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1 Introduction 

Fighting climate change and the finite resources of fossil fuels requires a broad mix of renew-

able energy sources in future. Although renewable resources are gaining more and more 

weight in the energy market at present, some limitations have to be overcome to increase this 

share further. One main drawback is the intermittent character of most renewable energy 

sources. Especially the availability of wind and solar power depends strongly on weather and 

time of day. In order to compensate for these fluctuations, effective ways of storage for ther-

mal and electrical energy have to be found. 

Furthermore, energy consumers and producers are not always located at the same place so that 

energy transport over long distances becomes necessary. Regarding future intentions like off-

shore wind parks and the ambitious Desertec project the aspect of energy transport becomes 

particularly important.[1] 

It is therefore essential to develop new methods for energy storage and transport. One way 

which fulfills both requirements is the conversion of energy to molecules with high energy 

content. These molecules can be stored and transported in the same way as conventional fuels 

in order to release energy on demand. The form of released energy is versatile and can be of 

mechanical or thermal nature generated either by combustion or electricity from fuel cells. 

One possible energy carrier is hydrogen offering a high gravimetric energy density. Another 

unique feature is that zero emission occurs during combustion or conversion in a fuel cell, 

leaving only water as product. Provided that hydrogen is produced CO2-neutrally, e.g. by re-

newable energies and electrolysis, hydrogen could be the sustainable fuel of the future. In 

literature this idea is often referred to as hydrogen economy.[2] However, the poor volumetric 

energy density and the high volatility of hydrogen affect its storage as well as its transport 

properties. At present, hydrogen can only be stored at high pressures (up to 700 bar) or at very 

low temperatures (below -253°C). This leads to bulky tank systems requiring a lot of space 

which is limited especially in the case of on-board systems used in fuel cell powered cars. 

Additionally, hydrogen first has to be compressed or cooled down which both require signifi-

cant amounts of energy. 

On the contrary, conventional liquid fuels have a high volumetric energy density and exhibit 

easy handling and storage abilities. For transport and distribution purposes the existing infra-

structure of the mineral oil industry can be used. However, conventional fossil fuels have a 

strong impact on climate by emission of CO2 and are beyond that limited in their availability 
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which will lead to an increasing price for those fuels in future. To overcome these obstacles 

alternative liquid fuels have to be found. 

One possible fuel is methanol which represents the simplest alcohol. Methanol can be con-

verted to energy either by combustion or more efficiently by means of a fuel cell. For this 

purpose, either the so called direct methanol fuel cell (DMFC) or a combination of a reformer 

which first converts methanol to hydrogen and a subsequent hydrogen fuel cell can be used. 

However, the DMFC suffers from some limitations lowering the efficiency, notably diffusion 

of methanol through the membrane and poisoning of the catalyst by CO formed during the 

reaction.[3] 

Hence, at present most of the systems transforming methanol to electricity include a reform-

ing step prior to the fuel cell. Though several processes for the conversion of methanol to hy-

drogen are known, there is still potential for optimization to render them an attractive option 

in the energy supply chain. On the one hand, catalysts which offer higher activity, selectivity 

and stability have to be developed. On the other hand, new reactor concepts which offer better 

heat integration are demanded. 

Therefore, in the present work new catalytic systems for the reforming of methanol were in-

vestigated. Based on a liquid phase reforming process the influence of molten salts on the 

performance of hydrogen generation from methanol was studied. In these experiments hetero-

geneous catalysts as well as homogeneous catalyst precursors were applied. In analogy to the 

use of ionic liquids as solvents in catalysis a beneficial effect was expected from the applica-

tion of molten salts. This can be for instance differential solubility of substrates and products 

in the molten salt or interaction of the molten salt with the catalytic active species. 

In a second approach, the concept of molten salt modified liquid phase reforming was trans-

ferred to gas phase steam reforming of methanol. For this purpose, heterogeneous catalysts 

were coated with a thin film of molten salt according to the principle of solid catalyst with 

ionic liquid layer (SCILL). A variation of the nature of molten salt was conducted to get first 

hints on possible underlying effects. Furthermore, various Pt and Pt/Pd based catalysts as well 

as a Cu/ZnO catalyst were investigated. To the best of our knowledge, this represents the first 

attempt of extending the SCILL concept towards reaction temperatures higher than 200 °C. 



 

2 Theoretical background 

2.1 Ecological aspects  

The consequences of climate change are currently becoming more and more obvious. The 

coherence of man-made CO2 emissions and a world wide rise in temperature is accepted by 

the broad majority of scientists. Thus, a reduction of the emission of greenhouse gases can be 

seen as one of the biggest challenges in the 21st century. However, it is supposed that climate 

change cannot be prevented but only be limited in its extent. Despite intensive measures for 

climate protection a rise in the global mean temperature of approximately 2 °C within this 

century seems to be unavoidable, so the term of a “+2 degree society” is emerging.[4] A tem-

perature rise of this magnitude is seen as a just acceptable limit to avoid a climate disaster of 

unpredictable dimensions. 

In order to reach this goal enormous efforts have to be made. The atmospheric CO2 concentra-

tion has to be stabilized below a certain level. This limit is currently under investigation and is 

in the 4th assessment report of the Intergovernmental Panel on Climate Change (IPCC) as-

sumed to be within 350 to 400 ppm.[5] Considering a current level of already 370 ppm this 

would mean a drastic reduction in emission of greenhouse gases, besides CO2 also methane 

and nitrous oxide emitted mainly by the agricultural sector. Regarding the aspect of global 

equity, demanding the right to industrialization for threshold and developing countries, the 

industrialized countries have to contribute even more in the development of a sustainable en-

ergy system.  

To manage the decarbonization of energy supply the whole portfolio of renewable energies 

should be considered. In 2010 renewable energies contributed 10 % to the final energy con-

sumption and 17 % to the electric power consumption in Germany. For the year 2050 the 

German government wants to increase the share of renewable energies to 60 % of final energy 

consumption and to 80 % of electric power consumption. To the production of electric power 

using renewable sources in 2010 in Germany, wind energy contributed about 37 %, biomass 

and waste materials 32 %, water power 20 % and photovoltaic 11 %.[6] 

Another big potential are energy savings enabled by improvement in efficiency in the industry, 

transportation and residential sector. The objective for the European Union and Germany are 

a reduction of primary energy consumption in the year 2020 by 20% and in 2050 by 50% 

compared to 2008.[7] Energy efficiency is the most cost effective way to reduce emissions, 
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either by potential savings for costumers or by creating new markets for efficient technologies. 

Energy efficiency measures affect the whole value chain from energy production and distribu-

tion to consumption. First of all, efficiency can be gained during transformation of primary 

energy in power plants, e.g. by means of combined heat and power generation. In practice this 

can be realized in centralized combined cycle plants or more decentralized in block heat and 

power plants. Additional savings can be achieved by increased efficiency factors in all sec-

ondary energy transformation processes, such as combustion engines and electric devices. 

Energy losses should also be minimized by improved industrial production processes and a 

better insulation of buildings. Last but not least, changes in consumer behavior can contribute 

to save energy. This means to minimize motorized private transport whenever possible, to use 

public transport instead and to take into account the CO2 balance of consumer products for 

example.  

Besides renewable energies and an increase in energy efficiency, also the CO2 lean energy 

production based on fossil fuels seems to be an option in the near future. To reduce CO2 emis-

sions from combustion of fossil fuels new technologies are available, which are summarized 

under the topic of carbon capture and storage (CCS).[8] Three processes are considered for 

CO2 capture: Firstly, the integrated gasification combined cycle (IGCC) process where CO2 is 

separated before combustion.[9] For this purpose, the fuel (e.g. coal) is gasified to synthesis 

gas followed by CO shift and subsequent CO2 removal. The remaining gas containing mainly 

hydrogen is fed to a combined cycle gas turbine. Secondly, in the post-combustion process the 

CO2 is scrubbed from the flue gas after conventional combustion. The third process is referred 

to as oxyfuel process. Here the fuel is combusted in pure oxygen leading to a CO2 rich flue 

gas which contains mainly water and CO2. The CO2 captured from these processes has to be 

stored safely for a long time. For this purpose, the storage of CO2 in deep geological for-

mations or in the ocean is considered, but there are still some open questions concerning envi-

ronmental impact and public acceptance. Hence, broad investigations are necessary to prove 

the concept of CCS on a commercial scale. 

A sophisticated way to handle captured CO2 is its utilization by chemical fixation.[10] To this 

end, its conversion into fuels or chemical intermediates is discussed. Due to the low energy 

level of CO2, additional energy is needed for its conversion. To keep the eco balance of the 

process positive, the energy supply should come from renewable sources or from heat-

integrated systems, e.g. waste heat from industrial processes. At the same time, the production 

of the respective coupling agent may not liberate more CO2 than its potential for CO2 fixation. 

Against the background of the scale of CO2 emissions (over 35 Gt annually), the demand for 
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the product must be of significant order. Hence, mainly the production of fuels and polymers 

has the potential for CO2 fixation on a large scale. Amongst others the production of methanol, 

formic acid, dimethyl carbonate and methyl formate is considered. The production of metha-

nol is outlined in detail in chapter 2.4.1. 

2.2 Hydrogen as energy carrier 

Hydrogen is regarded as one of the most promising future energy carriers. As hydrogen is 

practically the only carbon free energy carrier, it can contribute to reduce greenhouse gas 

emissions from the transportation and residential sector. Hydrogen can be produced from any 

energy source which helps to reduce the dependency on fossil fuels. Using fuel cells, hydro-

gen can be transformed with high efficiency to electricity. In this context hydrogen is dis-

cussed as a storage option for surplus renewable energies. Finally, the emerging hydrogen and 

fuel cell technology has a high potential for economic value creation.[11] 

2.2.1 Production and usage of hydrogen 

At the present time the biggest share of hydrogen stems from fossil fuels.[12] In the first place, 

hydrogen is produced currently from steam reforming of natural gas, thereby releasing huge 

amounts of CO2. About 50% of hydrogen is used for the synthesis of ammonia, a major com-

ponent for the production of fertilizers, which are inevitable to feed the increasing world pop-

ulation. The second-largest amount of hydrogen is consumed in refineries for desulfurization 

of gasoline or hydrocracking of heavy crude oil fractions. A certain part of hydrogen evolves 

within the refinery, mainly from catalytic reforming of gasoline. Stricter limits in sulfur con-

tent require larger amounts of hydrogen, so that the net hydrogen balance turns negative. 

For a future sustainable hydrogen economy, hydrogen has to come from renewable, non-fossil 

resources. This could be for example hydrogen generation from biomass, provided that the 

biomass itself is cultivated in a sustainable manner. However, many processes for generation 

of hydrogen from biomass are still in the development phase. A conventional way to produce 

hydrogen from biomass is the catalytic or non-catalytic gasification. Drawbacks of these pro-

cesses are the high energy requirement and the problem of tar formation.[13] 

A more recent process introduced by Dumesic and coworkers is the aqueous phase reforming 

(APR) which takes place at temperatures between 200 and 300°C.[14] However, the APR pro-

cess is restricted to water soluble feedstock and is operated only in diluted systems. The APR 
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process for liquid phase reforming of methanol is highlighted in more detail in chapter 2.5.2. 

Taking into account that acreage for cultivating energy crops is limited in densely populated 

regions and that the catchment area should not exceed a certain distance, biomass conversion 

might not be an option for large scale hydrogen production but rather be applied on a local 

scale. 

A further “green” approach, which is the most likely long-term source, is the production of 

hydrogen from water either by electrolysis or thermochemical or photochemical water split-

ting.[13] Water electrolysis using CO2-neutrally produced electricity, e.g. from wind or solar 

thermal power plants, shows a very low environmental impact.[15] A particular benefit of wa-

ter electrolysis is the capability to adapt to the inherent fluctuations in wind and solar power. 

Modern alkaline electrolyzers are capable to operate with input power variations in the range 

of 15-120% of their nominal power. Hydrogen produced via electrolysis is therefore consid-

ered as one possible storage option for renewable electricity.  

2.2.2 Application of hydrogen in fuel cells 

The most efficient way to generate electricity from hydrogen is the use of fuel cells. Electric 

efficiency can reach 60 %, whereas an overall efficiency of 80 % can be achieved by co-

generation of thermal energy.[16] Multiple types of fuel cells are available for different fields 

of application and some of them have already entered the commercial state. However, further 

cost reduction and an increase in durability are the major challenges for all types of fuel cells. 

For reasons of conciseness only the most prominent types are mentioned here. 

All fuel cells basically consist of two catalyst coated electrodes which are separated by an 

electrolyte material, e.g. a proton conducting membrane in case of the polymer electrolyte 

membrane (PEM) fuel cell. When hydrogen is fed to a PEM fuel cell, the following electro-

chemical reactions take place:  

 Anode: H2 → 2 H+ + 2 e–  (2.1) 

 Cathode: 0.5 O2 + 2 H+ + 2 e– → H2O  (2.2) 

At the anode hydrogen is separated into protons and electrons. The protons move through the 

electrolyte membrane, whereas the electrons are transferred by an electric circuit to the cath-

ode. At the cathode oxygen reacts with protons and electrons to form water which is the only 

effluent of a hydrogen fuel cell. 
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For mobile applications PEM fuel cells operating at temperatures below 90 °C or high tem-

perature PEM fuel cells reaching temperatures up to 180 °C are most suitable.[17] Particularly 

for heat integration with low temperature reformer systems generating hydrogen from carbon 

based fuels on board of a vehicle, the latter could be an attractive option. However, PEM fuel 

cells are highly sensitive towards CO which is a strong poison for the anode catalyst, usually 

based on platinum. Therefore, the CO content in the reformate has to be reduced below 

10 ppm.[18] Recent research efforts aim to improve the CO tolerance of the fuel cell 

catalysts.[19] 

With increasing operation temperature the efficiency but also the fuel flexibility and tolerance 

to catalyst poisons, such as CO and sulfur components, is increased. Promising candidates for 

stationary applications are molten carbonate fuel cells (MCFC) and solid oxide fuel cells 

(SOFC), operating at temperatures from 500 to 700 °C and 600 to 1000 °C, respectively.[20] 

They can be fuelled directly by hydrocarbons and even CO, which turns in this case from a 

catalyst poison to a valuable fuel. 

2.2.3 Transport and storage of hydrogen 

Hydrogen has an excellent gravimetric energy density of 120 MJ/kg, but a poor volumetric 

energy density of only 10.8 kJ/m3 in gaseous state. To increase the volumetric energy density 

hydrogen is compressed to high pressures, commonly 700 bar, or stored in liquid state at cry-

ogenic temperatures around -253°C. However, compression and cooling of hydrogen are en-

ergy intensive processes. Furthermore, the storage of hydrogen in liquid or compressed state 

requires bulky and heavy tank systems. This makes the storage of hydrogen unattractive in 

mobile applications where space and weight are limiting factors. 

As hydrogen forms inflammable and explosive mixtures with oxygen, special emphasis has to 

be put on safety aspects. The lower and upper flammability limits in air are 4 and 75 vol%, 

respectively.[21] Since released hydrogen disperses rapidly, the duration of hazard is usually 

shorter compared to other fuels, e.g. gasoline or liquefied petroleum gas. In mobile applica-

tions, the tank system must be as robust as possible to endure traffic accidents. Due to the 

high permeability of hydrogen, material compatibility has to be considered. For instance, hy-

drogen is able to diffuse through many materials which might lead to material failure and 

leakage.[22] 

Alternative approaches of hydrogen storage deal with the immobilization of hydrogen by sol-

id-state materials. Hydrogen can be either adsorbed physically on high surface materials, e.g. 
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metal organic frameworks or carbon based materials, or bond chemically, e.g. in the form of 

metal hydrides. As physisorption is based on van der Waals interaction, hydrogen is adsorbed 

only as a monolayer which results in a low storage capacity. Therefore, materials with large 

specific surface areas are needed. For carbon based materials the theoretical maximum hydro-

gen storage capacity is 7.7 wt%, assuming a 1:1 ratio between carbon and hydrogen atoms.[22] 

Physisorption shows a low enthalpy of sorption which enables higher energy efficiency. Addi-

tionally, fast adsorption/desorption is possible, as heat management becomes less crucial. 

On the contrary, chemisorption in form of metal hydrides offers a higher storage capacity, e.g. 

LiBH4 showing a hydrogen capacity of 18 wt%. Due to the high enthalpy of sorption, high 

temperatures are required for the desorption process and complete hydrogen release is not 

always achieved. During refueling with hydrogen, the generated heat has to be removed 

quickly from the tank system. Therefore, heat transfer during absorption and desorption of 

hydrogen is a critical issue to be improved. A review of hydrogen storage in solid-state mate-

rial is presented in reference [23]. 

Overall, the aforementioned technologies suffer from relatively low storage capacity and/or 

technical complexity. Hence, alternative immobilization concepts for hydrogen are needed. 

2.3 Energy storing substances 

As mentioned in the previous section, low energy density and difficult handling are the main 

obstacles for a rapid utilization of hydrogen as fuel.[22] Hence, researchers are seeking alterna-

tive substances for the convenient storage and transport of hydrogen. Molecules which con-

tain hydrogen within their chemical structure are considered as potential energy carrier. The 

idea behind all of these concepts is the storage of energy in the form of an energy rich materi-

al, inspired by the natural process of photosynthesis. 

The spectrum of possible storage molecules is vast and ranges from neat ammonia or ammo-

nia borane (NH3BH3)
[24] to carbon based molecules. In the former case the release of hydro-

gen is not connected to the liberation of carbon dioxide. However, ammonia is a highly toxic 

gas and ammonia borane is a solid which might be difficult to handle. 

Carbon based hydrogen carriers which liberate carbon dioxide upon dehydrogenation are syn-

thetic natural gas,[25] formic acid[26-27] and methanol[2]. In this case, the carbon source for the 

synthesis of the energy carrier should come either from biomass or from recycled carbon di-

oxide. Otherwise, the carbon dioxide produced during hydrogen release should be captured 
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and recycled. In the subsequent chapter the use of methanol as a medium for energy storage 

and transport is highlighted. 

Organic molecules which do not release carbon dioxide upon dehydrogenation are alicyclic 

and heterocyclic compounds.[28] Amongst other molecules perhydro-N-ethylcarbazole is a 

representative which recently received much attention.[29] As both, the energy-lean compound 

and its hydrogenated counterpart, are liquid, the system is referred to as liquid organic hydro-

gen carrier (LOHC). However, several aspects of potential LOHC systems still have to be 

considered in more detail, e.g. the toxicity and ecotoxicity profile of the respective com-

pounds. 

Table 2.1: Gravimetric and volumetric energy densities of selected energy carriers (without considera-

tion of tank volume and weight). 

Table 2.1 shows energy densities of different energy carriers in comparison. Note that the 

gravimetric and volumetric energy densities are related to the storage medium only. Addition-

al weight and volume of the required containment, e.g. tanks or cylinders, are not considered 

here.  

In all of the aforementioned concepts, energy is bound in form of hydrogen within the 

transport molecule. Other concepts envision energy storage without involving hydrogen, as it 

is the case for the material pairing CaO/CaCO3, where energy is stored in form of reaction 

heat that is necessary to form CaO.[31] In this case the energy carrying compound can be made 

from a naturally occurring mineral. As it is a solid material, infrastructure for bulk good 

transportation, like bulk carrier vessels and conveyor belts can be used for transportation. 

However, for this reason the concept is not suitable for energy release in mobile applications, 

Energy carrier 
Gravimetric energy density / 
kWh kg-1 

Volumetric energy density / 
kWh l-1 

Gasoline[22] 12.33 8.66 

Methanol[2] 6.30 4.98 

Liquid hydrogen (-253 °C)[2] 33.34 2.36 

Compressed hydrogen 
(700 bar, 25 °C)[2] 

33.34 1.31 

Perhydro-N-ethylcarbazole[29] 1.94a 1.87 

Ammonia (10 bar, 25 °C)[30] 8.90 5.37 
a Based on a hydrogen content of 5.8 wt% 
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but rather proposed for the transport of solar energy over long distances and subsequent con-

version into electricity in large power plants. 

2.4 Methanol as advanced energy carrier 

A principal requirement for the ability of a substance to serve as energy storage material is a 

sufficiently high energy density. The volumetric energy density of methanol is about 5 kWh 

per liter which is about half of the volumetric energy density of gasoline but about twice of 

the energy density of liquid hydrogen. Bearing in mind that fuel cells generally offer a higher 

efficiency than internal combustion engines, the lower energy density of methanol compared 

to gasoline might be compensated. 

Methanol shows a hydrogen storage capacity of 12.6 wt%. Considering the steam reforming 

reaction (equation 2.5) where water reacts with methanol to form an additional mole of hy-

drogen the capacity is increased to 18.9 wt%. This assumption takes into account that water 

has not to be transported to the fuel processor, as it can be either recycled from the fuel cell’s 

effluent or a water infrastructure is already present. In comparison, the hydrogen capacity of 

perhydro-N-ethylcarbazole is only 5.8 wt%. 

A further major aspect is an easy handling of the energy-rich compound. As methanol is liq-

uid at ambient temperature (melting point -98 °C, boiling point 65 °C), there is no need for 

compression or liquefaction as in the case of hydrogen. Therefore, transportation of methanol 

can be carried out by conventional means for liquid fuels, such as tank trucks and ships or 

even pipelines. Hence, a major infrastructure change or built-up, as it is essential for the han-

dling of neat hydrogen, is not necessary in the case of methanol. 

Concerning safety issues, methanol should be handled with the same care as gasoline. The 

flashpoint of methanol is 9 °C, whereas the flashpoint of gasoline lies at -40 °C, revealing that 

gasoline is more flammable than methanol. Because methanol, as well as gasoline, is a toxic 

substance, its exposure to humans should be minimized. Upon ingestion, methanol is metabo-

lized to formic acid in the human body. Therefore, immediate medical assistance is required 

in case of accidental ingestion. 

In the case of accidental spill on ground or sea, methanol is however much less dangerous 

than gasoline since it dissolves in water, migrates fast and is readily biodegraded by microor-

ganisms.[32] 
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2.4.1 Production of methanol 

For a wide-spread use as an energy carrier, the production of the respective compound should 

be straightforward and as flexible as possible, regarding feedstock and potential processes. 

Methanol can be produced from fossil fuels as well as from biomass, whereas the use of cap-

tured carbon dioxide in combination with hydrogen from renewable resources seems to be the 

most environmentally attractive option. 

Methanol is produced today almost exclusively from synthesis gas, a mixture of CO2, CO and 

H2, which in turn stems mainly from steam reforming of natural gas. Principally any other 

synthesis gas sources could be used, including coal, crude oil, biomass and waste materials. 

Especially coal is gaining importance in methanol production in China. Global production of 

methanol was about 45 million metric tons in 2010, whereas the biggest consumer with 20.5 

million metric tons was China.[33] Therefore, methanol can be regarded as one of the most 

important commodity chemicals worldwide. 

However, for a sustainable production of methanol the feedstock should come from renewable 

resources. Therefore, hydrogen from water electrolysis utilizing renewable electricity is a 

prominent feedstock. In this way, peak loads of renewable energies, e.g. wind and solar, can 

be used to produce “green” hydrogen. Thus, a better utilization of renewable energies is 

achieved, which helps to stabilize the electrical grid and might even reduce the need for addi-

tional power lines. 

The carbon source for a sustainable methanol synthesis might be CO2 captured from industrial 

plants or conventional power plants (as described in chapter 2.1). As the emission rights for 

CO2 will be tightened due to political requirements, the capture and subsequent material use 

of CO2 will become more attractive in the future.[10] In a fully developed methanol economy 

CO2 which is released during conversion of methanol should be recycled to the production of 

methanol to render a closed CO2 cycle. However, separation and storage of CO2 demand addi-

tional technological effort. This might not be feasible in every case, e.g. in mobile applica-

tions restricting space and weight.  

Methanol synthesis from carbon monoxide and carbon dioxide is an exothermal process 

which can be described by the equilibrium reactions 2.3 and 2.4, respectively. Today, most 

researchers agree, that the mechanism of methanol formation on modern copper catalysts pro-

ceeds through CO2.
[34] However, CO is involved through the water gas shift reaction (equation 

2.7). As the volume decreases during the reaction, it is favorable to operate the process at 

higher pressures.  
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 CO + 2 H2 ⇌ CH3OH  mol kJ -91∆
-10

298 =H  (2.3) 

 CO2 + 3 H2 ⇌ CH3OH + H2O  mol kJ -49∆
-10

298 =H  (2.4) 

For methanol production from synthesis gas several well developed processes are known. In 

1923 BASF developed a high pressure process based on a zinc oxide/chromium oxide catalyst. 

The reaction parameters were 150 bar and 300 °C. Since the high pressure process requires 

costly investments, the last methanol plant using this process was closed in the mid-1980s. A 

more active copper-containing catalyst, introduced by ICI in 1966, allowed to operate the pro-

cess at lower pressures and temperatures (220 – 230 °C and 50 bar).[35] Today the state of the 

art catalyst for methanol synthesis contains copper oxide, zinc oxide and alumina as main 

components. 

In recent years the Lurgi MegaMethanol® process appeared on the scene for world-scale 

methanol plants. This advanced technology combines two multi-tubular reactors, which are 

arranged in series. The cold synthesis gas serves as coolant in the second reactor and is pre-

heated in this way before entering the first reactor. The first reactor is a quasi-isothermal op-

erated reactor, cooled by water. By this process design, heat is recovered in an efficient way, 

and the equilibrium driving force of methanol synthesis is maintained for each stage. As a 

result the overall efficiency is increased, leading to lower investment costs and enabling a 

higher throughput in a single-train with capacities of 5000 metric tons per day.[36] 

2.4.2 Uses of methanol 

The options for an energy or material use of methanol are versatile. An overview of potential 

routes in an economy based on methanol is shown in figure 2.1. 

First of all, methanol can serve as a fuel in internal combustion engines. Indeed, the idea is 

not new and was already highlighted in the 1970s.[37] Methanol-gasoline blends show a high 

octane number and low emission values. However, field tests in California and Germany in 

the 1990s have not led to a wide-spread use of methanol fuelled cars, probably due to a lack 

of an appropriate infrastructure.[38] 

Furthermore, methanol can be converted into electricity by means of a direct methanol fuel 

cell (DMFC). However, overall efficiency is limited due to lower power densities compared 

to PEM fuel cells and low durability of the membrane electrode assembly. A problem which 

still remains to be solved is methanol crossover through the membrane.[3] Hence, until now, 
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the DMFC is considered for low to medium power applications, like mobile electronic devic-

es and for light traction.[39] 

To circumvent the problems of the DMFC, methanol can be converted to hydrogen by means 

of a reformer system prior to use in a PEM or any other type of fuel cell. As the reforming 

step is an endothermic reaction, an additional heat source is needed. An increased overall effi-

ciency is achieved, if the heat required for the reforming step is recovered from the fuel cell’s 

waste heat. To fulfill this goal, reforming catalysts that are able to operate efficiently in the 

temperature range of 200 °C have to be developed. A review of methanol reforming technol-

ogies can be found in the subsequent chapters. 

Methanol can also be transformed into alternative fuels. Via the methanol to gasoline (MTG) 

process, high quality synthetic gasoline is produced.[40] Dimethyl ether (DME), a gas which is 

easy to liquefy, can be used as a diesel substituent and therefore serve as a fuel for trucks and 

busses. Methyl tert-butyl ether (MTBE) is used as octane booster in gasoline and is produced 

from methanol and isobutene. MTBE is with 13 % of world demand in 2008 the second larg-

est consumer of methanol but demand is declining due to a ban on MTBE in several US states. 

