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Kurzfassung 

Kurzfassung 

Mechanische und thermochemische Eigenschaften nanostrukturierter poröser SiO2-

Membranen mit keramischem und metallischem Substrat wurden zur Anwendung für die 

CO2-Abtrennung im Pre-Combustion-System in fossil gefeuerten Kraftwerken untersucht. 

Da die dünne Membranschicht ein mechanisch robustes Substratmaterial erfordert, wurden 

Materialien aus Alumina als vielversprechendste Substrate mit unterschiedlicher Porosität und 

Porengrößen in Bezug auf die mechanischen Eigenschaften charakterisiert. In der 

asymmetrischen Gastrennmembran, sollte die Porosität des Substrats so hoch wie möglich 

sein, um dessen Widerstand gegen die Permeation zu minimieren. Jedoch resultiert die 

Erhöhung der Porosität in der Regel in einem reduzierten Young-Modul und Bruchfestigkeit 

des Substratmaterials. In der vorliegenden Arbeit wurden zwei Alumina Substrattypen mit 

ähnlicher Porosität, jedoch jeweils mikroporöser bzw. nanoporöser Mikrostruktur untersucht, 

um den Einfluss der Porengröße auf die mechanischen Eigenschaften zu bestimmen. 

Als alternatives Substratmaterial wurde ein poröses metallisches Intermediate-Temperatur-

Metall (ITM), beschichtet mit γ-Al2O3-Zwischenschicht und funktioneller SiO2-Membran, im 

Hinblick auf seine mechanischen Eigenschaften untersucht. Dabei wurde ein 

Schallemissionstest zur Bestimmung des Zusammenhangs zwischen Verformung- 

Versagensverhalten dieser Verbundmembran adaptiert. 

Ein weiterer Schwerpunkt der Arbeit war die Messung der Membran- Permeabilität 

hinsichtlich verschiedener SiO2-Membran und amino-modifizierter SiO2-Membran, jeweils 

für Einzelgas, binäres Mischgas und binäres Mischgas mit Wasserdampf. Dabei wurde der 

Gastransportmechanismus anhand von Permeationstests mit Einzelgas untersucht. Die 

Anwendung der Membranen im Rauchgas wurde durch die Permeationstests mit binärem 

Mischgas und Wasserdampf simuliert. Dabei wurde die verbesserte Affinität von CO2 im Fall 

der amino-modifizierten SiO2-Membranen auch unter Bedingungen mit und ohne 

Wasserdampf anhand von Auslagerungsversuchen und Infrarotspektroskopie analysiert. 

Des Weiteren wurde der Einfluss von mechanischer Vorverformung auf das Membransystem 

anhand von Permeationstests untersucht, dabei erlaubte ein Vergleich mit den 

Permeationsergebnissen einer entsprechenden unverformten Proben mit metallischem 

Substrat Rückschlüsse auf die Änderung des Gastransportmechanismus.  
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Abstract 

Abstract 

The mechanical and thermochemical properties of nano-structured porous SiO2-membrane 

layers with porous ceramic and metallic substrates were studied aiming at their applications 

for the carbon dioxide separation in the pre-combustion systems in fossil-fired power plants.  

Since the thin membrane layers demand a mechanically robust substrate material, alumina 

materials as promising substrates with different porosity and pore sizes were characterized 

with respect to their mechanical properties. In the asymmetric gas separation membrane, the 

porosity of the substrate should be maximized in order to minimize its resistance against 

permeate gas. However, an increase in porosity usually reduces Young’s moduli and fracture 

stress of the substrate material. In this study, two types of alumina substrate materials with 

similar porosity but micro-porous and nano-porous microstructure, respectively, were 

investigated in order to assess the influence of the pore size on mechanical properties. 

As an alternative substrate material, porous metallic Intermediate Temperature Metal (ITM) 

coated with γ-Al2O3 interlayer and functional SiO2-membrane was also investigated with 

respect to its mechanical properties. An acoustic emission test was adopted to determine the 

correlation deformation- failure behaviour of this composite membrane system. 

Another focus of the work was a determination of the gas permeability of various gases 

through SiO2 and amino-modified SiO2 membranes, in which the adopted gas systems were 

single gas, binary gas mixtures and binary gas mixtures plus water vapour. The gas transport 

mechanism was investigated via the single gas permeation tests. The application of 

membranes in the flue gas was simulated by permeation tests with binary gas mixture plus 

water vapour. Meanwhile, the enhanced affinity of CO2 towards amino-modified SiO2-

membranes with and without water vapour was also investigated via annealing tests and 

infrared spectroscopy. 

Furthermore, the effect of mechanical pre-deformation onto the membrane system was also 

investigated via the permeation tests. A change of gas transport mechanism through the 

membranes was analysed by comparing the permeation results of non-deformed and pre-

deformed specimens with metallic substrate. 
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1 Introduction 

Global warming is nowadays a serious issue induced by increasing greenhouse gas 

concentration in the atmosphere. In order to control associated greenhouse effects, the 

emission of carbon dioxide, which is a major greenhouse gas, should be limited. This led to 

the signing of the Kyoto protocol by which it was committed to reduce greenhouse gas 

emissions worldwide and since 1997 it has been ratified by more than 170 countries [1]. 

Meanwhile, it has been estimated in a scenario of the International Energy Agency (IEA) that 

the world primary energy consumption will increase by more than 50 % by 2030 [2], 

obviously enlarging the worldwide demand for electrical energy. 

To meet this growing electricity demand, additional power plant capacity predicted to be 

more than 2,000 GW in 2020 is required. But only a limited amount of the additional energy 

can be supplied by the regenerative energy, requiring continuation of the usage of fossil 

energy sources, which are the main sources of CO2 emission and on the other side support 

currently 60 % of the world's electrical energy demand [3]. The predicted rising energy 

demand  will lead to an increased greenhouse gas emissions [4]. In order to satisfy the 

necessary energy requirements, in accordance with climate policy, the emission of CO2 must 

be reduced in an effective way. This raises the necessity to improve existing power plant 

technology and to enhance requirements for future power plant designs.  

There are two principles that should be followed [5]: first, is to convert the fossil fuels more 

efficiently and second, to put an emphasis on CO2 capture i.e. there are many technologies 

developed for gas separation, which are mainly based on three processes: pre-combustion, 

oxyfuel process and post-combustion. 

The pre-combustion is based on gasification of carbon with air or oxygen and CO2 removal 

from the synthetic gas. After the burning with pure oxygen a CO2 rich flue gas is produced. 

Water vapour in the flue gas is condensed. Finally the CO2 rich gas will be liquefied [6, 7].  

Through oxyfuel combustion, the nitrogen is removed from air before combustion and the 

fuel is combusted in pure oxygen rather than air. This technology can enhance the efficiency 

of combustion significantly. The further advantage of oxyfuel combustion is substantial 

reduction of NOx emissions [8]. 

In post-combustion process the CO2 is extracted from the exhaust gas of a traditional fossil 

power plant. A typical process for CO2 capture in the chemical industry is amine wash. But 
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this method results in an increased power plant efficiency loss from 8.2 % to 14 % [6, 7]. 

Moreover, it requires massive consumption of toxic chemicals. Hence, the substitution via a 

membrane technology has potentially many advantages with respect to energy efficiency 

arrangement and environmental friendliness.  

Although, as one candidate, polymer membranes proved to have promising separation 

properties, polymer membranes exhibit chemical instabilities above 100 °C and can be 

damaged irreversibly. Therefore, as alternative, ceramic membranes have been considered, 

which have a high thermal and chemical stability [9]. Additionally, it is necessary to deposit 

the ceramic membrane on the ceramic or metal substrate in order to build an asymmetric 

structure with support of sufficient mechanical strength. Hence, in addition to a careful 

assessment of permeation properties, asymmetric membranes require also a consideration of 

mechanical aspects of layers and supports. In the current study, the mechanical behaviour and 

thermochemical properties of the selected materials were investigated to assess their 

suitability for future application in the fossil power plants. 
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2 Scope of work 

The main aim of this work is to determine mechanical properties and permeability of micro-

porous SiO2 membranes on either porous ceramic and metal substrates, which are promising 

for the application in the CO2 separation in the post-combustion process [10]. Since the 

thickness should be as thin as possible to increase the gas transport in advanced membrane 

designs, thin layers need to be deposited on porous substrates that act as mechanical support. 

