of SBA-15 (Santa Barbara Amorphousber 15) consists of a hexagonal

arrangement of cylindrical mesoporous tubes o1@ Am in diameter, which is similar to
the structure of the honeycomb-like MCM-41 silica&ept for random interconnection of
the tubes by micropores in the pore walls. It west ynthesized in 1998 by researchers
of the University of California in Santa Barb&l&2SBA-15 can be prepared over a wide
range of uniform pore sizes (from 46 to 300 A) aode wall thicknesses (of 31 to 64 A)
at low temperaturg35° to 80°C), using a variety of poly(alkyleneojttiblock-
copolymers and by the addition of cosolvent organaecules. SBA-15 has attracted
considerable attention because of its high streategularity, thick inorganic walls, large
pore diameter, excellent thermal and hydrotherrtebikity, its low-cost and non-toxic
template, and because of the simple and reprodusipithesis. In addition to that, one of

the interesting properties of SBA-15 is the coexise of meso- and micropores.
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Incorporation of Al into SBA-15 materials has besttensively studied due to their great
potential in acid-catalyzed reactions for large esales. A. Vinwet al®® have studied the
alkylation of m-cresol with isopropanol over different aluminosilicates. Al-SBA-15
(Si/AI=45) was found to be the most active catalystthis study, showing 73.5%

m-cresol conversion under the optimized reactiorddans.

Figure 1.24: Pore structure of SBA-1%.

Framework KIT-6

KIT-6, which is synthesized under very similar ciimhs as SBA-15 was first
synthesized at thKorea Advanced Institute of Science and Technolod3004. KIT-6
exhibits a three-dimensional cud&3d symmetric structure with two intertwined chiral
pore systems. Due to this unique 3D channel netwagdhly opened spaces for direct
access to guest species without pore blockageresent in the KIT-6 frameworfR.KIT-

6 possesses large readily tunable pores with tiick walls, high hydrothermal stability,
high specific surface area and large mesopore \alurhis material is expected to be
superior to other mesoporous structures (in pdaiddCM-41 and SBA-15) with one or
two-dimensional channels due to faster diffusionreéctants and products during

reaction in the interconnected mesopores.

27



Chapter 1

Prabhu et al®® have reported that Al-KIT-6 is a potential catalyisr selective
O-acylation of phenol with acetic acid in the vap@nase with the aim of obtaining
ortho- and para-hydroxyacetophenone, which is an important raw emat for the

production of pharmaceuticals, insecticides anfupess.

Figure 1.25:Proposed structural representation for KIT6

1.5 Scope of the Thesis

As described previously, it is of considerable caroral interest to replace HCI as
catalyst in methylenedianiline production by adaicid catalyst. However, all efforts in
this direction have failed until now because of lih& activity of solid acid catalysts for
this process and their rapid deactivation. Recerithe application of delaminated
materials (ITQ-2)" or small crystalline zeolitéswas proposed in order to increase the
catalysts’ activity. However, deactivation of thewaterials under process conditions is
still a major problem. It is the objective of ourosk to develop an aluminosilicate
catalyst that displays both high activity and irmsed lifetime.

However, it is vital to understand the reaction hagsm and network in order to design
an improved catalyst. It is likewise necessary tolarstand the processes leading to

catalyst deactivation, if one is to design a matetfiat can avoid or slow down this
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deactivation. Therefore we divided the proje¢Novel acid -catalysts for

methylenedianiline productiontito four main stages:

Stage 1 — ldentification of the reaction mechangsmd network -

In the first stage of the project, it is our aim uoderstand the reaction network and
mechanism involved in the formation of methylenadiae over a solid acid catalyst. In

order to achieve this, we will collect time congatibn profiles of the reaction in a batch
reactor at different temperatures and starting eotnations. From this kinetic data, we
can deduct activation energies and reaction oroiekey steps in the reaction network.
By the identification of all major reactants, intexdiates and products found during the

reaction, we should be able to suggest a valid imedetion network and mechanism.

Stage 2 — Catalyst screening -

Once the reaction mechanism is basically understibasl important to understand how
different catalysts affect the reaction in termgadduct distribution and reaction rates.
Therefore we will test a broad variety of commedtgiavailable aluminosilicate catalysts
in a test reaction in order to determine which praps of a catalytic material are vital
for its activity, selectivity and lifetime. Ideallyhis data should further support and refine

the established reaction mechanisn$tzge 1

Stage 3 — Deactivation -

The main problem of all catalysts tested so fadasctivation. However, there is no
consensus in literature to what species is causisgdeactivation and how it is formed,
or even if deactivation might be caused by gradiemdomposition of the catalytic
material itself. It is our aim to identify the pexses and substances leading to catalyst
deactivation. The reaction mechanism and networtafje 1 and Zhould present a
good starting point for these investigations. Thastruction of a continuous setup for

lifetime testing will be necessary at this stage.
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Stage 4 — Synthesis, Characterization and Tesfimgmroved catalysts —

Based on a substantiated understanding of theiwaaatd deactivation mechanisms, we
can identify the parameters that distinguish algsttavith high activity and improved
lifetime (such as framework type, pore size, a¢idrggth and density). Then, the final
step is to synthesize, characterize and test tag@seration of promising materials that
meet these requirements. Once the most effectitleeske new materials is identified, the
synthesis of a second generation of improved catialg the final and ideal goal of this

work.
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Chapter 2

Chapter 2

Reaction network and mechanism of the synthesis of

methylenedianiline over dealuminated Y-type zeolites

The reaction network and mechanism of the synthi@sisethylenedianiline (MDA)
from the condensation product of aniline and fomedlyde (aminal) on microporous
acidic materials has been elucidated. The firsp sitthe reaction, the decomposition of
the aminal to N-benzylanilines, is limited by fithffusion, the second and significantly
slower step, the acid catalyzed rearrangement @sehintermediates to MDA, is
controlled by microkinetics on mesoporous dealuteida’ -type zeolites. In contrast, the
second step of the reaction network is limited byepdiffusion on zeolite BEA as an
example for non-mesoporous materials. Based on-c¢oneentration profiles collected
by gas chromatography, we were able to determimeréfaction orders of the initial
decomposition of the aminal to one and two for ftlilowing rearrangement of para-
aminobenylaniline to 4,4-MDA. From the kinetic date deduced any&-type reaction
mechanism and a complex reaction network, whichbie to simulate the observed
concentration profiles. Furthermore the influendelee aniline to formaldehyde ratio of
the starting material on the final product distriilon was examined and found to be
negligible.

35



Chapter 2

2. Reaction Network and Mechanism of the Synthesi®f

Methylenedianiline over dealuminated Y-type zeolite

2.1 Introduction

Methylenedianiline (MDA) is an important startingatarial for the production of
methylenediisocianate for polyurethane synthe3ise most interesting production route
for MDA starts from the condensation of aniline dodmnaldehyde followed by an acid
catalyzed rearrangement reaction. Industrially maihacids, such as HCI, are applied as
catalysts. This does not only pose plant enginggsioblems by the handling of highly
corrosive material, but also environmental problewlhen HCl is used as catalyst, MDA
is yielded in the hydrochloride form and has tankeetralized with NaOH prior to further
conversion. HCI is actually spent in stoichiometatimounts and a large amount of waste

containing NaCl contaminated with aniline is create

NH,

0 + HCI X X

2 = - L I
H H "CI*H3N NHg*CI

+ NaOH | N | N
—_— + NaCl (a
- v (ag)
H,N NH,

Figure 2.1: Current industrial process for MDA production.

Therefore, it is of great interest to replace thiearal acid in the process by a solid acid
catalyst. Zeolites are very interesting in thapees, as their acidity and structure can be
tailored to achieve maximum activity and lifetifn8everal studies and a great number of
patents have been published on the use of zeolitege production of MDA from aniline

and formaldehyd&®
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All agree that the activity of zeolite catalystdimited by diffusion processes and that
catalyst deactivation by clogging of pores is a angjroblem. To counteract these
problems, mesoporous and delaminated structuregekhss nano-sized zeolite crystals
were proposed. In stark contrast to these solutdngen by intuition, the reaction
network and the mechanism of the formation of MDvera zeolite catalyst have not
been explored and described in detail in literatUites understanding of the involved
reaction network and the underlying reaction metdmaris vital for designing novel acid
catalysts for the synthesis of MDA beyond intuition

Cormaet al. propose that the condensation product of anilinth iormaldehyde
(aminal) is subject to a series of rearrangemeautti@ns in the presence of a Brgnsted
acid. The three MDA isomers (4,4’-MDA; 2,4-MDA; Z2;MDA) and oligomers thereof
are yieldedvia paraandortho-aminobenzylaniline (PABA and OABA)As the reaction
is believed to be diffusion limited, only a fracti@f the acid sites is accessible to the
aminal, which is converted into MDA as shown in &cle 2. Kugitaet al tested this
hypothesis by applying a beta zeolite (Si/Al 15)Yhwilifferent crystallite sizes to the
reaction. It was shown, that smaller crystallitespthyed higher activity in the reaction,

as more acid sites close to the particle surfagaecessible to the reacting molecdles.

NH,

H H
o 0
2 + >
AN |
aminal
NH,
solid acid solid acid
—_— N + N —_—
catalyst H H catalyst
H2N PABA OABA

NH, NH, NH,
weack
H,N NH, H,N

4,4'-MDA 2,4'-MDA 2,2'-MDA

Figure 2.2: Proposed reaction network for the MDA synthesig aeelite catalysts?®
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We decided, therefore, to explore the kinetics #mel reaction network of MDA
synthesis starting from the aminal on various wh#racterized zeolite catalysts in order

to deduce a reliable reaction network and estaltlistoverall reaction mechanism.

2.2 Methods

The aminal solution, which was used as startingerratfor all further reactions, was
prepared as follows. In a 1 L round bottom flask &L of aniline (6.58 mol, Sigma,
purity >99.5%) were heated to 50°C under vigorous stirrih@0 mL of formalin
(2.32 mol formaldehyde, Sigma, 37% wt of formald#dyin water, stabilized with
methanol) were added dropwise. After additionristy was continued at 50°C for 1 h.
Water and methanol were removed in a Rotavapor.c€&udmtion and purity of the
resulting solution of 1 equ. of aminal in 3 equ.amiline, which is ready for use in the

test reactions, was verified byl- and**C-NMR, as well as gas chromatography.

mmmmmmmmmm o o N s o -
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Figure 2.3: 'H-NMR (300K; DMSO-d6, 400 MHz) of aminal solutiorithwan

aniline/aminal ratio of 2. Aminal signals in bluaniline signals in orange.
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Figure 2.4: C-NMR (300K; DMSO-d6, 400 MHz) of aminal solutiorithwan

aniline/aminal ratio of 2. Aminal signals in bluaniline signals in orange.

For the test reaction, 10 mL of the aminal solutiere placed in a three necked round
bottom flask equipped with a reflux condenser ardtéd to the desired temperature.
After the set temperature was reached, 0.50 gysatalere added. 100 pL of sample
were taken from the reaction mixture after defitigte intervals and diluted with 0.9 mL
of acetonitrile (Sigma, purity99.5%), containing 1 mL of diphenylmethane (Fluka,
purity >99%) per 100 mL of acetonitrile as internal staddakfter removal of the
catalyst by filtration through a syringe filter (Msart SRC; 0.20 um, d = 4 mm) the
sample was analyzed by GC.
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Figure 2.5: GC elugram of the reaction mixture directly befoegalyst addition.
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Figure 2.6: GC elugram of the reaction mixture shortly befooenplete reaction.

In order to calculate the activation energies li@r key steps of the reaction network the
test reaction was carried out at temperatures et and 150°C. The initial rates for
the decomposition of the aminal, the formation ABR and OABA and the formation of
4,4-MDA were determined. The rate of PABA deconipor at a PABA concentration
of 0.10 mol/mol aniline was applied for the caldida of the apparent activation energy
of the PABA decomposition.
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For the determination of the reaction order of tleeomposition of the aminal, a
defined amount of catalyst (10 mg H-CBV 760 or 200 of H-BEA 25) was contacted
with 5.0 g of a solution containing different contrations of aminal in aniline at 70°C
(80°C in case of H-BEA 25). In order to obtain theaction order of the PABA
decomposition, a defined amount of catalyst (20@BY 760 or 200 mg of H-BEA 25)
were added to 4.0 g of a solution containing ddfeérconcentrations of PABA in aniline
at a reaction temperature of 70°C (80°C in cadd-BEA 25). The initial decomposition
rates of aminal and PABA conversion were derivecbat/ersions below 10%.

In order to investigate the influence of the amlsoncentration, reaction mixtures with
aniline to aminal ratios ranging from 3 to 20 h&een prepared. 15.0 g of these mixtures
were reacted with 0.79 g of catalyst CBV 760 at°@0rhe composition of the reaction
mixture was monitored by GC. When the reaction urixt reached a constant
composition after 2-4 hours, the respective prodigttibutions were determined.

For GC analysis a Shimadzu GC 2010, equipped wittOatima 35 MS column
(length = 30 m, ID=0.32 mm, film thickness 0.2%n}4 a FID detector and an
autosampler was available. A temperature profilgirbeng at 60°C, hold for 5 min,
heating with an increment of 15 K rffiio 170°C, holding for 40 min, heating with 25 K
min up to 300°C, holding for 15 min and heating with B min® up to 350°C and
holding this temperature for 2 min was applied. Tijection volume was set to 1 pL
with the Injection port heated to 280°C and a smiio of 50. The instrument was
calibrated to 4,4’-MDA, 2,4-MDA, PABA, OABA and amal, the response factors for
heavier products were assumed to be identicalsh dipproximation and were estimated
by closing the mass balance of the reaction.

As catalysts a dealuminated Y-type zeolite (CBV ,7B60lyst), a parent Beta-type
zeolite (H-BEA 25, Studchemie) and a set of Na-ergled CBV 760 have been tested.
The Na-exchanged CBV 760 samples were prepared HdbBV-760 by ion exchange
with NaNG;s. Three partially exchanged samples were prepayedidpersing 6.0 g of
CBV 760 in 90 mL of distilled water, containing 8.3 (1.65 mmol), 0.54 g (6.35 mmol)
or 0.90 g (10.6 mmol) NaNgat 80°C for 16 h under vigorous stirring. One ptately
exchanged sample was prepared according to the garoedure using a 0.2 M NaNO
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solution and repeating the treatment two times.salinples were washed with 200 mL
distilled water and dried over night at 80°C ptiouse.

Nitrogen physisorption isotherms were measuredguaif®M| automated sorptometer
at liquid nitrogen temperature (77 K), after ousgag under vacuum at 623 K for 4 h.
The apparent surface area was calculated by agpltyie Brunauer—Emmett—Teller
(BET) theory to the adsorption isotherms over atred pressure range from 0.01 to 0.09.
The micropore volumes were evaluated using thettplethod according to Hasel
The mesopore volumes were determined by the cuivellpbre volume of pores with
diameters ranging from 2 — 50 nm according to tl# Bnethod! Because of the
limitations of the PMI instrument, the isothermsrevemeasured at relative partial
pressures higher than 1@/p".

For temperature programmed desorption (TPD) experisy approximately 50 mg of
sample were activated for 1 h at 723 K in a sixt parallel vacuum system (0.8 Pa).
After activation, the samples were contacted witinkdar of NH at 373K for 1 h,
followed by degassing for 2 h at 373 K. For desomptthe samples were heated up to
1043 K with an increment of 10 K nitn Ammonia desorption was monitored by mass
spectrometry (Pfeiffer QMS 200 Prisma). The amoohtdesorbed ammonia was
determined by integration of the MS signal and bralion to a standard material
(H-MFI1 90; 360 pmol g).

The elemental composition of the applied catalystss determined by atomic
adsorption spectroscopy in an Unicam M Series Ham$ equipped with an FS 95

autosampler and a GF 95 graphite furnace.

2.3 Results
2.3.1 Catalyst characterization

AAS analysis showed that the parent zeolite samH8&EA 25 and H-CBV 760 have
Si/Al ratios of 12.7 and 29.5, respectively. Bo#ttatysts only contain negligible amounts
of Na.

TPD of ammonia indicated acid site concentratidns3® pmol ¢ for H-BEA 25 and
348 umol g for H-CBV-760. The sodium exchanged H/Na-CBV 76Ganples display
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decreasing acid site concentrations of 282, 1771&7dumol & in line with increasing

sodium concentration (see Table 1). The acidityttuf completely Na-exchanged
Na-CBV-760 is below the detection limit and its swd content indicates complete ion
exchange. XRD analysis verified that the structifrthe ion exchanged Y-types was not

damaged during ion exchange.

