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Abstract

High local methanol concentrations induce the formation of strongly adsorbed oxygen-
containing species on Brgnsted acid sites of H-ZSM-5 catalysts in methanol-to-olefins
conversion. These oxygenates cause fast deactivation and are transformed with time on stream
into aromatics remaining attached to Brgnsted acid sites. The major pathway leading to
aromatics and paraffins involves the hydrogen transfer reaction from methanol to olefins at
Lewis acid sites, forming formaldehyde and paraffins. Furthermore, formaldehyde is key

compound for first C-C bond and olefins formation, as well as in deactivation.

Hohe lokale Methanolkonzentrationen fihren in der Methanol-zu-Olefin-Umsetzung zur
Bildung stark adsorbierter sauerstoffhaltiger Spezies an Brgnsted-Sdurezentren von H-ZSM-5
Katalysatoren. Diese sauerstoffhaltigen Verbindungen bewirken eine schnelle Deaktivierung
und werden mit der Zeit in Aromaten umgewandelt, die an Brgnsted-S&urezentren adsorbiert
bleiben. Der wesentliche Pfad zu Aromaten wund Paraffinen schlieBt die
Hydrogentransferreaktion von Methanol zu Olefinen an Lewis-Sé&urezentren ein, wodurch sich
Formaldehyd und Paraffine bilden. Zudem ist Formaldehyd Schliisselkomponente flr die

Bildung der ersten C-C-Bindung und von Olefinen, ebenso wie in der Deaktivierung.



Table of Contents

Table of Contents

ACKNOWIEAGEMENTS ......viiiiecie et I
ADDIEVIATIONS ...t i
ADSTFACT ... et ne s \/
Table OF CONTENTS........oi i aee e VI
1. INTFOTUCTION ot sreas 1
1.1 General INTrOAUCTION .......cviiiiiiiiie e 2
1.2  Catalysts in methanol-to-hydrocarbons (MTH) conversion ...........c.c.c.e..... 3
121 ZBOKTES. .ot bbb 4
1.2.1.1  General baCkgroUNd............cccooiiiiiiiiiii e 4
1.2.1.2 Methods for adjusting the chemical properties of zeolites ...........ccccocvvviireriennn. 6
1.2.1.3  Structure type Mordenite Framework Inverted (MFI) ..o, 6
1.3 Mechanistic aspects in MTH reaction ..........ccccocvvvviieienii e 8
1.3.1  REACLION NETWOIK........eoiiieieiieieece ettt nreas 8
1.3.2  Generation of first hydrocarbon species from methanol/DME ..................... 9
1.3.3  Autocatalysis and hydrocarbon pool mechanism.............ccocoevveviiicinennenn 10
1.3.4  Paring and side-chain reaction CONCEPLS........ccevveriiiieiiieie i 13
1.3.5 DUl CYCIE CONCEPTL .....oeeeiiciiecie ettt 15
1.3.6  Recent insight into the autocatalysis and hydrocarbon pool concept ......... 16
1.3.7  DEACTIVALION .....oiviiiiiieieiesie ettt b 16
1.4 Industrial implementation of MTH ProCesses........cccvvveriviiieiieesinesieens 19
1.5 Motivation and scope of the thesSiS........cccvieviiiiiiie i, 23
1.6 RETEIENCES ...ooiiiiiei e sre e re e 24
2. Coke formation and deactivation pathways on H-ZSM-5 in the
conversion of methanol to 0lefins ..., 28
2.1 INTFOAUCTION .ottt sree s 29
2.2 EXPErimental........cocooiiiiiiii e 31
2.2.1 IMALEIIAIS ..o 31
2.2.2  Catalyst characterization.............cccccviiiiie i 31
2.2.2.1 Electron paramagnetic resonance (EPR) SPECtrOSCOPY .....c.ovveeervereereneiieenennnes 31
2.2.2.2 Temperature-programmed oxidation of deactivated catalysts............c.cccceoue..e. 32
A B | o] o L= Tex £ 01T o] o )Y PP 32
2224 LDI-TOFR MS L se e st ae e sbe e e sare e e 32
2.2.2.5 NItrogen phySiSOrPTION. .......ccooiiiiiiiiiie e e 33
2.2.3  CatalytiC MEASUIEIMENTS. .....cceitiiiiiieieiieiee et 33
2.3 RESUITS. ..ottt 35
2.3.1  Methanol-to-olefins (MTO) reaction in a plug flow reactor and in a back-
TP CTo =Y T o SR 35



Table of Contents

2.3.1.1 Reaction pathway of methanol-to-olefins conversion.............cccccovvvvveveivcvecnne. 35
2.3.1.2 Deactivation of the CatalySt...........cccceviiiiiiiiiiii e 38
2.3.1.3 Reaction order of deactiVation ...........ccccoreieiiiiiinine e 40
2.3.2  Characterization of homogeneously deactivated samples............cc.ccceveneen. 41
2.3.2.1 EPR spectroscopy of carbonaceous deposits..........ccccevvrvereieeiieniesieese s e 41
2.3.2.2  Thermogravimetric analysis (TGA) .....occeiiiieieie e 44
2.3.2.3 IR spectroscopy of adsorbed PYridineg .........cccooiiiiirinenenieieesesese e 46
2.3.24  LDI-TOR MS Lot sae e st e e re e e nnee e e 47
2.3.3  Temperature-programmed oxidation and elemental analysis of samples
USed IN PFR aNd CSTR.....oooiieiiee e s 50
P S B 1~ o U £ (o] ISR 52
SO0 (o] 11 1Y (o] o 1S PSS 59
2.6 ACKNOWIEAGEMENTS.......ei e 60
2.7 RETEIEINCES ..ooveeeceiee ettt e s e e e nreeenneas 61
3. Onunderstanding active sites and mechanism of hydrogen transfer
during methanol-to-olefins conversion on H-ZSM-5.............c.cccceee. 64
200 1 oY o (oo [ Tox o o S 65
3.2 EXPErimental........ccccooiiiiiiiiie e 68
321 IMALEEIAIS .o 68
3.2.2  Characterization 0Of aCid SITES.........ccervriieriieriiie e 69
3.2.3  CatalytiC TESTING ...cveieeeieeieieie e 69
3.2.4  Pulse reaction with 1-methoxypropane (CH3OCsH7) over LAS-MFI ......... 70
TR T o -1 U1 SR 71
3.3.1  Hydrogen transfer in MTO conversion as a function of LAS and BAS...... 71
3.3.11  ROIEOF LAS ... e e ns 71
3.3.1.2 ROIEOFBAS ... e e e ns 76
3.3.2  Toward elucidating the MeOH-mediated hydrogen transfer pathway in
MT O CONVEISION ...ttt sttt bbb reeneaneeneas 79
3.3.2.1 Detection of formaldehyde as reaction intermediate.............ccccccovvvviivrienenerinnnn. 79
3.3.2.2 Impact of formaldehyde CO-TEEAING .......cceiveiiiiiii e 81
3.3.2.3  Activation of formaldenyde ...........ccvoiiiiiieiiiie 84
B D 11Tl U1 (o] o USRS 86
3.5 CONCIUSIONS ..ottt ettt et e sare e erreesbeeeneas 91
3.6 ACKNOWIEAGEMENTS.......ei e 92
T A o] (] 00T RS 93
4. Formaldehyde chemistry in methanol conversion on H-ZSM-5 .......... 96
ot R | 0 (o [ 1o 1 o] ISR 97
4.2 EXPErimeENtal.........cccoiiiiiiieie e 98
421 MALEHIAIS ..o e 98
4.2.2  TPSR/IR SPECLIOSCOPY ...vveivieiiiieiieiieesiee ittt esieesteesteesteesseesbeessaeaseesseeaaeesseeas 99
4.2.3  Temperature-programmed oxidation of spent catalysts............c.ccovvvrnnnn. 99



Table of Contents

424  CatalytiC tESTING .....cciveieeie e ce et sneenre s 99

4.3 RESUITS ..ottt re e 101
4.3.1  Formaldehyde formation under MTO conditions............ccccceeevveiineinieenne. 101
4.3.2  Role of formaldehyde in first C-C bond and first olefins formation.......... 102
4.3.3  Role of formaldehyde in deactivation............cccoceviviriiiieninnene e 106

O B T 1ol U 1 (o] TSP PP PP 108
4.5 CONCIUSIONS ...veiiiiiiiiiciieie s bbb nee e 116
4.6 ACKNOWIEAQGEMENTS....c.oiiiice e 117
O (C =] =T (o0 TP PP 118
TR 0 o] 11 ] o] 1RSSR 120
6.  ZUSAMMENTASSUNG .....cuiiiviiiieiie it 122
7. List of Figures, Tables and Schemes ..........cccccovveiiii e, 124
7.1 LISTOF FIQUIES .ottt 124
7.2 LISEOF TabIeS. ... e 129
7.3 LISt Of SCREMES ... e 130
CUITICUIUM VAR ...t 132
LiSt OF PUDHICALIONS ....cviiiiecie e 133

Vil



Chapter 1

Chapter 1

1. Introduction



Chapter 1

1.1 General introduction

Olefins are valuable building blocks for the chemical and petrochemical industries. In
particular, ethene and propene are key compounds for the production of a multitude of
chemicals. The majority of olefins consumption is driven by polymers production (polyethylene
[1] and polypropylene [2]). Furthermore, ethene is used to synthesize, for instance, styrene,
ethene oxide, vinyl chloride and vinyl acetate monomers and functionalized hydrocarbons
(dichloroethane, ethylbenzene, acetaldehyde and ethanol) [1]. Important propene derivatives
are acrylonitrile, oxoalcohols, propylene oxide and cumene [2].

Currently, ethene is mainly produced by steam cracking [2, 3]. In this process (Figure 1.1)
the feed (naphtha, ethane, LPG), diluted with steam, is briefly heated in a furnace. To achieve
high ethene yields and prevent further reactions, the product gas is quenched in a heat
exchanger. Subsequently, cooling is continued by the injection of quench oil. This part of a
steam cracking plant is called “hot section”. Afterwards, the product stream is separated by
fractional distillation in the “cold section” [4, 5]. Propene is obtained as a by-product in a steam
cracking unit which accounts for 66% of global propene production at present [2]. In addition,
propene is produced by fluid catalytic cracking (FCC), which contributes to 32% of propene

fed to petrochemical processes, and propane dehydrogenation or metathesis reactions (2%) [2].

Product Boiling point (K) Fraction (%)

Exhaust gas

. <G, Hydrogen 20 1
Naohth : Methane 112 16
Soh, . Ethylene 169 34

Water

Ethane 186 2
Propylene 226 17

Fuel gas
Pyrolysis % Propane 231 1
1073-1173 K | Quenchoil: o
0.1-05s 4y 10

Isobutylene 266.1

High-pressure 1-Butene 266.7

steam Butadiene 268.6
Pyrolysis
gasoline: 19
: Isoprene 307
. . ) 5+ | Benzene 353
Hot section @ Cold section Toluene 383
p-Xylene 411

Figure 1.1. Sketch of a steam cracking reaction configuration (D1-D6: distillation columns) [4].
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The demand for ethene and propene is forecasted to increase over the next decade. The
ethene production is projected to grow to 160 million tons per year by 2015 at a rate of 4 to 6%,
while the propene production is projected to grow to 105 million tons per year by 2015 at a rate
of 6 to 8% [2]. Due to the differently predicted growth rates of propene and ethene production,
steam crackers cannot satisfy the demand because low propene/ethene ratios are obtained from
steam cracking [6]. Moreover, steam cracking exhibits some major disadvantages. This process
has to be operated at high temperatures (~1073-1173 K) because the reaction is highly
endothermic. Furthermore, the deposition of coke, the regeneration of the furnace and
insufficient heat transfer to the heating medium are serious problems [1, 7]. Thus, alternative
processes have to be found to overcome these drawbacks.

The conversion of methanol to hydrocarbons (MTH) is a promising alternative for
hydrocarbons production because methanol can be produced from various carbon-based
feedstocks [8-11] and the product spectrum of MTH can be flexibly adjusted by process
conditions [9].

1.2 Catalysts in methanol-to-hydrocarbons (MTH) conversion

Different types of zeolites and zeotype materials have been reported in literature as catalysts
for MTH reactions. They are classified according to different topologies (channels and cavities
dimensions and interconnections), compositions (concentration and distribution of acidic sites,
defects) and morphologies (crystal dimensions, micro- and mesoporosity). The zeolite H-ZSM-
5 with MFI topology and the zeotype H-SAPO-34 with CHA topology are, however, the only
two catalysts applied in industrial MTH processes. Both materials have a three-dimensional
structure, but with very different pore and cavity sizes. The surface of H-ZSM-5 can be
described by interconnected tubes, whereas H-SAPO-34 consists of larger cavities with narrow
connections [9]. For H-SAPO-34, the highest selectivity was observed for lights olefins such
as ethene and propene, and no aromatics were detected. In contrast, aromatics were detected on
H-ZSM-5 besides high selectivities toward ethene and propene [12]. This can be assigned to
the prominent product shape selectivity for the narrow-pore catalyst H-SAPO-34 (8-ring
channel structure) in comparison to the medium-pore zeolite H-ZSM-5 (10-ring channel
structure). It is, however, important to note that H-SAPO-34 deactivates significantly faster
than H-ZSM-5 [9]. Several authors attributed this to the formation of polycyclic arenes in the
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spacious cavities of H-SAPO-34, while only monocyclic arenes are generated in H-ZSM-5 [9,
13-16]. This thesis is focused on the use of the MFI zeolite H-ZSM-5. Therefore, some
theoretical background on zeolites and then in particular on the MFI topology is given in the

following sections.

1.2.1 Zeolites
1.2.1.1  General background

One of the most important reasons for using zeolites in catalysis is their acidity and the fact
that the strength, location and accessibility of these sites changes with the zeolite structure and
the composition (Si/Al). In general, the acidity of zeolites is difficult to define because both
Bronsted and Lewis acid sites are present in zeolites [17]. Typically, Bransted acid sites (BAS)
and Lewis acid sites (LAS) are presented as shown in Scheme 1.1. LAS may be formed by
dehydroxylation of the zeolite surface in H-form. Since framework dealumination may follow
as next step, cationic extra-framework species, such as AIO* and AI(OH).", might form that
can act as LAS [18-22].

H A
_o_ 0_ O _o_ O0_ 0
WSS A s
KLY N KLY S )
ARSI IR

l I

Scheme 1.1. Common representation of Brgnsted (left) and Lewis acid site (right) in zeolites [23].

Another important feature of zeolites is that the shape, or topology, of the internal pore
structure affects the selectivity toward formation of certain products in reactions catalyzed by
zeolites. In the case of reactant shape selectivity (Figure 1.2 (a)), merely those molecules of a
multi-component feed may be converted which diffuse sufficiently fast to the active site and
are adsorbed by the zeolite. However, the feed molecules also need to be converted and the
product molecules need to desorb and diffuse away. The shape of the zeolite may play a role in
each of these steps. If the product formation step is responsible for a change in product
distribution, this effect is called transition state selectivity (Figure 1.2 (c)). For instance, the
shape of the zeolite pore prevents the formation of a bulky molecule which does not fit inside.

On the other hand, a bulky molecule may be stabilized and formed preferentially over other
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products, if it fits optimally to the zeolite pore. In the case of product shape selectivity, diffusion

limitations inhibit desorption of too large product molecules (Figure 1.2 (b)) [24].

@)

NN ———

)

(b)

O oo

(©)

L
\@/\
—~ UL =

©)
W
A

Eeds

Figure 1.2. Basic mechanisms giving rise to shape selectivity: Reactant shape selectivity in the case of

hydrocarbons cracking (a), product shape selectivity in the case of toluene methylation (b) and transition

state shape selectivity in the case of m-xylene disproportionation (c) [24, 25].

Smit and Maesen [24] extended the concept of shape selectivity, considering also

thermodynamic effects. According to their proposal, the formation of molecules with the lowest

free energy of formation in the adsorbed phase is favored over other possible products

(transition state selectivity). Further, molecules with the highest free energy of adsorption will
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preferentially desorb as products (product shape selectivity). Likewise, reactants with the
lowest free energy of adsorption are preferentially adsorbed and undergo reaction (reactant

shape selectivity).

1.2.1.2  Methods for adjusting the chemical properties of zeolites

To modify the chemical properties of zeolites, different approaches can be taken. One
method is to replace tetrahedral framework atoms with other atom types [26]. Cations that can
be incorporated are gallium, iron and boron. By this procedure the strength of acid sites in
zeolites may be tailored as well [27]. Another way to modify zeolite properties is by changing
the nature of the non-framework cations through cation exchange [28, 29]. Since
(hydro)thermal treatment of H-ZSM-5 generates extra-framework aluminum (EFAI) [30], a
multitude of dealumination techniques has been used to control the concentration of acid sites.
Furthermore, dealumination is frequently applied for investigating the role of EFAL in H-ZSM-
5-catalyzed reactions. Reported dealumination methods include treatment with steam or SiCls
vapor at elevated temperature or treatment with ammonium hexafluorosilicate (AHFS).

Furthermore, treatments with acids and chelating agents have been reported [31-36].

1.2.1.3  Structure type Mordenite Framework Inverted (MFI)

A special framework type which is one of the most important ones for methanol-to-olefins
(MTO) conversion is Mordenite Framework Inverted (MFI) [9]. Its structure is described in
more detail in this section because all samples used in this study are H-ZSM-5 catalysts and
belong to this framework type.

The MFI structure can be understood as an assembly of five-rings. For the buildup of one
composite building unit (CBU), these five-rings are linked together in the way it is illustrated
on the left side of Figure 1.3. The common descriptor of this structure unit is [5*5*] which stands
for two units of four equal five-rings linked together to one CBU [26, 37, 38]. These units are
connected via edges to form chains as shown on the right side of Figure 1.3. These so-called
pentasil chains are ordered side-by-side in x- as well as in y-direction, creating straight ten-ring
channels (5.3 A x 5.6 A) parallel to the [010]-direction and sinusoidal ten-ring channels (5.1 A
x 5.5 A) parallel to the [100]-direction [38, 39]. The channel structure is shown in Figure 1.4.
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Figure 1.3. Pentasil unit of MFI framework (left) and T-T linkage scheme of a pentasil chain (right)
[37, 40].

Figure 1.4. lllustration of channel system in H-ZSM-5 [41].
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It has to be emphasized that the rings are not in a “steady state”. They are flexible and can
be distorted to varying degrees in real materials. Additionally, temperature and thermal
vibration can affect the apertures. As a consequence, the apparent size changes with

temperature. Moreover, guest species may reduce the apparent apertures of zeolites [26].

1.3 Mechanistic aspects in MTH reaction

Intensive mechanistic studies of the conversion of methanol to hydrocarbons have been
conducted for more than thirty years [2, 9, 10]. It is very challenging to obtain information on
the elementary steps of the reaction mechanism due to the complex reaction network and the
fact that information on gas-phase products and intermediates confined within the pores or
cavities of the catalyst to varying degrees should be obtained simultaneously. Furthermore, it
is important to consider adsorption/desorption and diffusion phenomena as a consequence of
the porous nature of the zeolites and zeotype materials and the kinetic diameter of hypothetical

intermediates before deriving Kinetic parameters from experimental results [9].

1.31 Reaction network

The simplified reaction sequence in MTH conversion was proposed at first by Chang and
Silvestri, analyzing the effect of contact time on product distribution [42]. According to that
(Figure 1.5), the overall reaction can be divided into three steps [10, 42-44]. In the first step,
methanol is dehydrated to dimethyl ether. Olefins are then formed from the equilibrium mixture
of methanol, dimethyl ether and water. These olefins can be further converted to higher olefins
via methylation/oligomerization and to naphthenes, aromatics and paraffins via cyclization and

hydrogen transfer reactions. This reaction sequence is summarized in Scheme 1.2.
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Figure 1.5. Reaction pathway of MTH reaction as originally presented by Chang and Silvestri [42].

Higher Olefins
-H,0 i Naphthenes
2 CH30H Sho CH30CH3 Ca.5 Olefins Aromatics
Paraffins

Scheme 1.2. Simplified MTO reaction pathway [10, 42-44].

1.3.2 Generation of first hydrocarbon species from methanol/DME

The early years of MTH research were dedicated to understanding the formation of the first
C-C bond. Over 20 mechanisms for direct C-C coupling have been proposed, despite lacking
experimental evidence [9]. In these routes, species such as carbocations (Scheme 1.3 (a)),
carbenes (Scheme 1.3 (b)), alkoxy groups (Scheme 1.3 (c)), free radicals (Scheme 1.3 (d)) and
oxonium ylides (Scheme 1.3 (e)) are involved [9, 45]. Lestaeghe et al. investigated a large set
of direct mechanisms theoretically, determining both rate coefficients and reaction barriers.
According to their results, direct C-C coupling fails due to unstable intermediates and high
activation barriers [46]. On the other hand, Song et al. used highly purified reagents and showed
that the initial rate of methanol conversion was reduced by orders of magnitude. They further
concluded that for normal feedstocks the direct C-C coupling reaction is probably much slower
than reactions of methanol with trace impurities, which indeed initiate the reaction [9, 47]. Since
no or little conversion is observed at short contact time, the direct C-C bond formation from
methanol or DME is concluded to be relevant only until sufficient hydrocarbons are present and
the rate of methylation reactions overcomes the rate of direct C-C bond formation from C1

units. Overall, a S-shaped curve for the hydrocarbon yield as a function of contact time is
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observed, which is typical for autocatalytic reactions as outlined in detail in the following
section. Under realistic industrial conditions with recycling of undesired products, direct
mechanisms are also of little importance [9]. However, understanding first C-C bond formation

from methanol is still fascinating und subject of numerous research activities.

H* O H H -H*
a) CHsOH ~ ——— Hy0+CH" ————| H3C-C-OCH; O
H
CH3OH
b) CHsOH —— :CH,+H,0 ——>—— CH3CH,0OH
H H
! CH3OH ~ (l) _ CH3OH \ - CzH4 |
C) ~ ./O\Al/ Si” Al ~...0. ~ ~ ./O\AI/
YO RO SIS TR Syt T e
. . /O\
d) R+ CHsOCH; ——— RH+ CH,0CH; ———> _O._~ + "OCH,
+ +
o oo H Ijl@ CHgOH _ cl)@ -H (I)\@ CH4OH I@
AOJ -HO0 PN 7T CH, -H0  7TCHACH

Scheme 1.3. Proposed “direct” mechanisms for methanol/dimethyl ether conversion to olefins (or olefin
precursors): Pathway showing a carbenium ion alkylating dimethyl ether to form a carbonium ion (a),
one of several proposed carbene pathways (b), an alkoxy chain growth process occurring on a framework
site (c), an abbreviation of one of several free radical routes with ‘R as an unspecified surface radical

species (d) and an oxonium-ylide route (e) [45].

1.3.3 Autocatalysis and hydrocarbon pool mechanism

As already discussed in the last section, the formation of light olefins under steady-state
operation is usually explained with indirect mechanisms. In 1979, Chen and Reagan gave
evidence of autocatalytic reactions as important steps for methanol conversion on zeolites [48].
After the equilibration of methanol and dimethy! ether, olefins can form from these oxygenates:
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ky
A—>B (1.2)

where A represents the oxygenates and B represents the olefins.

Subsequently, the olefins react with the oxygenates again, producing a mixture of olefinic
species with different chain length. This step can be considered as an autocatalytic step:

k
A+B—B (1.2)

In a final step, the olefins may react to paraffins and aromatics in secondary reactions. Latter
compounds are represented by C:

ks

B—>C (1.3)
If the conversion of methanol is low, reaction path (1.3) can be neglected and the reaction can
be kinetically described with equation (1.4):

— 8 =k, [A] + k[A] [B] (14)

where [A] represents the oxygenates concentration and [B] the concentration of olefins.

Importantly, Chen and Reagan noted that k, is very small compared to k,, from which they
deduced an initial phase where the first olefins are formed rather slowly. After this step, the
formation rate of further olefins is enhanced in the autocatalytic region [48]. This is in line with
the observation that methanol conversion follows a characteristic S-shape as a function of
contact time [49]. In accordance with that, Langner observed a remarkable shortening of the
induction period by co-feeding of cyclohexanol [50].

