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Abstract 

With the depleting deposits of crude oil and the progressive change of mind to intensify 

environment protection, the search for new reaction routes for the production of sustainable 

compounds is constantly evolving and propelled. For most reactions, promising approaches 

have already been proposed, but their lack of efficiency and insufficient legal provisions are 

responsible that petrochemical cracking processes still prevail as the source of choice for en-

ergy production and the formation of a variety of basic chemicals. A further issue considering 

undesirable energy consumption, is the necessity of product separation. 

In this thesis, the task to improve reactions that are already established or on the brink of 

commercialization is tackled in three different ways with the help of porous materials to de-

velop dual-functional reactor systems, that improve not only the synthesis reaction itself, like 

the reaction rate or the selectivity, but also serve a secondary purpose as they improve product 

separation and longevity or are simultaneously used for waste removal. The first reaction dis-

cussed is the methylamine synthesis from methanol and ammonia at high temperatures. The 

addition of a highly hydrophilic, water removing Na-LTA zeolite membrane led to increased 

methylation rates in the product distribution. By choosing a size selective catalyst a high se-

lectivity towards the desired product dimethylamine could be achieved, while the extraction 

of the by-product water pre-emptively decreased the need for post-synthesis product separa-

tion. With post-synthesis ion exchange, K-LTA membranes where achieved to further improve 

the methanol conversion rate. The methanol-to-olefins (MTO) reaction is a promising alterna-

tive for small olefin production. By applying the aforementioned Na-LTA to the MTO reaction, 

the varying product composition could be stabilized over a long period of time, while also 

providing product separation and an enhanced catalyst longevity. Besides the dualfunctional 

production/separation reactors, production/decomposition experiments were conducted with 

the utilization of the (dotted variant) porous monolayer carbon graphene, the durability of the 

important cocatalyst Cu0 in TiO2 photocatalysis was achieved and improved the yield of hy-

drogen in photochemical water splitting and facilitated the concurrent decomposition of the 

pollutant 2-chlorophenol. 

Keywords: dual-functional reactors, sustainable chemicals, porous materials, zeolites, methylamine, methanol-

to-olefins, photocatalysis 
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Zusammenfassung 

Durch die unaufhaltsame Erschöpfung der Erdölvorkommen und das zunehmende Be-

wusstsein zum Umweltschutz wird die Suche nach neuen Reaktionswegen für die Produktion 

von nachhaltigen Chemikalien stetig vorangetrieben. Viele Chemikalien besitzen bereits Al-

ternativrouten zur Synthese, jedoch mangelt es diesen oft an Effizienz, während geringe ge-

setzliche Auflagen dazu beitragen, dass der Großteil der Energie und viele Grundchemikalien 

weiterhin durch Verbrennen fossiler Energieträger und petrochemische Prozesse bereitgestellt 

werden, während auch die Produkttrennung einen hohen Energiebedarf besitzt. 

In dieser Arbeit wird die Aufgabe Prozesse, die vielsprechend oder bereits etabliert sind, 

zu verbessern in drei Variationen angegangen. Dies geschieht mit der Hilfe von porösen Ma-

terialien und ihrem Einsatz in Reaktoren, die simultan zwei Aufgabengebiete adressieren: 

Zum einen die Reaktion selbst, wie den Umsatz oder die Selektivität und zum anderen Prob-

leme wie Produktseparation, Langlebigkeit und Zersetzung von schädlichen Abfallproduk-

ten. Die erste Reaktion im Fokus ist die Methylaminsynthese aus Methanol und Ammoniak. 

Durch das Integrieren von hydrophilen, Na-LTA Zeolithmembranen zur Extraktion von Was-

ser konnte der Methylierungsgrad in der Produktverteilung erhöht werden. Mit der Wahl ei-

nes adäquaten Katalysators wurde die Selektivität des gewünschten Dimethylamin deutlich 

verbessert, während der Wasserentzug zudem die Notwendigkeit der Produktseparation ver-

ringerte. Durch einen Kalium-Ionenaustausch wurde die Wasserselektivität erhöht und der 

Methanolumsatz verbessert. Die Methanol-zu-Olefin-Reaktion erweist sich zunehmend als 

ernstzunehmende Alternative für die Produktion von kurzkettigen Olefinen. Durch den Ein-

satz der oben genannten Na-LTA-Membran wurde die variierende Produktverteilung stabili-

siert und gleichzeitig eine in-situ Produkttrennung, sowie eine Verbesserung der Katalysator-

lebensdauer erreicht. Neben den dualfunktionalen Synthese/Separations-Versuchen wurden 

noch Synthese/Dekompositions-Reaktoren getestet, dazu wurde der dotierte poröse Kohlen-

stoff Graphen verwendet um die Langlebigkeit des Co-Katalysators Cu0 in der TiO2 Photoka-

talyse und die Ausbeute an Wasserstoff in der photochemischen Zersetzung von Wasser zu 

erhöhen, während zusätzlich der Umweltschadstoff 2-Chlorphenol abgebaut wurde. 

Schlagworte: dualfunktionale Reaktoren, nachhaltige Chemikalien, poröse Materialien, Zeolithe, Methylamin, 

Olefine, Photokatalyse 
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1. Introduction 

1.1. Motivation 

It was merely around 100 years ago, when Fritz Haber received the Nobel prize in chemistry 

in 1918.1 His development of the Haber-Bosch process paved the way for the large-scale pro-

duction of ammonia, still a cornerstone of today’s chemical industry with a production capac-

ity of 290 million metric tons per year. The only notable change to Haber’s initial concept was 

the implementation of an α-Fe catalyst by BASF in the early 20th century. Since then the actual 

catalysis process remained unchanged for the most part and is still in use at BASF as of today.2 

It’s an example of how little has changed in, especially inorganic, catalytic chemistry over the 

past decades. The hunt for the next big thing has slowed down tremendously, new break-

throughs are relying on exotic materials and systems, which mostly can’t justify their 

price/performance ratio to find utilization and replace the current catalysts in real industrial 

applications. Modern chemistry turned to the idea of assistance and optimization of already 

established processes. The most prominent example is the history of the gasoline automobile 

catalyst and its astonishing improvement over the last 50 years. The initial Pt/Pd catalyst is 

still the material of choice for CO and hydrocarbon oxidation. Since then the addition of Rh to 

build a three-way catalyst for the NOx reduction, a reduction in material through improved 

distribution in porous materials, O2 or lambda membrane sensors with CeO2-ZrO2 oxygen 

storages, particle filters and NOx traps all found its way into the exhaust system.3 It’s a good 

example for the extraordinary results of interdisciplinary research and development, with in-

novations in heterogeneous catalysis, sensory, porous materials, membrane technology and 

chemical engineering. However, this development was induced by constant new legal provi-

sions, but how do innovations fare in free market economy? The answer is the aforementioned 

price/performance ratio. Do the new advancements bring enough of an improvement to the 

table compared to the established systems, that a complete or gradual conversion is profitable 

after a certain point of time?  

Based on this overall development in industrial chemistry, the cross-disciplinary applica-

tion of porous material dual-functional reactors is tested as an additional tool in two proven 

synthesises of sustainable chemicals with acidic, porous catalysts: 
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(i)  The methylamine synthesis from methanol and ammonia  

(ii)  The methanol-to-olefins (MTO) reaction  

The two reactions are separated by their longevity as an established chemical process and 

by their primary weak points, which allow room for improvement.  

The methylamine synthesis goes back to the early 1920s when methylamines were first pro-

duced commercially by the Commercial Solvents Corporation and offers three different main 

products: monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA).4 

With an overall production of aliphatic amines in general of 1.9 million metric tons in 20135, 

the methylamines belong to the more important nitrogen-based source materials. MMA, DMA 

and TMA all have different applications, with DMA having the highest demand. TMA is gen-

erally tried to be suppressed as it forms an azeotropic mixture with ammonia.6 Since product 

separation has generally a high cost factor and the individual formation of each methylamine 

is not possible, synthesis conditions in which one amine, preferably DMA, takes up most of 

product share are highly desirable. Consequently, methylamine research primarily focuses on 

the alteration of the product selectivities with a variety in-situ and post synthesis catalyst mod-

ifications with dwindling room for improvements due to the time and resources already spent 

on the topic.7,8 

The methanol-to-olefins reaction on the other hand is a fairly new synthesis route to the as 

ever important base chemicals ethylene and propylene. The two light olefins bring along a 

production capacity of 150 million and 80 million metric tons, respectively, per year.9 Steam 

cracking, where larger hydrocarbons get broken down into the light olefins, was the lone 

player for a long time in the production of ethylene and propylene. With the discovery of the 

methanol-to-olefins process in 1977 by Mobil Oil Corporation another viable synthesis route 

had been found.10 In 2010 with the accumulated knowledge from the Dalian Institute for 

Chemical Physics (DICP), the first large-scale MTO unit was successfully launched in Baotou, 

China. Since this process is still considered new on the large scale, considerable catalyst en-

hancements are still possible in future work. The two biggest problems of the MTO reaction 

are attrition, since the porous catalyst particles frequently collide in the fluidized bed reactor, 

and catalyst deactivation through coke deposition.11   
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The methylamine synthesis and methanol-to-olefins possess many differences, but what 

about its similarities? First, the type of required catalyst as they both share the use of a porous, 

mild-acidic zeolite or zeolite-type material. The second one are their most common by-prod-

uct: water.  

The questions regarding these reactions: which types of membranes are practical for an 

application? The immediate answer, are hydrophilic separation membranes, which withstand 

harsh conditions, while in situ extracting any water formed in the reaction. Based on LeCha-

telier’s principle, the removal of a product leads to an equilibrium shift towards the reaction 

product site. Adding water removal membranes to already established reactions may be a fac-

ile way to improve synthesis routes and implement the membrane separation research results 

as a viable alternative in a variety of catalytic reactions. 

Turning the tables and regarding water not as the useless by-product but as the star of the 

show, the track leading to water splitting to produce the increasingly important hydrogen is 

inevitable. The cross-interdisciplinary research is the combination of TiO2 based photocatalysis 

reaction with the addition of doped porous graphene layers. TiO2 photocatalysis came a long 

way since its discovery in 1972 and is one of the more promising systems for the sustainable 

production of H2. The estimated demand for hydrogen in 2024 is over 120 million metric tons.12 

Even though hydrogen is the most abundant element in the universe, its production is still 

heavily depending on fossil fuels. Only a few percent of the consumed hydrogen are not pro-

duced based on the processing of fossil fuel, which is inevitably interconnected with high 

numbers of carbon dioxide emissions.13 Alternative production routes are taken into consider-

ation, the most promising involves the catalytic decomposition of water into hydrogen and 

oxygen. This process can either be performed via electrocatalysis or directly using the (sun-

)light for photocatalysis with TiO2 semiconductors.14 To harvest as much light as possible the 

photochemical systems are constantly evolving, the use of cocatalysts showed an immense 

improvement in the water conversion rate was achieved. As the best cocatalyst materials are 

both scarce and expensive, elements with similar photochemical properties, in our case Cu0, 

are utilized.15 To stabilize the Cu0 phase and to further improve the reaction rate of hydrogen 

production and simultaneous organic waste decomposition in a dual-functional photocataly-

sis reaction, the application of doped graphene will be tested. 
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2. Porous materials  

Dating back almost 3500 years ago, porous charcoal found use as a digestive aid, marking 

the earliest effort to capitalize on the benefits of porous networks in solid materials.16 Today, 

porous substances are found in nearly every branch of chemical research: pure classic carbon- 

or silica based inorganic materials, organic polymers or hybrid inorganic-organic composite 

materials, even single organic molecules17 and ionic liquids18 can claim the term “porous” now-

adays.   

The term “porosity” is, thereby, per definition “the ratio of total pore volume to the volume 

of the particle or agglomerate”19, with IUPAC further distinguishing the pores in nanometre-

scale into micropores (< 2 nm pore width), mesopores (between 2 - 50  nm) and macropores 

(> 50 nm).20 

 Combining large inner surface areas with small overall material volumes already opens up 

a wide variety of application possibilities, as the porosity e.g. facilitates the distribution of 

particles as a carrier substrate but the real strength of porous materials only emerges when 

long range ordered 3-D porous networks made of the appropriate material are taking into 

consideration. With tuneable pore sizes and channel dimensions, LEWIS- and BRØNSTED-acid 

sites, metallic-ion centres or polar/nonpolar pores, the porosity can be exploited to its fullest 

extent. A range of interactions of the novel porous materials with guest atoms, ions or mole-

cules led to the rapid increase in chemical and technological utilization ranging from hetero-

geneous catalysis, sensors, gas storage, compound separations to environmental remediation, 

green energy transition and drug delivery, tissue engineering and wound healing in the field 

of medicine21. 