Table 2.1:Elemental composition and acidity of the appliethbysts.

Material name Si/Al  Na content Acidity Na-exchange
ratio wt.% [wumol/g] degree [%)]

H-BEA 25 12.7 <0.01 530 0
H-CBV 760 29.5 <0.01 348 0
H/Na-CBV 760-1 25.8 0.18 282 19
H/Na-CBV 760-2 25.7 0.37 177 49
H/Na-CBV 760-3 23.6 0.50 137 61
Na-CBV 760 25.5 1.18 <10 100

Micro- and mesopore volume of H-BEA 25 and H-CBVO7&ere determined by
nitrogen physisorption. While H-BEA 25 has a mi@op volume of 0.21 cig?,
mesopores were not found. H-CBV-760 showed a ma®polume of 0.28 cfing™* and

also significant mesopore volume (0.18aj).
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Figure 2.7: Nitrogen physisorption on H-BEA 28)(and H-CBV 760 4).

2.3.2 Time concentration profiles

For the determination of the concentration profifdhe reaction the test reaction was
carried out at 100°C with 5% wt of CBV 760, a deailiated Y-type zeolite (Si/Al 30),
as catalyst. This catalyst was chosen from a wapnétcommercially available zeolite
samples, because it displayed the highest actfoitythe desired reaction. A detailed
study on the activity of different zeolites andraloosilicates will be performed at the
second stage of the project, once the reactionarktend mechanism are establisfigd.
The concentration of the aminal is rapidly decregdrom the initial concentration of
0.33 mol/mol aniline and is beneath detection lihihin after the start of the reaction.
The concentrations of PABA and an oligomer aredasing fast at the beginning of the
reaction and, after reaching a maximum after 8 Endnin, respectively, decrease again.
The concentration of OABA in the reaction mixtuises to a level of 0.011 mol/mol
aniline and then decreases again very slowly. Tdreentration of a second oligomer
reaches a maximum after about 60 min and decompt®el/ after that. The 4,4’-MDA
concentration increases almost linearly over timé it reaches a constant level of about
0.26 mol/mol aniline at the end of the reactione Moncentrations of 2,4’-MDA and a
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further oligomer are also gradually increasing luthtgy reach a constant level of 0.014
and 0.012 mol/mol aniline, respectively at the efithe reaction.

At lower reaction temperatures the profiles lookesially the same, the reaction only
proceeds significantly slower. While the reactistiinished after 300 min at 100°C, there
are still significant amounts of intermediates (PABPABA, ...) present after 1600 min
of reaction time at 60°C. The composition of thacteon mixture at a certain reaction
advancement number is almost identical.

When higher temperatures are applied the reactigighificantly faster. At 140°C the
reaction is basically finished after 60 min. Agéie composition of the reaction mixture
is very similar at constant reaction advancementbers, with two exceptions. Firstly, it
is possible to convert OABA to 2,4-MDA at higheeniperatures. Therefore, the
concentration of OABA is notably decreasing ovendj while more 2,4-MDA is
formed. Secondly, higher temperatures seem to shét product spectrum slightly

towards oligomeric species.
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The turnover frequencies (TOFs) of all applied lygta were determined by
normalizing the initial rates of 4,4-MDA formatioto the amount of catalyst in the

reactor and its Brgnsted acidity.

TOF[min™] = rate of 4,4'-MDA formation [mql, o, /(MmQl;.. 0 mial g)] )
_ acidity [MOVg, Iy [MOI]

While the fully ion exchanged Na-CBV 760 sample sloet show activity towards
MDA formation (due to its lack of Brgnsted acidityfe pure proton form H-CBV 760,
as well as the sodium exchanged H/Na-CBV-760-Xpldis constant TOFs of about
600 min’. The parent Beta type sample H-BEA 25 is signifiyaless active and reaches

only a TOF of 24 mitl.

800

700

600

TOF [min ]
N w S ul
o o o o
o o o o
Il | | Il

100 f--------=-=-----

0 [

Beta 25 H-CBV 760 H/Na CBV 760-1 H/Na CBV 760-2 H/Na CBV 760-3

Figure 2.11: TOFs of H-BEA 25, H-CBV 760, H/Na-CBV 760-X.
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2.3.3 Temperature dependence

The apparent activation energies over H-CBV 760H+BEA 25 were derived from of
initial rates by the linear fits of the respecti&kerhenius plots. For the decomposition of
the aminal, an apparent energy of activation od/snbkl was found for both catalysts. For
the formation of PABA a change of regimes is obsdrin case of H-CBV 760. At
temperatures below 110°C, an activation energy7okJdmol was determined, while at
temperatures exceeding 110°C, an activation enefdy kJ/mol was found. The same
holds in principle also for the formation of OAB#Where at temperatures beneath 90°C
an activation energy of 80 kJ/mol was measured]endti temperature over 90°C the
apparent activation energy was determined to 6 &dJ/Ror the decomposition of PABA
and the formation of 4,4’-MDA 69 kJ/mol and 72 kalnrespectively, were found. For
H-BEA 25 the apparent activation energy for PABAnfiation was 32 kJ/mol over the
whole temperature range. The OABA formation showesimilar change of regimes as
over H-CBV 760. At temperatures below 80°C an atton energy of 155 kJ/mol was
determined, while at temperatures exceeding 80°@ctuation energy of 24 kJ/mol was
found. For both the decomposition of PABA and tberfation of 4,4-MDA 37 kJ/mol
were found over H-BEA 25.
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Figure 2.12: Arrhenius plot of the initial rates of formation BABA, linear fit for dashed
line y = -1431x+0.862, &0.992; linear fit for full line y = -4368x+8.503%°=0.992.
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Figure 2.13: Arrhenius plot of the initial rates of decompositiof PABA over H-CBV
720 (full symbols) and H-BEA 25 (hollow symbolsjnelr fit for H-CBV 720:
y = -8338x+14.95, B&=0.996; linear fit H-BEA 25: y = -4464x+3.07,°R0.938.

2.3.4 Reaction orders
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A double logarithmic plot of the initial rates oABA decompositionversusits initial
concentrations yields straight lines with slopesl dbr the aminal and 2 for PABA for
CBV 760 as well as 1 and 1.5 for H-BEA 25, respetyi (Fig. 2.14).

Inry

Incg

Figure 2.14: Determination of reaction orders over H-CBV 760ll(fsymbols) and
H-BEA 25 (hollow symbols) for amina¢) and PABA 4) decomposition, linear fit for
aminal y = 1.023x-0.252,%R0.993; linear fit for PABA H-CBV 760 y = 2.002x-67.7,
R’=0.995; linear fit for PABA H-BEA 25 y = 1.540x+80, R=0.995.

2.3.5 Influence of aminal to aniline ratio

A further aspect of the reaction being subjectdntversial discussion in literature is
the influence of the aminal to aniline ratio in ts&arting material on the final product
distribution. While some publications state thdtigher excess of aniline decreases the
concentration of oligomers in the reaction prodfjcothers claim that next to none
influence of aniline concentration on the produistribution has been fourfd.

Fig. 2.15 shows the determined product distribidrom reaction mixtures with

different aniline to aminal ratios. The 4,4’-MDAgjd was constant at about 82% for all
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concentrations. Also the yield of pMDA and isom#rsreof is constant at 5-6%. Only
the 2,4-MDA vyield is constantly rising from 4.5%puo 7%, while the OABA Yyield
decreases from 2% to 1%. Furthermore, the yieldthefintermediate MDA-PABA is
constantly decreasing, because the reaction rateeases with decreasing aminal

concentration, due to the higher catalyst to sabstatio.

Yield
100%—
80%—
pPABA
60%— OABA
B PABA
B MDA-PABA
O pMDA
40% 02,4-MDA
04,4-MDA
20%—
0%

1/3 1/5 17 1/10 1/20

Figure 2.15: Product distribution for different aminal to aniknratios after 4 h of

reaction time.

2.4 Discussion

2.4.1 Reaction Mechanism and Network
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The first step of the reaction network, the decositpin of the aminal, is by far the
fastest step in the reaction network. This wasdaekpected as the aminal is the most
reactive compound involved in the reaction. In fdut observed reaction order of one
and an apparent activation energy of 5 kJ/mol ssiggeat the first observable step in the
reaction network is the film diffusion of the amlingp the outer surface. The
decomposition of the aminal, to e.g., PABA, is tlast to be measured itself. The
following steps of reaction network, e.g., the daposition of PABA is significantly
slower and can, thus, be monitored.

All compounds showing a positive initial slope mettime concentration profile are
primary products formed directly from the aminahefefore, PABA and OABA are both
primary products, but the formation of PABA is sigly favored due to stronger steric
hindrance in thertho position. Also pPABA and the 3-ring aminal arenpairy products.
Literature suggests that the aminal is cleaved mmtopation on an acid site and the

resulting highly reactive carbenium ion attacksrket available nucleophife.

H H . H H H H
OTO—0" 0 0
— = +

Figure 2.16:Cleavage of the aminal and formation of a carbeniom

This can be either an aromatic ring antho or para position or a nitrogen atom of an
amino group. As there are a broad variety of nuystides available (aniline, the aminal
itself, PABA, OABA) which all can be attacked atveeal positions, a broad variety of
intermediates is formed from the aminal. In Fig@r&7 the nucleophilic attack of the
carbenium ion on the para position of a PABA moleds shown. This reaction yields an
adduct of PABA and the protonated fragment of timénal (pPABA), which should have
a similar reactivity as PABA and can be formed oRé&BA is present in the reaction

mixture.
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N
o
PABA H,>N pPABA

Figure 2.17:Reaction of the carbenium ion with PABA to from BRA

If the carbenium ion attacks another aminalootho or para positions of the phenyl
ring a 3-ring aminal structure is formed which shloketain its high reactivity, as it still
contains the aminal function. This seems to beye#b explanation for the observation of

the very short lived intermediates.

HMorto = o o

3-ring aminal
Figure 2.18:Reaction of the carbenium ion with aminal to frornighly reactive 3-ring

aminal structure.

These primary products do all contain at leastsewndary amino function, which is
also not stable on contact with a Brgnsted acice fidaction of thes&l-alkylaniline
derivates with catalytic amounts of mineralic acidspara)alkylanilines is known in
literature as Hofman-Martius rearrangem&it:

The mechanism of this second reaction step isténaliure also presumed to proceed
via a free carbenium ichAs it is well accepted that free carbenium iorss gifficult to
stabilize®, we suggest that the substrate undergoesyastyPe nucleophilic substitution
reaction. When the intermediate is adsorbed ongmd&ed acid site of the catalyst, the
C-N bond will be weakened by the additional chargke resulting positive partial
charge on the C-atom makes it susceptible to aeopbilic attack by the free electron
pair of the amino function or the phenyl ring ofilex@ or one of the other reaction

intermediates. A ®&-type reaction mechanism also explains the obdemwaction order

55



Chapter 2

of two for the rearrangement of PABA to 4,4-MDAA series of partially Nacation
exchanged dealuminated Y-type zeolites having aunagon of SiOHAI groups
inversely proportional to the exchange degree sda¥ve same turnover frequency with
all materials tested (see Table 2.1). This indediet the strength and concentration of
the acid sites does not play a major role. Thussnmpore diffusion limitations can be
neglected, as it is the case for CBV 760, all Brethscid sites contribute equally to the
overall reaction rate. This can be explained byrtile of the acid site in the proposed
reaction mechanism. The Brgnsted acid site is oadyired for the activation of the
intermediates by protonation and the resulting wealg of the C-N bond. The
protonation of the secondary amine function is itgaathieved also by weak acid sites,

thus no influence of the strength of Brgnsted ai&ks is to be expected.

O O IoR
H,N H,N

H

o Si” Al

K Gﬁ ?NHZ

e
H,N NH, /@/},N
MDA H,N

Figure 2.19: Proposed § type reaction mechanism on the example of 4,4AMD
formation from PABA.
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This reaction mechanism also provides an explandtiothe formation of pMDA and
MDA-PABA. pMDA is the product of a nucleophilic attk of a preformed 4,4’-MDA
onto an “activated” PABA molecule, as illustrated3cheme 2.20, and is a stable end
product of the reaction. If the nucleophilic pasitifor the attack is not the phenyl ring
but the nitrogen itself, MDA-PABA is formed. It hdmeen labeled MDA-PABA as it
contains a methylene bridged biphenyl unit like M@A well as the secondary amine
motif from PABA. Because of this secondary aminichion it is still reactive and can be
further converted to MDA and/or PABA (see Scheni p.

NH,
~ = 0
-H* - aniline O
Y NH2
O O H,N NH,
HoN NH,»

pMDA

Figure 2.20:Formation of pMDA from 4,4’-MDA and PABA.

-H"  -aniline
H
H,N PABA-MDA
HoN NH,

Figure 2.21:Formation of MDA-PABA from 4,4’-MDA and PABA.

The experiments with different aminal concentragi@how that only the yields of
2,4-MDA and OABA are affected significantly by thamiline concentration. This is in
agreement with the proposed reaction mechanismgchavtioes not point to reactions
between the activated species and aniline. MDA é&d from PABAvia a nucleophilic
attack of PABA on a second (activated) PABA andhsyefore, second order in PABA.
Aniline is a strong nucleophile and should, thus, ditacked by the active species.

However, aniline is significantly smaller than PABAd can realign itself to attack the
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electrophilic methylene-carbon with the free electpair of the amino function, which is
more nucleophilic than the phenyl ring system. &h&.22 shows that the products of
the reaction of PABA with aniline are again PABAdaaniline and consequently no net

reaction can be monitored.

Figure 2.22:Reaction of PABA with aniline.

The decomposition of OABA is so slow at 100°C ttiet OABA is still present in the
reaction mixture, when all other reactive interna¢els have already reacted. Therefore,
the only remaining reaction partners for OABA athes OABA molecules, which are
only present at very low concentrations. Thus, gbssibility of the mutual reaction of
two OABA molecules is negligible. Aniline, which gesent abundantly, may react, but
the reaction products will yield OABA and anilif@nly in the few cases when OABA is
reacting with a carbon atom of the phenyl ring ofliae, 2,4-MDA and aniline are
formed. This model explains why (a) the decomposiof OABA is very slow, (b) the
reaction order of the OABA decomposition seemtlow first order kinetics in OABA
instead of second and c) only the OABA and 2,4’-Miaélds are affected by the aniline
concentration.

The activation energy for PABA decomposition (6@nkdl) and 4,4’-MDA formation
(72 kJ/mol) are in good agreement and further destnate that 4,4’-MDA is generated
from PABA. The relatively high apparent activatienergy of about 70 kJ/mol and the
reaction order of two found with H-CBV 760 indicatieat this step of the reaction
network is limited by microkinetics and not by masansport. Over H-BEA 25, the
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apparent activation energy for PABA decompositioasv87 kJ/mol and the reaction
order was 1.5. The fact that only half the appaastivation energy and a reaction order
of (n+1)/2 = 1.5 were found for H-BEA suggests tlia reaction is limited by mass

transport over the BEA zeolite (see also reJs This hypothesis is further supported by
the determined TOFs for H-BEA 25 and H-CBV 760. é&latso, that the TOF for the

dealuminated Y-type sample is more than 20 timgkdrithan that for H-BEA 25 despite

the variation in the ion exchange degree (which aégies the acid site strength).

The reason for the different behavior is attributedhe different pore structures of H-
CBV 760 and H-BEA 25. Nitrogen physisorption showiedt parent H-BEA 25 has next
to none mesopore volume and, therefore, the asites can only be reached through
micropores. In contrast, H-CBV 760 has a signiftcaresopore volume (0.18 éngY).
These mesopores provide better access to the udaces active acid sites minimizing

the transport through the zeolite particles.

2.4.2 Simulation of the reaction network

The fact that the activated (bound on a Brgnsted site) species will attack any
available nucleophile results in a rather complexction network. In order to simplify
this network for a simulation, only the eight magempounds of the reaction network are
chosen for the calculation: the aminal (startindenal), PABA, OABA, pPABA, MDA-
PABA, 2,4-MDA, 4,4-MDA and pMDA. The 3-ring aminapecies are not included in
the model network because they are very short ligdsb 2,2’-MDA, N-methyl-MDA
and a variety of structural motifs of pMDA, whiclarc only be found in traces are
neglected in modeling. Note, that the proposedtimacetwork is, however, capable to
explain their formation.