Dessau and co-workers described the autocatalytic effect by an olefin
homologation/cracking mechanism (Scheme 1.4) [51, 52]. Olefins formed in the induction
period react via methylation and cracking to Cz-4 olefins. Aromatics and paraffins form as end
products by aromatization [9]. Lesthaeghe et al. conducted theoretical calculations and showed
that the olefin methylation/cracking cycle is a viable pathway both for ethene and propene
production [53].
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.
CH;OH —H—= CH,* + H,0
Aromatlcs + Paraffins

T Aromatization

\ I} s N [Ea N Jr e

? ) - sz| ; C3=|: - C4=|E Crackmg

Scheme 1.4. Mechanism for methanol reaction on H-ZSM-5, based on classical carbenium ion
chemistry, proposed by Dessau and co-workers [51, 52]

On the other hand, the important role of aromatics and unsaturated cyclic species was noted
in parallel with the olefin-based mechanistic proposal [9]. In 1982, Mole and co-workers and
Langner discussed in independent papers the impact of aromatics on methanol conversion [45].
Mole et al. observed an acceleration of zeolite-catalyzed methanol conversion by aromatics co-
feeding and proposed a methylbenzene side-chain alkylation mechanism [54] which is
presented in Scheme 1.5 (a). This effect was called aromatic co-catalysis [9]. Langner
investigated the role of small amounts of higher alcohols on the duration of the induction period
[50]. He found a significant reduction of induction period when he cofed 36 ppm cyclohexanol

and speculated that Cz-s hydrocarbons are formed by the paring reaction of methylated cyclics

(Scheme 1.5 (b)) [45].
CH3OH - CoH,
o [ = Tt (T oo (7 ()

(CH3)n (CHa)n (CH3)n (CH3)n (CH3)n

(b) 4 CH3OH Oleflns

- 4 H,O " mixture
Scheme 1.5. Mole’s mechanism of methylbenzene side-chain alkylation [54] (a) and an abbreviated

version of Langner’s explanation for the pronounced effect of cyclohexanol and other co-feeds on

reducing the kinetic induction period (b) [45, 50].

Inspired by the findings on the role of olefins and aromatics in MTH conversion, Dahl and

Kolboe reacted isotopically labelled methanol with ethanol/ethene and propene over H-SAPO-
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34 in the 90s. Since ethene and propene exhibited little reactivity and most of the products were
formed exclusively from methanol, they proposed a hydrocarbon pool mechanism [9, 55-57]
which is depicted in Scheme 1.6. The hydrocarbon pool with stoichiometry (CH2), was
proposed to represent an adsorbate which may have many characteristics in common with
ordinary coke and probably contains less hydrogen than indicated in Scheme 1.6 [55]. It is
important to note that the chemical structure of the pool was not further specified [9].

CoHs  C3Hg

. (V4
n CH5OH 27> (CHy),
ﬂ saturated hydrocarbons

C4Hg aromatics

Scheme 1.6. Hydrocarbon pool mechanism according to Dahl and Kolboe [55-57].

1.34 Paring and side-chain reaction concepts

To further investigate the hydrocarbon pool mechanism, Mikkelsen et al. studied
methylation of toluene with *C-methanol [58]. They observed isotopic scrambling for ethene
and propene. On the basis of these results they concluded that a major part of propene is formed
under involvement of arenes or arene derivatives. All their results were in accordance with a
carbon pool mechanism. With the aim of gaining further insight into the composition of the
carbon pool, Arstad and Kolboe made use of the specific structure of H-SAPO-34 and probed
“trapped” carbon intermediate species [13, 59]. In these studies, methylbenzenes were
identified as key compounds of the hydrocarbon pool. Parallel studies of Haw and co-workers
further supported the role of aromatics as the organic reaction centers [14, 15, 60, 61]. The
active site for MTO was defined as supramolecular inorganic-organic hybrid (zeolite-
hydrocarbon species), which acts as a scaffold for light olefins formation [45, 49, 62]. Haw and
Marcus proposed a mechanism in which methylbenzene is methylated by methanol to the more
active hexamethylbenzene. By side-chain alkylation, hexamethylbenzene is further methylated
to either an ethylbenzene or isopropylbenzene derivative. In the critical step for selectivity
control, the former one loses ethene, the latter one loses propene. The catalytic cycle is finally
completed by formation of hexamethylbenzene via methylation [62]. The importance of

aromatics for the reaction mechanism could also be shown for H-beta [63]. Further studies over
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the large pore zeolite H-beta by Bjgrgen et al. led to the conclusion that the
heptamethylbenzenium cation is a key intermediate [64-67]. Haw et al. investigated the MTH
reaction on an H-ZSM-5, utilizing solid-state NMR spectroscopy. They found methylated
cyclopentenyl cations and hypothesized that these species might be reactive for alkene
formation [45].

Two models were invoked to rationalize these observations (Scheme 1.7). In the paring
reaction concept (Scheme 1.7 (left)) which was first proposed by Sullivan et al. [68], ring
contraction and ring expansion are key reaction steps. Olefins are cleaved off after ring
contraction. Studies on the unimolecular decomposition of protonated methylbenzenes gave
evidence of paring-type reactions [69]. Conversely, a side-chain methylation mechanism was
proposed [54, 63, 70] which is shown in Scheme 1.7 (right). After methylation of
hexamethylbenzene, a proton is transferred back to the zeolite conjugate base (Z) to form an
exo-cyclic olefin. Then, the latter species undergoes a series of methylation and deprotonation
steps. Finally, an olefin is cleaved off and the catalytic cycle is completed [45]. Conducting in
situ NMR studies, Seiler et al. obtained spectroscopic evidence supporting the side-chain

methylation mechanism [71].

Scheme 1.7. lllustration of the paring and side-chain reaction concepts in MTH catalysis according to
ref. [72].
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1.35 Dual cycle concept

Apart from the role of aromatics as active hydrocarbon pool species in MTH conversion, it
was observed that the isotopic distribution pattern of ethene was different from other olefins,
when 4C-methanol was co-processed with 12Cs. alcohols on H-ZSM-5. From those results it
was deduced that the mechanism of ethene formation is different from formation of higher
olefins [73]. In accordance with that observation, *2C-/**C-MeOH switching experiments over
H-ZSM-5 showed that *C-incorporation of ethene closely matched that of methylbenzene,
indicating that both products stem from a common reaction pathway. Conversely, the rapid *C
incorporation in Cs+ alkenes was proposed to be related with their formation via rapid alkene
methylation and cracking [8, 16, 74]. On the basis of these results, a mechanism was proposed
involving two cycles running simultaneously (Scheme 1.8): One cycle that involves
methylbenzene and ethene, and an alkene methylation/cracking cycle involving Cs+ olefins.

Hydrogen transfer reactions between olefins, forming aromatics and paraffins, link the two

cycles [8, 9].
Hzo n CH3OH
CH3OH (CH3)pa1
CH3;0OH n H,O
CH3;OH
ngher
alkenes (CH3)n
%\ /( Alkanes H,0O
x }(CH3)n+2
CH5OH “

Scheme 1.8. Suggested dual-cycle concept in MTH conversion over H-ZSM-5 [9].

Since both aromatics and olefins are present in the zeolite pores, olefins- and aromatics-
mediated routes operate on a competing basis. Product distribution was therefore thought to be
optimized by selectively promoting or inhibiting the olefins- or aromatics-based cycle because
both cycles contribute differently to ethene and propene formation. Several strategies have been
taken into consideration for controlling product selectivity [11]. One approach is to adjust the
pores by choosing suitable zeolite topologies [12, 75-78] as already indicated above.
Considering that the active site is comprised of a hydrocarbon species (organic part) and a

proximate Brgnsted acid site (inorganic part), product selectivity can also by adjusted by
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influencing the organic or inorganic part. Brgnsted acidity can be tuned by zeolite synthesis or
post-synthetic anion or cation modifications [10]. The organic part can be influenced by the
concentration of olefinic or aromatic species present in the zeolite. This was shown to be

achievable by co-feeding different species [11].

1.3.6 Recent insight into the autocatalysis and hydrocarbon pool concept

Recently, Sun et al. explored the effect of repeated variations of the methanol contact time
on the catalytic performance. The complete reversibility of contact time variation contrasts the
strictest formulation of a hydrocarbon pool mechanism. It indicates that the carbon species are
unstable, decomposing or desorbing rapidly after switching back to a higher residence time.
The dynamic course of interactions of zeolite (acid sites), hydrocarbon species and methanol is
therefore better described by an autocatalysis mechanism than by the original hydrocarbon pool
proposal as presented in Scheme 1.6. A generalized hydrocarbon pool mechanism, unifying the
autocatalysis and hydrocarbon pool concept, should define the entrained hydrocarbons in the
zeolite pores, other than the surface carbon species, as the working hydrocarbon pool species
[49].

1.3.7 Deactivation

Deactivation of H-ZSM-5 catalysts is a major issue to be solved in the industrial application
of MTH conversion. Catalyst deactivation by carbon deposition is often only discussed with
regard to graphitic species blocking active sites or channels. However, any molecule which is
too large to diffuse through the microporous channels or has too high proton affinity may block
the access to the active sites in the catalysts. These species are often denominated as
hydrocarbon residues [9].

The significance of hydrocarbon residues or graphitic coke for catalyst deactivation is not
only linked to catalyst topology, but also to temperature. Schulz reported that alkylated benzene
molecules are responsible for severe deactivation of an H-ZSM-5 during MTH conversion at
543 K and 563 K by pore filling. Since these molecules were dealkylated at temperatures above
623 K, as deduced from temperature-programmed desorption (TPD) of the spent catalyst, it was
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concluded that the alkylation-dealkylation equilibrium was shifted to the alkene-forming side
at higher temperature and that deactivation occurred by external coking. Furthermore, longer
catalyst lifetimes and lower amounts of hydrocarbons retained on the catalyst were found at
temperatures above 623 K [9, 79]. A similar effect of temperature on the nature and amount of
hydrocarbon residues was observed for H-SAPO-34 and its topological analogue H-SSZ-13
[80]. These studies give an interesting view on MTH conversion because compounds which are
recognized as reaction intermediates in one combination of reaction conditions and catalyst
topology may have a deactivating effect in other cases [9].

For MTH reactions in fixed bed reactors, a S-shaped curve is observed for conversion versus
time-on-stream (TOS) plots. A period of full conversion is followed by fast deactivation (Figure
1.6). At low conversion levels, the deactivation rate decreases again [9, 81]. This progress can

be explained by a reverse W/F curve assuming that the effective contact time decreases by
deactivation.
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Figure 1.6. Typical conversion versus time on stream curve for the MTH reaction, here shown as an
example for the MTO reaction over H-ZSM-5.

Deactivation studies in MTH conversion have often been conducted on catalysts having
different topologies with the aim of identifying the best catalyst. Direct comparisons are,
however, often complicated because in most studies more than one parameter affecting catalyst
deactivation was varied. This includes crystal size, acid strength and acid site density.
Furthermore, catalysts are often compared under full conversion. The time on stream at which
deactivation will be observed (as appearance of methanol in the outlet) depends on the initial

amount of sites, the particular TOF of the sites and the rate of deactivation of those sites.
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However, these variables cannot be estimated quantitatively at full conversion and therefore
their individual contribution to the observed lifetime is unclear.

Bleken et al. carried out a single-parameter variation study, comparing four 10-ring
topologies [82]. They linked deactivation with the formation of heavier polycyclic arenes in
larger intersections of certain topologies. Similar conclusions were drawn by Park et al. for
topologies with 8-ring windows and different cavity sizes [83]. Deactivation has, however, not
only been linked to polycyclic arene formation. Hereijgers et al. found an onset of deactivation
before the formation of such polycycles [76]. Taking these results into consideration, they
suggested that the initial deactivation was caused by (gaseous) product molecules which were
too bulky for leaving the catalyst cavities. Hence, such bulky molecules in the cavities are
believed to prevent the diffusion of smaller reactant and product molecules which would then
react further to polycyclic arenes and alkanes.

A further important issue which has to be addressed for understanding deactivation is acid
strength and acid site density of zeolites. Several authors reported faster catalyst deactivation
with a higher acid strength and higher acid sites density [10, 84-86]. Guisnet et al. explained
the faster coking rate with stronger acidic sites by faster chemical steps and the more
pronounced retention of coke precursors and coke molecules [87]. The increase in coking rate
with a higher density of acid sites was associated with the larger number of successive chemical
steps undergone by reactant molecules along the diffusion path within the zeolite crystallites
and the more favorable condensation reactions. In addition, some authors suggested that coke
formation in catalysts with high acid strength is further increased by a high selectivity towards
intermolecular hydride transfer [88]. Since intramolecular hydride transfer reactions are
involved as reaction steps in the alkene-forming cycle from polymethylated arene molecules
(Scheme 1.7), it is difficult to deduce whether higher selectivity toward light olefins could be
obtained with lower acid strength. Further, it is important to compare isotopological samples
with sufficiently large pore sizes, so that the influence of shape selectivity is reduced and the
role of acid strength for coke formation selectivity is elucidated [9].

Due to the fact that catalysts of MFI and CHA topology are the most important catalysts in
MTH conversion, numerous studies have been conducted to understand the deactivation of
these distinct catalysts. On the basis of the different response of product formation to
deactivation, conclusions were drawn on the relative importance of internal and external coke
formation for MFI and CHA topologies during deactivation. In MFI, mainly external coke was
proposed to be responsible for catalyst deactivation. In the case of internal coke formation, the

channels or channel intersections should be completely filled by penta- or hexamethylbenzene
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molecules. As a consequence, coke formation should block the access to any active site in the
coked channel. In the CHA topology, internal coke is reported to be of major relevance for
catalyst deactivation. Its large cavities are spacious enough so that alkene molecules have access
to active sites at the interior of a coked cavity even if bi- or polycyclic aromatic

compounds/coke precursors are present [9].

1.4 Industrial implementation of MTH processes

Liquid hydrocarbon fuels are of major importance in the global energy chain due to their
high energy density and easy transportability. Olefins play a similar role in the production of
consumer goods. The MTH process is relevant for both routes since proper choice of catalysts
and reaction conditions allows tuning the production of gasoline-range (methanol to gasoline;
MTG) or olefin-range (methanol to olefins; MTO) products [9].

In two independent studies of Mobil scientists in the early 1970s, methanol-to-hydrocarbons
conversion was discovered by accident. One group was trying to convert methanol to ethylene
oxide over the synthetic zeolite H-ZSM-5 [89], but received only hydrocarbons [10]. The other
Mobil group was attempting to methylate isobutane with methanol in the presence of ZSM-5
[89]. Surprisingly, they obtained a mixture of aromatics and paraffins formed from methanol
and found isobutane to be unreactive [10].

The oil crisis in 1973 and the second oil crisis in 1978 stimulated the development of a
commercial MTG process [89] which was first commercialized in New Zealand in 1985.
Methanol was produced from natural gas via intermediate synthesis gas formation [9]. In the
MTG process (Figure 1.7), methanol is dehydrated in the first reactor over a slightly acidic
alumina-based catalyst at a reactor inlet temperature of 583-593 K and about 26 bar pressure
[89], giving an equilibrium mixture of methanol, dimethyl ether and water [9]. This mixture is
fed into the gasoline reactor at an inlet temperature of 623 K and is converted to Ci.11
hydrocarbons with high Cs. selectivity. Since the reaction is highly exothermic, undesired
products (light hydrocarbons, hydrogen, and carbon oxides) are recycled to dilute the feed and
control the temperature [9]. Due to depleting crude oil prices, the production of gasoline from
methanol in the MTG plant in New Zealand was stopped in the mid-nineties, but methanol was
still produced [9].
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Figure 1.7. Simplified presentation of the Methanol-to-gasoline (MTG) process with adiabatic
dehydration reactor for DME synthesis and parallel adiabatic gasoline reactors (DME = Dimethyl ether,

LPG = liguefied petroleum gas) [9].

Another possible way to produce gasoline is via the Topsge integrated gasoline synthesis
(TIGAS) process which was demonstrated on an one tonne per day scale in the 1980s [90]. The
process outline is illustrated in Figure 1.8. In this process, methanol, dimethyl ether and gasoline
syntheses are integrated into one loop. By that, the process is more efficient due to reduced

recycle rates and prevention of methanol condensation and re-evaporation [9, 89].

v v |
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lWater

Figure 1.8. Simplified process outline for the Topsge integrated gasoline synthesis (TIGAS), a syngas-

to-gasoline process: Cooled, boiling-water MeOH/DME reactor and parallel adiabatic gasoline reactors

[al.

Further variants of the MTG process which are under investigation are the STF process
(syngas-to-fuels; via methanol) from CAC Chemnitz and a MTG process from the Shanxi Coal
Institute in China.

Chang and Silvestri described in 1977 the reaction of Cz olefins to paraffins, aromatics,
cycloparaffins and Ce+ as final step in the reaction path [42]. Further, olefins selectivity was
shown to increase by low pressure (kinetic effect) and high temperature (partly thermodynamic)
[9, 10, 44]. This was utilized in the development of MTO conversion processes.

Mobil developed a fluid-bed process for production of mainly propene and butene on H-
ZSM-5. High octane gasoline is formed as side product. In the Mobil olefins to gasoline and
distillate (MOGD) process, outlined in Figure 1.9, the olefin production is combined with
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another ZSM-5 based process [9, 10, 91]. Light olefins, from either refinery streams or MTO,
are oligomerized into high-molecular-weight olefins in the gasoline, distillate and lubricant

range [10].
Catalyst
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Figure 1.9. Fluidized-bed MTO reactor (H-ZSM-5) with continuous regeneration and parallel fixed-bed

reactors for gasoline and diesel synthesis in the Mobil olefins to gasoline and distillate process (MOGD)

[9].

UOP in collaboration with Norsk Hydro (now INEOS) developed another MTO process.
The reaction is conducted in a low-pressure fluidized-bed reactor design for efficient
temperature control and continuous regeneration [9, 89]. In this process, an H-SAPO-34
catalyst is used which was originally discovered by Union Carbide (now UOP). Its chabazite
topology of large cavities connected by 8-rings favors olefins formation, but causes rapid
coking, so that frequent regeneration is required. In order to further increase propene and ethene
selectivity, Total Petrochemicals and UOP developed an olefin cracking process (OCP) to
combine it with the UOP/INEOS MTO process (Figure 1.10) [9].

Catalyst

Regeneration Cos”

v

A

MeOH MTO D
OCP

Waterl
C4+

Figure 1.10. Schematic diagram of the INEOS MTO fluidized-bed process using SAPO-34 in
combination with the UOP/Total OCP olefin cracking process [9].

A 4
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The Dalian Institute of Chemical Physics (DICP) developed another MTO technology,
using an H-SAPO-34 in a fluidized-bed process. The first plant was successfully put into
operation in 2010 [92]. Unlike the UOP process, the Cs4+ stream is recycled to increase the

overall ethene and propene selectivity (Figure 1.11) [9]

Catalyst
Regeneration C,.5”

A

MeOH .} pmTO —D—»
C,, |Water

Figure 1.11. Simplified scheme of dimethyl ether- or methanol-to-olefins (DMTO) fluidized-bed

process using H-SAPO-34 with recycle of Ca..

Lurgi (now Air Liquide) developed a process to maximize propene yield, using a highly
siliceous H-ZSM-5 catalyst at atmospheric pressure and temperatures of 733-753 K. The
process is run with parallel fixed-bed reactors, thereby enabling intermittent regeneration.
Furthermore, the MeOH/DME feed is injected between the beds to control temperature. After
fractionation of the product stream, undesired by-products (ethene, butenes, and higher
aliphatic products) are recycled to be converted in the MTP reactor again (Figure 1.12) and to
provide a heat sink for the exothermic reaction. In addition, olefins selectivity is increased by

recycling of process condensate water, acting as diluting agent [9, 93].

C,=/C,, Cs~
v
MeOH
——"» DME s MTP H
Gasoline
N Water

Figure 1.12. Simplified scheme of Lurgi’s MTP process with an adiabatic reactor for DME synthesis

and parallel adiabatic reactors with interstage feed (quench) addition and recycle of process condensate,

C2™ and C,- aliphatics.
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1.5 Motivation and scope of the thesis

The conversion of methanol to olefins is an industrial process with great potential to
increase the production of light olefins. Despite considerable experimental and theoretical
efforts within the last thirty years [9, 11], there are still plenty of limitations that need to be
resolved for achieving adequate catalyst lifetime and selectivity control. Therefore, the scope
of this thesis is to understand elementary reaction steps in methanol-to-olefins conversion.

After having given a broad introduction about zeolites/zeotype materials and the state of the
art in methanol-to-hydrocarbons (MTH) conversion in Chapter 1, Chapter 2 deals with coke
formation and deactivation pathways in the conversion of methanol to olefins. The catalysis in
plug-flow (PFR) and fully back-mixed reactors (CSTR) is compared to draw conclusions on
the location and type of deactivating species. Furthermore, the dependence of deactivation on
local methanol concentration is elucidated. Mechanisms leading to the formation of highly
deactivating oxygen-containing species and localized aromatics are proposed, involving CO
and formaldehyde as intermediates.

Aside from understanding catalyst deactivation, it is of major importance to know how to
tune product selectivity and how to prevent hydrogen transfer. In a former contribution [49]
indications of a methanol-related hydrogen transfer pathway were found which would be the
major contributor to aromatics and paraffins formation. This mechanism is investigated at a
molecular level in Chapter 3. The specific role of Lewis and Brgnsted acid sites is shown both
for methanol-related and olefin-related hydrogen transfer reactions. It is shown that the
methanol-related hydrogen transfer comprises the reaction of methanol and olefins at LAS and
the reaction of olefins and formaldehyde at BAS.

Since formaldehyde was shown to be generated at LAS and to act as a linking species in the
methanol-induced hydrogen transfer (Chapter 3), the impact of present formaldehyde on
methanol conversion over H-ZSM-5 is discussed in detail in Chapter 4. At first, the formation
of formaldehyde via different pathways under MTO conditions is presented. By conducting
temperature-programmed surface reactions, the importance of formaldehyde in first C-C bond
and subsequent olefins formation is demonstrated. Because formaldehyde is proposed to be
involved in the formation of highly deactivating carbon deposits in Chapter 2, the deactivation
under a pure methanol feed is compared with mixed methanol/formaldehyde and
methanol/toluene feeds. The obtained results support the mechanistic proposal given in
Chapter 2.
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Chapter 2

2. Coke formation and deactivation pathways on H-ZSM-5 in
the conversion of methanol to olefins

This chapter is based on:

S. Miller, Y. Liu, M. Vishnuvarthan, X. Sun, A.C. van Veen, G.L. Haller, M. Sanchez-Sanchez,
J.A. Lercher, “Coke formation and deactivation pathways on H-ZSM-5 in the conversion of
methanol to olefins” J. Catal. 325 (2015) 48.

Reprinted with permission from Elsevier.

The role of parallel and sequential reactions in Brgnsted acid-catalyzed conversion of
methanol to olefins (MTO) on H-ZSM-5 was explored by comparing the catalysis in plug-flow
(PFR) and fully back-mixed reactors (CSTR). Catalysts deactivated under homogeneous gas
phase in the back-mixed reactor show unequivocally that in the early stages of the reaction the
zeolite deactivates via blocking of individual Brgnsted acid sites and not by coke-induced
impeding access to pores. While the two reactors led only to slight differences in product
distribution, catalyst deactivation rates were drastically lower in the CSTR. H-ZSM-5
deactivated in the CSTR first rapidly and then at a much slower rate. During the initial phase,
the rate was directly proportional to the methanol partial pressure and was caused by oxygen-
containing surface species. These species were transformed to aromatic compounds with time
on stream and the deactivation proceeded then via methylation of aromatic compounds, forming
the typical coke species for MTO processes. The outer surface of the polycrystalline particles
is virtually carbon free under these conditions. Formation of condensed aromatic species
throughout the deactivation in voids between crystalline domains occurs as parallel reaction

without affecting the deactivation Kinetics.
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2.1 Introduction

Propene is an important building block for the production of a multitude of chemicals.
Currently, it is mainly produced by steam cracking [1, 2]. Due to the increasing gap between
propene demand and production [3], alternative processes have been intensely explored.
Especially, the methanol-to-hydrocarbons (MTH) route has been developed in a series of
variants [4-6]. The popularity of this exothermic process [7] is associated with a well-
established route to produce methanol from synthesis gas, which can be in turn generated from
carbon-based feedstocks [8]. Also, the flexible adjustment of the product spectrum through
process conditions and catalyst modifications explains why a large number of processes have
been installed over the last decade.