In this study, α-Al2O3 ceramic and ITM (Intermediate- Temperature- Metal) metallic 

substrates have been chosen as the promising porous supports, hence in addition to the 

permeation properties of the layer, the mechanical properties of the substrates are highly 

relevant, i.e. the substrate should have in particular a high fracture or yield strength in the case 

of ceramic or metallic materials, respectively. 

As main aspect for the application, permeability and selectivity of the membranes for CO2 

should be sufficient. Therefore, single-gas and mixed-gas tests focused on a determination of 

the gas separation mechanism of porous SiO2 membranes. In addition, thermochemical 

properties of the membrane were considered, which are important for the long term stability, 

especially at elevated temperatures in the presence of water vapour, which might induce 

changes of the pore structure of the silica membranes. This can eventually result in 

permeation of other gases through the membrane and therefore affect the selectivity. 

However, one aspect of this work was also the evaluation of the mechanical behaviour of the 

selected substrate materials by biaxial bending tests. Furthermore, the bonding between  

substrate and membrane coating system, which consists of interlayers and function layer, 

should be sufficient, especially during deformation induced by gas pressure differences 

between feed and sweep side. This aspect has been analysed micro-mechanically by 

indentation testing. 

Bearing in mind the different deformation and failure behaviour of metal and ceramic, the 

impact of deformation of the whole membrane system with porous metallic substrate on the 

gas separation property was assessed by a comparison of the permeation and selectivity 

before and after pre-deformation. 

This work was carried out within the framework of the project Metpore II “nano-structured, 

metal-supported ceramic membranes for gas separation in fossil power plants”, financially 

supported by German Federal Ministry for Economy Affairs and Technology (BMWi). 

 



Scope of work 

4 

  



Fundamentals 

5 

3 Fundamentals 

3.1 CO2 capture and storage technologies (CCS) 

The main reason for the global warming appears to be related to greenhouse gases, e.g. 

carbon dioxide CO2 and methane CH4. The continuing emission of such gases will lead to an 

enhancement of the greenhouse effect. Here, CO2 is particularly critical since it contributes to 

the greenhouse effect by up to 80% [11]. Almost 30% of CO2 is emitted from fossil power 

plants [12]. Therefore, in future fossil power plant design, large scale application of CO2 

capture and storage (CCS) technologies can contribute to the protection of the environment. 

The purpose of CO2 capture is to produce a highly concentrated gas stream of CO2 that can be 

transported economically to storage sites. For this purpose, three main processes can be 

implemented: pre-combustion, oxyfuel and post-combustion [13]. 

3.1.1 Pre- combustion process 

The principle of the pre-combustion process is based on the formation of CO2 from the fossil 

energy carrier and the subsequently separation of CO2 before combustion (Fig. 1). The fossil 

fuel is first gasified under a high pressure of 65 bar [14] and sub-stoichiometric amount of air 

synthesizing a gas mixture composed of CO and H2. Then the stream is passed through a 

series of catalyst beds. In the CO-shift-reaction with water vapour, the CO is converted to 

CO2.  

The produced CO2 is separated from the gas mixture with H2. Therefore, mainly H2 remains 

in the fuel gas for the following combustion and finally the CO2 free exhaust gas can directly 

be emitted into the environment [14].  

Traditionally, most CO2 separation technologies related to the pre-combustion process are 

based on the use of solvents, i.e. chemical and physical solvents [15]. More than 90% of the 

CO2 gas can be removed with such solvents, especially with physical solvents which are 

typically used for such separation procedures, where, at elevated temperatures, CO2 is 

dissolved in the solvent. When the external conditions are changed, e.g. via increasing the 

temperature or decreasing pressure, the CO2 will be released from this sorbent. The advantage 

of this separation procedure by physical solvents is the possibility of recycling of the solvents 

without additional high consumption of energy, compared to the post-combustion process. 

Among the physical solvents, the process based on methanol was found to have the most 

promising performances in terms of energy penalty (reduction in the power stations electrical 

efficiency) [16]. Compared to CO2 capture solvents, membranes appear to be more 
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economical in cases where the CO2 concentration is high enough in the gas [17]. Amelio et al. 

compared the pre-combustion process based on classical CO2 adsorption removal with 

innovative membrane separation technologies [18]. In this work, several options of membrane 

technologies considering CO2/H2 separation with amine-containing membranes [19], 

membranes containing potassium carbonate-glycerol [20], dendrimer-containing membranes 

[21] etc., are described. 

However, the pre-combustion process leads to high production costs and additional efficiency 

losses not only related to the shift reaction but due to the capture process. In spite of the 

disadvantages, the pre- combustion process produces a high concentration and pressurized 

CO2, being the advantage of this separation procedure [17]. 

 

Fig. 1 Schematic diagram of a power plant with the pre-combustion process (Source: Vattenfall). 

3.1.2 Oxyfuel process 

In the oxyfuel process, fossil fuel is combusted in an oxygen rich atmosphere which is 

produced from the air and therefore the exhaust gas contains mainly CO2 and water vapuor. 

Through this technology, the fuel gases cannot be dilutated by nitrogen, which is supplied 

with the air in conventional combuston processes. Hence, the partial pressure of CO2 is 

significantly increased in the exhaust gas, leading to three advantages. First, the driving force 

for CO2 separation can be increased and therefore the carbon capture process can be 

facilitated. Second, the energy consumption for CO2 capture is lower than that for removal of 

nitrogen from the exhaust gases. Third, because of the larger thermal capacity of CO2 and 
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water vapuor compared to nitrogen, heat transfer in the convective section of the boiler is 

significantly increased [22]. Considering efficiency and costs, the oxyfuel process appears to 

competitive with amine-based post-combustion [15]. 

A schematic diagram of a fuel-fired oxyfuel boiler is shown in Fig. 2. After combustion, the 

CO2 content is about 75 % in the wet exhaust gas. The CO2 content can subsequently reach 

80-90 % after condensition of water vapuor from the flue gas and subsequent separation from 

the mixture. Other gases such as nitrogen and sulpher produced from combustion must be 

removed in the flue gases in a washing process in a conventional fossil-fired power plant [13]. 

However, several aspects should be taken into account with respect to the oxyfuel process and 

parameters related to CO2 capture rate in order to optimize the purity of oxygen in the boiler 

and of the CO2 product. Air separation units can supply the oxygen with a purity of 95-99 % 

in most current oxyfuel process designs, due to the good oxygen permeability and low 

efficiency losses of oxygen transport membranes in the temperature range 800 to 1000 °C [23, 

24]. But air separation units require additional energy, which leads to a net efficiency losses 

of the power plant. Furthermore, this technique also reqiures the solution of problems related 

to impact of dust, steam and degradation of membranes [17, 24]. 

 

Fig. 2 Schematic diagram of a power plant with oxyfuel process (Source: Vattenfall). 
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3.1.3 Post-combustion process 

In the post-combustion process, the CO2 is separated from the flue gas of conventional power 

plants. The process is shown schematically in Fig. 3. The heat energy produced during the 

combustion of the fossil energy carrier with air is used to generate water vapour. The hot 

water vapour drives the gas turbine, which generates subsequently electrical current. The flue 

gas produced in the combustion process is transferred into the environment after the 

corresponding cleaning, which consists of three steps, i.e. denitrification, dedusting and 

desulfurization [25]. 

Denitrification: Reduction of nitric oxide can be realized through a firing procedure [26, 27] 

as well as by post-denitrification. In the case of post-denitrification the nitric oxide is 

converted with ammonia using catalysis into water and nitrogen. A typical catalyser is mostly 

titan oxide with additives from the compounds of vanadium, tungsten and molybdenum 

additives [28]. 

Dedusting: The separation of dust can be realized through mechanical or electrical method. In 

an electrical process the dust particles are charged and therefore can be extracted at the   

negative electrode [25]. 

Desulfurization: The desulfurization process is implemented in a wash tower. The flue gas, 

which has been cooled down is sprayed into the lime solution. The sulphur oxide is dissolved 

in the solvent and turned into calcium sulphite. With air injection, calcium sulphite that is 

accruing in the lower part of solvent, is converted to calcium sulphite dehydrate [28]. 