The simplified reaction network with the eight inded substances is shown in Scheme
2.23. The 15 separate reactions linking these aigiitances can be described by a set of
differential equations (Formulas 2 — 9) for theesabf formation/consumption of each of
the involved substances. Nonlinear parameter gitththe differential equations 2-9 to
the experimental data (as shown in Fig. 2.8) watpred by using the CMA evolution
strategy in Matlal® The root mean squared error normalized to theamae of the data

(NRMS error) was used as the objective functiorbéominimized. To ensure that the
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globally optimal parameter set was found, eachnogétion run was repeated three times

with varying parameter sets of the evolution styate
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d(ar;ina_l) = - k,+k,+k, Jaminal 2
% =k, Ofaminal} k,, IDABA @3)
d(Pd’?BA =k, Ofaminalt k, JPABA]— kKC[PABA+ KT pPABE4,4' MD
—k, OPRBALT [4, MDA-] k[ PABA] [4, AMDA] @)
~k, OPABATMDA- PABA+ k[ pPABA
+k, CpPABAT] [4,MDA-] k0 PABA]
% - % %, E[aminal]f—; 'k, OPABA] — k[T pPABA
—k, OPABA] [4,4MDA k I pPABIAA, 4' MOy (5)
+k, OFABA(] IDA- PABA]
d(MDAd_t PABA | IPABAIM,4' MDA+ k [ pPABAH,4' MDY
~k, OMDA- PABA- k01 MDA PABA] (6)
~k, OMDA- PABAI] PABA]
—d(4’4d't'v'DA) =k, [JPABAF + k(] pPABR- KI4,4' MDA PAB
~k, 0 [4, MDA []qPABA- K4, 4' MDAT PABY @
~k, O [4,MDA CqPABAY] 2k 0 M- PABA
+k, MDA~ PABA[] PABA]
—d(z"‘d't'\"DA) =k, JOABA+ k.[] PABR (8)
d(pMDA

= ks PABALT4,4'MDAK KL pPABAJ4,4' MDA

dt )

+k,, DOMDA- PABA ]
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The resulting time concentration profiles for PAB®ABA, pPABA, 4,4-MDA,
2,4-MDA, pMDA and MDA-PABA at 100°C, 60°C and 140°are shown in Fig.
2.24-26. The simulated time concentration profdes in very good agreement with the
experimental data. Further evidence for the validftthe reaction network can be drawn
from the fact, that it is possible to fit the expeental data also at significantly higher and
lower temperatures (60°C and 140°C) by the sametikimodel. As the reaction at 60°C
was carried out over night significant catalyst aization occurred during this
significantly longer time frame. Therefore, the slated profiles can not reproduce the
composition of the reaction mixture measured the neorning, because the catalysts’
activity has markedly decreased and higher interatednd lower MDA concentrations
are predicted. As the kinetic model does not inglodtalyst deactivation, it is of course
unable to predict this behavior. Actually the olaéion that catalyst deactivation leads to
a change in the time concentration profiles that wat be reproduced by the kinetic
model provides evidence that the kinetic model a¢ actually too large. An over
dimensioned kinetic network (to many parametersjld/de able to reproduce any set of

experimental data and would therefore contain meahscientific information.
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In the following the parity plots the correlatiohthe simulated profiles at 100°C and
the measured data are shown. The accordance betinametical and measured data is
excellent in case of 4,4-MDA, PABA and MDA-PABA dnalso very good for
2,4-MDA, pMDA and pPABA. In case of OABA the pariplot is not significant, as its
concentration rapidly reaches a constant leveltaedefore no data points at intermediate
concentrations are available. The fit for the arinamacentration is the most difficult due
to the problem of its experimental verificationrdtlly the decomposition reaction of the
aminal is very fast and therefore only very fewadabints are available and secondly the

unstable aminal can not be detected directly biyt fvom its decomposition products in

the GC.

0.30

0.25 |~~~ G

0.20 - P
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measured concentration [mol/mol]

Figure 2.27: Parity plot for simulated and measured aminal corncagion over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.28: Parity plot for simulated and measured OABA concsign over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.29: Parity plot for simulated and measured 2,4’-MDA centation over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.30: Parity plot for simulated and measured PABA concaidn over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.31: Parity plot for simulated and measured 4,4’-MDA centration over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.32: Parity plot for simulated and measured pPABA con@iun over

H-CBV 760 at 100°C. Dashed line represents idedthma
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Figure 2.34: Parity plot for simulated and measured MDA-PABA eartcation over

H-CBV 760 at 100°C. Dashed line represents idedthma

The parity plots show that the simulated profiles i very good agreement with the
measured data. The corresponding plots at 60 adtCldre of similar quality but are not
shown in detail. Although a further refinement bé treaction network, involving more
reaction intermediates could provide even bettsy this course of action has not been
pursued. The fact that the proposed reaction n&tvgoable to reproduce the measured
time concentration profiles, as well as explainabserved reaction orders and activation
energies, already provides solid evidence thatpituposed reaction network and the
reaction mechanism it is based upon are indeed f@lithe synthesis of MDA over the
applied dealuminated Y-type zeolite.
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2.5 Conclusions

The aim of $age 1of the project was the identification of the réactnetwork and
mechanism involved in the formation of methylenediae over solid acid catalysts. We
achieved this goal by using GC analysis to recatditbd time concentration profiles of
the synthesis of MDA from the condensation prodottaniline and formaldehyde
(aminal) over a dealuminated Y-type zeolite. Fréwse profiles we were able to deduct
the structure of several oligomer species, whiclewantil now not distinguished in
literature. We report that only some of these atiges is really stable end products of the
reaction (pMDA and constitution isomers thereofhiles other oligomers are merely
intermediates of the reaction (pPABA and MDA-PABA).

A detailed reaction network was developed based &2 type reaction mechanism,
describing the reaction with high accuracy. Comparizeolite catalysts without
mesopores (BEA type zeolite) and those with mesp@dealuminated Y-type zeolite
H-CBV 760), we showed that the first step of thecten network, the decomposition of
the aminal, is limited by pore diffusion in bothoh&e systems. The subsequent
rearrangement of th&l-alkylbenzylaniline intermediates, however, is bied by pore
diffusion over zeolites that do not have mesop@B&sA), while it is not affected by mass
transport limitation over the mesoporous dealuneidat-type zeolite. Note that we are
reporting here on H-BEA, because its small crydedsl to significantly higher catalytic
performance compared to the larger crystals ofrarpad-Y catalyst. The presence of
mesopores, such as in the applied H-CBV 760, dadktiimproves catalytic activity by
reducing mass transport limitation.

Detailed knowledge of the reaction network indisateat solid Brgnsted acid catalysts
with small crystal size and a pronounced mesopiyradier ideal green catalytic routes
for MDA synthesis. The solid acid helps avoid thee wf HCI and the formation of
stoichiometric amounts of NaCl in the processyAtematicstudy of the detailed role of
the pore size, geometry and extend of mesoporissityprogress and is the main topic of
the next ChapteY.
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Chapter 3

On the influence of pore geometry and acidity on the activity of
parent and modified zeolites in the synthesis of

methylenedianiline

Methylenedianiline synthesis from formaldehyde amitine is catalyzed by solid acid
catalysts, such as zeolites, which offer strongligciand high acid site density. Critical
parameters for catalyst activity were explored gsmaterials with MFI, BEA, MOR and
FAU structure. While materials with MOR and MFIlwstture hardly show activity, BEA
and FAU type zeolites are active and selective.higleer activity for the latter materials
is related to their larger pore structure. Neveldss, the reaction is limited by pore
diffusion over parent BEA- and FAU-type zeolitesesbporous materials, such as
dealuminated FAU, offer significantly higher adyas pore diffusion limitation can be
overcome. Therefore, we synthesized and tested migsoporous aluminosilicates such
as desilicated BEA and the delaminated MWW mateiigQ-2 and MCM-36. It was
shown that desilication increases the activity aefgmt BEA type zeolites for MDA
formation, yet not to the same extend as dealuiomah case of FAU. ITQ-2 shows
promising results, but MCM-36 surpasses ITQ-2 it of activity by a factor of two

displaying activities similar to the dealuminated & materials.
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3. On the influence of pore geometry and acidity on th e activity
of parent and modified zeolites in the synthesis of

methylenedianiline

3.1 Introduction

As already mentioned in the previous chapters thésdesignated aim of this thesis to
develop improved solid acid catalysts for the puidun of methylenedianiline (MDA)
from aniline and formaldehyde. The first step taivdhe development of such an
improved catalyst is to understand the reactiowosk that is involved in the formation
of MDA and the reaction mechanism thorough whicis tieaction proceeds. This first
step has been taken$tage lof the project and is reported in the previougptéiaand in
also in literaturé. It was found that the reaction can be divided imo main steps: the
decomposition of the preformed aminal (condensatmmoduct of aniline with
formaldehyde) into intermediate species of benzltees and the rearrangement of these

intermediates into stable MDA-isomers.

NH,

H H
© (0] ©/ N N\©
2 +
HJ\H ,
aminal
NH,
solid acid solid acid
R N + N _—
catalyst H H catalyst
HzN PABA OABA

NH, NH, NH,
. +
H,N NH, HoN

4,4-MDA 2,4-MDA 2,2-MDA
Figure 3.1: Simplified reaction sequence for the synthesis of MDA overiteeol
catalysts'®
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By analysis of kinetic data we were able to suggestore detailed reaction network
and also a &-type reaction mechanism. Using this kinetic motiels possible to
reproduce the measured concentration profiles ginalation, such showing that the
proposed model is valid. In contrast to previoubligations™ we emanate from ay3-
type reaction of second order between an activapegties, which is adsorbed on a
Brgnsted acid site and a second molecule. In tbeopated molecule the C-N bond is
weakened, resulting in a positive partial chargetlom adjusting -CkH carbon atom,
rendering it susceptible for a nucleophilic attdgkan electron rich function, such as the
para or ortho-position ofthe phenyl ring of another molecule or also theraniunction

thereof. This is illustrated on the example of thienation of 4,4’-MDA from PABA in
Fig. 3.2.

6+
. y
O~ H,N
HoN NH; Si Al 2
MDA

_ H _
SA® e
H-N ’ NH, /©/\ N
H H,oN 4
_O. si7 Ol

MDA

Figure 3.2: Proposed &2-type reaction mechanism on the example of 4,4AMD

formation from PABA.
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The next towards the development of improved catalyor MDA synthesis is to
understand the influence of the choice of catadysthe reaction in terms of activity and
selectivity. Especially the impact of Brgnsted asitg density and strength and pore size
and geometry is of mutual interest.

Numerous studies and a great number of patents Ibese published on the use of
zeolites in the production of MDA from aniline aridrmaldehydé:® As diffusion
limitation of the bulky reactant species througle timicropores is believed to be the
limiting factor for the activity of parent zeoliteseveral mesoporous and delaminated
structures as well as nano-sized zeolite crystaliewwroposed as catalysts. Regrettably
the conditions under which all these materials wested are extremely incoherent as
each group applies different reactor systems, imatémperatures and/or concentrations.

In order to identify the physiochemical propert@sa catalyst, which determine the
activity, a series of zeolites has been exploretlismescribed in the present study. Apart
from parent MFI-, BEA-, FAU and MOR-type zeolitesthvvarying Si/Al ratio, also
delaminated materials, such as ITQ-2 and MCM-3grées of dealuminated Y-types and
a set of desilicated BEA-types were tested. Ahlysts were characterized by elemental
analysis, NH-TPD and nitrogen physisorption. Their activityMDA synthesis and the
turnover frequency of the strongly acidic protoristtee zeolites for the formation of

MDA was determined.

3.2 Methods

3.2.1 Materials

The aminal solution used as starting material fos@eening reactions, was prepared
as follows. In a 1 L round bottom flask, 600 mL afiline (6.58 mol, Sigma, purity
99.5 %) were heated to 50°C under vigorous stirrit@) mL of formalin (1.32 mol
formaldehyde, Sigma, 37 wt. % of formaldehyde inesastabilized with methanol) were
added dropwise. After addition, stirring was coaéd for 1 h at 50°C. Water and

methanol were removed by distillation in a Rotavagde concentration and purity of
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the resulting solution of 1 equ. of aminal in 3 eguaniline, which is ready for use in the
test reactions, was verified by- and**C-NMR, as well as GC.

Three samples of ZSM-5 with different Si/Al ratibl-MFI 90, H-MFI 240, H-MFI
400), three samples of BEA-type zeolite (H-Beta B=3eta 35, H-Beta 150) and two
samples of MOR-type zeolite (H-MOR 40, H-MOR 90)revgorovided by Stdchemie.
Parent (NH-CBV 500) and dealuminated (H-CBV 720, H-CBV 740CBV 760, H-
CBV 780) Y-type zeolites were obtained from ZealyBhe ammonium form of the
parent Y-type sample had to be calcined at 450tCLoh in synthetic air prior to use.
The resulting proton form was labeled H-CBV 500.

ITQ-2 and MCM-36 sample were prepared from the ME€2precursor (MCM-22(P))
according to literatur&®

The hydrothermal synthesis of the MCM-22(P) is iedrr out by using
hexamethyleneimine (HMI, 99% Aldrich) as templatiagent, SiQ (Aerosil 380,
Degussa) as silica source, NaAlRiedel-de Hén) as aluminum source, NaOH (Merck)
for pH adjustment and water as solvent. In a ty@gathesis, 0.18 g of NaAlCand 0.65
g of NaOH are dissolved in 75 mL obk®. To this solution 5.08 g of HMI and 6.29 g of
SiO, were added under vigorous stirring at room tentpega After stirring for 1 h at
room temperature, the resulting homogenous gedisterred into a PTFE-lined stainless
steel autoclave for hydrothermal synthesis at 140t® days in an oven designated to
rotate the autoclaves at 60 rpm. The solid progductcovered by filtration, washing and
drying in air at 80°C.

MCM-22 is prepared from MCM-22(P) by calcinationsgnthetic air by heating 5 K
min™ to 120°C and holding for 1 h, followed by heatiag5 K min' to 450°C and
holding for 10 h. The obtained white powder wasitded as Na-MCM-22, by XRD and
elemental analysis. In order to get the Brgnstadiaproton exchanged H-MCM-22 ion
exchange is performed by suspending 3.80 g of NaMR in 75 mL of 0.2 M NHCI
solution at 70°C over night followed by filtratioand washing. To ensure complete
removal of sodium the ion exchange is repeatectitinges. H-MCM-22 is obtained after
calcination in synthetic air at 3 K mirto 120°C and holding for 1 h followed by heating
at 3 K min* to 500°C and holding for 10 h. The resulting wipvder is identified as
H-MCM-22 by elemental analysis, XRD and TEM.
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For the synthesis of ITQ-2, 8.60 g of MCM-22(P) atespended in 101 g of.8,
105.5 g of tetrapropylammonium hydroxide solutidi®AOH, 20 wt% in HO, Aldrich)
and 48.7 g of hexadecyltrimethylammonium bromidetsan (CTMABr 25 wt% in BO,
Fluka) at 80°C in a three necked round bottom fleglipped with magnetic stirring and
a reflux condenser. After stirring for 16 h, theo#en material is treated for 1 h in an
ultrasonic bath (100 W). After adjusting the pHodow 2 by addition of several drops of
HCI conc., the solid is separated by centrifugatida-ITQ-2 is obtained by calcination
in synthetic air by heating at 5 K miiio 120°C and holding for 1 h, followed by heating
at 5 K miri* to 450°C and holding for 10 h. In order to get Br@nsted acidic proton
exchanged H-ITQ-2, ion exchange is performed byeunding 1.50 g of Na-ITQ-2 in
100 mL of 0.2 M NHCI solution at 80°C over night followed by filtrati and washing.
The ion exchange is repeated three times to esunplete removal of sodium. H-ITQ-2
is obtained by calcination in synthetic air at 3™ to 120°C and holding for 1 h
followed by heating at 3 K mihto 500°C and holding for 10 h. The produced white
powder is identified as H-ITQ-2 by elemental anslyXRD and TEM.