2.1. Graphene  

With the discovery and correct representation of graphene in 2004, KONSTANTIN NOVOSE-

LOV and ANDRE GEIM not only secured their NOBEL PRIZE in physics in 2011, they opened up 

the door for the nearly infinite number of possibilities graphene might offer.22 Sometimes, gra-

phene is referred to as the “dream material”, as it possesses a completely unique combination 

of characteristics: a rigid pore system, high thermal23 and electrical conductivity24 in a 2D 

plane, unmatched room temperature charge carrier mobility25, excellent mechanical strength26, 
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large specific surface areas27 with high adsorption capacities28, low production cost29 and all of 

that while being only composed of carbon atoms. Graphene is basically just a planar sp2-

binded monolayer of high ordered graphite, therefore, the first repeatable synthesis method 

was an exfoliation of highly oriented pyrolytic graphite, but also multilayers up to 10 still are 

considered as (few-layer) graphene. Additionally, synthesis methods via vapour deposition or 

chemical/thermal decomposition are possible.30 Since graphene is such a new material, most 

of work done is limited to fundamental research of how the extraordinary graphene properties 

can be utilized and large-scale applications have not been realized. This is reflected by the 

enormous numbers of published research paper in recent years.31 They focus on possible ap-

plications for graphene field emission, sensoring, battery development, photocatalysis, bio-

medicine and as transistors and electrode material.30,32 For certain applications, a modification 

of the electric properties of graphene is necessary, hence, doping with e.g. nitrogen or boron 

is required.33 Even graphene membranes have been taken into consideration, since it displays 

a rigid nanopore system, it is technically a porous material, thus an application as a pure mo-

lecular sieve without diffusion issues is within the realms of possibility.34

3. Zeolites 

One of the most important representatives of porous materials in research and industrial 

application are the zeolites, which are microporous aluminosilicates. Their first reference goes 

back to 1756 to the Swedish mineralogist AXEL F. CRONSTED, who discovered the first natural 

zeolite and is responsible for its name, labelled after the Greek words zeo (“to boil”) and lithos 

(“stone”), because the mineral released steam when heated. Around 40 different natural zeo-

lite minerals have been found until today. In 1948 the first zeolite was synthesized in lab scale 

by RICHARD M. BARRER35, a pioneer in zeolite chemistry and later that year he successfully 

found and described the first purely synthetic zeolite.36 From this point, the numbers of syn-

thetic zeolite exceeded the number of natural zeolites many times over, with 255 different ze-

olite types have been synthetized until 2021, while each structure is given a three-lettered code 

by the International Zeolite Association (IZA).37 Synthetic zeolites often require structure-di-

recting agents (SDAs), which promote the zeolite crystal structure formation, with high-silica 

zeolites typically rely on SDAs with quaternary ammonium cations. The overall demand of 
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zeolites was estimated to be around 5 million metric tons per year in 2012, while the share of 

synthetic zeolites makes up around 36%.38 

Zeolite composition is often shown in its empirical formula39: 

M2/𝑛O ∙  Al2O3  ∙  𝑦SiO2  ∙  𝑤H2O  

with n describing the cation valence, y the ratio of Si to Al and w the water content. How-

ever, this expression does not represent the zeolite structure satisfyingly, as zeolites consist of 

tetrahedral AlO4 and SiO4 primary building units (PBUs). On account of lacking thermody-

namic stability compared to Si-O-Si bondings40, an avoidance of Al-O-Al connections can be 

observed, known as the LOEWENSTEIN rule41, which concludes that the smallest possible Si/Al 

ratio in zeolites is 1.  

Secondary building units (SBUs) describe the conjunction of the AlO4 and SiO4 tetrahedra, 

as their extensive combination possibilities are the reason for the large number of different 

zeolite structure types. They are small units, composed of several tetrahedra and their nearly 

infinite combination possibilities allow the formation of each specific zeolite structure. SBUs 

are often just described as a combination of two numbers: x-y, where x is the number of mem-

bers in the ring and y the number of additional members attached to this ring.42 

 In the next step to build a zeolite structure, these SBUs form polyhedral structures or com-

posite building units (CBUs) that can be labelled in three different ways: 1. with common 

names, 2. with three letter codes or 3. with face symbols following the scheme: n1m1 n2m2 … 

with m1 describing the number of n1-rings, m2 the number of n2-rings and so on.43,44    

Another approach to visualize zeolite structures is that they can be derived from pure sili-

cates, which are likewise build from SiO4 tetrahedra. By exchanging Si with Al, a negative 

charge is generated as Al not possesses enough electrons. For charge balance purposes a cation 

is introduced into the structure, but it is considered a non-framework building component, in 

laboratory synthesis this is usually sodium. With post-synthesis ion exchange of the extra 

framework cation, a wide variety of alkali, alkaline earth metals and metals are utilized and 

open the door for widespread applications of zeolite materials. If the ion exchange is per-

formed with NH4+ salts and the exchanged zeolite is calcinated afterwards, the protonated 
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form of certain zeolites can be achieved and BRØNSTED-sites are created, giving the zeolite 

valuable acidic properties for catalysis.  

Zeolite structures are not only limited to zeolites themselves, as the can be found in 

so-called zeolite-like structures as well. The most prevalent examples are ALPOs, three-dimen-

sional aluminophosphates constructed from AlO4 and PO4 tetrahedra, while SAPO consists of 

the corresponding SiO4, AlO4 and PO4 tetrahedra, as they share the same tetrahedra connec-

tions to form secondary building units structurally equivalent to the SBUs found in zeolites. 

Even inorganic-organic composite materials like the zeolitic imidazolate frameworks (ZIFs), a 

subclass of metal-organic frameworks (MOFs), can display topologically isomorphic struc-

tures to zeolites, as the metal-imidazole-metal bonding angle ranges in similar values as the 

Si-O-Si angle in zeolites. 

Figure 1 gives  an overview over possible applications of zeolites (natural and synthetic) 

and zeolite-like materials. 

 

Figure 1. Application overview of zeolite and zeolite-like materials divided into five major 

subgenres: catalysis, separation, environment, agriculture, construction and medicine. 

Due to the huge variety of available zeolite structure types, counter ions, and its high inner 

surface have zeolites found wide-spread applications. Most-common are zeolites known for 

their use in water softening45. Hard water exhibits higher concentrations of magnesium (Mg2+) 
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and calcium (Ca2+) ions, which can cause inconveniences in industrial processes, as both cati-

ons tend to form insoluble salts, leading to clogged pipes and connection parts.46 Further ap-

plication as a laundry detergent to soften water works with the same principle: zeolites with 

sodium as its extra-framework cation remove the alkaline earth metals by integrating them 

into their structure, while releasing the sodium into the water, which is not able to form insol-

uble compounds. The usage as a detergent takes up 73% of the total worldwide consumption 

of synthetic zeolites38, as they provide a non-toxic, environment-friendly and effective laundry 

additive.  

Even though the largest share is used as an ion exchanger, the fastest growing and most-

profitable market value wise is the catalysis branch. Especially in petrochemistry, zeolite cat-

alysts have found its way into extensive industrial application. The most important process, 

the fluid catalytic cracking (FCC), is based on the catalytic degradation, which replaced the 

thermal cracking due to its improved conversion rate, where high-molecular crude oil gets 

subsequently split into smaller, more valuable olefins (like propylene), gasoline and more. The 

first commercial success was initiated by the French engineer EUGÈNE HOUDRY in the 1920s 

with the VACUUM OIL COMPANY.47 Todays FCC catalysts provide zeolite, in its protonated 

form, as its centrepiece, because they possess the catalytic acid sites necessary for the cracking 

and combine it with excellent hydrothermal stability and the appropriate hierarchical mi-

cropore systems to provide product selectivity towards the desired gasoline molecules.48 Fur-

ther examples of zeolite catalysis include hydroxylation (to phenol)49, oximation (cyclohexaone 

oxime)50, alkylation (ethylbenzene51, cumene52) and epoxidation (propylene oxide)53. The role 

of the zeolite varies based on its application as it can be used on its own like in the FCC reac-

tion, in a metal ion-exchanged form, as in the hydroxylation, or simply as a carrier material for 

better catalyst distribution. 

Another rising issue tackled by zeolite catalysts is the selective catalytic reduction (SCR) of 

NOx by NH3 in gasoline automobile exhaust gas.3 Metal-ion exchanged zeolites are a promis-

ing material for low-temperature conversion required in the upcoming problems of cold-start 

car emissions.54 

Due to the simple non-toxic components, zeolites have been increasingly taken into consid-

eration in bio-compatible materials and medicine.55,56 One of zeolites oldest know usage is the 
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utilization for detoxification because of its large surface area and excellent adsorption proper-

ties.57 In addition, zeolites are considered for drug delivery58,59, implant coating60, tissue engi-

neering61 and biosensors62. Based on the huge variety of zeolites, a few selected ones have even 

found usage as an additive on construction in concrete production63 and in agriculture as an 

alternative for soil treatment64 and animal nutrition65. 

3.1. Zeolite membranes 

With rigid pores and channels, tuneable pore sizes and varieties in hydrophilicy / hydro-

phobicy, zeolites are ideal materials for film and membrane growth with further possible ap-

plications, see Figure 1.66 Since the first successful growth of a zeolite composite membrane on 

a porous support by HIROSHI SUZUKI in 198767, the formation of zeolite membranes has been 

extensively researched and resulted in astonishing results68: as the overall quality of the mem-

branes could be improved, the preferred crystal orientation was controlled69,70, improvements 

in the grain boundary connections71 and overall successive elimination of defects72 have been 

accomplished, while pushing down the limits of how thick a zeolite membrane must be, sur-

passing the µm-barrier73 and synthesizing zeolite nanosheets74.  

Zeolite membrane growth can be achieved via different methods: 

(i)  By primary crystallization, where the zeolite membrane either growths as self-sup-

ported or directly on the support75, α-Al2O3 is here the widespread material of choice  

(ii) By secondary growth, where ex-situ produced zeolite seeds are placed on the sup-

port with the help of electrostatic76, covalent77 or capillary forces78 to aid the growth 

and control the orientation of the thin, homogenous membrane.  

Even double-layered zeolite membranes have successfully been synthesized.79 The growth 

itself is either performed as a classic, hydrothermal autoclave synthesis80 or via microwave 

synthesis81. 

Zeolite membrane applications are mainly focused on separation of gas and/or liquid mix-

tures. Those membranes usually combine different techniques, as they work as molecular 

sieves, completely excluding larger molecules from entering their pores or by adsorbing com-

pounds differently strong, based on the zeolites acid strength and pore hydrophilicity. Sepa-

ration is an increasingly important process, since most reactions in heterogeneous catalysis 
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produce compound mixtures. It is estimated that the product separation of C2-C4 paraffins/ole-

fins through cryogenic distillation takes up to 85% of the total energy of the entire production 

line.82 

The most prevalent example, which has already been established in industrial processes, is 

the solvent or gas drying. Hereby, water is removed by a strongly hydrophilic zeolite, which 

adsorbs the water molecules, while excluding larger molecules from entering the pore because 

of size restrictions. However, one of the biggest obstacles with zeolite membranes is the up-

scaling into large-scale applications.83 The only successful implemented zeolite is zeolite A or 

LTA (LINDE Type A), which will be discussed in detail later. The first large-scale plant was put 

into operation in Kariya City, Japan by MITSUI ENGINEERING AND SHIPBUILDING CO. LTD. in 

2000 and operated after the pervaporation principle to remove water from organic solvents 

like methanol, ethanol and i-propanol, while exhibiting superior separation factors and water 

fluxes compared to the previously established polymer membranes.84 LTA membranes have 

been popularized since then for the dehydration of isopropyl alcohols85, ethylene glycol86 and 

tetrahydrofuran87. Furthermore, important work has been done in the field of zeolites for bio-

ethanol dehydration to gain easier access to fuel-grade ethanol by BUSSAN NANOTECH RE-

SEARCH INSTITUTE INC. in Japan.88 Working with similar parameters but with all gaseous mix-

tures, zeolite membranes have been used for gas purification to separate otherwise difficult to 

isolate gas mixtures, which includes CO2/CH4, CO2/N2 or olefin/paraffin mixtures, like propyl-

ene/propane89,90 and ethylene/ethane91, as they rely on the strong adsorption interaction of the 

zeolite cationic sites and the olefin π–bonds.92 However, industrial scaled gas separation has 

yet to exceed the pilot plant status.66,93

4. Membrane reactors 

Zeolite membranes can not only be used for post reaction product separation, their ability 

for limiting or enhancing diffusion of certain compounds can also be taken advantage of to 

influence reactions in situ, otherwise known as chemical process intensification.94 Therefore, 

the membrane reactor is a “device for simultaneously carrying out a reaction and membrane-

based separation in the same physical enclosure”, as IUPAC states95. There are many different 

types of membrane reactors, including catalytic permselective membrane reactors (CMR), cat-

alytic nonpermselective membrane reactors (CNMR), packed-bed permselective membrane 
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reactors (PBRM), packed-bed catalytic permselective membrane reactors (PBCMR), fluidized 

bed permselective membrane reactors (FBMR) and fluidized bed catalytic permselective mem-

brane reactors (FBCMR).96 Choosing the membrane material can be made based on the func-

tion required and ranges from polymers to zeolites, perovskites, inorganic-organic hybrid ma-

terials and thin metal films.97 They can function in three different ways, see Figure 2: 

 

 

Figure 2. Overview of the three types of membrane reactors: 1. extractor, 2. distributor, 3. 

contactor, with examples of each type already under study. 

• As an extractor, to most popular type of membrane reactors, where preferably one 

product is selectively removed from the reaction environment.  This can be used to 

shift reaction equilibriums further to the product site and help exceed the equilibrium 

limitations, while also altering product composition. Furthermore, in situ extraction 

can help preventing expensive post-synthesis product separation. One of the first suc-

cessful experiments goes back to 1987, when NAOTSUGU ITOH removed hydrogen 

through a thin dense palladium membrane in the dehydrogenation of cyclohexane to 

cyclohexene to help boost the conversion rate to nearly 100%.98 The results could be 

repeated ten years later, with the application of porous materials like Vycor glass and 

microporous ceramics99 and later with a zeolite membrane.100 Since then dehydrogena-

tion boosted by zeolite membrane reactors has been additionally performed for the 
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dehydrogenation of alkanes (ethane101, propane102, butanes103, and ethylbenzene104). For 

alcohol dehydrogenation (methanol to methyl formate105,106, ethanol to acetaldehyde107, 

2-butanol to methyl-ethyl-ketone108) Pd or Pd/Ag alloys as a thin film on ceramic sup-

ports are more common than porous membranes. Furthermore, zeolite could not make 

the cut in the water gas shift reaction (an equilibrium of carbon monoxide and water 

with hydrogen and carbon dioxide), as they lack the necessary H2O/CO selectivity109,110, 

or the methane steam reforming111 due to the instability at such high temperatures in 

the presence of water.112 

The other common application for extractor-type membrane reactors is the in situ de-

hydration or water/steam removal, for which zeolite are well suited. Zeolites with high 

aluminium content (Si/Al ~ 1) exhibit a high hydrophilicy, with additional strong acidic 

adsorption sites for water. Combining this with the fact that water is one of the smallest 

molecules (d = 2.6 Å), zeolite membranes can simultaneously act both as a molecular 

sieves and as a separator by preferred adsorption. 