The aim of the post-combustion process is an enrichment of CO2 from a relatively low 

content of 5-15 % [29, 30] towards a CO2 stream with high purity. One of the post-

combustion process’s advantages is that it can be in principle retrofitted to any existing power 

plant without substantial change of the basic set-up. Until now, chemical sorption methods 

with alkyl ammonia solvents, e.g. mono-ethane-amine-based, are still the most widely used 

implementation of the post-combustion CO2 separation process. In this ammonia washing, the 

flue gas is transferred into the liquid solvent at temperatures between 40 and 65 °C [28]. CO2 

is absorbed by a reversible combination with the amino group in the solvent. Desorption 

occurs when the temperature of the water vapour stripping the combined CO2 reaches 

between 100 and 120 °C. The washing solvent can be recycled after regeneration. However, 

this chemical process requires a large amount of energy to regenerate the solvent. The 

consumption of the energy for this process is about 80 % of the total process amount [22].  
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Membrane based set-ups seem to be suitable to improve the post-combustion process [31]. 

However, no special improvement in the energy efficiency of the overall power plant process 

can be achieved through this approach. Nevertheless, with the purpose of replacing the 

traditional gas-liquid absorption process, techniques based on membrane separation are 

currently under development [32]. 

 

Fig. 3 Schematic diagram of a power plant with the post-combustion process (Source: Vattenfall). 

3.2 Membrane technology for gas separation 

3.2.1 Membranes 

One of the first industrial applications of ceramic membranes was realized in the separation of 

different uranium isotopes via Knudsen diffusion [33]. Because the separation factor of the 

gaseous isotopes 235UF6 and 238UF6 was only 1.0064, multiple of separation units had to be 

connected in series. This cascading required high energy consumption and hence could only 

be implemented for military interest. 

To increase gas separation efficiency micro-porous membranes have been developed over 

recent years [34]. The operation is based essentially on the size exclusion of gas molecules, 

which can lead to apparently high separation effects. Today membranes can be found in the 

application for the separation of smaller gas molecules such as in hydrogen production from 

natural gas or for the separation of helium and nitrogen [35]. 
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where m and n are mixed components, x and y are the material fraction of the components in 

the feed and sweep mixture, respectively. The selectivity is also usually described as ideal 

selectivity that is calculated by quotient of a single gas permeation of both components [39]: 

   
  
  

 (Equ. 2) 

where Fm and Fn [mol∙s-1∙m-2∙bar-1] are the permeation of the pure components and represent 

the performance of the flow rate J [mol∙s-1∙m-2] normalised by pressure, according to a 

convention of IUPAC (International Union of Pure and Applied Chemistry) [41]. 

The selectivity has a higher importance, since it reflects the actual separation success and the 

quality of a membrane. With respect to the envisaged commercial application, it is clear that 

the quantitative aspect must be considered as well the qualitative aspect. From the economic 

point of view, the flow rates have also a large importance, since they have a direct impact 

onto the dimension of the necessary membrane surface area. However, both targets, 

selectivity and permeation, cannot be maximized simultaneously for a micro-porous 

membrane due to its intrinsic properties. If the pore sizes are reduced exactly to the size of the 

permeate component, the flow resistance increases. Consequently, an increase in the 

selectivity can only be achieved through smaller diffusion rates within a certain margin. This 

link between selectivity and permeation is exemplified in Fig. 5 [40, 42]. 

The stability of the membrane can be specified with respect to different aspects (e.g., 

chemical, thermal, hydrothermal). It determines the suitability of membranes under the 

intended application conditions and consequently influences the lifetime of the membrane 

system. For a membrane materials with lower stability, the application might be realized 

theoretically by changing the exposure conditions, but this would obviously is connected to a 

high effort and cost [4]. 
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Fig. 5 Principal relationship between separation factor and permeation [42]. 

3.2.3 Characteristics 

The filtration processes can be distinguished according to the size of separation medium in 

application. The separation principle based on the size exclusion process is achieved via pore 

size. For the micro-filtration the particle sizes range from 5 µm to 100 nm. The pore size of 

ultra-filtration membranes is between 10 nm and 100 nm. The nano-filtration is a 

diversification of the separation process between ultra-filtration and reverse osmosis, since 

the macromolecules are in the nanometre dimension (1 to 10nm) [33]. Not only is the 

molecular weight significant for this separation process, but also electrical charge and valence 

[33]. 

For the gas separation high gas purity and large processing quantities are usually desired as 

performance indicators. For this reason, defect-free membranes are required from the 

production side, in order to avoid unfiltered permeates. Seals or joints placed between the 

membrane and set-up is another challenge to avoid accidental gas leakage [4]. 

3.2.4 Mechanism of gas separation and transport 

According to the pore size, the gas permeation membranes can be divided into macro-porous 

membranes (diameter larger than 50 nm), meso-porous membranes (diameter between 2 nm 

and 50 nm) and micro-porous membranes (diameter between 0 nm and 2 nm) [33]. 
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The gas transport through the membrane can be affected by the pore size, temperature, 

pressure, interaction of different gases with each other and interaction between gases and 

membrane surface [43]. The transport mechanism, e.g. ordinary diffusion, Knudsen diffusion, 

surface diffusion or viscous flow might overlap [41]. 

 

Fig. 6 Gas separation mechanism in porous membranes: a) Knudsen-diffusion, b) molecular sieving, c) 

surface diffusion, d) capillary condensation [9]. 

For the porous materials, the selectivity depends on the pore size, pore form and the kind of 

gas. When the pore diameter is larger than the mean free path of a gas particle, the possibility 

is higher that the particle collide another particle than against the pore wall [38]. If there is no 

wand collision, the total impulse of the molecules will remain constant. In this case ordinary 

diffusion or viscous flow dominates the transport through the pores. These transport 

mechanisms do not contribute to gas separation. This relevant transport mechanism in large 

pores related to a pressure difference is defined by the Hagen-Poiseuille’s law. According to 

[38] it can be written in the form:  

          
      ̅ 

         
    (Equ. 3) 

where          [mol∙m-2∙s-1∙Pa-1] is the Poiseuille permeation,   [%] the porosity,    reciprocal 

sinuousness of the pores,  ̅ [m] the modal pore radius, R [J∙mol-1∙K] the gas constant, T [K] 
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the absolute temperature,   [N∙s∙m-2] the gas viscosity, h [m] the layer thickness and Pm [Pa] 

the average pressure through the membrane.  

When the pore size is lower than the mean free path of the molecules, the transport through 

the pores is dominated by the Knudsen diffusion mechanism (e.g. at 20 °C the mean free path 

of molecules is about 60 - 100 nm. If the pore diameter is in the range of 1 - 20 nm, Knudsen 

transport dominates.). Therefore, the impulse of the gas molecules increases by exchange with 

the pore wall [38]. This means that the different molecules are independent of each other and 

only affected by the thermal mobility with different tempos. This transport is defined 

according to [38]: 

     
         ̅   ̅

       
       ̅  √

     

   
 (Equ. 4) 

where     [mol∙m-2∙s-1∙Pa-1] is the Knudsen permeation,     the form factor,  ̅  [m∙s-1] the 

average molecule tempo and M [kg∙mol-1] the mass of gas molecules. The permeation in 

meso-pores depends on temperature and decreases with the root of temperature according to 

the equation above. Because of this relationship, gas molecules with different masses can be 

separated according to the following equation [44]: 

              √
  

  
          (Equ. 5) 

Here, the separation is not influenced by the molecule diameter but only the molecule mass. 

Hence it is possible that a large molecule, e.g. N2, passes the membrane faster than the smaller 

molecule e.g. CO2. 

Due to the small pore dimension and the high adsorption force, capillary condensation can 

occur in the lower pore size regime. This assuaged condensation can improve the transport 

through surface diffusion of the condensable gases, and therefore results in rising of the 

separation of condensable gases compared to non-condensable gases [45]. 

Micro-porous membranes can be distinguished through the pore dimension within the 

magnitude of molecule dimension. The pore size is usually defined by the kinetic diameter of 

the largest and to be permeated molecule. Both amorphous material, e.g. SiO2, and crystal 

material, e.g. Zeolite, can possess micro-porous properties [42]. Burggraaf differentiates 

micro-porous materials furthermore into the ones with small micro-pore with dp < 0.5 nm 
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(also called ultra-micro-porous) and with large micro-pore with dp = 1.0 – 2.0 nm (also called 

super-micro-porous) [42]. 