For the synthesis of MCM-36, 3.44 g of MCM-22(P¢ auspended in 10.3 g ot
55.0 g of tetrapropylammonium hydroxide solutioiPAOH, 20 wt% in HO, Aldrich)
and 81.2 mL of hexadecyltrimethylammonium bromigéugon (CTMABr 25 wt% in
H,0O, Fluka) at 100°C in a three necked round botttaskf equipped with magnetic
stirring and a reflux condenser. The pH is adjustedi3.5 with NaOH. After stirring for
68 h at 100°C, a white solid is obtained by filvat washing and drying in air at 80°C.
2.44 g of the dried product are mixed with 12.2fgTBOS (99%, Aldrich) under N
atmosphere. After stirring at 90°C for 25 h, thextonie was hydrolyzed with 142 g of
H,O. Na-MCM-36 is obtained by filtration, washing aaalcination in synthetic air by
heating at 5 K miri to 120°C and holding for 1 h, followed by heatmig5 K mir* to
450°C and holding for 10 h. In order to get the i&ted acidic proton exchanged H-
MCM-36 ion exchange is performed by suspending 8.00 Na-MCM-36 in 100 mL of
0.2 M NH,CI solution at 80°C over night followed by filtrati and washing. The ion
exchange is repeated three times to ensure compleiaval of Sodium. H-MCM-36 is
obtained by calcination in synthetic air at 3 K thito 120°C and holding for 1 h
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followed by heating at 3 K mihto 500°C and holding for 10 h. The produced white
powder is identified as H-MCM-36 by elemental as@édy XRD and TEM.

Desilication of zeolite BEA is performed by alkaieaching! For this, 6.64 g of
zeolite BEA (H-Beta 35, Sudchemie) are suspendé&DthmL of 0.2 M NaOH solution
at 55°C under vigorous stirring for a given periofdtime. After centrifugation and
washing, the isolated solid is suspended in 70 Q.2 NH,Cl over night at 70°C. Ilon
exchange is repeated three times to ensure complateval of sodium. The proton form
is obtained by calcination in synthetic air by fegiat 5 K min' to 120°C, holding for 1
h, followed by heating at 5 K miihto 450°C and holding for 10 h. The samples are
labeled H-BEA Xmin, with X representing the duratiof the alkaline leaching
treatment.

Al-MCM-41 was prepared according to literattfrfrom sodium metasilicate (N&iOs,
Merck), Cetyltrimethylammoniumbromid (CTAB 25% inater, Aldrich), 10% aqueous
tetramethylammonium hydroxide (TMAOH, Sigma) andlism aluminate (NaAlQ
Riedel-de H#&n). The aqueous solutions of CTAB (59.72 g) and TOHA (3.58 g
TMAOH solid in 32.3 mL water) were added to soluatiof 14.0 g sodium metasilicate
solution in 60 mL of water under vigorous agitatiah room temperature. Then the
sodium aluminate solution (1.03 g NaAld 25.0 mL water) was added dropwise under
vigorous stirring at room temperature.30O, was added to the gel mixture to adjust the
pH to approximately 11 before heating. The resgltigel mixture had a molar
composition of Si@: 0.25 CTAB : 0.24 TMAOH : 0.033 A0s : 60 H0, and was stirred
for 16 h at room temperature. Hydrothermal treatnvesss performed at 100°C for six
days. The product was filtered, washed, driediiraad calcined in synthetic air at 550°C
for 12 h. The obtained Na/A1-MCM-41 sample was @xchanged with 0.2 M NiC1
solution at 368 K three times, and then washe@ddand calcined at 773 K for 12 h to
prepare H/AI-MCM-41.

SBA-15 and Al-SBA-15 (X) with various Si/Al ratiowere synthesized following
published proceduréd® The incorporation of Al into the SBA-15 mesosturet was
carried out by a direct synthesis method using IRd»ddes as Al source. In a typical
synthesis, 40 g of tetra ethyl ortho silicate (TBE@8d an amount of aluminutert-
butoxide calculated to obtain Si/Al ratios equallfy 20, 30, 40 are added to 336 ml of
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deionized water containing 10.3 mL of HCI conc.eifstirring the mixture of Pluronic
P123, HCI and water over night, a clear solutiors watained. Then TEOS and the
respective amounts of ARuO); were added and the resulting solution was slotuisesl
for an additional 24 h at room temperature. Thalfgel was aged for 48 h at 100°C
under static conditions. Finally, the product wdtered, dried in air and calcined at
550°C for 12 h in synthetic air to remove the oigdamplate (heating rate of 1 K/min;

synthetic air flow 200 mL/min).

3.2.2 Characterization

Nitrogen physisorption isotherms were measuredguaif®®M| automated sorptometer
at liquid nitrogen temperature (77 K), after ousgag under vacuum at 623 K for 4 h.
The apparent surface area was calculated by apgplyie Brunauer—Emmett—Teller
(BET) theory to the adsorption isotherms over atred pressure range from 0.01 to 0.09.
The micropore volumes were evaluated using thettsplethod’ according to Hasel{?
The mesopore volumes were determined by the cuivellgbre volume of pores with
diameters ranging from 2 — 50 nm according to tti& Bnethod® Because of the
limitations of the PMI instrument, the isothermsrevemeasured at relative partial
pressures higher than 1@/p".

For TPD experiments, approximately 50 mg of sanm®ee activated for 1 h at 723 K
in a six port parallel vacuum system (0.8 Pa). Aféetivation, the samples were
contacted with 1 mbar of N-at 373K for 1 h, followed by degassing for 2 3@8 K.
For desorption, the samples were heated up to KO48h an increment of 10 K mih
Ammonia desorption was monitored by mass spectmyngiBfeiffer QMS 200 Prisma).
The amount of desorbed ammonia was determined tegration of the MS signal and
calibration to a standard material (MFI 90; 360 jigid).

The elemental composition of the applied catalystss determined by atomic
adsorption spectroscopy in a Unicam M Series FlAM8- equipped with an FS 95
autosampler and a GF 95 graphite furnace. The allipsty of the synthesized and
modified materials was analyzed by powder X-rayrddtion using a Philips X'Pert Pro
System (Cu-k1 radiation, 0.154056 nm) at 45 kV / 40 mA in ssepn of 0.017° min-1

from 5° to 70° B. Transmission electron microscopy (TEM) was measumn a JEOL-
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2011 electron microscope operating at 200 kV. Rodhe measurements, the powdered

samples were suspended in ethanol and dried oppecaarbon-grid.

3.2.3 Catalytic reaction

A ChemSpeed Accelerator SLT synthesis robot wighteparallel reactors was used
for catalytic test reactions. For the test reactidhmL of the aminal solution were placed
in a 27 mL double jacket glass reactor prefilledhwd.79 g of catalyst. The reactors are
heated to 100°C, dispersion of the catalyst is musby a vibration-plate operating at
1400 rpm. After defined time intervals 100 pL ofrgde were taken from the reaction
mixture and diluted with 0.9 mL of acetonitrile §8a, purity>99.5%), containing 1 mL
of diphenylmethane (Fluka, puri®9%) per 100 mL of acetonitrile as internal staddar
After removal of the catalyst by filtration throughsyringe filter (Minisart SRC; 0.20
um, d =4 mm), the sample was analyzed by GC.

Syringe
4-Needld | Pumps
Head
Vibratory
Plate

Figure 3.3: ChemSpeed Accelerator SLT 106.
For GC analysis a Shimadzu GC 2010, equipped wittOatima 35 MS column

(length = 30 m, ID=0.32 mm, film thickness 0.2%n}4 a FID detector and an
autosampler was used. A temperature profile begghat 60°C, hold for 5 min, heating
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with an increment of 15 K mihto 170°C, holding for 40 min, heating with 25 Kmi
up to 300°C, holding for 15 min and heating with 3nin™ up to 350°C and holding
this temperature for 2 min was applied. The ingttvolume was set to 1 pL with the
injection port heated to 280°C and a split raticb0f The instrument was calibrated to
4,4-MDA, 2,4-MDA, PABA, OABA and aminal, the regpse factors for heavier
products were assumed to be identical in first expration and were estimated by
closing the mass balance of the reaction.

The TOFs of the applied catalysts were determineddsmalizing the initial rate of
4,4’-MDA formation to the amount of applied catdlgsd its concentration of Brgnsted
acid sites according to equation 1. As our previgask has shown that all Brgnsted acid
sites contribute equally to the overall aciditystoiguishing between strong and weak
Bransted acid sites is not necessary.

rate of 4,4'-MDA formation [mql, ;. /(MmQl
acidity [mol/g.,, I[h,,,;i-[Mol]

O mifd g)]

iline

TOF[min™] = (1)

aniline

3.2.4. Modeling

Atom positions in the discussed zeolite framewoykes were obtained from the
corresponding crystallographic information filedKCoffered by the Database of Zeolite
Structures® The initial structure of PABA was optimized in MB& using B3LYP DFT
and a 6-31+G(d,p) basis set. The molecule is fittéal to zeolite pore system using the
potential energy derived by Lennard-Jones parasféts a figure of merit. The refined
parameters are the position of the molecule iredwite channel as well as a rotation of
rigid molecule parts around the benzene-NH-, beexf&r- and -CH-NH- bond in
PABA. The final images were created using Dianfdndadii of the ions are the
suggested values of 0.4 A fo*Sand 1.35 A for .2
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3.3. Results

3.3.1 Catalyst characterization
The elemental composition of the applied catalgstgetermined by AAS, their micro-
and mesopore volumes and their acidity, measurddHyyTPD, are shown in table 3.1.

XRD analysis verified the crystallinity of all conemtial samples.

Table 3.1: Elemental composition, pore volumes and aciditycofnmercial zeolite

samples.

Material Si/Alratio  Acidity [LUMOl/g] Vmicro [cM/G]  Vimeso [cM/g]  TOF [min™]
H-MF1 90 45 351 0.12 0.03 0
H-MFI 240 123 124 0.15 0.01 0
H-MFI 400 205 76 0.14 <0.01 0
H-MOR 40 19 760 0.18 0.02 0
H-MOR 90 44 410 0.18 0.03 0
H-BEA 25 13 530 0.16 <0.01 24
H-BEA 35 18 538 0.21 <0.01 30
H-BEA 150 79 229 0.23 0.02 15
H-CBV 500 2.7 1240 0.27 0.06 14
H-CBV 720 14 474 0.31 0.19 431
H-CBV 740 22 292 0.29 0.21 409
H-CBV 760 30 391 0.28 0.18 390
H-CBV 780 42 143 0.32 0.18 415

The applied commercial catalysts have Si/Al ratersging from 2.7 for parent Y-type
zeolite H-CBV 500 to over 200 for the ZSM-5 sampleVIFI-400. Accordingly, the
acidity of the sample ranges from 1240 umol/g fe€EBV 500 to very low values of
merely 76 pumol/g for the low Al H-MFI-400 samplehd samples of parent MFI, BEA,
MOR and FAU show next to none mesoporosity, whicdn doe attributed to
interparticular mesoporés. Only the dealuminated FAU samples H-CBV 720,
H-CBV 740, H-CBV 760 and H-CBV 780 display signdit mesopore volumes of about
0.19 cni/g.
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The elemental composition as determined by AASyoriand mesopore volumes and
Brgnsted acidity, measured by BAPD, for catalysts prepared or modified in thisdst
are shown in Table 3.2. Alkaline leaching of paBE&A-type zeolite H-BEA 25 results
in a significant gain in acidity from 530 pmol/grfthe parent material to about 900
pmol/g in the desilicated samples. After 30 miralidaline treatment, the acidity did not
further change.

Nitrogen physisorption experiments showed that mesoporosity of the material
gradually increases with increasing treatment tikvhile the parent material does not
contain mesopores, a mesopore volume of 0.2%gcmas found in the 15 min leached
sample, 0.24 cifg after 30 min and 0.28 — 0.33¥m in the samples with longer

treatment times.

Table 3.2: Elemental composition, pore volumes and aciditysphthesized zeolite

samples.

Material Si/Alratio  acidity [umol/g] Vimicro [cM°/G] Vimeso [cM°/g] TOF [min™]
H-BEA 15 min 13 836 0.09 0.21 56
H-BEA 30 min 12 895 0.10 0.24 55
H-BEA 45 min 11 899 0.08 0.28 59
H-BEA 60 min 12 874 0.11 0.32 62
H-BEA 90 min 10 809 0.13 0.31 62
H-BEA 135min 9.4 868 0.13 0.32 68
H-BEA 240 min 8.3 826 0.09 0.32 66
H-MCM-22 38 327 0.13 0.07 0
H-MCM-36 37 209 <0.01 0.25 375
H-ITQ-2 40 364 <0.01 0.24 165
H/AI-MCM-41 14 203 <0.01 0.19 477
SBA-15 («) pure Si0, <25 0.11 1.11 0
SBA-15 (33) 1470 <25 0.09 1.19 0
SBA-15 (100) 163 <25 n.n.
SBA-15 (50) 199 40 0.10 1.21 (1000)
SBA-15 (33)-2 113 99 0.11 0.87 555
SBA-15 (20) 40 140 409
SBA-15 (10) 13 373 0 0.02 206
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XRD analysis further supports the theory that moktthe damage to the BEA
framework is done in the first 15 — 30 min of tHkaéine leaching. Compared with the
XRD diffraction pattern of the parent H-BEA 25 sd&jpghe desilicated samples show a
pronounced loss of crystallinity (Fig. 3.4). HowevERD does not show any evidence

for further significant changes in the BEA frametwarith increasing treatment time.
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Fig. 3.4: XRD diffraction patterns of a) parent H-BEA 25,H)BEA 15 min, c) H-BEA
30 min, d) H-BEA 45 min, e) H-BEA 60 min, f) H-B&EAmiIn, g) H-BEA 135 min, h) H-
BEA 240 min, i) H-BEA 1020 min.

In order to verify that the synthesis was succeéssmples of H-MCM-22, H-ITQ-2
and H-MCM-36 were analyzed by XRD. TEM images @& three samples are shown in
Fig. 3.6a-c. H-MCM-22 displays the honeycomb patiafr 0.5 nm pores. The images of
H-ITQ-2 and H-MCM-36 show that the layers of MCM-22e almost completely
delaminated and, in the case of H-ITQ-2, randomignded. In Figure 3.6¢c the cup-
shaped cavities on both sides of the MWW-sheek8@¥1-36 are clearly discernible.
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The X-ray diffraction patterns of the uncalcined MQ@2(P), calcined H-MCM-22,
H-ITQ-2 and H-MCM-36 are shown in Fig. 3.5. As wade expected, the broad signals
in the precursor get significantly sharper aftdcication to H-MCM-22 as the MWW-
layers are merging during calcination, thus, forgriine MCM-22 zeolite framework. The
signals in the delaminated materials are much feoad have completely disappeared
compared to MCM-22(P). The Si/Al ratio of the syedls gel of the MCM-22 precursor
synthesis was about 45. The final calcined matethave a slightly higher Al content,
resulting in Si/Al ratios of about 38. Upon delaation, the acidity of the material
slightly increased from 327 pumol/g of the H-MCM-28aterial to 364 pmol/g in
H-ITQ-2. Pillaring of the swollen MCM-22(P) led ta significant loss in acidity to
209 pmol/g in H-MCM-36.
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Fig. 3.5:Powder X-ray diffraction patterns of a) MCM-22(B),H-MCM-22, c) H-ITQ-2
and d) H-MCM-36.
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Fig. 3.6: TEM images of a) H-MCM-22, b) H-ITQ-2 and c) H-MQ4-

The Si/Al ratio in the prepared MCM-41 sample wds Hence notably higher that in the
synthesis gel were a Si/Al ratio of 9 was chosédtrojen physisorption indicated that no
micropores are present in the synthesized mateamlvas expected for MCM-41. The
mesopore volume of 0.19 éfy, however, is significantly lower than comparabédues

published for Al-MCM-41 (about 0.70 cfg).*® X-ray diffraction shows one dominating

peak at about 0.8°@ and three smaller signals at 2.5°, 4.5° and 5@°T2ansmission
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electron microscopy verifies the presence of orienesopores of roughly 35 A diameter

in a hexagonal structure.