As a particular example, the methanol-to-propene (MTP) process by Lurgi has focused on
maximizing the propene yield, carrying out the reaction at near atmosphere pressure and at
temperatures of 733-753 K [7]. The reaction is performed in a fixed-bed reactor over an H-
ZSM-5 catalyst [9]. Recycling of process condensate and olefins has been reported to be
required to achieve economic yields of propene [7].

To enhance the single-pass yield of propene, different approaches have been previously
considered. Early on Chang [10] reported that a high Si/Al ratio of MFI reduced the rate of
aromatization compared to that of olefin formation, consequently leading to higher propene
yields. However, higher contact times were required to achieve full conversion. Higher propene
yields have also been associated with reduced methanol partial pressure, which causes,
however, the necessity of separating propene from dilute streams [10]. The third approach to
increase the propene yield is associated with high reaction temperatures [10, 11] which in turn
is accompanied by faster catalyst deactivation [12]. Thus, all approaches have clear limitations
and the quest for an intrinsically higher selectivity of catalytic materials is intense.

In general, however, materials and operating conditions favoring propene selectivity tend
to induce faster deactivation than conventional catalysts and operating conditions. Deactivation
is attributed to the formation of carbonaceous deposits, which strongly adsorb on Brgnsted and
Lewis acid sites and block pore entrances [13]. Guisnet and Magnoux [14, 15] showed, for
example, that coking and consequent deactivation depended equally on zeolite pore structures
and on operating conditions. At low temperatures, coke formation involved mainly
condensation and rearrangement steps, while at temperatures above 623 K hydrogen transfer

began to influence the coke formation. Deactivation rates in various zeolite topologies are
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strongly influenced by crystal size, acid site strength and concentration [7]. Two systematic
studies [16, 17] have related the rate of deactivation to the formation of polycyclic aromatics.

Because of such relations, it has been suggested that coke formation occurs preferentially
on the outer surface of the zeolitic crystals [13, 18-20]. However, it has also been hypothesized
that external coke formation begins only after the catalyst is deactivated by intra-porous coke
[21, 22]. Bjargen et al. [23], in contrast, did not find a correlation between the concentration of
organic molecules retained in the pores and the zeolite deactivation at 643 K. They concluded
that external coke deposition caused activity loss with time on stream, in agreement with Schulz
[24].

Whatever the detailed mechanism is, the concentration of acid sites has been identified as a
key factor for reactivity and product distribution [25-27]. Topsge et al. were the first to note the
significant decrease in the concentration of acid sites during methanol conversion over H-ZSM-
5, associating it with catalyst deactivation [28]. McLellan et al. [29] showed that an initial strong
decrease in the acid site concentration was followed by a second slower deactivation phase. The
initial deactivation regime was speculated to be associated with blocking of acid sites at channel
intersections. The second deactivation stage was ascribed to external coking and/or to
topological blocking of the zeolites channels.

Despite the fact that the MTO/MTP catalysis is a sequential process involving very different
reactions as a function of conversion and, hence, as a function of the position in the reactor,
most studies on deactivation have been carried out in plug-flow reactors. It has been observed
that distinct reaction zones (and coke deposits) form along the reactor length [30, 31]. In the
catalyst layer closest to the inlet, the equilibrium between methanol and dimethyl ether was
concluded to be established and C-C bond formation to occur only to a minor extent. Next is a
region where the core of the methanol-to-olefin (MTO) reaction takes place. Between the DME-
MeOH equilibration zone and the MTO zone, a region with highly coked catalyst particles
appears, which grows with time on stream as full deactivation of the particles shifts the reaction
to positions downstream. In the last region of the catalyst bed, the primary products (mainly
olefins) undergo further reactions, producing a lower concentration of coke deposits. As to be
expected from the various chemistries involved, the deposited coke is very heterogeneous.

Characterization of a sample deactivated in a plug-flow reactor for a certain time on stream
provides, therefore, little information on the chemistry of the deactivating processes, because it
contains inevitably a mixture of carbonaceous deposits from different reaction regimes. Bleken
et al. [6] addressed this issue, dividing the catalyst bed into several parts and characterizing the

different fractions. A shift toward heavier or more condensed coke species was observed from
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the top to the bottom of the catalyst bed. This suggests that the chemistry forming carbonaceous
deposits changes with the composition along the catalyst bed.

In order to eliminate the influence of the changing external environment, the present
contribution characterizes, therefore, the deactivation of the MFI catalysts under reaction
conditions in which all catalyst particles are exposed to a homogeneous gas atmosphere, that is
in an ideally back-mixed reactor, and compares it with information obtained in a plug-flow
reactor. Characterization of such samples by various physicochemical techniques was
combined with analysis of reaction data obtained in a back-mixed reactor as well as in a plug-

flow reactor.

2.2 Experimental
2.2.1 Materials

The synthesis method of the H-ZSM-5 catalyst (Si/Al = 90) used in this study was reported
in a former publication by Ong et al. [32]. The catalyst was steamed at 753 K for 24 h with
WHSV = 1 h?! prior to reaction. Methanol (>99.9%), 4-Hydroxy-TEMPO benzoate (97%),
MgO (99.99%), trifluoroacetic acid (99%), acetonitrile (99.8%) and pyridine (99.8%) were
supplied by Sigma-Aldrich. The 10% hydrofluoric acid solution was supplied by Zefa.

2.2.2 Catalyst characterization

2.2.2.1  Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra were recorded on a Jeol JES FA 200 spectrometer equipped with a cylindrical
mode cavity and a liquid helium cryostat operating in X-band mode. Ten milligrams of each
deactivated catalyst (after cooling from reaction temperature to room temperature in N2) was
filled in quartz EPR tubes. The EPR spectra were recorded at ambient pressure (9.25 GHz,
1 mW microwave power). Different mixtures of 4-Hydroxy-TEMPO benzoate/MgO were used
as reference for calculating the concentration (amount) of spins. The g values were determined
by using the following formula (2.1):

g =71.4484 - vo [GHz]/Bo [MT] (2.1)
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2.2.2.2  Temperature-programmed oxidation of deactivated catalysts

Coke deposits formed on the catalysts were quantitatively analyzed by thermogravimetric
analysis (TGA) on a SETARAM Sensys Evo TGA-DSC connected to a MS. Typically 10-
20 mg powdered sample (free of SiC) was loaded in the cell and pretreated at 473 K in
16 mL/min He flow until the weight stabilized. Then, the temperature was raised to 923 K at
5 K/min in 16 mL/min Oz/He (1/9) flow and kept for 1 h. Coke amount and its combustion heat
were obtained from the total weight loss and integration of heat flow. Coke C/H/O ratios were
calculated according to the quantification of consumed O and generated H.0, CO, CO- from

MS and their comparison with coke weight from TGA.

2.2.2.3 IR spectroscopy

The concentration of acid sites was determined by IR spectroscopy using pyridine as probe
molecule. Spectra were recorded on a Nicolet 5700 FT-IR spectrometer with a resolution of
4 cm™. The samples were pressed into self-supporting wafers and pretreated in vacuum (<107
mbar) at 723 K for 1 h. All spectra were collected at 423 K. Pyridine adsorption was carried out
at a partial pressure of 0.1 mbar at 423 K for half an hour followed by 1-h evacuation to remove
physically adsorbed pyridine. The concentration of Brgnsted and Lewis acid sites (referred to
as BAS and LAS) was calculated from the areas of the bands at 1515-1565 cm™ and 1435

1470 cm™ and normalized to sample wafer weight.

2224  LDI-TOF MS

For laser desorption/ionization (LDI)-TOF MS measurements, the samples were prepared
in two ways. In the first mode, the deactivated samples were studied directly with LDI-TOF
MS. In this way, information was only obtained about the coke species formed on the outer
surface of the catalyst [33]. For analyzing the deactivated samples, a solution of 1%
trifluoroacetic acid in acetonitrile was prepared, and 10 mg of the deactivated catalyst was
suspended in 200 pL of this solution. A sample of 0.9 uL of the resulting suspension was
deposited on the sample holder. After air-drying the drop, the sample holder was introduced

into the ion source of the mass spectrometer. The LDI-TOF mass spectra were recorded using
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a Bruker Ultraflex TOF/TOF MALDI-TOF mass spectrometer equipped with a N2 laser (v =
337 nm). The ions were accelerated with pulsed ion extraction after a delay of 50 ns by a voltage
of 28.5 kV. The analyzer was operated in reflectron mode, and the ions were detected using a
micro-channel plate detector. The mass spectrometer was calibrated prior to measurement with
a peptide calibration standard.

In addition, deactivated catalysts were treated in aqueous HF in order to dissolve the silica
fraction and liberate the coke deposits. With this procedure, the mass spectra included
contributions of all coke compounds, independently of their location in the matrix. This was
done by complete dissolution of 10 mg deactivated zeolite with 2 mL 10% hydrofluoric acid
solution (procedure repeated twice). Unreacted HF was evaporated and the remainder was
mixed with a solution of 1% trifluoroacetic acid in acetonitrile. For analyzing the free deposits
with LDI-TOF MS after evaporation of unreacted HF and mixing with trifluoroacetic acid, the
same procedure and the same instrument settings as for the intact deactivated catalyst were

applied.

2.2.25  Nitrogen physisorption

The micropore volume of the materials was obtained by nitrogen adsorption using a PMI
automated BET sorptometer. The micropore volume was calculated utilizing the t-plot method.
Before N2 adsorption, the sample was activated in vacuum at 523 K for 2 h. After activation,
the weight of the dried sample was determined. Subsequently, the sample was cooled to 77 K

and liquid nitrogen was adsorbed at increasing partial pressures.

2.2.3 Catalytic measurements

Activity tests were performed on a homemade plug-flow reaction unit and a CSTR (Micro-
Berty reactor of Autoclave Engineers).

Catalytic testing in the PFR with an internal diameter of 6 mm was carried out at ambient
pressure and a reaction temperature of 723 K. The catalyst H-ZSM-5-S (where S = steaming
for 24 h at 753 K with WHSV (water) = 1 h') was pelletized, crushed and sieved into fractions
ranging from 200 to 280 um. The zeolite was 1:20 (wt.) diluted in 355-500 um silicon carbide

beads (ESK-SIC) to ensure isothermal conditions. Catalyst activation prior to methanol
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conversion involved heating at 723 K for 1 h under 50 mL/min N2 flow. Methanol was fed by
passing 50 mL/min N> through a methanol evaporator kept at 299 K. Weight hourly space times
were adjusted by charging varying amounts of catalyst (every single data point was taken after
10 min on stream). To investigate the deactivation, 0.090 g of the catalyst H-ZSM-5-S was
deactivated at a contact time of W/F (h - gcat / molmeon) = 3.4.

Reaction studies in the CSTR were conducted at a constant pressure of 6.5 bar to achieve
good back-mixing of the gas phase (realized by adding inert N> at MeOH partial pressure
corresponding to p = 178 mbar, which is identical with the pressure used in the PFR) and
temperatures of 723 K, 748 K and 773 K. By using enhanced pressures and high impeller
speeds (4000 rpm), homogeneous concentration and temperature profiles were achieved [34].
The catalyst H-ZSM-5-S was pressed and sieved to obtain particles between 500 and 710 pum.
The zeolite was 1:10 (wt.) diluted in 7210-900 pm silicon carbide beads (ESK-SiC). The catalyst
was activated at the respective reaction temperatures for 1 h under a flow of 203 mL/min N2
before switching to the feed. The contact time was varied by varying the catalyst loading (every
single data point was taken after 10 min on stream). To investigate the deactivation during MTO
reaction, 50 mg of the catalyst H-ZSM-5-S was deactivated for 5 h, 15 h, 22 h, 47 h, 78 h and
92 h (samples denoted as H-ZSM-5-S-X where X = 5, 15, 22, 47, 78 and 92 h). For the
determination of the coke combustion heat, the coke composition and the change of acid sites
concentration, a sample was deactivated for 2 h. To determine the change of acid sites
concentration at very short time on stream, a sample was also deactivated for 0.8 h. For the
determination of the deactivation reaction order, reactant flow velocities were varied at constant
catalyst loading of 50 mg, so that contact times of W / F (h - gcat / molmeon) = 2.3, 3.6 and 7.1
were obtained. In each case, the reaction was stopped after 23 h.

If a positive reaction order with respect to methanol is assumed for the reactions generating

coke, the deactivation rate can be expressed by equation (2.2).
Ar

ra= — 2 = ka- (ig(MeOH))" (2.2)

where rq: deactivation rate, r: reaction rate, defined as r = X - V—Fv t: time, ny(MeOH): molar

flow rate of methanol, n: reaction order of deactivation and kq: deactivation rate constant.

The reactor effluents from both reactors were analyzed by gas chromatographs equipped
with a HP-PLOTQ capillary column (30 m, 0.32 mm i.d.) and a flame ionization detector.
Due to the rapid interconversion, both oxygenates, that is, methanol and dimethyl ether,

were considered together as “reactant”. Conversion and yields were calculated on a carbon
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basis. The comparison of the CSTR with the PFR was done by means of varying the contact

time for both reactors.

2.3 Results

2.3.1 Methanol-to-olefins (MTO) reaction in a plug flow reactor and in a back-
mixed reactor

2.3.1.1  Reaction pathway of methanol-to-olefins conversion

The methanol conversion and the product yields obtained in the plug-flow reactor are shown
as a function of contact time in Figure 2.1. The conversion curve followed a sigmoidal shape,
resembling autocatalytic reactions [35]. An initial phase with no conversion was observed at
very short contact times (0-2 h - gcat / molveon), until the concentration of products sufficed to
enable faster reaction pathways. The yields of propene, butenes and Cs aliphatics reached the
maximum when the methanol conversion attained 100%. A simplified MTO reaction pathway
[36, 37], depicted in Scheme 2.1, suggests that these Csz.s hydrocarbons are formed by
consecutive methylations. The ethene yield, however, increased continuously with contact time.
The same trend was observed for the yield of aromatics, suggesting that both products were
kinetically linked [38, 39]. The similar yields of C1.4 paraffins and aromatics are concluded to
be the consequence of the stoichiometry of the hydrogen transfer reaction, which has been
proposed to take place from the cyclic hydrocarbon to a light olefin to produce alkanes and an
aromatic molecule [40]. The Ce- aliphatics yield reached its maximum at a conversion of 80%
(contact time = 3.8 h - gcat / Molmeon) and decreased at higher contact times. This suggests that
Ce+ aliphatics were cracked to shorter olefins at longer residence times [31].

The product distribution and conversion of methanol in the back-mixed reactor are compiled
in Figure 2.2. The initial phase without conversion at short contact times was not observed. This
is attributed to the homogeneous distribution of reaction products in the back-mixed reactor,
which in turn leads to a more rapid accumulation of surface species, enabling the fast reaction
pathways almost instantly. On the other hand, at very long contact times, only MeOH/DME
conversions of around 90% were reached, given the very modest volume (19 cm?®) of the Micro-
Berty reactor used [41].

The selectivity towards C»-Cs olefins, aromatics and paraffins in the CSTR was similar to
the selectivities achieved in the PFR at 10-80% of methanol conversion. Important differences

were only observed for Ce+ aliphatic molecules (Figures 2.1 (b) and 2.2 (b)). In the back-mixed
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reactor (Figure 2.2 (b)), the Ce- yield gradually increased to a final yield and remained constant
at longer residence times, while in the case of the plug-flow reactor (Figure 2.1 (b)) a
pronounced maximum in the yield was observed as a function of contact time. As reactants are
homogeneously distributed in the CSTR, all catalyst particles convert methanol under the same
concentrations of methanol and intermediates, without establishing sequential reaction zones
as in the PFR. In the latter case, the first layers of catalyst face a very high MeOH concentration,
leading to a high coverage of BAS and a higher rate of methylation generating heavier olefins.
Only at conversions above 80%, the rate along this reaction pathway started to decrease,
because under such conditions the lower methanol concentration in the final layers of the
catalytic bed would allow Ce- aliphatics to crack to lower hydrocarbons at BAS. In contrast, in
the back-mixed reactor, all catalyst particles were exposed to a methanol pressure which was
significantly lower than the values in the initial zone of the plug-flow reactor. Depending on
the methanol conversion, BAS were available for Ce- aliphatics to adsorb and to crack to lower

hydrocarbons. A steady state between olefin methylation and olefin cracking was established,

leading to the observed product distribution.
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Scheme 2.1. Simplified MTO reaction pathway [36, 37].
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Figure 2.1. Conversion and product yields in PFR as a function of contact time on H-ZSM-5-S at pweon
= 178 mbar and 723 K: MeOH/DME conversion, C,7, Cs~ and C,~ vyield (a); and MeOH/DME

conversion, Cs, Cg+, aromatics and Ci.4 paraffins yield (b).
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Figure 2.2. Conversion and product yields in CSTR as a function of contact time on H-ZSM-5-S at
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Conversion and product selectivities as a function of contact time are presented for both
reactors in Figure 2.3 and Figure 2.4.

Interestingly, high methane selectivity was observed at very short contact time for the PFR
in agreement with, for example, Ref. [42].
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Figure 2.3. Conversion and product selectivities (in hydrocarbons) in PFR as a function of contact time
on H-ZSM-5-S at pmeon = 178 mbar and 723 K: MeOH/DME conversion, C,~, Cs™ and C4~ selectivity

(a); and MeOH/DME conversion, Cs, Ce+, aromatics, methane and C,.4 paraffins selectivity (b).
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2.3.1.2  Deactivation of the catalyst

The time-dependent deactivation of H-ZSM-5 catalysts in the PFR and CSTR at 723 K is
shown in Figure 2.5. Different catalyst amounts were used in the reactors (90 mg in PFR and
50 mg in CSTR) to ensure similar initial conversion levels and comparable contact times. In
the PFR, the conversion dropped rapidly within the first 1.5 h of time on stream (TOS).
Afterward, it decreased at a slightly slower rate with reaction time, but only ca. 10% of methanol
was converted after 30 h on stream. In contrast, the conversion declined considerably slower in
the CSTR. Between 0 h and 5 h TOS, the decrease in conversion was slightly more pronounced
than at longer reaction times. But the catalyst was able to retain most of its activity for more
than 90 h, leading to a final conversion of about 54%. The dramatically different deactivation
behavior suggests contributions of different reaction pathways to deactivation and coke
formation.

Under these reaction conditions and in good agreement with other published reports [43-
46] deactivation of H-ZSM-5 did not affect the product selectivity for a given level of
conversion. Hence, similar selectivities were observed at the same conversion levels,
independent of the reactor type. Along the PFR reactor, marginal differences were observed in
the yields of Ce+ and propene and, to a lesser extent for ethylene and aromatics. It was found
that ca. 3.3% more Ce+ aliphatics and 2.6% less propene were formed in the plug-flow reactor
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(see Figure 2.6) at a conversion of 56.5%. This suggests that more cracking of higher aliphatics

to lower hydrocarbons and less methylation of propene occur in the CSTR.

The local differences in methanol concentration are identified as the apparent cause for the

markedly different deactivation. The hypothesis is that the higher initial methanol concentration

in the plug-flow reactor favors the formation of a catalyst poison, which in turn causes fast

deactivation. In the CSTR, the local methanol concentration was insufficient to enhance the

formation of such poisoning species and, therefore, a different and slower deactivation
mechanism dominated.
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Figure 2.5. Methanol/DME conversion during MTO reaction of 90 mg catalyst H-ZSM-5-S in the PFR
at ambient pressure and 50 mg catalyst H-ZSM-5-S in the CSTR at 6.5 bar, T =723 K and pmeon =
178 mbar (enlargement of the conversion change in the CSTR from 0 h to 20 h).
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Figure 2.6. Propene yield (a) and Ce- aliphatics yield (b) during MTO reaction of 90 mg catalyst H-
ZSM-5-S in the PFR at ambient pressure and 50 mg catalyst H-ZSM-5-S in the CSTR at 6.5 bar, T =
723 K and pmeon = 178 mbar.
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2.3.1.3 Reaction order of deactivation

It has been noted above that high local methanol concentrations led to fast deactivation of
H-ZSM-5. The specific nature of this fast poisoning is unknown at present and should be subject
to further studies. The use of the CSTR allowed, however, translating the different zones in the
PFR to different time regimes across the total catalyst mass. Thus, the deactivation kinetics was
experimentally derived from data collected in the CSTR.

Figure 2.7 exhibits the change of conversion with reaction time for different contact times.
As the products are immediately back-mixed in the CSTR, a high conversion corresponds to a
low local methanol concentration. The conversion decreased faster with higher flow rate (that
is, lower contact time), indicating a dependence of deactivation on the methanol partial
pressure. An initial faster deactivation occurred in the first 5-h TOS. For longer TOS, a slower,
but constant deactivation rate was observed. Therefore, two different kinetic regimes were taken
into account, that is, one dominating from 0 to 5 h and the other from 5 to 23 h.

The observed change of reaction rate was fitted from 0 h to 5 h and from 5 h to 23 h, using
Eq. (2.3), derived from Eq. (2.2).

In (=) = In(kg) + n - In(itg (MeOH)) (2.3)

The deactivation of the H-ZSM-5 catalyst was observed to have a reaction order (RO) of 1
for the TOS range 0-5 h and a RO of 1.7 for the TOS range 5-23 h (see Figure 2.8), that is, the

deactivation rate is more sensitive to MeOH partial pressure in the slower deactivation regime.
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Figure 2.7. Decrease in conversion with contact times W / F (h - gcat / MOlmeor) = 2.3, 3.6 and 7.1

(varying feed rate).
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rates of 0.007 mol/h, 0.014 mol/h and 0.021 mol/h.

2.3.2 Characterization of homogeneously deactivated samples

2.3.2.1  EPR spectroscopy of carbonaceous deposits

As aromatics form radical cations by protonation over acid sites of the zeolite [47-49], EPR
spectroscopy was used to monitor the concentration of carbonaceous deposits. The same H-
ZSM-5 catalyst was used in the MTP reaction at 723, 748 and 773 K for 5 h, 15 h, 22 h, 47 h,
78 h and 92 h. The spent catalysts were then analyzed by EPR spectroscopy. The spectra are
shown in Figures 2.9, 2.10 and 2.11.

Figure 2.9. EPR spectra of samples deactivated at 723 K in a CSTR.
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Figure 2.11. EPR spectra of samples deactivated at 773 K in a CSTR.

All samples exhibited one signal with a g-value of 1.991 + 0.001. The EPR signals did not
show hyperfine splitting because of high spin-spin interaction of the large variety of aromatic
hydrocarbons in the sample used for reaction [49]. The spin density as a function of reaction
time is displayed in Figure 2.12 for reactions at 723 K, 748 K and 773 K. It increased steadily
at all temperatures. At the same TOS, the density of radicals was higher for higher temperatures,
indicating a higher concentration of aromatic molecules at the surface. It is important to note
that for all reaction temperatures the formation of carbonaceous deposits was faster in the first

5 h of reaction as deduced from the radical formation rates measured at short TOS.
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Figure 2.12. Density of radicals (spins) formed during methanol conversion over H-ZSM-5-S at 723 K,

748 K and 773 K as a function of reaction time.

By applying the analysis method adopted from Van Speybroeck et al. [50], the activation

energy of this carbonaceous species was deduced from the change of spin density at reaction
temperatures of 723, 748 and 773 K.

In (No. of spins [92 h] - No. of spins) = In (No. of spins [92 h]) - kt

(2.4)

In this way, the rate constants of radical formation associated to the presence of methylated

polyaromatic molecules were calculated (Figure 2.13). By plotting In(k) as a function of 1/T

(Figure 2.14), the apparent activation energy of coke formation derived from the Arrhenius

relation was 85 kJ/mol.
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Figure 2.13. Determination of the rate constants of radical formation at 723 K, 748 K and 773 K.
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Figure 2.14. Arrhenius plot derived from the temporal evolution of the spin density at temperatures of
723 K, 748 K and 773 K.