There is the existence of a total molecule sieving effect in the small micro-pores whose 

separation mechanism is based on size exclusion. The larger gas component cannot penetrate 

the pores due to their molecule dimension. However, the smaller component can penetrate 

into the pores and adsorb there. Such materials are primarily applied for the separation where 

the temperature is higher and the selectivity through adsorption effect can be neglected. In an 

ideal case the selectivity can be infinite with such membranes. The advantage of such 

membranes is that the permeation will decrease as the selectivity increases [38, 42, 46]. 

Moreover, the distribution of the pores in micro-porous membrane should be so close, since 

the difference in the kinetic diameter of typical gases are still small (Table 1). 

Table 1 Kinetic diameter and molecule mass of selected gases [47]. 

 He H2 CO2 Ar O2 N2 CO CH4 

Kinetic diameter 

[Å] 
2.60 2.89 3.30 3.40 3.46 3.64 3.76 3.80 

Molecule mass 

[g/mol] 
4.00 2.02 44.01 39.95 32.00 28.01 28.01 16.04 

 

There is a partial molecule sieving effect in large micro-pores. In this case all gas components 

can penetrate and adsorb in the pores. There exists a competing mass transfer due to the 

different adsorption and diffusion rates of the individual gas components. These mechanisms 

are dependent on charging and temperature, because at low temperatures, the pores are almost 

completely occupied and hence the mobility of the molecules is crucial for the separation. In 

contrast, at high temperatures, the molecules exhibit a high mobility, and the transport is 

limited by the respective sorption behaviour. Generally, materials with large micro-pores can 

be used for separation applications with larger gas molecules, which differ greatly by their 

interaction with the pore walls [42, 44, 45]. 

In micro-pores, the gas molecules can be located both on the pore walls and in gas phase. The 

transport is hence described as surface diffusion and gas phase diffusion. The surface 

diffusion, which dominates at low temperatures, is superimposed with increasing temperature 

by the gas phase diffusion and finally changes to an activated gas phase transport at high 

temperatures. The activated transportation is mainly characterized by the increase in the 
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permeation as a function of temperature. This temperature dependency is expressed by the 

following Arrhenius equation [45]: 

         (
   

   
) (Equ. 6) 

where Ea [kJ∙mol-1] is the activation energy. Ea is calculated empirically for each type of gas 

by the relationship between temperature and permeation. Ea is composed of two contributions 

and can be both positive and negative: 

           (Equ. 7) 

where Em [kJ∙mol-1] is the positive mobility energy which is required for the jumping from 

one side to the other side of the pore wall and Qst [kJ∙mol-1] is the isosteric adsorption heat. 

The activation energy is characteristic for the quality of membranes for gas permeation. 

Defect-free, high quality gas separation membranes operate on the principle of the activated 

gas transport and thus have a higher Ea value than defect containing membranes with 

proportionate Knudsen diffusion [48]. A high Ea value is the origin for high Em values due to 

the presence of highly selective pores. In high-quality membrane layers, the Ea value for H2 is 

higher than 10 [kJ∙mol-1]. However, the Ea is below this value for total membrane with 

substrate [49]. 

3.3 Porous membranes 

3.3.1 Structure of porous membrane 

In general, gas separation membranes can be dense or porous. Dense membranes, e.g. ionic 

conduct ceramic membranes, are permeable only for few gaseous components, e.g. hydrogen 

and oxygen. However, dense membranes possess relatively low permeability and require 

typically a high operation temperature. The permeability through dense membranes depends 

also strongly on the thickness of the layer [50, 51]. 

If a membrane only consists of one function layer, it will be denominated as symmetrical. In 

order to minimize the transport resistance, the membrane thickness can be reduced. Due to the 

limited mechanical stability, the gas separation membranes are usually produced in a graded 

multi-layer structure [10]. Thus, a macro-porous and a meso-porous interlayer will be 

deposited on the substrate. On the top the functional membrane is coated (Fig. 7). Because the 

transport resistance is mainly determinate by the function layer, such graded structures enable 

a thickness minimization of the gas separation membrane. Various materials might be used in 
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Fig. 10  Overview of sol-gel processes for the production of the inorganic membrane layers [73]. 

Sol-production and coating 

Dip coating is a convenient method for coating of the interlayers and functional layers in the 

manufacture of membranes. It has the advantage that surface to be coated can be completely 

wetted by immersion of the substrate. This ensures a complete layer covering on the substrate. 

Due to the uniform withdrawal of the substrate from the coating liquid, the layer is deposited 

homogeneously and with even thickness [10]. However, the characteristics and quality of a 

layer also depend strongly on the quality of the substrate or the intermediate layer. Therefore, 

a multitude of layers is often necessary before finally coating the last defect-free layer [74]. 

The film deposition dip-coating process is commonly divided into four steps, which are 

demonstrated in Fig. 11 [75]. 
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full immersion, the probability is much higher that dirt from the substrate or substrate holder 

can remain in the sol and adversely affects subsequent coatings [75, 76]. Especially when the 

deposited layers have a thickness less than 5 μm and a pore size less than 100 nm, dust and 

foreign matter defects can occur [10]. Furthermore, the immersion of the entire substrate body 

can induce many air bubbles from the highly porous substrate. These may settle on the 

substrate surface leading to defective locations. 

Drying of sol-gel layer 

The step of drying is carried out in a temperature range between 80 and 350 ° C and results in 

a layer containing residual organics. Drying is a difficult process, as it can be associated with 

evaporation of the solvent leading large shrinkage and concomitant cracking [76, 77]. The 

principle here is mainly based on the capillary forces of the liquid. If the gel capillaries have 

different diameters, in which the liquid is dried with different rates, high stress will occur in 

the smallest space [25]. 

Heat treatment of the sol-gel layer 

In this step, the remaining organic groups are burned at temperatures above 350 °C. The layer 

is solidified and obtained by the appropriate calcination or sintering its final pore structure [73, 

78]. 

3.3.4.2 Functionalization of porous silica membranes with organic group 

To enhance the affinity of CO2 to the SiO2-membrane surface, the membrane surface can be 

modified with function groups. By varying the organic residue R, the molecules anchored on 

the silica surface can carry various functions. The functionalization with amino groups is of 

importance for the development of CO2/N2 gas separation membranes. The most commonly 

used alkoxysilane for amino-functionalization of silica is 3-aminopropyltriethoxysilane 

(APTES) which has a primary amino-group per molecule [79, 80]. 

In this work all the functionalization were conducted with APTES. One reason is that it is 

probably the most commonly used for amino-functionalization silane and can be formed 

according to many synthetic procedures described in the literature [25]. Another important 

reason is that the molecule is relatively small and the functional amino-group can be 

connected via a relatively short propyl-chain to the silica surface. This firstly facilitates the 

diffusion of the molecule in the pore network and also reduces the risk of blocking the pores. 

In principle, the surface modification is accompanied by surface anchoring of molecules with 
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vapour pressure on the membrane deterioration is larger than that of the temperature. 

Although silica membranes calcined at higher temperatures have less hydroxyl groups, the 

decrease of hydroxyl group concentration does not increase the hydrothermal stability due to 

the fact that the pore size is reduced at higher calcination temperatures [92]. 

It was concluded in the study of Song [92] that the permeance through the silica membrane, 

even the organic-modified one, decreases in presence of water vapour. At high temperatures, 

the interaction between water vapour and the silica surface causes the densification or damage 

of the pore structure, while at low temperatures, the permeance decreases significantly in the 

presence of water vapour, even without destroying the pore structure [93, 94]. This 

phenomenon should become more significant at lower temperature where the mobility of H2O 

molecules decrease, while the amount of adsorbed H2O molecules increase due to the stronger 

interaction. 
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4 Literature review of investigated materials’ properties 

4.1 Substrate 

Ceramic substrates have advantageous properties in terms of hardness, wear and temperature 

resistance and high resistance against acids and bases [95, 96]. However, they have the 

disadvantage that they are very brittle and thus in particular in the porous state, of limited 

strength associated with a rather large scatter related to the defect size distribution in the 

material [97-99]. Contrarily metallic substrates have both high fracture toughness as well as a 

corresponding high strength that are beneficial for membrane fabrication and operation. The 

temperature and corrosion resistance can be increased, by the selection of an appropriate alloy 

[100]. Another major advantage of metallic supports is the potential use of technical joining 

processes such as welding or soldering to install individual gas-tight porous membranes in 

large modules [101]. In the current work, one typical ceramic substrate material and one 

typical metallic substrate material were investigated, respectively, i.e. porous α-Al2O3 and 

porous ITM (Intermediate temperature metal). 