Fig. 3.7: TEM images of H/AI-MCM-41
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Fig. 3.8: X-ray diffraction pattern of H/AI-MCM-41.
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Elemental analysis of the SBA-15 (X) samples rexeathat only a fraction of the Al
precursor in the synthesis gel is incorporated theofinal sample. Only when higher Al
contents (Si/Al ratio < 20 in the gel) are appliadtable amounts of Al are incorporated
into the final product. Surprisingly the first skiesis of SBA-15 (33) yielded a material
in almost pure Si@ form (Si/Al 1470). Upon repeating this experimemntmaterial
(SBA-15 (33)-2) with Si/Al ratio of 113 was obtathewhich fits into the observed trend
for the other materials. NHTPD measurements verified the low Al content, @/ \poor
acidities were found. In case of SBA-15 (100) thielidy was below detection limit. The
pure SiQ reference sample SBA-1%) and the SBA-15 (33) showed no determinable
Brgnsted acidity as well. Only the samples withhieigAl content SBA-15 (20) and (10)
show significant acidity of 140 and 373 pumol/g,pedively. X-ray diffraction patterns
only show the characteristic low angle reflex abwhl® 29 for the samples with low Al
content. While the pure Si&amples of SBA-15«) and SBA-15 (33) show very similar
and intense signals, the intensity of the signaktically decreases with increasing Al
content of the sample. The peak is already vent far SBA-15 (50) and has completely
vanished in case of SBA-15 (20) and (10).

intensity [a.u.]
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Figure 3.9: X-ray diffraction patterns of a) SBA-15 (33)-2, 3BA-15 (100), c) SBA-15
(50) and d) SBA-15 (20).
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Nitrogen physisorption experiments yielded almatentical results for the pure SIO
sample SBA15 () and the other Al-free SBA-15 (33) sample. Botbpthy the parallel
hysteresis loop typical for materials with regutaesopores, such as SBA-15. Also the
calculated mesopore volumes of 1.11 and 1.18/grare in the expected range for
SBA-15 materials. As more Al is incorporated inte framework the BET surface and
mesopore volume of the materials decrease, e.g-EB@3)-2 has a mesopore volume
of 0.87 cnilg. At even higher Al concentrations in the synthagel and in the final
material the mesopore volume almost vanishes. SBALQ) for example only displays a
mesopore volume of 0.02 éf.
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Figure 3.10: Adsorption isotherms of nitrogen on a) SBA-15 (1)) SBA-15 (33)-2,
c) SBA-15 (33) and d) SBA-1b)(
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Transmission electron microscopy also indicates ttea pure SiQ samples SBA-15x)
and SBA-15 (33) exhibit a regular structure withiform mesopores of about 50 A
diameter. As higher Al contents are applied mord amore amorphous domains are
found in the samples. Eventually no ordered domeisd be found in the SBA-15 (20)
and (10) samples, which appear to be completelyrgimoos, as was already shown in
XRD.

Mag (k)
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Figure 3.11: Transmission electron micrographs of a), b) SBA(23)-2 and c), d)
SBA-15 (20).
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3.3.2 Catalytic reaction

The activity of the commercial and synthesized iteslamples was determined in a test
reaction. All materials are evaluated by theiriahitate of 4,4’-MDA formation, which is
normalized to each materials’ acidity for bettemparison. The obtained TOFs are
included in Tab. 1 and 2. The parent zeolite sampleMFI and MOR structure type
display no detectable activity, as no 4,4’-MDA wiasmed during the test reaction.
H-MCM-22 also shows no detectable activity. Theeparzeolite samples of FAU and
BEA structure type show only poor activity for MDfArmation. The TOFs reach values
between 14 and 30 minThe highest relative activities were found foe tealuminated
Y-type zeolites of the H-CBV 720 - 780 series, feag TOFs of around 400 nifn
Therefore, H-CBV 720, which has the highest acid density of these materials, is the
most active catalyst tested so far. Upon alkale&ching, the activity of H-BEA 25
increases significantly. The TOFs more than dotitam 24 min' for the parent zeolite
to 55 — 68 mift for the desilicated material. Both delaminated mial® display improved
activity of 165 mirt for H-ITQ-2 and 375 min for H-MCM-36. The H/AI-MCM-41
displays an even higher TOF of 477 thirBoth SBA-15 samples which contain no Al
(SBA-15 (o) and SBA-15 (33)-2) formed no 4,4’-MDA during ttest reaction. Over the
SBA-15 (100) some 4,4’-MDA could be detected, hograw its acidity, which is below
detection limit no TOF could be obtained. A simifaoblem is encountered in case of
SBA-15 (50). As its acidity is close to the detentiimit, the calculated TOF of about
1000 min' is potentially error prune and may actually bangigantly lower. The activity
of the SBA-15 (33)-2, SBA-15 (20) and SBA-15 (1@ples decreases notably with
increasing Al content from 555 nitnto 409 mift and finally 206 mift, respectively.
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3.4 Discussion

The very poor activity of MFI-type zeolites can ibabe explained by comparing the
size of the reactants with the size of the porenoyms in ZSM-5. Fig. 4 shows a reactant
molecule (PABA) inside a ZSM-5 pore. Due to the 4iaear -CH-NH- fragment in
PABA, the molecule does not fit into 10-memberedepsystem (~ 5.5 A). Therefore,
only acid sites at the pore entrances and on ther aurface are accessible for the
reactant molecules. However, such sites are atdmesthird of the acid sites in an MFI
material®® It appears that the concentration of these sitethé parent material is even
lower than this. The fact that only a small fraotiof its acid sites can take part in the

reaction explains the very poor activity of MFI-gypatalysts.

Fig. 3.12:Model of PABA molecule in a ZSM-5 pore.

Parent BEA-type catalysts display TOFs of about @™, indicating the slow
formation of small amounts of 4,4’-MDA during thest reaction. The reason for the
activity of BEA-type zeolites, while ZSM-5 proved be almost inactive, is located in its
pore structure. While the 5.5 A pores in MFI are small for the reactants to enter, the
pores in zeolite BEA, which are about 7 A large jaist large enough for the reactants to

pass. Furthermore, ay&type reaction between two reactant moleculegoasulated in
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our precious worK,can take place in the pore intersections in z2@®EA as shown in

Fig. 5. However, due to the very tight fit of theactants in the 12-membered pores,
strong mass transport limitation due to pore diffuss to be expected. The influence of
pore diffusion on the synthesis of MDA in parenblge frameworks has already been

discussed in detail in literatuté:?

Fig. 3.13:Model of two PABA molecules in a BEA pore inteiisact

The same observation holds true for parent FAU-B@aite H-CBV 500. Just as the
BEA zeolites, it displays some, but poor activiy fMDA formation. An R2-like
reaction can take place in the supercages of ee¥litwith one reactant placed in the
supercage and a second molecule attacking it thrélug entrance of the supercage, as

shown in Fig. 3.14.
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Fig. 3.14:Model of two PABA molecules in a FAU supercage.

The very poor activity of MOR-type zeolites seeragpsising at first, as the reactants
should be able to enter the slit-shaped 12-memljezlopenings as shown in Fig. 3.15.
However, there are no pore intersections (of 12-be¥ed pores) or supercages in the
MOR structure where a reaction between two reagtarpossible. When a reactant, such
as PABA, is located within such a pore, there is passibility to attack it at its
methylene-unit by a second molecule, as it is cetepl shielded by the pore walls.
Therefore, the reaction can only take place abtlter surface and the pore entrances as

in case of MFI-type zeolites, which likewise digpleery poor activity.
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Fig. 3.15:Model of a PABA molecule in a MOR pore.

By far the highest activities were found for theie® of dealuminated faujasites H-CBV
720 — 780. The reason for the high activity of éewaterials is related to their
mesoporosity. The mesopores in the dealuminatedriakst provide better access to the
Bronsted acid sites, thus, minimizing mass traridjpoitations?

Thus, dealumination was proven to increase thevigciof a parent zeolite for MDA
formation markedly by introducing mesoporosity. Hmer, dealumination does
inevitably decrease the acid site concentratiomeasoving aluminum from the zeolite
framework also eliminates the associated bridgi@H&I group.

A variant approach to introduce mesoporosity withdecreasing the zeolites acid site
concentration is to remove the Si from the framéw@his can be achieved by leaching
the zeolite in basic medium, i.e., treating theliteovith alkaline solution, which causes
desilication and so the formation of mesopores.

As starting material for alkaline leaching H-BEA #vas chosen, as it is among the
most active parent zeolites. H-CBV 500 was delitedyanot used for desilication

experiments as it already has a very high Si/Abranhd therefore, the removal of Si is
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believed to cause too much damage to the zeolimdwork, leading eventually to a
collapse of the whole structure. In order to sttitly influence of the treatment time on
the structure and acidity of H-BEA 25, samples wdssilicated for different time
intervals between 15 min and over 1000 min.

XRD analysis of the parent and the desilicated $esnghow that already after 15 min
of alkaline leaching, the BEA framework is severelgmaged. However, no further
change in the samples crystallinity was found wiittreasing treatment time. NHPD
showed a significant increase in acidity from 53f@qllg for the parent H-BEA 25
samples to about 900 pmol/g for the leached samfles increase in acidity was
expected as the removal of Si leads to a loss @fhwe the sample, while the number of
acid sites (defined by tetrahedrafAlremains constant.

Elemental analysis by AAS shows an ongoing remo¥&i from the framework with
increasing treatment time and the Si/Al ratio i ttample is constantly but slowly
decreasing. However, AAS also shows that the moandtic changes in composition
occur in the first 15 — 30 min of leaching time. line with AAS analysis, the
(meso-)pore volumes derived from,-physisorption experiments indicate a fast
formation of mesopore volume (0 — 0.24%uh in the first 30 min of leaching time and a
slow increase in mesopore volume from 0.28 to @8&g with increasing treatment

time.
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Fig. 3.16:Influence of leaching time on mesopore volume axigtity.

The influence of leaching time on the mesopore m@wand catalytic activity of H-BEA
is graphically illustrated in Figure 3.16. The TOéfsthe desilicated material doubles
compared to parent H-BEA 25. Compared to the parextérial, the actual activity of the
material does in fact quadruple, as the acid siteentration itself increases. The TOFs
slightly increase with further increasing treatmemte. This observation is line with the
slightly increasing mesopore volume over time. Hesvethe actual TOFs are still lower
compared with those of dealuminated Y-type zealiiéese relatively low TOFs and the
fact that the TOFs are still increasing with ingieg mesopore volume suggest that the
reaction is still limited by pore diffusion or thidte transition state itself is restricted.

To overcome this to a more drastic degree H-MCMa3@l H-ITQ-2 were both
synthesized from a common MCM-22(P). The Si/Al oatbf the final materials were
hardly affected by the delamination and were stablabout 38 and, so, slightly lower
than the Si/Al ratio in the synthesis gel, whichswib. TEM and XRD analysis showed
that the layers of MCM-22(P) were successfully oetated. The XRD patterns of H-
ITQ-2 and H-MCM-36 indicate that the MWW-layersihMCM-36 are reduced in size
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also with respect to their intact sheet portionthes signals in the XRD pattern of H-
MCM-36 are significantly broader compared to H-I2Q-

N,-physisorption experiments showed that hardly angropores were left after
delamination and similar mesopore volumes of atih@6 cni/g are created in both
materials. The acidity of the materials did chasgmificantly during the delamination
process. While the acidity of H-MCM-36 dropped fr@87 pmol/g in H-MCM-22 to
209 umol/g, the acidity of H-ITQ-2 increased sligltb 364 pmol/g. The reason for the
loss of apparent acid site concentration in case-MCM-36 is most likely caused by
the increase in weight of the sample by the piligrivith TEOS. The reason for the
increased acid site density in H-ITQ-2 is the higsicity in the delamination process,
which may cause desilication, as already discugsethe alkaline leaching of H-BEA
25. However, this loss of Si was not substantidedlemental analysis.

Parent H-MCM-22 displays no determinable activity MDA formation. This is not
surprising, as its pores are of similar size asehof ZSM-5, showing also extremely
poor activity (see Fig 3.12). The mesopores in HNAB6 and H-ITQ-2, however,
provide easy access to the acid sites and therdfoth materials display good activity
for MDA formation. The TOF of H-MCM-36 is with 37&in™ similar to the delaminated
faujasites and more than twice as high as the TIOFIFQ-2 (165 min'). The reason for
the higher activity of H-MCM-36, although it disgasimilar mesopore volume and size,
is defects in the MCM-22 lattice layers. These disfare formed during the delamination
process and provide even better access to thesderl As the delamination conditions
are more severe for MCM-36 (68 h @ 100°C) thanIfid@-2 (16 h @ 80°C) it is
plausible that the MWW-layers in MCM-36 are damaged larger extent, resulting in a
more open structure and therefore higher activity.

The H/AI-MCM-41 sample was found to have a very IBWAI ratio of 14 but only a
Brgnsted acidity of 203 pumol/g. A possible explarafor this is the presence of large
amounts of extraframework Al or even an amorpholiexde phase. The formation of a
(defective) MCM-41 structure alongside another ghous Al-oxide phase would
explain the surprisingly low mesopore volume of0chi/g and the unexpected presence
of large, unordered macropores. It furthermore jples an explanation for the poor

quality of the XRD data. Also the TEM images indeahe presence of an amorphous
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phase besides the ordered MCM-41 structure. Howeker TOF of the material was
determined as 477 min which surpasses even the dealuminated Y-typeitesollt
seems, that the presence of ordered mesoporesefidi@ for a catalysts’ activity. The
reason for the poor quality of the material mighatthe extremely high Al concentration
in synthesis mixture. Materials with lower Al contenight yield MCM-41 samples with
higher crystallinity, higher Brgnsted acidity ametefore even higher activity.

In the synthesis of SBA-15 it could clearly be obed, that the presence of low Al
concentrations in the synthesis mixture (below 8%pective to Si+Al total) results in the
formation of a well ordered SBA-15 structure, inigthonly small amounts of Al are
incorporated. Actually, in case of SBA-15 (33) nextnone of the Al was incorporated
into the structure (Si/Al almost 1500) and a wetleved SBA-15 structure was obtained.
With increasing Al content an increasingly “defe®BA-15 structure is obtained, which
manifests by decreasing mesopore volumes and d&agdatensity of the (100) signal in
the X-ray diffraction patterns. Finally, at Al cemts above 5% the crystallization is
disturbed to such an extend that a purely amorphtumosilicate with no regular pores,
but with high Al content is formed. The activity asirements above these materials
revealed that the higher the crystallinity of thatemials is, the higher are their TOFs.
This reinforces the conclusion drawn from the MCM-<gample that the presence of
regular mesopores is beneficial for the activity eofcatalyst. Naturally the pure Si

samples, which provide the best crystallinity botaeidity, showed no activity at all.
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3.5 Conclusion

It was shown that the activity of an alumosilicatatalyst for MDA formation is
influenced by both the materials acid site denaitgt pore structure. As long as materials
with similar structures (zeolite framework typesg @ompared, the actual activity is a
direct function of the total number of Brgnsteddasites in the reactor, as the TOFs are
constant within a series, if pore diffusion canneglected. As this is not the case for the
parent zeolites and desilicated BEA samples th@Fg are affected by the degree of
mass transport limitation. The pore structure & #ipplied catalysts has a pronounced
influence on activity. Whereas MFI- and MWW-typeolites are almost inactive because
the reactants are too large to enter their pordsr@action can therefore only take place
on the outer surface, parent FAU and BEA type nmalteshow a certain activity as the
Su2-type reaction can take place in the supercag@b)er pore intersections (BEA).
However, kinetic data suggests that the reactidmesvily limited by pore diffusion in
these materials. Mass transport limitation can\®rapme by creating mesopores in the
zeolite framework, as was shown for the dealumoh&#&U catalysts.

It was verified that dealumination causes a dramatirease in catalyst activity by
creating mesopores, while on the other hand alswedsing the catalysts acid site
density. Desilication by alkaline leaching seembé¢oa promising pathway for catalyst
development as it does likewise create mesopores meolite framework, but does
actually increase the materials’ acid site denditywas shown, however, that while
indeed mesopores were created by alkaline leaclunky, a moderate gain in actual
activity was achieved. Also at treatment times pfta 17 hours, the mesopores created
by desilication are not sufficient to overcome m@assport limitation in the process.