Moreover, methanol serves for the production of biodiesel (fatty acid methyl ester, FAME). 

H2

Methanol
conversion

MtG

DME MtO

H2
Methanol
synthesis

Transport
& storage

via renewables

Carbon
capture

CO2

DMFC

H2

Methanol
conversion

MtG

DME MtO

H2
Methanol
synthesis

Transport
& storage

via renewables

Carbon
capture

CO2

DMFC

 

Figure 2.1: Schematic representation of selected conversion routes for methanol within a methanol 

economy. 
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The use of biodiesel is however discussed controversially, as oil crops demand huge acreage 

for cultivation. 

Besides the use of methanol as fuel it is also an important feedstock for the chemical industry 

which is a major benefit for a potential methanol economy. For instance, methanol can be 

transformed by the innovative methanol to olefins (MTO) process into alkenes, a major build-

ing block in the chemical industry.[40] This opens the way towards a material use of methanol, 

e.g. in the form of plastic materials based on olefins. Up to now, olefins are mainly produced 

by steam cracking of naphta which is a fossil resource. Thus, in a future economy based on 

renewable resources, methanol can play a major role as chemical feedstock. Other important 

bulk chemicals, which are made from methanol, are formaldehyde (CH2O) and acetic acid 

(CH3COOH). 

2.5 Hydrogen generation from methanol 

For the conversion of methanol to hydrogen several processes are known, namely methanol 

decomposition, steam reforming, partial oxidation and combined reforming. While methanol 

decomposition and steam reforming are endothermic processes, partial oxidation is exother-

mal. A combination of steam reforming and partial oxidation, referred to as combined reform-

ing, can be operated endothermic as well as exothermic, depending on the reactants’ composi-

tion. In case of adiabatic operation, the process is referred to as autothermal reforming. 

Extensive reviews dealing with the topic of catalytic hydrogen generation from methanol in 

general[18, 41] and methanol steam reforming in particular[30, 42] can be found in the literature. 

The subsequent chapters focus on methanol steam reforming and aqueous phase reforming of 

methanol, as these are the main topics of the present work. Other processes to generate hydro-

gen from methanol are summarized briefly in chapter 2.5.3. 

2.5.1 Steam reforming of methanol 

Steam reforming of methanol yields the highest amount of hydrogen in the product gas (up to 

75%) and converts methanol in the most efficient way. The net equation of methanol steam 

reforming yielding CO2 is shown in equation 2.5. The reaction network is indeed by far more 

complex including the decomposition of methanol to carbon monoxide (equation 2.6) and the 

water gas shift reaction (WGSR, equation 2.7). The mechanisms occurring in methanol steam 

reforming on different catalysts are discussed in section 2.5.1.2 and 2.5.1.3. 
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 CH3OH + H2O ⇌ CO2 + 3 H2  mol kJ 49.4∆
-10

298 =H  (2.5) 

 CH3OH ⇌ CO + 2 H2  mol kJ 92.0∆
-10

298 =H  (2.6) 

 CO + H2O ⇌ CO2 + H2  mol kJ -41.2∆
-10

298 =H  (2.7) 

Regarding the net equation, one third of hydrogen comes from water, making steam reforming 

ideal for stationary and mobile hydrogen production. As a water infrastructure is existent in 

almost all relevant places, only methanol is the component which has to be transported to the 

reformer. In the case of mobile application of fuel cells, water can be recycled from the fuel 

cell’s effluent. 

A drawback of steam reforming is its endothermicity of 49.4 kJ mol-1; additional energy is 

needed for the vaporization of the feedstock. This lowers the overall efficiency of the steam 

reforming process. To cover the heat demand, combustion of a part of the feedstock is neces-

sary unless another heat source is available. An integrated system which combines a catalytic 

burner and a methanol reformer can be found in reference [43]. 

To enhance the overall efficiency, heat recovery, e.g. via combustion of hydrogen containing 

anode off gas of a fuel cell, is a discussed possibility. In this way, the optimization of catalysts 

to be active enough at a temperature in the range of 200 °C would be a great progress. As this 

is the maximum operation temperature so far known for high temperature PEM fuel cells,[20] 

the reformer could be operated autothermally by the fuel cell’s waste heat. 

This idea has been realized by the concept of an “internal reforming methanol high tempera-

ture PEM fuel cell” operating at 200 °C.[44] The steam reforming reaction takes place on a 

catalytically active Cu/MnO foam located next to the Pt/C anode catalyst of a high tempera-

ture PEM fuel cell. In this arrangement the heat released from the fuel cell is used directly for 

the reforming reaction of methanol. Due to the in-situ hydrogen utilization at the anode the 

performance of the steam reforming reaction is enhanced, as hydrogen is constantly removed 

from the reaction zone. Carbon monoxide production was well below the water gas shift equi-

librium. 

Especially for mobile applications stable operation under highly dynamic conditions and the 

long-term stability of the steam reforming catalyst are crucial. Peters et al. have studied the 

impact of repeated shut-down and start-up processes and even simulated a breakdown of the 

heating system.[45] Both scenarios did not result in deactivation of the catalytic activity. 
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2.5.1.1 Catalysts used in methanol steam reforming 

In the literature mainly two types of catalysts for methanol steam reforming are described: 

copper-based catalysts, e.g. systems based on Cu/ZnO/Al2O3, similar to the methanol synthe-

sis catalyst, and catalysts based on group 8-10 metals immobilized on various supports. 

Among those, palladium and platinum play a dominant role, with support materials varied 

among different metal oxides. Much effort is put on the effect of promoting ingredients, like 

chromium or zirconium. 

Copper based catalysts transform methanol with high selectivity and activity but rapid deacti-

vation in the initial period is a well known problem.[46-47] This might be due to irreversible 

alloy formation of the active copper species with the support material or due to thermal sinter-

ing of small copper particles.[48] 

The tendency for sintering can be characterized by the Tammann and Hüttig temperatures 

which are directly related to the melting point of a respective metal.[49] Near the Hüttig tem-

perature atoms at defects become mobile, whereas at the Tammann temperature bulk atoms 

start to diffuse. Both temperatures can be described by the semi-empirical relations given in 

equation 2.8 and 2.9. Due to the relatively low melting point of metallic copper of 1083 °C, 

the Hüttig and the Tammann temperature are 134 and 405 °C, respectively. Therefore, deacti-

vation by thermal sintering is pronounced at temperatures above 400 °C.[50] 

 THüttig ≈ 0.3 Tmelt [K]   (2.8) 

 TTammann ≈ 0.5 Tmelt [K]   (2.9) 

Catalyst preparation and composition are crucial for catalyst stability. With ceria[51] and zir-

conia[52] as support material, a high copper dispersion and therefore higher stability against 

sintering is preserved. 

Another deactivation process for copper based catalysts is supposed to be coke formation. By 

recalcination in air, up to 1.8 wt% of coke could be removed from a Cu/CeO2 catalyst and 

initial activity was reached again.[53] Also the addition of oxygen to the feed mixture as well 

as a higher steam to carbon ratio reduces coke formation. Furthermore, a change in oxidation 

state of copper from Cu(II) to Cu(0) was found to be responsible for catalyst deactivation.[54] 

Besides the deactivation phenomena the pyrophoric behavior of copper based catalysts is a 

serious problem. This applies particularly to a frequent shut-down/start-up operation as en-

countered in mobile reformer applications. Kam et al. studied the behavior of various copper 

and platinum based WGSR catalysts upon cyclic introduction of air to the catalyst bed.[55] For 
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the copper based catalysts a sharp increase in temperature was observed. The pyrophoricity 

was accompanied by a decrease in activity which was attributed to catalyst sintering at high 

temperatures. In contrast, catalysts based on platinum did not show any pyrophoric behavior. 

However, deactivation was observed for the Pt/TiO2 and Pt/ZrO2 catalyst, whereas Pt/CeO2 

remained stable. 

For group 8-10 metal catalysts deactivation seems to be a less common problem.[42] Conant et 

al. compared the deactivation behavior of a Cu/ZnO/Al2O3 catalyst to a Pd/ZnO/Al2O3 cata-

lyst.[56] Whereas the Pd based catalyst was deactivated by only 17 % and remained on a stable 

level thereafter, the copper based catalyst showed a drop of 40 % of initial conversion within 

60 hours time on stream and kept on deactivating. After an oxidative treatment the Pd based 

catalyst regained its initial activity while the Cu based catalyst continued deactivating. 

However, group 8-10 metals are generally less active and selective compared to copper based 

catalysts. Takezawa and Iwasa introduced a Pd/ZnO catalyst which shows high selectivity and 

activity.[57] Increasing the selectivity to CO2 is a crucial point, as the unwanted side reaction to 

CO reduces the hydrogen yield and increases the effort for subsequent removal of CO. High 

CO2 selectivity can be achieved by proper catalyst composition on the one hand and selection 

of appropriate reaction parameters on the other hand. 

For instance, the CO concentration generally increases with reaction temperature, contact time 

and conversion. The increase of CO content with higher contact time is an indication for CO 

to be a consecutive product which is supposed to be produced by the reverse water gas shift 

reaction. A steam to methanol ratio higher than one increases the CO2 selectivity, due to a 

shift of the underlying water gas shift equilibrium (equation 2.7) to the product side. Respec-

tively, the reverse WGSR is suppressed in the presence of a water excess.[58] The same effect 

can be achieved by the addition of oxygen to the feed mixture as partial combustion of meth-

anol enhances the steam to methanol ratio. 

2.5.1.2 Mechanisms in methanol steam reforming on copper based catalysts 

Depending on the catalyst material, different reaction mechanisms are thought to occur in 

methanol steam reforming. 

For copper-based catalysts, Peppley et al. proposed a reaction network based on methanol 

steam reforming with direct formation of CO2 in a single catalytic step.[59] Carbon monoxide 

is thought to be produced afterwards from CO2 by reverse WGSR (which is the reverse of 

reaction 2.7), whereas methanol decomposition plays only a minor role. This assumption was 

confirmed by Schlögl and coworkers who found evidence for CO as a consecutive product of 
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methanol steam reforming.[60] For instance, the CO content rose with increasing contact times 

and bigger catalyst particles, which indicates CO to be a consecutive product. 

Based on the investigations of several research groups, Frank et al. suggested a mechanism 

for the direct steam reforming of methanol with a route over methyl formate and dioxometh-

ylene, alternatively (see figure 2.2).[48] 
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Figure 2.2: Catalytic cycle of methanol steam reforming on Cu-based catalysts, adapted from Frank et 

al.[48] Circular cycle (left side): dioxomethylene route; oval cycle (right side): methyl formate route.  

The catalytic cycle starts with the dissociative adsorption of methanol (A) at two distinct ac-

tive sites: One site for the adsorption of hydrogen (denoted as SB) and one site for the adsorp-

tion of intermediates (denoted as SA) which are bound via oxygen. The subsequent dehydro-

genation of the methoxy group (B) is assumed to be the rate determining step. In case of an 

excess of methanol, the resulting formaldehyde species reacts with another methoxy group to 

form a methyl formate intermediate (C). The methyl formate intermediate reacts with a hy-

droxyl group and decomposes to a methoxy and a formate group (D). 

In the presence of high amounts of water an alternative mechanism is proposed. The form-

aldehyde species reacts with a hydroxyl group to form a dioxomethylene species (E) which is 

dehydrogenated to a formate species (F). In both catalytic routes the formate species is further 

dehydrogenated (G) to yield CO2 which desorbs from the SA site, whereas the accumulated 

hydrogen desorbs from the SB site. In both catalytic routes water adsorbs dissociatively to 

form a hydroxyl group and atomic hydrogen. 
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The proposed mechanism has been confirmed partially by a DRIFTS study. Surface-bound 

methoxy and hydroxyl groups have been detected in good accordance to the respective partial 

pressure of methanol and water, while the methyl formate intermediate has been only detected 

in case of a high methanol excess. On the contrary, dioxomethylene and formaldehyde could 

not be detected. This indicates that either these species are not involved in the postulated 

mechanism or react too fast to be detected by infrared spectroscopy. 

While methanol steam reforming and water gas shift reaction are supposed to occur on the 

same type of active sites, methanol decomposition is assumed to take place on different active 

sites.[61] Basically, the same mechanistic steps as in the methanol steam reforming reaction 

described above occur. The main difference is that the reaction between the methyl formate 

and hydroxyl groups is not supported on this type of active site. Thus, methyl formate decom-

poses to a methoxy and a formyl species. Subsequently, decarbonylation of the formyl group 

to yield CO takes place. However, Peppley et al. stated that the rate of (reverse) water gas 

shift reaction has much more influence on CO formation (or depletion) than the rate of meth-

anol decomposition.  

2.5.1.3 Mechanisms in methanol steam reforming on group 8-10 metals 

In the case of group 8-10 metals the mechanism seems to be different. For the neat metals, 

methanol decomposition is predominant, thus giving only poor CO2 selectivity. Alloyed Pd 

and Pt catalysts show similar behavior to copper based catalysts. 

Takezawa and Iwasa attributed the different mechanisms on copper based catalysts and group 

8-10 metals to a different adsorption behavior of aldehydes.[62] On copper, aldehydes adsorb 

preferentially in η1(O)-structures which means that the molecules are bound to the catalyst 

surface only via oxygen. In contrary, on group 8 metals (Pt, Pd, Rh, Ru) aldehydes adsorb as 

η
2(C,O)-species, where carbon and oxygen are bound to the surface. The η1(O)-HCHO spe-

cies are attacked by nucleophiles such as CH3O
– and OH– and the mechanism according to 

Frank takes place (see previous chapter) yielding CO2 and hydrogen. As opposed to this, the 

η
2(C,O)-HCHO species decompose readily to form CO and hydrogen. 

Iwasa et al. studied steam reforming and dehydrogenation of methanol over various Pd and Pt 

alloys.[63] Among them are Pd/ZnO, Pd/In2O3, Pd/Ga2O3, Pt/In2O3 and Pt/Ga2O3, with Pd/ZnO 

exhibiting the highest selectivity and activity. This is attributed to the formation of PdZn al-

loys at higher temperatures during catalyst pretreatment. The proposed mechanism for alloyed 

and metallic Pd is shown in figure 2.3. In the case of metallic Pd the η2(C,O)-aldehyde inter-

mediate species is readily decomposed to form carbon monoxide and hydrogen. In contrast, 
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on Pd alloys the η2(C,O)-aldehyde intermediate reacts with water to form hydrogen and car-

bon dioxide via a formic acid intermediate as it is the case also for copper based catalysts. 

Iwasa demonstrated the different behavior for the two cases by varying the reduction tempera-

ture during preparation of a Pd/ZnO catalyst. Low reduction temperatures lead to metallic Pd 

on ZnO, whereas high reduction temperatures lead to the formation of a PdZn alloy on ZnO. 

In the decomposition of formaldehyde, the metallic Pd catalyst yields high contents of carbon 

monoxide, while the PdZn catalyst yields predominantly methyl formate. Hence, the decar-

bonylation of formaldehyde is suppressed on PdZn alloys, which indicates that different 

mechanisms are occuring. 

 

Figure 2.3: Proposed mechanism for steam reforming of methanol over metallic Pd and Pd alloys ac-

cording to Iwasa et al.[63] 

2.5.1.4 Novel catalysts applied in methanol steam reforming 

In recent years, novel catalyst concepts for methanol steam reforming were introduced. Pep-

pley et al. studied methanol steam reforming on layered double hydroxides, a class of anionic 

clays having a hydrotalcite-like structure.[64] These catalysts show a relatively high stability in 

the temperature range of 300 to 400 °C. The modification of NiAl layered double hydroxide 

by the addition of Au, Rh, and Ir led to higher activities. However, low selectivity was 

achieved resulting in increased levels of CO and CH4. 

Other groups investigated carbon nanotubes (CNT) and active carbon as catalyst support ma-

terial. The group of Solymosi studied group 8-10 metals immobilized on active carbon and 

carbon nanotubes in the decomposition and steam reforming of methanol.[65] In an alternative 

approach Mo2C was immobilized on active carbon and carbon nanotubes.[66] These catalysts 

suffered again from their low selectivity to carbon dioxide. 

Liao and Yang prepared Cu/ZnO on CNT catalysts and applied them to methanol steam re-

forming.[67] High activity and selectivity was reported for the temperature range of 200 to 
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400 °C. Catalysts based on Ni-Cu alloys and bimetallic Ni/Cu immobilized on CNT and ac-

tive carbon showed also high activity but a lower selectivity.[68] 

Recently, a La2CuO4 crystal nanofiber catalyst using single-walled CNT not as a support but 

as a template during catalyst preparation has been introduced by Gao et al.[69] Remarkably, 

the La2CuO4 crystal nanofiber catalyst shows a high activity at temperatures as low as 150 °C, 

whereas the CO2 selectivity is more than 99.9 % at temperatures up to 400 °C. The hydrogen 

productivity reported by the authors of about 1050 mol kgcat
-1 h-1 at 150 °C is amongst the 

highest values published in literature for methanol steam reforming. 

2.5.1.5 Thermodynamic consideration of methanol steam reforming 

Methanol steam reforming has been modeled thermodynamically by minimization of Gibbs 

free energy.[70] The key reactions which are involved in the reaction network are methanol 

steam reforming (equation 2.5), methanol decomposition (equation 2.6) and the water gas 

shift reaction (equation 2.7). 

The authors report that complete conversion of methanol was achieved at temperatures higher 

than 200 °C. At temperatures higher than 150 °C, no influence of pressure in the range of 0.5 

to 3 bar was detected. However, at lower temperatures conversion decreased with increasing 

pressure. The CO concentration increased with the temperature, which can be attributed to the 

involvement of reverse water gas shift reaction. The pressure did not affect the CO concentra-

tion as the molar amount of reactants remains unchanged in the WGSR. A steam to carbon 

ratio higher than unity favored lower CO concentrations. 

In addition to the results reported in literature,[70] a thermodynamic simulation of methanol 

steam reforming was performed within this work. The simulation was conducted by means of 

the software Aspen Plus using the NRTL activity coefficient model with Redlich-Kwong 

equation of state. The resulting equilibrium conversion of methanol in the temperature range 

of 150 to 250 °C and the pressure range of 0 to 50 bar is shown in figure 2.4. 

Again, it gets obvious that at temperatures higher than 200 °C and at low pressure (< 10 bar) 

the equilibrium conversion of methanol approaches 100 %. However, the conversion gets 

lower at higher pressures. At a temperature of 230 °C and a pressure of 40 bar, which are the 

reaction conditions of liquid phase reforming performed in this work, the conversion drops to 

80 %. As in the continuously operated process the gaseous products are removed permanently 

from the reaction mixture, the thermodynamic equilibrium is not considered to have a signifi-

cant influence on the reaction rate. 
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Additionally, it should be noted that the thermodynamic model is based on an ideal case only. 

However, the real reaction system is much more complex as it involves for instance phase 

boundaries and concentration gradients. Therefore, the thermodynamic model should be re-

garded in this case as a tool to indicate a trend. 
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Figure 2.4: Equilibrium conversion for methanol steam reforming simulated by minimization of Gibbs 

free energy (simulation using Aspen Plus). 

2.5.2 Aqueous phase reforming 

The common processes for hydrogen production from methanol take place in the gas phase 

and therefore require vaporization of the substrate. This demands an additional vaporization 

unit increasing the energy consumption of the overall process. Thus, reforming in the liquid 

state would allow a more simple and compact reactor design and increase the energy efficien-

cy of the process. Furthermore, heat transfer in the liquid phase is superior compared to a gas 

phase process. Hence, a more isothermal behavior of the reaction zone can be achieved for a 

strongly endothermic reaction as it is the case for methanol reforming. 

In 2002, Dumesic and co-workers introduced the process of aqueous phase reforming (APR) 

for hydrogen formation from glucose, sorbitol, glycerol and other oxygenated 

hydrocarbons.[14] In the recent years the process has been studied intensively by various re-
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searchers. Among several bio-based feedstocks, methanol was converted to hydrogen with 

high selectivity.[71] 

Commonly, the water soluble feedstock is processed in the presence of an excess of water 

over a fixed bed of heterogeneous catalyst. Typically, the temperature is in the range of 210 to 

265 °C and the pressure ranges from 20 to 60 bar, which is necessary to keep water and feed-

stock in the liquid state. The mainly used catalytic active material is platinum immobilized on 

alumina, but also other group 8 metals or combinations thereof have been studied.[72-73]  

Naito and coworkers examined the liquid phase reforming of methanol over Pt-Ru alloys on 

SiO2 support.[74] They have found that the reforming of methanol proceeds via methyl formate 

and formic acid rather than formaldehyde. This is in accordance with the mechanism pro-

posed for gas phase methanol steam reforming over copper based catalysts and alloyed 

Pd/ZnO catalysts.[62] High activities and selectivities towards CO2 have been achieved by the 

addition of Re and Mo to Ir catalysts[75-76] and by the addition of Mo and Fe to Pt based cata-

lysts.[73, 77] As it has been shown for Pd/ZnO in methanol steam reforming,[63] a higher reduc-

tion temperature during catalyst preparation favors higher activity and selectivity due to more 

complete alloying of metal components.[78] 

The effect of different support materials besides alumina, e.g. silica, titania, ceria, zirconia 

and magnesia, has also been investigated.[78-79] It has been revealed that a basic oxide support 

enhances the selectivity towards CO2, whereas acidic support suppresses both activity and 

selectivity.[78] However, most of these studies have been conducted at low temperatures 

(< 105 °C) and ambient pressure. Therefore, a direct comparison to studies carried out under 

more realistic reaction conditions is difficult. Other research groups have applied carbon[80] 

and NaY-zeolite[81] as support material for liquid phase methanol reforming. 

Recently, a patent on liquid phase reforming of methanol over a copper-based catalyst sus-

pension has been filed.[82] The authors claim a process carried out in the range of 1 to 240 bar 

and 50 to 240 °C. 

Depending on a variety of influencing factors, the selectivity of the APR process can be tuned 

either towards hydrogen production or towards the production of alkanes.[83] According to 

Dumesic and co-workers, these factors are the catalytic active metal, the type of support mate-

rial, the pH value of the reaction mixture and the nature of feedstock (see figure 2.5). The 

option of tuning the selectivity towards alkanes is considered as a potential source for the pro-

duction of alternative fuels from biomass.[80, 84]  
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Figure 2.5: Selectivity of APR process depending on various factors as depicted by Dumesic and co-

workers.[83] 

2.5.2.1 Aqueous phase reforming of methanol 

Dumesic and coworkers studied the aqueous phase reforming of methanol and ethylene glycol 

(10 wt% solution) over a supported Pt/Al2O3 catalyst.[71] In this study very low levels of CO 

(< 300 ppm) have been detected in the gaseous effluents. The proposed reaction scheme con-

sists of methanol decomposition to yield CO followed by the water gas shift reaction (WGSR). 

Hence, the liquid phase with a large excess of water is supposed to favor the WGSR (see reac-

tion 2.7) which removes adsorbed CO from the Pt surface. The underlying water gas shift 

equilibrium is defined as follows, with pi being the respective partial pressure of gases and 

αH2O being the activity of water. 
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In the case of dilute solutions as present in the aqueous phase reforming, the activity of water 

is close to unity. As the water gas shift reaction is close to equilibrium, the ratio of pressures 

approaches the equilibrium constant KWGS which is 3100 bar at 500 K. Dumesic et al. have 

detected a ratio of 1100 bar, indicating that the WGSR is close to equilibrium. 

Furthermore, it has been found that the turn over frequency of methanol aqueous phase re-

forming strongly drops with increasing pressure (see figure 2.6).[71] This is attributed to an 

increasing hydrogen partial pressure inside the formed gas bubbles. The hydrogen partial 
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pressure influences reaction kinetics with a negative order, which is explained by the blocking 

of surface sites by adsorbed hydrogen. 

Other significant effects of total pressure might be the partial vaporization of liquid reactants. 

Therefore, a contribution of vapor phase methanol reforming cannot be excluded. The influ-

ence of total pressure on the wetting behavior of the catalyst and the density and bubble size 

distribution of gases formed during reaction is also taken into account. 
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Figure 2.6: The effect of total pressure on the rate of hydrogen formation during aqueous phase re-

forming of methanol and ethylene glycol at 210 °C. Approximate values according to Shabaker et 

al.[71] 

2.5.3 Other processes for hydrogen generation from methanol 

2.5.3.1 Methanol decomposition 

Methanol decomposition is the reverse reaction of methanol synthesis yielding H2 and CO 

(equation 2.4). Being an endothermic process, methanol decomposition is cited for the pur-

pose of heat recovery in methanol operated combustion engines. The waste heat of the flue 

gas is utilized to decompose methanol, thereby increasing the heating value of the fuel.[41] 

As CO is the main product besides hydrogen, methanol decomposition is not suitable for ap-

plication in PEM fuel cells as otherwise extensive CO conversion steps (see chapter 2.5.4) 

would be necessary. Decomposed methanol can also be used to provide syngas for chemical 

processes or to compensate peak loads in gas turbines. 
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 CH3OH ⇌ CO + 2 H2  mol kJ 92∆
-10

298 =H  (2.11) 

Catalysts for methanol decomposition are based on copper or precious metals. The reaction 

takes place at temperatures between 200 and 300 °C. To make methanol decomposition an 

attractive option for heat recovery, catalysts that are more active at moderate temperatures 

around 200°C have to be developed. 

2.5.3.2 Partial oxidation of methanol 

Being the only exothermal process, partial oxidation of methanol (equation 2.12) needs no 

external energy source, but yields only a hydrogen fraction of maximum 67 vol% in case of 

using pure oxygen and 40 vol% when using air. Due to the released heat of reaction, a suffi-

cient heat transport has to be guaranteed as otherwise the formation of hot-spots leading to 

catalyst deactivation is observed. The process of partial oxidation is only favorable if the pro-

duced heat is utilized further.  

 CH3OH + 0.5 O2 ⇌ CO2 + 2 H2  mol kJ -192.2∆
-10

298 =H  (2.12) 

Partial oxidation is a very fast reaction, allowing a compact reactor design. In order to pro-

duce hydrogen with high selectivity, it is crucial to control the ratio of oxygen to methanol. If 

the ratio is near or higher than the stoichiometric value of 0.5, a part of the hydrogen is oxi-

dized to form water. If the value is too low, methanol decomposition takes place, increasing 

the fraction of undesired CO. Catalysts that can be used belong principally to the same class 

as used for methanol decomposition and steam reforming, containing copper or precious met-

als. 

2.5.3.3 Combined reforming 

Combined reforming, also referred to as oxidative steam reforming, joins the advantages of 

steam reforming and partial oxidation and can be operated at zero net enthalpy. Heat release 

and heat consumption occur at the same place. Therefore, bulky components for heat ex-

change, as needed in the previously discussed processes, can be omitted. Moreover, heat 

transfer limitations are minimized due to the short distances for heat transport. In case of adi-

abatic operation, the process is referred to as autothermal reforming. The general reaction 

equation for combined reforming is given in equation 2.13. 

 (a + b) CH3OH + a H2O + 0.5b O2 ⇌ (a + b) CO2 + (3a + 2b) H2 (2.13) 
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By varying the water to oxygen ratio, the respective contribution of each reaction can be con-

trolled. Consequently, the reforming reaction can be adapted to each situation, e.g. a more 

exothermal operation during start-up. In continuous operation, when the desired reaction tem-

perature is reached, the system is switched to a bigger share of the steam reforming reaction 

producing hydrogen with more efficiency. This feature makes combined reforming an attrac-

tive option for on-board production of hydrogen demanding cyclic operation.  