4.1.1 Ceramic substrate – porous α-Al2O3 

As an interesting substrate option for ceramic layers, porous α-Al2O3 is usually used in 

oxyfuel or post-combustion [102]. The porous ceramic substrate should have both high 

permeability and high mechanical strength. Whereas the permeation increases with increasing 

porosity, the strength decrease with increasing porosity [103], requiring optimization with 

respect to necessary porosity and microstructure.  

To analyse the strength of ceramic materials, the measured fracture strengths were evaluated 

statistically through a Weibull diagram and the Weibull parameters are also derived in this 

way. 

            [ (
  

  
)
 

] (Equ. 8) 

     
 

   
             (Equ. 9) 

where ζ c is the fracture strength, 

ζ0 the characteristic fracture stress and 

m the Weibull modulus. 
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Table 2 Comparison of the mechanical properties of the different ceramic substrate materials 

Material MgO [107] CGO [104] BSCF [104] LSCF [104] 

Porosity 36 43 34 46 

E [GPa ]  55 ± 3 57 ± 14 35 ± 3 12 ± 4 

σ0 [MPa ]  41 ± 2 55 ± 3 31 ± 1 18 ± 2 

Fracture strain 0.075 0.096 0.089 0.15 

m      
   4 ± 2 5 ± 2 4 ± 2 

 

4.1.2 Metallic substrate – porous ITM (Intermediate temperature metal) 

Despite of the advantages like hardness, friction and thermochemical resistance, ceramic 

substrate materials are fragile and not ductile enough against shocking. Contrarily, metallic 

substrates possess not only high fracture toughness but also advanced strength during the 

membrane production and application. Meanwhile, with the aid of proper alloying elements, 

the thermochemical and corrosion resistance of metallic substrates can also be improved.  

Table 3 Parameters of porous ITM at room temperature [108] 

Properties Value Principle or method of measurement 

Porosity 0.38 Archimedes principle 

Young’s modulus (E0) of 

dense ITM  
206 GPa Four-point bending test 

Young’s modulus (E) of 

porous ITM  
53 GPa 

Calculated by             

     , where E0 is Young’s modulus 

of dense ITM, P porosity of 0.38 

Poisson’s ratio (ν)  0.29 Impulse excitation technique 

ITM alloy is an oxide dispersive strengthened ferritic Fe-Cr alloy produced by Plansee SE 

and can provides good chemical and mechanical stability at elevated temperature. Compared 

to commonly used metallic porous substrates, e.g. stainless steel 1.4404, ITM has good high 
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temperature resistance and larger pore size which has lower gas flow resistance [108-111]. 

Hence, ITM is proved to be good choice as the metal support for metal supported SOFC 

(solid oxide fuel cell) [112]. As interconnector in SOFC, the ITM needs to have a high 

porosity for the active zone. In the study [108], some typical properties of dense and porous 

ITM were investigated (Table 3). 

4.2 Membrane 

4.2.1 Porous silica membrane 

In order to permit a comparison with the permeability of silica membrane in the current study, 

Table 4 summarizes some literature data and permeation results of silica membranes from 

literatures. As mentioned in section 3.3.2, silica membranes are usually produced by sol-gel 

route or CVD. Thus, at the bottom of the table there are the data of several silica membranes 

produced via CVD as comparison. 

Table 4 Data of selected silica membranes from literatures. 

Membrane 
and data 
source 

Produce 
method 

Temperatur
e (°C ) 

CO2 permeation 
(mol∙m-2∙s-1∙Pa-1) 

N2 permeation 
(mol∙m-2∙s-1∙Pa-1) 

CO2/N2 
Selectivity 

SiO2 [113] 
Sol-gel 

(calcinated 
at 400 °C ) 

25 2.3∙10-7 1.0∙10-9 23 

200 2.3∙10-7 2.7∙10-7 9 

SiO2 [114] 
Sol-gel 

(calcinated 
at 600 °C ) 

100 8.0∙10-9 1.0∙10-9 8 

SiO2 [115] 
Sol-gel 

(calcinated 
at 450 °C ) 

80 6.7∙10-8 1.0∙10-9 60 

SiO2 [116] 
Sol-gel 

(calcinated 
at 500 °C ) 

150 2.0∙10-10 - - 

SiO2 [117] 
Sol-gel 

(calcinated 
at 600 °C ) 

400 1.2∙10-8 - - 

SiO2 [118] 
Sol-gel 

(calcinated 
at 500 °C ) 

200 1.3∙10-8 4.2∙10-9 3 

SiO2 [119] CVD 100 9.0∙10-8 3.5∙10-8 3 

SiO2 [120] CVD 600 8.1∙10-11 - - 

SiO2 [121] 

CVD TEOS 

200 

3.3∙10-10 5.0∙10-10 1 

CVD PTES 1.0∙10-8 1.0∙10-9 6 

CVD 
DPDES 3.3∙10-8 7.9∙10-9 4 

 



Literature review of investigated materials’ properties 

29 

All the membranes show low permeation of CO2 and N2 below 3.0∙10-7 mol∙m-2∙s-1∙Pa-1. Some 

silica membranes have even no measurable N2 permeation. The silica membrane produced by 

CVD in the study of Gopalakrishnan et.al has the highest permeation of CO2 and N2 [119]. 

The highest selectivity is reported for the silica membrane in the study published by Tsai et.al 

[115], which is produced via sol-gel route. The selectivity of membrane in the study of De 

Vos [113] exhibits a pronounced temperature dependence (CO2/N2 selectivity is 23 at 25 °C, 

9 at 200 °C). 

4.2.2 Amino-modified silica membrane 

Table 5 Data of selected amino-modified silica membranes from literatures. 

Membrane and 
data source 

-NH2 
source 

Measure 
temperature 

(°C ) 

CO2 permeation 
(mol∙m-2∙s-1∙Pa-1) 

CO2/N2 
Selectivity 

Amino-
modified silica 

[122] 
GlyNa 22 2.1∙10-8 

 to 1.0∙10-7 
52.3 to 
100.0 

Amino-
modified silica 

[122] 
APTES 22 1.7∙10-8 

 to 3.9∙10-8 
41.0 to 

76.8 

Amino-
modified silica 

[122] 
APTES 22 8.1∙10-8 

 to 1.3∙10-7 
24.0 to 

27.2 

Amino-
modified silica 

[122] 
APTES 22 6.6∙10-9 

 to 3.4∙10-8 
43.6 to 

88.8 

Amino-
modified silica 

[123] 
APTES 22 1.0∙10-7 26 

Amino-
modified silica 

[123] 
APTES 22 1.8∙10-8 34 

Amino-
modified silica 

[123] 
APTES 22 1.4∙10-7 

 to 1.9∙10-7 
44.5 to 

78.4 

Amino-
modified Vycor 
glass tube [124] 

APTES 120 2.7∙10-10 10 

Amino-
modified Vycor 
glass tube [124] 

APTES 57 2.3∙10-11 - 

Vycor glass 
tube [124] APTES 100 1.4∙10-10 5.85 
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In order to compare with the permeability of silica membrane in the current study, Table 5 

quotes some data and permeation results of amino-modified silica membranes from literatures. 

The amino-modified silica membranes developed by Xomeritakis et al. [122, 123] have a high 

CO2 permeation and a high CO2/N2 selectivity. However, it is concluded in their study that the 

membranes were difficult to be manufactured due to the hardly realized pore sizes and 

porosity in the silica structure. Thus, a commercial method using Vycor glass tube, which is 

modified by APTES, was developed by Ostwal et al. [124]. However, compared to the results 

of Xomeritakis’s membranes, the membranes of Ostwal show lower CO2 permeation and 

lower CO2/N2 selectivity. 

A comparison of the permeation of silica membrane before and after amino-modification is 

presented in Table 6. Sakamoto et al. [125] prepared meso-porous silica membrane using 

hydrothermal and sol–gel spin-coating methods and functionalize the pore surface through 

amino-silane (APTMS). This modification resulted in a reduction of CO2 permeation; 

however, the CO2/N2 selectivity was obviously enhanced. 