The use of designed mesoporous aluminosilicates$) as the delaminated materials
MCM-36 and ITQ-2 is an interesting and potentighgwerful strategy. While 1TQ-2
reaches about half the TOF of the dealuminated FAUBM-36 displays significantly
higher activity, comparable to the dealuminate@lyats. The higher activity of MCM-36
compared to the closely related ITQ-2 is attributeddefects in the MWW-layers of
which both materials are composed. In MCM-36, nuafrthese lattice defects are formed

due to the more severe swelling conditions, thadifeg to higher activity.
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Ordered mesopores aluminosilicates such as MCM#atll 3BA-15 also show very
promising results. In case of SBA-15 one is fachg problem that the one step synthesis
of Al-SBA-15 by adding an Al-precursor to the syegls mixture fails. Either Al is not
incorporated to the structure and well ordered, fmrt-acidic SBA-15 is formed, or an
Al-rich but amorphous aluminosilicate is yieldechédway around this problem would be
the two step synthesis of Al-SBA-15 by forming allwerdered pure silica material
according to established techniques and then a@d Ah by impregnation with
aluminumnitrate and ongoing calcination, as progdseHenseret al.?’

The incorporation of Al into the MCM-41 structure éasier, but still challenging at
high Al concentrations. The synthesis describeciheaims at a Si/Al ratio of 9 and
yields an at least partially amorphous defective NACL structure. Optimization of
synthesis conditions and a slightly lower Al cortteimould provide pathways to MCM-41

materials with better crystallinity and even highetivity.
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Chapter 4

Investigations on the deactivation of aluminosilicate catalysts

during methylenedianiline synthesis

The production of methylenedianiline from formalgigand aniline can be catalyzed by
solid acid catalysts, such as zeolites, amorphdushimosilicates and clays. It was shown
previously that the application of mesoporous ahosilicates, such as steamed FAU,
MCM-41 or MCM-36, greatly enhances the rate of MiaAmation by avoiding mass

transport limitation. However, deactivation of tlwatalytic material is still a major

problem and prohibits an industrial application. this study we propose a deactivation
mechanism based on the previously described reacteiwork and mechanism. The
assumption that catalyst deactivation proceedsthki@ growth of an oligomeric MDA

species inside the pore system was verified bgtisal of this species from a deactivated
catalyst. As this process is an intrinsic part loé atalytic reaction itself, the formation
of such an oligomer can not be prevented totallg pYopose, however, that large
ordered mesopores and lower acid site density shbale a positive impact on catalyst
lifetime. We therefore synthesized samples of MBMy&l MCM-41 with different Al-

content and studied the impact of the materialsgrigted acidity and their mesoporosity

on lifetime compared to commercial steamed FAU $asnp
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4. Investigations on the deactivation of aluminosilica te catalysts

during methylenedianiline production

4.1 Introduction

As we have shown in previous work, it is possieproduce methylenedianiline
(MDA), which is an important raw material for thgnghesis of polyurethanes, in high
yields from formaldehyde and aniline by solid acaalysis: As the reaction is heavily
limited by pore diffusion over (exclusively micropais) parent zeolites, the application
of mesoporous aluminosilicates is vital in orderaimid mass transport limitation and
achieve high activity.’ Among the mesoporous materials proposed as ctdtysthe
process hierarchically structured materials sucM@-41, MCM-36 and SBA-15 have
shown very promising results in terms of activitComparable results can also be
obtained using steamed Y-type catalysts of the CBY— 780 series.

All catalysts proposed and tested so far for theglpetion of methylenedianiline were
suffering from rapid deactivation. The reason fugit deactivation is not understood so
far. For an industrial realization of the solid ca@atalyzed production of MDA it is
necessary to find ways to avoid these deactivgirocesses. Whether and how this can
be achieved by the choice of reaction conditionstalgst design and/or regular
regeneration cycles has yet to be determined.

It is the aim of this work to determine and undanst the processes leading to catalyst
deactivation and to propose ways to avoid or slowrdthese processes. In earlier work
we already proposed a reaction network and meadmarfier the formation of
methylenedianiline from the condensation produanifine and formaldehyde (aminal).
The reaction mechanism as shown in Fig. 4.1 emanfaten a protonation of the
secondary amino group of an intermediate specigshiB protonation the adjoining C-N
bond is weakened, resulting in a partial positikarge on the carbon atom. This position
Is thus activated for a nucleophilic attack by angleophile in the reaction mixture. In

Fig. 4.1 this is th@ara position of anothepara-aminobenzylaniline (PABA) molecule.
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Figure 4.1: Reaction mechanism of the formation of MDA from RAB

As the para and ortho positions of the phenylring systems, as well as ghimary
amino functions of all involved molecules are sgronucleophiles as well, a broad variety
of intermediates and products is formed during teaction. As long as these
intermediates still contain at least one secondarnyno function, they can still be

activated and attacked by other nucleophiles.

110



Chapter 4

15
PABA
2
H

HoN

2,4'-MDA

OABA

Figure 4.2: Simplified reaction network of the formation of MB&m aminal®

As the electron rich ring system of MDA is also aid nucleophile, the attack of an
activated intermediate onto an MDA molecule yieldstable 3-ring MDA structure
(pPMDA). Obviously this pMDA structure is again alidanucleophile that can be subject
to further reactions with activated intermediateeces, leading to the growth of

oligomeric MDA species on the catalyst.

C “H* - aniline
O O H,N NH, NH,
H,N NH,

pMDA
Figure 4.3: Formation of pMDA from 4,4’-MDA and PABA.

The presence of a 3-ring pMDA structure in the tieacmixture was already proven
by GC/MS analysis in previous wofkEirst aim of this work is to prove the presence of
heavier pMDA species on the catalyst surface, abelieve these molecules to be the
source of catalyst deactivation. Due to their lamgdecular weight and numerous amino
functions, which can interact strongly with the Bsted acid sites of the catalyst, these
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heavy pMDA species adsorb very strongly on thelgsttesurface and are virtually
impossible to desorb, such blocking the activessik®r this same reason, heavy pMDA
species can not be detected in the reaction mixeige by HPLC. It is necessary to
dissolve the catalyst framework of a deactivatedlgst and analyze the organic residue
in order to verify the existence of these speaies deactivated catalyst.

We propose two hypothetical pathways to prolonglgat lifetime:

a) A decrease in acid site density would reduce theibg sites for pMDA species
and thus weaken its bonding to the surface, makingasier to desorb.
Furthermore, a lower acid site density should desmethe probability of chain
growth, thus slowing down the formation of heavyPMspecies.

b) The use of (ordered) mesoporous aluminosilicatesildhmake desorption of
PMDA species easier, as physisorption in mesopsregaker than in micropores,
which envelop the whole pMDA molecule tightly. Fhetmore, ordered
mesoporous materials, such as MCM-41 and MCM-36¢ Haeen shown to be
more effective catalysts as steamed faujasites noor@ghous aluminosilicates
(which feature randomly sized mesopores).

In order to test these hypotheses we will deterntieelifetime behavior of a series of
parent BEA type zeolites and dealuminated Y-typelites of the CBV series and
compare it to the behavior of synthesized MCM-3@ &MCM-41 samples of similar
acidity.
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4.2 Methods

4.2.1 Materials

The aminal solution, which was used as startingenatfor all screening reactions,
was prepared as follows. In a 1 L round bottomkf@@0 mL of aniline (6.58 mol, Sigma,
purity >99.5%) were heated to 50°C under vigorous stirrih@0 mL of formalin
(2.32 mol formaldehyde, Sigma, 37% wt of formald#dyin water, stabilized with
methanol) were added drop wise. After additiorrisily was continued at 50°C for 1 h.
Water and methanol were removed by distillationairrotavapor. Concentration and
purity of the resulting solution of 1 equ. of anlima3 equ. of aniline, which is ready for
use in the test reactions, was verified‘dy and™*C-NMR, as well as GC.

The dealuminated Y-type zeolites (H-CBV 720, H-CBY¥0, H-CBV 760, H-CBV
780) for lifetime testing were purchased from ZstlyThree samples of BEA-type
zeolite (H-Beta 25, H-Beta 35, H-Beta 150) werevmted by Siidchemie.

MCM-36 (X) samples with Si/Al ratios of X=10, 200 &nd 50 were prepared from the
respective MCM-22(P) materials according to literaf*°
Hydrothermal synthesis of MCM-22(P) is carried dayt using hexamethyleneimine
(HMI, 99% Aldrich) as templating agent, SiQAerosil 380, Degussa) as silica source,
NaAlO, (Riedel-de Han) as aluminum source, NaOH (Merck) for pH adjusttmend
water as solvent. The gel compositions were theviahg:

SiO; : x NaAIG; : 0.18 NaOH : 0.5 HMI : 45 0 with x = 0.1, 0.05, 0.03 or 0.02.
In a typical synthesis the respective amount of aA&nd 0.76 g of NaOH are dissolved
in 85 mL of HO. To this solution 5.21 g of HMI and 6.29 g of gi@&e added under
vigorous stirring at room temperature. After stigifor 1 h at room temperature the
resulting homogenous gel is transferred into a Rkt stainless steel autoclave for
hydrothermal synthesis at 140°C for 9 days in aenadesignated to rotate the autoclaves
at 40 rpm for 9 days. The solid product is recoddyg filtration, washing and drying in
air at 80°C.

For the synthesis of H-MCM-36 (X) the respective MQ2(P) is suspended in a
threefold excess (by mass) of® a 16 fold excess of tetrapropylammonium hydrexid
solution (TPAOH, 20wt% in bD, Aldrich) and a 23 fold excess of
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hexadecyltrimethylammonium bromide solution (CTMABS wt% in HO, Fluka) at
100°C in a three necked round bottom flask equipiid magnetic stirring and a reflux
condenser. The pH is adjusted to 13.5 with NaOHerAstirring for 68 h at 100°C a
white solid is obtained by filtration, washing athigying in air at 80°C. The dried product
is mixed with a five fold excess of TEOS (99%, Adtiy under N atmosphere. After
stirring at 90°C for 25 h the mixture was hydrolgzeith a tenfold excess of.B for 6 h
at 40°C. Na-MCM-36 is obtained by filtration, wasgiand calcination in synthetic air
by heating at 5 K mihto 120°C and holding for 1 h, followed by heatatg3 K min® to
550°C and holding for 12 h. In order to obtain Bmnsted acidic proton exchanged
H-MCM-36 ion exchange is performed by suspendin@0 2 of Na-MCM-36 (X) in
100 mL of 0.2 M NHCI solution at 80°C over night, followed by filtrah and washing.
The ion exchange is repeated three times to ensomgplete removal of Sodium.
H-MCM-36 is obtained by calcination in synthetic at 3 K min' to 120°C and holding
for 1 h, followed by heating at 3 K mirto 550°C and holding for 10 h.

H-MCM-41 (X) samples were prepared according terdituré® with Si/Al ratios of
X =10, 20,30 and 50 from sodium metasilicate ,@s;, Merck), cetyltrimethyl-
ammoniumbromid (Aldrich), 10% aqueous tetramethylamium hydroxide (TMAOH,
Sigma) and sodium aluminate (NaAlCRiedel-de Hé&n). The aqueous solutions of
CTMABr (10.52 g in 60 mL of water) and TMAOH (10.843 were added to a solution of
24.50 g sodium metasilicate in 80 mL of water ungligjorous agitation at room
temperature. Then the sodium aluminate soluticdd@®g; 0.471 g; 0.314 g and 0.189 g,
NaAlO,, respectively, in 60 mL water) was added dropwiséder vigorous stirring at
room temperature. 130, was added to the gel mixture to adjust the pHofr@ximately
11 before heating. Hydrothermal treatment was pexéa at 100°C for six days in teflon
lined stainless steel autoclaves. The product vileerefd, washed, dried in air and
calcined in synthetic air at 550°C for 12 h. Theanieed Na-MCM-41 (X) samples were
ion exchanged with 0.2 M Ni€1 solution at 80°C five times and then washeddland
calcined at 550°C for 12 h to prepare H-MCM-41 (X).
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4.2.2 Characterization

Nitrogen physisorption isotherms were measuredguaif®M| automated sorptometer
at liquid nitrogen temperature (77 K), after ousgag under vacuum at 623 K for 4 h.
The apparent surface area was calculated by agplyie Brunauer—Emmett—Teller
(BET) theory to the adsorption isotherms over atred pressure range from 0.01 to 0.09.
The micropore volumes were evaluated using thett4plethod® according to Hasel{?
The mesopore volumes were determined by the cuivellpbre volume of pores with
diameters ranging from 2 — 50 nm according to tl# Bnethod®> Because of the
limitations of the PMI instrument, the isothermsrevemeasured at relative partial
pressures higher than 1@/p".

For TPD experiments approximately 50 mg of sampeevactivated for 1 h at 723 K
in a six port parallel vacuum system (0.8 Pa). Aftetivation the samples were contacted
with 1 mbar of NH at 373 K for 1 h, followed by degassing for 2 h3a3 K. For
desorption the samples were heated up to 1043 K ait increment of 10 K mih
Ammonia desorption was monitored by mass spectmyniBfeiffer QMS 200 Prisma).
The amount of desorbed ammonia was determined tegretion of the MS signal and
calibration to a standard material (MFI 90; 360 jigid).

The elemental composition of the applied catalystss determined by atomic
adsorption spectroscopy in an Unicam M Series Ham$ equipped with an FS 95
autosampler and a GF 95 graphite furnace. The allipitty of the synthesized and
modified materials was analyzed by powder X-rayrddtion using a Philips X'Pert Pro
System (Cu-i1 radiation, 0.154056 nm) at 45 kV / 40 mA in ssean of 0.017° mih
from 5° to 70° B. Transmission electron microscopy (TEM) was measumn a JEOL-
2011 electron microscope operating at 200 kV. Rodhe measurements, the powdered
samples were suspended in ethanol solution and driex copper-carbon-grid.

MALDI-TOFTOF measurements were performed in sulitawithout matrix on an
ultraflex TOFTOF by Bruker.

4.2.3 Chemical pulping of deactivated zeolite

For identification of the proposed heavy pMDA spscinside a deactivated zeolite
1.0 g of zeolite H-BEA 25 were added to 20 g ofdngnal mixture and heated to 140°C
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for three days. Complete deactivation of the cétalynaterial was verified by GC
analysis as the addition of fresh aminal resulteda further 4,4’-MDA formation. The
catalyst was separated from the reaction mixturefilnation and washed with hot
aniline. The resulting residue was dissolved ifaiqum crucible by repeated dropwise
addition of 20% HF and continuous evaporation bgting with a quartz iodine lamp.
The residue was taken up in water and extracte twitiene three times. The combined
organic layers were dried over )£, toluene was removed under reduced pressure.
The obtained highly viscous black oil was analybgydelementary analysis, NMR and
MALDI-TOFTOF.

4.2.4 Catalytic reaction

A ChemSpeed Accelerator SLT 106 synthesis robdt wight parallel reactors was
used for catalytic test reactions. For the testtrea 15 mL of the aminal solution were
placed in a 27 mL double jacket glass reactor Wt prefilled with 0.20 g of catalyst.
The reactors were heated to 100°C and dispersiothefcatalyst is ensured by a
vibration-plate operating at 1400 rpm. 100 pL ahpke were taken from the reaction
mixture after defined time intervals and dilutedhw@.9 mL of acetonitrile (Sigma, purity
>99.5%), containing 1 mL of diphenylmethane (Flukayity >99%) per 100 mL of
acetonitrile as internal standard. After removaltloé catalyst by filtration through a

syringe filter (Minisart SRC; 0.20 um, d = 4 mmg thample was analyzed by GC.
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For GC analysis a Shimadzu GC 2010, equipped wittOatima 35 MS column
(length = 30 m, ID = 0.32 mm, film thickness 0.2}l an FID detector and an
autosampler was available. A temperature profilgirbeng at 60°C, hold for 5 min,
heating with an increment of 15 K riirto 170°C, holding for 40 min, heating with
25 K mint up to 300°C, holding for 15 min and heating withk min™ up to 350°C and
holding this temperature for 2 min was applied. Tijection volume was set to 1 pL
with the injection port heated to 280°C and a smiio of 50. The instrument was
calibrated to 4,4’-MDA, 2,4-MDA, PABA, OABA and amal, the response factors for
heavier products were assumed to be identicalsh dipproximation and were estimated
by closing the mass balance of the reaction.