2.3.2.2  Thermogravimetric analysis (TGA)

The coke deposits on samples reacted at 723, 748 and 773 K were analyzed by temperature-
programmed oxidation. Figure 2.15 shows the linear increase of the overall amount of
carbonaceous deposits with reaction time and temperature. These molecules are named here for
simplicity “coke”, although the composition of these deposits varies substantially and is far
from graphitic carbon. Within the first five hours of reaction, ~0.4 wt.% coke was deposited at
723 K, ~0.6 wt.% at 748 K and 0.9 wt.% at 773 K. This corresponds to coke formation rates of
0.08 wt.% coke/h, 0.12 wt.% coke/h and 0.18 wt.% coke/h. The rate of coke deposition was
significantly slower for longer reaction time and had a higher temperature dependence than in
the initial hours on stream. From 5-h to 92-h TOS, the rate of coke formation was 0.02 wt.%
coke/h for 723 K, 0.04 wt.% coke/h for 748 K and 0.07 wt.% coke/h for 773 K. This suggests
that two regimes of coke formation exist during deactivation: an initial fast coke deposition
pathway, followed by a slower coke formation mechanism.

For all temperatures, a linear correlation between the concentration of coke deposited as
quantified by TGA and the Number of spins was found (Figure 2.16). Hence, the EPR results
can be regarded as representative for the formation of most of the carbonaceous deposits that

are formed beyond five-hours TOS.
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2.3.2.3 IR spectroscopy of adsorbed pyridine

IR spectra of adsorbed pyridine were used to determine the concentration of active sites that
remained accessible in the used samples. In order to remove volatile species the samples were
evacuated at 723 K for one hour, before determining the concentration of pyridine interacting
with acid sites at 423 K. In Figure 2.17, the concentrations of Brgnsted acid sites (BAS) and
Lewis acid sites (LAS) are shown as a function of reaction time. With TOS, the concentration
of BAS decreased while the concentration of LAS remained fairly constant. In contrast, the
used samples after oxidatively removing carbon deposits had a constant concentration of BAS
(Table 2.1).

Table 2.1. Concentration of Brgnsted acid sites (BAS) and Lewis acid sites (LAS) of the samples H-
ZSM-5-S and H-ZSM-5-S-5/H-ZSM-5-S-47 after regeneration (determined by IR spectroscopy of
adsorbed pyridine).

Sample BAS (umol / g) LAS (umol / g)
H-ZSM-5-S 673 34+2
H-ZSM-5-S-5 after regeneration 603 34+2
H-ZSM-5-S-47 after regeneration 59+ 3 302

Thus, it is concluded that active BAS were increasingly covered by carbonaceous deposits
with increasing TOS. Blocking of BAS by reaction intermediates has been ruled out, because
the samples were first treated at 723-773 K in N after reaction and later outgassed at 723 K in
vacuum in the IR cell, which should remove all aromatic compounds with diameters below the
pore-opening size for ZSM-5, because they are light enough to desorb in this interval. The
characteristic OH band of BAS (3610 cm™) disappeared after pyridine adsorption, indicating
that all free BAS were accessible for pyridine. Thus, it is concluded that the carbonaceous
deposits at this level of deactivation hinder the access of pyridine to BAS. The integral
intensities of these bands were used to quantify the concentrations of Brgnsted acid sites,
because integral intensities of Brgnsted acidic OH groups linearly correlated with those of
pyridinium ions (Figure 2.18).
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Figure 2.17. Change of the concentration of Brgnsted acid sites (BAS) and Lewis acid sites (LAS) with
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Figure 2.18. Correlation of integrated BAS-OH areas of activated samples (before pyridine adsorption)
with BAS concentrations determined by pyridine adsorption.

23.24  LDI-TOF MS

LDI-TOF MS measurements were conducted to characterize the nature of carbonaceous
compounds and discriminate between their locations on the zeolite. Figure 2.19 displays the
mass spectra of the catalysts deactivated at 723 K. Information on the location of the carbon
deposits was obtained by comparison of the two spectra, one recorded of the whole zeolite
particles, and another one of the deposits freed by dissolving the zeolite in HF. While molecules
detected after dissolving the catalysts by HF represent the composition of overall coke, the
species detected without dissolving the zeolite are only due to deposits on the external surface

of crystals that is accessible to LDI-TOF. Information on carbon deposition on the internal
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inaccessible surface, that is those species present in the micropores and internal voids, can be

gained by comparison of the LDI-TOF mass spectra of deactivated catalysts and free deposits.
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Figure 2.19. LDI-TOF mass spectra of deactivated catalysts (top) and of free deposits (bottom) after
MTO reaction at 723 K.

From 5-h to 22-h TOS, coke was formed mainly within the zeolite particles and little is
observed on the external surface. However, the main masses detected after HF dissolution were
in the range 300-400 Da. Molecules with such size cannot be formed in the zeolite channels,
which have an average diameter of 5.5 A or in the channel intersections with a diameter of
approximately 9 A [51]. Thus, it is concluded that the first large carbonaceous deposits
generated must be trapped in internal voids existing between primary zeolite single crystals
domains, not exposed to the outer, externally optically accessible surface. These mesopores are
speculated to be a minor fraction of the total mesopores. It is also observed that from 47- to 92-
h TOS, the amount of carbonaceous deposits inside the zeolite crystals with masses in the range
of 100-300 Da continuously increased. This indicates that the formation of small molecules
retained in the micropores and channel intersections is still relevant at long time on stream
under the conditions applied in the CSTR.

Interestingly, the LDI-TOF mass spectra of the whole catalyst particles, which represents
solely the deposits on the externally optically accessible surface, had only mass signals between
100 and 300 Da at the early stages of reaction (5-h to 22-h TOS). Only with longer TOS (47-
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92 h), heavier compounds with masses of 300-400 Da and compounds with masses of 401 Da,
413 Da and 429 Da were formed on the outer surface. The genesis of such external coke is
exemplified in Scheme 2.2, where it is represented one of many possible specific routes for the

growth of carbonaceous deposits.

5hto22h
CH, CHs _ CH, \ N
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Scheme 2.2. Possible route of coke formation on the outer surface.

The mass distribution shows a pattern with mass differences of mainly 12 Da (extension of
the aromatic ring system by one C atom) and, to a lesser extent, 14 Da (substitution of H by
CHs group). Series of mass fragments with differences of 50 Da are not observed for the spent
catalysts nor for the extracted coke after HF treatment. This is attributed to series of
homologous, methylated, polycyclic aromatic compounds. Diels-Alder reactions are concluded
not to play a significant role in the aromatics formation. The formation of coke deposited in the
zeolite channels and optically inaccessible voids and surfaces proceeds in the time range 5- to
22-h TOS via a reaction pattern similar to the one for external coke formation, with mass

differences of 12 Da and 14 Da (see examples of molecules in Schemes 2.3 and 2.4.).
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Scheme 2.4. Possible route for coke formation on the internal surface from 47 h to 92 h time on stream

(only formation of main compounds is presented).

2.3.3 Temperature-programmed oxidation and elemental analysis of samples
used in PFR and CSTR

The higher deactivation rate in the PFR - in comparison with the CSTR - points to different

deactivation mechanisms in each reactor, as a result of the different methanol concentration
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profiles. To explore whether this leads to differences in the nature of the coke, its combustion
heat was determined after deactivation in a PFR and a CSTR. Figure 2.20 depicts the changes

with conversion in coke combustion heat for PFR and CSTR samples.
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Figure 2.20. Change of coke combustion heat as a function of MeOH/DME conversion during MTO
reaction on H-ZSM-5-S in the PFR and CSTR (T = 723 K and pmeon = 178 mbar).

The comparable combustion heat of the carbon deposited in the early stages of reaction
indicates that in both reactors the carbonaceous species are similar. For longer TOS, the samples
deactivated in the CSTR showed coke with higher combustion heat (~27 J/mg) than those
deactivated in the PFR (~20 J/mg). The C/H/O ratios for the carbon deposits are calculated
according to the quantification of consumed O and generated products detected by MS together
with coke weight from TGA. The overall composition of carbon deposits and the combustion

heats for samples deactivated for different TOS are summarized in Table 2.2.

Table 2.2. Coke combustion heats and C/H/O ratios of carbonaceous deposits during MTO reaction on

H-ZSM-5-S in the PFR and CSTR (T = 723 K and pmeon = 178 mbar).

Spent samples Combustion heat (J / mg) CxH,0,
CSTR (2 h) 18+2 C1H0.73:0.0100.09:0.04
CSTR (5 h) 202 C1Ho.75:0.0100.05:0.04
CSTR (15 h) 22+2 C1Ho.46:0.010010.03
CSTR (92 h) 27 +2 C1Ho.31:0.01000.03
PFR (0.8 h) 18+2 C1H1.32+0.0100.1610.04
PFR (24 h) 202 C1Ho0.70£0.0100.09+0.04
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The DTG signals of zeolites used in PFR and CSTR (Figure 2.21 (a)) indicated two types
of carbon deposits: type I at 500-660 K and type Il at 660-900 K. The concentrations of the so-
called coke-I and coke-I1 species were determined for several PFR and CSTR samples, and the
values are depicted in Figure 2.21 (b) as a function of consumed methanol. Coke-I represents
O-containing carbon deposits, which have a lower combustion temperature in TPO. The
elemental analysis of carbon deposits only showed oxygen in the CSTR sample deactivated for
5-h TOS (Table 2.2). Above 0.1 molmeon converted, coke-1 was absent as judged by TPO and
oxygen was not found in the carbon deposits. The degree of unsaturation increased with TOS,
which is deduced from the lower hydrogen content and the increasing coke combustion heat.
Thus, it is concluded that the average composition of coke-1l corresponds to an aromatic
hydrocarbon. For the PFR, O-containing species were still detected after 24-h TOS and the
amount of coke-1 was almost constant (Figure 2.21 (b)). The disappearance of O-containing
carbonaceous species after a few hours TOS in the CSTR is attributed to its reaction with

hydrocarbon products.
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Figure 2.21. DTG curve of a PFR sample after 24 hTOS (W /F=3.4h - g cat / M0lveor, 723 K, Pmeort =
178 mbar) (a); correlation of the amounts of coke-1 and coke-Il as in (a) with consumed MeOH for
several PFR and CSTR spent catalysts (b).

2.4 Discussion

Coke on fully deactivated catalysts in MTO conversion has been commonly attributed to
deposits consisting of large unsaturated (aromatic) hydrocarbons formed by hydride transfer
and methylation [24]. This is indeed the type of carbon observed at late stages of deactivation

in fixed-bed reactors, when this coke blocks pores and renders Bransted acid sites inaccessible.
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In such a configuration, the carbon deposited varies along the reactor, making it very
challenging to identify its nature and location. It is unclear at which place in the zeolite crystal
the carbonaceous deposits start to be formed [18, 21]. Models suggest deactivation starting from
the inside (the micropores) to the outside (external surface) [21, 22] or coke formation at the
surface blocking access to the domains of the crystal [13, 18-20]. Monitoring coke formation
in a CSTR allows addressing this question more rigorously.

Because the overall rate of conversion decreased linearly with TOS (Figures 2.5 and 2.7),
pore blocking is excluded as main reason for the activity decay. Carbonaceous species which
block domains of the zeolite form only once higher concentrations of aromatic hydrocarbons
are accumulated, but will then cause a fast decay in activity. The absence of large aromatic
molecules on the external surface at short TOS (Figure 2.19, top) shows, therefore, that the
observed initial deactivation is not related to blocking of crystal domains.

Quantification of acid sites in spent catalysts (Figure 2.17) showed a significantly higher
decrease in the concentration of BAS in comparison with the decrease in the concentration of
LAS. The specificity to cover BAS argues additionally against blocking of domains, which
would be non-discriminating between hindering access to Brensted or Lewis acid sites. The
minor decrease in micropore volume after 92-h TOS (Table 2.3) suggests that the majority of

the pores is accessible, while the zeolite deactivates.

Table 2.3. Micropore volume of fresh and 92 h deactivated sample (T = 723 K), determined by nitrogen

physisorption.
Sample Micropore volume (cm®/ g)
H-ZSM-5-S 0.17
H-ZSM-5-5-92 0.16

Removal of Brgnsted acid sites by dealumination during the reaction is ruled out, because
the deactivated material can be largely restored to its original activity by combustion of the
carbon deposits. Thus, it is concluded that the first steps in deactivation of ZSM-5 are caused
by blocking of active sites within the micropores. This is further supported by the excellent
correlation between the concentration of inaccessible BAS in spent catalysts and the coke
weight for TOS >5 h (Figure 2.22).
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Figure 2.22. Correlation of occupied BAS with the carbon deposition at 723 K.

The analysis of carbon deposits together with the deactivation curves enabled to identify
two different types of coke species responsible for such site blocking. Coke-I was formed only
in significant concentrations at early stages of reaction (TOS <5 h) in the CSTR, when the
catalyst was in contact with high methanol concentrations. It was able to efficiently (a lower
concentration of C per BAS is needed) and rapidly deactivate H-ZSM-5 by binding to BAS.
This process showed low temperature dependence (Figure 2.15). Because of the high
concentration of oxygen in coke-l, its formation is hypothesized to occur via a reaction
sequence illustrated in Scheme 2.5 (a) and (b). The first step involves reaction of methoxy
groups with CO, which is present during MTO conversion, as communicated previously [52,
53]. In the next steps, the acetyl species reacts with formaldehyde to an o,-unsaturated species
(Scheme 2.5 (a)). Formaldehyde is proposed to form together with methane via a mechanism
involving methanol as a hydride donor [42].

Reaction of formaldehyde with the o,-unsaturated species, followed by ring closure and
dehydration, leads to the formation of a furan species localized at BAS (Scheme 2.5 (b)). It
should be emphasized that all species within the reaction sequence to furan formation can cause

deactivation by strong adsorption on BAS.
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Scheme 2.6. Hydrogen transfer pathway between two olefinic species on BAS, exemplified for propene
and 1,3-hexadiene.

For longer residence times (TOS >5 h), the concentration of coke-I became negligible, but
overall, the carbon concentration determined by TGA correlated perfectly with the
concentrations of spins (determined by EPR spectroscopy), and the concentration of BAS
inaccessible for pyridine. It is therefore concluded that for TOS >5 h, deactivation is caused by
coke-1l. However, this deactivation is, on a carbon basis, less efficient than the deactivation by
coke-I, leading to a lower deactivation rate.

The disappearance of coke-I after a few hours on stream is attributed to the reaction of furan
with back-mixed olefins to form aromatics (Scheme 2.5 (c)) [54]. In such reaction, the
aromatization is completed by release of one water molecule and not by transfer of a proton
from the substrate to the BAS, as it occurs when aromatics are formed via typical hydrogen
transfer between two olefins [7, 55, 56] (Scheme 2.6). Therefore, the release of the aromatic
molecule and restoration of the BAS are not expected in the reaction shown in Scheme 2.5 (c).
On the contrary, the aromatic species originated from furan remains strongly chemisorbed at

BAS causing site blocking. It should be noted that such strongly chemisorbed aromatic species
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are quantified and detected as coke-I11 by TGA and TPO analysis, and it is not possible to
differentiate them from other aromatic deposits with weaker interaction with the zeolite, as it
will be discussed below.

This deactivation by site blocking contrasts the description of deactivation of H-ZSM-5
reported previously, for which pore blocking by coke was identified as cause for the loss of
activity [23, 24, 57]. The discrepancy may be related to the fact that these studies were
performed under different reaction conditions (lower reaction temperatures and/or initial full
conversion). Time on stream studies with initial full conversion start from conditions in which
the early formation of compounds incorporating methanol is eclipsed by the secondary reactions
of forming and cleaving C-C bonds and redistributing hydrogen between reacting molecules,
that is, when the network of reactions is fully developed. Under these conditions, substantial
concentrations of coke are formed at the outside of the polycrystalline zeolite particles. This
masks the deactivation by localized and largely immobilized aromatic molecules at Brgnsted
acid sites.

It has been shown that coke-Il deposits include aromatics originated via the two pathways
displayed in Scheme 2.5 (c) and Scheme 2.6. Next, it is necessary to analyze their location and
evolution with TOS. By LDI-TOF mass spectrometry it was shown that aromatic molecules
larger than the pore diameter of H-ZSM-5 are trapped within the crystals. The formation of
such large hydrocarbons occurs at early stages of the reaction in the CSTR, that is, in parallel
with the formation of O-containing carbon deposits (coke-l). It is concluded that these
molecules are located in voids between crystal domains, which are connected to the outside gas
phase only via micropores, that is, their volume is not accounted by analysis of the N
adsorption/desorption isotherms. The aromatic carbonaceous deposits located in these voids
can hardly block acid sites and therefore it is proposed that their impact in deactivation is
negligible. Nevertheless, they account for an important part of the coke-Il weight detected by
TGA.

The differences in mass signals in LDI-TOF MS of 12 and 14 Da and the first-order reaction
in methanol with respect to carbon deposition suggest that the growth of the aromatic species
at TOS <5 h proceeds by methylation. Methanol is hypothesized to react with (polynuclear)
aromatics via consecutive (Scheme 2.7 (i)) or concerted mechanisms (Scheme 2.7 (ii)) [58].
The present measurements do not differentiate whether the reactions occur via methoxy

groups/methyl carbenium ions or methoxonium ions [58-60].
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Scheme 2.7. Possible mechanisms for methylation of aromatics in the MTO reaction, exemplified with
benzene: (i) Transition structure for addition of a methoxy group to benzene, that is, consecutive

mechanism; (ii) transition structure for direct methylation, that is, via a coadsorption mechanism [58].

The apparent activation energy of coke-I1 growth between 5- and 92-h TOS was 85 kJ/mol,
that is, in the range of apparent activation energies for aromatics methylation [50, 59, 61]. The
buildup of molecules with higher molecular weight with time on stream is, therefore, concluded
to involve the methylation of aromatic molecules as primary growth mechanism. This differs
from coke accumulation in fluid catalytic cracking catalysts for which Diels-Alder type
reactions have been identified as the dominating coke growth mechanism [33, 62]. The higher
reaction order of 1.7 in methanol under these conditions indicates a more complex mechanism
for the formation of these higher aromatics.

Having established the differences in nature and deactivating effectivity of the coke, the
reasons for the very different rates of deactivation in PFR and CSTR under comparable
conditions are addressed. When the stability of H-ZSM-5 was studied under MTO reaction
conditions and identical initial conversions, the rate of activity decrease was significantly
slower in the CSTR compared to the PFR. At first, one may argue that such a decrease in activity
is due to the intrinsic characteristic response to contact time changes of the two reactors. In
other words, that the slope of MeOH conversion with contact time is much steeper for the PFR
than for the CSTR (Figures 2.1 and 2.2). However, if the degree of catalyst deactivation for
each of the reactors is calculated based on the amount of molecules converted at a given TOS
(by using the contact time curves in Figures 2.1 and 2.2), approximately 18% of the catalytic
sites were deactivated in the PFR after 9 h, while only 2% were deactivated in the CSTR (Figure
2.23).
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Figure 2.23. Reduction of effective contact time in CSTR and PFR by deactivation.

It is hypothesized that the differences in deactivation are associated with the different local
methanol concentrations, which in turn induce different deactivation pathways. Both the local
concentration of methanol and the simultaneous presence of reaction products and
intermediates play a decisive role in the formation and accumulation of the highly deactivating
carbon deposits. A high local concentration of methanol enables reaction pathways that are
kinetically disfavored at lower MeOH partial pressures, such as the formation of oxygen-
containing coke-I, which requires the presence of formaldehyde and CO. Coke-1 is subsequently
converted into strongly adsorbed aromatics by reaction with olefins (see Scheme 2.5).

In the CSTR, all catalyst particles face the same concentration of methanol and reaction
intermediates. The localized formation of oxygenates upon contact of methanol with the fresh
catalyst is concluded to cause the initial rapid deactivation (coke-I observed only at TOS <5 h).
As the CSTR quickly reaches the steady state, the rate of deactivation decreased remarkably,
because the multiple reactions involving back-mixed intermediates and products compete with
the formation of further amounts of coke-I. Under these conditions, reactions of and between
olefins dominate [63], and the carbon deposits are expected to form via typical hydride transfer
(Scheme 2.6) and grow via multiple methylations.

On the other hand, the methanol concentration at the inlet of the PFR is higher than in any
point of the CSTR and will lead to the formation of significant amounts of oxygenates in the
first layer of the catalyst bed. This coke-I in the first layer is converted with time on stream into
aromatic molecules that remained strongly adsorbed on the deactivated sites, while new coke-I
species are formed downstream, leading to a slow progression of the zone of oxygen-rich coke
along the reactor. Because in the PFR the concentration of oxygenates remained approximately
constant throughout the reaction, it is concluded that the rate of conversion of coke-I to coke-I11

molecules and the rate of formation of new coke-I are nearly identical. The progressing zone of
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strong deactivation and the subsequent localized aromatic molecules are concluded to
deactivate the zeolite gradually, leading to a decreasing length of the active zeolite bed in the
PFR.

The initial conclusions on the importance of the concentration of methanol are
quantitatively supported by the kinetics of coke formation followed by TGA and EPR
spectroscopy. The deactivation rate was first order in methanol at short time on stream. This
starkly contrasts the model proposed by Janssens [44], which suggests that the deactivation rate
is proportional to the conversion. It should be noted that the Janssens’ model agrees well when
describing the deactivation after long periods of full methanol conversion in a PFR. The model
deviated significantly, when high partial pressures of MeOH (or short contact times) were
applied [64].

2.5 Conclusions

The study of coke formation under kinetically-relevant conditions in a CSTR has allowed
deducing the mechanism of the first steps of the deactivation of ZSM-5 during conversion of
methanol to olefins.

The comparison between deactivation of ZSM-5 in a CSTR and in a PFR under identical
reaction conditions showed that high local methanol concentrations induce the formation of
oxygen-containing carbon deposits. Such deposits deactivate very effectively (on a carbon
basis) the active sites by localized sorption. Accordingly, the higher local methanol
concentration in the first layers of the catalytic bed in a PFR induces the formation of a larger
fraction of this oxygen-containing carbon species, causing a fast deactivation of the catalyst.
The back-mixing of products in the CSTR in turn causes the local methanol concentration to be
moderate in the whole reactor volume. In this case, other reaction pathways such as reactions
between olefins and methylation of hydrocarbons are kinetically more favored, and the
formation of oxygenates is suppressed. The formation of conventional aromatic coke is
expected to take place mostly by hydride transfer between olefins, and carbon growth to occur
via multiple methylations of such aromatic species. The latter point has been confirmed by the
kinetic analysis of coke growth on a catalyst homogeneously deactivated in a CSTR. The
positive reaction order in methanol and the apparent energy of activation obtained are consistent

with an extension of the polyaromatic deposits by methylation.
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In the fast deactivating PFR, the evolution of the coke species depends on the position of
the catalyst particle in the catalytic bed. In the first stages (at short time on stream), a large
fraction of oxygen-containing carbonaceous species is formed in the first layers of the catalytic
bed. Since a remarkably higher deactivation rate was realized in the PFR-type reactor without
a concomitant increase in oxygen-containing deposits, it is hypothesized at present that this is
due not only to the high concentration of oxygenates strongly adsorbed on BAS, but also to the
transformation with time on stream of part of the oxygen-containing species into more
conventional coke (aromatic molecules) that remains attached to the BAS.

Site blocking has been identified as the main deactivation mechanism operating at early
stages of the reaction, well before the blocking of the pores by large amounts of external surface
carbon starts. In a first step, oxygen-containing species are formed by carbonylation of methoxy
groups and block the active sites. This is followed by the reaction of the oxygenates with olefins
to produce a strongly adsorbed aromatic molecule. It is believed that the findings exposed here
are relevant for ZSM-5 catalysts during methanol conversion to olefins, because the span of
reaction conditions in the CSTR explored will have their analogy at particular points of the
catalytic bed in a PFR.

