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The reactions

Methanol:
(metal catalyst)

MTO: (zeolite catalyst)

30 June 20201

2 CH3OH CH3OCH3 H2C=CH2 + H2C=CH-CH3 + higher olefins, alkanes, aromatics
- H2O- H2O

+ H2O

CO2 + 2 H2 CH3OH + H2O ΔH0
298 K = - 40.9 kJ/mol

CO + 2 H2 CH3OH ΔH0
298 K = - 90.7 kJ/mol

CO2 + H2 CO + H2O ΔH0
298 K = 49.8 kJ/mol

Extremely exotherm: 56 kJ/mol per CH3OH (45 kJ/mol per DME)

Autocatalytic in nature (both olefins and aromatic cycle)
Deactivation by coking.
Challenges: heat transport and regeneration
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Methanol as base chemical

Solvent

Formaldehyde
40 %

Acetic acid
10-15 %

Methyl-tert-bu-
tylether, 20 %

MTO

30 June 20202

Vorführender
Präsentationsnotizen
Page 1870 of Handbook
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MTO over zeolites
Key aspects

Selectivity to Light Olefins
Stability

Selectable / Tunable Properties of Zeolites
Pore opening and Cage size
Acidity
Mesostructure

Best catalyst to date: SAPO-34

30 June 20203
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METHANOL-TO-OLEFINS 
(MTO)

30 June 20204
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Polyethylene and Polypropylene

30 June 20205

Courtesy: Simon R. Bare
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Polyethylene and Polypropylene

30 June 20206

Courtesy: Simon R. Bare
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Methanol-to-Olefins (MTO) reaction

30 June 20207

Courtesy: Simon R. Bare
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UOP/Hydro MTO Process

30 June 20208

Courtesy: Simon R. Bare, Unni Olsbye
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SAPO-34 for MTO Process

30 June 20209

Courtesy: Simon R. Bare
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What is a Zeolite?

30 June 202010

Courtesy: Simon R. Bare



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

Zeolites

30 June 202011

Courtesy: Francesca Bleken (U. Oslo), Simon R. Bare
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Zeolites 

30 June 202012

Courtesy: Simon R. Bare
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Ways to Visualize a Zeolite: ZSM-5 (MFI)

30 June 202013

Courtesy: Simon R. Bare



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

Ranges of Pore Sizes

30 June 202014

Courtesy: Simon R. Bare
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Acid Sites in Zeolites

30 June 202015

Courtesy: Francesca Bleken (U. Oslo), Simon R. Bare
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Commercial Catalytic Uses of Zeolites 
(Refinery and Petrochemicals)

30 June 202016

SCR (automotive) x x x

Courtesy: Simon R. Bare
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MTO milestones (1)

30 June 202017

Courtesy: Simon R. Bare
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MTO Milestones (2)
DMTO technology 2010 – world’s first commercial MTO unit 
(Baotou, China) – 0.6 Mt/a C2

= + C3
=.

DMTO-II: Coupled with FCC to crack higher olefins and aromatics to 
light olefins. Common regenerator and catalyst!

2018: 18 DMTO units – 7.16 Mt/a

30 June 202018
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Methanol to Hydrocarbons

30 June 202019

Courtesy: Simon R. Bare
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Structural Comparison

30 June 202020

Courtesy: Simon R. Bare
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Small, Medium and Large Pore

30 June 202021

Courtesy: Simon R. Bare
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Alumino-Phosphate (AlPO4) Molecular Sieves

30 June 202022

Courtesy: Simon R. Bare
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Idealized 2D-Connectivity 
of Tetrahedral AlPO4 Framework

30 June 202023

Courtesy: Simon R. Bare
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Si Substitution for P in AlPO4 to give SAPO

30 June 202024

Courtesy: Simon R. Bare
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Si Substitution Produces Brønsted Acid Sites

30 June 202025

Courtesy: Simon R. Bare



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

SYNTHESIS OF SAPO-34
Desired structure and Templates

30 June 202026
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SAPO-34 (CHA) Structure

30 June 202027

Courtesy: Simon R. Bare
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CHA Framework: Structural Characteristics

30 June 202028

Courtesy: Simon R. Bare
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SAPO-34 vs. SSZ-13

30 June 202029

Courtesy: Simon R. Bare
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Synthesis of SAPO-34: Templates

30 June 202030

TEAOH 
(most common)

>30 templates make SAPO CHA framework type.
• Most not well studied

Courtesy: Simon R. Bare

Vorführender
Präsentationsnotizen
Tetra ethyl amine hydroxide (TEAOH)
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Characterization of Zeolites
Acidic sites

NH3-TPD
Pyridine-FTIR
Low-temperature CO-FTIR

Framework
Hydroxyl-FTIR
Solid-State NMR

Meso- / micro-structure
SEM
TEM

30 June 202031
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Acidic Sites: Use of Base for Characterization

30 June 202032

Courtesy: Simon R. Bare
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Ammonia Temperature-Programmed 
Desorption (NH3-TPD)

30 June 202033

Courtesy: Simon R. Bare
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Ammonia Temperature-Programmed 
Desorption (NH3-TPD)

30 June 202034

Courtesy: Simon R. Bare
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Pyridine-FTIR

30 June 202035

Courtesy: Simon R. Bare
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Pyridine-FTIR

30 June 202036

Courtesy: Simon R. Bare
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Pyridine-FTIR: Acidic Site Distribution

30 June 202037

Courtesy: Simon R. Bare
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MECHANISM OF MTO
Reaction, Deactivation, Regeneration

30 June 202038
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Mechanism of MTO

30 June 202039

Courtesy: Simon R. Bare
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Hydrocarbon Pool (HCP) Mechanism

30 June 202040

Courtesy: Simon R. Bare
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Mechanism

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 

Plessow & Studt, Catal. Sci. Technol. 2018, 8, 4420.