The fast kinetics of partial oxidation linked with the high efficiency of steam reforming al-

lows a very compact reactor design. As the oxidation with air is more economic than using 

pure oxygen, the product gas is diluted by nitrogen leading to a reduced fuel cell efficiency 

which has to be compensated by a bigger design of the fuel cell itself.  

2.5.4 Processes for gas clean up  

The processes listed in the previous chapter are all afflicted with a certain amount of produced 

CO. Especially for PEM fuel cells, CO is a strong catalyst poison. Therefore, the CO content 

has to be reduced to 10 ppm.[18] This requires additional purification steps, e.g. water gas shift 

reaction and/or selective CO oxidation, increasing the equipment’s complexity. In mobile 

applications where space and weight are limiting factors this issue represents a huge challenge. 

In the subsequent chapters common methods for CO removal in hydrogen rich gases are dis-

cussed. 

2.5.4.1 Water gas shift reaction 

The water gas shift reaction (WGSR, equation 2.14), also referred to as carbon monoxide shift 

conversion, is a well known process, used commonly in the production of synthesis gas. As 

the equilibrium of the WGSR strongly depends on temperature, with low temperatures favor-

ing the CO conversion, industrial plants typically consist of two reactors in series. The first 

reactor operates at high temperatures from 300 to 500 °C (high temperature shift), whereas 

the second reactor operates at lower temperatures from 180 to 270 °C (low temperature shift), 

in order to obtain low CO concentrations. Typical catalysts used in high temperature shift are 

based on iron and chromium oxide, whereas low temperature shift catalysts are based on cop-

per/zinc oxide on aluminum oxide. Novel catalysts for low temperature WGSR are for in-

stance Pt and Au supported on metal oxides. 

 CO + H2O ⇌ CO2 + H2  mol kJ -41.2∆
-10

298 =H  (2.14) 
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The water gas shift equilibrium (equation 2.15) depends on the temperature but is almost in-

dependent of the pressure. A number of models predicting the equilibrium constant KWGS can 

be found in the literature.[85] 
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A drawback of WGSR is the energy requirement for further evaporation of water needed to 

drive the equilibrium towards low levels. In industrial applications typical CO contents of 

0.4 vol% are reached.[86] This CO content is however still not low enough for fuel cell appli-

cations. 

2.5.4.2 Preferential CO oxidation 

A process yielding very low CO contents is the preferential or selective oxidation of CO 

(equation 2.16). As the oxidation of CO takes place in a hydrogen-rich gas, a very selective 

catalyst is required. The catalysts should oxidize exclusively CO, to minimize combustion of 

hydrogen (equation 2.17). Both reactions are highly exothermic. Thus, a sufficient heat re-

moval is crucial, to control activity and selectivity. Oxygen or air has to be supplied to the 

reactor which complicates the system. 

 CO + 0.5 O2 → CO2  mol kJ -283.0∆
-10

298 =H  (2.16) 

 H2 + 0.5 O2 → H2O  mol kJ -241.8∆
-10

298 =H  (2.17) 

Typical catalysts used in preferential oxidation are supported Pt, Ru and Rh, but also gold and 

copper based catalysts have been investigated.[87] Chen et al. have demonstrated an integrated 

system for hydrogen production from methanol including a preferential CO oxidation step.[43] 

The authors claim a stable operation with a CO content as low as 4 to 5 ppm. 

2.5.4.3 Selective methanation of CO 

An alternative to selective oxidation without the need of dosing air is the selective methana-

tion of CO (equation 2.18). However, three molecules of hydrogen are consumed for each 

molecule of CO lowering the overall hydrogen yield. Therefore, the process is not suited for 

the removal of large amounts of CO. Additionally, CO2 may also react with hydrogen to form 

methane (equation 2.19). To suppress CO2 methanation, temperature control is crucial but 

difficult to achieve as both methanation of CO and CO2 are highly exothermic reactions. 
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 CO + 3 H2 ⇌ CH4 + H2O  mol kJ -205.8∆
-10

298 =H  (2.18) 

 CO2 + 4 H2 ⇌ CH4 + 2 H2O  mol kJ -164.6∆
-10

298 =H  (2.19) 

As methanation takes place at relatively high temperatures, the reverse water gas shift reac-

tion (back reaction of equation 2.14) can occur leading to unacceptable CO levels at the exit. 

This effect appears especially at low space velocities frequently encountered in cyclic opera-

tion. 

Catalysts used for methanation are for instance based on Ru, Rh and Ni supported on alumina 

or other metal oxides.[87] Holladay et al. developed a micro-scale fuel processor based on 

methanol steam reforming with subsequent CO methanation.[88] A CO level lower than 

100 ppm could be achieved, but a considerable amount of hydrogen was consumed in the 

methanation reaction lowering the overall efficiency of the fuel processor. 

2.5.4.4 Palladium membranes 

Dense palladium or palladium-silver alloy membranes offer a high permselectivity and high 

permeability for hydrogen. The separation principle is based on the solution diffusion model 

which states that hydrogen dissolves and diffuses through the palladium membrane. Therefore, 

these membranes can be applied for selective separation of hydrogen with high purity from 

the product gas stream. 

The separation step is preferentially carried out in situ using a membrane reactor which con-

tains the reforming catalyst. As hydrogen is continuously removed from the reaction mixture, 

higher conversion can be achieved enabling lower catalyst loading and/or lower reaction tem-

perature.[30] Furthermore, a membrane reactor combines reaction and separation in one single 

unit leading to a very compact design of the fuel processor. Compared to methanation or se-

lective oxidation of CO, no additional components for heat control or air supply are necessary, 

which makes the membrane based system more simple. 

As the driving force for the membrane process is a difference in partial pressure, the reform-

ing step has to be carried out either at elevated pressure, typically in the range of 20 bar, or a 

sweep gas has to be used at the permeate side. The use of a sweep gas however lowers the 

efficiency of the fuel cell, whereas operation at higher pressure increases the system complex-

ity.[41] On the other hand, the fuel cell might become smaller as pure hydrogen is fed to it. 

Further hurdles are membrane durability and membrane cost, with Pd being intrinsically ex-

pensive. A decrease in the amount of Pd has been achieved by deposition of a thin layer of 
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Pd-based alloy on a porous ceramic support.[87] This method suffers from short circuit of mol-

ecules through small “pinholes”, which reduces the selectivity of the membrane. 

Finally, the higher cost of a Pd membrane need to be compensated by the advantages of 

membrane-based systems. Despite these obstacles, most demonstrator units for methanol 

steam reforming have been membrane-based.[30] Various application examples of catalytic 

membrane reactors used in methanol steam reforming are to be found in the literature.[18] 

2.6 History and use of molten salts in reaction engineering 

“Molten salts” is the term for completely ionic compounds which are above their melting 

point. Several unique properties suggest their use as reaction media.[89] First and foremost 

they offer a high thermal, chemical and electrochemical stability. Second, they exhibit a wide 

liquidus range, which is the span between freezing point and boiling point or decomposition 

temperature of a liquid. Inorganic molten salts tend to be available in large quantities, as they 

are mostly derived from naturally occurring minerals. Finally, they are good electrolytes mak-

ing them attractive in electrochemical processes. 

Besides these advantages also some drawbacks related to the use of a molten salt should be 

mentioned. As classical molten salts consist of inorganic ions, they are generally high melting 

in the range above 300 °C. This implies that processes involving molten salts have to be high 

temperature processes. Therefore, a considerable amount of energy is needed to maintain the 

high temperatures. Furthermore, molten salts might cause severe corrosion problems in com-

bination with materials used commonly in process engineering. 

The use of molten salts in reaction engineering, although unknowingly, dates back to the year 

1914, when BASF filed a patent on a catalyst for the oxidation of sulfur dioxide in sulfuric 

acid production.[90] Basically this catalyst consisted of V2O5-alkali pyrosulfate supported on 

silica, the same catalyst still being used in a slightly modified form today.[91] However, not 

until the 1940s the nature of the catalyst was recognized as a supported molten salt which is 

liquid under reaction conditions in the range of 400 to 600 °C.[92-93] Up to now, investigations 

to understand the mechanism of the SO2 oxidation catalyst in more detail are ongoing.[91] 

In the subsequent years several other molten salt type catalysts have been applied for various 

organic reactions.[94] Among these, the oxidation of hydrogen chloride (Deacon catalyst)[95] 

and the oxidative chlorination of unsaturated hydrocarbons[94] play a major role. In the 1970s 

Monsanto applied a KCl-LiCl system immobilized on Al2O3 for the oxidative dehydrogena-
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tion of light alkanes.[96] In this work different transition metal salts were dissolved in the mol-

ten salt phase with best results yielded for MnCl2 and MnSO4. 

In 1988 a catalyst based on CuCl2-PdCl2 dissolved in CuCl/KCl was developed for the aerial 

partial oxidation of ethylene to acetaldehyde (Wacker oxidation).[97] A similar CuCl/KCl sys-

tem was later used for methanol decomposition intended for on-board production of synthesis 

gas for internal combustion engines.[98] The catalytically active molten salt was immobilized 

on various supports (silica, alumina, zinc silicate) and eventually promoted by ZnO or ZnCl2. 

Finally, in 1999 the group of Makkee introduced a molten salt system for soot oxidation in 

diesel exhaust gases.[99] The catalyst consisted of Cs2O, MoO3 and V2O5 immobilized on dif-

ferent support materials. Although the group improved the catalyst to be active at a tempera-

ture as low as 320 °C, it is admitted that this temperature is not low enough for common die-

sel engines with exhaust gas temperatures below 300 °C.[100] In another patent application, the 

inventors claim a catalyst system based on supported nitrate salts which is active already at 

300 °C.[101] 

Supported molten salt catalysts for the immobilization of dispersed microcrystallites of transi-

tion metals have been claimed in several US patents in the early 1990s. The inventors de-

scribe, amongst other systems, platinum immobilized in KCl/LiCl on silica support applied 

for the dehydrogenation of methylcyclohexane.[102] A supported molten salt catalyst based on 

CuCl/KCl was proposed for methanol decomposition.[103] 

Besides their application in chemical reaction engineering, molten salts are being used in elec-

trochemical applications like high-temperature fuel cells, high-temperature batteries and for 

electro-plating. The Hall-Héroult process, discovered in 1886, uses a molten cryolite 

(Na3AlF6) bath for the electrochemical reduction of alumina in the production of elemental 

aluminum. Alkaline metals and some alkaline earth metals are produced in a similar fashion 

by the so called fused-salt electrolysis. 

In 1954 the Aircraft Reactor Experiment initiated by the US Air Force aimed to develop an 

aircraft propulsion system based on a nuclear reactor. In this experiment the molten fluoride 

salt NaF-ZrF4-UF4 was used as nuclear fuel and primary coolant at the same time. In the sub-

sequent years the concept of molten salt reactors has been studied in several research projects, 

but no commercial reactor is operated up to now.  

The process of molten salt oxidation is applied for the gasification of coal, biomass or organic 

waste materials.[104] Another application of molten salts is its use as heat transfer medium ei-

ther in high temperature reactions or for the storage of heat, e.g. in solar thermal power plants. 
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In the latter case, a mixture of fused potassium and sodium nitrate stores solar heat to generate 

electricity during nighttime.[105] 

Eutectic mixtures of earth alkaline acetates, similar to those used in this work, were studied 

with regard to acid-base reactions and hydrogen exchange in the anion.[106] The basicity of 

molten sodium/lithium/potassium acetate was investigated using phenolic indicators. In mol-

ten potassium/sodium acetate, a hydrogen exchange within the methyl group of acetate was 

observed via deuterium labeling experiments. This indicates that the molten salt can not be 

regarded as a chemically inert solvent but rather interacts with its environment. 

In another publication the condensation of metal vapors was studied in molten potassi-

um/lithium/sodium acetate.[107] Condensation of copper or palladium atoms gave dispersed 

metals. However, no indication is given on the size of the resulting metal clusters. 

2.6.1 Corrosion aspects of molten salts 

The use of molten salts in various fields of process engineering requires the knowledge of 

their corrosion properties. Corrosion of metals in contact to molten salt can occur in two ways. 

Either the metal is soluble in the molten salt or the metal is oxidized to metal ions. In some 

cases a passive layer is formed on metals in contact to molten salts (e.g. iron in alkali nitrate 

melts), which prevent the metal from corrosion. However, passivation in molten salts is not 

very common, due to the good solubility of inorganic compounds in molten salts.[108] 

As molten salts are good conductors due to their ionic nature, they are well suited for electro-

chemical investigation of corrosion processes. These studies can be carried out in capsule-

type containers, as used for the investigations of electrochemical processes in molten electro-

lytes. To simulate the conditions in flowing system, corrosion studies are conducted in flow 

loops with forced convection. 

An overview of corrosion properties of metals in various molten salts is given by Janz et al. in 

the form of an annotated bibliography.[109] However, possible combinations of molten salts 

and materials are numerous, so that corrosion aspects have to be checked independently for 

each application. 

2.6.2 Solubility properties of molten salts 

As inorganic molten salts are widely applied in extractive metallurgy, they are quite well 

characterized regarding their physico-chemical properties. The solubility of water vapor and 
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industrial gases in molten nitrates, fluorides chlorides and other halides has been reviewed by 

Buckle and Finbow.[110] 

Tomkins has reviewed various methods for the determination of gas solubilities in molten 

salts.[111] However, intricate experimental designs are necessary for these measurements due 

to the corrosive nature and the high melting point of many molten salts. 

Concerning the molten acetate salts used in this work, less comprehensive data are available 

in the literature. Marassi et al. investigated the solubility of hydrogen and water in the potas-

sium/sodium acetate eutectic.[112] More recently, the solubility properties of argon, nitrogen 

and carbon dioxide in various molten salts, among them neat sodium acetate and potassium 

acetate, were predicted based on the cohesive energy.[113] 

The specific solvation interactions of carbon dioxide with regard to acetate and trifluoroace-

tate imidazolium based ionic liquids have been studied.[114] The authors propose an interaction 

between CO2 and the acetate anion according to a Lewis acid/Lewis base mechanism, enhanc-

ing the CO2 solubility especially at low pressures. The ability of the carbonyl group to interact 

with CO2 has been confirmed by IR spectroscopy.[115] 

2.7 Ionic liquid based catalyst systems 

A special class of molten salts is represented by ionic liquids (ILs), which have by definition a 

melting point below 100 °C and entirely consist of ions. In the following sections, salts that 

match this definition are referred to as ionic liquids whereas liquid salts with a higher melting 

point are referred to as molten salts. Due to size differences and asymmetrical structure of 

anions and cations the melting point of ionic liquids is reduced compared to conventional 

molten salts. Ionic liquids share many advantages of molten salts and avoid the worst disad-

vantages in terms of the high temperature needed in molten salt handling.[89] 

The development of ionic liquids dates back to 1914, with the synthesis of ethylammonium 

nitrate. Since the mid of 20th century ionic liquids have been investigated for electrochemical 

applications. But not until the 1980s and 90s ionic liquids had been studied as solvents for 

transition metal catalysis.[116] Ever since, ionic liquids have received a tremendous interest in 

the various fields of chemistry and engineering. The spectrum of potential applications ranges 

from the use as solvent in catalysis to the application as operation fluid in process 

machinery.[117-118] 

The attractiveness of ionic liquids lies in their ultra-low vapor pressure, enabling new applica-

tions and making them environmentally more benign compared to the use of common volatile 
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organic solvents. Furthermore, due to the large variety of possible anion/cation combinations, 

the physical and chemical properties of ionic liquids can be tuned according to the require-

ments of a specific application. Thus the term “designer solvent” has emerged within the ionic 

liquid community. The relevant properties for utilization of ionic liquids in catalysis are for 

instance the low vapor pressure, acidity, coordination strength, thermal stability and solubility 

properties. This makes ionic liquids particularly interesting as solvents in the field of organo-

metallic catalysis.[119] 

Two recent catalyst systems utilizing ionic liquids are of importance for the present work as 

they gave inspiration to the research approach pursued, namely the Supported Ionic Liquid 

Phase (SILP) concept and the Solid Catalyst with Ionic Liquid Layer (SCILL) concept. Be-

sides that, the ability of ionic liquids to stabilize nanoparticles is of importance. 

2.7.1 Supported Ionic Liquid Phase (SILP) catalysis 

SILP systems comprise a thin film of ionic liquid which dissolves a homogeneous catalyst 

immobilized on a highly porous solid support material. The concept was introduced by 

Mehnert et al. and studied for several gas-phase processes, among them hydroformylation[120] 

and the water gas shift reaction[121-122]. In our group the continuous gas-phase Friedel-Crafts 

isopropylation of toluene and cumene has been studied using an acidic SILP system.[123] The 

SILP concept was also successfully applied to gas cleaning making use of the high gas-liquid 

surface in the desulfurization of a model gas stream.[124] 

The inherent advantage of the SILP system compared to classical bi-phasic homogeneous 

catalysis is its high surface area limiting mass transfer issues and minimizing the use of ionic 

liquid. In applications of SILP systems in liquid slurry however relevant cross solubilities of 

the ionic liquid in the solvent has to be avoided. Therefore, gas phase processes are the most 

common application of SILP materials. Due to the ionic liquid’s low volatility, the reaction 

phase remains on the support and product separation takes place in-situ.  

By immobilization of a homogeneous catalyst on a heterogeneous support material, the ad-

vantages of homogeneous catalysis, e.g. high activity and selectivity, are combined with good 

handling abilities and easy product separation known from heterogeneous catalysts. Hence, 

SILP materials can be seen as a successful approach to heterogenize homogeneous catalysts. 
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2.7.2 Solid Catalyst with Ionic Liquid Layer (SCILL) conc ept 

A SILP equivalent applied to heterogeneous catalysts is the SCILL system. Here a common 

heterogeneous catalyst is coated with a thin film of ionic liquid. A schematic representation of 

the SCILL concept is shown in figure 2.7. The ionic liquid coating can act as a co-catalyst and 

thus enhance activity and/or product selectivity. This is attributed to interactions of the ionic 

liquid with catalytic active sites, leading to an altered adsorption behavior. Interactions be-

tween ionic liquid and metal have been recently studied by various spectroscopic 

techniques.[125] 

 

Figure 2.7: Schematic representation of the SCILL concept based on a molten salt coating. Drawing 

courtesy of Martin Schneider. 

The group of Libuda studied in cooperation with our group the interaction of the ionic liquid 

[BMIM][NTf 2] with platinum and palladium nanoparticles on an ideal surface.[126] There is a 

distinct adsorption behavior of the imidazolium based ionic liquid either on platinum or palla-

dium. Adsorbed carbon monoxide molecules are replaced by the ionic liquid in a selective 

manner either from edges or facets. These findings support the idea of a direct modification of 

the metal center by ligand effects. 

Lercher et al. investigated the interaction between ionic liquid, support material and supported 

platinum catalyst.[127] The SiO2 support increases the viscosity of the ionic liquid, which has 

an impact on the diffusivity of reactants and therefore on the product selectivity. Furthermore, 
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the electron density of the ionic liquid is modified in the presence of platinum clusters, which 

can improve the selectivity. Additionally, the ionic liquid layer protects the active metal from 

oxidation. 

Solubility effects of the ionic liquid layer (e.g. differential solubility of substrates and prod-

ucts) are supposed to shift the thermodynamic equilibrium of the reaction.[128] On the one 

hand, high solubility for the substrates enhances the substrate concentration at the active cen-

ter increasing the reaction rate. On the other hand, a lower solubility of products enhances the 

reaction rate by quick removal of products from the active center. At the same time, possible 

consecutive reactions are inhibited by low product solubility. Thus, the selectivity can poten-

tially be influenced by an ionic liquid layer. 

For instance, hydrogen is known to have a relatively low solubility in ionic liquids,[129] while 

polar substances dissolve well in most ionic liquids. In any case the solubility properties de-

pend on the nature of anion and cation. Solubility and therefore also activity and selectivity 

can be tuned by a modification of anion and cation. An a priori method for the prediction of 

activity coefficients is the quantum chemistry based COSMO-RS method.[130] This is an effi-

cient tool for the estimation of ionic liquid properties which can facilitate the pre-selection of 

suitable ionic liquids for certain tasks.  

The SCILL concept was introduced by Jess and co-workers and first demonstrated for the 

hydrogenation of cyclooctadiene.[131] A commercial nickel catalyst was coated with liquid 1-

butyl-3-methylimidazolium n-octylsulfate. Thus the yield of the singly hydrogenated product 

cyclooctene could be enhanced from 40 to over 70 %. Although the SCILL catalyst was used 

in liquid phase catalysis, no leaching of the ionic liquid to the organic phase was detectable. 

Claus et al. studied the ionic liquid modified regioselective hydrogenation of citral using a 

SCILL-type palladium catalyst. Dicyanamide containing ionic liquids gave an almost quanti-

tave yield of the intermediate citronellal.[132-133] It has been confirmed by chemisorption and 

calorimetry, that hydrogen uptake and the respective heat of adsorption is reduced by the IL 

layer.[133] The function of the ionic liquid is attributed to a ligand effect modifying the active 

center as known from bimetallic catalysis. In the same study the formation of Pd(II) and its 

complexation by the ionic liquid is discussed. This effect has also been observed in Pd nano-

particle synthesis in imidazolium-based ionic liquids.[134] Recently, the selective hydrogena-

tion of citral using a SCILL catalyst has been demonstrated in a continuously operating trick-

le-bed reactor.[135] 

In SILP systems, and in consequence also in SCILL systems, the distribution of the ionic liq-

uid film on the support surface is not yet clear. There is evidence for a preferential filling of 
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micropores with ionic liquid before larger pores are filled.[136] However, for an ionic liquid 

coated silica support complete coverage was indicated by IR absorption spectroscopy.[127] 

The SCILL concept can also be applied to protect Raney nickel from oxidation by covering 

the surface with a thin IL film. A comparison of SILP and SCILL systems highlighting the 

main differences is presented in table 2.2. 

Table 2.2: Comparison of SILP and SCILL systems. 

2.7.3 Stabilization of nanoparticles in ionic liquids 

In recent years catalysis by metallic nanoparticles has seen a growing research interest. Due to 

their large surface area, nanoparticles exhibit high activities making them attractive as recy-

clable catalysts. The field of nanoparticles catalysis is considered to be “at the frontier be-

tween homogeneous and heterogeneous catalysis”.[134] Ionic liquids have been shown to be a 

very promising medium for the synthesis and stabilization of nanoparticles.[137] This effect is 

attributed to low interface tensions, resulting in high nucleation rates and thus generating very 

small particles. Bulky cations (e.g. the substituted imidazolium cation) favor the electrosteric 

stabilization of nanoparticles which is a combination of electrostatic and steric effects. 

However, ionic liquids are considered to be non-innocent and can also interact directly with 

nanoparticles.[134] Palladium-N-heterocyclic carbene complexes are formed from palladium 

acetate upon deprotonation of the imidazolium cation. At high temperatures, Pd nanoparticles 

are formed after decomplexation of Pd carbene complexes. It is supposed that the Pd nanopar-

ticles resulting from decomplexation catalyze Heck reactions and Suzuki coupling. 

 SILP SCILL 

Catalyst nature 
Homogeneous, dissolved in 
ionic liquid 

Heterogeneous, coated with 
ionic liquid 

Metal and metal complex 
solubility 

As high as possible As low as possible 

IL loading 
Enough for homogeneous 
dissolution of metal complex 

Enough to cover active cen-
ters 

IL-metal interaction 
Desired to stabilize metal 
complex 

Desired to enhance activi-
ty/selectivity 

Maximum temperature 
Limited by stability of metal 
complexes/ligands 

Limited by IL stability 
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Up to now, ionic liquid stabilized nanoparticles have mostly been used for C-C coupling reac-

tions and hydrogenation reactions.[138] In this respect, not only the synthesis and stabilization 

of nanoparticles in bulk ionic liquid, but also the immobilization of ionic liquid stabilized na-

noparticles on a solid support have been investigated. Here, the ionic liquid acts as particle 

stabilizer, immobilization layer and solvent for the reactants at the same time. This is in close 

analogy to the SILP concept (see section 2.7.1) where homogeneously dissolved metal com-

plexes are stabilized instead of metal nanoparticles. 

Among various transition metals, palladium nanoparticles have been studied most widely. A 

review summarizing recent work on ionic liquid mediated nanocatalysts can be found in the 

literature.[138]  

2.8 Application of molten salts in methanol reforming reactions 

In the context of novel energy carrier concepts, the catalytic conversion of methanol to hydro-

gen will gain importance. Therefore, the need to establish reforming catalysts with high ac-

tivity and at the same time high selectivity arises. Particularly for methanol processors with 

cyclic operation, including shutdown periods, highly flexible and easy to handle catalysts are 

demanded. This applies to mobile applications as well as to decentralized units, e.g. for do-

mestic power generation. 

In this work, the known benefits from ionic liquid mediated catalysis will be extended to 

methanol reforming reactions, i.e. liquid phase reforming and steam reforming of methanol. 

The beneficiary effects expected from the ionic liquid are: 

- Good solubility for substrates (water and methanol) 

- Low solubility for hydrogen 

- Reduced vapor pressure of water and methanol 

- Enhancing effect on catalytic active centers 

- Stabilization of nanoparticles 

As methanol reforming reactions are generally carried out at temperatures above 200 °C, spe-

cial emphasis has to be put on the issue of thermal stability of the ionic liquid.[139] At these 

temperatures, most organic ionic liquids start to suffer from thermal decomposition. The sta-

bility issue is intensified in hydrolytic environment, e.g. in the presence of water.[140] Both 

obstacles, temperatures above 200 °C as well as hydrolytic environment, are inherently pre-

sent in methanol reforming reactions. 
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2.8.1 Previous work on dehydrogenation reactions using ionic liquids 

Previous work of our group dealt with the topic of catalytic hydrogen evolution from biogenic 

feedstock in ionic liquids as reaction medium. This project was inspired by the groundbreak-

ing study of Rogers and co-workers on the ability of ionic liquids to dissolve cellulose.[141] In 

this way, the restriction of common aqueous phase reforming to water soluble feedstock 

should be overcome (see chapter 2.5.2). 

Typically, the dehydrogenation of biogenic feedstock was carried out at 180 °C and ambient 

pressure using the homogeneous ruthenium complex [(p-cymene)RuCl2]2 and tetramethyleth-

ylenediamine (TMEDA) as a stabilizing ligand. The catalytic system was chosen based on a 

report by Beller and co-workers who applied this complex to the dehydrogenation of isopro-

panol.[142] However, the reaction conditions led to the decomposition of ionic liquids used as 

reaction medium.[143] 

In the case of the ionic liquid 1-ethyl-3-methylimidazolium acetate, the basic and nucleophilic 

acetate reacted with 1-ethyl-3-methylimidazolium forming methylacetate and N-ethyl-

imidazole. This has been revealed by NMR analysis of the reaction mixture and the retained 

condensate. In presence of a ruthenium catalyst the reaction products were further decom-

posed to hydrogen and carbon dioxide.  

The case of 1-ethyl-3-imidazolium methylphosphonate revealed to be more complex. Where-

as in the blank test without glucose the IL was stable, NMR analysis after reaction of glucose 

showed evidence for the modification of the anion. Indeed, experiments involving a water 

donor (Na2SO4⋅10 H2O) and IL lead to the formation of hydrogen. Therefore, water arising 

from thermal dehydration of glucose was attributed to be responsible for the hydrolysis of the 

methylphosphonate anion. 