Table 6 The results of the CO2/N2 mixed gas (CO2 = 20%) permeation tests for Al2O3 substrate and 
mesoporous silica membranes before and after modification [125] 

Membrane and 
data source 

Membrane 
prepare 
method 

Measure 
temperature 

(°C) 

CO2 permeation 
(mol∙m-2∙s-1∙Pa-1) 

CO2/N2 
Selectivity 

before 
modification 

Spin-
coating 21 3.4∙10-7 0.8 

before 
modification 

Hydro-
thermal 21 1.0∙10-8 0.8 

after 
modification 

Spin-
coating 100 1.0∙10-9 800 

after 
modification 

Hydro-
thermal 100 4.7∙10-10 50 

 

In this work, the SiO2-membrane and amino-modified SiO2-membrane were investigated in 

the permeation test to reveal the gas separation mechanism. Furthermore, the water vapour 

was also added into the feed gas to simulate the flue gas in power plants. 
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Table 8 Main manufacturing parameters of coating layers and IEK-1 ceramic substrates. 

 Material Production 

Sintering 

temperature 

(°C) 

Holding 

time (h) 

Substrate α-Al2O3 Slip-casting 1100 1 

Interlayer γ-Al2O3 
Dip-coating 

with boehmite 
600 3 

Silica 

membrane 
SiO2 

Dip-coating 

with silica 

polymersol 

200 3 

 

The manufacturing steps for the γ-Al2O3 and SiO2 layer on IEK-1 substrates were same with 

as for Atech substrates. The details of the manufacturing of the coating layers can be found in 

[25, 128-130] 

5.1.3 Membranes with metallic ITM substrate 

The metallic substrates were manufactured by the Plansee Composite Materials GmbH 

(Germany) and coated in IEK-1. Fig. 17 shows the layered structure of such samples. The 

substrate is made of the alloy ITM (Intermediate- Temperature- Metal). The most important 

manufacturing parameters are listed in (Table 9). Because of confidentiality agreement, more 

details of ITM product information cannot be published. 

Table 9 Main manufacturing parameters of coating layers on ITM metallic substrates. 

 Material Production 
Sintering 

temp. (°C) 

Suspension 

layer 1 

8YSZ (from UCM 

Advanced 

Ceramics) 

Dip-coating 1250 

Suspension 

layer 2 
8YSZ (from Tosoh) Dip-coating 1100 

Interlayer γ-Al2O3 
Dip-coating 

with boehmite 
600 

Silica 

membrane 
SiO2 

Dip-coating 

with silica 

polymersol 

200 
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element (Company Hillesheim GmbH, type HSS) for water gasification and gas preheating is 

integrated in the test facility behind the mixing chamber. The coil and the tubing past it can be 

heated to a maximum temperature of 270°C in order to vaporize the liquid water and prevent 

condensation of water vapour in the tubing. After heating to a defined temperature, feed gas is 

flowed to the membrane side.  

The permeate with sweep gas is analysed by a mass spectrometer (Company Pfeiffer Vacuum, 

type OmiStarTM OMS 200), so that the concentrations of the components can be calculated. 

For calibration of the mass spectrometer, the reference gases consist respectively of 5% O2, 

10% CO2, 85% N2 for feed gas and 1 % O2, 4 % N2, 5 % CO2, 90 % Ar for permeate.  

The experimental conditions for the investigation of porous membranes in the permeation test 

facility are listed below: 

- Feed gas: 15% CO2, 85% N2. 

- Sweep gas: Ar. 

- Operating temperature: 20 to 230 °C. 

- Pressure range: 0 to 6 bar. 

 

Fig. 19 Schematic representation of the permeation test facility. 
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A process monitoring software (Fig. 20) for the operation of the permeation test set-up was 

developed by ZEA-1, Forschungszentrum Jülich. It allows the operator to select the operating 

conditions for each experiment. The test facility features a computer supported gas mixing 

system (software SEMATIC, Siemens) in which the gas stream composition and flux can be 

varied for both the feed- and for the sweep side of the membrane. The pressure on each side 

of the membrane can be set to different values. 

 

Fig. 20 Screen shot of the process monitoring software 

5.2.2.1 Recipient 

The temperature range for the permeation measurement of porous membranes was from room 

temperature to 200 °C. A stainless steel sample holder was used. The application of stainless 

steel recipient allows the measurements with high pressure. In this work, the highest pressure 

on the feed side was 6 bar. The inner sample holder and the outer block are both assembled 

tightly with six bolts. The sample holder was designed for disk-shaped membranes with a 

diameter of 40mm and a thickness ranging between 0.3 mm and 5 mm. 

In the current work, all the tested specimens had a thickness of 2 mm and a diameter of 39 

mm. According to the dimension of the specimens, the silicon sealing rings between the 

sample holder and the outer recipient was selected with a size of  76 × 4 mm (FPM75, HUG 

GmbH). The silicon sealing ring between membrane and sample holder was with  20.29 

mm × 2.62 mm (80FKM, HERTEL). 
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The recipient is plugged in sandwich-like brackets. The heating tape is loaded between the 

two brackets. The brackets have a high thermal conductivity so that the temperature of the 

recipient can be well regulated by the heating tape. The clips are firmly wrapped externally 

with glass fibre band and supported by a ceramic substrate, so that the brackets and the 

recipient are well contacted. The remaining space of the housing is filled with insulating 

materials. 

The leakage overflow between membrane holders and recipient is 10-7mbar∙l∙s-1 according to 

the helium leak test (Pfeiffer Vacuum, ASM310). Therefore, the metallic seal rings have been 

replaced with Viton O-rings reducing the leakage to 10-9 mbar∙l∙s-1. 

It is important to ensure that the metal recipient is introduced centrally in the heater bracket 

and the heating conductors on the sides are not damaged. The recipient is to abut with its side 

surfaces to the inner wall of the bracket as well as possible (Fig. 23). 

 

Fig. 23 Installation of recipient into the brackets. 

The heating staple is placed with the recipient together on a pad in the insulated box. The 

insulated inner surface of the lower half of the heating box is stabilized specifically by the 

support of the recipient (Fig. 24). 
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Fig. 24 Installation of the recipient and brackets into the insulated box. 

The upper part of the box is gently pushed onto the lower part. The heating conductor has to 

be gently inserted into the cut-outs so that that squeezing can be prevented. 

The insulated box with the built-recipient is operated for heating on a fireproof surface.  

 

Fig. 25 Complete installation of the recipient in the heating box 

After complete assembly and checking of the environment for flammable materials, the 

heating control is connected to the grid and continuously monitored during the full heating 

phase. The set point for heating can be set to 230 °C at the beginning. At target temperatures 

below 150 °C a reasonably lower temperature for heating should be chosen. According to the 

calculated heating curve, the set point of temperature in the recipient is to be set by about 5 - 



Materials and experimental methods 

41 

10 °C above the desired temperature until about 20 minutes before reaching the desired 

temperature. After that the desired value should be approximately achieved and the heating 

temperature will be maintained. 

 

Fig. 26 Heating progress for a 230 °C set point of the heating box for the metallic recipient. 

5.2.3 Performance of permeation measurements 

The concentration of the gas components is measured with the aid of a mass spectrometer. 

The mass spectrometer consists of ion source, magnetic sector and detector. 

In the ion source electrons are generated by thermo-emission from a filament. Through 

bombardment of the generated electrons on neutral gas molecules the later are ionized or 

dissociated into fragments. Then the ions go into the magnetic sector where they are separated 

according to their characteristic mass-to-charge ratio. The used quadrupole mass spectrometer 

separates the ions in a high-frequency electric quadrupole field between four rod electrodes 

with a specific field radius (Fig. 27).  
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Fig. 27 Schematic of a quadrupole mass spectrometer (source: Pfeiffer Vacuum) 

For gas analysis a quadrupole mass spectrometer was used by the company Pfeiffer Vacuum 

in this work (Type OmiStarTM OMS 200, Pfeiffer Vacuum), which a heated gas inlet system 

(Gas Stream Selector 300) is preceded by twelve separately addressable gas inlet channels. 

For detection of the ions, a Faraday-Cup is optional with an SEM are available. The 

experiments were all carried out without SEM [132]. 