It should be emphasized that methanol concentration has been found to be relevant for the
deactivation of catalysts in MTO conversion. In particular, the initial reactions generated
oxygenate deposits which cause fast deactivation. Such oxygen-containing surface species have
not been discussed so far and explain the widely varying rates of deactivations reported in the

literature.
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Chapter 3

3.  On understanding active sites and mechanism of hydrogen
transfer during methanol-to-olefins conversion on H-ZSM-5

This chapter is based on:

S. Mdller, Y. Liu, M. Sanchez-Sanchez, J.A. Lercher, “On understanding active sites and
mechanism of hydrogen transfer during methanol-to-olefins conversion on H-ZSM-5”, in
preparation.

The underlying mechanisms of hydrogen transfer pathways during conversion of methanol
to olefins (MTO) on H-ZSM-5 have been elucidated. A MeOH-mediated pathway has been
identified as the major hydrogen transfer pathway leading to aromatics and paraffins formation.
Addition of a low concentration of formaldehyde (1 C %) to the methanol feed resulted in
enhanced Ce-+ aliphatics and aromatics formation at the expense of light olefins. Experiments
over a pure Lewis acid sites (LAS)-MFI unequivocally showed that methanol and propene
reacted on LAS to form formaldehyde and propane. The MeOH-related HT pathway was
therefore linked to the reaction of olefins and methanol to paraffins and formaldehyde at LAS
and the reaction of olefins with formaldehyde to aromatics and paraffins at Brgnsted acid sites
(BAS). Its importance depends on the available concentrations of BAS and LAS. In agreement
with that, catalysts with a low LAS concentration produce less aromatics and paraffins.
Conversely, varying BAS concentrations at a high Bregnsted to Lewis acid sites ratio affected
hydrogen transfer only marginally. At low BAS to LAS ratios, hydrogen transfer increased due
to competitive adsorption of formaldehyde on BAS, suppressing olefin methylation and

cracking reactions.
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3.1 Introduction

Fuels and petrochemicals play an important role in the global energy supply [1, 2]. To
bypass petroleum-based routes for the production of fuels and petrochemicals, methanol-to-
hydrocarbons (MTH) processes over zeolites and zeotype materials are intensively investigated
[2] because methanol can be produced via synthesis gas from carbon-based feedstocks such as
natural gas, biomass or coal [1-4]. In the conversion of methanol to olefins (MTO), a
successfully implemented variant of the MTH process, Cos olefins form from an equilibrium
mixture of methanol and dimethyl ether. These olefins are further methylated to higher olefins
which easily crack down to lower olefins. Olefins also react through secondary routes to
undesired paraffins and aromatics via hydrogen transfer (HT) and subsequently form coke,
causing catalyst deactivation [1, 4]. Therefore, understanding hydrogen transfer reaction
pathways is highly important for the design of stable MTO catalysts.

Hydrogen transfer is commonly described as a bimolecular reaction with a hydrogen atom
being transferred between one adsorbed surface alkoxide and one cyclic or acyclic alkane or
alkene [1]. Branched alkanes and alkenes are more reactive hydrogen donors compared to linear
alkanes and alkenes because the carbocationic transition states are more stable [1, 5-8].
Furthermore, the fact that under MTO conditions mainly olefins are formed leads one to assume
that hydrogen transfer reactions taking place on H-ZSM-5 occur mostly between two olefinic
species on BAS [1, 2, 9] viaa mechanism as illustrated in Scheme 3.1 for the reaction of propene

and 1-butene.

X + —_— XN ——— N — AV AR YN
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Scheme 3.1. Typical hydrogen transfer pathway between two olefinic species on BAS, exemplified for

propene and 1-butene.

Insights into the mechanism and kinetics of hydrogen transfer are generally difficult to gain
due to the requirements of isolating surface alkoxides on zeolites and the elimination of
competing reactions such as alkylation, oligomerization and isomerization [1]. This problem
was, however, overcome by conducting studies at low temperatures (~473 K) [1]. Simonetti et
al. [10] investigated dimethyl ether homologation on H-BEA and measured the rates of alkene
methylation, hydrogen transfer, isomerization and B-scission reactions, using mixtures of 3C-
labeled dimethyl ether and unlabeled alkenes. The presence of a hydride transfer co-catalyst,

such as adamantane, during acid-catalyzed co-homologation of alkanes and dimethyl ether on
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H-BEA provides the possibility of favoring the formation of higher value alkanes without
simultaneous formation of arene side products [11]. Methanol homologation studies were also
carried out on iodide based homogeneous catalysts [12-16]. Hazari et al. [16], for instance,
probed the relative rates of olefin methylation to hydrogen transfer by co-feeding olefins with
1,4-cyclohexadiene. The cyclic diene was more effective in hydrogen transfer than the acyclic
monoolefins.

Two possible routes for aromatics and paraffins formation from olefins must be considered
in the methanol-to-olefins reaction network. One route involves dehydrogenation of olefins to
form dienes and trienes which undergo cyclization to aromatics [1]. On the other hand, higher
olefins can cyclize and subsequently form aromatics by hydrogen transfer, which is widely
proposed to link the olefins cycle and the aromatics cycle in the so-called dual-cycle concept
[2, 4, 17, 18]. In both cases, small olefins must act as hydrogen acceptors forming paraffins.
Hydrogen transfer was reported to occur via sterically demanding bimolecular transition states
and therefore reactions between two higher olefins should be strongly constrained in H-ZSM-
5 [19]. In computational studies, olefin and diene cyclization on H-ZSM-5 through 1,5-
cyclization and 1,6-cyclization pathways were investigated [20, 21]. The cyclization of
physisorbed hexene to methylcyclopentane was reported to have a lower activation energy in
comparison to diene cyclization [1, 20]. However, the ring expansion mechanism to
cyclohexane was not studied and it is unclear if methylcyclopentane is a favorable precursor to
benzene [1]. For 1,5-hexadiene, the pathway for 1,6-cyclization had a lower activation energy
barrier in comparison to 1,5-cyclization [20, 21]. Thus 1,6-cyclization was concluded to occur
for Ce aliphatic precursors [21]. In a further computational study, Joshi and Thomson [22]
investigated Brgnsted acid-catalyzed cyclization of C7 and Cg dienes on H-ZSM-5 and found
the activation energy barrier for cyclization of these compounds to be lower in comparison to
that for Ce diene cyclization. This was attributed by the authors to the increased stability of
secondary carbenium ion transition states for C7; or Cg dienes over primary carbenium ion
transition states for Ce diene [22].

Lewis acid sites (LAS) in zeolites are mostly associated with extra-framework Al (EFAL)
[23]. Despite detailed investigations, the nature of EFAL species is still not fully understood
[23-27]. Two different modes for interaction of EFAL with BAS are mainly discussed in
literature. Mirodatos proposed a direct interaction of EFAL with BAS by partial electron
transfer from the OH bond (BAS) to the EFAL, which would lead to an increased acid strength
[23, 28]. Conversely, in the proposal of Li et al., EFAL coordinates to an oxygen atom next to

BAS, which causes an enhanced acidity [23]. Gounder et al. contradict this proposal and claim
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that the rate enhancement observed is not due to an increment in acidity or due to the Lewis-
acidic character of EFAL itself, but to the fact that it reduces void space in Faujasite (FAU)
which results in stronger dispersive interactions [29]. In good agreement with that conclusion,
Schallmoser et al. [27] located EFAL species in the direct vicinity of very active BAS by means
of IR spectroscopy.

The suppression of the olefin-induced hydrogen transfer is thought to lead to higher yields
of light olefins via cracking and to avoid deactivation by formation of polycondensed aromatics.
Thus, several scientific studies have been devoted to understand whether the interaction of BAS
and LAS plays a role in hydrogen transfer reactions of olefins over zeolite catalysts [30-33].
Bortnovsky et al. [30], for instance, observed the formation of bulky aromatics and paraffins in
pentene cracking for catalysts with high concentrations of both BAS and LAS, accompanied by
coke deposition. They further reported that high concentrations of strongly acidic sites favored
hydrogen transfer [30]. Wichterlova et al. [31] reported that the presence of LAS in zeolites
enhances Bregnsted acid-catalyzed hydrogen transfer reactions and changes the product
distribution in n-butene isomerization substantially. They proposed an intrinsic catalytic
function of Lewis acid sites in n-butene transformation besides the possible enhancement of the
strength of BAS of the zeolite [31]. Sazami et al. concluded that Al-related electron acceptor
sites in H-ZSM-5 favor oligomerization and hydrogen transfer reactions in MTH conversion
leading to coke formation [32, 33]. Despite this experimental evidence on the role of LAS in
aromatics formation, there is no clear mechanistic explanation or description of such
phenomenon in the literature.

Recently, another hydrogen transfer pathway has been identified in MTO conversion that
involves directly methanol or C: intermediates formed from it [17]. Such pathway generates
C1-4 paraffins and aromatics at significantly higher rate in the presence of methanol than the
hydrogen transfer route between two olefinic species when only olefins are in the system
(Figure 3.1, [17]). It is important to note that for this comparison a mixed methanol/olefin feed,
instead of a pure methanol feed, was used to overcome the initiation phase, thereby enabling a
direct comparison of hydrogen transfer rates. Upon reaching full conversion, the predominant
products are Cs.s olefins. Therefore, a further increase of contact time under total conversion of
methanol only increases the contribution of secondary reactions among olefins to the total
product distribution. Thus, the slight increase in HT products yield with contact time observed
under total conversion runs parallel to the increase of HT products observed for a pure olefin
feed, indicating that at this point the only route for HT is the reaction between two olefinic

species. The overall HT products yield comprises, however, the contribution of the methanol-
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induced hydrogen transfer (MIHT) in the first part of the catalytic bed and the olefin-induced
HT pathway (OIHT) in the second zone of the catalyst bed.
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Figure 3.1. HT products yield as a function of contact time for the mixed feeds containing methanol
(100 carbon %) and 1-pentene, 1-hexene and 1-heptene (20 carbon %) and for pure olefin feeds (120
carbon %) [17].

Thus, the individual role of BAS and LAS in the HT pathways existing under methanol
conversion to olefins on H-ZSM-5 is explored in this contribution. The selective variation of
the concentration of LAS independently from the concentration of BAS, and vice versa, allows
understanding the individual contributions of each type of site to the reaction mechanism.
Furthermore, the evolution of the product distribution, in particular of the hydrogen transfer
products, is examined under the presence of some proposed MTO reaction intermediates such

as formaldehyde. On the basis of these results, a mechanism for the MIHT is proposed.

3.2 Experimental
321 Materials

All H-ZSM-5 samples used in this study were provided by Clariant Produkte (Deutschland)
GmbH and are denoted as H-ZSM-5 (B X, L Y), where “B X and “L Y” stand for the BAS
and LAS concentration of the catalysts, respectively.

The LAS-MFI catalyst was prepared by treating a silicalite sample (provided by Clariant
Produkte (Deutschland) GmbH) with AI(OC2Hs)s. A certain amount of Al(OCzHs)s and
silicalite were put into 50 mL solvent containing methanol and ethanol (1:1). Then they were
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transferred to a pressure glass tube and sealed. The tube was put into an oil bath (373 K) and
kept for 5 h under agitation. Subsequently, the solvent was removed by vacuum evaporation.
The solid was further washed with hot ethanol for one time and hot water for two times. After
that, it was dried at 373 K overnight and then calcined under air flow (100 mL/min) at 823 K
for 4 h. After cooling down, the powder was stored in a bottle and ready for use.

Methanol (>99.9%), dimethoxymethane (99%), 1-hexene (>99%), 1-methoxypropane
(97%), pyridine (99.8%), Al(OC2Hs)s (97%) and ethanol (99.8%) were supplied by Sigma-
Aldrich.

3.2.2 Characterization of acid sites

IR spectroscopy was used to determine the acid sites concentration of zeolites after pyridine
adsorption. All spectra were collected at 423 K on a Nicolet 5700 FT-IR spectrometer. Zeolite
samples were pressed into wafers and pretreated in vacuum (<10~ mbar) at 723 K for 1 h. Then
they were exposed to 0.1 mbar pyridine at 423 K for 0.5 h. Physisorbed pyridine molecules
were removed by 1-h evacuation at 423 K and the ones adsorbed on weak acid sites were
removed by further outgassing at 723 K for 0.5 h. The concentrations of Brgnsted and Lewis
acid sites were calculated based on the band areas at 1515-1565 cm™ and 1435-1470 cm

normalized to the wafer weight.

3.2.3 Catalytic testing

All catalytic tests were conducted on a bench-scale plug-flow reaction unit with an internal
diameter of 6 mm of the quartz tube at ambient pressure. The catalysts were press-pelletized,
crushed and used in a sieve fraction ranging from 200 to 280 um. For the reactions, the catalyst
pellets were homogeneously diluted with silicon carbide (ESK-SIC) in the range of 355-500 um
to ensure temperature uniformity. All samples were activated at 723 K with 50 mL/min N2 for
1h.

In order to evaluate the performance of catalysts in the MTO conversion at 723 K,
50 mL/min N2 was passed through the methanol saturator tempered to 299 K resulting in a
MeOH partial pressure of 178 mbar. Weight hourly space times were adjusted by varying the
catalyst loading.
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In the formaldehyde co-feeding experiments the methanol partial pressure was maintained
at 100 mbar. Methanol was fed by passing dry N2 flow through a methanol evaporator kept at
299 K. Formaldehyde was generated by introducing dimethoxymethane (DMM) which
decomposes into dimethyl ether and formaldehyde. The cofed DMM vapor was adjusted by
passing dry N2 flow through a saturator containing the liquid reactant at a temperature of 273 K.
Catalyst loading and reactant flow velocity were varied to achieve a wide range of contact time
and methanol conversion. Here the contact time was defined as the ratio of catalyst mass to the
molar flow rate of methanol.

To investigate the role of olefin-induced HT in MTO conversion, activity tests were
conducted at similar reaction conditions, but with pure olefin feed. Dry N, was passed through
a 1-hexene saturator kept at 283 K and subsequently diluted with N2, so that experiments at a
1-hexene partial pressure of 29.7 mbar were conducted.

For the conversion of 1-methoxypropane (CHzOCsH7) on LAS-MFI at 623 K, dry N2 was
passed through a CH3OC3H?- saturator kept at 273 K. By further N2 dilution a partial pressure
of 178 mbar was obtained.

The reactor effluents in all reactions were analyzed by a HP 5890 gas chromatograph
equipped with a HP-PLOTQ capillary column (30 m, 0.32 mm i.d.) and a flame ionization
detector for on-line analysis.

Due to the rapid interconversion, both methanol and dimethyl ether were treated as
reactants. Conversion and yields were calculated on a carbon basis. The Cs fraction designates
all hydrocarbons with five carbon atoms and the Ce. aliphatics fraction includes all other

heavier hydrocarbons other than aromatics.

3.2.4 Pulse reaction with 1-methoxypropane (CH3OCsH7) over LAS-MFI

Pulse reactions were carried out on a LAS-MFI (Al-modified silicalite) catalyst in the same
reactor tube as used for the experiments in section 3.2.3 at 723 K under 25 mL/min He flow,
but connected to a home-made IR cell to detect gas phase products. Each time, 0.5 puL

CHs0C3H7 was injected into the flow. IR spectra were collected every 10 s after injection.
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3.3 Results
3.3.1 Hydrogen transfer in MTO conversion as a function of LAS and BAS

To investigate the role of LAS and BAS for hydrogen transfer in MTO conversion, a series
of ZSM-5 catalysts with different BAS to LAS ratios was tested for this reaction at 723 K and
a methanol partial pressure of 178 mbar. Under these reaction conditions, main products are Cs
and C; olefins and the yield of HT products is only 2-4%. However, as stated in the introduction,
amajor improvement of the catalyst lifetime would be achieved if the hydride transfer reactions
could be suppressed, because HT products are related to deactivation by accumulation of large
aromatics [17]. The LAS and BAS concentrations of the catalysts were determined by IR

spectroscopy of adsorbed pyridine. The values are summarized in Table 3.1.

Table 3.1. Concentrations of Brgnsted acid sites (BAS) and Lewis acid sites (LAS) of the samples H-
ZSM-5 (B 113, L 22), H-ZSM-5 (B 68, L 39), H-ZSM-5 (B 67, L 38), H-ZSM-5 (B 68, L 29), H-ZSM-
5 (B 68, L 23), H-ZSM-5 (B 63, L 21), H-ZSM-5 (B 63, L 20), H-ZSM-5 (B 71, L 66) and H-ZSM-5
(B 33, L 20) (determined by IR spectroscopy of adsorbed pyridine).

Sample BAS (umol / g) LAS (umol / g)
H-ZSM-5 (B 113, 22) 113+6 22+1
H-ZSM-5 (B 68, L 39) 68+ 3 39+2
H-ZSM-5 (B 67, L 38) 67+3 38+2
H-ZSM-5 (B 68, L 29) 68 +3 29+1
H-ZSM-5 (B 68, L 23) 68 +3 23+1
H-ZSM-5 (B 63, L 21) 63+ 3 21+1
H-ZSM-5 (B 63, L 20) 63+3 201
H-ZSM-5 (B 71, L 66) 71+4 66 + 3
H-ZSM-5 (B 33, L 20) 33+2 201

3.3.1.1 Roleof LAS
Figure 3.2 shows the conversion and the yields of aromatics, C1-4 paraffins and Cs aliphatics

as a function of contact time for samples with same BAS concentration and varying LAS

concentration.
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Figure 3.2. Conversion (a) and the yields of aromatics (b), C1.4 paraffins (c) and Cs aliphatics (d) as a
function of contact time on H-ZSM-5 (B 68, L 39), H-ZSM-5 (B 68, L 29), H-ZSM-5 (B 68, L 23) and
H-ZSM-5 (B 68, L 20) at pweor = 178 mbar and T = 723 K.

The activity of all catalysts was similar (Figure 3.2 (a)) and the reduction of the LAS
concentration to low values did not show any impact on methanol conversion. This implies that
catalyst activity in MTO is solely related to the concentration of available BAS, in line with
reports from literature [34]. If the presence of LAS could enhance BAS activity or catalyze
itself the MTO conversion, the specific increase of the BAS to LAS ratio would have increased
the initiation phase, that is, the autocatalytic appearance of products would have taken place at
higher W/F values. However, the yields of aromatics and paraffins declined with decreasing
LAS concentration (Figure 3.2 (b) and (c)), suggesting a lower rate of hydrogen transfer when
a low concentration of LAS is present. Concomitantly, a higher yield of Cs aliphatics (Figure
3.2 (d)) was observed for low LAS concentrations. This is clearly visible at contact times above
4.7 h - geat / molveon. The higher yield of Csaliphatics is presumably due to further methylation
of light olefins (Cs™, C47), because, at low LAS concentrations, this reaction pathway does not
compete with hydrogen transfer which leads to aromatics and paraffins.

Having shown that the HT ability of catalysts correlates with the LAS concentration, the

question arises whether the classical HT pathway (OIHT), the MIHT pathway or both pathways
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are affected by LAS removal. As illustrated in the introduction, the higher rate of hydrogen
transfer under partial conversion has recently been related to the contribution of the methanol-
induced HT pathway [17]. Therefore, the aromatics yield for the catalysts is examined at partial
and total conversion in Figure 3.3. As already evident from Figure 3.2 (b), the aromatics yield
decreased with declining LAS concentration in the whole conversion range. Thus, it is
hypothesized that low LAS concentrations mainly affected the contribution of the MeOH-
induced HT pathway, decreasing significantly the yield of aromatics and paraffins at high BAS
to LAS ratios.

Next, it is necessary to determine if low concentrations of LAS have also an impact on the
olefin-induced HT pathway. For this reason, 1-hexene cracking experiments were carried out
over the catalysts H-ZSM-5 (B 67, L 38) and H-ZSM-5 (B 63, L 21). Figure 3.4 depicts the
obtained yields of HT products, that is, the sums of the yields of C1-4 alkanes and aromatics, as
a function of 1-hexene conversion. Over the whole conversion range, 1-hexene cracking gave
rise to only minor hydrogen transfer for both catalysts. The same selectivity toward HT products
for both samples in 1-hexene cracking allows concluding that the olefin-induced HT pathway
in MTO conversion was not affected by the BAS/LAS ratio and only depended on the BAS

concentration.
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Figure 3.3. Change of aromatics yield with conversion for H-ZSM-5 samples with different LAS
concentration at pmeon = 178 mbar and T = 723 K.
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Figure 3.4. Yield of hydrogen transfer products (sum of the yields of Ci.4 alkanes and aromatics) as a
function of 1-hexene conversion for two samples with varying LAS concentration at pi-hexene = 29.7 mbar
and T =723 K.

These results prove that an increase in LAS concentration induces a higher rate of MIHT
but does not promote hydrogen transfer reactions between olefins as reported for MTH
conversion on H-ZSM-5 [33]. It should be noted at this point that the conclusion is only drawn
for Al-related LAS as those included in the samples studied here, and cannot be extended to
other metal-induced LAS introduced by cation exchange. The latter LAS are reported to
polarize and activate C-H bonds in alkanes, favoring hydride and hydrogen transfer [35, 36].

With the aim of gaining insight into the role of LAS for the mechanism of MIHT, a catalyst
with comparable BAS and LAS concentrations, H-ZSM-5 (B 71, L 66), was tested in MTO
conversion and compared with sample H-ZSM-5 (B 68, L 39). The high LAS/BAS ratio allows
observing the changes induced by the presence of LAS in the product distribution of MTO at
varying contact times. Figure 3.5 exhibits the obtained changes of conversion, C3™ and C4~
yields with contact time. While the catalyst activity was unaffected, the C3™ and C4~ yields
decreased with the increase of LAS concentration. Interestingly, the paraffins (Figure 3.6 (a))
and aromatics (Figure 3.6 (c)) yields did not change concomitantly with residence time. At short
contact times, in the region where total conversion was not yet achieved, an increase of the
paraffins yield was observed for the catalyst with high concentration of LAS (66 pumol/g),
(Figure 3.6 (a), red square). Conversely, the increase of aromatics yield for high LAS
concentration was only verified at longer contact times, well past the threshold of total
conversion (Figure 3.6 (c), red square). In the case of Cs-+ aliphatics (Figure 3.6 (b), red square),
the increase in the yield with LAS concentration was detected at contact times longer than for
paraffins, but shorter than for aromatics. This different evolution of products with contact time,

in particular the changes of paraffins and aromatics, suggests that both LAS and BAS are
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involved in MIHT. An increase in LAS concentration induces higher paraffins yield at short
contact time, indicating that paraffins are a direct product of the MIHT pathway. On the other
hand, a high LAS concentration favors aromatics formation with longer contact time, that is, in

the region where more BAS are available for secondary steps like adsorption and reaction of
Ce+ aliphatics to aromatics.
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Figure 3.5. Change of conversion (a) and the yields of propene (b) and butenes (c) with contact time on
H-ZSM-5 (B 68, L 39) and H-ZSM-5 (B 71, L 66) at pmeor = 178 mbar and T = 723 K.
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In exploring the specific role of BAS for hydrogen transfer in MTO conversion, it is focused
on catalysts with similar low concentrations of LAS (ca. 20 umol/g) and different BAS
concentrations. As expected and in line with literature [37], the shortest initiation phase was

observed for the catalyst with highest BAS concentration (Figure 3.7 (a)). If the aromatics yield
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of these samples is compared at same conversion levels, it can be seen that less aromatics were
formed with increasing BAS concentration (Figure 3.7 (b)). Interestingly, the selectivity
difference was quite pronounced between the catalysts with BAS concentrations of 33 and
68 umol/g. Conversely, only marginal differences in aromatics selectivity were observed
between the catalysts with 68 and 113 umol/g BAS.

Thus, it is concluded that the MeOH-induced hydrogen transfer, having a remarkably higher
rate at partial conversion (Figure 3.3, [17]), was almost not affected by increasing the BAS
concentration from 68 to 113 umol/g. It is hypothesized that this is because the low
concentration of LAS is rate-limiting for the MeOH-related hydrogen transfer. This statement
is valid for H-ZSM-5 catalysts with BAS to LAS ratios in the range of 3-6, as those typically
used in MTO conversion. Conversely, when decreasing the BAS to LAS ratio to values close
to 1.5 (sample H-ZSM-5 (B 33, L 20)), the difference in aromatics selectivity, compared to the
samples with 68 and 113 pumol/g, became evident. At such low BAS to LAS ratios, the rate of
aromatics formation is observed to be higher than in samples with a higher BAS to LAS ratio,

whereas the rates of olefin methylation and cracking are reduced.
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Figure 3.7. Change of conversion with contact time (a) and change of aromatics yield with conversion

(b) at pmeon = 178 mbar and T = 723 K.