Furthermore, in reactions carried out at 180 °C in a pressurized vessel in the presence of water 

imidazolium-type cations decomposed according to the proposed reaction scheme depicted in 

figure 2.8 forming amines and aldehydes.[144] As this reaction is the reversion of the imidazole 

synthesis according to the Radziszewski synthesis, the term “Retro-Radziszewski” reaction 

describes the decomposition mechanism. 

 

Figure 2.8: Proposed reaction scheme for the decomposition of imidazolium in the presence of water. 
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In the presence of a transition metal catalyst some of the decomposition products reacted fur-

ther to yield hydrogen and carbon dioxide and were thus removed from the reaction equilibri-

um. 

In consequence, ionic liquids consisting of organic cations were found to be unsuitable for a 

reaction environment involving higher temperatures and water. In order to circumvent the 

stability problem of organic ionic liquids under these conditions, the idea evolved to replace 

them by inorganic molten salts.  

The traditional inorganic molten salts (see chapter 2.6) usually have high melting points in the 

range above 400 °C. However, a combination of inorganic and organic ions shows lower 

melting points which can be further reduced by mixing various salts. For instance, a ternary 

molten salt mixture of cesium acetate, potassium acetate and lithium acetate with a molar 

composition of 52.5, 27.5 and 20.0 %, respectively, has a melting point of about 120 °C in the 

dry state.[145] Indeed, no evidence of decomposition of the molten salt mixture was found dur-

ing the dehydration of glucose at 180 °C. 

2.8.2 Liquid phase reforming using molten salts 

After the identification of a stable reaction medium, the experiments of hydrogen generation 

from biogenic feedstock were extended to a continuously operated pressurized autoclave (es-

sentially the same setup as described in section 3.3.1). Thus, the reaction could be carried out 

at temperatures up to 250°C and in the presence of water which is important to ensure a re-

forming reaction using the reduction equivalent of water according to the general reaction 

scheme 2.20. 

 CxHyOz + (2x - z) H2O ⇌ x CO2 + (2x - z + 0.5y) H2 (2.20) 

Due to the higher reaction temperatures above 200 °C, the catalytic system was switched from 

the organic rutheniuim complex to more stable transition metal salts, for instance RhCl3, 

ZnCl2 and PdCl2. Aqueous mixtures of glucose, sorbitol and glycerol have been used as mod-

el substrate of biogenic feedstock. However, liquid phase reforming of these substrates suf-

fered from poor activities and the thermal decomposition of biomass led to tarry by-products. 

The catalytic system was most likely not active enough to ensure cleavage of C-C bonds and 

the targeted temperature range of 200 to 250 °C was too low for a complete conversion of the 

biomass based feedstock. 
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Among various substrate molecules studied in liquid phase reforming only methanol showed 

reasonable activity. For this reason and motivated by the expectation that hydrogen generation 

from methanol will gain importance in a future energy system, the focus of the present thesis 

was put on reforming reactions of methanol. In order to study the reaction with a more de-

fined catalyst, heterogeneous catalysts were included in our investigation. 

2.8.3 Extension of the SCILL concept towards molten salts 

Hitherto, to the best of our knowledge, the SCILL concept has been applied exclusively to 

hydrogenation reactions. The highest reaction temperature that has been reported in the litera-

ture was 100 °C in the continuous selective hydrogenation of citral.[135] The limited thermal 

stability of most organic ionic liquids is certainly one reason for the restriction of SCILL ap-

plications to the lower temperature range. Hence, the application spectrum of SCILL catalysis 

was extended towards higher temperatures by replacing the organic ionic liquid by a partially 

inorganic molten salt. 

Consequently, the SCILL concept was applied to gas phase methanol steam reforming which 

was carried out in the temperature range of 180 to 250 °C. Thus, heterogeneous catalysts used 

in methanol steam reforming were coated with a molten salt layer. The benefits of ionic liq-

uids, namely solubility effects and interaction with active centers, are expected to be effective 

for molten salts as well. To the best of our knowledge, this was the first attempt to extend the 

SCILL concept towards temperatures higher than 200 °C. 



 



 

3 Experimental 

3.1 Chemicals 

3.1.1 Substrates 

For methanol reforming in the liquid phase methanol (Sigma Aldrich, > 99.8 %) and distilled 

water were used. All experiments were conducted with an equimolar mixture of methanol and 

water corresponding to a methanol content of 64 wt%. The feed solution was degassed by 

bubbling helium through the reservoir prior to an experiment in order to prevent the evolution 

of gas bubbles in the HPLC pump.  

In gas phase reforming experiments HPLC-grade methanol and bi-distilled water were used to 

prevent the deposition of solid matter inside the vaporization unit. In both experiments, nitro-

gen (LINDE, 5.0, >99.999 %) was used as inert gas to purge the reactor prior to and after each 

experiment. In the case of gas phase reforming, nitrogen served also as carrier gas for the va-

porization of substrates. 

3.1.2 Molten Salts 

The salts used in this work were purchased from various suppliers and used as received. They 

are listed in table 3.1. 

Table 3.1: Salts used in liquid phase reforming experiments and for coating of gas-phase heterogene-

ous catalysts. 

 

Component Short name CAS-# Purity Supplier 

Cesium acetate Cs[OAc] 3396-11-0 pure Chemetall 

Cesium 
bistrifluorosulfonylimide 

Cs[NTf2]   
In-house 
synthesis 

Lithium acetate dihydrate Li[OAc] ⋅ 2 H2O 6108-17-4 > 99.0 % AppliChem 

Potassium acetate K[OAc] 127-08-2 > 99.0 % Merck 

Sodium acetate Na[OAc] 127-09-3 > 99.0 % Merck 
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Cesium bistrifluorosulfonylimide (Cs[NTf2]) was synthesized in-house by Stephanie Bajus 

according to the following procedure.[146] 

Li[NTf 2] was heated with an excess of H2SO4 at 80 °C and vacuum atmosphere to liberate 

H[NTf2] which was condensed in a liquid nitrogen cooling trap. Subsequently H[NTf2] was 

reacted in acetonitrile as solvent with an excess of Cs2CO3 to form Cs[NTf2] and CO2. Re-

maining carbonate was removed by filtration. Finally, the Cs[NTf2] solution was dried in a 

rotary evaporator. 

In order to lower the melting points, mixtures of salts were used according to the composition 

given in reference [145]. However, under reaction conditions the molten salt mixtures can be 

assumed to show even lower melting points, as water and methanol dissolve in the molten salt 

phase. Molar composition, melting points, and density of molten salts and mixtures thereof 

can be found in table 3.2. 

Table 3.2: Selected properties of eutectic mixtures and neat molten salts. 

The relevant material properties of Cs[NTf2] and Cs/K/Li[OAc] have been measured in our 

group by Stephanie Bajus within the scope of her doctoral thesis. Prior to the measurement, 

the molten salt was dried at 170 °C for at least 12 h under a vacuum of 3 mbar. Melting points 

were determined in a differential scanning calorimeter (Netzsch DSC 2004 F1 Phoenix). The 

viscosity was measured in a rotary viscosimeter (Brookfield viscosimeter DV-II+ Pro Extra). 

The density measurement was conducted applying the Archimedes principle by determining 

the buoyancy of a glass sphere immersed in the molten salt. 

For the determination of thermal stability a thermogravimetric analysis (TGA, Setsys Evolu-

tion) was conducted (see figure 3.1). For both salt mixtures the TGA reveals decomposition 

Components Molar composition 
Melting point / 
°C 

Density a / 
g cm-3 

Viscosity a / 
mPa s 

Cs/K/Li[OAc] 52.5 / 27.5 / 20.0 b 73 b, 120 c 2.06 c 32 c 

Cs[NTf2]  120 c 2.20 c 15 c 

Cs[OAc]  194 d   

K/Na[OAc] 61.5 / 38.5 b 240 b   

K[OAc]  303 - 307 d   

Li[OAc]  283 - 285 d   
a at 200 °C 
b from reference [145] 
c from reference [146]  
d from material safety data sheet provided by the supplier 



3.1 Chemicals   

 

45

temperatures higher than 400 °C. Generally, thermal stability is expressed by the decomposi-

tion temperature Tonset which is the temperature at the intersection of two straight lines. The 

first line is tangent to the upper plateau, whereas the second line is tangent to the point of 

highest decomposition rate. However, mass loss might occur already at temperatures lower 

than the obtained decomposition temperature. 
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Figure 3.1: Thermogravimetric analysis of Cs[NTf2] and Cs/K/Li[OAc]. Heating rate: 10 K min-1, 

atmosphere: nitrogen. 

For this reason, TGA analysis of ionic liquids generally yields higher decomposition tempera-

tures compared to more sensitive spectroscopic methods.[147] In the present case the analysis 

was not carried out under reaction conditions of methanol reforming. Instead, the samples 

were heated up under nitrogen atmosphere without the presence of water. Furthermore, the 

fast heating rate of 10 K min-1 yields generally higher decomposition temperatures. 

To obtain more applicable results, thermogravimetric analysis should be carried out in pres-

ence of water vapor and under isothermal conditions. For the use as reaction medium the 

long-term stability of molten salts is also of importance. Further investigation of thermal sta-

bility and the determination of the vapor pressure of molten salts will be conducted within our 

group in the near future. A stability test of Cs/K/Li[OAc] under reaction conditions in the 

presence of water is shown in chapter 4.1.3. 
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3.1.3 Catalysts 

In liquid phase reforming heterogeneous catalysts based on noble metals were tested. For the 

gas phase steam reforming experiments noble metal catalysts and copper based catalysts were 

applied. An overview of the catalysts used can be found in table 3.3. 

Table 3.3: Data of heterogeneous catalysts and support material XC 72 as used in liquid and gas phase 

reforming experiments. 

Catalysts consisting of platinum and palladium immobilized on carbon black and platinum on 

titania were received from BASF. These catalysts are non-commercial research samples. The 

neat catalyst support material used for the carbon black catalyst from BASF was supplied by 

Cabot. Süd Chemie provided a copper zinc oxide catalyst which is typically used in methanol 

steam reforming.  

A platinum catalyst immobilized on carbon nanotubes (CNT) was prepared by ICT Clausthal 

by a polyol reduction reaction using ethylene glycol.[148] In the synthesis procedure chloropla-

tinic acid and polyoxometallate have been used as precursors for impregnation of multi-

walled CNT (Bayer Material Science). The catalyst was characterized by transmission elec-

tron microscopy (TEM) and X-ray diffractometry (XRD). A TEM picture and a XRD diffrac-

togram of the Pt/CNT catalyst is found in figure 3.2.  

For each catalyst, the pore volume was measured by nitrogen sorption (Quantachrome Quad-

raSorb). However, evaluation of sorption data by DFT methods depends on material specific 

parameters which were not available for the investigated samples. Furthermore, only pores up 

to 30 nm are detected by nitrogen sorption. Hence, the actual pore volume can be higher if 

pores larger than 30 nm are present to a significant extent. The total pore volume of a support 

material can be determined by mercury porosimetry. This method might however be afflicted 

by the formation of amalgam from mercury and the catalytically active metal. 

Composition Metal content / wt% Pore volumea / ml g-1 Supplier 

Pt/Pd/carbon black 18.5 / 9.0 0.251 BASF 

Pt/TiO2 5.0 0.282 BASF 

Pt/CNT 40 0.917 ICT Clausthal 

Cu/ZnO 26 / 53 0.363 Südchemie 

XC 72 (carbon black)  0.453 Cabot 
a as determined by nitrogen sorption 
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Figure 3.2: a) TEM micrograph and b) XRD diffractogram of the Pt/CNT catalyst (both analyses pro-

vided by ICT Clausthal). 

3.2 Preparation of molten salt coated catalysts 

For a coated catalyst the content of molten salt is commonly defined by the pore filling de-

gree α, which is the volume of molten salt divided by the total pore volume of the heteroge-

neous catalyst.  

 
pore

salt

V

V
=α    (3.1) 

The volume of salt can be approximated by linear interpolation of the densities of the pure 

components according to their molar composition. The total pore volume was determined by 

nitrogen sorption. As mentioned in the previous section, the determination of pore volume by 

nitrogen sorption was afflicted with some uncertainties. In this work the molten salt loading is 

therefore specified by weight fraction instead of the pore filling degree. The weight fraction of 

salt wsalt is related to the total amount of the final catalyst. 

 
saltcat

salt
salt mm

m
w

+
=    (3.2) 

In the preparation procedure, a defined amount of heterogeneous catalyst was immersed into a 

solution of salt in methanol. The amount of salt was chosen according to the desired pore fill-

ing degree. After careful mixing for 30 min at room temperature, the methanol was removed 

from the catalyst in a rotary evaporator. Subsequently, the coated catalyst powder was dried 

further under vacuum < 1 mbar for at least 12 hours.  

a) b) 
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3.3 Liquid phase reforming experiments 

3.3.1 Setup of the rig 

All liquid phase reforming experiments were conducted in a rig consisting of three continu-

ously stirred tank reactors which were operated independently of each other in parallel mode 

(figure 3.3). A block flow chart of one single reactor is shown schematically in figure 3.4. A 

flow sheet of the complete plant can be found in figure 3.5. 

The reaction was carried out in a 600 ml stainless steel autoclave (Parr Instrument Company) 

heated by an electrical heating jacket (Ihne & Tesch). The reaction temperature was measured 

by a thermocouple placed inside the reactor and controlled by an electronic controller (Eu-

rotherm). Temperature and pressure were constantly recorded by the plant control software 

developed by Dr. René Wölfel.[144] 

 

Figure 3.3: Photo of the experimental rig for the liquid phase reforming of methanol consisting of 

three continuously operated stirred tank reactors. 

The aqueous feed solution was fed to the reactor by means of a precision metering pump 

(LDP 4, Labortechnik Sewald) in the case of reactor 1 and a HPLC pump (Techlab) in the 

case of reactors 2 and 3. Attached to each reactor a reflux condenser cooled to 1 °C ensured 
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retention of volatile components. All evolved permanent gases were able to leave the reactor 

after passing the condenser. The system pressure was maintained constant using a manually 

adjusted back pressure valve (30 to 75 bar) which expanded the product gas to ambient pres-

sure. A second condenser mounted in the downstream section and cooled to 1 °C ensured 

condensation of water and methanol vapors prior to moisture sensitive GC analytics. 

A computer controlled multi port valve (VICI, Valco Instruments) distributed the product gas 

of each line alternatively to the analytic section. This configuration allowed the use of only 

one gas chromatograph and one flow meter for all three lines. Finally, the off-gas was re-

leased to a ventilation duct. 

 

Figure 3.4: Schematic representation of the continuously operated stirred tank reactor for the liquid 

phase reforming of methanol to hydrogen. 

3.3.2 Analytics of liquid phase reforming experiments 

For the determination of the product gas composition a gas chromatograph (Varian GC 450) 

was used. It was equipped with a ShinCarbon column (ST100/120, 2 m x 0.75 mm ID) and 

operated with argon as carrier gas. A thermal conductivity detector (TCD) was used to specify 

the amount of nitrogen, hydrogen, carbon dioxide and carbon monoxide. The combustible 

gases methane, ethane, propane and butane were determined by means of a flame ionization 

detector (FID). Depending on how many lines were in operation, a GC sample was drawn 

every 35 to 105 minutes. A summary of the applied column parameters can be found in table 

3.4. A typical chromatogram is found in the appendix (figure 7.1 and figure 7.2). 

After passing the GC, the gas volume flow was determined by a flow meter (Elster Amco) 

and logged by the control software. The volume flow of one line was logged for a period of 

five minutes before the multi port valve switched to the next line. Thus, in the case of three 

reactors running at the same time, the volume flow was measured every 15 minutes for each 

line. 
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Figure 3.5: Flow sheet of the liquid phase reforming plant consisting of three continuously stirred tank 

reactors. 
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Table 3.4: Column parameters for the Varian GC 450 used in liquid phase reforming. 

3.3.3 Experimental procedure of liquid phase reforming 

In a typical experiment 100 g of salt mixture were filled into the reactor together with the re-

spective amount of catalyst. Before startup the reactor was purged three times with nitrogen to 

remove oxygen from the gas phase. The system pressure was adjusted to 30 bar by addition of 

nitrogen. With the beginning of the experiment, the heating was set to the desired temperature 

and the stirrer to 1200 min-1. The metering pump was switched on, to supply the reactor with 

the desired flow of feed, typically 3.5 ml min-1. 

The rising temperature and the gaseous reaction products led to an increase in total system 

pressure until the setpoint of the back pressure valve was reached. The system pressure was 

then kept constant by releasing gas from the reactor. In most experiments the pressure was set 

to 40 bar, as otherwise at lower pressures the vaporization rate of substrates would have been 

too high. In this case either the temperature could not be maintained constant by the tempera-

ture controller or the capacity of the reflux condenser adjacent to the head of the reactor was 

not sufficient.  

3.3.4 Calculation procedures used in liquid phase experiments 

3.3.4.1 Total feed content inside the reactor 

In the ideal case the substrates of liquid phase reforming are converted completely to gaseous 

products, namely hydrogen and carbon dioxide. Possible gaseous by-products are carbon 

monoxide and methane. Liquid by-products were only observed upon liquid phase reforming 

of ethylene glycol. Hence, in the liquid phase reforming of methanol it is supposed that the 

feed is converted exclusively to gaseous products. 

Column type ShinCarbon ST100/120 

Detector TCD and FID 

Carrier / reference gas Argon 

Temperature 40 °C (2.5 min), ramp 20 K min-1 (10.5 min), 250 °C (12 min) 

Column head pressure 10 psi 

Detection time 25 min 
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These gaseous products are able to leave the reactor by passing the reflux condenser, whereas 

liquids, namely unconverted methanol and water, remain in the reactor. Therefore, the sub-

strates accumulate inside the reactor if the feed dosage rate is higher than the reaction rate and 

vice versa. The mass balance gives access to the amount of substance present in the reactor. 

 out,productin,feedreactor,feed mmm −=   (3.3) 

The total amount of substrate fed to the reactor after a given time on stream tn is the sum of 

feed in each measurement interval i and can be accessed from the logged feed volume flow 

i,feedV&  which is the setpoint of the HPLC pump. The feed density ρfeed is determined by linear 

interpolation of the densities of pure methanol and water.  
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In the same way, the total mass of products leaving the reactor can be summarized from each 

interval. 
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mProduct,out,i is defined as the sum of all gaseous components leaving the reactor in a certain 

interval. The expression (3.6) can be derived from the ideal gas law, with i,productV&  being the 

volume flow of gaseous products as measured by the gas flow meter. Temperature and pres-

sure inside the flow meter (Tflowmeter and pflowmeter) are assumed to be equal to ambient condi-

tions as present in the laboratory (25 °C and 1 bar). 
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The molar fraction xa,i is determined by the gas chromatograph for the components hydrogen, 

carbon dioxide, carbon monoxide and methane; Ma is the respective molar mass. The mass of 

methanol and water eventually discharged via the gas phase is neglected in this calculation as 

the content cannot be determined by the GC. During steady state operation, there was no con-

densate visible in the condenser in the downstream section, which justifies the previous as-

sumption. 
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3.3.4.2 Turn over frequency 

The turn over frequency is a measure for catalytic activity and is defined as the number of 

moles which are converted by a catalytic active center in a certain time unit. The total volume 

flow of gases leaving the reactor productV&  is measured by the gas flow meter, whereas the con-

tent of CO2, CO and CH4 is determined by the gas chromatograph. As no other by-products 

were detected, it is assumed that the only carbonaceous products from methanol conversion 

are CO2, CO and CH4. 
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As the number of active sites was not determined for the catalysts used in liquid phase re-

forming, the turn over frequency was related to the total metal content of the catalyst which 

was determined as follows. 

 ∑=
m
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w
mn   (3.8) 

The weight fraction wm for each metal related to the total catalyst mass mcatalyst is given by the 

catalyst supplier; Mm is the molar mass for the respective metal.  

3.4 Methanol steam reforming experiments in the gas phase 

3.4.1 Setup of the fixed-bed reactor 

For all gas phase experiments a continuously operated test rig based on a fixed-bed reactor 

was used. Originally, the rig has been set up by Dr. Tobias Weiß for the purpose of water gas 

shift reaction. It was further developed by Dr. Sebastian Werner before it went into operation 

for methanol steam reforming.[149] The flowsheet is depicted in figure 3.6. 

The substrates methanol and water in equimolar composition were stored in a feed tank pres-

surised slightly above operation pressure. Dosing of the substrate mixture was performed by a 

controlled evaporator and mixer (CEM) unit (Bronkhorst High-Tech Liquiflow). For stable 

operation of the CEM unit, a nitrogen gas flow was dosed by a digital mass flow controller 

(MFC 5860 S) from Brooks instrument. Eventually, to pre-form the catalyst, a forming gas 
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stream (5 vol% hydrogen, balance nitrogen) was used which was dosed by the same type of 

mass flow controller. To prevent condensation, all piping was heated by heating tapes (Horst) 

to 190°C and insulated with glass fabric tape and silicone-foam hose. The reactor itself 

(V = 26 ml, di = 10 mm, Tmax = 350 °C, pmax = 50 bar) was heated by a flexible heating jacket 

(Horst). Reaction temperature was controlled by a thermocouple placed inside the catalytic 

fixed bed. All parts which were in contact with reaction media were made of stainless steel 

1.4571. 
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Figure 3.6: Flow sheet of the gas phase fixed-bed reactor used for methanol steam reforming. 

To maintain a constant pressure, a pneumatically regulated back pressure valve (Samson) was 

installed in the downstream section. The released product gas was cooled to 2 °C to condense 

remaining water and methanol vapor. The remaining gas flow was lead to a micro gas chro-

matograph (Varian) for quantitative analysis. 

A photograph of the experimental rig used for steam reforming of methanol is shown in figure 

3.7. 
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3.4.2 Analytics of gas phase experiments 

Adjacent to the gas phase test rig a Varian CP 4900 Micro GC was used for quantitative prod-

uct gas analysis. As the columns are sensitive to water, a hydrophobic membrane (Genie sam-

pling solutions) was mounted at the entrance of the sampling loop. The GC was equipped 

with a MS5A (Molar sieves 5 Å, 10 m) and a PPQ (PolarPlot Q, 10 m) column. The former 

column served for carbon monoxide detection, whereas the latter one was used for carbon 

dioxide detection.  

 

Figure 3.7: Photo of the experimental rig of the gas phase fixed-bed reactor used for methanol steam 

reforming. 

Helium 5.0 (Linde) was applied as carrier gas and reference gas for the thermal conductivity 

detectors. The column parameters were adopted from the doctoral thesis of Dr. Sebastian 

Werner[149] and are to be found in table 3.5. A typical chromatogram from gas phase reform-

ing is found in the appendix (figure 7.3 and figure 7.4). 
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Table 3.5: Column parameters for the Varian CP 4900 Micro GC used in gas phase reforming. 

In a typical experiment, a sample was injected every 30 minutes. Peak areas were integrated 

automatically by the software Star Chromatography Workstation (Version 6.3). By means of a 

macro, results were transferred to Microsoft Excel for further processing. Peak areas Ai were 

transformed to molar fractions xi using calibration factors κi, according to the following equa-

tion. The calibration factors have been determined from test gas measurements. 

 
i

i
i

A
x

κ
=   (3.9) 

3.4.3 Experimental procedure of gas phase reforming 

In a typical experiment an amount of catalyst equal to a metal content of 0.18 mmol was 

mixed with 2 g of α-alumina and placed inside the reactor above a porous frit. To prevent 

catalyst entrainment, glass wool was placed on top of the catalyst bed. After mounting of the 

reactor, the system was flushed three times with nitrogen and a leak test was conducted. The 

system pressure was adjusted to 10 bar under nitrogen atmosphere. Finally, the reactor was set 

to the desired temperature under a flow of nitrogen (27 ml min-1, standard volume flow). 

When the reactor temperature was constant for about half an hour, the dosage and evaporation 

of an equimolar mixture of methanol and water was started (2.2 g h-1). At a total pressure of 

10 bar the partial pressure of methanol and water was 2.7 bar, respectively. After completion 

of an experiment, the reactor was cooled down and flushed again three times with nitrogen. 

Column type Molar sieves 5 Å PolarPlot Q 

Detector Thermal conductivity detector 

Carrier/reference gas Helium 

Temperature 40 °C 100 °C 

Column head pressure 250 kPa 300 kPa 

Injection time 50 ms 

Detection time 120 s 
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3.4.4 Calculation procedures used in gas phase experiments 

3.4.4.1 Conversion 

The conversion of methanol during gas phase steam reforming is determined as follows. 

 
in,MeOH

out,COout,CO
MeOH n

nn
X

&

&& +
= 2   (3.10) 

The applied GC method in gas phase steam reforming was not capable to detect methane. To 

check for the methane content, a product gas sample was collected in a gas bag and trans-

ferred to the gas chromatograph adjacent to the liquid phase reforming plant. The reference 

measurements showed a methane content of 0.01 %. Therefore, the assumption was made that 

the methane content of gas phase steam reforming can be neglected. Furthermore, the 1H and 
13C NMR spectrum of the condensate of methanol and water which was captured after the 

reactor showed no evidence of other products (see appendix figure 7.7 and figure 7.8). Hence, 

the only products of methanol steam reforming are assumed to be hydrogen, carbon monoxide 

and carbon dioxide. 

As the thermal conductivity of hydrogen is in the same range as the applied carrier gas helium, 

hydrogen is not detected quantitatively by the GC. According to the reactions of methanol 

steam reforming (equation 3.11) and methanol decomposition (equation 3.12), the stoichio-

metric coefficients for hydrogen are 3 and 2, respectively. 

 CH3OH + H2O ⇌ CO2 + 3 H2  mol kJ 49.4∆
-10

298 =H  (3.11) 

 CH3OH ⇌ CO + 2 H2  mol kJ 92.0∆
-10

298 =H  (3.12) 

Therefore, the hydrogen content in the product gas is calculated from CO2 and CO content, as 

determined by the GC, according to the stoichiometric coefficients. 

 COCOH xxx ⋅+⋅= 23
22

  (3.13) 

The total molar flow of gases leaving the reactor is then calculated using the total molar flow 

of inert nitrogen, as set by the nitrogen MFC. 

 
in,N

HCOCO
out,total n

xxx
n

2

22

&
&

++
=   (3.14) 
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Knowing the total molar flow of gases leaving the reactor, the molar flow of each component 

can be determined via the multiplication by the respective molar fraction. 

 out,totalout,iout,i nxn && ⋅=   (3.15) 

3.4.4.2 Turn over frequency 

The turn over frequency as a measure for catalytic activity is defined as the number of moles 

of substrate converted in a certain time per mole of precious metal. 

 
metal

out,COout,CO

n

nn
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&& +
= 2   (3.16) 

The molar flows of carbon dioxide and carbon monoxide are calculated according to equa-

tion 3.15. Again, the assumption is made that methanol is only transformed to carbon dioxide 

and carbon monoxide. 

Usually, the TOF is normalized to the number of active sites of a catalyst. As the number of 

active sites is not known for any catalyst studied, the TOF is related to the total metal content 

of the catalyst. Therefore, the values for the metal-related TOF are lower than for the TOF 

related to active sites. 

3.4.4.3 Hydrogen productivity 

A common unit for comparison of industrial catalysts is the hydrogen productivity which is 

related to the total catalyst mass. 
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As hydrogen could not be detected directly by the applied GC method, the molar flow of hy-

drogen was calculated from the molar flow of carbon dioxide and carbon monoxide according 

to the stoichiometric coefficients of methanol steam reforming and methanol decomposition 

(equation 2.5 and 2.6). 