In situ water removal is most commonly used in pervaporation experiments. In per-

vaporation, a liquid mixture is placed on one side of the membrane, which is only se-

lective for one compound of the mixture. Single molecules can diffuse through the 

membrane, get heavily diluted and can get removed as a low-pressure vapour on the 

permeate side.113 Vacuum pervaporation can be used to avoid condensation of the per-

meate. Pervaporation zeolite membrane reactors are utilized to continuously dry or-

ganic solvents, as this variant prevents the need for repetitive zeolite activation. Newer 

applications use pervaporation membranes for desalination of salt water to find alter-

native ways to affordable, low cost access to fresh water.114 Applying water extraction 

membrane reactors to remove water from the corresponding reaction environment re-

sults in an equilibrium shift towards the product side, similar to dehydrogenation in 

membrane reactors. The most prominent examples for reactions that benefits from the 

water extraction are esterifications from alcohols and carboxyl acids, which sometimes 

suffer from low conversion rates and ester yields. However, the esterification in a mem-

brane reactor was mainly performed in smaller acids (like acetic115 or lactic acid116) and 

smaller alcohols (like ethanol and butanol115), while the rising relevance of intensifying 

the esterification of fatty acid for important industrial applications as biodiesel117 or in 
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food industry118 leads to increasing interdisciplinary efforts in membrane reactor re-

search. As esterifications commonly require homogenous catalysts on form of protons, 

zeolite stability becomes a relevant topic, as they tend to disintegrate in solution with 

lower pH values. Conclusively, only stable mild acidic conditions can be applied or 

switching to heterogeneous catalysis in form of acidic ion exchange resins is neces-

sary.119 Alternatively, hydrophobic membranes have been researched to extract the es-

ter instead of water.120  

The results of steam removal in heterogeneous catalysis gets increasingly difficult to 

predict as not only the influence of the water extraction is of importance, while a mul-

titude of side reactions can occur and catalyst deactivation and diffusion limitation also 

play a role. The FISCHER-TROPSCH (FT) synthesis, is one of most important chemical 

process for the production of liquid, synthetic hydrocarbons from differently com-

posed syngas (carbon monoxide and hydrogen) mixtures. The reaction is, depending 

on the desired outcome, performed with Fe- or Co-based catalysts, while the most com-

mon by-product is water.121 Removing water in situ through an hydrophilic zeolite 

membrane reactor had an influence on (i) catalyst deactivation and diffusion, (ii) the 

reaction conversion and (iii) the displacement of the competing water gas shift to main-

tain a reactive syngas mixture.122 Consequently, the water extraction had a positive in-

fluence on the longevity, conversion rate and yield in the FT synthesis.  

Further examples of the beneficial appliance of extraction membrane reactors are DME 

synthesis from methanol123 and the CO2 hydrogenation124. 

• As a distributor, in which the membrane is responsible for the dosing of one or more 

reactants. This may help to evenly distribute the compound over the whole catalytic 

bed and thus preventing concentration gradients and hot spots, while helping to opti-

mize the selectivity of kinetically controlled reactions.125 Distribution membrane reac-

tors provide exceptional usefulness as they separate dangerous reactant mixtures like 

hydrocarbons and oxygen. By applying an oxygen selective (and electron conducting) 

membrane, the oxygen can be transferred as the O2- species and is able the react with 

ethene to form ethylene without recombination to O2. This does not only prevent the 

formation of highly explosive ethane/oxygen mixtures, it also largely supresses the fur-

ther oxidation of ethylene.126  The same membrane reactor type can be applied to sup-
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port the partial oxidation of methane to syngas.127 Similar materials, Pd-based mem-

branes128 or zeolites129, used in the extraction membranes for dehydrogenation reac-

tions, can be utilized to control and evenly distribute a hydrogen feed into the reactor 

for the hydrogenation of hydrocarbons. However, in extraction based membrane reac-

tors, its usually the best strategy to maximize the permeation flux of the removed com-

pound while maintaining a high selectivity. In membrane reactors for reactant distri-

bution additional studies on the optimal feed flux are required, while taking the diffu-

sion limitations of the membrane into consideration to maintain the desired reactant 

composition. 

• As a contactor membrane reactor, which can be used in two different ways:  

(i) The interfacial membrane reactor as a way to facilitate contact between two 

phases, which are otherwise insoluble and separated. The membrane pores itself 

works as the reaction environment, setting a defined reaction volume and lim-

iting certain reactions due to space restrictions. Usually catalytic nanoparticles 

are deposited into the pores to add appropriate catalytic properties to the porous 

membrane, as shown in the cyclohexane oxidation by tert-butyl hydroperoxide 

with a polymer membrane.130 The membrane reactor removed the necessity of a 

solvent, while simultaneously controlling the reactant concentration and reac-

tant contact time. Environmental benefits were achieved using a contactor mem-

brane reactor in the “Watercatox” process, in which organic compounds in 

waste water are oxidized using oxygen from air. The tubular ceramic membrane 

is modified with Pt-catalyst particles and is filled with the contaminated water, 

while oxygen is applied on the outside and functions as the interface contactor 

between liquid and gas phase. The oxidation occurs inside the pores while the 

partially oxidized organics are returned into the waste water. The membrane 

based “Watercatox” procedure can be performed at lower temperatures than 

comparable water oxidation purification processes and the transition from lab-

scale to a pilot plant was already achieved.131 

(ii) The flow-through membrane reactor, where the reactants are guided to the 

membrane, while narrow pores and channels force intermolecular interactions 

between the reactants and the pore system, which is either catalytic itself or 

made due to immobilized catalyst particles. Afterwards, the products leave the 
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system on the permeate side. The pore system can prevent the occurrence of 

undesired side reactions and by-products. Regulating the fluxes and optimizing 

the membrane structure based on the reaction kinetics results in an easy solution 

to influence contact times, potentially further improving conversion and prod-

uct selectivities.125 This principle was successfully applied on the partial hydro-

genation of propyne to propene with Pd-particles in a polymer membrane. The 

control over diffusion, mass-transfer and contact time allowed the balancing of 

the system to largely inhibit the complete hydrogenation to propane.132 

In the following, specific, industrially important and the in this study used zeolites will be 

discussed.

5. Examples for zeolites 

Even though around 20 different zeolites have found usage in industrial applications, the 

five most important zeolites acquired the simple term “Big Five”.133 They are comprised of the 

following structural types: 

• MFI (Mordenite Framework Inverted): The most prominent representative is 

H-ZSM-5 (Zeolite Socony Mobil–5), a synthetic zeolite first patented by MOBIL OIL 

COMPANY in 1975 with high Si/Al ratios usually above 20.39 Based on the pentasil 

sub unit, it forms two types of 10-membered 2D-channels with dimensions of 

5.2 Å x 5.7 Å and 5.3 Å x 5.6 Å.134 It is used as a heterogeneous catalyst in acidic-

based petrochemistry, while it is most famous for its success in the size-selective 

isomerization of meta-xylene to para-xylene135. Further applications include the al-

kylation of hydrocarbons136 and the methanol-to-gasoline (MTG)137 process. 

• BEA (Beta Zeolite): Zeolite β exhibits a complex structure, as it can possess three 

different types of channel, each with 12-memered rings along, but different chan-

nel orientations along the c axis.138 The three different types are called polymorphs 

and tend to inter grow in a single (disordered type) BEA structure. Even though 

pure polymorphs are highly desirable, they have not been synthesized success-

fully.139 BEA structures have found their niche in particular in emission control. 
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Here there are used in NOX reduction in automobile catalysts or for volatile organic 

compounds (VOC) and N2O in industry exhaust gas. 

• FAU (Faujasite): The faujasite structure consists of sodalite sub units, which form 

12-membered rings, containing “super cages” with a diameter of 11.2 Å (window 

diameter 7.4 Å) and 6-membered non-accessible sodalite cages.140 These broad 

cages allow the adsorption of large molecules, making the FAU representative Ze-

olite Y one the most important catalysts in petrochemistry with its utilization in 

the fluid catalytic cracking of large hydrocarbons into valuable gasoline compo-

nents.141 The isostructural, but less staple due to the lower Si/Al ratio, Zeolite X is 

used for CO2 adsorption from exhaust gas.142 

• FER (Ferrierite): Even though the FER structure looks like a 3D-structure, it is con-

sidered as 2D, because two 2D-channels (10- and 8-membered ringed) intersect 

each other.143 It is the zeolite with the smallest channel dimensions in the “Big 

Five”, but exhibits superior activity in the selective isomerization of 1-butene to 

isobutene, an important base chemical for polymers, rubber, acrylate and methyl 

tertiary-butyl ether (MTBE).144 It is also considered for high-pressure water/alcohol 

separation.145  

• MOR (Mordenite) will be discussed later in detail, as it was used in this study.  
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Table 1. Overview of structures, applications and pore systems of the industrially most im-

portant zeolites: the “Big Five” and, additionally, the zeolites used in parts of this work. 

 IZA 

code* 

example application pore size 

[Å]** 

channel 

sizes [Å] 

ring size 

B
ig

 F
iv

e 

MFI H-ZSM-5 isomerization al-

kylation 

- 5.2 x 5.7 

5.3 x 5.6 

10 

BEA Zeolite β emission control - 5.6 x 5.6 

6.6 x 6.7 

12 

FAU Zeolite Y fluid catalytic 

cracking 

11.2 x 11.2 

6.3 x 6.3 

7.4 x 7.4 12 

6 

FER H-ZSM-35 isomerization - 4.2 x 5.4 

3.5 x 4.8 

10 

8 

 MOR H-MOR isomerization - 6.5 x 7.0 

2.6 x 5.7 

12 

8 

st
u

d
ie

d
 LTA Zeolite A water softener 11.4 x 11.4 4.1 x 4.1 8 

CHA H-SSZ-13 

H-SAPO-34*** 

NOX reduction 

MTO catalyst 

6.5 x 11.0 

6.5 x 11.0 

3.8 x 3.8 

3.8 x 3.8 

8 

8 

* based on the three-lettered notation of the International Zeolite Association (IZA) 3 7  

** when no pore size value is given, the zeolite consists of 2D-channel pores 

*** H-SAPO-34 is not a zeolite, but a silico-aluminophosphate, which adopts the CHA 

structure 

 

Interestingly, while laundry detergents make up over 70% of the total worldwide consumption 

of zeolites, neither the commonly used Zeolite A, nor the emerging alternative Zeolite P are 

regarded part of the “Big Five”. All members of the “Big Five” are part of petrochemical pro-

cesses, which only contribute around 10% of consumption but exceeding more than half of the 

revenue of zeolite based process, making these zeolites more valuable compared to the deter-

gent business.38,146 
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5.1. Mordenite (MOR) 

 

Figure 3. Overview of mordenite structure, properties and possible applications. 

Mordenite is both a naturally occurring mineral, as well as a synthetic zeolite. It was first 

discovered by HENRY HOW in 1864 in Morden, Nova Scotia (Canada), from which the name 

“Mordenite” is derived.147 A few years later in 1886, a mineral was described with the name 

“Ptilolte”, which later was discovered to be isostructural with mordenite, since then the term 

“Ptilolte” is occasionally used as a synonym for the mineral. Due its volcanic origin, overall 

mordenite occurrences are rare, however, there are a few exploitable deposits.148 The first suc-

cessful synthesis goes back to the founding father of synthetic zeolite chemistry, RICHARD M. 

BARRER in 1948 from an aqueous suspension of sodium aluminosilicate gels.35 Mordenite has 

the following ideal composition149: 

(Na2, K2, Ca)4[Al8Si40O96] ∙ 28H2O 

The structure possesses an orthorhombic framework system with the IZA code: MOR. The 

secondary building unit (SBU) is a 5-1 building block, with the composite building unit (CBU) 

labelled mor after the framework type, see Figure 3.150 The resulting structure can be described 

as a sheet-like arrangement of six-membered rings (made of SiO4 or AlO4 tetrahedra) with the 

sheets connected by four-membered rings (side pockets). In the end, the mordenite framework 
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has two types of parallel main channels: one twelve-membered ring (12mR) (6.5 x 7.0 Å) and 

one smaller eight-membered ring channel (8mR) (2.6 x 5.7 Å)151 and is therefore classified as a 

large-pore zeolite. The main channels are interconnected through small side channels (3.4 x 4.8 

Å) with eight-membered ring (8mR) windows. Overall, the mordenite framework is consid-

ered a one-dimensional framework, as the 8mR small channels are not accessible for mole-

cules, except the smallest ones. The extra framework cations Na+ or K+ or Ca2+ can be located 

at several positions149:  

(i) inside the 8mR side pockets 

(ii) inside of either the 12mR and 8mR channels  

(iii) in the centre of the 8mR main channels at the position where the 12mR main channel 

and the side pockets intersect 

While Na+, K+ or Ca2+ are the main counter cations in the mineral, samples with Mg2+, Sr2+ 

and Ba2+ also have been found. In synthetic mordenite, usually only Na+ ions are integrated.152 

However, by post synthesis ion exchange NH4+-MOR can be achieved and by subsequent cal-

cination protons are brought into the structure as the cation. Giving that the protons can be 

located directly inside the main channels, valuable acidic catalytic sites are created, which are 

easily accessible and establish H-MOR as one of the most important acidic zeolite catalysts. 

The Si/Al ratio in MOR normally ranges between 5 – 20, making it moderately stable at higher 

temperatures. Zeolites with higher Al contents are often vulnerable to dealumination at tem-

peratures above 200°C when water is present, as Si-O-Al bondings can hydrolyse irreversi-

bly.66  

Due to the aforementioned acidic sites, synthetic H-MOR has its highest usage found in the 

petrochemistry as a catalyst, most commonly as a low cost variant for isomerization of n-bu-

tane to iso-butane. n-Butane accounts for up to 5% of the cracking products in petroleum re-

fineries, however, its demand is rather underwhelming, so a conversion into iso-butane for 

MTBE or tertiary butyl alcohol (TBA) is desirable.153 H-MOR offers strong acidic sites for the 

adsorption of n-butane, further dealumination can increase the acid strength and it is a more 

environmentally friendly variant compared to the afore used Pt/chloride alumina catalyst, 

which boasts leaching of toxic Cl2 gas.151 The exact reaction mechanism on H-MOR is still sub-

ject of discussion, as it is apparently depending on the number of acid sites and the n-butane 
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concentration, if the catalytic reaction is performed in a mono- or bi-molecular mecha-

nism.154,155 In both types a dehydrogenation to butene is performed, so Pt particles can be added 

to control the alkene concentration.155 Furthermore, the shape of the mordenite channels help 

to supress the formation of unwanted by-products, thus increasing the iso-butane selectivity. 