The TOFs of the applied catalysts were determineddrmalizing the initial rate of
4,4-MDA formation to the amount of applied catdlysnd its acidity according to
equation 1:

rate of 4,4'-MDA formation [mql,.,,,, /(MQ|
acidity [mol/g.,, Jth

iIine|:| ml gt)]

TOFmin™] =

(1)

[mol]

aniline
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4.2.5 Continuous lifetime testing

For continuous lifetime testing an upflow tubulaactor was commissioned. It consists
of a double jacket glass reactor, equipped withitaat the bottom for fixation of the
catalyst/inert filling material bed and an overfldwose at the top end for collecting
samples. As starting material the aminal/anilinextare, prepared as described above,
was dosedia a HPLC pump Abimed Gilson Type 307. For heatirgggbtup is equipped
with a thermostat T 500 by Tamson. The reactoramsiner diameter of about 2.0 cm
and a height (frit to frit) of 5.1 cm, resulting an empty tube volume of 16 mL. The
reactor is filled with 3 mm glass pearls as inedtenial and 0.50 g of catalyst sieved to
0.18 — 0.28 mm. The flow rate was set to 0.05 mb/maisulting in a residence time of
about 3 h. Previously recorded residence time leofverified that the reactor can be
modeled as a series of 2 - 3 CSTR under these teamgli thus ensuring homogenous
deactivation of the catalyst through the whole tieacvolume. The reaction temperature
was set to 100°C. In order to prevent evaporatiovotatiie compounds in the reaction
mixture, the reactor is equipped with a reflux cemser. The catalyst's activity was
determined by collecting samples at defined tinterirals and analyzing these by GC
with the method described for the catalytic testctien. The yield of 4,4'-MDA was

chosen as benchmark for activity.
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Figure 4.5: left: schematic design of the continuous upflowcteafor lifetime testing;

right: photograph of the actual setup.
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4.3 Results

4.3.1 Catalyst characterization

The elemental composition of the applied catalgstgetermined by AAS, their micro-
and mesopore volumes and their acidity, measurddHyyTPD, are shown in table 4.1.
X-ray diffraction patterns were used to access ¢hgstallinity of the synthesized
MCM-36 and MCM-41 samples.

Table 4.1:Elemental composition, pore volumes and acidityhefapplied catalysts.

Material Si/Al ratio  acidity [UMOol/g]Vmiero[cMTG]  Vmeso[cM/g]  TOF [min‘]
H-BEA 25 13 530 0.16 <0.01 24
H-BEA 35 18 538 0.21 <0.01 30
H-BEA 150 79 229 0.23 0.62 15
H-CBV 720 14 474 0.31 0.19 431
H-CBV 740 22 292 0.29 0.21 409
H-CBV 760 30 391 0.28 0.18 390
H-CBV 780 42 143 0.32 0.18 415
H-MCM-36 (10) 16 416 0.04 0.15 126
H-MCM-36 (20) 21 359 0.01 0.17 304
H-MCM-36 (30) 31 249 <0.01 0.30 205
H-MCM-36 (50) 58 149 0.04 0.17 0
H-MCM-41 (10) 5.1 501 <0.01 0.26 164
H-MCM-41 (20) 12 201 <0.01 0.41 409
H-MCM-41 (30) 65 90 <0.01 0.63 519
H-MCM-41 (50) 81 52 <0.01 0.46 553

a) attributed to interparticular mesopdfes

The applied commercial catalysts have Si/Al ratevsging from 13 to 79 in case of the
BEA type series and 14 to 72 for the CBV seriededluminated faujasites. In line with
their Al-contents, the acid site density of the enafs increase with increasing Al-
content. While the acidity of the BEA type matesiies between 538 and 229 umol/g,
the CBV materials show lower acidity at similarAiratios. This can be attributed to the
formation of extraframework Al during the dealurrtina process by steaming ®While

the samples of parent BEA type zeolite show nextntme mesoporosity, the
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dealuminated FAU samples H-CBV 720, H-CBV 740, H\CB60 and H-CBV 780
display significant mesopore volumes of about @rtég.

The prepared MCM-41 (X) samples were found to h&vAl ratios, which differ
significantly from the ratios in the respective gasis gels. While samples with high Al-
content (Si/Al 10 and 20) tend to incorporate mAtesamples with lower Al-content
tend to incorporate only part of the Al in the $ygis gel. The acidity of the MCM-41
samples ranges from 501 pmol/g to 52 pmol/g andedses sharply with decreasing Al-
content. Nitrogen physisorption shows that no npores are present in any of the
MCM-41 samples. The calculated mesopore volumagase with decreasing Si/Al from
0.26 cni/g in MCM-41 (10) to 0.63 cfilg in MCM-41 (30). The MCM-41 (50) sample,
however, has a mesopore volume of 0.46gmX-ray diffraction analysis of the
MCM-41 (X) samples showed, that the crystallinityy tbe material decreases with
increasing Al content. The same trend could be rolesle by transmission electron
microscopy. Fig. 4.6a-d show images taken fromMi@M-41 (X) series, which exhibit
the typical hexagonal pore structure of MCM-41 mats. While TEM images of all
prepared samples indicated the formation of an M@Mphase, increasing amounts of an

amorphous phase and defect sites are present samhgles with increasing Al-content.
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Figure 4.6a-d: Transmission electron microscopy of a) MCM-41 (b))MCM-41 (20),
c) MCM-41 (30), d) MCM-41 (50),
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Figure 4.7: X-ray diffraction patterns of a) MCM-41 (50), b) N4l (30),
¢) MCM-41 (20) and MCM-41 (10)
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The synthesized MCM-36 samples display a slighighér Si/Al ratio as was applied
in the synthesis gels, due to the post-synthetlarpig with TEOS. The acidity of the
samples decreases from 416 pmol/g to 149 umolfiy ddtreasing Al-content. Nitrogen
physisorption indicated some unexpected microptyroand a rather low mesopore
volume of 0.15 crilg for the MCM-36 (10) sample with the highest Alatent. MCM-36
(20) and (30) show no microporosity and increasimgsopore volume with decreasing
Al-content. MCM-36 (50) yet again displays some nojpore volume and a decreased
mesopore volume. X-ray diffraction patterns of MQ@4-(20) and (30) are almost
identical and exhibit the typical broad signals doelelamination and damaging of the
MWW layers of MCM-22(P) during the swelling proceduThe XRD of MCM-36 (10)
displays significantly sharper signals, thus intligg less severe damage of the MWW
layers in the final material. The MCM-36 (50) patte however, looks completely
different. It could be identified as a slightly daged ZSM-12 material. Transmission
electron microscopy of MCM-36 (30) showed the tgbiarrangement of “cups” (see
arrows in Fig. 4.9) in the delaminated MWW layetsadCM-36 material.

Intensity [a.u.]

5 15 25 35 45 55 65
degree 2 theta

Figure 4.8: X-ray diffraction patterns of a) MCM-36 (10), b) NMIE36 (20),
c) MCM-36 (30) and MCM-36 (50).

123



Chapter 4

Figure 4.9: Transmission electron microscopy of MCM-36 (30).

4.3.2 Chemical pulping of deactivated zeolite

The highly viscous dark brown oil that was extrdctem the deactivated zeolite was
analyzed by elementary analysis and MALDI-TOFTOM &A-NMR. The elementary
composition of the material was determined as Vadl&: 77.2%, H: 6,7% and N: 13,1%.
'H-NMR (not shown) showed a broad multiplet signal the region of 6 -7 ppm
associated to aromatic protons, a diffuse signal48 ppm originating from the protons
on an aromatic amino-function and several “spikas® 3.5 ppm, which can be attributed
to —CH— bridges between aromatic rings. MALDI-TOFTOF skogroups of signals
which are separated by 108 m/z. Each of the sigoats be subdivided into several
signals divided by 15 m/z. The most dominant sigeat 284 m/z, signals with higher
m/z decrease in intensity (with the exception @ignal at 764 m/z). Individual signals

can be resolved until mAi 1500.
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Figure 4.10:Result of MALDI-TOFTOF analysis of the extractederal.

4.3.3 Catalytic reaction

The determined TOFs of all materials are shownalrlet 4.1. The parent BEA type
materials display very poor activity as indicatedtheir TOFs of about 25 miih The
dealuminated Y-types show uniform TOFs of about 4@ifi'. Among the MCM-36
materials, the sample with the lowest Al-conterddmced no 4,4’-MDA during the test
reaction and its TOF was therefore 0 thiffor MCM-36 (10), (20) and (30) TOFs of
126 pmol/g, 304 pumol/g and 205 pmol/g, respectivelgre found. The TOFs of the
MCM-41 samples increase from 164 pmol/g to 553 dgnelth decreasing Al-content.

4.3.4 Continuous lifetime testing

Preliminary experiments showed no stable opergtant could be reached, because
catalyst deactivation is too fast over the applbathlysts. As the decrease in catalyst
activity seems to be a linear function of time, #hepe of the deactivation branch of the

4,4’-MDA yield versustime plots was used as indicator for catalyst tieatoon.
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Within the series of dealuminated Y-types the stopkthe deactivation profiles are
almost identical at about 0.046% mirThe maximum yields of 4,4'-MDA are increasing

with increasing acidity as expected.
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Figure 4.11: Deactivation behavior of dealuminated Y-type zeslit

As the activity of parent zeolite BEA is signifidgn smaller compared to the
dealuminated Y-types (as can be seen in the detedniOFs), the amount of catalyst
was increased from 0.50 g to 1.50 g in order toieseh comparable yields. The
determined deactivation rates are decreasing frof210% mift for BEA 25, to
0.012 % mif' over BEA 35 and 0.006 % nilrover BEA 150.
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Figure 4.12: Deactivation behavior of parent BEA-type zeolites.

Deactivation of the MCM-41 materials is about 1fi@s slower compared to the BEA
and FAU samples. It is therefore necessary to mmeasuernight in order to obtain
reliable deactivation rates. Due to an instrumeatfunction MCM-41 (10) and (20)
could not be measured over night and no deactivaties could be calculated. Their
start-up behavior however is in line with the MCXI-@30) and (50) samples and their
deactivation rates should therefore be similar atwse to 0.0025 % mih The
determined maximum yields are in agreement withptieeiously determined activities.

Under identical reaction conditions MCM-36 reactssiilar 4,4'-MDA vyield as
MCM-41. The deactivation rates over MCM-36, howeveare slightly larger
(0.0035 % miff). As MCM-36 (50) displayed next to none catalyittivity in the test

reaction it was not tested in the continuous lifetiexperiments.

127



Chapter 4

25%
2 MCM-41 (10) (501 umol/g)
A MCM-41 (20) (201 pmol/g)
20% 4 -~ Y 4+ MCM-41 (30) (90 pmol/g) |
A MCM-41 (50) (52 pmol/g)
A
© 15% | - R EEEEEEEEEEES
<>(‘ * .‘m“‘
a v %
z. A A
< 10% | s Aa,
< Ay
A
AA A
BOb g~~~
TN
rs
0% o T T T T T T
0 500 1000 1500 2000 2500 3000 3500
time [min]

Figure 4.13: Deactivation behavior of MCM-41 materials.

18%

4 MCM-36 (10) (416 pmol/g)

0, 4 - ________ )
16% 4 MCM-36 (20) (359 umol/g)

—————— BT -~ -~~~ ~| 4 MCM-36 (30) (249 pmol/g)

14%

12% +

10% - am - = o s m s TR oA

8% - 2

4,4'-MDA yield
>

L Rt EGEEEEEEEEEEEREEREE

4% -

2% +----- P =
A
4 A L§.""""ﬂ‘rm;-.\

0% . T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
time [min]

Figure 4.14: Deactivation behavior of MCM-36 materials.
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Table 4.2:Determined deactivation rates.

Material Deactivation
rate [% min']
H-BEA 25 0.021
H-BEA 35 0.012
H-BEA 150 0.006
H-CBV 720 0.045
H-CBV 740 0.047
H-CBV 760 0.047
H-CBV 780 0.046
H-MCM-41 (10) n.n.
H-MCM-41 (20) n.n.
H-MCM-41 (30) 0.002
H-MCM-41 (50) 0.003
H-MCM-36 (10) 0.004
H-MCM-36 (20) 0.004
H-MCM-36 (30) 0.003
H-MCM-36 (50) n.n.

90.104 g catalyst
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4.4 Discussion

The analytical data of the viscous oil, isolated ofi a deactivated zeolite, is in
accordance with the postulated structure of a hedpA species. Carbon, Hydrogen
and Nitrogen contents are in very good agreemettt thie hypothetical composition of

the postulated species.

Element Calculated Measured
[wt.%] [wt.%]
C 79 77
H 7 7
N 14 13

Figure 4.15: Postulated pMDA structure, theoretical and measweehposition.

'H-NMR is also supporting the postulated structuke.the connectivity on the ring
system can vary between the pMDA molecules, alsathltitude of diffuse signals can
be explained, especially of the undissolved mudtiph the region of aromatic protons,
which originate from the differently substitutedgisystems of the polymer. The signals
of the —NH protons could also be identified, the signal & #CH— units linking the
monomer units could also be assigned. As the cadintigcand therefore the electronic
structure, differs between the monomers, multiptgdets of similar but not identical
chemical shift are to be expected and are alsorodde

However, MALDI-TOFTOF provides the most solid pramfthe polymer’s structure.
The spacing of the observed signals is very closéhé mass of one monomer unit
(105 m/z). The dispartment of the signals into $enadignals with a spacing of about
15 m/z indicates the loss of amino-fragments eitheing the severe HF treatment or due
to the exposure to the primary laser beam, as teasurements were performed in
substance without the aid of a matrix. The most idant signal at 288 m/z can be
assigned to the trimer with n =3, which has lose aamino function. The signal
belonging to the trimer still carrying all three imm-function can be observed at 302 m/z.
The signals of polymers consisting of n = 3 — 1hjol have patrtially lost their —NH
functions, can be observed up to 1500 m/z. Thesetbe presence of heavy pMDA

130



Chapter 4

species, carrying up to 15 monomer units, in the gystem of a deactivated zeolite is
proven. Due to their high molecular mass and thdiphel basic binding sites (-NH
functions) these polymers adsorb strongly on thalygst surface and the active (Brgnsted
acid) sites. Because of their strong bonding to dhdace, desorption of such heavy
pPMDA is almost impossible under reaction conditiolmsfact, it is a valid assumption
that the polymers will bind stronger the heavieytlare, making desorption more and
more difficult as they get heavier. A pMDA specissalso a valid nucleophile in the
reaction mechanism and can be subject to furthacks as long as it is close to another
Brgnsted acid site and fresh monomer units (from €ABA). Therefore, a once
adsorbed species keeps growing until it can berdeddrom the surface. However, as
the polymer grows, desorption becomes less andlilesly, resulting in a speeding
deactivation of the catalyst.

As already shown in previous publicatibAsthe TOFs of the parent BEA type
materials (about 25 miff) are very poor compared to the dealuminated Y-ty¢erials
(400 min'). These differences are attributed to the presesicenesopores in the
dealuminated materials, which provide easier actesthe Brgnsted acid sites, thus
avoiding pore diffusion limitation, which is limitg the reaction rate over strictly
microporous materials, such as the parent BEA gmdites. The determined TOF for
MCM-36 (50) is zero as, due to the very low Al-camtt the synthesis yielded ZSM-12
instead of MCM-22(P). ZSM-12 is inactive for theoguction of MDA as its pores and
cavities are too small for the reactants to emitecontrast to this the “cups” in the MWW
layers of MCM-36 are a possible reaction site far formation of MDA, as illustrated by
the determined TOFs of up to 300 fmiThe MCM-36 (10) sample shows a significantly
lower activity, which can be explained by the seralmesopore volume and more
distorted structure due to the very high Al-contd@itte TOFs of the MCM-41 materials
are obviously linked to the crystallinity of the teaal, as the TOFs are increasing with
increasing crystallinity. Therefore, ordered mesopse structures seem to be beneficial
for high activity towards MDA formation, as the TOBf the ordered mesoporous MCM-
41 samples are about 25% higher as those of tHardeated Y-type materials, which

display randomly distributed (both in size and agement) mesopores.
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The loss of activity of all tested catalysts pratedinearly with reaction time. This
indicates that both 4,4’-MDA formation and deactiva by pMDA formation follow the
same kinetics and occur on the same active sitdsat&Ver influences one of the
reactions has an identical impact on the otherti@acresulting in the observed linear
trend. This is in agreement with our proposed meisha for catalyst deactivation.