3.4.4.4 Selectivity 

The selectivity towards the desired product carbon dioxide is calculated directly from the mo-

lar fractions as obtained by GC measurement. Again, CO is assumed to be the only by-

product. 
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  (3.18) 

3.4.4.5 Activation energy 

The activation energy EA is determined from the slope of the Arrhenius plot which is the natu-

ral logarithm of turn over frequency ln TOF versus the reciprocal temperature T-1. 

 RslopeEA ⋅−=   (3.19) 

Commonly, the activation energy is determined from the reaction rate coefficient k instead of 

the TOF. As the TOF is assumed to be proportional to k in the present case, k is replaced by 

the TOF in the Arrhenius diagram. 

 



 



 

4 Results and discussion 

4.1 Continuous liquid phase experiments 

As Dumesic et al. have shown the feasibility of the aqueous phase reforming for the conver-

sion of water-soluble biomass,[72, 83] this concept was extended to ionic liquids as reaction 

media. The benefits of using ionic liquids are given by their unique solubility properties, with 

certain ionic liquids being able to dissolve water-insoluble biomass, e.g. cellulose[141] and 

even wood[150-151]. Motivated by these findings, our group tested ionic liquids as reaction me-

dia in the liquid phase reforming of biogenic feedstock. As published elsewhere, there was a 

lack in stability of the applied organic ionic liquids at elevated temperatures of around 

200 °C.[143] This led to the idea to substitute the organic cation of common ionic liquids by an 

inorganic cation in order to increase the stability of the fluids. 

Our study revealed that the biogenic feedstock, e.g. glucose or sorbitol, was not converted 

selectively to hydrogen under the applied rather mild reaction conditions, but also yielded 

significant amounts of tar and unreactive by-products.[144] Hence, to prove the feasibility of 

the reforming concept using molten salts as reaction medium, the rather simple molecule 

methanol was chosen instead of more complex carbohydrates. 

The expected benefits of a molten salt reaction medium in liquid phase reforming are a reduc-

tion in vapor pressure of the feed leading to lower operation pressures and thus enabling sim-

pler and more cost-saving reactor concepts. Moreover, a high affinity of the molten salt to-

wards the substrates water and methanol grants high concentrations in the liquid phase. In 

contrary, the product hydrogen is known to have a very low solubility in ionic liquids and 

therefore in analogy also in molten salts. Marassi et al. have published Henry coefficients for 

hydrogen and water solubility in a K/Na[OAc] system.[112] The Henry coefficients at 250 °C 

were found to be 3.16 ⋅ 10-6 mol m-3 Pa-1 for hydrogen and 1.24 ⋅ 10-2 mol m-3 Pa-1 for water. 

Considering the molten salt density of 1.37 g cm3,[152] the Henry coefficients can be converted 

to 4.79 ⋅ 104 bar and 1.22 ⋅ 101 bar, respectively. 

The solubility effect is supposed to shift the chemical equilibrium to the product side and thus 

to enhance the overall reaction rate. Low concentrations of hydrogen in the liquid phase de-

crease the tendency to form side-products (e.g. by methanation of CO, see equation 2.18) thus 

enhancing the selectivity of the overall reaction. 



62  4 Results and discussion 

4.1.1 Reactor concept with CO2 separation 

The couple-product of methanol reforming, carbon dioxide, tends to have a relatively high 

solubility in ionic liquids. For acetate ionic liquids the formation of a CO2-acetate complex is 

proposed enhancing the solubility by chemisorption. This is attributed to Lewis acid/base in-

teraction between the CO2 and the carbonyl group. The Lewis acidic central carbon of CO2 

interacts with charged or uncharged Lewis bases. This phenomenon has been investigated by 

ab initio calculations and NMR spectroscopy.[114] A thermodynamic model for CO2 solubility 

in neat molten K[OAc] and Na[OAc] is given by Marcus et al.[113] 

The difference in solubility of hydrogen and carbon dioxide could be utilized for an in-situ 

separation of CO2 and hydrogen. Figure 4.1 shows a reactor concept for molten salt reforming 

of methanol which was developed in cooperation with Linde AG. A part of the liquid reaction 

mixture, rich in carbon dioxide, is continuously discharged from the pressurized reactor. The 

mixture is expanded to a desorption column in order to separate CO2. The CO2 lean molten 

salt is eventually subjected to a make-up step and pumped back to the reforming reactor. Cold 

methanol solution might be used to condense methanol and water in the hydrogen product 

stream. The reactor could eventually be heated by direct injection of steam and methanol va-

por. This would lead to an improved efficiency in heat input.[153] Furthermore, micro-

turbulences caused by the condensation of steam inside the reactor might enhance mass 

transport. 

 

Figure 4.1: Reactor concept for liquid phase reforming of methanol and in-situ CO2 separation using 

molten salt as reaction medium. 
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In the present work, the feasibility of the postulated reactor concept was studied. Therefore, 

preliminary experiments using a heterogeneous Pt/Pd catalyst were conducted to evaluate the 

reaction system. Additionally, the application of homogeneous catalysts by using a transition 

metal salt as a catalyst precursor was studied. In the special case of a homogeneous catalyst 

precursor, the molten salt is supposed to have a beneficial effect on the stability of catalyst 

particles formed in-situ. In analogy to the SCILL concept the interaction between molten salt 

and the catalytic active center might also have a beneficial impact. For instance, the ionic liq-

uid, or respectively the molten salt, might take the role of a ligand which changes the active 

center’s electronic and steric properties (see chapter 2.7.2). 

4.1.2 Standard liquid phase reforming experiment 

A standard liquid phase reforming experiment was performed at 230 °C using a Na/K-acetate 

mixture and a Pt/Pd on carbon black catalyst. In figure 4.2 the recorded values for product gas 

flow, accumulated feed mass, temperature and pressure are shown. Within the first five hours 

of the experiment thermal expansion and produced gas leads to an increase in system pressure 

until the back pressure valve opens at 40 bar. From that moment on the product gas leaves the 

reactor and is subjected to GC and volume flow analysis. In the first 20 hours gas production 

stays constant at around 20 ml min-1 and then increases to 100 ml min-1 in the steady state. 

The product gas flow seems to correlate well with the amount of methanol and water inside 

the reactor.  

On the one hand this might be a concentration effect. Additionally, the vapor pressure of the 

system rises with increasing content of methanol and water, leading to more vaporization and 

condensation. It is supposed that this results in an increased heat flux to the reactor which 

enhances the reaction rate. The correlation of activity and feed concentration is discussed in 

more detail in chapter 4.1.8. 

In figure 4.3 the volumetric composition of the product gases is shown. After about 30 hours 

time on stream all nitrogen is displaced and the product gas consists of nearly 75 vol% hydro-

gen and 25 vol% carbon dioxide which is in accordance with the stoichiometric composition 

of methanol reforming. In the steady state, only traces of carbon monoxide and methane are 

formed which are below 0.2 and 0.1 vol%, respectively. However, the CO content of 0.2 vol% 

(2000 ppm) would be too high for a direct use of the product gas in a PEM fuel cell. 
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Figure 4.2: Standard experiment for liquid phase reforming of methanol in a Na/K[OAc] mixture us-

ing a Pt/Pd/carbon black catalyst. T = 230 °C, p = 40 bar, feedV&  = 3.5 ml min-1, msalt = 100 g, 

mcat = 418 mg. 
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Figure 4.3: Product gas composition for liquid phase reforming of methanol in a Na/K[OAc] mixture 

using a Pt/Pd/carbon black catalyst. Reaction conditions see figure 4.2. 
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4.1.3 Stability of the acetate salt 

In order to determine the stability of the applied acetate salts under reaction conditions, 

Cs/K/Li[OAc] was chosen for a blank test in the presence of water and catalyst without the 

addition of methanol. The experiment was conducted in batch mode as no gas was formed in 

sufficient amounts to allow a continuous analysis. Prior to the experiment, the system was 

purged with nitrogen and the pressure was released. Then the off-gas valve was closed and the 

heating turned on. The pressure rose to 24 bar caused by thermal expansion and the vapor 

pressure of water. 
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Figure 4.4: Blank test without methanol for Cs/K/Li[OAc] in presence of water and Pt/Pd/carbon 

black catalyst. T = 250 °C, msalt = 100 g, mwater = 100 g, mcat = 418 mg. 

For a time as long as 160 hours the pressure remained at an almost constant level indicating 

that no significant amount of gases were formed during the experiment. A slight decrease in 

pressure in the range of 0.5 bar might be attributed to some leakage of the system. After 

160 hours the system was cooled down to the temperature of 27 °C which was the corre-

sponding room temperature. Although no pressure rise was noticeable during the experiment, 

the pressure at the end of the experiment was found to be 2.4 bar indicating a slight gas for-

mation. 
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Indeed, the gas chromatographic analysis of the gas phase showed significant amounts of gas-

es formed during the stability test (see table 4.1). 

Table 4.1: Gas phase composition (vol%) after a 160 h stability test using Cs/K/Li[OAc] in presence 

of water and Pt/Pd/carbon black catalyst. T = 250 °C, msalt = 100 g, mwater = 100 g, mcat = 418 mg. 

There is little published on the thermal stability of acetate melts. Bell et al. studied the ther-

mal decomposition of aqueous solutions of acetic acid and sodium acetate.[154] Aim of the 

study was to reveal the mechanisms of decomposition at geologically relevant conditions. The 

experiments were performed between 335 and 355 °C at the solution’s vapor pressure in the 

presence of various mineral catalysts for a reaction time up to almost 3000 hours.  

The authors propose the cleavage of C-C bonds between the carboxyl group and the methyl 

group according to equation 4.1 for acetic acid and 4.2 for acetate. 

 CH3COOH⇌ CH4 + CO2  (4.1) 

 CH3COO- + H2O⇌ CH4 + HCO3
-  (4.2) 

As the pH value of the aqueous solution is basic in the presence of sodium acetate, CO2 re-

sulting from decarboxylation is readily bound in form of hydrogen carbonate. Therefore, Bell 

et al. found relatively low levels of CO2 (1 to 15 vol%) in the gaseous phase compared to CH4
 

(85 to 99 vol%). This is in relatively good accordance to the ratio of CO2 and CH4 found in 

the stability test performed in this work, which is 8.1 to 41.1 %. The hydrogen content is 

31.7 %, which might arise from catalytic reactions at the Pt/Pd/carbon black catalyst. There is 

no CO and only traces of ethane (0.16 %) detectable. 

The nitrogen content at the end of the experiment was found to be 19 % at 2.4 bar, corre-

sponding to a partial pressure of about 0.5 bar. As the nitrogen content was 100 % at 1 bar 

prior to the experiment, this indicates that about half of the gas volume was lost probably due 

to leakage. The leakage might arise from the PTFE sealing of the reactor which is near its 

operation limit at 250 °C. Note that the leakage rate is however very low as it is only 

16 mbar h-1. As the formed amount of gases is affected by leakage, no quantitative determina-

 CO2 CO CH4 H2 C2H6 N2 

Gas concentration / vol% 8.1 not detected 41.1 31.7 0.16 19 
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tion of the rate of decomposition can be made. A rough estimation shows that the amount of 

methane formed is in the range of 6 mol% in relation to the initial amount of acetate. 

To investigate the thermal stability of molten salts under more defined conditions, thermo-

gravimetric analysis is currently performed in our group and in the group of Jess, University 

of Bayreuth. 

After the experiment a sample of the aqueous acetate solution was filtered to separate it from 

catalyst particles. It was subsequently subjected to NMR spectroscopy (Jeol ECX-400), to 

check for possible decomposition products. The 1H NMR spectrum (see appendix figure 7.5) 

revealed no additional peaks besides water (4.8 ppm) and acetate (1.7 ppm). Additionally, the 
13C spectrum (see appendix figure 7.6) showed only peaks of the methyl and carboxyl group 

(22 and 182 ppm) corresponding to the acetate ion. Hydrogen carbonate which is a potential 

decomposition product according to equation 4.2 is most likely not detectable by the conduct-

ed NMR spectroscopy. Due to proton exchange, the hydrogen carbonate peak merges with the 

water peak in the 1H spectrum. Furthermore, the peak intensity of hydrogen carbonate in the 
13C spectrum is supposed to be too weak to be detected due to the slow relaxation. 

Therefore, an ion chromatographic analysis was performed in order to reveal the carbonate 

content. Note that in the present measurement setup carbonate and hydrogen carbonate were 

detected together as one single peak. The ion chromatography did indeed reveal a carbonate 

content which corresponds to approximately 8 mol% of the initial acetate content. This is in 

good accordance with the amount of methane formed which is in the range of 6 mol%. 

Despite there is some evidence for decomposition of the acetate mixture at 250 °C, this might 

not influence the activity of methanol reforming in a negative way. For instance, the decom-

position products, e.g. hydrogen carbonate, may also show positive effects to the catalytic 

activity. As it will be shown later in chapter 4.2.8, a catalyst coated with Cs/K/Li-acetate per-

formed without loss in activity and selectivity for up to 500 hours in gas phase methanol 

steam reforming at 230 °C. 

Additionally, the very small amounts of methane that are observed in liquid phase reforming 

experiments may suggest other catalytic pathways in the presence of methanol. 

4.1.4 Variation of the reaction medium using Pt/Pd/carbon black catalyst 

To determine the activity of the reference catalyst platinum/palladium on carbon black, three 

runs were conducted in different reaction media. Two eutectic mixtures of molten salt, 

Cs/K/Li-acetate and K/Na-acetate were compared to neat water as reaction medium. In the 
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case of the K/Na-acetate molten salt the melting point is 240 °C and therefore slightly higher 

than the reaction temperature. Due to the presence of large amounts of water and methanol, 

however, the reaction mixture is in the liquid state. The runs were started with different flow 

rates of methanol and water, causing the time to reach steady state to vary depending on the 

feed flow rate. In the steady state a feed content higher than 80 g was present inside the reac-

tor in each case. The dependency of reaction rate and feed content for these experiments is 

shown later in figure 4.11. 

When the steady state was reached after 50 hours time on stream, the product gas flow of the 

three experiments was in the same order of magnitude between 80 and 110 ml min-1. Taking 

into account that fluctuations in gas productivity are in the range of ± 20 ml min-1, no distinct 

order in reactivity can be given for the three reaction media. 
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Figure 4.5: Variation of the reaction medium using platinum/palladium/carbon black catalyst. 

T = 230 °C, p = 40 bar, mmedium = 100 g, mcat = 418 mg. 

The content of by-products in the product gas shown in table 4.2, namely carbon monoxide 

and methane, is low for all three experiments. 

Only in the case of water as reaction medium the methane content is slightly higher than in 

the molten salt experiments. Note that the initially high methane content decreases steadily 

with time in this experiment. In steady state, which was not achieved during the experiment, 

the value might be still lower. Generally, it has been observed that the amount of by-products 
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strongly depends on the mode of operation, e.g. the feed flow rate or feed content inside the 

reactor. 

Table 4.2: Content of by-products in methanol steam reforming using platinum/palladium/carbon 

black catalyst in different reaction media (averaged values for 50 to 100 h time on stream). T = 230 °C, 

p = 40 bar, mmedium = 100 g, mcat = 418 mg. 

4.1.5 Investigation of homogeneous catalyst precursors 

With regard to high temperature SILP systems, the use of homogeneous catalysts dissolved in 

molten salts is anticipated. In contrary to heterogeneous catalysis where only a certain fraction 

of the metal is catalytically active, the utilization of metal is higher for a homogeneous cata-

lyst. Practically every atom of catalyst can form an active center. Furthermore, homogeneous 

catalysts are molecularly defined and can be tuned concerning selectivity and activity by the 

application of ligands. 

In previous experiments carried out in a batch reactor, RhCl3 showed reasonable activity for 

methanol steam reforming. Therefore, RhCl3 was applied as a homogeneous catalyst precur-

sor in the continuous liquid phase methanol steam reforming (figure 4.6). The amount of rho-

dium used in the experiment was kept equal to the amount of precious metal of the heteroge-

neous Pt/Pd/carbon black catalyst (0.75 mmol). 

To our surprise, within the first 70 hours time on stream the rhodium salt dissolved in 

Cs/K/Li-acetate shows an initial activity which is in the same range as the heterogeneous 

Pt/Pd/carbon black catalyst (see figure 4.5 for comparison). However, the activity decreases 

after reaching the productivity level of 70 to 80 ml min-1. Remarkably, the same amount of 

rhodium salt dissolved in water shows a comparatively poor activity of only 10 ml min-1 or 

less. 

The differences in activity can be attributed to the formation of rhodium particles. In both 

cases black particles were visible by the naked eye inside the reaction mixture after the exper-

Reaction medium CO content / vol% CH4 content / vol% 

Cs/K/Li[OAc] 0.08 % 0.07 % 

K/Na[OAc] 0.21 % 0.10 % 

Water 0.16 % 0.63 %a 
a not yet in steady state, value is still declining 
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iment. As hydrogen is formed during the course of the reaction, particle formation is most 

likely triggered by the reduction of Rh3+ to Rh0 with hydrogen being the reductive agent. 

Within a few days after the end of the experiment, both catalyst suspensions had been sepa-

rated by sedimentation into two phases. In pure water sedimentation occurred faster compared 

to the Cs/K/Li-acetate containing suspension.  
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Figure 4.6: Performance of RhCl3 catalyst precursor in water and Cs/K/Li-acetate. T = 230 °C, 

p = 40 bar, mmedium = 100 g, mRhCl3 = 200 mg. 

The sedimentation of particles in a liquid proceeds with the sedimentation velocity w accord-

ing to equation 4.3.[155] This correlation is valid in the Stokes regime, e.g. in the case of small 

particles. 

 
η
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The sedimentation velocity is dependent on the particle and fluid density ρp and ρf, the gravi-

tational acceleration g, the dynamic viscosity of the fluid η and the particle diameter d. The 

higher sedimentation velocity indicates that larger particles were formed in case of pure water 

as reaction medium. As the reactivity correlates to the specific surface of a catalyst, larger 

particles are supposed to show poor activity. Note that the density and viscosity is slightly 

higher for the acetate containing solution which has to be considered in this calculation. 
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In order to determine the mean particle diameter, the catalyst suspensions were subjected to 

dynamic light scattering (DLS) after the experiment. Before conducting the DLS measure-

ment, the catalyst particles were resuspended using an ultrasonic bath. Contrary to the ex-

pected result, the particles formed in the acetate solution show a mean particle diameter of 

1107 nm, whereas the particles from the experiment performed in pure water show a smaller 

mean particle diameter of 658 nm. A possible explanation for the smaller particle size ob-

served in pure water might be sedimentation of large particles during sample preparation or 

inside the cuvette during the DLS measurement. As the particle size is determined by scatter-

ing of a laser beam which passes the cuvette in the upper part, larger particles which have 

already settled are not detected. This would influence the apparent mean particle size to yield 

smaller values. 

The DLS experiments were just a first proof of concept to determine particle sizes of catalyst 

suspensions. In a further approach the DLS equipment will be modified to be able to operate 

at temperatures up to 350 °C. This will allow particle size measurements in neat molten salts. 

There is strong evidence that the particles formed in-situ are stabilized by the surrounding 

Cs/K/Li-acetate ions, therefore yielding higher activity. However, methanol and water are 

accumulated during the course of the experiment. Thus, the deactivation starting after 50 

hours time on stream in the case of Cs/K/Li-acetate can be explained by an agglomeration of 

particles which is facilitated by the decreasing salt concentration. 

Remarkably, not only activity but also selectivity is influenced by the molten salt mixture 

significantly (figure 4.7). The product gas stream of methanol steam reforming carried out in 

water contains up to 18 vol% carbon monoxide. In contrast, the reaction performed in 

Cs/K/Li-acetate contains only traces of CO. 

In the corresponding gas chromatograms most of the CO peaks can not be integrated properly 

due to their low intensity. Though, at a high zoom level the CO peak is visible in the chroma-

togram. After 90 hours time on stream the CO content rises slowly in the range of 0.1 to 

0.3 vol% while the activity decreases. The CO content is in the same range as the heterogene-

ous Pt/Pd/carbon black catalyst offering CO levels below 0.2 vol%. 

In order to elucidate the mechanism of selectivity, a small amount of basic sodium carbonate 

(Na2CO3, 5 g) was added to a second experiment performed with RhCl3 in water. Although 

this shows no influence on activity, the selectivity is drastically increased reaching CO con-

tents below 0.2 vol%. This increase in selectivity can be explained by the basicity of Na2CO3 

yielding OH– ions in the presence of water. According to previous work, OH– ions have a 

positive impact on the water gas shift reaction (equation 2.7) which transforms CO to 
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CO2.
[122] As OH- ions are also formed by the acetate ion, the basicity might be the reason for 

the low CO content in case of Cs/K/Li-acetate. The same dependence on basicity is found also 

for the SCILL systems applied for gas phase steam reforming of methanol, as discussed later 

in chapter 4.2.4. 
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Figure 4.7: Carbon monoxide content in the product gas for an experiment using RhCl3 carried out in 

pure water (left axis), Cs/K/Li-acetate and water containing 0.4 mol% Na2CO3 (right axis). T = 230 °C, 

p = 40 bar, mmedium = 100 g, mRhCl3 = 200 mg. 

4.1.6 Temperature dependency of activity  

In order to determine the activation energy of the Pt/Pd/carbon black catalyst in liquid phase 

reforming of methanol in Na/K-acetate, a temperature variation in the range of 225 to 245 °C 

was carried out. The volume flow of methanol and water was adjusted according to the re-

spective volume flow of product gas to maintain an approximately constant substrate level of 

80 to 120 g inside the reactor. For instance, a total product gas flow of 100 ml min-1 corre-

sponds to complete conversion of 3.5 ml min-1 methanol and water. 

As the gas chromatograph was not running continuously in this experiment due to technical 

problems, the turn over frequency was estimated according equation 3.7 assuming a CO2 con-

tent in the product gas of 25 vol%. This assumption is justified by a CO and CH4 content in 

between 0.1 and 0.2 % for the whole temperature range. As the CO and CH4 content fluctu-

ates over the investigated temperature range, no dependency of the selectivity on temperature 
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can be derived for liquid phase reforming of methanol. The product gas volume flow and the 

corresponding turn over frequency can be found in table 4.3. 

Table 4.3: Product gas volume flow and turn over frequency for liquid phase reforming of methanol in 

a Na/K[OAc] mixture using the Pt/Pd/carbon black catalyst. p = 40 bar, feedV&  = 3.5 to 6.5 ml min-1, 

msalt = 100 g, mcat = 418 mg. 

Figure 4.8 shows an Arrhenius-type plot of the turn over frequency. Between 225 and 230 °C 

a sharp increase in activity takes place. This would imply an observable activation energy of 

246 kJ mol-1 which is far to high compared to values reported for aqueous phase reforming of 

methanol (140 kJ mol-1 in reference [71]).  
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Figure 4.8: Arrhenius-type plot for liquid phase reforming of methanol in a Na/K[OAc] mixture using 

Pt/Pd/carbon black catalyst in the temperature range of 225 to 245 °C. p = 40 bar, feedV&  = 3.5 to 

6.5 ml min-1, msalt = 100 g, mcat = 418 mg. 

Temperature / °C Product gas volume flow / ml min-1 TOFa / h-1 

225 57 46 

230 103 83 

235 129 104 

240 158 127 

245 185 150 
a averaged value for steady state at each temperature level 
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From 230 to 245 °C there is a moderate increase in activity corresponding to an activation 

energy of 86 kJ mol-1
. This activation energy is in the range of values published for gas phase 

methanol steam reforming on Cu/ZnO catalysts (see table 4.6). On the first sight the shape of 

the Arrhenius plot would suggest mass transport limitation. However, as the activation energy 

of 246 kJ mol-1 is too high to be attributed to the kinetic regime, the reason for the “kink” in 

the Arrhenius plot must be more complex. It can be speculated that the melting point of the 

acetate melt which is around 240 °C might have an impact on the activation energy. However, 

in steady state the liquid phase is rather an aqueous solution of salt and methanol than a mol-

ten salt. Therefore, a contribution of melting is rather unlikely. 

In addition, it can be supposed that the determination of the activation energy is superimposed 

by the influence of the vapor liquid equilibrium of methanol and water. At varying tempera-

tures the vapor pressure of the system varies according to the vapor liquid equilibrium. 

Figure 4.9 shows the phase diagram of methanol and water at 230 °C from a simulation using 

the software tool Aspen Plus. For an equimolar mixture of methanol and water the vapor pres-

sure is calculated to be 48 bar. In the system containing sodium and potassium acetate the 

vapor pressure should be much lower according to the principle of vapor pressure depression. 

As the salt containing system is more complex to model, no prediction of the phase equilibri-

um was done within the scope of this work. 
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Figure 4.9: pxy diagram of the vapor liquid equilibrium of methanol and water at a temperature of 

230 °C. Aspen Plus simulation using the NRTL activity coefficient model with Redlich-Kwong equa-

tion of state.  
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Nevertheless, it can be assumed that for the investigated temperature range the vapor pressure 

of the system is close to or even higher than the operation pressure of the experiment. This 

results in a “boiling system” where mass and heat transport processes will most likely be sig-

nificantly different compared to a system which is operated below its boiling point. 

In terms of mass transport, gas bubbles that are formed upon evaporation within the bulk fluid 

can cause turbulences which lead to an increased mixing on a microscopic level. Furthermore, 

if gas bubbles come in contact to catalyst particles, methanol and water can react directly in 

the vapor phase. This effect would further modify the observed kinetics. 

Heat transport is influenced by an increased consumption of heat due to evaporation. Vapor 

leaving the reactor is condensed by the adjacent reflux condenser, whereas the heat of con-

densation is removed by the coolant of the condenser. Consequently, in the boiling system 

more heat is removed via the condenser than in the system which is operated below its vapor 

pressure. Due to the higher heat demand, the heat flux over the reactor wall is increased. This 

leads to a higher temperature gradient between the reactor wall and the bulk fluid which will 

be discussed in the next chapter. 

In comparison, the heat consumption by the endothermic methanol reforming reaction is as-

sumed to be negligible. At full conversion of 3.5 ml h-1 methanol solution, the heat of reaction 

equals 0.8 W which is about 1 % of the nominal power of the electrical heating jacket. There-

fore, the activity is most likely not limited by the endothermic nature of the reaction. 

4.1.7 Liquid phase reforming at increased pressure 

In order to elucidate the influence of temperature gradients in more detail, a second thermo-

couple was placed inside the reactor close to the reactor wall. However, this thermocouple 

showed a temperature, which was only about 1 °C above the bulk temperature. This indicates 

a good mixing behavior inside the reactor. By this method it was not possible to measure the 

exact wall temperature inside the reactor. To get still access to the wall temperature, a ther-

mocouple was placed outside the reactor between reactor wall and heating jacket. 

Note that due to the direct contact to the heating jacket, the wall temperature measured out-

side the reactor is supposed to be significantly higher than the liquid phase inside the reactor. 

Nevertheless, the temperature gradient between reactor content and outer reactor wall can be 

taken as a relative measure for the heat flow to the reactor.  

A standard experiment with Na/K[OAc] mixture was performed at 40 bar using the reactor 

with improved temperature recording. The resulting temperature difference between outer 
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reactor wall and bulk fluid is given in table 4.4. In the standard experiment the temperature 

difference rises from 49 to 73 °C for a reaction temperature in the bulk of 220 and 230 °C, 

respectively. At the same time the product gas volume flow increases by a factor of 7.5. 

Therefore, it appears that the reaction rate is increased above-average at higher wall to bulk 

temperature differences. 

Table 4.4: Temperature difference between outer reactor wall and bulk fluid and product gas volume 

flow for liquid phase reforming of methanol in a Na/K[OAc] mixture and a Pt/Pd/carbon black cata-

lyst. Values are averaged over a certain time interval. feedV&  = 0.7 to 4.2 ml min-1, msalt = 100 g, 

mcat = 418 mg. 