Isomerization of n-pentane and n-hexane was also reported.156 An emerging application of H-

MOR is the carbonylation of dimethyl ether (DME) as a green alternative synthesis route to 

the more than ever important ethanol. H-MOR again exhibits an excellent DME selectivity and 

high reaction rates due to its structure. Interestingly, the formation is one of the only few re-

actions in H-MOR that occur in the 8mR side channel and not in the 12mR main channel, be-

cause of their increased acid site density and strength (due to higher concentrations of Al in 

the 8mR channels).157 Therefore, it is even tried to deactivate the 12mR channel acid sites 

through selective pyridine adsorption.158 Recently, zeolites again resurfaced as a carbon cap-

turing method to relief the atmosphere from carbon dioxide. The first carbon dioxide adsorp-

tion experiments on natural and treated mordenite zeolites have been promising.159 More niche 

application of mordenite include the sensoring of Hg2+ ions with dealuminated, Pt-loaded ze-

olites160 and as a composite membrane with Nafion in direct methanol fuel cells. Consistently 

evolving ideas like these are the reason mordenite is still subject of research with steadily 

above 100 publications per year related to mordenite.151  
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5.2. Zeolite A (LTA) 

 

Figure 4. Overview of Linde Type A structure, properties and possible applications. 

Linde Type A (IZA code: LTA) is a zeolitic framework type, which does not occur in the 

nature as a mineral and has to be synthesized. It was first discovered by DONALD W. BRECK 

and ROBERT M. MILTON in 1956 at LINDE AIR PRODUCTS (where its name originated from), a 

sub division of UNION CARBIDE CORPORATION, with the successful synthesis of Zeolite A, the 

most important representative of the LTA type.161 Zeolite A was the first synthesized zeolite to 

find its way into commercialized industrial application as an adsorbent to remove oxygen im-

purities from argon.162 The same group already found the FAU types with Zeolite X and Zeolite 

Y a few years earlier.163 They also initiated the use of Latin alphabet, like Zeolite A, X, Y, L or 

P, while later discoveries received Greek letters like alpha, beta and omega.39 The commonly 

used Zeolite A has a couple of synonyms and is often also labelled to as LTA, Zeolite NaA, 

Zeolite 4A or MS (molecular sieve) A / 4A, which all referred to the Na variant. LTA has the 

following optimal composition: 

(Na12[Al12Si12O48] ∙ 26H2O)8 
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The LTA framework is a cubic structure with three different possible SBUs (4,6 and 8) and 

three CBUs: the cubic d4r, sod cages (structurally equivalent to those in the mineral sodalite) 

and the eponymous lta cages, see Figure 4. However, differently to the sodalite (SOD) struc-

ture, where the sod cages are directly connected, the sod CBUs (here also called β-cages) are 

located at the corners of the unit cell and are linked via the d4r unit, creating the characteristic 

lta cage (α-supercage) in the middle.164 The zeolite is accessible from all three dimensions 

through an eight-membered ring window (8mR) with a diameter of 4.1 Å, while the spherical 

lta cage possesses a diameter of ~ 11.4 Å.165 The six-membered (6mR) oxygen apertures of the 

sod cage with a diameter of 2.7 Å are only penetrable for very small molecules like water or 

helium.166  

LTA can only be synthesized in its Na+-form, which the abovementioned crystal parameters 

refer to. In one LTA unit cell, 12 Na atoms can be found, thereby, they can occupy three differ-

ent positions in the structure164,167,168: 

(i) Slightly shifted from the centre of the 6mR windows of the sod cages. They make up 

a total of 8 Na atoms per unit cell with an occupancy of 0.97, meaning nearly all 

possible sites for this extra framework cation are filled. 

(ii) Slightly shifted from the centre of the 8mR windows of the lta (α-)cages. They con-

tribute to 3 Na atoms per cell and are the cations responsible for the accessible win-

dow diameter of 4.1 Å. Because Na is too small to fill the 8mR in a centred position, 

it is slightly distorted from the centre to form energetically more favoured distances 

to the O atoms. So, every 8mR possesses 4 different possible positions leading to an 

occupancy of 0.24. 

(iii) Opposite a four-ringed (4mR) ringed window of the d4r unit inside the α-cage. With 

positions (i) and (ii) already counting for 11 of the Na atoms, as in average every 

6mR and every 8mR possesses one Na atom, only one is left, which can take one of 

8 possible isostructural position per cell (occupancy only 0.07).  

On average every 6mR and every 8mR has almost one Na. Every Na atom in position (ii) 

only accounts for 0.5 Na per cell because it is shared with the adjacent unit cell. The exact 

position of the Na atoms in the publications above are all given for the idealized dehydrated 
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version of Na-LTA. Meanwhile, in the hydrated zeolite the extra framework cation positions 

shift a bit due to the presence of adsorbed water molecules.  

LTA has the unique property, that the pore windows size can effortlessly be adjusted to 

three different size: in the common Na-LTA each 8mR window to the α-cage is occupied by 

one Na atom, which results in the window diameter of 4.1 Å, given it the synonym Zeolite 4A. 

A post-synthesis ion exchange can be performed, usually by just submerging the zeolite in K+-

containing aqueous solution, which replaces all Na+ cations with K+ cations. The K+ occupies 

the same three position as Na+. As the K+ cation is larger than the Na+ cation , see Table 2., it 

takes up more empty space in the 8mR compared to the sodium, effectively decreasing the 

accessibly pore diameter to 2.9 Å and therefore, K-LTA is also called Zeolite 3A. On the other 

hand, a pore window widening can be achieved by exchanging the extra framework cation to 

Ca2+. Since the radii of Na+ and Ca2+ are virtually the same, the effect does not stem from the 

cation blocking in the 8mR. The Ca2+ possesses two positive charges, consequently, the amount 

of needed cations is halved (6 per unit cell). These 6 occupy places in 6mR of the sod cages, 

equivalent to position (i), meaning the positions in the 8mR are vacant and the pore window 

is not influenced by the cation position, leaving the empty 8mR with a diameter of 5 Å.169  

Table 2. Overview of the three common forms of LTA: K-LTA, Na-LTA and Ca-LTA with 

its pore parameters, capable adsorbed gases and possible molecular sieve applications. 

type window 

diameter170 

form cation radius 

[Å]168 

adsorbed gases applications 

3A 2.9 Å Na 0.95 H2O, NH3 drying of MeOH, 

EtOH and gases 

4A 4.1 Å K 1.33 + CO2, H2S, ethene, 

ethane 

drying of polar and 

nonpolar solvents 

5A 5.0 Å Ca 0.99 + n-alkane, n-pro-

panol, n-butanol 

separation of n-al-

kanes from iso-alkanes 

The LTA pore engineering is especially useful in its applications as a molecular sieve. Zeo-

lite 3A can remove rest water from otherwise azeotrope mixtures with MeOH and EtOH, 4A 

is commonly used to dry a variety of organic solvents, while 5A is able to separate n-alkane 

from its iso-counterpart. However, post-synthesis ion exchange of already grown Na-LTA 

membranes is connected with increased or decreased cell parameters, the resulting distortion 
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can lead to micro cracks and leakages, so the exchange has to be performed carefully. A stable 

form of protonated H-LTA is not known to exist. 

LTA combines the structure to perform shape-selective molecular sieve procedures, while 

also providing a highly hydrophilic pore, due to its large Al share. This makes LTA an ideal 

candidate for the continuous removal of water from reactions or solvents. LTA membranes 

have been exceedingly useful in pervaporation experiments. A leading role in the develop-

ment of LTA membranes is the commercialization for sustainable chemicals by the BUSSAN 

NANOTECH RESEARCH INC. (BNRI) in Japan to produce fuel grade bio-ethanol through LTA 

membrane-assisted dehydration in 2008.88 

 Apart from drying solvents, the esterification reaction is a promising field for LTA water 

removal membranes, as the extraction of the product water leads to an increased conversion 

based on the equilibrium shift.171 The pervaporation-assisted esterification was performed 

with success on a variety of reactants: ethanol + acetic acid172, n-propanol + acetic acid173, iso-

propanol + propionic acid174 and ethanol + lactic acid175, just to name a few.  

Increasingly important is the purification of water as world population is consistently in-

creasing and the access to fresh water is limited. LTA showed promising results for desalina-

tion of salt water, while additionally removing low level radioactive wastes, dyes, heavy met-

als and drug residues with high rejection rates. The water purification is either performed via 

pervaporation or reverse osmosis. With a good long-term stability, high water fluxes and a 

non-toxic material, LTA membranes may be the way of drinking water production moving 

forward.114,176  

The application, which made LTA and zeolites in general known, is as an additive to laun-

dry detergents. Developed by SCHWUGER and SMOLKA at HENKEL & CIE GMBH in the early 

1970s, LTA was already replacing the before used, environmental polluting phosphate con-

taining detergents, by 1977.177,178 In this system Na-LTA works as a water softener by changing 

their extra framework sodium with calcium or magnesium in the water. While both earth al-

kaline elements can form insoluble salts, sodium is not able to. Based on the Si/Al ratio of 1 for 

LTA, it has the highest possible cation exchange capacity with decent exchange rates (Ca2+ 

exchange is significantly faster than Mg2+) and is the low-cost, non-toxic alternative that was 
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searched for. In general, it can be stated that the Na-LTA is preferably exchanging to the cation 

that has the177: 

(i) higher valence 

(ii) higher atom weight 

(iii) smaller tendency for hydration  

(iv) higher polarizability 

(v) in solution forms the stronger dissociated complex, 

also making the uptake of a variety of metal ions from waste water possible. 

Together with the concentration gradient of hard water compared to the zeolite, Na-LTA 

does the job as a detergent exceedingly well and is still the most produced zeolite as of today.38 

In recent years, continuous research is performed to improve the Mg2+ uptake, while the com-

petition of Zeolite P is increasing because of its enhanced exchange rate.45,46 

A niche application is the use of Ag-, Ca- and Zn-exchanged LTA for wound healing as the 

system combines wound dehydration, electrolyte supply and sterilization. With consistently 

over 100 publications per year related to LTA, it remains one of the most influential and well 

researched zeolites.46 
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5.3. Chabazite (CHA) 

 

Figure 5. Overview of chabazite (CHA) structure, properties and possible applications for 

the SSZ-13 zeolite and SAPO-34 aluminosilicophosphate. 

Chabazite is a mineral first discovered by IGNAZ VON BORN in 1772 in Iceland, which he 

named “Zeolithus crystallisatus cubicus Islandiae” just 16 years after the term zeolite was first 

introduced. Because of its cubic crystallites LOUIS BOSC D’ANTIC called the mineral “chabasie”, 

after the ancient Greek word for hailstone, from which todays title “chabazite” derives.179 Nat-

ural chabazite holds a special place in history, as pioneering work on zeolite research was 

performed on this mineral: in 1909 GRANDJEAN showed that dehydrated chabazite adsorbed 

small molecules like ammonia, air components and hydrogen180, while WEIGEL and STEINHOFF 

demonstrated the molecular sieve properties of zeolites for the first time in 1925 as chabazite 

absorbed water, methanol and ethanol, but practically no acetone or benzenes181. Chabazite 

often incorporates Na, K and Ca, and occasionally Mg and Sr, at the same time, thus the given 

chemical formula is based as an example on the sodium-rich Chabazite-Na182: 

[(Na, K, Ca0.5)𝑥 ∙ (H2𝑂)12] ∙ [AlxSi12−xO24] ;  𝑥 = 2.5 − 4.8 
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The first report of a synthetic chabazite zeolite was achieved by RICHARD M. BARRER in 1956 

in form of the potassium variant.183 

In this work two aluminosilicates with the chabazite structure type are being discussed in 

detail: H-SSZ-13 and H-SAPO-34. 

5.3.1. H-SSZ-13 

Zeolite SSZ-13 was first synthesized by STACEY I. ZONES in 1985 for the CHEVRON RESEARCH 

COMPANY, formerly known as the STANDARD OIL COMPANY184 and has become the commonly 

used zeolite with the CHA structure. The acronym SSZ stands for “Standard Oil Synthetic 

Zeolite” and has given its abbreviation to a large number of synthetic zeolites with different 

structure types. SSZ-13 shares the same framework topology with the chabazite mineral, but 

is a high-silica variant with a Si/Al ratio above 5. The synthesis is usually performed with the 

expensive structure-directing agent (SDA) N,N,N-trimethyladamantylammonium hydrox-

ide185, thus, efforts for synthesis without organic SDAs were carried out.186 

The chabazite structure has a trigonal system with the IZA code: CHA187. It has two differ-

ent SBUs (4 and 6), which are used to build the two CBUs: the hexagonal d6r and the charac-

teristic ellipsoidal cha cage, see Figure 5. One cha unit is connected to four other cha cages by 

d6r channels. The cha CBUs are connected via three different rings188–190, see Figure 5: 

(i) through the d6r CBU, where each 4mR window is connected to one cha CBU on the 

xy-plane. These windows are too small for any molecules to fit through. 

(ii) through the 6mrR windows of the d6r CBU along the z-axis. 

(iii) directly by the 8mR windows of the cha unit. Each cha cage is therefore directly 

linked to 6 other cha cages. The 8mR windows possess a diameter of 3.8 Å (and are 

the reason that CHA is classified as a small-pore zeolite), while the cha cages have 

dimensions of 6.5 Å x 11 Å with a diameter of 7.4 Å.  