The aromatics selectivity, which is taken here as representative for hydrogen transfer (given
the concomitant changes in the yields of aromatics and paraffins [4]), is shown in Figure 3.8 as
a function of LAS concentration (at the same contact time of 6.6 h - gcat. / molwmeon) for all
catalysts with a similar BAS concentration (68 umol/g). It is important to note that at this
contact time methanol and dimethyl ether were just fully converted by the samples with
68 pmol/g BAS (Figure 3.2 (a)). On the basis of the results shown in Figure 3.1, one can assume

that HT products at this contact time mostly form via the methanol induced HT pathway. It is
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clearly visible from Figure 3.8 that the hydrogen transfer ability increased linearly with LAS
concentration for samples with same BAS concentration. An extrapolation of the line would
intercept in the origin, which indicates that Lewis acid sites not only have a
cooperative/supporting effect for hydrogen transfer, but are indeed necessary for the methanol-
induced hydrogen transfer to happen. In order to understand HT products formation on catalysts
under full conversion conditions, the sample H-ZSM-5 (B 113, L 22) was also included in
Figure 3.8. The higher aromatics yield for the catalyst with a high BAS concentration can be
explained by the fact that the catalyst with 113 pmol/g BAS had already reached full conversion
at a contact time of 3.8 h - gcat. / molmeon and therefore not only the methanol-induced HT, but
also the olefin-induced HT contributed to the overall aromatics formation for this sample at a
contact time of 6.6 h - gcat. / MOlveoH.
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Figure 3.8. Correlation of aromatics selectivity with LAS concentration, including the samples H-ZSM-
5 (B 68, L 39), H-ZSM-5 (B 68, L 29), H-ZSM-5 (B 68, L 23), H-ZSM-5 (B 63, L 20) and H-ZSM-5
(B 113, L 22). Reaction temperature was 723 K, methanol partial pressure 178 mbar, contact time 6.6 h

: gcat/ mOIMeOH-

To prove this hypothesis, 1-hexene cracking experiments were conducted on the catalysts
H-ZSM-5 (B 113, L 22) and H-ZSM-5 (B 68, L 23). The yield of HT products versus 1-hexene
conversion is presented in Figure 3.9. It is clearly evident that the same yield of HT products
was achieved for samples with varying BAS/LAS ratios, but same total LAS concentration.
This proves that BAS are responsible for the rate of hydrogen transfer reaction between olefins,
because the hydrogen transfer ability is linked with olefin conversion, which, in turn, correlates
with BAS concentration. Thus, in MTO conversion, the contribution of olefin-induced HT

increases with contact time after having reached full methanol conversion, in accordance with
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Figure 3.1, while at partial conversions the presence of methanol inhibits olefin adsorption at

BAS even at low concentrations [38], making this route negligible.
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Figure 3.9. Change of HT products yield with 1-hexene conversion for two samples with different BAS
concentration at Pi-nexene = 29.7 mbar and T = 723 K.

To summarize, hydrogen transfer in MTO comprised contributions of the MeOH-induced
HT (involving LAS and BAS) and the olefin-induced HT (involving only BAS) upon reaching
full conversion, while only the MeOH-related pathway is relevant at partial conversion.

3.3.2 Toward elucidating the MeOH-mediated hydrogen transfer pathway in
MTO conversion

3.3.2.1  Detection of formaldehyde as reaction intermediate

In section 3.3.1, it has been shown that both BAS and LAS are involved in MIHT.
Furthermore, the trend presented in Figure 3.8 indicates that LAS must be active sites where
the methanol-induced hydrogen transfer pathway is initiated.

On the other hand, formaldehyde has been recently reported to form during MTO by
hydrogen transfer [17], in line with an early proposal of Hutchings et al. [39]. Furthermore, it
was reported to be involved in the formation of O-containing coke species in Chapter 2. Thus,
it is proposed that the methanol-related hydrogen transfer takes place between methanol and
alkenes on LAS of H-ZSM-5, yielding formaldehyde and alkanes as products.

In order to prove the participation of formaldehyde as reaction intermediate, experiments
were performed pulsing the ether 1-methoxypropane (CHsOCzH7), which would easily

decompose into methanol and propene under reaction conditions. By this means, it is possible
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to monitor the surface reaction of methanol with one olefin molecule at very low partial
pressures, so that secondary reactions are avoided. Firstly, LAS catalyzed reactions can be
tested by using a pure LAS-MFI. This material was prepared by Al(OC:Hs)s-treatment of a
silicalite sample (see experimental section). It therefore exhibits the MFI-structure and contains
only LAS due to EFAL, and no detectable amounts of BAS.

The gas phase products of the 1-methoxypropane pulse over the pure LAS-MFI were
analyzed by IR spectroscopy. The IR spectrum after gas phase water subtraction (Figure 3.10,
middle) shows the formation of propene and methanol, indicating that 1-methoxypropane
decomposes into methanol/dimethyl ether and propene. In the IR spectrum taken 30 s after
injection, formaldehyde was detected (Figure 3.10, top), suggesting that formaldehyde is
strongly adsorbed on H-ZSM-5. As a consequence of formaldehyde formation, propene must
act as hydrogen acceptor and therefore stoichiometric amounts of propane must have been
formed. However, due to overlapping bands in the C-H region, IR spectroscopy could not

provide unambiguous evidence of propane formation.
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Figure 3.10. IR spectra of gas phase products after pulsing 0.5 L 1-methoxypropane over pure LAS-
MFI at 723 K: IR spectrum collected 10 s after injection (bottom), IR spectrum collected 10 s after
injection with subtracted gas phase water (middle) and IR spectrum collected 30 s after injection with

subtracted gas phase water (intensity x 100; top).

Next, 1-methoxypropane was reacted over LAS-MFI at 623 K in a plug-flow reactor (pi-
methoxypropane = 178 mbar, W/F = 0.35 h - gcat / MOl 1-methoxypropane), and gas phase composition was
analyzed by a GC connected with a FID. Aside from propene and methanol/dimethyl ether
formation, propane could be detected in gas phase (Table 3.2). It should be noted that the FID
response of formaldehyde is very low [40] and therefore no detection of formaldehyde was

possible.
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Table 3.2. Reaction of 1-methoxypropane on pure LAS-MFI at 623 K, pi-methoxypropane = 178 mbar and
W/F (h : gcat/ mOIl-Methoxypropane) =0.35.

Compound Area (%)
Propene 4.02
Propane 0.02

DME 0.15
MeOH 0.81
1-Methoxypropane 94.43
Others 0.59

From the pulsing results and the results under continuous flow in a plug-flow reactor, it is
deduced that [Al]-LAS catalyze the hydrogen transfer between methanol and light olefins to
form formaldehyde and paraffins.

3.3.22  Impact of formaldehyde co-feeding

Inspired by the finding that formaldehyde can be generated at LAS, formaldehyde was co-
fed over H-ZSM-5 (B 68, L 39) using dimethoxymethane (DMM). Under reaction conditions,
DMM decomposed completely (Table 3.3) into mainly dimethyl ether, methanol and
formaldehyde [41] and therefore co-feeding 3 C % dimethoxymethane on a methanol feed can

be regarded as co-feeding 1 C % formaldehyde.

Table 3.3. Dimethoxymethane (DMM) conversion on H-ZSM-5 (B 68, L 39) at 723 K, pomm =
171 mbar and W/F (h * gca / molpmm) = 0.35.

Sample DMM conversion (carbon %)
H-ZSM-5 (B 68, L 39) 99.6

Figure 3.11 shows the conversion, as a function of contact time, for the pure methanol feed
and for the feed containing formaldehyde (1 C %) over H-ZSM-5 (B 68, L 39). Over the whole
range of contact time, conversion was slightly lower when co-feeding formaldehyde.
Furthermore, formaldehyde reduced the selectivity towards propene and butenes (Figure 3.12)
at conversions above 60 C %. In contrast, the aromatics yield was higher at all conversions

(Figure 3.13 (a)). Since the Ce- aliphatics yield increased with formaldehyde co-feeding (Figure
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3.14), it is concluded that Cs.4~ olefins reacted with formaldehyde and were transformed into

aromatics via intermediate formation of Ce- aliphatics.

100 R >
90 P
4
$ 80 ll
S 70 i
€ o | ! 100 C % MeOH
8 o 100 C % MeOH + 1 C % CH20
5 ° ] A
2] i
S
20 1 I
© ¢
10 A N
1,
0 +aenl . . . ; ;
6 8 10 14 16 18

W/F (h- Geat / rnOIMeOH)

Figure 3.11. Change of conversion with contact time for the pure MeOH feed and the feed containing

1 C % formaldehyde (CH;0) on H-ZSM-5 (B 68, L 39) at pmeor = 100 mbar and T = 723 K.
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Figure 3.12. Yields of propene (a) and butenes (b) as a function of conversion for the feeds of methanol
and methanol co-fed with 1 C % formaldehyde (CH20) on H-ZSM-5 (B 68, L 39) at pmeon = 100 mbar

and T =723 K.

Interestingly, the paraffins yield (Figure 3.13 (b)) was unaffected by formaldehyde co-
feeding. According to the stoichiometry of the olefin based HT reaction, the same increment of
paraffins and aromatics is typically verified. Therefore, this finding provides a first evidence of
a reaction pathway in which paraffins are formed in the same step as formaldehyde, while the
aromatics are formed in a subsequent reaction. However, it must be noted that the lower yield

of paraffins with respect to aromatics is also partially related to the fact that formaldehyde

favors in particular the formation of methane (Figure 3.15). As a consequence, a lower carbon-
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based yield of paraffins is obtained than, for instance, when propane or butanes are formed by
hydrogen transfer.

To sum up, these formaldehyde co-feeding experiments together with the results in section
3.3.2.1 have provided a link between high LAS to BAS ratios and high yields of HT products
— namely aromatics and paraffins — as observed in Figures 3.2 and 3.3. High concentrations of
LAS induce the formation of formaldehyde and a higher yield of paraffins. In a subsequent step,
formaldehyde promotes aromatics formation leading to a higher yield of aromatics as well. The
fact that the formation of aromatics depends on formaldehyde concentration in this proposed

pathway explains well the deviations found at different contact times for paraffins and
aromatics in Figure 3.6.
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Figure 3.13. Change of aromatics (a) and Ci.4 paraffins (b) yield with conversion for the pure MeOH

feed and the feed containing 1 C % formaldehyde (CH-0) on H-ZSM-5 (B 68, L 39) at pmeor = 100 mbar
and T =723 K.
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Figure 3.14. Ce- aliphatics yield as a function of conversion for the feeds of methanol and methanol co-
fed with 1 C % formaldehyde (CH»0) on H-ZSM-5 (B 68, L 39) at pmeor = 100 mbar and T = 723 K.
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Figure 3.15. Methane (a) and C, paraffins (b) yield as a function of conversion for the feeds containing
100 C % MeOH and 100 C % MeOH/1 C % CH,0.

3.3.2.3  Activation of formaldehyde

So far, it has been shown that LAS and BAS are involved in MIHT with formaldehyde as
linking species. On the basis of the formaldehyde co-feeding experiments it was proposed that
formaldehyde generated at LAS favors aromatics formation. Along with this proposal, the
question arises which acid sites activate formaldehyde. Experiments with catalysts having
varying BAS concentrations showed that the rate of aromatics formation is higher for samples
with low BAS to LAS ratios compared to samples with high BAS to LAS ratios, while olefin
methylation and cracking is suppressed. This suggests that formaldehyde chemisorbs to BAS,
which is released by reaction to aromatics, and inhibits olefin adsorption at low BAS/LAS
ratios. Dumitriu et al. [42], however, hypothesized that formaldehyde is activated at LAS for
aldol condensation. To rule out activation of formaldehyde at LAS in MIHT and to support the
proposal deduced from the results presented above, formaldehyde co-feeding experiments were
carried out over two catalysts with varying LAS concentration. Both catalysts exhibited similar
activity in MTO (Figure 3.16). Thus, the aromatics and Ci.4 paraffins yields of both catalysts
were compared as a function of contact time in Figure 3.17.

The lower paraffins yield obtained on H-ZSM-5 (B 63, L 20) compared to H-ZSM-5 (B 68,
L 39) was the result of a lower LAS concentration, as shown and discussed in section 3.3.1.1.
Typically, similar yields of paraffins and aromatics are obtained over an H-ZSM-5 catalyst for
a pure MeOH feed. From Figure 3.17 it is evident that aromatics formation was promoted for
both catalysts by formaldehyde co-feeding because the obtained yields are significantly higher

than the corresponding yields of paraffins. If LAS could activate formaldehyde, a clearly visible

84



Chapter 3

decline in aromatics yield should be induced by LAS removal (that is for H-ZSM-5 (B 63, L
20) in comparison to H-ZSM-5 (B 68, L 39)). Since the difference in aromatics yield (~0.7 C %)
was close to 1 C %, which is the observed decline in paraffins yield, such pathway can be ruled
out. Therefore, it is concluded that the aromatics formation via formaldehyde is catalyzed only
by BAS.
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Figure 3.16. Conversion as a function of contact time on H-ZSM-5 (B 68, L 39) and H-ZSM-5 (B 63,
L 20) for a feed containing methanol and 1 C % formaldehyde at pmeon = 100 mbar and T = 723 K.

4 4
@ s - (b)
I,c’ ~0.7C %
3 * 3
—~ N e - — #H-ZSM-5 (B 68, L 39)
X el X
S 4 5 mH-ZSM-5 (B 63, L 20)
e} R 8
— 4 =
@ 2 17 @ 2 —
2 o ®H-ZSM-5 (B 68, L 39) e T
17 - - s -3~
2 N/ 3 473 ~1C%
>, o WH-ZSM-5 (B 63, L 20) >, o
v T ———
I' ,/‘ "—.1_'_
0" 9"".’
0 +uvi . . . . - - - 0+ - - - - - - -
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
W/F (h * gcat/ MOlyeon) W/F (h - gcat/ MOlyeon)

Figure 3.17. Aromatics (a) and Ci.4 paraffins (b) yield as a function of contact time on H-ZSM-5 (B 68,
L 39) and H-ZSM-5 (B 63, L 20) for a feed containing methanol and 1 C % formaldehyde (pmeon =
100 mbar and T = 723 K).

Further proof can be found when formaldehyde is co-processed with methanol over H-
ZSM-5 catalysts with different BAS concentration and a similar low LAS concentration. Due
to differences in catalyst activity (Figure 3.18 (a)), the aromatics yield is illustrated as a function
of conversion (Figure 3.18 (b)). Aromatics formation was already correlated to the BAS

concentration in Figure 3.7, where only a slight contribution of the BAS to LAS ratio was seen.
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In good agreement with that, addition of formaldehyde — presumably formed on LAS and
therefore equivalent to a decrease in BAS to LAS ratio — did not promote further the formation
of aromatics. It is hypothesized that this is due to the fact that formaldehyde chemisorbs on
BAS more strongly than methanol and hydrocarbons and therefore the coverage is relatively
high. The reaction network must then continue by reaction of the adsorbed formaldehyde with
an olefin from the gas phase, with the partial pressure of the latter determined by the total MTO
conversion and related only to BAS concentration. In other words, the transformation of
formaldehyde into aromatics is independent of the (relatively abundant) concentration of
formaldehyde and, in extension, independent of the BAS to LAS ratio.

These results and the fact that high LAS concentrations did not promote formaldehyde-

associated aromatics formation can be seen as a further indication for the reaction of

formaldehyde with olefins on BAS.
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Figure 3.18. Conversion profiles as a function of contact time (a) and aromatics yield as function of
conversion (b) for a feed of methanol with 1 C % formaldehyde over H-ZSM-5 (B 68, L 23) and H-
ZSM-5 (B 113, L 22) at pmeon = 100 mbar at T = 723 K.

3.4 Discussion

Aromatics and Ci.4 paraffins are undesirable products in MTO conversion [17]. Their
formation is commonly associated with hydrogen transfer reactions between olefinic species
[1]. This is indeed the type of reaction which would be responsible for aromatics and paraffins
formation in the last region of the catalyst bed, when contact times are long enough to reach
full methanol/dimethyl ether conversion. In the first zone, before full conversion of methanol,

another hydrogen transfer pathway exists, which involves methanol or methanol-derived
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species. The rate of formation of aromatics and paraffins via such pathway is faster than via the
classical route between two olefinic species [17]. Thus, two zones develop along the catalyst
bed, one in presence of methanol and the other in absence of it [43]. Here, the study of MTO
conversion on a series of catalysts with controlled concentrations of BAS and LAS has provided
mechanistic information on the methanol-related hydrogen transfer pathway.

It has been found that both BAS and LAS participate in the methanol-induced hydrogen
transfer. Although a promoting effect of LAS on HT has often been described in literature, it
has not been clear until today if LAS are catalytic sites for this type of reactions. Indeed, while
no influence of the concentration of LAS on HT products selectivity in 1-hexene conversion
was found, similar experiments in presence of methanol showed remarkable differences.

Having established the impact of LAS and BAS variation on aromatics and paraffins
selectivity, the reactions occurring at LAS and BAS are addressed on a molecular level.
Methanol reaction on a catalyst with relatively high LAS concentration (ratio of BAS to LAS
close to one) showed consecutively important changes in paraffins, Ce+ and aromatics yield
with contact time (Figure 3.6). These consecutive changes in product distribution together with
the results obtained by co-feeding formaldehyde (section 3.3.2.2), has enabled to identify the
reaction network in the MIHT pathway and the role of BAS and LAS. It is hypothesized that in
the first step paraffins are generated at LAS where hydrogen is transferred from methanol to an
olefin molecule generating formaldehyde and the corresponding paraffin (Scheme 3.2). Then,
reaction of formaldehyde on BAS with olefins would generate dienes, Ce+ aliphatics and,
ultimately, aromatics (Scheme 3.2). Therefore, it is proposed here that hydrogen transfer
products formation is promoted rather due to a stepwise mechanism in which paraffins are
formed on LAS and aromatics are subsequently formed on BAS than to a synergistic effect
between BAS and LAS.

Lewis acid sites Brgnsted acid sites

-H,O
methanol + olefin — formaldehyde + alkane 2 olefins + formaldehyde —25 Ce- aliphatic
12 olefins
aromatic + 2 alkanes

Scheme 3.2. Schematic reaction network of methanol-induced hydrogen transfer involving Lewis and

Brensted acid sites.

The reaction of methanol and propene — produced on the surface via decomposition of 1-
methoxypropane — over pure Al-LAS MFI (section 3.3.2.1) unambiguously revealed that
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paraffins and formaldehyde are generated at LAS. Formaldehyde then links the reaction steps
at LAS and BAS in the overall MIHT reaction network (Scheme 3.2) as evidenced by co-
feeding of formaldehyde. It can react with Cs.4 olefins on BAS to form Ce- aliphatics, which
are finally converted to aromatics (Scheme 3.2). Alternatively, formaldehyde can also promote
the formation of larger aromatics by reaction with cyclohexene as shown in Scheme 3.3.
However, only the route shown in Scheme 3.2 can explain the increase in Ce- aliphatics detected
with increasing concentrations of LAS (Figure 3.6 (b)). The fact that co-feeding formaldehyde
favored in particular the formation of methane (Figure 3.15), which results in a lower carbon-
based yield of paraffins, argues additionally for latter mechanism and against the reaction with
cyclohexene. It is important to note in passing that paraffins also form in the reaction step
required for aromatics formation — in a one to two stoichiometry — and not only at LAS.

O S — O = g—0O
OH

CH,0 -H,0

Scheme 3.3. Aromatics formation by reaction of cyclohexene with formaldehyde.

Furthermore, it was observed that co-feeding formaldehyde over catalysts with varying
BAS concentration and a low LAS concentration (23 umol/g) did not give rise to a higher
aromatics yield. This is attributed to a relatively high formaldehyde coverage, due to
preferential adsorption of formaldehyde on BAS in comparison to methanol and olefins
adsorption [44]. In that case, the rate of formaldehyde reaction with olefins and cyclohexene
depends on the availability of the other co-reactant and not on the formaldehyde. This strong
adsorption is also observed in experiments on a catalyst with a BAS to LAS ratio close to one.
Here an increase in aromatics yield at the expense of a decrease in olefins yield was observed
(Figure 3.7 (b) and Figure 3.19), which is attributed to the competitive adsorption of
formaldehyde on BAS, hindering olefin methylation and cracking reactions. In contrast,
variation of BAS concentrations at high BAS to LAS ratios showed only minor differences
(Figure 3.7 (b)). These results clearly show that LAS are the limiting sites for MIHT over typical
MTO catalysts; that is, catalysts having a BAS to LAS ratio well above one.
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Figure 3.19. Change of propene yield with conversion at pmeon = 178 mbar and T = 723 K.

On the basis of the results discussed above, a mechanism for the MIHT with participation
of both BAS and LAS is proposed (Scheme 3.4). The reaction follows a consecutive mechanism
with MeOH activation to form formaldehyde and donate hydrogen as first step. For MeOH
activation at LAS, two models can be invoked. The first option (Scheme 3.4 (ai)) is that MeOH
shows a coordinative interaction with LAS, whereby the O-H bond is weakened. Adsorbed
methanol may react with olefins in a concerted mechanism via a six-membered transition state
to paraffins and formaldehyde. Such proposal, to the best of our knowledge, has not been made
for MeOH reactions on zeolites so far. The proposal of MeOH and an olefin reacting via a six-
membered transition state is based on the observations of Viola et al. [45]. The thermolysis of
the olefinic benzyl alcohol Ph-CHOH(CH2)3sCH=CH: at temperatures in the range of 713-
723 K resulted in the formation of the respective phenone which was mechanistically explained
by the simultaneous migration of two hydrogen atoms. On the other hand, MeOH could adsorb
dissociatively on LAS (Scheme 3.4 (aii)), resulting in the formation of formaldehyde and
surface hydrogen adatoms. An olefin is then hydrogenated to a paraffin. DeWilde et al. [46]
reported an indirect hydrogen transfer mechanism to form acetaldehyde and ethane from
ethanol on y-Al20s. They proposed the cleavage of the C.-H of a surface ethoxy species on vy-
Al>O3 leading to the formation of acetaldehyde and hydrogen adatoms as first step. Ethylene
formed by ethanol dehydration was then hydrogenated by these surface adatoms.

Formaldehyde generated at LAS is subsequently protonated at BAS (Scheme 3.4 (b)) and
reacts then with olefins in a nucleophilic addition to an allylic alcohol (Scheme 3.4 (c)).
Dehydration of this allylic alcohol leads to the formation of a diene species (Scheme 3.4 (d)).
The diene species may react to a carbenium ion at BAS. In the next step, a condensation reaction

of this carbenium ion and an olefin occurs (Scheme 3.4 (e)), followed by a hydride shift
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(Scheme 3.4 (f)), cyclization and dehydrogenation through hydrogen transfer reactions
(Scheme 3.4 (9)).
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Scheme 3.4. Proposed reaction mechanism for the formation of aromatics and paraffins in the MeOH-

mediated pathway. LAS are schematically represented with Al-OH end groups.

In the reaction mechanism presented in Scheme 3.4, dienes are proposed to react with
olefins in a condensation reaction (Scheme 3.4 (e)). Due to the lower activation energy for
cyclization of C7 and Cg dienes in comparison to Cs diene cyclization [22] it is speculated that
the cyclization described in Scheme 3.4 (g) occurs from C7 and Cg precursors which can also
be expected assuming, for example, a condensation reaction of butadiene with propene or
butenes.

The proposal of MIHT as dominant pathway for aromatics and paraffins formation contrasts

the description of hydrogen transfer reported so far in the literature about methanol-to-
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hydrocarbons conversion, where hydride transfer was typically described as a reaction between
two olefins [32, 33]. Conversely, the impact of LAS was already noted by many authors, but
until now no clear mechanistic explanation was provided. It is believed that the methanol
induced pathway has been overlooked because most of the studies were performed at methanol
full conversion and, under such conditions, it is not possible to distinguish between the
contributions of MIHT or OIHT.