As the reaction system is supposed to be superimposed by the vapor liquid equilibrium (VLE) 

of methanol and water, the same experiment was conducted also at 50 bar. At higher pressure 

the influence of VLE is expected to be significantly lower. Indeed, this experiment shows a 

lower temperature difference between bulk and outer reactor wall. It fluctuates in the range of 

45 to 56 °C and does not show any coherence with the bulk temperature.  

At the same time compared to the run at 40 bar only moderate activities are observed at a 

pressure of 50 bar. This trend is in good accordance with the finding of Dumesic and co-

workers who reported a negative order with respect to total pressure for the aqueous phase 

reforming of methanol (see figure 2.6).[71] This was attributed to a blocking of surface sites by 

hydrogen at a higher pressure and thus also at higher hydrogen partial pressure. The thermo-

dynamic equilibrium of methanol reforming suggests also a lower methanol conversion at 

higher pressure.[70] 

Tbulk / °C 
p = 40 bar 

 
p = 50 bar 

∆Tbulk-outside / °C productV&  / ml min-1 ∆Tbulk-outside / °C productV&  / ml min-1 

220 49 14  n.a. n.a. 

225 62 34  54 10 

230 73 105  56 11 

235 n.a. n.a.  48 12 

240 n.a. n.a.  45 17 

245 n.a. n.a.  51 36 
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4.1.8 Influence of feed concentration and feed volume flow on the activity  

In a further experiment, the temperature difference between outer wall and bulk was moni-

tored during start-up phase of a reaction performed at 230 °C and 40 bar (see figure 4.10). 

Within the first 170 hours time on stream, a clear relationship between temperature difference 

and accumulated feed mass is observable. As the feed content rises also the product gas flow 

is increasing. Basically the higher reactivity can be explained by the higher feed concentration 

according to the power rate law expression (equation 4.4). 

 m
OH

n
OHCH cckr 23 ⋅⋅=   (4.4) 

This is a very simplified form of the reaction rate law. More sophisticated kinetic models have 

been developed by Dumesic and co-workers for the liquid phase reforming of ethylene 

glycol[71] and by Peppley et al. for gas phase steam reforming of methanol[61]. 
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Figure 4.10: Temperature difference between outer reactor wall and bulk fluid for liquid phase reform-

ing of methanol in a Na/K[OAc] mixture using a Pt/Pd/carbon black catalyst. T = 230 °C, p = 40 bar, 

feedV&  = 0 to 7.0 ml min-1, msalt = 100 g, mcat = 418 mg. 

Remarkably, by doubling the feed rate from 3.5 to 7.0 ml h-1 after 210 hours the product gas 

volume flow rises to about 130 ml min-1. At the same time the temperature difference between 

outer reactor wall and liquid reactor content increases from 60 to 100 °C. In contrast, when 
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the feed supply is stopped after 230 hours, the gas productivity as well as temperature differ-

ence decline rapidly, although there is still a total feed content of more than 100 g present 

inside the reactor. 

4.1.9 Discussion of possible effects on activity 

The wall temperature and the hydrogen productivity correlate well in the conducted experi-

ments. Basically, there are two possible explanations. Either the higher gas productivity leads 

to a higher temperature difference between outer reactor wall and bulk fluid, or the tempera-

ture difference itself is the reason for a higher productivity. 

According to the first theory, the temperature increase at the wall would be a consequence of 

higher gas productivity. As with increasing feed content the productivity is rising, more gas 

leaves the reactor through the reflux condenser. The product gas entrains methanol and water 

vapor which is subsequently condensed. Liquid methanol and water flows back to the reactor, 

where it is re-evaporated leading to a higher heat demand. As more heat has to be transferred 

into the reactor, the temperature gradient between reactor wall and bulk fluid rises. 

In the second hypothesis the increase in gas productivity would be a consequence of a rising 

wall temperature. As with an increasing methanol and water content the vapor pressure of the 

metanol-water-salt system rises, more methanol and water evaporates and subsequently con-

denses in the adjacent reflux condenser. The heat of evaporation has to be supplied by the 

reactor heating leading to a higher temperature gradient.  

Eventually, droplets of the reaction mixture might be thrown to the reactor wall above the 

liquid level by the rotating stirrer (agitation speed 1200 min-1). Methanol and water evapo-

rates at the hot reactor wall leaving solid catalyst and molten salt. Indeed, catalyst particles 

were found in the upper part of the reactor wall after the experiments. Methanol might thus 

react directly in the gas phase at catalyst particles sticking to the reactor wall. Furthermore, 

gas bubbles of methanol and water formed at the hot reactor wall in the liquid phase might 

react at catalyst particles surrounding the bubble. As it will be shown in the second part of this 

thesis, the platinum/palladium/carbon black catalyst is also active for gas phase methanol 

steam reforming. The contribution of gas phase steam reforming to liquid phase reforming 

was considered already by Dumesic and co-workers.[71] 

Apparently, the gas productivity correlates also to the feed volume flow. When the feed vol-

ume flow is doubled, the gas productivity increases. In the same way the gas productivity de-

clines rapidly when the feed volume flow is stopped. This might be an indication that metha-
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nol and water which enters the reactor at the top evaporates and reacts directly in the gas 

phase. Methanol evaporation at the feed inlet would lead to higher vapor pressures compared 

to evaporation from the bulk fluid due to the lack of salt lowering the vapor pressure. There-

fore, the methanol partial pressure in the gas phase of the reactor is supposed to be higher 

while the feed flow is running. A higher partial pressure of methanol would again lead to a 

higher reaction rate in methanol steam reforming. 

A comparison of the gas productivity to the accumulated amount of feed in the reaction sys-

tem is shown in figure 4.11 for different reaction media. In the case of pure water as reaction 

medium there is an approximately linear correlation. Both experiments conducted in the pres-

ence of salt show a rather exponential curve shape. This might indicate the lowering effect of 

the salt on the vapor pressure. With increasing water and methanol content this influence be-

comes lower. Not until a certain amount of feed is accumulated, the activity begins to increase. 
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Figure 4.11: Dependence of the gas productivity on the feed concentration of methanol and water 

(Pt/Pd/C catalyst). T = 230 °C, p = 40 bar, mmedium = 100 g, mcat = 418 mg. 

However, no conclusive statement can be given on the possible participation of gas phase 

steam reforming and on the effect of the wall temperature on the reaction rate. To understand 

the underlying effects in more detail, the experimental focus of the second part of this thesis 

was put on steam reforming of methanol in a gas phase fixed-bed reactor. 
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4.1.10 Liquid phase reforming of ethylene glycol as alternative feed 

In accordance to the work of the Dumesic group, liquid phase reforming of ethylene glycol 

was also tested.[71] Based on the stoichiometric conversion of ethylene glycol (equation 4.5), 

the feedstock consisted of 66 mol% of water. The initial feed volume flow was 3.5 ml h-1. 

After 25 hours time on stream, the feed volume flow was reduced to maintain an accumulated 

feed mass in the range of 100 to 120 g. 

 C2H6O2 + 2 H2O ⇌ 2 CO2 + 5 H2  (4.5) 

Figure 4.12 shows the resulting product gas flow, the accumulated feed mass and temperature 

difference between bulk fluid and outer reactor wall. Contrary to the experiments conducted 

with methanol, the activity does not increase during the start up phase. Moreover, it decreases 

from about 12 to 2 ml min-1 within 40 hours. Therefore, after 44 and 67 hours the temperature 

was increased to 240 and 250 °C, respectively. A slight increase in activity could be observed, 

however, the deactivation proceeded also at higher temperatures. 
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Figure 4.12: Temperature difference between reactor wall and bulk fluid for liquid phase reforming of 

ethylene glycol in a Na/K[OAc] mixture and Pt/Pd/carbon black catalyst. T = 230 to 

250 °C, p = 40 bar, feedV&  = 0.4 to 3.5 ml min-1, msalt = 100 g, mcat = 418 mg. 
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Interestingly, the temperature difference between outer reactor wall and bulk fluid was in the 

range of 40 to 60 °C and did not change significantly over the course of reaction. In compari-

son with methanol as feedstock, the temperature difference increased from 50 to 70 °C during 

the start-up phase (see figure 4.10). Regarding the vapor pressure at 230 °C, ethylene gly-

col/water shows a vapor pressure of 20 bar, whereas the vapor pressure of methanol/water is 

48 bar (derived from Aspen Plus simulation using NRTL-Redlich Kwong model). Thus meth-

anol tends to evaporate at higher pressures compared to ethylene glycol. As evaporation is 

much lower in the case of ethylene glycol compared to methanol, the heat demand and there-

fore the temperature difference between reactor wall and bulk fluid is lower. 

The product gas composition for liquid phase reforming of ethylene glycol is shown in figure 

4.13. As the activity of the system is relatively low, complete displacement of nitrogen is 

achieved only after 80 hours time on stream. In steady state after 90 hours the product gas 

mainly consists of hydrogen (67 vol%) and carbon dioxide (27.5 vol%). The relation of both 

gases is in good accordance to the stoichiometry of ethylene glycol reforming which is 71 to 

29 %. 
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Figure 4.13: Composition of product gas for liquid phase reforming of ethylene glycol in a Na/K[OAc] 

mixture using a Pt/Pd/carbon black catalyst. T = 230 to 250 °C, p = 40 bar, feedV&  = 0.4 to 3.5 ml min-1, 

msalt = 100 g, mcat = 418 mg. 
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Gaseous by-products were detected only in minor amounts. After 90 hours the content of me-

thane was 1.2 %, however, it was not yet in a steady state. In this experiment also traces of 

ethane (0.3 %) were formed. The CO level is 0.15 % which is in the same range as in liquid 

phase reforming of methanol. 

After the experiment some black tar-like deposits were found inside the reactor. This indicates 

the formation of non volatile by-products. The Pt/Pd/carbon black catalyst is potentially not 

highly active for the cleavage of C-C bonds. Additionally, in comparison to the work of the 

Dumesic group, the water content used in this experiment was stoichiometric (63 wt% eth-

ylene glycol), whereas Dumesic used a highly diluted system containing only 10 wt% of eth-

ylene glycol.[71] Higher water content is supposed to suppress the condensation of higher mo-

lecular weight by-products. Furthermore, in the stirred tank reactor concept used in this study, 

only gaseous effluents are able to leave the reactor, whereas liquid by-products will accumu-

late in the liquid phase. Thus, the reactor concept is not very well suited for the conversion of 

biogenic feedstock. As liquid phase reforming of biogenic feedstock has been studied previ-

ously within our group, this topic is not further discussed within this thesis.[143-144] 

4.1.11 Critical review of the reaction system applied for liquid phase reforming 

The findings discussed in the previous chapters suggest that the reaction rate is not only a 

function of the temperature and the feed concentration in the reactor but also a function of the 

volume flow of methanol and water which is fed to the system. Additionally, there seems to 

be also an influence of the total heat flux to the system and the corresponding temperature of 

the reactor wall. The function 4.6 summarizes all the parameters influencing the product gas 

volume flow. 

 )V,m,p,T,T(fV feedorfeed,reactwallbulkproduct
&&     =   (4.6) 

The mode of operation of the reactor, i.e. the continuous dosage of liquid feed, while only 

gaseous products are leaving the reactor, leads to a changing concentration of liquid feed in-

side the reactor. Therefore, it is not possible to maintain these factors constant over the dura-

tion of one experiment. For instance, at a lower reaction temperature, the volume flow of 

methanol and water has to be adjusted to a lower level in order to maintain a constant feed 

concentration inside the reactor. As it has been shown previously, a change in feed volume 

flow leads again to a change in gas productivity. 
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Figure 4.14 summarizes the most important parameters of the reaction system. Most of these 

parameters were not accessible for a direct measurement. For instance, there are only a lim-

ited number of ports which allow access to the reactor vessel. Thus, a complete description of 

the reaction system was not possible within this work. 

In consequence, the stirred tank system must be regarded as not well defined for kinetic inves-

tigation of liquid phase methanol reforming. Furthermore, there are more reasons which con-

tradict the use of this reaction system for catalyst development in the special case of methanol 

reforming. First, the reactor (600 ml) plus the adjacent condenser (approx. 30 ml) and the cor-

responding piping offer a big dead volume. The huge dead volume and the large number of 

parameters which have to level off after a new point of operation is set require a rather long 

time to reach steady state. For instance, for the determination of the observable activation 

energy one temperature plateau was held for at least 24 hours. 
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Figure 4.14: Schematic representation of the stirred tank reactor to point out some of the factors which 

influence the performance of liquid phase reforming.[156] 

Second, for screening purposes the necessary amount of salt (100 g) and catalyst (approx. 

0.5 g) is rather high. At lower loadings stirring and heat input would not be guaranteed any-
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more. Therefore, a different reactor system which allows faster achievement of steady state 

and requires a lower amount of catalyst is preferred. 

This chapter showed the complexity and the problems related to the use of the stirred tank 

reactor for liquid phase reforming of methanol. As the scope of this work is on catalyst devel-

opment and on modification of catalysts by molten salts, no deeper emphasis was put on the 

elucidation of the complex mechanisms in the liquid phase reactor. Basically, the activity of 

the molten salt system in liquid phase reforming of methanol has been successfully demon-

strated. 

In the next step catalysts for methanol steam reforming were therefore investigated using a 

fixed-bed gas phase reactor. By this means, the influence of the vapor liquid equilibrium of 

methanol and water is largely eliminated as the process takes place in the gas phase and the 

substrates are evaporated in a separate unit. 
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4.2 Continuous gas phase experiments 

4.2.1 Blank test of the reactor setup 

Prior to the first gas phase methanol steam reforming experiments, a blank test without cata-

lyst was performed. To yield a comparable temperature behavior inside the fixed-bed, the 

reactor was filled with calcined α-alumina. The α-alumina can be considered as non-reactive 

as its specific surface area is very small. In the first blank test the methanol conversion was 

found to be 0.17 % at 230 °C which can be considered negligible compared to most catalytic 

experiments. Only in the case of the uncoated catalyst platinum/palladium/carbon black (see 

section 4.2.4) which shows a conversion of 0.8 %, the blind activity is at a significant ratio of 

about 20 % of the total activity. However, in this very first study of molten salt coated cata-

lysts, emphasis is rather put on the relative influence of the molten salt coating, than on the 

absolute values of activity. The blind activity was therefore considered to be within an ac-

ceptable range. 
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Figure 4.15: Blank test of the methanol steam reforming rig without catalyst. T = 230 °C, p = 10 bar, 

minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 
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After completion of experiments the blank test was repeated. Remarkably, the conversion 

increased to 0.3 %. To locate the origin of activity, the reactor was cooled down to 30 °C, thus 

reaction inside the fixed-bed could be neglected, whereas the tubing in the up-stream and 

down-stream section were kept at a temperature of 190 °C. In this experiment the blind activi-

ty was still 0.23 %, indicating that some reactivity arose from the tubing, probably in the 

down-stream section adjacent to the reactor. This might be attributed to the removal of fine 

catalyst particles out of the fixed-bed. Consequently, the tubing and filters were unmounted, 

cleaned in the ultrasonic bath and partially replaced by new parts. Thereafter, the blind activi-

ty was still about 0.25 %. 

4.2.2 Blank test using uncoated and coated catalyst support 

To determine if the activity arises from the catalyst support material itself, a blank test was 

conducted using neat carbon black Vulcan XC 72 which is the support material of the plati-

num/palladium catalyst. In this experiment a conversion of 0.3 % is reached in the steady state 

as shown in figure 4.16. 

0.0%

0.1%

0.2%

0.3%

0.4%

0.5%

0.6%

0.7%

0.8%

0.9%

1.0%

0 2 4 6 8 10 12 14 16 18 20

Time on stream / h

M
et

ha
no

l c
on

ve
rs

io
n 

X
M

eO
H

XC 72 uncoated

XC 72 coated with Cs/K/Li[OAc]

 

Figure 4.16: Blank test of catalyst support material Vulcan XC 72 without catalyst, uncoated and coat-

ed with Cs/K/Li-acetate. T = 230 °C, p = 10 bar, mXC 72 = 100 mg, wsalt = 10 wt% (for coated XC 72), 

minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 
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This conversion corresponds well to the activity shown in the blank test using neat α-alumina, 

therefore it is assumed that there is no contribution of XC 72 to the total activity. The initially 

higher conversion within the first two hours time on stream might be attributed to the start-up 

phase of the reactor. 

To exclude any activity of the Cs/K/Li[OAc] coating, a blank test was conducted using mol-

ten salt coated Vulcan XC 72 without catalyst loading. Here a slightly higher conversion of 

0.5 % was observed indicating some activity of the neat molten salt coating. However, the 

level of activity is marginal compared to the molten salt coated transition metal catalyst (see 

chapter 4.2.4).  

4.2.3 Reproducibility test 

In order to determine the reproducibility of the setup, a standard experiment using a plati-

num/palladium/carbon black catalyst provided by BASF was conducted. A second experiment 

using a catalyst of the same composition, but from different batches, was performed after half 

a year. The turn over frequency (see equation 3.16) as a measure for activity shows a good 

agreement between both catalyst samples. 
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Figure 4.17: Reproducibility test using two different batches of platinum/palladium/carbon black cata-

lyst. Closed symbols: turn over frequency, open symbols: selctivity. T = 230 °C, p = 10 bar, 

mcat = 100 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 



88  4 Results and discussion 

The selectivity to CO2 however differs by approximately 10 %. This might be attributed to 

differences of both catalyst batches. Another uncertainty, which might influence the CO/CO2 

ratio, is a shift in retention time of the CO peak that occurs after longer operation of the GC. 

This shift is most likely caused by a slow increase in water content on the molar sieve column. 

Therefore, the GC oven was baked out regularly. 

4.2.4 Methanol steam reforming using molten salt coated catalyst 

After testing the activity of uncoated platinum/palladium/carbon black catalyst as a reference, 

the same catalyst was coated with 10 wt% of Cs/K/Li-acetate (Cs/K/Li[OAc]) eutectic mix-

ture according to the procedure described in chapter 3.2. Cs/K/Li[OAc] was chosen with the 

intention to take advantage of the basic and hygroscopic nature of this salt. 

A typical methanol steam reforming experiment was performed starting at a temperature of 

230 °C. Figure 4.18 shows the turn over frequency and CO2 selectivity for the course of the 

experiment. After a short start-up phase of 2 hours which is needed for temperature equilibra-

tion and displacement of inert gas, the turn over frequency is approximately 17 h-1 which is 

about 6 times higher than for the uncoated catalyst. The CO2 selectivity reaches an outstand-

ing value of 98 %, whereas the selectivity for the uncoated system is only 17 %. 

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80 90 100 110

Time on stream / h

T
ur

n 
ov

er
 fr

eq
ue

nc
y 

/ h
-1

T
em

pe
ra

tu
re

 
×× ×× 

10
-1

 / °
C

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

S
el

ec
tiv

ity
 to

 c
ar

bo
n 

di
ox

id
e 

S
C

O
2

Temperature

Turn over frequency

Selectivity

 

Figure 4.18: Turn over frequency and selectivity for a standard experiment using the plati-

num/palladium/carbon black catalyst coated with 10 wt% of Cs/K/Li-acetate. T = 230 °C, p = 10 bar, 

mcat = 100 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 
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After 15 hours time on stream, the temperature was varied in the range of 170 to 230 °C in 

order to determine the activation energy. Every new steady state is reached in less than one 

hour after a temperature change. Activity and selectivity remain on a constant level, which 

demonstrates the high stability of the gas phase steam reforming experiment compared to liq-

uid phase reforming. After completion of the temperature variation, the temperature was set 

again to 230 °C. The turn over frequency and the selectivity reach their initial values, which 

indicates the catalyst stability. 

4.2.5 Investigation of various molten salts 

In order to determine the influence of the nature of molten salt, various salts next to 

Cs/K/Li[OAc] were chosen for catalyst coating, namely Cs/K/Li-trifluoroacetate (Cs/K/Li-

TFA) and cesium bistrifluorosulfonylimide (Cs[NTf2]). The experiments were conducted ac-

cording to the procedure described in the previous chapter. In figure 4.19 the activity of the 

uncoated and various coated catalysts is shown in comparison. Figure 4.20 shows the selectiv-

ity of these experiments. For the sake of clarity the data recorded during the temperature vari-

ation is masked in the present diagrams. 

 

Figure 4.19: Activity of platinum/palladium/carbon black catalyst uncoated and coated with different 

molten salts. Note: for the reason of clarity data points are masked during parameter variation. 

T = 230 °C, p = 10 bar, mcat = 100 mg, minert = 2 g α-Al 2O3, wsalt = 10 wt%, feedm&  = 2.2 g h-1. 
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Figure 4.20: Selectivity of platinum/palladium/carbon black catalyst uncoated and coated with differ-

ent molten salts. Note: for the reason of clarity data points are masked during parameter variation. 

T = 230 °C, p = 10 bar, mcat = 100 mg, minert = 2 g α-Al 2O3, wsalt = 10 wt% (for coated catalysts), 

feedm&  = 2.2 g h-1. 

The temperature dependency of activity and selectivity for these experiments is discussed in 

chapter 4.2.5.2. 

In contrast to the acetate coated catalyst, the Cs[NTf2] coated system shows a quite long acti-

vation phase of about 60 hours concerning activity and selectivity. Generally, this activation 

phase might be attributed to physical or chemical effects. The distribution of molten salt in-

side the pores of the catalyst can have an impact on catalytic performance.[149] A certain mo-

bility of the salt film changing its distribution would explain the increasing activity and selec-

tivity. The activation might also be attributed to chemical effects, for instance an interaction 

of the salt with catalytically active centers (this aspect is highlighted in the subsequent chap-

ter). 

The activity of the [NTf2]
- salt coated catalyst is lower than the acetate coated catalyst yield-

ing a TOF of about 9 h-1 in the steady state. The selectivity reaches 56 % and is therefore in 

between the values for the uncoated and the acetate coated catalyst. Both, the lower activity 

and selectivity compared to the acetate coated catalyst, can be explained by the lower solubili-

ty of water, caused by the hydrophobic nature of the [NTf2]
- ion. Furthermore [NTf2]

- is not 
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basic as this is the case for acetate. Nevertheless, activity and selectivity of the Cs[NTf2] coat-

ed catalyst are still higher than for the uncoated catalyst. 

In order to check the influence of the basicity of the anion in more detail, the trifluoroacetate 

(TFA) anion was chosen for comparison. Due to the electronegativity of fluor atoms, which 

have an electron withdrawing effect, the O-H bond of the carboxyl group is destabilized lead-

ing to a significantly lower basicity compared to the acetate anion. Additionally, the fluorinat-

ed methyl group results in a slightly more hydrophobic behavior compared to acetate. Alt-

hough these preconditions suggest a less active and selective behavior in methanol steam re-

forming, the TFA coated catalyst exhibits an even higher activity and approximately the same 

selectivity as the acetate system. At lower temperatures, which will be shown in the next 

chapter, the selectivity gap between acetate and TFA gets bigger. Interestingly, the TFA coat-

ed catalyst shows a decrease in activity over the first 20 hours time on stream. 

4.2.5.1 Discussion of possible effects of the molten salt coating 

Within the scope of this thesis detailed spectroscopic studies where not yet possible, therefore 

the mechanistic effect of the salt coating can not be explained comprehensively. However, 

three possible effects will be briefly discussed, namely differential solubility of substrates and 

products, the basicity of the melt and an electronic influence on the active centers. 

In terms of solubility, a high affinity to the substrates and a low solubility for products is de-

sired. In case of the hygroscopic acetate anion, a high solubility for water is given. In conclu-

sion by analogy the solubility of methanol, which is a rather polar molecule, should also be 

high. Therefore the substrates of methanol steam reforming are enriched at the active centers, 

enabling a high reaction rate. In contrast the product hydrogen is known to have a low solubil-

ity in ionic liquids[129] and is therefore removed easily from the active center. The solubility of 

carbon dioxide is rather high in ionic liquids in general. In the case of acetate ionic liquids the 

formation of acetate-CO2 adducts is described in the literature.[114] This effect however seems 

to be no obstacle for the reaction rate in methanol steam reforming. 

Noteworthy, the differential solubility of substrates and products favors not only the methanol 

steam reforming but also the water gas shift reaction (WGSR), as high water content and a 

low hydrogen concentration are again shifting the equilibrium towards the product side.  

The second aspect is the basicity of the salt. Mechanistic studies point out the involvement of 

hydroxide ions in the catalytic cycle of the water gas shift reaction. The positive influence of 

OH– ions on the water gas shift reaction was confirmed in previous work carried out in our 

group.[122] In this work the homogeneously catalyzed WGSR was studied using SILP catalysts. 
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The use of basic support materials and the addition of an organic base to the ionic liquid both 

increased the activity of the WGS catalyst. Hence, in methanol steam reforming using group 

8-10 metal catalysts, where the WGS reaction is supposed to be responsible for the transfor-

mation of CO to CO2, a basic salt coating might promote the WGS reaction. As acetic acid is 

known to be a weak acid, the acetate anion is a strong base, leading to the formation of hy-

droxide ions in the presence of water. The solubility effect as well as the basicity might be 

plausible explanations for the high overall CO2 selectivity which is observed in case of the 

acetate coated catalyst. 

As a third aspect, the molten salt coating might interact with the catalytic center itself. Recent-

ly, spectroscopic studies have revealed ligand-like interactions of ionic liquids and metal na-

noparticles.[126-127] There is evidence that electronic properties of adsorption sites are modified 

by the ionic liquid leading to a change in adsorption behavior. To which extent this also ap-

plies in the case of the present catalyst has to be investigated in further studies. 

At the present moment, tests are carried out to prove the applicability of molten salt coated 

catalysts for spectroscopic measurements under ultrahigh vacuum conditions. The stability 

and non-volatility of molten salt under those conditions is required for the investigation of 

molten salt modified materials by ultrahigh vacuum spectroscopic methods. Recently, XPS 

and IRAS studies on ionic liquid interfaces have been performed.[125] From those analytical 

techniques a deeper insight into the function of the molten salt coating is expected. However, 

these studies have been performed with model surfaces only. Therefore, “bridging the materi-

als gap” between well-defined model catalysts and complex nanostructured heterogeneous 

catalysts remains a challenge in surface science. 

There is also evidence that alkali doping of catalysts improves the activity in water gas shift 

reaction and methanol synthesis. The effect of Li and Na addition to a Pt/Ceria catalyst for 

low temperature WGSR and steam reforming has been studied by DRIFT spectroscopy.[157] 

The catalyst was prepared by impregnation with alkali nitrate solution and subsequent calci-

nation. It has been suggested for Li and Na-doped Pt/Ceria that the C-H bond of methoxy and 

formate species is weakened, thus facilitating their dehydrogenation. As the dehydrogenation 

of the methoxy species is supposed to be the rate determining step in methanol steam reform-

ing, an increase in overall activity is achieved.[48] 

However, activity and selectivity in methanol steam reforming over Li and Na-doped Pt/ceria 

were enhanced only moderately. For instance, for a Pt/ceria catalyst doped with 0.5 wt% Na 

conversion increased from 28.1 to 45.6 %, whereas CO2 selectivity increased from 62.6 to 

72.4 % at 225 °C.[157] In contrast, for the 10 wt% Cs/K/Li-acetate coating applied in this work 
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the influence on activity and selectivity is more pronounced. Additionally, the effect depends 

also on the anion as discussed in the previous chapter. Thus, it is suggested that the beneficial 

influence observed in this work is not just a doping effect of alkali ions but rather a function 

of the molten salt coating as a whole. A combination of several effects is also very likely. To 

prove this hypothesis in more detail, a comparison test using alkali doped Pt/Pd/carbon black 

catalyst is planned to be conducted in future.  