The combination of the d6r and cha CBUs leads to a three-dimensional pore system. Another 

way to describe the CHA crystal structure is the stacking of double 6mRs in an AABBCCAA 

order, which are connected through tilted 4mRs, showing that only 4 and 6 SBUs are nec-

essary to form the structure, even though the cha CBUs possesses 8mR windows. For extra 

framework cations protons and copper have the highest relevance in research because of 
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their catalytic properties. Subsequently, the position of only protons in H-SSZ-13 are dis-

cussed in detail, because they are relevant in this work. Protons, unlike Na or K, only need 

to coordinate to one oxygen atom. H-SSZ-13 has four structurally different O positions191: 

(i) at the O atom connecting the two 6mR in the d6r CBU. The proton itself is not located 

in the d6r CBU, but is accessible inside the cha cage, because it is the same O atom 

incorporated in the 8mR. (16 possible isostructural positions) 

(ii) at the O atom, which is shared by the 6mR of the d6r unit and the 8mR at the top 

and bottom of the cha cage. (6 possible isostructural positions) 

(iii) at the O atom, which is shared by the 6mR of the d6r unit and the 4mR of the cha 

unit. (6 possible isostructural positions) 

(iv) at the O atom linking two d6r cages. It is also part of two 8mR of two different cha 

units and one 4mR of cha. (24 possible isostructural positions) 

Protons prefer to occupy either position (i) or (ii) in dehydrated chabazites and tend to 

slightly shift into the cha cage to coordinate to adsorbed water in the hydrated samples.43 In 

this projection a characteristic can be applied for position (iii), as it’s the only site that has no 

direct connection to the 8mR windows, therefore, is not accessible in the windows but rather 

only from inside the pore, making it unique from the others. The number of protons per cage 

is heavily depending on the Si/Al ratio, which theoretically can adopt any value between 1 and 

infinity. With increasing Si/Al ratio, however, the number of acidic sites per pore and the hy-

drophilicy of the pore itself decreases, while the strength of the individual acid site in-

creases.192,193 Extra framework cations outside of protons, occupy slightly different position be-

cause they can coordinate to multiple O atoms194,195:  

(i) inside the d6r cage 

(ii) in front of the 6mR of the d6r cage inside the cha unit 

(iii) in front of the 8mR of the cha cage 

5.3.2. SAPO-34 

SAPOs (abbr. for silicoaluminophosphate) are a group of molecular sieves first discussed 

in the early 1980s. They are strongly connected to the AlPOs (aluminophosphate). The first 



Examples for Zeolites 

 

38 

 

ALPO structure was discovered by BRENT M. LOK and EDITH M. FLANIGEN in 1982 at the UN-

ION CARBIDE CORPORATION.196 With their defined structure, applications for catalysis, molecu-

lar sieving and adsorption were taken into consideration, even though the ALPO framework 

itself is neutral. By introducing silicon into the structure negative charges are created, which 

can be balanced out by protons, creating the ever so valuable acid sites for catalysis. This new 

class of materials was called SAPO and was first described in 1984 by the same group that 

performed the research on AlPOs.197 Both AlPOs and SAPOs sometimes adopt structure types 

analogous to zeolites, like CHA (SAPO-34), LEV (SAPO-35), FAU (SAPO-37), LTA (SAPO-42) 

and AEI (AlPO-18), AWW (AlPO-22), AFT (AlPO-52). However, they are occasionally SAPO 

and AlPO structure types, that are exclusive to the phosphates.197,198 The structural similarities 

between SAPOs/AlPOs and zeolite derive from the fact, that phosphorous forms PO4 tetrahe-

dra, analogous to the SiO4 and AlO4 tetrahedra found in the typical zeolite structure. The LOE-

WENSTEIN rule is not applied here, as the structures stem from the aluminophosphate, conclu-

sively Al-O-Al bondings can be found frequently. Unlike the Al-O-Si connections, which tend 

to hydrolyse irreversibly in the presence of water and high temperatures, the Al-O-Al only 

hydrolyse reversibly.199 In the following only SAPO-34 with its CHA structure will be dis-

cussed. The elemental composition of SAPO-34 can be described like this: 

Mw[SixAlyPzO2] ∙ vH2O 

with x = 0.01-0.98, y = 0.01-0.60, z = 0.01-0.52 and x + y + z = 1. With the high variety of 

possible chemical composition of SAPO-34 the number of extra framework cations (including 

protons) and adsorbed water in the hydrated form heavily depends on the amount of silicon 

implemented.200 Due to their identical structure type, H-SSZ-13 and H-SAPO-34 are often com-

pared with each other. The pore dimensions are essentially the same, with the SAPO-34 exhib-

iting a slightly larger unit cell volume of 2.1%201, while the accessible pore volume of SAPO-34 

is reduced by about 15% compared to SSZ-13191. With the same number of acid sites, SAPO-34 

possesses overall weaker acidic properties as IR measurements showed that the proton is 

bonded stronger in the SAPO reducing its acid strength. The proton (and the possible non-

proton cation) positions are the same for both the H-SSZ-13 and the H-SAPO-34.202 

Since the chabazite structure type is considered unique, a few specific applications are con-

sidered for SSZ-13 and SAPO-34. As both the zeolite and the silicoaluminophosphate resemble 
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one another in many of their properties, they frequently competing about the same applica-

tions, while in the end the demand on a slightly higher acidity or a better hydrothermal stabil-

ity can turn the scales on which type of chabazite to use. 

The automobile branch is one of the most financially profitable industry. One of the largest 

problem is the emission control and the elimination of environmentally harmful NOx exhaust 

gas components. The common three-way catalytic materials struggle to reduce NOx in engines 

with high air/fuel ratios, like diesel engines.203 A solution to completely eliminate nitrogen ox-

ide is the selective catalytic reduction of NOx with NH3 to form water and molecular nitrogen 

(NH3-SCR). This reaction can be performed with metal oxide or noble-metal catalysts, though, 

high cost, toxicity and unwieldy handling shifted the attention to metal-exchanged zeolites, as 

they promised cost-reduction and better material distribution.204 In this process Cu- and Fe-

exchanged chabazite structures emerged as the frontrunner, due to their unique pore sys-

tems.205–207 They both exhibit NOx conversions of over 99%, with Cu/SAPO-34 producing less 

of the unwanted by-product N2O compared to Cu/SSZ-13 at 250°C.203 Adding that to the fact, 

that Cu/SAPO-34 showed better hydrothermal stability at 900°C compared to its SSZ-13 coun-

terpart, its somewhat surprising that research on Cu/SAPO-34 for NH3-SCR is gradually de-

clining. The deactivation of Cu/SAPO 34 at low temperatures is its biggest drawback in the 

emerging cold-start exhaust gas conversion problems and the reason why Cu/SSZ-13 pre-

vailed as the chabazite material of choice for the NH3-SCR.208,209 Long-term stability is still a 

hurdle to overcome, but the outlook for another large-scale application of zeolite in exhaust 

gas catalysis is promising. 

As both SAPO-34 and SSZ-13 showed high affinities towards carbon dioxide due to their 

structure and extra framework cation positions, which differentiate them from other zeolite 

structures, adsorption and separation applications were taken into consideration.210 SSZ-13 

was determined as the preferred choice featuring CO2 adsorption and carbon capture211,212, 

with SAPO-34 being used as a membrane material to separate CO2 and CH4 and for hydrogen 

purification213,214. 

Two emerging reactions that use CHA type catalysts are the methylamine synthesis from 

methanol and ammonia and the methanol-to-olefins (MTO) reaction. Both will be discussed in 

the next chapter in detail. To summarize, in both reactions the small CHA windows and the 
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mild acidic sites of their protonated forms are the reason for improved selectivities of desired 

products. While in the methylamine synthesis H-SSZ-13 showed better results4,215, H-SAPO-34 

is the material of choice in the MTO reaction199,216.

6. Methylamine synthesis 

The methylamine synthesis is a vapour phase reaction that forms a variety of products from 

methanol and ammonia, including monomethylamine (MMA), dimethylamine (DMA), trime-

thylamine (TMA), water, dimethylether (DME) and more. 

MeOH + NH3  ⇌ MMA + DMA + TMA + H2O + DME + ⋯ 

This form of the methylamine synthesis is a cascade reaction, meaning that methanol and 

ammonia first react to MMA, which gets methylated by another methanol molecule to form 

DMA and, subsequently, TMA. Various side reactions occur, like disproportionation, DME 

and coke formation, making the influence of certain reaction parameters difficult to predict. 

The reaction rate increases in the following order: NH3 < MMA < DMA, in addition the ther-

modynamic parameters of each reaction step is given in the equations (1) - (3), showing that 

TMA is both the thermodynamically and kinetically favoured product. 

 ΔG0 (kcal/ mol)4 K at 400 °C6  

CH3OH + NH3           ⇌ CH3NH2 + H2O - 4.13 41.8 (1) 

CH3OH + CH3NH2    ⇌ (CH3)2NH  + H2O - 7.24 187 (2) 

CH3OH + (CH3)2NH  ⇌ (CH3)3N  + H2O - 8.39 324 (3) 

The first documented methylamine synthesis from CHARLES WURTZ is dated back to 1849 

through the hydrolysis of alkyl isocyanates217, while the first successful formation from meth-

anol and ammonia was set to 1884 in a batch reactor. The reaction was performed in the vapour 

phase in 1909 with an alumina catalyst. In the 1920s DuPont and Commercial Solvents Corpo-

ration both filed patents for their approach on the methylamine synthesis. Almost simultane-

ously they commercialized the process and set up industrial sized reactor plants.4 They used 

high pressures (10 to 50 bar) with dehydrating catalysts to increase the reactant contact times 

at temperatures between 350 and 500 °C. Today’s conversion is still performed with a catalyst 
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containing amorphous aluminium oxide or aluminosilicates but the pressures could be low-

ered to 2-3 MPa.218,219 Each of the three main products MMA, DMA and TMA serves different 

purposes as an intermediate product: 

(i) MMA is used in the synthesis of the pharmaceuticals ephedrine and theophylline, 

pesticides, surfactants, explosives and solvents (like N-methy-2-pyrrolidon and N-

methyl formamide)5,8,220 

(ii) DMA is used in the synthesis of fungicides, vulcanization accelerators, solvents, cat-

alysts, pharmaceuticals and rocket fuel4,5,220,221 

(iii) TMA is used in the synthesis of choline, ion exchange resins and dyes 5,8,220 

Their chemical properties are summarized in Table 3. 

Table 3. Summary of the formula, physical and chemical properties of monomethylamine, 

dimethylamine and trimethylamine8,222,223, as well DMA, MeOH, H2O and NH3.224,225 

name formula molecule size/ 

diameter [Å] 

CHA 

fit* 

MOR 

fit** 

molecular 

mass [g/mol] 

boiling 

point [°C] 

MMA 

 

3.7 x 3.9 x 4.4   31.06 -6.3 

DMA 

 

3.8 x 4.7 x 6.0   45.08 6.8 

TMA 

 

3.9 x 5.4 x 6.1   59.11 2.8 

DME 
 

2.9 x 4.7   46.06 -24.8 

MeOH 

 

3.6   32.04 65.0 

NH3 
 

2.9   17.03 -33.0 

H2O 
 

2.6   18.01 100.0 

* can the chemical compound fit through the 3.8 x 3.8 windows of the CHA structure  

** can the chemical compound fit through the 6.5 x 7.0  windows of the MOR structure  

 



Methylamine synthesis 

 

42 

 

With an overall worldwide production of more than 1.3 million metric tons, the methylamines 

belong the most important chemical intermediates.8 The present variant of the methylamine 

synthesis from methanol and ammonia yields between 35 – 75 wt% of TMA, depending on 

temperature, pressure, catalyst and nitrogen/carbon (N/C) ratio.226 However, demand of TMA 

is only about 20 wt%, additionally TMA forms a complex azeotropic mixture with water. DMA 

has the highest demand of the methylamine, so subsequent research to enrich the product 

mixtures with DMA have been performed.6,8 In the LEONARD process MMA and TMA gets 

reintroduced to the catalysts together with ammonia for dismutation and disproportiona-

tion.227 Other works focused on developing shape-selective catalyst materials. In commercial 

plants two catalyst systems are used consisting of an amorphous solid acid catalyst and a 

shape-selective zeolite catalyst.8 To further intensify the understanding of the process, the re-

action mechanism will be discussed in detail.  

For achieving high methanol conversion rates catalytic acid sites are needed. The catalysts 

have to withstand harsh reaction temperatures and pressures while providing long-term sta-

bility and the desired product composition. This descriptions fits zeolites well, therefore re-

search on a wide variety of porous, zeolite based catalysts has been performed, including 

framework structures of MOR (H-Mordenite), CHA (H-SAPO-34, H-SSZ-13), LEV (H-Levyne), 

MTF (H-MCM-35), AFX (H-SSZ-16, H-SAPO-56) and RHO (H-Rho).222 The reaction mecha-

nism is thereby depending whether the reaction is performed in a small-pore catalyst or in a 

large-pore catalyst, see Figure 6. 

(i) For small-pore catalysts, like H-CHA, a LANGMUIR-HINSHELWOOD mechanism is 

proposed by ILAO et al.6,215, see Figure 6a). The CHA framework has a small window 

with a diameter of just 3.8 Å, while the pore diameter stands at 7.4 Å. They meas-

ured the simultaneous adsorption of methanol and ammonia via infrared spectros-

copy. CHA type catalysts produce unusually low amounts of TMA. This can be re-

lated to the fact that the large TMA molecules are not fitting through the pore win-

dow, see Table 3. It is further stated that TMA is not formed at all, because the tran-

sition state of DMA together with methanol to produce TMA cannot be established, 

because it’s too big to fit in the CHA cage. Subsequently, it is concluded that for the 

reaction in the CHA cage both reactants have to adsorb to the surface because every 

transition state for the formation of MMA and DMA if only one reactant is adsorbed 



Methylamine synthesis 

 

43 

 

(ELEY-RIDEAL mechanism) is too large for the cages. When both reactants adsorb 

to acidic sites of the zeolite enough space is saved to perform the reaction and for-

mation of the transition states necessary for the production of MMA and DMA 

(TMA transition state still does not fit inside the pores, essentially stopping methyl-

ation at the DMA). In this LANGMUIR-HINSHELWOOD mechanism the surface-bound 

methanol is attacked by the surface-bound ammonia in an intramolecular SN2 reac-

tion. After splitting of water, the resulted MMA can either diffuse out of the pore or 

perform the same reaction path instead of ammonia to yield DMA. 

However, carbon residues in other reactions with CHA-type catalysts show that 

even larger benzene derivates fit inside the CHA cages.228 Therefore, it can be stated 

that the absence of TMA in the CHA pores is not only due to space restrictions but 

influenced by other pore characteristics as well.  

(ii) For medium- and large-pore zeolite catalysts a ELEY-RIDEAL mechanism was first 

proposed by FETTING et al. for the ZK-5 zeolite229, see Figure 6b). The ELEY-RIDEAL 

is energetically favoured compared to the LANGMUIR-HINSHELWOOD mechanism 

(when there are no steric restrictions) as only one reactant has to bind to the surface 

and they do not have to rely on adjacent adsorption sites. Ammonia is preferably 

adsorbed over water or methanol.230 The methanol has to be protonated to improve 

its dehydration properties, thus it is forming its oxonium ion by either attack the 

adsorbed ammonium cation or any acidic surface site. The adsorbed ammonia now 

can perform a SN2 attack to form the transition state and split off water to produce 

MMA. The reaction path is repeated not with ammonia but with either MMA or 

DMA to form DMA or TMA, respectively.  
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Figure 6. Visualized reaction mechanism of methylamine synthesis for a) small-pore zeo-

lites after LANGMUIR-HINSHELWOOD and b) large-pore zeolite after ELEY-RIDEAL modelled af-

ter proposals of ILAO et al.6 and FETTING et al.229. 