3.5 Conclusions

The study on the role of acid sites and hydrogen transfer pathways in MTO conversion on
H-ZSM-5 has allowed elucidating the mechanism of a methanol-induced hydrogen transfer.
This hydrogen transfer is the dominant pathway to undesirable aromatics and paraffins in the
conversion of methanol on zeolites. It is proposed to consist of individual reactions occurring
separately either on BAS or on LAS. The primary hydrogen transfer takes place between
methanol and an olefin to form formaldehyde and a paraffin via a six-membered transition state
which is stabilized by Lewis acid sites, or alternatively via dissociative adsorption of methanol
on LAS. Formaldehyde reacts subsequently on BAS with olefins to form dienes, generating
finally aromatics and paraffins.

In spite of the important role of BAS for some of the elementary steps involved in the
reaction network, it is clear that this MIHT mechanism is initiated at Lewis acid sites. In good
agreement with this, a decrease in the LAS concentration resulted in an important decrease of
HT products yield, as a consequence of the suppression of this pathway. On the other hand,
changes in BAS concentrations at constant LAS concentration only affected the selectivity to
HT products when the BAS to LAS ratio was close to 1.5. Under such conditions, the
intermediates of the MIHT pathway, initiated at the abundant LAS, started to compete for the
Bransted acid sites with methylation and cracking of olefins. It is hypothesized at present that
the most probable cause of a decrease in olefins yield in favor of HT products at such low BAS
to LAS ratio is a stronger adsorption of formaldehyde on BAS in comparison to olefins and
methanol.

It is important to point out that a molecular-level understanding of the methanol-induced
hydrogen transfer pathway, the main pathway to aromatics and paraffins in MTO conversion,

has been achieved. The involved reactions could be classified in reactions at BAS and in
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reactions at LAS. These results open new ways to design catalysts suppressing hydrogen
transfer and, consequently, coke formation, without affecting the overall activity in MTO.
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Chapter 4

4.  Formaldehyde chemistry in methanol conversion on
H-ZSM-5

This chapter is based on:
S. Muller, Y. Liu, M. Sanchez-Sanchez, J.A. Lercher, “Formaldehyde chemistry in methanol

conversion on H-ZSM-5”, in preparation.

The role of formaldehyde in reaction and deactivation pathways of methanol-to-
hydrocarbons (MTH) conversion has been elucidated applying H-ZSM-5 and methanol-to-
olefin (MTO) conditions as examples. Temperature-programmed surface reactions showed that
formaldehyde promoted first C-C bond and subsequent olefins formation. This has been
unambiguously associated with the favoring of carbonylation reactions by decomposition of
formaldehyde as well as with the participation of formaldehyde in following reaction steps.
Addition of a low concentration of formaldehyde led to a higher deactivation rate compared to
toluene cofeeding. This was linked to the presence of O-containing carbon deposits and to the
partial transformation of latter coke into aromatic coke strongly chemisorbed onto Brensted
acid sites (BAS). This coke is different from the typical aromatic coke generated at long time
on stream in MTO, which is trapped in the pores or deposited on the external surface with no

or weak interaction with the BAS.
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4.1 Introduction

The conversion of methanol to hydrocarbons (MTH) is considered a promising way of
converting gas and coal to fuels and chemicals via methanol [1, 2]. By adjusting catalysts and
reaction conditions, gasoline-range (methanol to gasoline; MTG) or olefin-range products
(methanol to olefins; MTQO) are selectively formed [1]. As a consequence of this versatility,
methanol conversion has been commercialized in different variants [1, 3]. However, the single-
pass selectivity in all these processes is low and recycling is required [3].

Understanding single steps within the complex reaction network of methanol conversion
would allow tuning product selectivity in a certain direction. Thus, a lot of scientific efforts
within the last 30 years have been devoted to understanding the reaction mechanism [1]. Early
on, the MTH reaction was proposed to occur via an autocatalytic mechanism [4, 5]. However,
no consensus existed on the issue whether olefins or aromatics are the critical species in MTH
conversion. Dessau and co-workers suggested an olefin homologation/cracking route as the
main reaction pathway at steady-state conditions [6, 7]. By co-processing olefins [8] and
aromatics [9, 10] the co-catalytic effect on methanol conversion could be shown. Based on these
observations, a “hydrocarbon pool” concept [11-13] was proposed in which products formation
occurs by reaction of methanol with hydrocarbon fragments contained in the zeolite pores. This
concept was refined by Svelle, Bjargen and coworkers who proposed a dual-cycle mechanism.
Cs+ alkenes are involved in an alkene-based cycle while aromatics contribute predominantly to
ethene formation in the so-called aromatics cycle [14, 15]. The relative contribution of each
cycle depends on the local activities of specific hydrocarbon species and methanol conversion
[16]. Recently, it has been proposed that the interaction of hydrocarbons and methanol is better
described by an autocatalysis mechanism than by the original hydrocarbon pool mechanism.
Accordingly, the acid site should predominantly be covered by methanol and attacked by
mobile-phase hydrocarbons [16]. All these reports show unequivocally that the mechanistic
pathways are still controversially discussed and a detailed understanding has not been achieved
so far.

In Chapter 2, O-containing species were reported to cause fast deactivation during MTO
conversion and it was hypothesized that the formation of these species requires the presence of
formaldehyde. Furthermore, formaldehyde was found to be generated by the reaction of
methanol and olefins at Lewis acid sites (LAS), promoting aromatics formation (see Chapter
3). Therefore, in light of these studies it is proposed that formaldehyde plays an important role

during methanol conversion and that it must be included in the investigation of the mechanism.
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Formaldehyde formation by disproportionation of methanol has been proposed in earlier
reports. Kubelkova et al. [17], for instance, reported formaldehyde and methane formation over
H-ZSM-5 at 670 K and low methanol pressures (1-3 Pa). On the basis of these results a
methane-formaldehyde mechanism was proposed, leading to first C-C bond and subsequent
olefins formation. Hutchings et al. observed methane before C,* hydrocarbons formation at low
methanol coverage, supporting these results [18, 19]. According to theoretical calculations [20],
the methanol-formaldehyde mechanism is feasible but difficult to occur due to a high energy
barrier.

The present study aims to provide an overall picture of formaldehyde chemistry involved
in MTO conversion. Accordingly, the formation of formaldehyde in MTO, the role of
formaldehyde in the formation of the first olefinic product and its participation in the

deactivation of an H-ZSM-5 catalyst were analyzed.

4.2 Experimental
4.2.1 Materials

The H-ZSM-5 catalyst with Si/Al = 90 used in this study was synthesized according to the
procedure described by Ong et al. [21]. For some experiments, the catalyst was steamed at
753 K for 24 h with WHSV = 1 h! prior to usage. Accordingly, the samples are denoted as “H-
ZSM-5 (90)” and “H-ZSM-5 (90, steamed)”. For the TPSR/IR spectroscopy experiment an H-
ZSM-5 with Si/Al = 15 was used (named as H-ZSM-5 (15)) which was purchased from Zeolyst.

Methanol (>99.9%), toluene (99.9%) and dimethoxymethane (99%) were supplied by
Sigma-Aldrich.

The BAS and LAS concentrations (determined by pyridine IR spectroscopy as described in
chapter 2) of the H-ZSM-5 samples and the Na-ZSM-5 (90) are shown in Table 4.1.

Table 4.1. Concentrations of Brgnsted acid sites (BAS) and Lewis acid sites (LAS) of the samples H-
ZSM-5 and Na-ZSM-5 (determined by IR spectroscopy of adsorbed pyridine).

Sample BAS (umol/g)  LAS (umol / g)
H-ZSM-5 (90) 150+ 8 38+2
H-ZSM-5 (90, steamed) 68 + 3 392
Na-ZSM-5 (90) 71 181+9
H-ZSM-5 (15) 920 + 46 260 + 13
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4.2.2 TPSR/IR spectroscopy

Temperature-programmed  surface reactions (TPSR) of methanol (MeOH) and
dimethoxymethane (DMM) were performed in a home-made IR cell connected to a mass
spectrometer. A self-supporting wafer of 25 mg H-ZSM-5 (15) was loaded in the cell center
and perpendicular to the IR beam. The wafer was first activated at 723 K in vacuum for 1 h.
After cooling down to 313 K, 3 mbar MeOH or 1 mbar DMM was introduced into the cell and
kept for 15 min followed by desorption in vacuum for 30 min. Then, the wafer temperature was
increased to 723 K with a rate of 3 K/min. Desorbed molecules were detected on line using
mass spectrometry. In-situ IR spectra of the wafer were collected on a Bruker Vertex 70 FTIR

spectrometer.

4.2.3 Temperature-programmed oxidation of spent catalysts

Thermogravimetric analysis (TGA) on a SETARAM Sensys Evo TGA-DSC was utilized
to analyze coke deposition on deactivated catalysts. After treating 10-20 mg powdered sample
(free of SiC) at 473 K in 16 mL/min He flow until weight stabilization, the temperature was
raised to 923 K at 5 K/min in 16 mL/min O2/He (1/9) flow and kept for 1 h. The coke amount

was estimated from the total weight loss.

4.2.4 Catalytic testing

Catalytic measurements were performed in a fixed bed quartz reactor with an internal
diameter of 6 mm at 723 K and ambient pressure. The H-ZSM-5 catalysts (200-280 pum) were
homogeneously diluted with silicon carbide (ESK-SIC) in the range of 355-500 um to ensure
temperature uniformity. Catalysts were activated at 723 K for 1 h under N2 atmosphere before
reaction.

To investigate the deactivation with a pure methanol, a mixed methanol/dimethoxymethane
and a mixed methanol/toluene feed, 105 mg H-ZSM-5 was deactivated for 18 h. The methanol
partial pressure was maintained at 100 mbar. Methanol vapor was fed by passing N2 through
the methanol-containing saturator which was thermo-stated at 299 K. For toluene and

dimethoxymethane (decomposition into dimethyl ether and formaldehyde under reaction
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conditions) co-feeding, the vapor was introduced by passing dry N2 flow through saturators
containing the liquid reactants. The reactor effluents were transferred via a heated line into a
gas chromatograph (HP 5890) equipped with a HP-PLOTQ capillary column. The
concentration of co-feed is given as a molar ratio of its partial pressure to methanol partial
pressure (100 mbar). The product distributions were given on a carbon basis, whereby the
carbon in the methanol feed with a partial pressure of 100 mbar was defined as 100%.

For detecting species containing carbonyl groups, DMM was reacted on 5 mg H-ZSM-5
(90, steamed) at a partial pressure of 171 mbar, so that the yield of hydrocarbons was below
0.5 C %. Before the product stream was passed to the exhaust, it was condensed utilizing a
mixture of isopropyl alcohol and dry ice. Subsequently, GC-MS analysis was conducted on a
gas chromatograph—mass spectrometer (GCMS-QP2010S, Shimadzu) after diluting the
condensed phase with methanol.

For investigating MeOH reaction on Na-ZSM-5 (90) (50 mg) and H-ZSM-5 (90) (2 mg)
two reactors were connected in series as shown in Figure 4.1. The MeOH partial pressure was
kept at 178 mbar. Products were analyzed using an IR detector.

Reactor-|

MeOH —»[ Na-ZSMS5 (90) ]—

Bypass

«

IR detector «—

Figure 4.1. Experimental setup for MeOH reaction on Na-ZSM-5 (90) and H-ZSM-5 (90) in sequence
(MeOH conversion <0.5 C %).
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4.3 Results

4.3.1 Formaldehyde formation under MTO conditions

In exploring the role of formaldehyde in MTO conversion, the different pathways of
formaldehyde formation are addressed first.

The disproportionation of methanol to methane and formaldehyde on H-ZSM-5 has been
previously reported in literature on the basis of production distribution analysis [17-19],
without, however, giving a detailed explanation on the mechanism. Here, the role of LAS and
BAS of H-ZSM-5 for this disproportionation reaction is explored. Comas-Vives et al. [22]
investigated MeOH disproportionation on y-Al2O3 using combined IR- and solid-state NMR-
spectroscopy and found this reaction to occur at LAS. To check whether this proposal is also
valid for a MFI catalyst, where extra-framework Al is present providing LAS, the reaction of
methanol over a Na-ZSM-5 (90) was studied. In the absence of BAS, conversions below
0.5 C % were reached and methane, formaldehyde and CO were detected (Figure 4.2). The
formation of these compounds is assigned to the disproportionation reaction of methanol on
LAS available in the Na-ZSM-5 (90). In order to determine whether formaldehyde can also be
generated at BAS, the reactor filled with 50 mg Na-ZSM-5 (90) was connected with a second
reactor filled with a small amount of H-ZSM-5 (90) (2 mg). Interestingly, more methane and
less formaldehyde are initially detected compared to the pure Na-ZSM-5 experiment (Figure
4.2). This implies that formaldehyde is formed over Na-ZSM-5 and subsequently strongly
adsorbed on H-ZSM-5. Since more methane was formed, it is proposed that two methanol
molecules can react on BAS to form methane and formaldehyde via disproportionation through
hydrogen transfer. In fact, with longer time on stream (TOS), methane formation declined and
the amount of formaldehyde detected increased, finally reaching almost the levels of the Na-
ZSM-5-only reaction. This indicates that the conversion of methanol to methane and
formaldehyde at BAS was nearly suppressed, probably due to strong adsorption of
formaldehyde on the BAS. Conversely, the CO amount detected after passing the H-ZSM-5
catalyst was lower in comparison to the Na-ZSM-5-only case and decreased continuously in
the time range investigated. This suggests that CO was consumed on BAS by carbonylation

reactions.

101



Chapter 4

160

g ®CH4
S 140 - AHCHO
-g & CH4 LT co
E AHCHO Trel
g 1201 o e a
~— A

S —"'_—.‘-"—‘;
[$) -

100 A [} -~
3 >
N e
T -~
% 80 A ‘z’
b4

60

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
TOS (h)

Figure 4.2. Formation of CH4, HCHO and CO on Na-ZSM-5 (90); change of CHs, HCHO and CO
concentration formed over Na-ZSM-5 (90) by interaction with H-ZSM-5 (90). MeOH/DME conversion
was <0.5 C %.

4.3.2 Role of formaldehyde in first C-C bond and first olefins formation

Having shown that formaldehyde can be formed from methanol under typical MTO
conditions, the question arises in which steps of the complex reaction network of methanol
conversion formaldehyde participates. In order to answer this, the impact of present
formaldehyde on the activity and product distribution of MTO was studied. For this, DMM and
MeOH TPSR experiments on an H-ZSM-5 were conducted. DMM was chosen because it
decomposes on the zeolite into HCHO and DME, simulating the reaction of surface methyl
groups with formaldehyde. In this way, a comparison of a MeOH TPSR experiment (only
surface methyl groups present) with a TPSR in presence of a known amount of formaldehyde
is possible.

In the MeOH TPSR experiment on H-ZSM-5 (15) (Figure 4.3 (b)), MeOH desorbed with a
maximum at approximately 360 K. At this temperature, DME appeared due to the equilibration
of MeOH and DME, reaching the maximum desorption at 440 K. The MeOH-DME
equilibration was not observed for DMM as reactant (Figure 4.3 (a)) because DMM
decomposes into HCHO and DME. Surface methyl groups are then directly generated and
equilibrated without going through the MeOH to DME step which was monitored for the pure
MeOH feed. Since surface methyl species are generated from MeOH and DME, the reaction
should not be affected by the MeOH-DME equilibration. Both ethene and propene (lumped
together as olefins) started to form and desorb at 470 K in the DMM TPSR experiment with the

maximum of desorption at 560 K (Figure 4.3 (a)), while aromatics formation started at 520 K
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with the maximum of desorption at 620 K. Conversely, in the MeOH TPSR experiment olefins
appeared at approximately 570 K and aromatics started to be produced at 600 K (Figure 4.3
(b)). In both cases, the compounds desorbed with maxima at 633 K. Since olefins were detected
at lower temperature for DMM, it is proposed that the presence of formaldehyde favors olefins
formation. Aromatics appeared after olefins for MeOH and DMM, indicating that olefins are
the first hydrocarbons formed. Interestingly, olefins were detected over a broader temperature
range in the DMM experiment in comparison to the MeOH experiment. Furthermore, the
temperatures of the maximum desorption for olefins and aromatics were similar under pure
MeOH feed. Conversely, the rate of aromatics desorption for the DMM feed reached the
maximum at higher temperatures than olefins desorption and was almost constant from 580 to
650 K, in the range of the declining olefin peak. Thus, it is speculated that the presence of

formaldehyde promotes an additional pathway to aromatics.
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Figure 4.3. Temperature-programmed surface reactions of dimethoxymethane (a) and methanol (b) on

H-ZSM-5 (15). Desorbed molecules were detected on line using mass spectrometry.

Further information can be derived from in-situ IR spectra of the surface species generated
after MeOH and DMM was adsorbed on H-ZSM-5 (15) at 313 K and subsequent temperature
ramp. At 473 K, olefins readily desorbed in the DMM TPSR experiment, but not in the MeOH
TPSR experiment (Figure 4.4 (a)). In-situ IR spectra of H-ZSM-5 (15) at 473 K showed a series
of vibrations from 1670 to 1770 cm™ and bands at 1620, 1469 and 1450 cm™* when DMM had
been adsorbed at 313 K, while no vibrations between 1670 and 1770 cm™ were detected at this
temperature in the case of methanol (Figure 4.4 (b)). The overlapping bands between 1670 and
1770 cm™ which cannot be clearly separated are assigned to stretching vibrations of different
carbonyl groups [23] while the band at 1620 cm™ is attributed to the deformation vibration of
adsorbed water [24] and the bands at 1469 and 1450 cm™ originate from CH deformation

103



Chapter 4

vibrations [25] of surface methyl groups. Due to the absence of C=0 stretching bands for
MeOH, the higher reactivity of DMM s tentatively attributed to the existence of surface
carbonyl groups. In order to test this, it must be probed if the surface carbonyl groups are

consumed during olefin formation.
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Figure 4.4. Olefin desorption profiles for MeOH and DMM in TPSR experiments (a); in-situ IR spectra
of H-ZSM-5 (15) at 473 K. MeOH and DMM were adsorbed at 313 K, followed by desorption in

vacuum. Wafer temperature was increased to 723 K at 3 K/min (b).

Figure 4.5 shows in-situ IR spectra of H-ZSM-5 (15) at temperatures of 473 K, 523 K,
573 K and 623 K after DMM adsorption at 313 K, followed by evacuation and temperature
increase of the wafer. From 473 to 623 K, the vibration bands of surface carbonyl groups in the
range of 1670 to 1770 cm™* decreased remarkably. In turn, the olefin desorption profile reached
a maximum at 560 K and decreased afterwards (Figure 4.4 (a)). This indicates that surface
carbonyl groups generated from formaldehyde were consumed along with the formation of
olefins. The participation of formaldehyde in the formation of olefins is further supported by
the fact that surface carbonyl groups appeared only at 573 K in the MeOH TPSR (Figure 4.6),
which is coincident with the onset of olefin formation in this experiment.

With the aim of identifying the species containing carbonyl groups, DMM was reacted on
H-ZSM-5 (90, steamed) at 723 K and the exhaust gas stream was condensed utilizing a mixture
of dry ice and isopropyl alcohol. GC-MS analysis of the condensed phase revealed the presence
of methyl methoxyacetate with a mass pattern of 31 Da (CH30"), 45 Da (CH30CH_") and 74 Da
(CH3OCH2CO") (Figure 4.7). The formation of this species is assigned to the carbonylation of
dimethoxymethane. Thus, it is proposed that MeOH and DME undergo carbonylation in a

similar way.
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Figure 4.5. In-situ IR spectra of H-ZSM-5 (15) in TPSR of DMM (adsorbed at 313 K) at 473 K, 523 K,
573 Kand 623 K.
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Figure 4.6. In-situ IR spectrum of H-ZSM-5 (15) in TPSR of MeOH (adsorbed at 313 K) at 573 K.
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Figure 4.7. MS fragmentation pattern of methyl methoxyacetate which was found in the condensed

exhaust gas stream of DMM reaction on H-ZSM-5 (90, steamed) at 723 K and pomm = 171 mbar.
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4.3.3 Role of formaldehyde in deactivation

So far, it has been shown that formaldehyde is formed in different ways under MTO
conditions and that formaldehyde favors the formation of olefins as the first hydrocarbon
species. In Chapter 2, it was shown that O-containing species cause fast deactivation during
MTO conversion and it was hypothesized that the formation of these species requires the
presence of formaldehyde. Thus, the role of formaldehyde in deactivation was addressed as a
next step, comparing the deactivation under a pure methanol feed with a mixed methanol/DMM
feed. To support the hypothesis that formaldehyde induces stronger deactivation than aromatics,
the impact of co-feeding toluene on deactivation was examined as well.

Figure 4.8 shows the MeOH/DME conversion as a function of TOS for the pure methanol
feed and for the feeds containing 3 C % DMM and 1 C % toluene. For the pure MeOH feed,
the rate of deactivation was slightly higher within the first 2 h TOS in comparison to longer
TOS. Co-feeding 1 C % toluene resulted in higher initial conversion because the initiation
phase was shortened by the co-fed aromatics [3], which act as initiators of the hydrocarbon pool
and propagate the aromatics-based cycle [16]. However, the rate of deactivation was higher
than for the pure MeOH feed and remained constant throughout the reaction. On the other hand,
co-feeding 1 C % DMM led to lower initial conversion in comparison to the pure MeOH feed,
suggesting that formaldehyde deactivated the catalyst rapidly at very short TOS (before the first
data point could be taken). The conversion decreased faster in the first 2 h than at longer TOS.
With longer TOS the rate of deactivation was apparently similar to cofeeding toluene. It is
important to point out that the initial conversion levels in all three experiments were different,
even though the MeOH-related contact times are approximately the same. Thus, the rate of
deactivation was normalized to the respective MeOH/DME conversions for gaining further
insights. From Figure 4.9, it is clearly evident that the normalized rate of deactivation was
highest with DMM cofeeding at all TOS. In the toluene cofeeding experiment, the rate of
deactivation was about half of that when cofeeding DMM. This suggests that high
concentrations of formaldehyde promote faster deactivation pathways than toluene.
Interestingly, the normalized rate of deactivation was initially higher for a pure MeOH feed
than for a mixed MeOH/toluene feed, suggesting that toluene cofeeding counteracts fast initial
deactivation by promoting the aromatics-based cycle, whereas initially a large amount of highly
deactivating species formed for a pure MeOH feed. These species are proposed to form under
involvement of formaldehyde which is deduced from the empirical observation that
deactivation rates are higher for pure MeOH and mixed MeOH/DMM feeds at short TOS. After
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4-h TOS, the deactivation rate was clearly lower under pure MeOH than under a MeOH/toluene
feed. Thus, it is hypothesized that the formation rate of these highly deactivating species for the

pure MeOH feed declines and that deactivation by toluene-derived species gains in importance.
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Figure 4.8. Change of MeOH/DME conversion during MTO reaction of 105 mg H-ZSM-5 (90,
steamed) for a pure MeOH feed and feeds containing either 3 C % dimethoxymethane (DMM) or 1 C %
toluene at pmeor = 100 mbar and T = 723 K.
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Figure 4.9. Normalized rate of deactivation as a function of TOS for the pure MeOH feed, for the feed
containing 3 C % DMM and for the feed containing 1 C % toluene over 105 mg H-ZSM-5 (90, steamed)
at pmeon = 100 mbar and T = 723 K.

Inspired by the fact that the rate of deactivation is associated with the composition of the
feed, TPO experiments were designed to analyze the amount and type of coke formed in each
case. In Chapter 2, it was reported that two types of carbon deposits form on an H-ZSM-5
during MTO reaction. These two types of coke can be differentiated by their heat of combustion

and therefore their different temperature of the maximum in the TPO profiles, and are named
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coke-I and coke-11. Coke-I represents O-containing carbon deposits. The average composition
of coke-Il corresponds to an aromatic hydrocarbon. Accordingly, Table 4.2 depicts the results
obtained by TGA analysis.

Table 4.2. Total coke deposition, amounts of coke-I and coke-I1, normalized to consumed MeOH after
17.5 h reaction over H-ZSM-5 (90, steamed) at pmeon = 100 mbar and T = 723 K.