4.2.5.2 Temperature dependency of activity and selectivity 

For each catalyst the temperature was varied in the range of 170 to 250 °C to check for the 

activation energy EA. As mentioned in the theoretical part, a sufficient activity at lower tem-

peratures would enhance the potential for heat integration in integrated reformer units. In fig-

ure 4.21 the conversion and the selectivity in dependence on the temperature are shown. 

 

Figure 4.21: Conversion and selectivity vs. temperature of platinum/palladium/carbon black catalyst 

uncoated and coated with different molten salts. p = 10 bar, mcat = 100 mg, minert = 2 g α-Al 2O3, 

wsalt = 10 wt% (for coated catalysts), feedm&  = 2.2 g h-1. 

Remarkably, at a temperature as low as 170 °C the acetate coated catalyst still shows a higher 

conversion than the uncoated catalyst at 230 °C. This impressively demonstrates the potential 

of molten salts to improve conventional heterogeneous catalysts. 

Concerning selectivity an interesting trend can be found. The selectivity in the case of uncoat-

ed and [NTf2]
- coated catalyst decreases with rising temperature. This trend is supported qual-

itatively by the water gas shift equilibrium which generally leads to a higher CO content at 

higher temperatures. Surprisingly, this trend is reversed in the case of the acetate and tri-
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fluoroacetate coated catalyst. For both catalysts the selectivity is increasing with rising tem-

perature which is in contrary to the water gas shift equilibrium. 

A possible explanation might be the decreasing solubility of the products hydrogen and car-

bon dioxide with rising temperature. A lower hydrogen and CO2 content in the molten salt 

phase shifts again the WGS equilibrium towards the product side. Additionally, the basicity 

and accordingly the ability of the acetate to form OH– ions in the presence of water might be 

influenced by the temperature. However, studies revealed a decreasing dissociation constant 

of alkali acetates with rising temperature which indicates a lower basicity.[158-159] 

So far, the unexpected selectivity temperature dependence can not be fully explained. Further 

insight might be gained by mechanistic studies, for instance by a separate kinetic investigation 

of the catalyst system for methanol decomposition and the water gas shift reaction. This could 

be performed by feeding only methanol or carbon monoxide and water, respectively. 

In figure 4.22 an Arrhenius-type plot of ln TOF versus the reciprocal temperature is shown for 

the platinum/palladium/carbon black catalyst. During the temperature variation experiments 

the conversion was lower than 10 % maintaining differential conditions so that concentration 

gradients can be neglected. 

 

Figure 4.22: Arrhenius-type plot of platinum/palladium/carbon black catalyst uncoated and coated 

with different molten salts. p = 10 bar, mcat = 100 mg, minert = 2 g α-Al 2O3, wsalt = 10 wt% (for coated 

catalysts), feedm&  = 2.2 g h-1. 
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The activation energies for the uncoated, acetate coated and trifluoroacetate coated systems lie 

in the range of 52 to 55 kJ mol-1 indicating that no mass transfer limitation is caused by the 

molten salt coating. In the case of the [NTf2]
- coated catalyst the activation energy of 

66.9 kJ mol-1 is on a slightly higher level. Note that the kinetic measurement might be affect-

ed in this case by the unusually long activation period of the [NTf2]
- coated catalyst. In com-

parison, Cao et al. determined an activation energy of 94.8 kJ mol-1 for methanol steam re-

forming over a Pd/ZnO catalyst using a microchannel reactor.[160] 

Generally, it has to be mentioned that in molten salt coated catalyst systems, like SILP and 

SCILL catalysts, the observed activation energy is most likely not only a function of kinetics 

but also dependent on gas solubilities of the molten salt film. As these parameters, which have 

an impact on the reaction rate, vary with temperature, the determination of the intrinsic activa-

tion energy is complex. 

4.2.6 Variation of salt loading  

To extend the molten salt coating experiments to other methanol steam reforming catalysts, 

platinum immobilized on titania (TiO2) was chosen. This catalyst is supposed to have a par-

ticularly high dispersion of platinum and is therefore referred to as “single fixation”. The turn 

over frequency of the TiO2 catalyst is shown in figure 4.23. Indeed, this catalyst shows a turn 

over frequency of 63 h-1 in steady state which indicates a better utilization of the precious 

metal compared to the Pt/Pd/carbon black catalyst. The initial activity is even higher but it 

decreases within the first 20 hours. 

Again, this catalyst was checked for the influence of coating with Cs/K/Li acetate salt. The 

amount of salt applied was 20 wt% equivalent to a pore filling degree of 0.45 %. At the be-

ginning of the experiment this catalyst showed a TOF of 10 h-1 which is significantly lower 

compared to the uncoated catalyst. However, activity is increasing to a TOF of 25 h-1 within 

the first 100 hours time on stream. 

A first evaluation of these results suggests the involvement of mass transfer issues. As the 

catalyst shows a high intrinsic activity, the diffusion of reactants through the molten salt layer 

might become the rate determining step. At a pore filling degree of 45 % the pores are almost 

filled half with molten salt. Thus, there might be some blocking of pores hindering the sub-

strate from reaching the active centers. 

The influence of the pore filling degree and the ionic liquid distribution on the activity of mol-

ten salt coated porous catalysts is frequently encountered in SILP systems.[149] This effect was 
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also observed for supported liquid phase catalysts.[161] In selective hydrogenation over a 

SCILL catalyst the ionic liquid layer acts as a diffusion barrier for hydrogen.[131] Therefore, 

the activity decreases with increasing ionic liquid load enabling higher selectivity for the 

mono-hydrogenated intermediate product. These examples highlight the importance of an 

apropriate pore filling degree. 
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Figure 4.23: Activity of platinum/TiO2 catalyst uncoated and coated with different loadings of 

Cs/K/Li[OAc]. Note: for the reason of clarity data points are masked during parameter variation. 

T = 230 °C, p = 10 bar, mcat = 709 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 

With such a relatively high loading for the 20 wt% coated catalyst, the retention of the salt 

inside the pores might become a problem. A recent work revealed a certain mobility of an 

ionic liquid film on a silica support.[162] The resulting slow leaching of the molten salt coating 

into the surrounding catalyst bed would reduce the original pore filling degree. This might be 

a plausible explanation for the observed increase of activity over time. However, no experi-

mental proof has been conducted to confirm the theory of leaching within this work. 

To check the influence of the pore filling degree in more detail, the same catalyst was coated 

with 5 wt% of Cs/K/Li-acetate. This system shows a TOF of 45 h-1 and exhibits no activation 

phase, which confirms the theory of “overloading” of the previous catalyst. However, the ac-

tivity at 230 °C is still lower than in the case of the uncoated catalyst. 
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Regarding the conversion as function of the temperature (figure 4.24), it becomes obvious that 

at temperatures lower than 210 °C the conversion of the 5 wt% coated catalyst exceeds the 

conversion of the uncoated catalyst. According to this, the coated and uncoated catalyst show 

different activation energies. Hence, the Arrhenius-type diagram (figure 4.25) reveals an acti-

vation energy for the uncoated catalyst of 71.4 kJ mol-1, whereas it is 50.3 kJ mol-1 for the 

5 wt% coated and 50.1 kJ mol-1 for the 20 wt% coated catalyst. The lower activation energy 

that has been found for the coated systems might be another indication for the influence of the 

molten salt film on mass transport processes. 
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Figure 4.24: Conversion and selectivity vs. temperature of Pt/TiO2 uncoated and coated with different 

loadings of Cs/K/Li[OAc]. p = 10 bar, mcat = 709 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 

The selectivity of the uncoated Pt/TiO2 catalyst decreases from 94 to 70 % in the temperature 

range of 180 to 230 °C (see figure 4.24). These values are higher than the selectivity which 

was obtained for the uncoated Pt/Pd/carbon black catalyst (54 to 33 %). Remarkably, upon 

coating with Cs/K/Li-acetate the selectivity is increased to values between 95 and 98 %. 

Again, the trend of decreasing selectivity for increasing temperature is reversed for the acetate 

coated catalyst. This has already been observed for the Pt/Pd/carbon black catalyst and is dis-

cussed in chapter 4.2.5.2.  

Contrary to the difference in activity, the difference in selectivity for the 5 and 20 wt% coated 

catalyst is marginal. At 180 °C the selectivity of the 20 wt% loading is only 2 % lower com-

pared to the 5 wt% loaded catalyst. At temperatures higher than 200 °C no difference in selec-

tivity can be found at all. 
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Bearing in mind that CO represents a strong catalyst poison for PEM fuel cells which has to 

be removed, it might be more attractive to use a coated catalyst at the expense of a lower con-

version but with the benefit of a higher selectivity to CO2. Furthermore, the conversion of 

methanol to CO2 yields 50 % more hydrogen than methanol decomposition to CO. 
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Figure 4.25: Arrhenius-type diagram of Pt/TiO2 uncoated and coated with different loadings of 

Cs/K/Li[OAc]. p = 10 bar, mcat = 709 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 

It can be concluded that the molten salt coating shows two different effects in case of the very 

active Pt/TiO2 catalyst. On the one hand, there is a beneficial effect on selectivity. One the 

other hand, mass transport effects seem to hinder the reactivity at higher reaction temperatures 

and higher salt loading. Therefore, the appropriate salt loading represents an optimization 

problem. A more extensive variation of the molten salt loading has to be conducted in further 

studies. In particular, the determination of the minimum molten salt loading which is neces-

sary to achieve a beneficial effect is of importance.  

4.2.7 Novel catalyst concept based on carbon nanotubes 

In order to prove the universal applicability of the molten salt coating concept, the methanol 

steam reforming experiments were extended to novel catalytic materials based on multi-



4.2 Continuous gas phase experiments   

 

99

walled carbon nanotubes (CNT). Previously, other groups have studied catalysts immobilized 

on carbon nanotubes in methanol steam reforming.[65-66] 

The catalyst used in this work consists of platinum nanoparticles which are immobilized on 

carbon nanotubes in a high dispersion.[163] Catalyst preparation and characterization was car-

ried out by the group of Turek, who applies the catalyst for the catalytic oxygen reduction in 

direct methanol fuel cells.[148, 164] 

Catalyst coating by Cs/K/Li-acetate was conducted in the same way as in case of the Pt/Pd/C 

and Pt/TiO2 catalyst. Again, the uncoated and coated catalysts were tested in the methanol 

steam reforming reaction at various temperatures. The results for conversion and selectivity 

are plotted in figure 4.26. 
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Figure 4.26: Conversion and selectivity vs. temperature of Pt/CNT uncoated and coated with 

Cs/K/Li[OAc]. p = 10 bar, mcat = 89 mg, minert = 2 g α-Al 2O3, feedm&  = 2.2 g h-1. 

Compared to the Pt/TiO2 catalyst, the conversion of the uncoated Pt/CNT catalyst is on a very 

low level in the range of 0.4 to 1.8 % at a temperature from 180 to 230 °C. Note that the con-

version might therefore be affected by measurement uncertainties. Interestingly, the selectivi-

ty is not that dependent on temperature as in the case of the other catalysts and decreases only 

slightly with rising temperature. It is in the range of 52 to 58 % for the uncoated catalyst. The 

selectivity at 180 °C deviates from the trend which might be due to the start-up phase of the 

experiment. 

Remarkably, the activity is enhanced also in the case of the Pt/CNT by coating with Cs/K/Li-

acetate. The conversion lies between 2.2 and 7.4 % which is an increase by a factor of four 

compared to the uncoated catalyst. The activation energy is in the range of 50 kJ mol-1 for 



100  4 Results and discussion 

both catalysts. In addition, the selectivity is enhanced to values between 92 and 97 %. The 

potential underlying effects of the molten salt coating have already been discussed in chapter 

4.2.5.1. 

In the previous sections it was shown that coating of various Pt and Pd containing catalysts 

with Cs/K/Li-acetate offers a positive effect on activity as well as selectivity. In the case of 

Pt/TiO2 only the selectivity was increased. Hence, the concept of molten salt modification can 

be applied to different catalysts and is not limited to a single one.  

4.2.8 Long term test using coated platinum/palladium/carbon black catalyst 

To ensure the stability of the coated catalyst, a long term test was conducted for almost 

500 hours time on stream. For this experiment the Cs/K/Li-acetate coated platinum/palladium 

on carbon black catalyst was chosen. Figure 4.19 shows the course of activity and selectivity 

for the experiment. Within the first 300 hours time on stream the TOF slightly increased until 

it reached a constant value of 19 h-1. The reason for this increase is not yet clear; it can be 

speculated that the molten salt film inside the pores exhibits a certain mobility, which might 

increase the molten salt/gas interface during the course of the experiment. Another possible 

effect is a slow increase in the amount of dissolved reactants and products. Hence, concentra-

tions inside the molten salt film might change and in the same way physical properties like 

viscosity or diffusion coefficients might be affected. 

Regarding selectivity, a high value of 97 % carbon dioxide was maintained throughout the 

experiment, showing only a slight deviation in the first 200 hours time on stream. The con-

stantly high performance of the Cs/K/Li-acetate coated catalyst shows that there is no degra-

dation of the molten salt which compromises the catalyst activity and selectivity.  

Some molten salts are able to oxidize and dissolve elemental metals, depending on their de-

gree of corrosiveness against metals.[108] Leaching of elemental metals into the molten salt 

phase would result in a (partially) homogeneous catalyst according to the SILP principle. This 

is exemplified by the findings of Claus and coworkers. Upon investigation of a Pd/SiO2 

SCILL-type catalyst there was evidence for the complexation of atomic Pd by the [N(CN)2]
- 

anion as a ligand. This has been confirmed by IR[132] and XPS spectroscopy[133]. 

To exclude the possibility that elemental platinum or palladium of the heterogeneous catalyst 

is dissolved by the acetate molten salt used in this work, an ICP measurement was conducted. 

For this purpose, the spent catalyst of the long term test was suspended in 10 ml of distilled 

water and stirred for 15 hours. By this procedure the molten salt film and metals which are 
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possibly dissolved therein should be washed from the catalyst support. Afterwards, the parti-

cles were separated off by centrifugation and filtration (0.2 µm) and the clear aqueous phase 

was subjected to ICP analysis to determine the content of dissolved platinum. Note that the 

palladium content could not be measured, as there was no calibration standard available for 

palladium. 
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Figure 4.27: Activity and selectivity during a long-term test of platinum/palladium/carbon black cata-

lyst coated with Cs/K/Li-acetate. T = 230 °C, p = 10 bar, mcat = 100 mg, minert = 2 g α-Al 2O3, 

wsalt = 10 wt%, feedm&  = 2.2 g h-1. 

The determined platinum content was 0.0816 mg l-1 which is close to the lower detection limit 

of the ICP method of 0.0187 mg l-1. Related to the total amount of platinum which was pre-

sent in the sample of 100 mg catalyst, the fraction of dissolved platinum accounted to 44 ppm. 

This value suggests that the amount of dissolved platinum is negligibly low compared to the 

elemental platinum present on the catalyst. In conclusion, the precious metal of the heteroge-

neous catalyst seems to remain stably immobilized by the support material and not to be dis-

solved by the molten salt layer. 

There are two conceivable uncertainties of the ICP based measurement leading to either a 

lower or a higher metal content. Firstly, the interaction between molten salt and support might 

hamper a complete dissolution of the molten salt phase during the washing procedure. Even-

tually dissolved metal ions which are further immobilized by the remaining salt layer would 
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not be detected by the ICP measurement. The validity of this hypothesis remains to be 

checked in further experiments, e.g. a determination of the salt content in the aqueous wash-

ing solution. Secondly, if there was the formation of clusters of elemental metal in the na-

nometer range inside the molten salt film, these nanocolloids would have been detected also 

by the ICP measurement. As the detected value of dissolved metal is low, the latter hypothesis 

is rather unlikely. 

4.2.9 Benchmark tests with commercial Cu/ZnO catalyst 

To validate the coating concept further, a commercial methanol steam reforming catalyst 

based on copper was tested. The Cu/ZnO catalyst was received from Südchemie AG. For cal-

culation of the turn over frequency, the total copper and zinc content of the catalyst was esti-

mated. According to the provided material data sheet, the unreduced catalyst consists of 

33 wt% CuO and 66 wt% ZnO, designated as wMeO in equation 4.7. The weight fraction of 

metal wMe, copper and zinc respectively, was determined as follows. 

 
OMe

Me
MeOMe MM

M
ww

+
⋅=   (4.7) 

This results in a total metal content of 26 wt% copper and 53 wt% zinc. As there is no addi-

tional support like in the case of the precious metal catalysts used in this study, the total metal 

content is relatively high. In this case, only 15 mg of catalyst would be required to reach an 

amount of metal of 18 ⋅ 10-3 mol, as it was set as standard for the gas phase experiments. As 

this amount of catalyst seemed to be too low to ensure a homogeneous dispersion in the fixed-

bed, the amount of catalyst was increased tenfold in the case of Cu/ZnO. 

According to the instructions of the manufacturer, the catalyst had to be reduced prior to use. 

For this purpose the catalyst was preformed under a hydrogen flow at 240 °C for 20 hours. 

The used forming gas consisted of 5 vol% hydrogen and 95 vol% nitrogen. Maintaining an 

overall pressure of 10 bar, the hydrogen partial pressure was 0.5 bar. Afterwards, the tempera-

ture was set to 230 °C under nitrogen flow and the reaction was started by dosage of methanol 

and water. 

Regarding the activity, the uncoated Cu/ZnO catalyst shows a turn over frequency of 20 h-1 

per mol of metal (copper and zinc). Due to the tenfold increased molar amount of catalyst 

compared to the precious metal catalysts and the high activity of the copper catalyst, the vol-

ume flow of gases leaving the reactor was unusually high. This caused a non-uniform GC 
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measurement, which resulted in scattering of TOF values. Note that the conversion accounts 

for about 80 % in this case. 

4.2.9.1 Coating of Cu/ZnO catalyst by Cs/K/Li-acetate 

The same amount of catalyst was coated with 9 wt% of Cs/K/Li-acetate and then reduced as 

described above. However, the activity of the coated catalyst is drastically reduced to a TOF 

lower than 3 h-1 (see figure 4.28). Furthermore, activity decreases within 70 hours by 50 %. 

Therefore, the idea arose that the molten salt layer might inhibit the preforming process. As 

the hydrogen solubility in a similar acetate molten salt is known to be low,[112] the molten salt 

film is supposed to form a diffusion barrier for hydrogen. Thus, the copper oxide crystallites 

might not be fully reduced yielding a less active and less stable catalyst. 
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Figure 4.28: Activity of Cu/ZnO catalyst, uncoated and coated with Cs/K/Li[OAc], varying the order 

of preforming and coating. Note: for the reason of clarity data points are masked during parameter 

variation. T = 230 °C, p = 10 bar, mcat = 150 mg, minert = 2 g α-Al 2O3, wsalt = 9 wt% (for coated cata-

lysts), feedm&  = 2.2 g h-1. 

Hence, in order to prove this hypothesis, fresh uncoated catalyst was first reduced inside the 

reactor. Thereafter, the reactor was unmounted, sealed with parafilm and transferred to a 

glove box. Inside the glove box the coating procedure of the catalyst was performed under 

argon atmosphere. The catalyst prepared in this way was filled into the reactor again and the 

steam reforming reaction was started. As in the previous case, the activity was below a TOF 
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of 3 h-1. Consequently, the order of preforming and coating seems to have no influence on the 

activity. 

In the case of copper based catalysts there seems to be a detrimental effect of the acetate coat-

ing to the catalytic activity. Interestingly, the selectivity is not affected by the coating in such 

a negative way. For the uncoated catalyst the selectivity is on a constantly high level of almost 

97 % (see figure 4.29). This shows again that the industrial catalyst is already on a mature 

level of development. If the catalyst is first preformed and then coated, the selectivity is on a 

slightly higher level than the uncoated catalyst but decreases slowly. However, if the catalyst 

is first coated and preformed afterwards, the decrease in selectivity over time on stream is 

more pronounced. 
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Figure 4.29: Selectivity of Cu/ZnO catalyst uncoated and coated with Cs/K/Li[OAc], varying the order 

of preforming and coating. Note: for the reason of clarity data points are masked during parameter 

variation. T = 230 °C, p = 10 bar, mcat = 150 mg, minert = 2 g α-Al 2O3, wsalt = 9 wt% (for coated cata-

lysts), feedm&  = 2.2 g h-1. 

Regarding the temperature dependence on selectivity, an interesting behavior can be found 

(see table 4.5). The uncoated catalyst shows excellent selectivities higher than 96 % over the 

whole temperature range from 180 to 230 °C. A maximum in selectivity is reached at 200 °C, 

whereas the selectivity is lower at 230 °C. This trend can be qualitatively explained by the 

equilibrium of the water gas shift reaction. However, at temperatures lower than 200 °C the 

selectivity decreases again which cannot be explained so far. 
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In the case of the acetate coated catalyst the selectivity varies between 82 and 98 % but in-

creases with temperature. Hence, at low temperatures selectivity is worse than for the uncoat-

ed catalyst, whereas the selectivity is even better at 230 °C. This inversion of the selectivity 

temperature dependency upon coating has also been observed for the Pt and Pd based cata-

lysts. Possible reasons are discussed in chapter 4.2.5.2. 

Table 4.5: Conversion and selectivity of Cu/ZnO catalyst, uncoated and coated with Cs/K/Li[OAc] 

after preforming. p = 10 bar, mcat = 150 mg, minert = 2 g α-Al 2O3, wsalt = 9 wt% (for coated catalyst), 

feedm&  = 2.2 g h-1. 

4.2.9.2 Influence of the hydrogen partial pressure during preforming 

To investigate the influence of preforming in more detail, the reduction procedure was also 

performed in pure hydrogen corresponding a hydrogen partial pressure of 10 bar (see figure 

4.30). Again, preforming was conducted for 20 hours at 240 °C. The activity for the uncoated 

catalyst shows an increase to a TOF of 25 h-1 compared to the value of 20 h-1 for the catalyst 

which was reduced in 5 % hydrogen. Note that in this case the methanol conversion was 

100 %. Thus, the maximum TOF might have been even higher if the conversion was lower. 

Unfortunately, the mass flow controller for methanol and water was operated already at max-

imum feed rate, thus no lower conversion could be realized within the same run. As within 

this work the focus is laid on the performance of the coated catalyst, experiments with 

Cu/ZnO using a lower catalyst amount in order to reach lower conversions are scheduled to a 

follow-up project. 

T / °C 
Uncoated catalyst  Coated catalyst 

X / % SCO2 / %  X / % SCO2 / % 

230 80.5 96.5  10.9 97.9 

220 67.9 98.2  7.0 97.1 

210 47.1 99.0  4.4 95.7 

200 32.9 99.2  2.8 93.1 

190 19.7 98.9  1.7 88.8 

180 12.3 98.3  1.1 82.1 

230a 81.1 96.6  8.5 97.5 
a Reset to initial value of 230°C after temperature variation. 
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Interestingly, if the acetate-coated catalyst is reduced in 100 % hydrogen atmosphere, the ac-

tivity decreases to a TOF value lower than 0.2 h-1 which is by a factor of 125 lower compared 

to the uncoated catalyst. In this case the conversion is about 0.6 % which is only slightly 

higher than the blind activity of the reactor. Hence, the catalyst can be seen as almost com-

pletely deactivated. 

So far, there is no explanation for the mechanistic background of the detrimental effect of salt 

coating in the case of the copper based catalyst. The reduced accessibility of hydrogen during 

preforming of coated catalysts seems not to be the reason. This is corroborated by the finding 

that neither the order of coating and reduction nor the partial pressure of hydrogen during re-

duction have a positive influence on the activity. 
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Figure 4.30: Activity of Cu/ZnO catalyst uncoated and coated with Cs/K/Li[OAc], varying the hydro-

gen partial pressure in forming gas. T = 230 °C, p = 10 bar, mcat = 150 mg, minert = 2 g α-Al 2O3, 

wsalt = 9 wt% (for coated catalysts), feedm&  = 2.2 g h-1. 

Concerning selectivity, no influence of the hydrogen partial pressure during reduction is ob-

servable. In the case of the coated catalyst treated with 100 % hydrogen, where almost no 

activity is detected, the selectivity is low. It decreases from 75 % to about 65 % within the 

first 20 hours time on stream. 

A possible reason for the detrimental effect of salt coating on activity might be a change of 

the oxidation state of copper induced by the acetate coating. The proper oxidation state of 
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copper is essential for a good performance in methanol steam reforming. However, the nature 

of the active site is discussed controversially. Choi and Stenger have found that the deactiva-

tion of a Cu/ZnO/Al2O3 catalyst can be attributed to a change in the oxidation state of copper 

from Cu2+ to Cu0.[54] 

Furthermore, the activity might be influenced by a partial dissolution of the active metal in the 

molten salt film. To check the coated Cu/ZnO catalyst on possible leaching of metal into the 

Cs/K/Li-acetate molten salt phase, the same washing procedure as described in chapter 4.2.8 

and ICP measurement on dissolved zinc and copper was performed. The dissolved copper 

content was below the lower detection limit which corresponds to 2 ppm of the total elemental 

copper content on the catalyst. In the case of zinc the dissolved amount corresponds to 

64 ppm of total zinc content. Hence, the dissolution of significant amounts of metals can be 

excluded for the Cu/ZnO catalyst as well. 

4.2.9.3 Determination of the activation energy 

For the uncoated catalyst and the Cs/K/Li-acetate coated catalyst, which was preformed be-

fore coating, a temperature variation was conducted in the range between 180 and 230 °C.  
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Figure 4.31: Arrhenius-type diagram of Cu/ZnO catalyst, uncoated and coated with Cs/K/Li[OAc]. 

T = 230 °C, p = 10 bar, mcat = 150 mg, minert = 2 g α-Al 2O3, wsalt = 9 wt% (for coated catalyst), 

feedm&  = 2.2 g h-1. 
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The corresponding Arrhenius diagram is shown in figure 4.31. For the uncoated catalyst the 

ln TOF values between 180 and 200 °C fit well to a linear regression which yields an apparent 

activation energy of 87.5 kJ mol-1. For temperatures higher than 200 °C the resulting ln TOF 

values are lower than the linear fit indicating the regime of beginning mass transfer limitation. 

Mass transfer limitation due to intraparticle diffusion is a common phenomenon of methanol 

steam reforming catalysts.[58, 60] Note that the respective conversions of this experiment are 

between 10 and 80 %, therefore, a reliable kinetic investigation might be hampered also due 

to concentration gradients inside the catalyst bed. The value of 87.5 kJ mol-1 however corre-

sponds well to activation energies for methanol steam reforming on Cu/ZnO/Al2O3 catalysts 

that have been published in literature (see table 4.6). 

The coated catalyst essentially showed the same activation energy of 88.7 kJ mol-1 but on a 

lower level of activity. This indicates that there is no mass transfer limitation caused by the 

molten salt film. For the coated catalyst the conversion was lower than 12 %, therefore, con-

centration gradients within the catalyst bed can be neglected. 

Table 4.6: Apparent activation energies of methanol steam reforming over Cu/ZnO (this work) and 

Cu/ZnO/Al2O3 catalysts. 