An exemplary product composition of the methylamine synthesis with H-CHA and 

H-MOR catalyst can be found in Table 4. It shows that the CHA effectively excluded TMA 

from the product mixtures by its shape selective pore system, while the DME selectivity is low 

as well, resulting in an almost 1:1 mixture of MMA and DMA and a methanol conversion rate 

of 90%.  

Table 4. Typical product composition of the methylamine synthesis from methanol and am-

monia at 340 °C, 2.8 kPa, N/C ratio of 2 with an acidic small-pore catalyst (H-CHA) and an 

acidic large-pore catalyst (H-MOR) from6,222. 

catalyst pore size [Å] 
methanol 

conversion [%] 

selectivity [%] 

MMA DMA TMA DME 

H-CHA 3.8 x 3.8 89 46 49 4 1 

H-MOR 6.5 x 7.0 68 36 23 34 7 

 

While the CHA type zeolite H-SSZ-13 performs excellently in the methylamine synthesis, 

its silicoaluminophosphate counterpart H-SAPO-34 showed poor results. H-SAPO-34 exhibits 

high DME selectivities, due to its lower acidity compared to H-SSZ-13 because the SAPO is 

not able to properly stabilize the methylammonium ions. Furthermore, a larger amount of 

H-SAPO-34 catalysts is needed due to the smaller acid site density, making H-SSZ-13 the su-

perior CHA catalyst for the methylamine synthesis.222 
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H-MOR, on the other hand, has lower conversion rates and almost equal ratios of MMA, 

DMA and TMA, with the desired DMA exhibiting the lowest yield. However, H-MOR is usu-

ally the catalyst of choice for the commercialized methylamine synthesis. This development is 

based on the observation that H-MOR can withstand the harsh conditions and upheld a stable 

product composition longer then the H-CHA. Therefore, it was used in the NITTO process, the 

first commercial methylamine plant based on shape-selective zeolite catalyst at the NITTO 

CHEMICAL INDUSTRY COMPANY in Japan in 1990.231 To improve the selectivity towards DMA 

and to tune the product composition of H-MOR, post synthesis treatment (like silylation) is 

applied to narrow the channel sizes of the mordenite, thus trying to suppress the formation of 

TMA.8 

The methylamine synthesis catalysts are benefiting from the fact that there are many factors 

and reaction parameters to change that influence the product composition. Thus, the reaction 

can be tailored to the achieve the desired product mixture. For future applications, CHA based 

catalysts have to improve its long-term stability, while MOR catalysts are required to narrow 

down their pore diameters to inhibit the TMA formation.

7. Methanol-to-olefins 

The methanol-to-olefins (MTO) is regarded as one of the fundamental reactions in C1 chem-

istry, with the possibility for the widespread production of small olefins, like ethene and pro-

pene, from just methanol. Compared to the methylamine synthesis, which has its origin over 

100 years ago, the methanol-to-olefins (MTO) reaction is a fairly new process.11 It was first 

introduced by CLARENCE CHANG and ANTHONY SILVESTRI at MOBIL OIL COMPANY in 1977.232 

The MTO reaction is a subtype of a variety of reactions, which can be summarized under the 

term Methanol-to-Hydrocarbons (MTH). Based on the type of catalyst and the reaction param-

eters like pressure, temperature, gas flow and more, methanol can be converted to either small 

olefins (MTO), to aromatics (methanol-to-aromatics, MTA) or to fuel components with low 

octane numbers (methanol-to-gasoline, MTG). The MTH reaction type was discovered by ac-

cident at MOBIL OIL COMPANY in the early 1970s, as they originally tried to convert methanol 

to oxygen-based organic chemicals with an acidic zeolite catalyst, but received large quantities 

of hydrocarbons. In the following years the MTO reaction gathered the most interest as it 

promised an alternative way to the extraordinary valuable light olefins ethene (production per 
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annum: 150 million metric tons) and propene (production per annum: 80 million metric tons). 

However, the majority is still produced in a top-down reaction, via steam cracking. With de-

pleting crude oil reserves, alternative formation reactions gained attention. In the MTO reac-

tion the same olefins are getting produced via a bottom-up principle from synthesis gas (first 

a conversion to methanol is required, rivalling the FISCHER-TROPSCH synthesis) or from meth-

anol of biomass. Today, many petrochemistral companies operate MTH plants, ExxonMobil 

applied an H-ZSM-5 zeolite catalyst, while UOP/Hydro uses the silicoaluminophosphate H-

SAPO-34. Especially in China, research and commercialization of the MTO process has been 

promoted, resulting in the first coal-to-olefin plant in 2010.9,11,233 

The MTO reaction equation can be formulated as followed: 

MeOH ⇌ C2H4 + C3H6 +  CH4 + DME + H2O + ⋯ 

The reaction is usually performed at temperatures between 300 – 500 °C and moderate pres-

sures, over an acidic zeolite-based catalyst. The reaction mechanism is complex, has attracted 

much research effort and certain parts, like the formation of the first C-C bond, are still subject 

of uncertainty.234 It is generally accepted that methanol initially builds up an equilibrium mix-

ture of methanol, dimethylether and water at the acidic sites of the catalyst. For the formation 

of the first C-C bond over 20 different mechanisms have been proposed, however, they are 

often implausible due to high energy requirements and lack experimental back up. Research 

showed that the importance of this first formation is negligible in steady-state conversion, so 

its solving is not needed in large-scale operation.235 The MTO reaction is labelled as an auto-

catalytic reaction, indicating that the products itself catalyse the reaction. However, these 

products are not the small olefins, there are compounds summarized under the often depre-

catingly used term, “coke”. In this case, coke can either describe carbonaceous residues inside 

the pores (inner coke) or on the outside of the catalyst particles (outer coke). For better under-

standing the hydrocarbon pool (HCP) mechanism was described by DAHL and KOLBOE in 1993 

and was later extended, see Figure 7.236,237  
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Figure 7. Original hydrocarbon pool (HCP) mechanism after DAHL and KOLBOE, recreated 

from238. 

It was used to simplify that all of methanol, ethene, propene, butene, saturated hydrocar-

bons and aromatics contribute to a catalytic species not further specified as (CH2)n. From that 

point on, it was concluded that the first steps in the MTO reaction was the formation of 

(polymethyl-)benzenes.239 Further studies of the coke residues from inside the catalyst pores 

confirmed the presence of methylated benzenes and HAW et al. later summarized the discov-

eries regarding the small olefin formation mechanism.240,241 Todays understanding on the MTO 

reaction is that the most important step in the “initial phase” of the reaction is the formation 

of methylated benzenes from compounds in the HCP with help of the acidic sites of the cata-

lyst. The higher methylated benzenes (penta- and hexamethyl benzenes) are able to split off 

small olefins (ethene and propene) to form lower methylated benzenes (mono-, di- and trime-

thyl benzenes). Through re-methylation via dimethylether or methanol, the benzenes are again 

converted to the higher methylated variant, repeating the process (working phase). In the mid-

2000s a dual-cycle concept was proposed that added the possibility of a propene formation 

trough consecutive cracking and disproportionation of higher alkenes.242 Since then the possi-

bility of splitting the propene cracking mechanism and the ethene mechanism and run them 

separately on certain zeolite catalysts has been an intruding option. 
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Figure 8. Dual-cycle mechanism of propene formation by higher alkene cracking (left) and 

ethene formation by re- and de-methylation of benzenes ring systems (right) by SVELLE et al., 

recreated from238. 

A problem the MTO suffers heavily under is the deactivation due to extensive coke for-

mation. With increasing time on stream and continuous re- and de-methylation of the benzene 

rings, possible side reactions can occur. This includes the formation of larger aromatics like 

methylated naphthalenes. Naphthalenes are still able to get methylated and to selectively pro-

duce the small olefins, however, their reactivity and conversion rate is severely reduced com-

pared to the benzenes derivates.243 Furthermore, the naphthalene’s increased space require-

ments hinders diffusion, blocks pore windows and acidic sites. The space restrictions due to 

the larger 2-ring aromatic are the reason propylene formation gets gradually supressed, as 

they simply have not enough space inside the pore to form. A typical MTO product composi-

tion has its ethene selectivity increased over time due to the formation of larger carbonaceous 

residues inside the pore over time.244 Eventually, the methylated naphthalenes turn to phen-

antrenes (3-ring aromatics) and, ultimately, pyrenes (4-ring aromatics). In the case of H-SAPO-

34, the most prevalent MTO catalyst, pyrenes are the largest possible aromatics, which possi-

bly fit inside the CHA cage and effectively blocking the whole pore, resulting in catalyst deac-

tivation (deactivation phase).245  

In conclusion, the aromatics (inner coke) formed inside the catalyst pores are both benefi-

cial, as they work as catalysts and enhance selectivities over time, and destructive, as they 

massively hinder mass transport and methanol conversion when they grow too large. To pre-

vent catalyst coking or the formation of larger aromatics, while improving the longevity of the 
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methylated benzene species the addition of hydrogen or steam to the methanol feed was suc-

cessfully tested.246  

In commercialized MTO plants, fluidized bed reactors are partially used. Besides the afore-

mentioned deactivation through coking, attrition becomes an additional concern.11 In the other 

type of utilized reactor, the packed-bed reactor, an additional phenomena is occurring, known 

as the “Cigar Burn” mechanism, proposed by JAMES HAW and DAVID MARCUS in 2005.247 The 

methanol conversion in packed-bed catalyst reactors is so high, that methanol immediately 

reacts when reaching to catalyst. Therefore, the reaction is performed in the first layer of SAPO 

particles in the catalyst bed until the first particles completely deactivate. The methanol then 

repeats the same procedure in the next layer of catalyst particles. This is in accordance with 

the formation of outer coke at the outside of the catalyst particles, which change their colour 

depending on the reaction phase: an H-SAPO-34 catalyst particles is white before the reaction. 

In the working phase the particle acquires a light yellow tone and turns brown in the transition 

to the deactivation phase. When the catalyst is deactivated, it has turned completely black. In-

situ observations of this colour pattern in the MTO reaction, show similarities to a cigar burn-

ing down after ignition at the top. 

Since the MTO reaction is a fairly new procedure, advancements are still made consistently. 

As the catalyst, H-SAPO-34 prevailed, as its CHA structure with a pore window diameter of 

3.8 Å prevents diffusion from olefins larger than propylene and combines it with an acidity, 

that’s lower than its zeolite variants, which is beneficial in the first reaction step with the for-

mation of DME and H2O. The main focus on improving the process lays on postponing the 

point of deactivation through coking, catalyst reactivation, new synthesis methods, improved 

catalyst properties and post-synthesis functionalizations.11,199,248,249 Since in nearly every reac-

tion step water is produced as a side product, in situ water removal is an intruding possibility.

8. Photocatalytic water splitting 

The demand for hydrogen will be rising for the foreseeable future, as the replacement of 

fossil fuel is inevitable due to their depleting available deposits. Even today the majority of the 

energy demand is covered with fossil fuels, but the urge for alternative energy carriers is in-

tensifying. Hydrogen is an intruding option as it offers high energy conversion efficiencies, 
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abundance, green production and conversion reactions and a variety of storage and transport 

possibilities.250 However, especially the hydrogen formation reactions often times lack effi-

ciency, hence, almost 90% of hydrogen production is still based on fossil fuel conversion. The 

most environmentally friendly method is the water splitting to hydrogen and oxygen, which 

only makes up around 5% of the total worldwide hydrogen production. Water splitting can 

either performed via electrolysis or skipping the step of electricity production and directly 

using (visible) light in photocatalysis.251 The first demonstration of electrochemical photolysis 

of water was performed by AKIRA FUJISHIMA and KENICHI HONDA in their ground-breaking 

experiments in 1972 on a semiconducting TiO2 electrode.252 The reaction equations with a cell 

consisting of a TiO2 (anode) and a platinum black electrode (cathode) are as follows: 

excitation TiO2 + 2 ℎ𝑣 → 2 e− + 2 p+                (4) 

anode 2 p+ + H2O →
1

2
 O2 + 2 H+                (5) 

cathode 2 e− + 2 H+ → H2                                 (6) 

overall H2O + 2 ℎ𝑣 →
1

2
 𝑂2 + 2 𝐻+                (7) 

The first step is the excitation of electrons in the n-type semiconductor TiO2 through the 

bandgap of 3.2 eV which equals a wavelength of around 380 nm and the subsequent formation 

of holes in the valence band. Usually, the electron-hole pair immediately recombines, by using 

sacrificial agents and noble metals as cocatalysts, though, electron-hole formation can be par-

tially trapped and the electrons are carried to the cathode generating an electric current. At the 

anode water is decomposed into oxygen and protons, with the protons generate gaseous hy-

drogen at the cathode.14 The actual mechanism is much more complex and includes radical 

involvement.  

To perform the water splitting, a potential lower than the H+ reduction potential of 0 V vs 

NHE at pH = 0, at the bottom of the conduction band (where the electrons are located) and a 

potential higher than the H2O to O2 oxidation (1.23 V vs NHE at pH = 0) at the top of the 

valence band (where the holes are located) are required. The ideal water splitting photocatalyst 

should possess a band gap larger than the needed 1.23 eV to include the whole redox potential 

of water. Unfortunately, at the same time the band gap should be kept as small as possible, as 

basic TiO2 catalysts need ultraviolet light, to improve the absorption of as much visible light 

instead as possible. To adjust the performance of semiconductors, the delay of the recombina-

tion and efficiency of charge carrier transport to the surface, as well as the reaction rate of the 
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charges with surface adsorbed molecules are the most important research topics. Crystal struc-

ture and size, crystallinity, surface structure and area, as well as the type of cocatalysts all have 

influence on the photocatalytic performance of TiO2.15  

The choice of the cocatalyst is prioritised in recent research as it provides a straightforward 

option to influence to omnipresent TiO2 catalyst. The most promising results were shown with 

noble metals such as silver and gold. However, based on their high cost, alternative materials 

like copper are moved into focus. Copper offers similar benefits as gold and silver, as it is able 

to trap the electron and therefore providing an improved electron-hole separation, but the 

most active species Cu0 tend to oxidise to the less active Cu2+, thus, stabilizing capping agents 

(e.g. carbon-based materials) where tested to improve the longevity of Cu0.253 

While only the hydrogen production is really necessary, with the abundancy of oxygen, 

ideas shifted to use the holes in the TiO2 after excitation not for the formation of oxygen but 

for the degradation of organic molecules. Based on this, dual-functional hydrogen producing 

and organic chemical removing reactors from waste water are in the realm of possibility.254 

While those organic molecules sometimes possess strong carbon-halogen bonds, which makes 

them not only environmentally worrisome but also stable, aggressive methods for their de-

composition are required. In the case of the photocatalysis, these are the highly reactive holes 

in the valence band or radicals, which are formed at otherwise mild reaction conditions. In this 

specific application zeolites have again found their way into usage in form of hybrid composite 

materials with TiO2. They offer additional acidic catalyst sites and unique pore structures to 

improve the adsorption capacity of organic molecules and separation of electric carriers to 

improve the photocatalytic performance. However, the zeolite-based photocatalysts are still 

in the early stages of development with only a basic understanding of the degradation mech-

anisms at the aluminosilicates.255 
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9. Measurement setup and membrane separation 

principle 

Figure 9 describes the for this work used membrane reactor and permeation setups. 