30 June 202041

HCP
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HCP: Initial Formation of HMB and heptaMP+

30 June 202042

Courtesy: Simon R. Bare
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HCP: 
Paring and Exocyclic (Side-Chain) routes

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 
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HCP Paring Route

30 June 202044

Courtesy: Simon R. Bare
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HCP Exocyclic Route

30 June 202045

Courtesy: Simon R. Bare
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MTO Site: Organic-Inorganic Hybrid

30 June 202046

Courtesy: Unni Olsbye, Simon R. Bare



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

SAPO-34 active catalyst

30 June 202047

Courtesy: Unni Olsbye, Simon R. Bare
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Proof of HCP: Intermediates on BEA zeolite

30 June 202048

Courtesy: Simon R. Bare
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Proof of HCP: Intermediates on BEA zeolite

30 June 202049

Courtesy: Unni Olsbye, Simon R. Bare
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Proof of HCP: direct analysis of trapped 
intermediates

30 June 202050

Courtesy: Unni Olsbye, Simon R. Bare
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Proof of HCP: Hydrocarbons retained in 
Zeolite Pores

30 June 202051

Courtesy: Unni Olsbye, Simon R. Bare
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Trapped Hydrocarbons

30 June 202052

Almost exclusively polymethylbenzenes

Courtesy: Unni Olsbye, Simon R. Bare



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

Trapped intermediates in SAPO-34 are same 
as Products in H-BEA

30 June 202053

Courtesy: Unni Olsbye, Simon R. Bare
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Deactivation in Fixed-Bed Reactor

30 June 202054

Courtesy: Simon R. Bare
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Molecular View on Initial Deactivation

30 June 202055

Courtesy: Simon R. Bare
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MTO Reactor Design

30 June 202056

Courtesy: Simon R. Bare
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Fluidized-Bed Reactor

30 June 202057

Courtesy: Simon R. Bare
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Fluidized-Bed Reactor Results

30 June 202058

Courtesy: Simon R. Bare
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Combined with Olefin Cracking

30 June 202059

Courtesy: Simon R. Bare
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Olefin Cracking Integration with MTO

30 June 202060

Courtesy: Simon R. Bare
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Olefin Cracking Integration with MTO

30 June 202061

Courtesy: Simon R. Bare
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ACTIVE SITE

MTO Summary
Olefins needs for catalysts: high selectivity and catalyst stability

Zeolite – molecular sieve – control of entering and exiting molecules)
8-member rings
Light olefins C2H4 and C3H6
Higher olefins (C4+) and aromatics
Acidity moderate

Best catalyst SAPO-34
Methanol  methylated Benzene in SAPO-34 cages

Deactivation by polyaromats  Combustion to regenerate
Combination with higher HC cracking

30 June 202062
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Literature with primary references

30 June 202063

Adv. Mater. 31 (2019) 1902181, DOI: 10.1002/adma.201902181
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Literature: The Methanol Economy

30 June 202064

George A. Olah
1927-2017

Nobel Prize in Chemistry 1994
Angew. Chem. Int. Ed. 2005, 44, 2636 –2639
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EXTRA SLIDES
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Mechanism

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 

Proposed dual cycle mechanism

30 June 202067
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Mechanism

Müller et al, JACS 2016, 138, 15994.

Formation of aromatics

30 June 202068
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Mechanism

DeLuca et al, https://doi.org/10.26434/chemrxiv.8016017.v1

Methylation results in heavily
methylated aromats

30 June 202069



Institute of Catalysis Research and Technology (IKFT)
Institute for Chemical Technology and Polymer Chemistry (ITCP)

Studt / Boubnov – Methanol synthesis and MTO

Mechanism

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 

experiments

theory

Plessow et al. JACS 2019, 141, 5908

30 June 202070
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Deactivation

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 

Rapid deactivation after hours of operation

30 June 202071
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Deactivation

Royo-Gama et al. J. Phys. Chem. Lett. 2018, 9, 1324.

Coke formation

30 June 202072
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Deactivation

Olsybe et al. Angew. Chem. Int. Ed. 2012, 51, 5810 – 5831 Haw & Marcus, Top. Catal. 2005, 34, 41.
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Deactivation

Royo-Gama et al. J. Phys. Chem. Lett. 2018, 9, 1324. Haw & Marcus, Top. Catal. 2005, 34, 41.

30 June 202074
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