4.2.10 Comparison of catalytic activities 

The effect of coating different heterogeneous catalysts with molten salt has been discussed in 

the previous chapters. In each case of Pt and Pt/Pd based catalysts an increase in activity or at 

least in selectivity could be achieved by the molten salt coating. Only for the copper based 

EA / kJ mol-1 Temperature range / °C Reference 

87.5 180-200 this work 

100.9 175-220 [58] 

76a 230-300 [60] 

102.8 160-260 [61] 

83 (± 3.5 %) 230-280 [165] 

105.1 170-260 [166] 

77 160-200 [167] 
a Apparent activation energy influenced by mass transport. 
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catalyst no beneficial effects were observed. Figure 4.32 shows the turn over frequency of 

uncoated and Cs/K/Li-acetate coated Pt/Pd and Pt based catalysts in comparison. 

It is obvious that the highest relative increase in activity could be achieved for the Pt/Pd on 

carbon black catalyst and for the novel Pt/CNT catalyst. The uncoated Pt/TiO2 catalyst shows 

the highest turn over frequency among the tested catalysts. This is attributed to the high dis-

persion of platinum on the TiO2 support. However, with this catalyst at 230 °C, a decrease in 

activity was found upon molten salt coating, whereas the activity was slightly improved by 

the molten salt at 180 °C. This effect might be explained by mass transport phenomena inside 

the molten salt film, which show more influence at higher reaction rates, respectively at high-

er temperatures. 
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Figure 4.32: Comparison of turn over frequency of uncoated and Cs/K/Li[OAc] coated catalyst sys-

tems. p = 10 bar, nmetal = 0.18 mmol, minert = 2 g α-Al 2O3, wsalt = 10 wt% (for Pt/Pd/C), wsalt = 5 wt% 

(for Pt/TiO2), wsalt = 20 wt% (for Pt/CNT), feedm&  = 2.2 g h-1. 

Concerning selectivity to carbon dioxide, an increase to values higher than 90 % could be 

achieved upon coating of Pt and Pt/Pd based catalysts with Cs/K/Li[OAc]. Remarkably, for 

the Pt/Pd/C catalyst the selectivity is raised from 33 to 98 % at 230 °C. From figure 4.33 it 

becomes evident that the temperature dependency of selectivity is inverted for the coated cata-

lysts. In case of the uncoated catalysts, selectivity decreases with rising temperature, whereas 



110  4 Results and discussion 

it increases with rising temperature for the coated catalyst. At 180 °C the selectivity for the 

uncoated and coated Pt/TiO2 catalyst is almost equal. 

In order to evaluate the activity and selectivity further, a comparison of own results with ref-

erence data extracted from literature is shown in table 4.7. It is evident that this list can not be 

comprehensive, therefore only a selection of the most prominent catalyst types can be given. 

Note that the catalyst loading and catalyst dispersion, as well as the reaction parameters, e.g. 

partial pressure and conversion, vary among the systems chosen for comparison. Hence, the 

reported productivity values allow only a semi-quantitative evaluation. 
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Figure 4.33: Comparison of selectivity of uncoated and Cs/K/Li[OAc] coated catalyst systems. 

p = 10 bar, nmetal = 0.18 mmol, minert = 2 g α-Al 2O3, wsalt = 10 wt% (for Pt/Pd/C), wsalt = 5 wt% (for 

Pt/TiO2), wsalt = 20 wt% (for Pt/CNT), feedm&  = 2.2 g h-1. 

For sake of comparability, the hydrogen productivity per total catalyst mass was chosen as a 

measure for activity. Alternative expressions of activity, e.g. related to the amount of metal 

(turn over frequency) or related to reaction volume (space time yield), would lead to different 

results upon comparison of various catalysts. 

Figure 4.34 illustrates the performance data in graphical form. Generally, most of the 

group 8-10 metals perform rather badly, whereas copper based catalysts show high activity 

and selectivity. It becomes obvious that the catalysts studied in this work show a good activity 

which is in between the values reported for group 8-10 metals and copper based catalysts.  



4.2 Continuous gas phase experiments   

 

111

Table 4.7: Performance data for methanol steam reforming over various catalytic systems published in 

literature and from this work. 

Catalyst system a 
Temperatureb / 
°C 

H2 productivity / 
mol kgcat

-1 h-1 
CO2 selectivity / 
% 

Reference 

Pd/SiO2 200 0.5 0.0 [57] 

Pd/Al2O3 200 6.7 1.4 [57] 

Pd/La2O3 200 11.1 8.0 [57] 

Pd/Nd2O3 200 13.4 7.0 [57] 

Pd/Nb2O5 200 5.5 4.2 [57] 

Pd/ZrO2 200 14.5 20.0 [57] 

Pd/ZnO 200 30.0 97.0 [57] 

Ni/SiO2 220 7.3 1.1 [62] 

Pt/SiO2 220 1.5 25.6 [62] 

Pd/SiO2 220 1.3 0.0 [62] 

Cu/SiO2 220 20.7 99.0 [62] 

CP-Cu/ZnO c 200 48.7 100.0 [168] 

HP-Cu/ZnO c 200 130.1 100.0 [168] 

HP-Cu/ZnO/Al2O3
 c 200 190.3 100.0 [168] 

Cu/ZnO/CNT 200 252 99.3 [67] 

La2CuO4 nanofiber 150 1050 100.0 [69] 

Pt/Pd/C 200 3.3 46.6 this work 

Pt/Pd/C/[OAc]- d 200 34.5 96.4 this work 

Pt/Pd/C/TFA d 200 44.9 93.5 this work 

Pt/Pd/C/[NTf2]
- d 210 21.8 67.4 this work 

Pt/TiO2 200 14.2 87.0 this work 

Pt/TiO2/[OAc]- d 200 15.0 98.2 this work 

Pt/CNT 200 8.1 57.5 this work 

Pt/CNT/[OAc]- d 200 44.9 93.5 this work 

Cu/ZnO 200 291.0 99.2 this work 

Cu/ZnO/[OAc]- d 200 22.2 93.1 this work 
a Note that catalyst loading, preparation methods and reaction conditions might vary among the entries; please 
refer to references for further details. 

b Temperatures other than 200 °C are written in italic letters. 
c CP: co-precipitation, HP: homogeneous precipitation. 
d [OAc]-: coated with Cs/K/Li[OAc], TFA: coated with Cs/K/Li-trifluoroacetate, 
[NTf2]

-: coated with Cs[NTf2]. 
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Figure 4.34: Comparison of H2 productivity and CO2 selectivity of uncoated and coated catalyst sys-

tems with reference data from literature. Please refer to table 4.7 for further details. 

The selectivity of the molten salt coated catalysts is even in the range of copper based cata-

lysts. This means that the catalysts developed in this work are on a comparable level to the 

reference catalysts. 

The Pd/ZnO catalyst introduced by Iwasa et al. shows a hydrogen productivity of 

30 mol kgcat
-1 h-1 and a selectivity towards CO2 of 97 %.[57] Therefore, the Pd/ZnO catalyst is 

among the most active and selective group 8-10 catalysts. The beneficial effect is attributed to 

an alloy formation between Pd and Zn. Consequently, other systems based on neat group 8-10 

metals offer much lower activity and selectivity. The uncoated heterogeneous Pt and Pt/Pd 

catalysts studied in this thesis show activities from 3.3 to 14.2 mol kgcat
-1 h-1 and selectivities 

from 46.6 to 87.0 %. 

A remarkable improvement is achieved by coating of heterogeneous catalysts with molten salt. 

The best results are obtained upon coating with Cs/K/Li-acetate and trifluoroacetate, whereas 

the Cs[NTf2] coating leads to minor improvement. Especially for the Pt/Pd/carbon black cata-

lyst an increase in activity by more than a factor of 10 is achieved by the Cs/K/Li-acetate 

coating. In the same way, the selectivity is increased from less than 50 to values above 90 %. 

Hence, in most cases the molten salt coated group 8-10 catalysts outperform the Pd/ZnO cata-

lyst introduced by Iwasa. 
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Concerning the Cu/ZnO catalyst from Südchemie which was used as a benchmark, the un-

coated catalyst yields the highest productivity and selectivity amongst the catalysts studied in 

this work. This catalyst could not be improved further by the addition of molten salt. In fact, a 

drastic reduction of activity and in some cases also selectivity is observed upon molten salt 

coating. The Cu/ZnO catalyst immobilized on carbon nanotubes studied by Yang et al. comes 

close to the performance of the uncoated Südchemie catalyst.[67] 

By far the most active catalyst is the La2CuO4 nanofiber catalyst introduced by Gao et al. 

which shows a remarkably high activity of 1050 mol kgcat
-1 h-1 at temperatures as low as 

150 °C.[69] This performance is thought to be among the highest values reported in literature, 

however, only few publications concerning this catalyst can be found up to now. 



 

 



 

5 Summary / Abstract 

The aim of this work was the development of novel catalytic concepts based on molten salts 

for hydrogen production from methanol. As methanol represents a potential energy carrier for 

the convenient storage of hydrogen, the optimization of catalytic systems for hydrogen gener-

ation from methanol is of particular interest. 

Therefore, in the first step the liquid phase reforming of methanol was investigated in pres-

ence of molten salts. In a second approach the concept of catalysis in molten salts was trans-

ferred to the steam reforming of methanol in a gas phase reaction. For this purpose heteroge-

neous catalysts were coated with a thin film of salt according to the concept of Solid Catalyst 

with Ionic Liquid Layer (SCILL). Figure 5.1 shows a summary of the reaction systems under 

investigation. 

   

Reaction network 
a) Methanol reforming 

b) Methanol decomposition 

c) Water gas shift reaction 

2

 

System requirements 
- High activity 

- High CO2 selectivity 

- Good stability 

- Easy and safe to handle 

Liquid phase reforming 

CH3OH, H2O (l) H2, CO2, CO, CH4 (g)

Reaction mixture

- Salt/water

- Substrate

- Products

- Catalyst  

Steam reforming 

 

 

Conditions 
- Pressure: 40 - 50 bar 

- Temperature:  225 - 245 °C 

- Medium:  H2O, Cs/K/Li[OAc], K/Na[OAc] 

- Catalyst:  Pt/Pd/C, RhCl3 

 

- 10 bar 

- 180 - 230 °C 

- Cs/K/Li[OAc], Cs/K/Li-TFA, Cs[NTf2] 

- Pt/Pd/C, Pt/TiO2, Pt/CNT, Cu/ZnO 

Results 
- Successful application of homogeneous catalyst 

precursor 

- Reaction system is not suitable for the reliable 
characterization of catalysts 

 

- Significant increase in activity and selectivity upon 
coating with Cs/K/Li[OAc] 

- SCILL concept is promising for the optimization 
of group 8-10 catalysts 

Figure 5.1: Overview of the reaction systems studied in this thesis for the liquid phase reforming and 

steam reforming of methanol. 



116  5 Summary / Abstract 

5.1 Liquid phase reforming of methanol in molten salts 

The liquid phase reforming of methanol and water was investigated in a continuous stirred 

tank reactor at a temperature of 230 °C and a pressure of 40 bar. Platinum/palladium on car-

bon black was used as a catalyst. Water, sodium/potassium acetate and cesium/potassium/-

lithium acetate were investigated as reaction medium. In each case an increase in activity 

could be observed within the first 30 to 60 hours time on stream. When the steady state was 

reached, the reaction medium did not show a significant effect on the activity. The content of 

the unwanted by-products carbon monoxide and methane was lower than 0.5 %. 

A different result was obtained when rhodium chloride was used instead of a heterogeneous 

catalyst. In an experiment using cesium/potassium/lithium acetate, an activity and selectivity 

comparable to the heterogeneous catalyst was observed. However, the activity decreased with 

time on stream which is attributed to the agglomeration of catalyst particles generated from 

Rh3+. The same experiment conducted in water showed almost no activity and a carbon mon-

oxide content of 18 vol%. By the addition of sodium carbonate the activity remained un-

changed, whereas the carbon monoxide content was reduced drastically. This is attributed to 

the beneficial influence of the basicity on the water gas shift reaction. The successful applica-

tion of a homogeneous catalyst precursor dissolved in molten salts can be regarded as an im-

portant proof of concept for the development of supported molten salt catalysts according to 

the concept of Supported Ionic Liquid Phase (SILP). 

A temperature variation between 225 and 245 °C using a heterogeneous catalyst revealed a 

“kink” in the Arrhenius diagram. As this effect could not be explained by mass transport limi-

tation, it was supposed that the kinetics are affected by the vapor liquid equilibrium of metha-

nol and water. An increasing temperature gradient between heating jacket and bulk fluid was 

observed at rising methanol/water content or high feed volume flow. This temperature gradi-

ent is possibly caused by increased heat consumption of boiling methanol and water. In each 

case a clear coherence between temperature gradient and the resulting hydrogen productivity 

could be observed. However, no comprehensive explanation could be given for the underlying 

mechanisms of the observed behavior. 

Liquid phase reforming of ethylene glycol showed rather low hydrogen productivity com-

pared to methanol. Additionally, the formation of organic by-products was observed. 

Due to many uncontrollable factors affecting the activity, the system used for liquid phase 

reforming was considered unsuitable for the characterization and development of catalysts. 

The long time required for reaching steady state and the relatively high amount of molten salt 

and catalyst are additional reasons making the system unattractive for kinetic investigations. 
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5.2 Steam reforming of methanol using molten salt coated catalysts 

The second approach transfers the concept of molten salt modified catalysis from liquid phase 

reforming to gas phase steam reforming of methanol. The experiments were conducted at a 

pressure of 10 bar and in a temperature range from 180 to 230 °C in a fixed-bed reactor. By 

coating of a heterogeneous platinum/palladium on carbon black catalyst with ce-

sium/potassium/lithium acetate, the activity could be increased by a factor of 6, whereas the 

CO2 selectivity rose from 18 to 98 %. The stability of the catalyst was demonstrated by a 

long-term experiment for about 500 hours time on stream. Upon coating with the less hygro-

scopic and less basic cesium bis(trifluoromethylsulfonyl)imide, the increase in activity and 

selectivity was less pronounced. 

In a first interpretation the positive effect of the molten salt coating was attributed to an in-

creased substrate concentration at the active center as well as a promotion of the water gas 

shift reaction by a basic environment. Additionally, there might be a direct interaction of the 

salt with the active center (ligand effect) showing a positive impact on the reaction. However, 

the effect of molten salt has to be elucidated in more detail for instance by spectroscopic 

methods. 

Upon acetate coating of a highly active platinum/TiO2 catalyst, the activity was found to de-

crease with increasing molten salt loading. This might be attributed to a limitation of the reac-

tion by mass transport. However, the selectivity was improved significantly. The coating of a 

novel platinum on carbon nanotube catalyst lead also to a drastic increase in activity and se-

lectivity. This is another proof for the universal applicability of the coating concept. 

On the contrary, a drastic decrease in activity and only a minor influence on selectivity was 

found upon coating of a commercial Cu/ZnO catalyst. A detrimental effect of the molten salt 

film on the required catalyst preforming procedure by hydrogen could be excluded. A limita-

tion by mass transport influence seems also to be unlikely. Thus, in this case the catalytic ac-

tive centers are possibly inactivated by the salt. 

In the present work it could be demonstrated that coating of Pt or Pt/Pd based catalysts by 

acetate salts can lead to a significant increase in activity and selectivity in the steam reforming 

of methanol. A better understanding of the underlying mechanism of the salt coating would 

potentially open the way for further optimization. In this way, highly active and selective 

catalysts could be developed which offer good stability and handling abilities at the same time. 

 



 



 

6 Zusammenfassung / Kurzfassung 

Ziel dieser Arbeit war die Entwicklung neuartiger Katalysatorkonzepte auf der Basis von flüs-

sigen Salzen für die Wasserstofferzeugung aus Methanol. Da Methanol einen potentiellen 

Energieträger zur einfachen und sicheren Speicherung von Wasserstoff darstellt, ist eine Ver-

besserung der bestehenden Katalysatorsysteme zur Freisetzung von Wasserstoff aus Methanol 

von besonderem Interesse. 

In der vorliegenden Arbeit wurde daher im ersten Schritt die Flüssigphasen-Reformierung von 

Methanol unter Zusatz von unter Reaktionsbedingungen flüssigen Salzen untersucht. Im zwei-

ten Schritt wurde das Konzept der Reaktion in flüssigen Salzschmelzen auf die Dampfrefor-

mierung von Methanol in der Gasphase übertragen. Dazu wurden heterogene Katalysatoren 

nach dem Konzept Supported Catalyst with Ionic Liquid Layer (SCILL) mit einem dünnen 

Salzfilm beschichtet. Abbildung 6.1 zeigt eine Übersicht der untersuchten Reaktionssysteme. 

   

Reaktionsnetzwerk 
a) Methanol-Reformierung 

b) Methanol-Zersetzung 

c) Wassergas-Shift-Reaktion 

2

 

Anforderungen an das System 
- hohe Aktivität 

- hohe CO2-Selektivität 

- ausreichende Stabilität 

- einfache und sichere Handhabung 

Flüssigphasen-Reformierung 

 

Dampfreformierung 

 

 

Bedingungen 
- Druck: 40 - 50 bar 

- Temperatur:  225 - 245 °C 

- Medium:  H2O, Cs/K/Li[OAc], K/Na[OAc] 

- Katalysator:  Pt/Pd/C, RhCl3 

 

- 10 bar 

- 180 - 230 °C 

- Cs/K/Li[OAc], Cs/K/Li-TFA, Cs[NTf2] 

- Pt/Pd/C, Pt/TiO2, Pt/CNT, Cu/ZnO 

Ergebnisse 
- erfolgreicher Einsatz homogener Katalysatorvor-

stufen 

- Reaktorsystem ist für die zuverlässige Charakteri-
sierung von Katalysatoren ungeeignet 

 

- signifikante Steigerung von Aktivität und Selekti-
vität bei Beschichtung mit Cs/K/Li[OAc] 

- SCILL-Konzept vielversprechend für die Optimie-
rung von Edelmetall-Katalysatoren 

Abbildung 6.1: Übersicht über die in dieser Arbeit untersuchten Reaktionssysteme zur Flüssigphasen-

Reformierung und Dampfreformierung von Methanol. 
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6.1 Flüssigphasen-Reformierung von Methanol in Salzschmelzen 

Die Flüssigphasen-Reformierung von Methanol und Wasser wurde in einem kontinuierlich 

betriebenen Rührkessel bei einer Temperatur von 230 °C und einem Druck von 40 bar unter-

sucht. Als Katalysator kam Platin/Palladium auf Industrieruß zum Einsatz. Als Reaktionsme-

dien wurden Wasser und die Salzmischungen Natrium-/Kaliumacetat sowie Cäsi-

um-/Kalium-/Lithiumacetat untersucht. In allen drei Fällen wurde mit zunehmendem Gehalt 

an Wasser und Methanol in der Reaktionsmischung ein 30 bis 60 Stunden dauernder Anstieg 

der Wasserstoffproduktivität festgestellt. Im stationären Zustand war kein signifikanter Ein-

fluss des Reaktionsmediums auf die Aktivität zu beobachten. Der Gehalt an unerwünschten 

Nebenprodukten Kohlenmonoxid und Methan war kleiner 0,5 % und damit vergleichsweise 

gering. 

Anders verhält es sich beim Einsatz von Rhodiumchlorid anstelle des heterogenen Katalysa-

tors. Im Versuch mit Cäsium-/Kalium-/Lithiumacetat wurde eine gegenüber dem heterogenen 

Katalysator vergleichbare Aktivität und Selektivität festgestellt. Allerdings trat mit zuneh-

mender Versuchsdauer eine Abnahme der Aktivität auf, die möglicherweise auf eine Agglo-

meration der aus Rh3+ entstehenden Katalysatorpartikel zurückzuführen ist. Beim Versuch mit 

Wasser als Reaktionsmedium war nahezu keine Aktivität bei einem Kohlenmonoxidgehalt 

von 18 % festzustellen. Durch Zugabe von Natriumcarbonat zu diesem System konnte keine 

Veränderung der Aktivität, jedoch ein geringerer Kohlenmonoxidgehalt erreicht werden, was 

durch den Einfluss der Basizität auf die Wassergas-Shift-Reaktion erklärt werden kann. Der 

erfolgreiche Einsatz einer homogen gelösten Katalysatorvorstufe in einem flüssigen Salz kann 

als wichtiger Machbarkeitsnachweis für die Entwicklung von geträgerten Flüssigsalz-

Katalysatoren nach dem Konzept Supported Ionic Liquid Phase (SILP) angesehen werden. 

Bei einer Temperaturvariation zwischen 225 und 245 °C wurde für einen heterogenen Kataly-

sator im salzhaltigen System ein starkes Abknicken der Aktivierungsenergie beobachtet. Da 

dieser Effekt durch Stofftransporteinflüsse nicht hinreichend zu erklären ist, wurde eine Über-

lagerung der Kinetik durch das Dampf-Flüssig-Gleichgewicht von Methanol und Wasser in 

Erwägung gezogen. In weiteren Versuchen wurde ein Anstieg des Temperaturgradienten zwi-

schen Heizmantel und Flüssigkeit mit steigendem Methanol-/Wassergehalt sowie bei höherem 

Eduktvolumenstrom beobachtet. Dieser Temperaturanstieg im Heizmantel ist vermutlich auf 

eine erhöhte Wärmeaufnahme durch siedendes Methanol und Wasser zurückzuführen. In allen 

Fällen war zwischen Temperaturdifferenz und Wasserstoffproduktivität ein deutlicher Zu-

sammenhang zu erkennen. Letztendlich konnte der diesem Verhalten zugrundeliegende Me-

chanismus jedoch nicht eindeutig aufgeklärt werden. 
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In der Flüssigphasen-Reformierung von Ethylenglykol wurde im Vergleich zu Methanol eine 

geringere Wasserstoffproduktivität festgestellt. Zudem traten teerartige Nebenprodukte auf. 

Aufgrund der zahlreichen nicht kontrollierbaren Einflussfaktoren auf die Aktivität wurde das 

Flüssigphasen-System für die Charakterisierung und Entwicklung von Katalysatoren als un-

geeignet eingestuft. Des Weiteren sprechen die vergleichsweise lange Zeit bis zum Erreichen 

eines stationären Zustands und die relativ große eingesetzte Menge an Salz und Katalysator 

gegen einen Einsatz dieses Reaktorkonzeptes für kinetische Untersuchungen. 

6.2 Dampfreformierung von Methanol mit salzbeschichteten Katalysato-

ren 

Im zweiten Ansatz wurde das Konzept der Katalyse in flüssigen Salzen auf die Dampfrefor-

mierung von Methanol in der Gasphase übertragen. Die Versuche wurden bei einem Druck 

von 10 bar im Temperaturbereich von 180 bis 230 °C in einem Festbettreaktor durchgeführt. 

Durch Beschichtung des heterogenen Katalysators Platin/Palladium/Industrieruß mit Cäsi-

um-/Kalium-/Lithiumacetat konnte eine Steigerung der Aktivität um den Faktor 6, bei gleich-

zeitiger Erhöhung der der CO2-Selektivität von 18 auf 98 %, erzielt werden. Die Stabilität 

dieses Katalysatorsystems wurde in einem Langzeitversuch bis 500 Stunden unter Beweis 

gestellt. Die Beschichtung mit dem weniger hygroskopischen und nicht basischen Cäsium-

bis(trifluormethansulfonyl)imid führte zu einer vergleichsweise geringen Steigerung der Ak-

tivität und Selektivität. 

In einer ersten Interpretation wurde der positive Einfluss der Salzbeschichtung auf die Erhö-

hung der Substratkonzentration (Wasser und Methanol) am aktiven Zentrum, sowie eine Be-

günstigung der Wassergas-Shift-Reaktion durch ein basisches Milieu zurückgeführt. Auch ist 

eine direkte Wechselwirkung des Salzes mit den aktiven Zentren (Ligandeneffekt) denkbar, 

welche die Reaktion günstig beeinflusst. Die genaue Wirkung des Salzes auf die Reaktion 

muss aber noch weiter aufgeklärt werden, z.B. durch spektroskopische Methoden. 

Bei Beschichtung eines sehr aktiven Platin/Titandioxid-Katalysators mit dem Acetatsalz wur-

de mit steigendem Beladungsgrad eine Abnahme der Aktivität beobachtet. Dies könnte auf 

eine Limitierung der Reaktion durch Strofftransport im Salzfilm zurückzuführen sein. Die 

Selektivität konnte jedoch deutlich verbessert werden. Die Beschichtung eines neuartigen 

Platin/Kohlenstoffnanoröhren-Katalysators führte ebenfalls zu einer drastischen Erhöhung der 

Aktivität und Selektivität. Dies ist ein weiterer Beleg für die universelle Anwendbarkeit des 

Beschichtungskonzeptes. 
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Demgegenüber wurden bei der Beschichtung eines kommerziellen Cu/ZnO-Katalysators eine 

drastische Reduktion der Aktivität und ein geringer Einfluss auf die Selektivität festgestellt. 

Ein nachteiliger Einfluss des Salzfilms auf die notwendige Präformierung des Katalysators 

mit Wasserstoff konnte ausgeschlossen werden. Auch eine Limitierung durch Stofftransport-

einflüsse scheint unwahrscheinlich. Somit ist in diesem Fall von einer Inaktivierung der Kata-

lysatorzentren durch das Salz auszugehen. 

In der vorliegenden Arbeit konnte gezeigt werden, dass die Beschichtung von Pt- bzw. Pt/Pd-

haltigen Katalysatoren mit Acetatsalzen eine signifikante Steigerung der Aktivität oder zu-

mindest der Selektivität in der Methanol-Dampfreformierung mit sich bringt. Bei einem tie-

fergehenden Verständnis der Wirkweise der Salzbeschichtung sollte sich weiteres Optimie-

rungspotential erschließen. Somit ergibt sich ein neuer und präparativ einfacher Weg, hochak-

tive und selektive Katalysatoren für die Dampfreformierung von Methanol zu entwickeln. 



   

7 Appendix 

7.1 Gas chromatograms from liquid phase reforming 
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Figure 7.1: Representative gas chromatogram from liquid phase reforming (TCD channel). 
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Figure 7.2: Representative gas chromatogram from liquid phase reforming (FID channel). 
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7.2 Gas chromatograms from methanol steam reforming 
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Figure 7.3: Representative gas chromatogram from methanol steam reforming (MS5A column). 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Minutes

-0.4

0.0

0.5

1.0

1.5

2.0

Volts

0.
0

0
1

0.
2

4
0

S
a

m
p

le
 (0

.2
4

6)

0
.2

80

C
ar

b
o

nd
io

xi
d

e
 (

0.
3

4
3)

c:\v ersuchsdaten\f e-f b-11\f e-f b-11_07.02.2011_18;58;16.run File:

Channel:

Last recalc:

c:\v ersuchsdaten\f e-f b-11\f e-f b-11_07.02.2011_18;58;16.run

B = PPQ  Results

NA

X:

Y :

Peak Name:

Result:

Area:

W idth:

 0.2461 Minutes

2.30 Volts

Sample

81.548

1.06 Volts*sec

0.353 sec

WI:0.5
WI:0.5

 

Figure 7.4: Representative gas chromatogram from methanol steam reforming (PPQ column). 
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7.3 NMR spectrograms 

7.3.1 Stability test of Cs/K/Li-acetate 

 

Figure 7.5: 1H spectrogram of Cs/K/Li-acetate water mixture after stability test at 250 °C. 

 

Figure 7.6: 13C spectrogram of Cs/K/Li-acetate water mixture after stability test at 250 °C.  
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7.3.2 Condensate from methanol steam reforming 

 

Figure 7.7: 1H spectrogram of condensate from methanol steam reforming. 

 

Figure 7.8: 13C spectrogram of condensate from methanol steam reforming. 
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