Feed Coke wt.% / Coke-1 wt.% / Coke-11 wt.% /
mMOlmeon converted  molwveon converted — molueon converted

100 C % MeOH 2.8 0.31 2.5

100 C % MeOH + 3 C % DMM 11.0 0.21 10.7

100 C % MeOH + 1 C % toluene 6.0 0.20 5.8

Both cofeeding DMM and toluene resulted in higher overall coke selectivity after 17.5 h
TOS in comparison to a pure MeOH feed. The differences in coke selectivity (Table 4.2) can
be well correlated with the observed differences in deactivation rates (Figure 4.9). For the
MeOH/DMM (MeOH/formaldehyde) feed, the selectivity towards coke-Il was almost twice
than when cofeeding toluene, whereas comparable coke-I selectivities were observed. Under a
pure MeOH feed, higher coke-I selectivity was obtained in comparison to the mixed feeds.

From Figure 4.9 it is clearly evident that the catalyst deactivates initially faster for both the
pure MeOH feed and the mixed MeOH/DMM feed, despite different coke distribution after
17.5h TOS (Table 4.2). Since O-containing coke-l is expected to be more deactivating
(Chapter 2) and to be favored by higher concentrations of formaldehyde as further oxidized
species of methanol, it is hypothesized that initially high amounts of coke-1 are formed for the
MeOH/DMM feed which are, however, transformed by reaction with additional formaldehyde
at longer TOS.

4.4 Discussion

It is commonly accepted that unravelling the reaction mechanism of MTO conversion is
required for controlling product selectivity and retarding catalyst deactivation. This is, however,
a demanding task due to the complex reaction network [1, 2, 26]. The formation of the first C-
C bond has been under debate [20, 27, 28] since the first report about methanol conversion on
zeolites by Chang and Silvestri [4], including our recent proposal of carbonylation reactions as
a key step [29]. Despite discrepancies in explaining the formation of the first C-C bond, the
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formation of C».4 olefins under steady-state operation is nowadays mostly explained by a dual
olefin and aromatic methylation catalytic cycle [2]. As a refinement of the early dual cycle
concept in which propene solely formed in the olefin cycle, it has been discussed recently that
propene was also generated in the aromatics cycle and might compete with aromatics,
propagating the olefins cycle [16]. On the basis of these results, a modified dual-cycle

mechanism was proposed (Scheme 4.1).
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Scheme 4.1. Modified dual-cycle mechanism in operation during MTH catalysis on H-ZSM-5 under
MTO conditions [16].

In Chapter 2, O-containing species were reported to cause fast deactivation and it was
hypothesized that these species are formed via intermediates derived from formaldehyde.
Furthermore, it was shown in Chapter 3 that a MeOH-induced hydrogen transfer pathway
exists, leading to formaldehyde formation and favoring aromatics. Thus, it is believed that most
of the former investigations that consider only hydrocarbons as key species give inevitably an
incomplete picture on the chemistries involved in MTO conversion. In light of these
observations, formaldehyde chemistry must be included in the reaction network, especially
when addressing the primary steps initiating methanol conversion and coke formation.

At first, it is important to examine the formation of formaldehyde during MTO conversion.
Very recently, Comas-Vives et al. [22] reported dimethyl ether activation on the 110 facet of y-
Al>0s3, yielding methane, alkenes and surface formate species. This was explained by the
disproportionation reaction to methane and formaldehyde as well as first carbon-carbon bond

formation on extra-framework Al. The reaction of methanol on Na-ZSM-5 (Figure 4.2)
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demonstrated that formaldehyde is also formed at LAS of a MFI catalyst by disproportionation.
The connection of two reactors, the first one filled with Na-ZSM-5, the second one with only a
small amount of H-ZSM-5, enabled to identify another pathway for formaldehyde formation.
Since the methane yield was higher after the reactor sequence Na-ZSM-5/H-ZSM-5 in
comparison to Na-ZSM-5 (Figure 4.2), methane and formaldehyde are proposed to form at BAS
via a reaction sequence illustrated in Scheme 4.2, in accordance with an early suggestion of
Hutchings et al. [18]. In such mechanism, a methyl group is reduced by hydride transfer from
methanol. This may be relevant during the initiation phase of MTO conversion when no or little
olefin species exist [16]. Because the initial formaldehyde concentration over Na-ZSM-5/H-
ZSM-5 was lower compared to the Na-ZSM-5 reaction (Figure 4.2), it was concluded that
formaldehyde formed on the available LAS of Na-ZSM-5 as well as by the HT reaction between
two methanol molecules on BAS (Scheme 4.2) adsorbs competitively on BAS with respect to
methanol and may cause deactivation of the site. If olefins are present, strongly adsorbed
formaldehyde further reacts with olefins to an allylic alcohol (Scheme 4.3) releasing the BAS.
The allylic alcohol can then dehydrate to a diene. It should be noted that a certain amount of

methanol decomposes on inert materials such as SiC under MTO conditions [29].
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Scheme 4.2. Proposed reaction mechanism for methane and formaldehyde (BAS adsorbed CH,0)

formation via hydrogen transfer between two methanol molecules on BAS.
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Scheme 4.3. Release of surface adsorbed formaldehyde by reaction with an olefin to an allylic alcohol,

thereby recovering the BAS. In the following step, a diene species forms.

Having established the different ways of formaldehyde formation under MTO conditions,
the importance of formaldehyde in the reaction pathway is discussed. In the TPSR experiment
conducted under a DMM feed (that is, under a methanol feed with higher concentrations of
formaldehyde), olefins are formed at lower temperature than for pure MeOH (Figure 4.4 (a)).
This is indicative of the participation of formaldehyde in first C-C bond formation and suggests

that olefins are the first gas phase products formed. IR bands originating from surface carbonyl
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groups were only observed at 473 K when DMM was used as reactant (Figure 4.4 (b). At this
temperature, olefins were already detected in the gas phase in this experiment, while for the
TPSR under pure MeOH both surface carbonyl species and gas phase olefins were detected at
573 K. Thus, the presence of formaldehyde promotes CO formation and in consequence the
formation of surface carbonyl groups. These carbonyl species are consumed during reaction
(Figure 4.5) indicating that they are important for the formation of olefins. Methyl
methoxyacetate was detected for the DMM reaction on H-ZSM-5 (Figure 4.7), which is the
carbonylation product of DMM [30]. Therefore, it is proposed that surface methyl groups
generated from MeOH or DME can undergo carbonylation in a similar manner (Scheme 4.4).
The formed surface acetyl group reacts with methanol (Scheme 4.4 (a)) or water (Scheme 4.4
(b)), restoring the Bransted acid site. Because of the remarkable impact of formaldehyde, it is
hypothesized that surface acetyl groups react with formaldehyde, leading to 3-

hydroxypropionyl groups (Scheme 4.4 (c)).

H 0
e Al/é\Si i )J\o/ (@)
oH . Ho -HoO CHs  co \fo _ | H0 /g\ . )?\ (b)
- A s A~ s A si A S OH
CH,0 HO\/\’&O ©
A si

Scheme 4.4. Mechanistic proposal for the formation of the first C-C bond by carbonylation of surface-

adsorbed methanol, followed by reaction with methanol (a), water (b) or formaldehyde (c).

Due to the favored olefin formation observed in presence of formaldehyde (Figure 4.4), it
is proposed that the 3-hydroxypropionyl group (generated as shown in Scheme 4.4 (c))
dissociates into 3-hydroxypropionic acid (Scheme 4.5 (b)). Subsequent dehydration results in
the formation of acrylic acid which can react to ethene by decarboxylation (Scheme 4.5 (b)). In
addition, acrylic acid may react to propene via methylation and decarboxylation reactions
(Scheme 4.5 (c)). Alternatively, propene can also be formed by ketonic decarboxylation of
acetic acid, followed by Meerwein-Ponndorf-Verley reduction and dehydration (Scheme 4.5
(a)). With regard to the reactions illustrated in Scheme 4.4, it is important to point out that
formaldehyde has, according to this proposal, a dual function in the mechanism of olefins
formation from methanol. On one hand, it decomposes into CO which takes part in
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carbonylation reactions (Scheme 4.4). On the other hand, formaldehyde itself takes part in an
aldol reaction (Scheme 4.4 (c)).

In light of the remarkable enhancement of olefins formation by formaldehyde cofeeding,
also an alternative to the mechanism depicted in Schemes 4.4 and 4.5 should be put forward.
The mechanism (Scheme 4.6 (a)) assumes that a surface hydroxymethyl group, which is
generated due to strong chemisorption of formaldehyde on BAS, is carbonylated to form a
surface glycolate. Due to keto-enol tautomerism, methylation can subsequently occur, followed
by reaction with water and restoration of the BAS. Acrylic acid is formed by dehydration of 2-
hydroxypropionic acid (Scheme 4.6 (a)). It can then either decarboxylate and react to ethene as

shown in Scheme 4.6 (b) or further react by methylation and decarboxylation to finally form

propene (Scheme 4.6 (c)).
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Scheme 4.5. Possible mechanism for propene formation from acetic acid (a). Mechanistic proposal for
ethene formation from a 3-hydroxypropionyl group via intermediate formation of acrylic acid (b).
Proposed mechanistic pathway for the formation of propene from acrylic acid via methylation and

decarboxylation (c).

Formaldehyde is, however, not only involved in the formation of the first C-C bond and of
first olefins, but also in aromatics formation. DMM TPSR (Figure 4.3 (a)) showed that
aromatics formation was constant in the temperature range of 580-650 K, while olefins
formation and desorption declined. Such stabilization in aromatics formation and desorption
could, however, not be observed in the MeOH TPSR experiment and therefore it is concluded
that another aromatics formation pathway must exist that involves formaldehyde. This pathway
is related to the formation of a diene species as first step, starting from a surface hydroxymethyl
group (Scheme 4.3). Such diene species would be protonated forming a carbenium ion at BAS,
followed by condensation reaction with an olefin (Scheme 4.7 (a)). After a hydride shift
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(Scheme 4.7 (b)), aromatics and paraffins can be formed by cyclization and dehydrogenation

through hydrogen transfer reactions (Scheme 4.7 (c))
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Scheme 4.6. Proposed mechanism for acrylic acid formation via several steps, starting from a surface
hydroxymethyl group (generated by formaldehyde adsorption on BAS) (a). Possible mechanisms for
ethene (b) and propene (c) formation from acrylic acid.
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Scheme 4.7. Mechanistic proposal for the reaction of a diene species, which formed by reaction of
formaldehyde and olefins at BAS (as exemplarily depicted in Scheme 4.3), to aromatics.

So far, it has been shown that formaldehyde favors olefins formation at short contact time
and can also promote aromatics formation in secondary reaction steps. A higher selectivity
towards aromatics is often associated with the promotion of deactivation because aromatics are
precursors of coke [2, 3]. Furthermore, it was hypothesized in Chapter 2 that formaldehyde
triggers the formation of highly deactivating O-containing carbon deposits and increases the
amount of aromatic-type coke species. Therefore, the role of formaldehyde in the deactivation

of an H-ZSM-5 catalyst was studied in detail by comparing the deactivation rate under a pure
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MeOH feed with mixed MeOH/DMM and MeOH/toluene feeds (Figures 4.8 and 4.9). Despite
the promoting effect of formaldehyde on the formation of olefins and aromatics observed in the
TPSR experiment (Figure 4.3), the conversion decreased rapidly under a MeOH/DMM feed
(Figure 4.8) and the normalized deactivation rate was the highest at all TOS (Figure 4.9), in
comparison to the pure MeOH and mixed MeOH/toluene feeds. This is a first indication that
formaldehyde is responsible for the formation of strongly deactivating species throughout the
reaction. Because the conversion was remarkably lower at 10 min TOS (first data point which
was taken) under a MeOH/DMM feed compared to the pure MeOH and mixed MeOH/toluene
feeds (Figure 4.8), it is proposed that a large fraction of these species is formed in particular in
the first stages, that is, when the fresh catalyst is in contact with high methanol concentrations.
Considering the results of methanol conversion over Na-ZSM-5/H-ZSM-5 (Figure 4.2),
formaldehyde adsorption forming a hydroxymethyl group might cause strong deactivation by
BAS coverage at the beginning of the reaction, inhibiting the development of the MTO reaction
network. However, the hydroxymethyl group can be eventually converted by reaction with CO,
available due to methanol disproportionation and following decomposition, to form a surface
glycolate. This species can participate subsequently in olefins formation (Scheme 4.6).
Alternatively, the surface hydroxymethyl group can react with olefinic products present in the
zeolite pores to dienes (Scheme 4.3).

The proposal on the formation of strongly deactivating species driven by formaldehyde is
further supported by the observations regarding coke deposits and deactivation of the catalyst
under different feeds. The deactivation rates obtained for feeds composed by MeOH,
MeOH/DMM and MeOH/toluene correlated with the overall coke selectivities, and, in
particular with the selectivities towards coke-11 (Figure 4.9 and Table 4.2). Interestingly, the
quantification of coke deposits (Table 4.2) showed that at 17.5 h TOS the selectivity towards
O-containing coke-I was lower for the mixed methanol/dimethoxymethane feed compared to
the pure methanol feed, while coke-I1 selectivity was four times higher. This clearly shows that
formaldehyde promotes the formation of aromatic-type coke-I1. On the other hand, it is evident
that fast deactivation occurs in the first hours on stream under a MeOH/DMM feed (Figure 4.8).
As discussed above, the chemistry involving hydroxymethyl groups and the presumed
deactivation of BAS by strong adsorption of formaldehyde is only relevant at the first stages
because surface hydroxymethyl groups can be converted to dienes (Scheme 4.3) or acrylic acid
(Scheme 4.6 (a)), thereby recovering BAS. In light of the high deactivation rate throughout the
reaction and the high coke-1l selectivity observed at longer TOS, another mechanism for

formation of O-containing species and their successive conversion into aromatics is
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hypothesized to exist. Such mechanism is proposed to start from surface methoxy groups. It
should be noted that this mechanism might also be operative at short TOS because the amount
of formaldehyde generated from methanol at the beginning of the reaction is low in comparison
to the availability of methoxy groups [16]. In this mechanistic proposal shown in Scheme 4.8
and proposed in Chapter 2, surface acetyl groups are generated by carbonylation reactions
which can then react with formaldehyde to a surface furan species (Scheme 4.8 (a) and (b)).
The furan species can be transformed into aromatics (Scheme 4.8 (c)) which are covalently
bonded to the framework O that was originating the BAS, and therefore causes site blocking.
These aromatic species are quantified as coke-1l by TPO/TGA analysis, which has been
explained in detail in Chapter 2, and cannot be distinguished by common techniques from
typically adsorbed aromatic coke that is generated by hydrogen transfer pathways and by
methylation of aromatic intermediates. The proposed reaction pathway would explain the high
selectivity towards aromatic-type coke-11 under DMM co-feeding, which is even higher than
for the experiment under a mixed MeOH/toluene feed.

Having discussed the impact of formaldehyde co-feeding on deactivation, it is turned now
to the comparison of a pure MeOH feed with a mixed MeOH/toluene feed. The normalized
deactivation rate was higher for the methanol feed in comparison to a mixed methanol/toluene
feed at the beginning of the reaction and decreased within the first hours TOS (Figure 4.9). As
presented in Chapter 2, a larger fraction of formaldehyde-related strongly deactivating species
(coke-1) forms initially on the fresh catalyst under pure MeOH, causing a higher deactivation
rate. Conversely, when MeOH and toluene are fed, the aromatics cycle is directly propagated
[31]. This explains the higher conversion obtained under a MeOH/toluene feed (Figure 4.8).
Furthermore, the fast rate of aromatics methylation and development of the hydrocarbon pool
competes with the formation of highly deactivating coke-I. Therefore, the amount of coke-I
formed under presence of toluene was lower than for pure methanol. However, with longer
TOS, the normalized deactivation rate was higher with toluene co-feeding than for a pure
methanol feed (Figure 4.9) which can be correlated with the higher production of coke-I1 (Table
4.2). The deactivating effect of aromatics co-feeding overcame then the effect of promoting the

active aromatics cycle.
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Scheme 4.8. Mechanistic proposal for the formation of O-containing coke-I ((a) and (b)) and localized

aromatics (c), as presented in Chapter 2.

4.5 Conclusions

The study on the impact of formaldehyde in MTO conversion revealed its importance
during the first stages of the conversion of methanol to olefins and aromatics, as well as its role
in the deactivation of an H-ZSM-5 catalyst.

This investigation showed unequivocally that formaldehyde is generated under MTO
conditions. Several pathways are available for the formation of formaldehyde from methanol:
Formaldehyde formed by thermal decomposition or by disproportionation/reaction at LAS and
formaldehyde generated by hydrogen transfer at BAS. It was found that formaldehyde strongly
chemisorbed on BAS and might cause strong deactivation in the first stages of the catalyst bed.
If MTO products like olefins are present, it is, however, released from the surface via several
steps. Thus, the carbon deposits formed in subsequent steps are found to be more important for
deactivation than surface adsorbed formaldehyde.

It is important to emphasize that clear evidence could be given that aromatic-type coke
causing site blocking cannot only form via pathways typically discussed in literature, but also
by a pathway involving formaldehyde.

The formaldehyde-related mechanisms discussed here shed light on the first elementary
steps involved in methanol conversion to hydrocarbons, which have been only marginally
studied in the literature to date. The knowledge gained here opens new pathways for the design

of catalysts and the control of deactivation.
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5. Conclusions

Methanol-to-olefins (MTO) conversion is controlled by a complex, interconnected network
of parallel and sequential reactions. Its understanding allows tuning catalysts as well as reaction
conditions. This thesis therefore aims to gain a better understanding of elementary reaction
steps of MTO conversion, including deactivation, aromatics and paraffins formation and the
formation of the first C-C bond and first olefins.

By comparing the catalysis in plug-flow (PFR) and fully back-mixed reactors (CSTR) under
identical reaction conditions, coke formation and deactivation pathways on H-ZSM-5 were
elucidated. The study under homogeneous gas phase in the CSTR revealed that deactivation
starts by site blocking, well before external pore blocking. Fast deactivation was linked to
oxygen-containing species which are strongly chemisorbed to Brgnsted acid sites (BAS). They
form under high local methanol concentrations, involving carbonylation of methoxy groups as
a first step. These oxygenates may be transformed by reaction with hydrocarbon species into
aromatic coke that remains attached to BAS causing deactivation. On the other hand, aromatics
formed by hydrogen transfer exhibit weaker interaction with the zeolite and therefore cause
slower deactivation.

For the industrial implementation of methanol conversion technologies for olefins
production, it is also of vital importance to diminish the further reaction of olefins to undesired
aromatics and paraffins. By studying catalysts with varying concentrations of BAS and Lewis
acid sites (LAS) and examining the evolution of the product distribution under the presence of
proposed MTO reaction intermediates such as formaldehyde, the mechanisms of hydrogen
transfer pathways were elucidated. A methanol-mediated pathway was identified as the major
hydrogen transfer pathway. It involves the reaction of methanol and an olefin to formaldehyde
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and a paraffin at LAS. Formaldehyde reacts subsequently with olefins to dienes at BAS and
finally to aromatics and paraffins. Decreasing selectively the concentration of LAS allows a
reduction of the hydrogen transfer ability of catalysts.

Formaldehyde which is formed by thermal decomposition or by disproportionation/reaction
at Lewis acid sites under typical MTO conditions does not only play a role for the formation of
aromatics and paraffins. It is also involved in the formation of the first C-C bond and the first
olefins. This is associated with the favoring of carbonylation reactions by decomposition of
formaldehyde to CO and the participation of formaldehyde in the following reaction steps to
olefins. A comparison of the deactivation rate for mixed methanol/toluene and mixed
methanol/formaldehyde feeds showed that formaldehyde promotes the formation of oxygen-
containing coke and aromatic coke which is strongly chemisorbed to BAS. From these results
it can be concluded that the formaldehyde concentration in the reactor is a critical factor which
needs to be considered precisely when running methanol conversion reactions on zeolites or

zeotype materials.
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6. Zusammenfassung

Die Umsetzung von Methanol zu Olefinen (MTO) wird durch ein komplexes, untereinander
verbundenes Netzwerk an parallelen und sequentiellen Reaktionen kontrolliert. Ein Verstandnis
dieses Netzwerks ermdglicht es, Katalysatoren sowie Reaktionsbedingungen zu optimieren.
Ziel dieser Arbeit ist es deshalb, ein besseres Verstdndnis der elementaren Reaktionsschritte
der MTO Umsetzung, darunter der Deaktivierung, der Aromaten- und Paraffinbildung sowie
der Bildung der ersten C-C-Bindung und der ersten Olefine, zu erzielen.

Durch den Vergleich der Katalyse in einem Rohrreaktor (PFR) und in einem vollstandig
rickvermischten Reaktor (CSTR) unter identischen Reaktionsbedingungen wurden
Koksbildungs- und Deaktivierungspfade an H-ZSM-5 aufgeklart. Die Studie unter homogener
Gasphase in einem CSTR zeigte, dass die Deaktivierung durch das Blockieren aktiver Zentren
beginnt, deutlich vor dem Blockieren von Poren. Eine schnelle Deaktivierung wurde mit
sauerstoffhaltigen Spezies, die stark an Brgnsted-Saurezentren (BAS) chemisorbiert sind, in
Verbindung gebracht. Sie bilden sich unter hohen lokalen Methanolkonzentrationen, wobei die
Carbonylierung von Methoxygruppen den ersten Schritt darstellt. Diese sauerstoffhaltigen
Verbindungen kénnen durch die Reaktion mit Kohlenwasserstoffen in Aromaten umgewandelt
werden, die an BAS adsorbiert bleiben und Deaktivierung hervorrufen. Andererseits zeigen
Aromaten, die sich durch Hydrogentransfer bilden, eine schwachere Wechselwirkung mit dem
Zeolithen und bewirken deshalb eine langsamere Deaktivierung.

Fur die industrielle Anwendung der Methanolumsetzung zur Herstellung von Olefinen ist
es auBerdem von entscheidender Bedeutung, die Weiterreaktion von Olefinen zu
unerwiinschten Aromaten und Paraffinen zu reduzieren. Durch die Studie von Katalysatoren

mit unterschiedlichen Konzentrationen an BAS und Lewis-S&urezentren (LAS) und durch die
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Untersuchung der Entwicklung der Produktverteilung in Gegenwart vorgeschlagener MTO-
Reaktionsintermediate wie Formaldehyd wurden die Hydrogentransfermechanismen
aufgeklart. Ein Methanol-vermittelter Pfad wurde als der wesentliche Hydrogentransferpfad
identifiziert. Methanol reagiert dabei an LAS mit einem Olefin zu Formaldehyd und einem
Paraffin. Formaldehyd reagiert anschlieend an BAS mit Olefinen zu Dienen, und schlieBlich
zu Aromaten und Paraffinen. Durch selektives Verringern der Konzentration an LAS lasst sich
die Fahigkeit von Katalysatoren zum Hydrogentransfer herabsetzen.

Formaldehyd, welches sich unter typischen MTO-Bedingungen durch thermischen Zerfall
oder durch Disproportionierung/Reaktion an LAS bildet, spielt nicht nur bei der Bildung von
Aromaten und Paraffinen eine Rolle. Es ist auch an der Bildung der ersten C-C-Bindung und
der ersten Olefine beteiligt. Dies hangt damit zusammen, dass durch den Zerfall von
Formaldehyd zu CO Carbonylierungsreaktionen begtinstigt werden und dass Formaldehyd an
den nachfolgenden Reaktionsschritten zu Olefinen beteiligt ist. Ein Vergleich der
Deaktivierungsrate fur Methanol/Toluol und Methanol/Formaldehyd Eduktmischungen zeigte,
dass Formaldehyd die Bildung von sauerstoffhaltigen Kohlenstoffablagerungen und
aromatischem Koks, welcher stark an BAS adsorbiert ist, fordert. Aufgrund dieser Resultate
kann geschlussfolgert werden, dass die Konzentration an Formaldehyd im Reaktor ein
kritischer Faktor ist, der genau bedacht werden muss, wenn Methanol an Zeolithen oder

zeolithahnlichen Materialien umgesetzt wird.
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