5.3 Thermal stability evaluation 
In the post-combustion process, the flue gas will weep the SiO2 membrane in order to separate 

carbon-dioxide by diffusion through the porous layers. Consequently, the membrane material 

has to be stable in the gaseous atmosphere of the flue gas. Moreover, the SiO2-membranes 

will need to operate in the atmosphere with humidity and water vapour below 300 °C for long 

term. As mentioned in 3.3.5, the silica surface will interact with water vapour due to its 

limited hydrothermal stability. Therefore, it is important to ascertain to which degree the 

selected membrane material will be altered from exposure to the fuel gas with humidity at 

operating temperatures and for long periods of time. Since it was not possible to carry out 

long term permeation experiments with synthetic flue gas and water vapour in the permeation 

set-up, long term annealing experiments were conducted in a furnace (Type ERO 2x7/60, 

Prüfer GmbH, Fig. 28) on the specimens. To analyse the influence of water vapour on the 

stability of silica membranes, CO2 partial pressure gradient is not necessary.  
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Fig. 28 The set-up of long term annealing experiments. 

In this work, the determination of the thermal stability of silica membranes for CO2 capture in 

post-combustion process was carried out in the atmosphere of 85% N2 and 15% CO2 with gas 

flow of 50 ml/min and 1g/h water. This composition was used to simulate the operation 

conditions of flue gas in fossil fire power plant [133]. Meanwhile, the annealing tests with dry 

gas were also carried out in the permeation set-up at 150 °C, in order to determine the 

influence of moist on the CO2 adsorption on the silica membrane. 

Table 10 Various specimens under different annealing condition 

Number of specimen 
85% N2 and 15% CO2  

(50 ml/min), 150 °C 

85% N2 and 15% CO2  

(50 ml/min), 1g/h 

water, 300 °C 

Silica membrane on Atech substrate 1 1 

Silica membrane on IEK-1 substrate 1 1 

Amino-modified silica membrane on 

IEK-1 substrate 
1 1 

 

The gas flow rates were controlled by mass-flow meters (WMR 4000, Westphal Mess- und 

Regeltechnik) in the range of 0 to 50 ml/min. Humidification of the gas stream is conducted 

by direct introduction of liquid water, through a quartz glass capillary, in the hot zone of the 

furnace, where it is vapuorised. This technique was chosen to minimise the cost of the set-up. 

The water flow rate was controlled by a water-flow meter (µ-FLOW, Bronkhorst) in the range 

of 0 g/h to 15 g/h. In order to prevent back diffusion of air from the gas outlets into the system, 

the exhaust gas was transferred a through silicon oil glass bubbler. The glass bubbler was also 
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used to collect the water leaving the system. As the default heating program of the furnace 

was installed for high temperature range at 800 °C, the temperature controller (IMAGO 500, 

JUMO GmbH & Co. KG) had been adjusted for an operating temperature range at 300 °C. 

 

Fig. 29 Schematic representation of the stability test set-up, with 1) the gas bottles, 2) the mass flow 

meters, 3) the water-flow meter, 4) the water container, 5) the flow controller unit, 6) the ceramic 

sample holder, 7) the gas bubblers, 8) the tube furnace and 9) the quartz glass tubes. 

5.4 Determination of mechanical properties 

5.4.1 Ring-on-ring bending test 

Young’s modulus and fracture stresses were determined using bi-axial ring-on-ring bending 

test. The linear bending theory is used to determine the fracture stress since brittle ceramic 

materials usually fail after mainly elastic deformation. 

The central displacement of the specimen was recorded with a sensor that contacted the lower 

surface of the sample. All the ring-on-ring bending tests were carried out at room temperature, 

under ambient air, with a loading rate of 100 N/min. the displacement was measured with a 

ceramic extension rod attached to a linear variable differential transformer (Sangamo, LVDT). 

The load was determined with a 1.5 kN load cell (Interface 1210BLR). All investigated 

samples fractured at a displacement value much smaller than half of the specimen thickness, 

which is a prerequisite for the linear elastic stress–strain analysis (ASTM C1499-05). The 
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ring-on-ring bending tests according to the following load configuration (Table 11 and Table 

12). 

Table 11 Loading configuration and number of tested specimens with Atech substrate investigated in 
ring-on-ring bending test 

 Loading configuration 
Amount of 

specimens 

 
α-Al2O3 substrate 

suspension layer on tensile side 
11 

 α-Al2O3 substrate 

suspension layer on 

compressive side 

11 

 
SiO2 membrane, 

functional layer on tensile side 
10 

 SiO2 membrane, 

functional layer on 

compressive side 

10 

 

Unlike to the tests of specimens with Atech substrate, the IEK-1 substrate does not have an 

additional suspension layer. Thus, there are only three loading configurations applied, i.e. “α-

Al2O3 substrate”, “SiO2 membrane on tensile side” and “SiO2 membrane on compressive 

side”. 
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Fig. 33 Combination of ring-on-ring bending testing unit and acoustic emission testing unit (source: 
IEK-2, FZJ) 

Table 13 Number of specimens for pre-bending tests 

Loading 
configuration 

Max. Force 
(N) 

Number of 
specimens 

Suspension layer on 
tensile side 1000 N 1 

Suspension layer on 
compressive side 1000 N 1 

Suspension layer on 
tensile side 2000 N 1 

 

Table 14 Number of specimens for bending tests with acoustic emission tests 

Loading 
configuration 

Max. Force 
(N) 

Number of 
specimens 

Uncoated substrate 1000 N 1 
Suspension layer on 

tensile side 1000 N 1 

Membrane on 
tensile side 1000 N 2 

 

5.4.3 Indentation test 

To assess the materials Young’s modulus and Vickers hardness impressions were induced in 

polished cross-sections by micro-indentation and nano-indentation. Indentation is a 

commonly applied means of testing the mechanical properties of materials.  

The Young’s modulus is determined with the help of the unloading curve during 

indentation testing, where only elastic recovery takes place, see Fig. 34. 

The indentation technique is based on the principle of shifting an indenter perpendicular 

into the material surface so that only small volumes are tested. The depth (h) is measured 



Materials and experimental methods 

50 

during indentation. A Vickers indenter in the shape of a sharp diamond tip is used in this 

work. The angle of two diagonal sides is 136°. During the loading-unloading, the indenter 

leaves behind a permanent impression in the material. . Details on the used relationships 

can be found in [136]. 

In this work Vickers hardness impressions were induced using a micro-indentation device 

(Helmut Fischer KG, Germany) with a maximum applied load of 1 N, and a nano-

indentation device (CSM, Switzerland) with a maximum load of 500 mN. 

 
Fig. 34 Schematic representation of a typical indentation load-displacement [137] 

 

5.5 Microstructure identification 

5.5.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a method for high-resolution images of sample 

surfaces that uses electrons for imaging. An incident beam of monochromatic electrons is 

raster-scanned over the sample's surface, and the resulting electrons emitted from the sample 

are collected by detectors for common signal, e.g. high energy electrons (backscattered), low 

energy electrons (secondary) and excited X-rays (characteristic). By analysing electron 

backscatter diffraction (EBSD) the crystallographic surface orientation of individual 

crystalline grains within the microstructure can be determined. Secondary electron (SE) 

image can characterize the surface morphology and the cross-section of samples. Using SEM 

in combination with energy-dispersive X-ray spectroscopy (EDS) detector, which collects 
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excited X-rays, makes it possible to identify the composition of the different formed phases 

[138].  

Two SEM devices were used to carry out the investigations, namely the Stereoscan LEO440 

(Cambridge, U.K.) with an acceleration voltage (EHT) of 20 kV and the Zeiss Supra50VP 

with an acceleration voltage of 15 kV. The EDS analyses were performed with type ISIS 300 

(Enysham, U.K.). The micrographs of the cross section were taken in the backscattered 

electron mode (EBSD). The interpretation of the X-ray pattern was performed using the 

Software INCA Energy/Wave. Furthermore, the sample should be conductive in order to 

avoid charging effects. This is achieved by coating the sample in vacuum with platinum using 

a sputter coater. 

5.5.2 Infrared spectroscopy 

To determinate the degradation of pure silica surface and modified silica surface after 

annealing tests, the specimens were analysed through infrared spectrometry. The analyses 

were carried out by the central department for chemical analysis (ZEA-3) in 

Forschungszentrum Jülich. 