 

Figure 9. Scheme of the (left) used tubular membrane reactor for the membrane supported 

MTO and methylamine synthesises and (right) the used modified Wicke-Kallenbach setup. 

9.1. Membrane separation 

The performance of membranes in separation experiments can be determined via a few 

presentations, the ROBESON plot is one of them. First introduced by LLOYD M. ROBESON in 1991, 

it originally described the correlation between the selectivity α and the permeance P or the 

permeability PE of polymer membranes for He/N2 separation, but can be created for every 

membrane material and gas mixture.  In separation experiments, a mixture of compounds 

(feed) is led to the membrane, where it partially diffuses through the membrane. The compo-

nents, which get withhold are called the retentate, while everything diffusing through the 

membrane is labelled permeate. On the permeate side often times a sweep gas is applied to 

guide the gas mixture away from the membrane to the respective measurement system. How-

ever, the sweep gas can influence the permeation through the membrane in two ways: 

(i) A beneficial way: by carrying away the permeated gas it prevents accumulation on 

the permeate side and maintains a steep gradient-driven diffusion, either induced 
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by the concentration gradient after the FICK model or by the chemical potential gra-

dient after the MAXWELL-STEFAN model.256 

(ii) An adverse way: by promoting counter-diffusion effects from the permeate back to 

the original retentate side and, thus, affect the sensitive permeation results. 

 To calculate the most important factors in gas separation, the permeance, the flux J (amount 

of permeated gas n divided by the membrane area A and the time t) is divided by the pressure 

differences between retentate and permeate side. For the permeability, the thickness of the 

membrane d is taken into account, see equations (8)-(10).  

𝐽 =
𝑛

𝑡 ∙ 𝐴
      (8)               𝑃 =  

𝑛

𝑡 ∙ 𝐴 ∙  ∆𝑝
        (9)           𝑃𝐸 =  

𝑛 ∙ 𝑑

𝑡 ∙ 𝐴 ∙  ∆𝑝
       (10)         

The selectivity or separation factor α is an indicator of how well the membrane separates 

gases of a binary mixture with the components a and b, as it shows the molar ratios of the 

respective gas of the permeate and of the retentate, see equation (11). 

𝛼 =  
𝑛a,permeate/ 𝑛b,permeate

𝑛a,retentate/ 𝑛b,retentate
        (11) 

 In the aforementioned ROBESON plot the permeability of one component from a binary 

mixture is shown against the separation factor. From the plot, the observation is derived that 

the higher the permeability is, the lower the separation factor gets. The plot gets constantly 

revised and offers a benchmark for state-of-the-art membrane technologies.257 

To measure the ideal surface diffusion values of CO2 at activated carbon, WICKE and KAL-

LENBACH created the eponymous setup in 1941. It required isobaric conditions while applying 

a binary gas mixture of N2/CO2 as the feed and a N2 stream on the permeate side to transport 

permeated CO2 away.258 The general setup is still used today for permeation measurements, 

but is usually labelled a modified WICKE-KALLENBACH setup by applying pressure on the feed 

side to create another gradient that further promotes permeation besides the concer-

tation/chemical potential.259 

The diffusion mechanism is heavily depending on the membrane material and the feed gas 

components. Generally, it can be stated that the permeation follows an adsorption-diffusion-

desorption mechanism260: 
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(i) adsorption to the membrane surface on the retentate side 

(ii) surface diffusion on the membrane to the pore 

(iii) diffusion through the pore system 

(iv) diffusion to the membrane surface on the permeate side 

(v) desorption from the membrane surface 

Only in pure molecular sieving no adsorption occurs and influences the permeation, how-

ever, these systems are rarely relevant. The interaction between adsorption and diffusion de-

termines the separation quality of the membrane material, but already in binary mixtures cal-

culations to predict the permeation behaviour get exceedingly difficult due to the increasing 

numbers of interactions between the components itself and the membrane. Calculating live 

reaction composition in our examined catalytic membrane reactors is nearly impossible be-

cause of the large number of intermediates and components. 

The diffusion itself is determined by the membrane material and its interactions with the 

gaseous components. There are five main mechanisms: 

(i) KNUDSEN diffusion. In most mesoporous materials 

KNUDSEN diffusion is the main mechanism, as it oc-

curs when the mean free path in BROWNIAN motion 

is larger than the pore diameter. Conclusively, the 

molecules rather collide with the pore walls than 

with each other. The shape of the porous system 

plays a significant role in KNUDSEN diffusion, the 

KNUDSEN diffusion factor is thereby in inverse pro-

portion to the square root of the components molec-

ular weight.261 

(ii) Surface diffusion. If one component is strongly ad-

sorbed to the pore surface, surface diffusion can im-

prove the permeance of the respective molecule. It 

is depending mostly on the potential gradient and 

especially relevant at lower temperatures as adsorp-

tion strength is at its highest.262 

Figure 10. Schematic over-

view of diffusion mechanism 

through membranes. 
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(iii) Capillary condensation. Specific occurrence when monolayer adsorption is sur-

passed in the membrane pores and the molecules are separated from the gas phase 

to dissolve as the condensate, which impedes diffusion.263  

(iv) Molecular sieving. Excluding molecules purely based on their size rarely occurs, 

since adsorption effects and molecule interactions almost always are observed in 

addition.264 

(v) Solution diffusion. Is important solely in dense membranes without real pore sys-

tems, where the compounds have to dissolve in the membrane.265 Examples are the 

selective diffusion of hydrogen through dense Pd membranes and the diffusion 

through polymers.98,266 

The real diffusion in specific membrane systems is presumably a combination of several 

diffusion mechanisms.  

9.2. Quantities in catalysis 

In catalysis, there are three terms to describe the quality of the reaction: 

(i) Conversion (X) is the ratio of the converted reactant r to 

the originally provided reactant (equation (12)). 

(ii) Selectivity (S) is the ratio of a specific formed 

product p in relation to all of the converted reac-

tant under consideration of the stoichiometric 

coefficients ν (equation (13)). 

(iii) Yield (Y) is the ratio of a specific formed product in 

relation to the amount of originally provided reac-

tant under consideration stoichiometric coefficients 

ν (equation (14)). 

To describe the correlation in heterogeneous catalysis between amount of catalyst needed 

for a specific reactant flow, the weight hourly space velocity (WHSV), which is defined as the 

weight of a specific feed component per catalyst weight per hour. It gives a value for how 

much catalyst is needed to give similar results. An example in this work is that certain reac-

tions require a large amount of acidic sites. The H-SAPO-34 has less acidic sites than its 
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isostructural counterpart H-SSZ-13. Therefore, in some reactions, more H-SAPO-34 is needed 

to provide the same number of catalytic sites, resulting in a lower WHSV value. The inverse 

of the WHSV is the contact time, which evaluates how much time the reactant spends in con-

tact with the catalyst. Controlling the contact times can provide changes in the reaction out-

come.267 

In heterogeneous catalysis, there are two main reaction/adsorption mechanism: LANGMUIR-

HINSHELWOOD and ELEY-RIDEAL:268 

(i) LANGMUIR-HINSHELWOOD: Aad + Bad → P  

This reaction mechanism requires two adsorption sites for both reactants to adsorb 

to the catalyst surface. Through surface diffusion they are brought into contact, as 

they occupy two adjacent sites. 

(ii) ELEY-RIDEAL: Aad + Bgas → P 

In this mechanism only one of the reactants needs to adsorb to the surface, the other 

reactant is able to react with the bonded component from the gas phase. However, 

ELEY-RIDEAL transition states are generally bulkier than their LANGMUIR-HINSHEL-

WOOD counterparts.  

It is generally accepted that most heterogeneous catalytic reactions are performed after the 

LANGMUIR-HINSHELWOOD mechanism. Only a few reactions in specific circumstances use the 

ELEY-RIDEAL mechanism, for example when catalysts lack a high number of adjacent catalytic 

sites.229 Interestingly enough, even though the LANGMUIR-HINSHELWOOD mechanism is the 

usually preferred one, it has a higher energy barrier to overcome. As two reactants are ad-

sorbed, the reactant-catalyst bond strength is initially higher for the LANGMUIR-HINSHELWOOD 

mechanism compared for the same system in the ELEY-RIDEAL mechanism. In the oxidation of 

CO on a Pt catalyst, it was shown that CO preferred the adsorption on the catalyst surface over 

entering the ELEY-RIDEAL transition state. Therefore, after the CO adsorption, there is no fur-

ther opportunity for attempting the ELEY-RIDEAL mechanism, as the desorption energy is 

higher than the energy barrier for the LANGMUIR-HINSHELWOOD reaction.269 This principle can 

be applied on various heterogeneous catalytic reaction.
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10.  Published results 

10.1.  Methanol-to-Olefins in a Membrane Reactor 

with in Situ Steam Removal – The Decisive Role 

of Coking 

The original idea of this publication was to apply the idea of a water removing zeolite mem-

brane in a heterogeneous catalytic reaction besides the already established FISCHER-TROPSCH 

synthesis. However, vastly different reaction parameters and problems of the MTO reaction 

made the outcome difficult to predict. It was originally predicted that the water removal may 

improve the stability of the used catalyst H-SAPO-34, as it is vulnerable to hydrothermal dam-

aging. On the other hand, it was feared that the addition of the zeolite membrane led to a 

further aggravation of the coking problems the MTO reaction possesses, as normally water is 

even added to the feed, because it slows down the coking of the catalyst bed. The experiments 

were performed based on an idea of Prof. Dr. Jürgen Caro and were part of the later mentioned 

DFG project. 

In this study, my part was conducting the MTO catalysis experiments, as well as perform-

ing XRD and SEM measurements. Furthermore, I carried out most of the measurement analy-

sis of GC, GC-MS, XRD, SEM and TG/DTA and wrote the majority of the manuscript. The 

necessary zeolite, in this study zeolite A or LTA, membranes were provided by the Fraunhofer 

Institute for Ceramic Technologies and Systems led by Dr. Hannes Richter. 

  



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

58 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

59 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

60 

 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

61 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

62 

 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

63 

 

 

  



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

64 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

65 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

66 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

67 

 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

68 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

69 

 

 



Methanol-to-Olefins in a Membrane Reactor with in Situ Steam Removal … 

 

70 

 

 

 



Boosting Dimethylamine Formation Selectivity in a Membrane Reactor … 

 

71 

 

10.2. Boosting Dimethylamine Formation Selectivity 

in a Membrane Reactor by In Situ Water Removal 

Based on the success and the surprising results of the application of the LTA membrane on 

the MTO reaction, the next step was to expand the concept to another reaction, in which water 

removal may play a beneficial role. Based on the input by Prof. Dr. Jürgen Caro and Dr. Alex-

ander Mundstock, the water removing membrane reactors with an Na-LTA membrane were 

tested in the methylamine synthesis. Compared to the MTO reaction, which is a fairly new 

reaction, the methylamine synthesis is an established procedure to provide the base chemicals 

MMA, DMA and TMA. However, much work has been done on optimizing the catalysts, but 

influencing the equilibrium by in situ water removal was not successfully conducted until 

now.  Since coking problems are not as severe, the expectation of the reactions was that the 

water extraction will influence the product composition of the methylamine synthesis. This 

was first tested on two different pore-sized catalysts: H-SAPO-34 and H-MOR. It was shown 

that the water removal increased the share of higher methylated amines, but this trend was 

stopped in H-SAPO-34 due to size exclusion of the TMA. However, larger amount of the by-

product DME were observed. To optimize the choice of the catalyst, the experiments were 

repeated with H-SSZ-13, which is isostructural to H-SAPO-34. In this work, my part was again 

conducting the synthesis experiments and interpreting all the results to form and write a co-

hesive study. 

 

Reprinted with permission from Rieck genannt Best, F.; Mundstock, A.; Kißling, P. A.; 

Richter, H.; Hindricks, K. D. J.; Huang, A.; Behrens, P.; Caro, J. Boosting Dimethylamine For-

mation Selectivity in a Membrane Reactor by In Situ Water Removal. Ind. Eng. Chem. Res. 2021. 

https://doi.org/10.1021/acs.iecr.1c04149. Copyright 2021 American Chemical Society. 
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10.3. Controlled methylamine synthesis in a mem-

brane reactor featuring a highly steam selective 

K+-LTA membrane 

While the results of the previous study were promising, as the DMA and TMA selectivities 

could be influenced by the water extraction through the LTA membrane, one finding was still 

bothersome. The water removal did not enhance the methanol conversion rate, as LE CHATE-

LIER’s principle would have predicted. This was presumably based on the observation that the 

Na-LTA membrane lacked a sufficient separation selectivities of water with the reactant meth-

anol and ammonia, respectively. To bypass this upcoming problem, we decided based on my 

idea and previous work done on the topic in Prof. Dr. Jürgen Caro research group, to perform 

a post synthesis ion exchange with the Na-LTA membrane to receive a dense K-LTA mem-

brane. The ion exchange should narrow down the pore windows of the zeolite membrane, 

resulting in enhanced water/methanol and water/ammonia selectivities and improving the 

methanol conversion rate, while further optimizing the concept of water removal through ze-

olite membrane support in the methylamine synthesis. 