The deactivation rate of the dealuminated Y-typelgats is identical, regardless of
their acid site density. The same observation hatde within the MCM-41 and
MCM-36 series. Only the deactivation rates overeparBEA vary within the series.
Whether this is caused by differences in particte sr the amount of extra-framework
Al is subject to further investigations. The nellg impact of acid site density on
deactivation contradicts our first hypothesis alibetpositive influence of lower acid site
density on catalyst lifetime. As all tested matsriaave Si/Al ratios between 5 and 80,
this can be explained considering that in ordeadisieve sufficient spacing between acid
sites (assuming one T-site has about 50 “neighbbiirsites; for an isolated site there
may only be one Al within these 51 sites) Si/Alioatof at least 90 or higher are
necessary. As catalytic activity is inherently Bokwith the amount of acid sites, the
activity of such low Al samples is too low for clgtiec testing.

Comparison between the different structures (aflainsi/Al ratio) revealed drastic
differences in the deactivation rates of the tegstemterials. While the microporous
materials (BEA and FAU) deactivated extremely fasgterials without micropores
(MCM-36 and MCM-41) deactivated about 10 times ®awThe resistance these
materials posses against deactivation is attribtdesblvent effects in their mesopores,
enabling desorption of pMDA species from the adiessbefore their length and sorption
strength reaches a level that makes desorption dsiple. As the acid sites in
dealuminated FAU are located in the micropores (tteesopores only shorten the
diffusion pathway to these active sites, thus desirgg mass transport limitation), solvent
molecules cannot reach the blocked acid sites,usecthey are completely shielded off
by the growing polymer. The absence of microporesMiCM-41 and MCM-36 is
therefore the reason for their increased lifetifRespectroscopy of adsorbed pyridine and

di-tert-butylpyridin will be necessary to verify that theid sites are indeed located in the
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micropores in BEA and dealuminated FAU, mainly tecain mesopores in MCM-36

and exclusively in mesopores in MCM-41.
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Fig. 4.16:Comparison of deactivation behavior of differentatysts.
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4.5 Conclusion

Catalyst deactivation during MDA synthesis is caubg the formation of a polymeric
MDA species on the catalyst surface. Due to it mgplecular mass and (basic) amino-
functions this species is a strong poison for sBlidnsted acidic catalysts. As the loss of
catalytic activity is a linear function of timestands to reason that both MDA formation
and catalyst deactivation follow the same kinetindg are occurring on the same active
sites. This observation is in line with our propdbs#eactivation mechanism. As the
formation of this oligomer is an intrinsic parttbie reaction mechanism, it is not possible
to completely avoid its formation during catalysis.

Comparison of parent zeolite BEA, dealuminated FMEM-41 and MCM-36 with
varying Si/Al ratio showed that, while acid sitend#y has next to none influence on a
catalysts deactivation behavior, pore structure gewmetry have a pronounced impact
on catalyst lifetime. Materials, whose acid sites @nainly) located in micropores, such
as BEA and FAU, are subject to rapid deactivatd@M-41, which has no micropores
at all, displays significantly improved lifetime hevior. Although deactivation is still
notable under the chosen reaction conditions, atgeds more than ten times slower
compared to the microporous materials. MCM-36, Whadso has no micropores, but
consist of cups and cavities of similar size, likvshows improved lifetime behavior,
but not to the same extend as MCM-41. We suggedtdbivent effects in mesopores
allow desorption of pMDA species from the acid siteefore their length and sorption
strength reaches a level that makes desorptiongsigle. This is of course not possible
in microporous materials, causing them to deactivapidly.

Overall, MCM-41 seems to be a very promising catafpr MDA production as it
displays both high activity and significantly impesl lifetime compared to other
materials, e.g. zeolite BEA and dealuminated FAUKther experiments with MCM-41
samples with even larger mesopores are currenfiydgress in order to verify whether it

is possible to decrease the rate of deactivatien éwther.

134



Chapter 4

ACKNOWLEDGMENTS

The authors are grateful to X. Hecht for BET meaments, M. Neukamm for AAS
measurements and S. Scholz and S. Wyrzgol for TEMges. MALDI-TOFTOF
measurements were performed by H. Krause at théukesof Biotechnology of the
Technische Universitat Minchen. Financial and netesupport of the Dow Chemical
Company are gratefully acknowledged. Furthermore thork at the Technische
Universitat Minchen was funded by the DOW Chem@amnpany.

135



Chapter 4

REFERENCES

[1]
[2]
[3]
[4]

[5]
[6]

[7]
[8]

[9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

136

M. Salzinger, M.B. Fichtl, J.A. Lerchetppl. Catal. A, paper submitted.

M. Salzinger, J.A. LercheGreen Chemistrypaper submitted.

T. Kugita, S. Hirose, S. Namb@atal. Today2006 111, 275.

P. Botella Asuncion, J.K.P. Bosman, A. Corma, ®lichell, US Patent 7,238,840
B22007.

A. de Angelis, P. Ingallina, C. Perednd. Eng. Chem. Re2004 43, 1169.

C. Perego, A. de Angelis, A. Carati, C. Flego, Rlini, C. Rizzo, G. Bellussi,
Appl. Catal. A2006 307, 128.

A. Corma, P. Botella, C. MitchelGChem. Comn2004 17, 2008.

A. Corma, V. Fornes, S.B. Pergher, Th.L.M. Maesk@,. BuglassNature 1998
396, 353.

Y.J. He, G.S. Nivarthy, F. Eder, K. Seshan, J.Acher,Microporous Mesoporous
Mat. 1998 25, 207.

G.M. Kumaran, S. Garg, K. Soni, M. Kumar, J.K. Gygt.D. Sharma , K.S. Rama
Rao, G. Murali DhanMicroporous Mesoporous Ma2008 114, 103.

B.C. Lippens, B.G. Linsen, J.H. de BoérCatal.1964,3(1), 32.

G. HaselyJ. Chem. Phy<l 948 16(10), 932.

E.P. Barret, L.G. Joiyner, P.P. HalendaAm. Chem. So&953 73,373.

L. Teyssier, M. Thomas, C. Bouchy, J.A. Martens, G&iillon, Microporous
Mesoporous Mat2006 100, 6.

S.M. Maier, A. Jentys, J.A. Lerchex, Phys. Chem. (baper submitted.

L. Capek, J. Dedecek, B. Wichterlovia,Catal.2004 227, 352.



Chapter 5

Chapter 5

Summary / Zusammenfassung

137



Chapter 5

Summary

Methylenedianiline (MDA) is an important raw matdrifor the production of
polyurethanes. It is produced from aniline and faldehyde by an acid catalyzed
reaction, for which HCI is currently applied asatgst. Replacing mineral acids by solid
acid catalysts is of considerable commercial andrenmental interest. Over the last 30
years a broad variety of materials, such as iomaxge resins, clays and zeolites, were
proposed as catalyst for the production of MDA. Huéivity of these materials for the
reaction, however, was poor compared to the culdit catalyzed process. Recently,
mesoporous materials, such as ITQ-2, were testéddDA production with promising
results. Although the activity of these mesoporouaterials is greatly enhanced
compared to the previously tested, mostly micropsyanaterials deactivation of the
catalyst during the synthesis is still a major peah

In order to design a novel catalyst and to iden@fgtimum reaction parameters a
profound understanding of the underlying reactioechanism, surface reactions and
deactivation processes is vital. However, up umbidv the nature of these processes is
unknown. It is the aim of this work to 1) clarifiad reaction network and mechanism
involved in the formation of MDA over solid acidtadysts, 2) to reveal the influence of
pore size and geometry on catalytic activity, 3)identify the processes leading to
catalyst deactivation and 4) to develop an imprasatdlyst and process conditions based
on this knowledge.

We were able to derive 3 &type reaction mechanism and a complex reactiomank
from kinetic data of the reaction. Simulated coridion profiles, based on a set of
differential equations describing the above memtbreaction network and mechanism,
fit the experimental data with high accuracy. Taet that the simplified reaction network
is able to simulate the experimental data at diffetemperatures and concentrations
provides solid evidence that the proposed reaatiechanism and network are indeed
valid. By comparison of a non-mesoporous materablite BEA) and a mesoporous
catalyst (dealuminated FAU) it could be shown thatformation of MDA is limited by

pore diffusion over materials without mesoporesrokiucing mesoporosity into a solid
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acid catalyst therefore greatly increases its dagtifior MDA production by avoiding
mass transport limitation.

By comparing the activity of different zeolite aaldiminosilicate frameworks for MDA
production we were able to further demonstrateptbgtive impact of mesoporosity on a
materials activity for MDA formation. Furthermor#, was shown that materials with
pore sizes below about 6 - 7 A, such as ZSM-5 a@\MMR2, display very poor activity
towards MDA formation, as the reactants are togddp enter the pore system and can
not reach the acid sites located in the micropgstesn of the catalyst. The little activity
they display can be attributed to acid sites inpgbee openings. Zeolites with larger pores
and possible & reaction sites (pore intersections or supercagesh as zeolite BEA
and FAU, display some activity for the reactionwdwer, the reaction is heavily limited
by pore diffusion over these materials. Zeoliteat thoses pores larger than 6 A, but
contain no possibley2 reaction sites, such as MOR, which only has adimensional
pore system, are also inactive for MDA formatiohisTlast observation is further proof
for the proposed §2-type reaction mechanism. Furthermore, it was showat all
Brgnsted acid sites contribute equally to the reactate, regardless of their acid
strength. This is plausible as their function dgricatalysis is to protonate the
intermediate amines, thus weakening the C-N bord protonation of an amine is
readily achieved also by weak acids. The most pmgimaterials in terms of activity
are MCM-41, SBA-15, dealuminated FAU and MCM-36.

The formation of a high molecular poly-MDA spec{ap to 17 phenyl units) inside the
pore system was found to be the major source aflystdeactivation. Due to its high
molecular weight and multiple basic amino-functiangresents a very strong poison for
the Brgnsted acid sites of a solid acid catalyshtiduous deactivation experiments with
series of parent BEA, dealuminated FAU, MCM-41 an@M-36 with different Si/Al
ratio showed that acid site density has no infleeon the lifetime of a catalyst.
Deactivation over MCM-41 and MCM-36 is more than tanes slower compared to
BEA or dealuminated FAU. This drastic gain in lifie¢ is caused by the absence of
micropores in MCM-41 and MCM-36. We suggest thawvesat effects in mesopores
allow desorption of pMDA species from the acid siteefore their length and sorption
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strength reaches a level that makes desorptiongsilpie. This is of course not possible

in microporous materials, causing them to deactivapidly.
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Zusammenfassung

Methylendianilin (MDA) ist ein wichtiges Rohmatdridtr die Herstellung von
Polyurethan. MDA wird dber eine saurekatalysierteealRion aus Anilin und
Formaldehyd gewonnen. Stand der Technik wird HE|Katalysator eingesetzt. Es ist
von grolRem kommerziellem und Okologischem Interddseeralsduren, wie z.B. HCI,
durch feste saure Katalysatoren zu ersetzen. Ineteten 30 Jahren wurde eine breite
Palette an Materialien, wie z.B. lonentauscher-fPele, Tonerden und Zeolithe, als
mogliche Katalysatoren fur die Produktion von MDArgeschlagen. Keinem dieser
Ansatze war aber Erfolg beschert, da die Reaktiditéser Katalysatoren im Vergleich
zum HCl-katalysierten Prozess zu niedrig war. Varzem wurden mesopordse
Materialien, wie z.B. ITQ-2, mit viel versprechendeersten Ergebnissen fur die
Produktion von MDA getestet. Obwohl diese neuendvalien den bisherigen, grof3teils
mikropordsen, Materialien in Punkto Aktivitdt decll Gberlegen sind, ist die rasche
Deaktivierung der Katalysatoren wahrend der Reaktiumer noch ein grof3es Problem.

Um neuartige Katalysatoren zu entwickeln und dignogden Prozessbedingungen zu
ermitteln ist es notwendig, den zugrunde liegend®gaktionsmechanismus,
Oberflachenreaktionen und Deaktivierungsprozessevemnstehen. Leider sind diese
wichtigen Eckdaten bis heute nicht bekannt. Zieesdr Arbeit ist es 1) das
Reaktionsnetzwerk und den Reaktionsmechanismu8itthrng von MDA Uber festen
sauren Katalysatoren aufzuklaren, 2) den Einfluss RorengroRe und —geometrie auf
die katalytische Aktivitat aufzudecken, 3) diejesng Prozesse aufzuklaren die zur
Deaktivierung fuhren und 4) basierend auf diesete&inen verbesserten Katalysator
und optimale Reaktionsbedingungen zu entwickeln.

Ausgehend von kinetischen Daten aus Konzentrati@itprofilen der Reaktion
konnten wir den -artigen Reaktionsmechanismus und ein komplexesktRas-
netzwerk aufdecken. Ein Satz von Differentialgleicgen, basierend auf dem
Reaktionsmechanismus und -netzwerk, ist in der Lade beobachteten
Konzentrationsverlaufe mit hoher Genauigkeit wiedgeben. Die Tatsache, dass die
berechneten Konzentrationsverlaufe die gemessenarlawe bei beliebigen

Temperaturen und Konzentrationen in sehr guter Naigesimulieren beweist, dass das
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zugrunde liegende Model valide ist. Durch Vergledér Kinetik Gber einen nicht-
mesoporésen (BEA) mit einem mesopordsen (dealurnteni€AU) Katalysator konnte
gezeigt werden, dass die Bildung von MDA Uuber npkn@sen Materialien durch
Stofftransport in Form von Porendiffusionslimitiagt gehemmt wird. Durch die
Verwendung von mesopordsen Katalysatoren kann didivigat fir die MDA
Herstellung durch das Ausschalten von Porendifigdimitierung deutlich gesteigert
werden.

Diese Beobachtung konnte durch Vergleich verschiedgeolith- und Aluminosilikat-
Geriststrukturen belegt werden. Des Weiteren logezeigt werden, dass Materialien
mit PorengréRen unter 6 - 7 A, wie z.B. ZSM-5 un€M-22, nahezu inaktiv fir die
MDA Produktion sind, da die Reaktanden zu gro3 simd in das Porensystem
einzudringen und deshalb die Brgnsted-Zentren in Mikroporen nicht erreichen
konnen. Zeolithe mit potentiellen \& Reaktionsplatzen (Porenkreuzungen oder
Superkafige), wie z.B. BEA und FAU, zeigen messbaddivitat fur die MDA
Darstellung. Die Reaktion ist aber, wie zu erwarterstark durch
Porendiffusionslimitierung gehemmt. Zeolithe, diwaz Poren von mehr als 6 A
Durchmesser, aber keing s Reaktionsplatze aufweisen, wie z.B. MOR, der eur
eindimensionales Porensystem besitzt, zeigen dlentzhezu keine Aktivitat. Dies ist
ein weiterer Beweis fur den vorgeschlageneg@-&tigen Reaktionsmechanismus.
AulRerdem konnte bewiesen werden, dass alle Brg#stenlen gleichermaf3en zur
Aktivitat beitragen, unabhangig von ihrer Saurdstambies erscheint plausibel, da die
Rolle der Brgnsted-Zentren im Katalysezyklus dd@steht die Amin-Intermediate zu
protonieren und somit die C-N Bindung zu schwécli®a.Protonierung eines Amins ist
problemlos auch mit schwachen Sauren méglich.

Die Bildung hochmolekularer poly-MDA Spezies (bis 27 Phenyleinheiten) im
Porensystem der Katalysatoren wurde als Hauptquigie Katalysatordeaktivierung
erkannt. Aufgrund ihrer hohen molekularen Masse urahlreicher basischer
Aminofunktionen stellen diese pMDA Spezies starkéelur die verwendeten sauren
Katalysatoren dar. Durch Vergleich des Deaktivigawerhaltens von Zeolith BEA,
dealuminierten FAU, MCM-41 und MCM-36 mit verschegen Si/Al Verhaltnissen

konnte gezeigt werden, dass die Sauredichte kemerklichen Einfluss auf die
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Deaktivierung eines Katalysators hat. Die Deaktivig von MCM-41 und MCM-36
verlauft allerdings mehr als zehnmal langsamewats BEA und dealuminierten FAU.
Dieser Unterschied ist in der Abwesenheit von Mgaen in MCM-41 und MCM-36
begrindet. Wir nehmen an, dass Ldsungsmitteleffediee in Mesoporen eine Rolle
spielen, es erlauben pMDA Spezies von der Obedl&thdesorbieren, bevor diese eine
kritische Masse (und damit Sorptionsstarke) eremchdie eine Desorption unmaéglich
machen. Solche Lésungsmitteleffekte sind in Mikmgpoallerdings nicht mdglich, was

die rasche Deaktivierung mikropordser Materialigkiget.
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