In this study, my part was performing the ion exchange experiments to receive the K-LTA 

membrane and testing this membrane in the methylamine synthesis. I, furthermore, conducted 

the difficult high temperature single- and mixed-gas permeation experiments to evaluate the 

membranes’ performances. 
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10.4. Bridging the interface between Metallic Copper 

and TiO2 via B/N-graphene for enhanced Photo-

catalytic H2 Production and 2-Chlorophenol Deg-

radation: A DFT, experimental and mechanistic 

investigation 

Since the discovery of its photochemical properties, TiO2 has drawn considerable attention 

due to the vide variety of possible applications it might offer. One thoroughly researched topic 

is the photocatalytic water splitting to produce hydrogen and cover its ever increasing de-

mand. However, a wide spread application was not achieved until now, mostly due to the 

catalyst’s poor efficiency and lacking stability. Similar to the previous studies, where dual-

functional production/separation reactors were investigated, we decided to apply a similar 

concept in the photocatalytic research area. Here the production part was taken by the hydro-

gen production, while the resulting highly reactive surface species could be used to simulta-

neously reduce the otherwise stable pollutant 2-chlorophenol, resulting in a dual-functional 

production/degradation system. The addition of copper and doped graphene to the TiO2 par-

ticles were considered to enhance stabilities and conversion rates, while the dual-functional 

system should add a novelty to further improve the chances of TiO2-based photochemical re-

action to find application outside of pilot plants. The idea to this study and large parts of its 

realization was from Dr. Lucy Ombaka, while my part was to provide aid to develop a sus-

tainable and repeatable synthesis route towards the B/N-doped graphene/Cu/TiO2 composite 

particles and in the end to revise the manuscript for a successful publication. 
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11.  Summary 

The interdisciplinary work of chemistry and engineering go hand in hand in the design and 

realisation of complex chemical reactor systems. In the present work, the opportunities and 

different possibilities porous materials still are able to offer, even after decades of intense re-

search, were highlighted. On the one hand, the application of an Na-LTA membrane was 

tested as an addition to the methylamine synthesis from methanol and ammonia. Na-LTA is 

known for their highly hydrophilic pores and was therefore already tested in a widespread 

number of reactions to in situ remove water from the reaction environment either in gas per-

meation or in pervaporation. With a rigid pore diameter of 4.1 Å it is able to selectively sepa-

rate water from the other by-products of the methylamine synthesis. The methylamine syn-

thesis itself is a cascade reaction, signifying that methanol can either react with ammonia to 

form monomethylamine (MMA) or with the MMA to produce dimethylamine (DMA) and 

consequently trimethylamine (TMA). TMA is thereby the kinetically and thermodynamically 

preferred product, but its demand is limited, as DMA is the most industrially desired product. 

The aim of the combination of the water extraction Na-LTA membrane and the methylamine 

synthesis in a tube reactor was to alter the product composition to achieve more concentrated 

mixtures. The water removal intensified the methylation rate, as each methylation step from 

MMA to DMA and to TMA produces water as the by-product. With the H-MOR zeolite cata-

lysts used, the TMA selectivity was increased from 35% with membrane support to 39% with 

the Na-LTA membrane at 350 °C at the expense of less MMA in the product mixture. However, 

since the goal was to achieve higher quantities of DMA, other catalysts were tested. Alumino-

silicates with the CHA structure type are destined for their application as a catalyst in the 

methylamine synthesis, as the provide pore windows with a diameter of 3.8 Å. This effectively 

traps any produced TMA inside the pores, which can disproportionate into the smaller amines. 

Previous research indicate that it is most likely, that TMA cannot be formed at all since the 

CHA pores do not allow the formation of the required transition states due to steric limitations. 

By excluding TMA from the product mixture, the increased methylation rate due to the in situ 

water removal essentially stopped at the DMA, in the case of a H-SAPO-34 catalyst the share 

of DMA could be massively increased from 39% without membrane support to 56% with mem-

brane support, while the selectivity towards MMA decreased from 39% to 15% due to the ad-

dition of the Na-LTA membrane. However, the H-SAPO-34 catalyst in methylamine synthesis 
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suffers from large amounts of dimethylether (DME) production as an unwanted by-product, 

which increased even more with the water removing Na-LTA membrane. To solve this issue, 

the isostructural zeolite equivalent H-SSZ-13 was tested as the catalyst. It equally supressed 

the TMA formation but also provided a higher acid site strength, which led to a negligible 

production of DME. H-SSZ-13 benefited from the water extraction similarly to H-SAPO-34 as 

the DMA share in the product mixture was improved from 51% to 71% with the addition of 

the steam removal Na-LTA membrane, while MMA went down from 40% to 19%. The me-

thylamine synthesis with a H-SSZ-13 catalyst therefore provided an unmatched concentration 

of DMA in the product composition. To understand why the CHA type catalysts profited from 

the water extraction to a larger extend compared to H-MOR, IR experiments and comparisons 

with thermodynamic and adsorption isotherm data from literature were conducted.270 It could 

be shown that water was preferably adsorbed at the acid site of the zeolite catalysts over meth-

anol. In the small-pore catalysts of the CHA type, this results in blocking of important catalytic 

sites and diffusion paths. In the large-pore H-MOR catalyst the channels are so wide that meth-

anol and the product still can move past adsorbed water. This led to the conclusion, that the 

in situ removal of water with the CHA catalysts not only influenced the equilibrium shift of 

the methylation steps, but also provided relief by removing it from blocked acid sites and pore 

channels, leading to the observation that the DMA selectivity could be massively improved. 

However, it was also expected that the methanol conversion rate would increase due to the 

water extraction, but the results showed a steady conversion for both the system with and 

without Na-LTA membrane supports. Additionally, performed H2O/NH3 and H2O/MeOH gas 

separation experiments highlighted that the Na-LTA lacked the necessary selectivity to sepa-

rate water from ammonia and methanol effectively. This resulted in an unintentional slip of 

ammonia and methanol through the membrane and therefore, higher amounts of unreacted 

methanol.  

To solve this issue, an upgrade of the Na-LTA was approached in a variety of experiments. 

The post synthesis ion exchange from Na+ to K+ was researched and an optimal ion exchange 

route was found with an exchange rate of over 99% and the prevention of crack formation. 

The resulting K-LTA membranes were found to massively improve the H2O+MeOH separa-

tion factors, as the pore diameter was narrowed down to 2.9 Å and effectively excluded meth-

anol due to its diameter of 3.6 Å, while the ideal separation factor was improved from 300 
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(Na LTA) to almost 1200 (K-LTA). The same tendency was shown for H2O+NH3 separation 

with the separation factor going up from 17 for Na-LTA to 61 for K-LTA. In a novel set of 

measurements, mixed gas permeation of the, for the methylamine synthesis important, mix-

tures of H2O/NH3 and H2O/MeOH were performed for the first time. It was shown, that the 

selectivity of the LTA membranes decreased when two gases are permeated at the same time 

compared to the ideal separation measured by single gas permeation. Conclusions led to sim-

ilar reasons as in pervaporation experiments, as coupled diffusion leads to the improved dif-

fusion of ammonia and methanol together with water because of intermolecular interactions. 

The overall improved separation of water with ammonia and methanol resulted in an im-

proved conversion rate in the methylamine synthesis. The methanol conversion rate increased 

from 91% without membrane support to 94% due to the water removal by the K-LTA mem-

brane. In the H-MOR catalyst the enhancement was even larger, as the methanol conversion 

rose from 70% to 80% with the K-LTA membrane. Therefore, K-LTA prevailed as the mem-

brane material of choice for the methylamine synthesis with improved methanol conversion 

rates and high selectivities towards DMA with the CHA type catalysts.  

The addition of the Na-LTA membrane was also tested for the methanol-to-olefins (MTO) 

reaction, in which methanol can form small olefins over a H-SAPO-34 catalyst. The reaction 

without membrane support exhibited a typical MTO route, where the selectivity towards eth-

ene increased over time, at expanse of the propene selectivity, before the reaction broke down 

after 3 hours due to extensive catalyst coking. This coking refers to the formation of methylated 

aromatics inside the CHA pores. The smallest coke residues, the (poly-)methylated derivates 

of benzene function as an autocatalyst in the MTO reaction, as they split off small alkenes like 

ethene and propene, while afterwards getting re-methylated by methanol. When side-reac-

tions occur, the aromatics can grow until they occupy the whole pore, effectively deactivating 

the catalyst particles. As each methylation step produces water, the application of the water 

removing LTA membrane was evident. It was observed, that the water extraction supported 

the reaction, as the fluctuating product composition over time without membrane support 

could be stabilized over the whole 3 hours of reaction time with the addition of the Na-LTA 

membrane. Furthermore, the SAPO catalyst with the membrane support was still functional 

after the set time of 3 hours while having produced similar amounts of olefins compared to 
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the bare catalyst. Conclusively, the coking process could be delayed due to the water extrac-

tion. This is a somewhat surprising results, as previous research showed that adding water to 

the methanol feed helped inhibiting the coking process.246 Thermal gravimetric measurements 

showed that for both systems with and without membrane support similar amounts of coke 

were formed, but indicated that their nature differed. GC-MS analysis of the coke residue from 

inside the pores exhibited that the carbonaceous residues from the catalyst without water re-

moval membrane support were primarily of high-molecular origin, like pyrenes, while in the 

catalyst with the LTA membrane support mainly smaller aromatics like the methylated ben-

zenes were found. This showed that the reactions were at different phases and explained why 

the catalyst with membrane support was still functional. In further studies, based on our re-

sults, it has to be distinguished that water in the methanol feed and the water in situ formed 

in the catalyst pore may serve different purposes. We expect that the in situ water removal 

facilitated the re-methylation of the smaller aromatics in favour of the formation of larger ar-

omatics. 

The last experiment under study was the application of the porous doped graphene as a 

stabilizer for the Cu0 cocatalyst in the TiO2 photochemical simultaneous water splitting (or the 

hydrogen production from methanol reformation) and decomposition of 2-chlorophenol. In a 

systematic study different ratios of nitrogen (N-) and boron/nitrogen (B/N-) co-doped gra-

phene were tested and a synthesis route for a variety of Cu/TiO2/B/N-graphene composite ma-

terials was achieved. The co-doped B/N-graphene samples in the Cu/TiO2 photocatalyst 

thereby outperformed their N-graphene equivalents. In a systematic study the best boron/ni-

trogen ration was determined, which exhibited a photonic efficiency of around 7% towards 

the hydrogen production, while providing an improved long-term stability due to the p-type 

boron doping and more negative reduction potential via n-type nitrogen doping. However, 

this system was not able to split pure water into hydrogen and oxygen, it needed the addition 

of methanol to the reaction mixture. Further experiments were dedicated to revealing the 

mechanism of hydrogen formation from a methanol/water mixture at the B/N-graphene 

Cu/TiO2 photocatalysts. By using deuterated water and/or methanol it was shown that the 

hydrogen formation is based on hydrogen from water, resulting in a methanol-assisted water 

reduction process with an improved adsorption of molecules due to the graphene coating. 

Unfortunately, other side reactions can occur which significantly decrease the quantities of 
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hydrogen formed, hence, the improved photonic efficiency and enhanced visible light harvest 

capacity cannot be exploited to its fullest extent. Simultaneous degradation of 2-chlorophenol 

(2-CP) was tested with the best performing hydrogen producing photocatalyst. It was found 

out that the pristine TiO2 performed better for the 2-CP degradation (around 90%) than the 

“best” B/N-graphene Cu/TiO2 photocatalyst. Again the studying of the degradation mecha-

nism showed that excessive amounts of oxygen radicals were the reason for the partial oxida-

tion of Cu0 to the less active Cu2+. By systematically reducing the Cu0 share in the catalyst from 

40% to 6%, a 100% degradation activity after 80 minutes could be achieved. Further lowering 

of the copper content reduced it under a critical composition, in which the copper was not able 

to trap all electrons from the TiO2 anymore. 

12.  Conclusion & outlook 

All three shown catalyst system are essentially dual-functional reactors:  

(i) In the methylamine synthesis the amines are formed, while the zeolite membrane in 

situ separates the products from the reactants methanol, ammonia and water. The 

water extraction additionally facilitates the methylation rate and provided a larger 

share of DMA. 

(ii) In the MTO synthesis small olefins are formed, while the zeolite membrane in situ 

separates the products from the reactants methanol and water. The water extraction 

additionally inhibits the harmful formation of larger carbonaceous aromatics inside 

the catalyst pores and enhanced the long-term stability. 

(iii) In the photochemical hydrogen production, the efficiency was improved with a co-

doped graphene/Cu/TiO2 composite, while also being able to degrade 2-chlorophe-

nol. The graphene layers improved the stability of the Cu0 cocatalyst and enhanced 

the adsorption properties. 

Each reaction is providing promising results, which make them suitable for large scale ap-

plications. In the methylamine synthesis a novel option to influence the amine selectivity was 

achieved, with large quantities of the industrially desired DMA. In our tested time on stream 

no decline in the water extraction properties were observed. However, previous research 
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showed that Al-O-Si bondings, which are the only types of connections in LTA, tend to hydro-

lyse irreversibly at high temperatures in the presence of water.199 Further studies are required 

to test the long-term stability of the LTA membranes, and the hydrolyse problem has to be 

addressed if necessary. The immense performance boost by the LTA membrane may be worth 

the effort in the long run.  

In the MTO reaction the water extraction tackled of the biggest problems: coking. Further 

studies are needed to determine why exactly the coking process was delayed by the water 

removal through the LTA membrane. Furthermore, in the normally used fluidized-bed reac-

tors, attrition due to constant particle collision is a growing issue. By using the presented 

packed-bed membrane reactors, attrition would be nullified and the coking issues were ad-

dressed at the same time. Problems arise again when approaching the long-term stability of 

the LTA membrane at high temperatures in the presence of water. In addition, in a fluidized-

bed reactor the coked catalyst can be exchanged effortlessly, while the packed-bed membrane 

reactor catalyst requires a constant reactivation through carbon oxidation. 

In the photochemical reaction the co-doping of graphene enhanced the Cu0 stability. The 

issues, that restrain the large-scale application of photocatalysts the most, are the long-term 

stability and the photonic efficiency, which were both addressed. However, the best perform-

ing hydrogen production composite catalyst was not as effective in 2-CP degradation, while 

the best 2-CP catalysts had not fared as well in the hydrogen formation. Therefore, enhance-

ments for the dual-functional application are required, but again the achieved advancements 

may justify the additional effort. 

My wish is, that this work may promote the research on the porous material dual-functional 

reactor systems and further amplifying the connections in the fields of catalytic chemistry and 

chemical engineering. 
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