The measuring principle is based on the excitation of energy states in molecule, which 

thereby permits to extract information on the chemical bonding in substances. Substances 

generally exhibit with the property that they adsorb certain frequency ranges during the 

irradiation of electromagnetic waves. Since the energy of infrared light has a wavelength of 

800 nm to 0.5 mm in the frequency range of the vibrational levels of molecular bonds, bond 

vibrations are excited by the adsorption, which can be seen as peaks in the measured spectrum. 

Since bonds are allocated according to characteristic energies or frequencies, it is possible to 

identify materials with this method [139, 140]. 

In this work, the annealed specimens (see Table 10) were analysed with infrared reflexion and 

absorption (IRAS) in ZEA-3. During this method, the IR radiation is sent nearly parallel onto 

the sample. Since with this measuring method the intensity is much lower than with the 

transmission, this technique is particularly suitably for layer systems/coatings [139]. In this 

work, the infrared spectrometer (TENSOR 27) with a room temperature DLaTGS detector is 

manufactured by Bruker Corporation. 
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6 Results and discussion 

6.1 Characterization of membranes with different substrates 

6.1.1 SiO2-membrane with ceramic Atech substrate 

The layered structure of SiO2-membrane with ceramic Atech substrate is exemplified in Fig. 

35. The α-Al2O3 substrate was already coated with two suspension layers on one side. Both 

suspension layers are composed of α-Al2O3 and the pore size decreases from substrate to the 

suspension layer 1 (Table 15). The completely coated specimen coated completely has 

additionally a γ-Al2O3 interlayer and a SiO2 function layer. 

 

Fig. 35 Fracture surface of specimen with Atech substrate (source: IEK-1) 

Table 15 Pore size from substrate to suspension 2 of Atech substrate (Source: IEK-1) 

Layer Pore size (µm) 
Suspension layer 2 0.05 
Suspension layer 1 0.2 

Substrate 5 - 8 
 

6.1.2 SiO2-membrane with ceramic IEK-1 substrate 

6.1.2.1 Pure SiO2-membrane with ceramic IEK-1 substrate 

Fig. 36 is a SEM image of cross-section of the uncoated and coated specimen’s side. It shows 

schematically the layer structure of the specimen. The substrate material is also α-Al2O3 like 

Atech substrate. The completely coated samples have an additional interlayer from γ-Al2O3 

with a thickness of 4 µm and a functional layer of SiO2 with a thickness of 100 nm. 

The side of the substrate to be coated was polished (Fig. 36 left), which is reflected in a 

difference contrast. Fig. 36 right shows the side of the substrate after coating. On the substrate, 
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there is the intermediate layer of γ-Al2O3, which was deposited by a 2-step coating process 

and has a pore size of about 4 nm. In this image the thin SiO2 layer with a pore size smaller 

than 1 nm cannot be seen clearly. 

   

Fig. 36 SEM images of cross section of the specimen side to be coated (left) and coated (right) 

6.1.2.2 Amino-modified SiO2-membrane with ceramic IEK-1 substrate 

The SEM image of cross-section of amino-modified SiO2-membrane with ceramic IEK-1 

substrate is shown in Fig. 37. The Kelvin radius has a distribution from 0.5 nm to 1.5 nm, 

measured by He- permporosimetry (Type EKR, Fraunhofer IKTS) [25]. The completely 

coated samples have an additional interlayer from γ-Al2O3 with a thickness of 5 µm and a 

functional layer of SiO2 with a thickness of 100 nm. 

 

Fig. 37 left: γ-Al2O3 -interlayer with modified silica layer on top [25] 

6.1.3 SiO2-membrane with metallic ITM substrate 

The substrate is made of the alloy ITM (Intermediate- Temperature- Metal). On the substrate, 

two 8YSZ suspension layers are deposited (Fig. 38). The thicknesses of the two suspension 

layers are approximately 100 µm  for the lower layer and 30 µm  for the upper layer. The 

completely coated samples have an additional interlayer from γ-Al2O3 with a thickness of 3 

µm and a functional layer of SiO2 with a thickness of 100 nm. 
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6.2 Mechanical properties 

6.2.1 Mechanical properties of porous ceramic substrates 

In order to determine the influence of the coating system on the mechanical properties of the 

whole specimen, the fracture strengths of uncoated and coated specimens were tested in the 

ring-on-ring bending tests according to the load configuration “SiO2 membrane on tensile side” 

and “SiO2 membrane on compressive side”.  

6.2.1.1 SiO2-membrane with ceramic Atech substrate 

Since the uncoated substrates had already two suspension layers, it was necessary to carried 

out also ring-on-ring bending tests in the load configuration “suspension layer on tensile side” 

and  “suspension layer on compressive side” to assess the influence of the suspension layers. 

A Weibull-plot of the fracture strengths of all specimens with Atech substrate is shown in Fig. 

40. Derived, characteristic fracture stress ζ and Weibull modulus m are given in Table 16. 

 

Fig. 40 Weibull-plot of fracture strengths of all specimens with Atech substrate 

The characteristic fracture stresses are between 39 and 43 MPa. The coating system does not 

affect the characteristic fracture stress within the experimental uncertainty; also a slight 

indication for an increased strength in the case of specimens with membrane top layer might 

be seen. Also Weibull moduli agree within the limits of uncertainty. Therefore, the strength of 

the specimens is determined by the fracture strength of the substrates. 
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Table 16 Results of ring-on-ring bending test of specimens with Atech substrate in various loading 

configurations and calculated Weibull parameters (characteristic fracture stress and Weibull modulus) 

 
Loading 

configuration 

Characteristic 

fracture stress 

(MPa) 

Weibull 

modulus 

(m) 

 α-Al2O3 substrate 

suspension layer on 

tensile side 

39 ± 2 6 ± 2 

 α-Al2O3 substrate 

suspension layer on 

compressive side 

41 ± 2 7 ± 2 

 SiO2 membrane, 

functional layer on 

tensile side 

42 ± 1 10 ± 3 

 SiO2 membrane, 

functional layer on 

compressive side 

43 ± 2 6 ± 2 

 

Fig. 41 shows a SEM-image of fracture surfaces of an Atech substrate. It is obvious that the 

crack grows mainly along the grain boundaries. The red circle marks an inter-crystalline 

break area with clearly step shear cleavage structure, indicating that the strength of the 

specimens is determined, in addition to the size and distribution of defects, by the mechanical 

properties of the of α-Al2O3 substrate grain boundaries. 
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Fig. 41 SEM-image of fracture surfaces of Atech substrate after ring-on-ring bending test (fracture 
stress = 37 MPa) 

6.2.1.2 SiO2-membrane with ceramic IEK-1 substrate 
Fig. 42 shows the Weibull plot of fracture strengths of all the specimens with IEK-1 substrate 

as determined via ring-on-ring bending testing. The plot compares the characteristic fracture 

stresses and Weibull moduli with respect to the various loading configurations. Unlike to the 

tests of specimens with Atech substrate, the IEK-1 substrate does not have an additional 

suspension layer. Thus, there are only three loading configurations applied, i.e. “α-Al2O3 

substrate”, “SiO2 membrane on tensile side” and “SiO2 membrane on compressive side”. 

 

 

Fig. 42 Weibull-plot of fracture strengths of all the specimens with IEK-1 substrate 

For uncoated substrates and the case of “SiO2 membrane on tensile side”, the characteristic 

fracture stresses ζB are almost identical. In contrast, for the loading configuration “SiO2 
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specimens with the highest fracture stress, the fracture surface shows a clear edge between 

interlayer and substrate, i.e. at higher elastic energies the crack path is affected by the layer. 

The interlayer of the sample with the highest fracture stress has a significantly smoother 

fracture surface as the interlayer of the sample with low fracture stress. This phenomenon was 

not observed for fracture surfaces of the specimens with Atech substrates (Fig. 45). It could 

be explained through the fact that the substrates from Atech possess two suspension layers 

with a thickness of 60 µm and 5 µm, respectively, hence the crack path grows more like in a 

graded structure, i.e. this transition eases the abrupt change of stress between interlayer and 

substrate (Fig. 46), but the effect might also simply absent since the Atech material failed at 

lower loads and hence was always in the regime observed for the IEK-1 materials specimens 

that failed under the lower stresses. However, since this is the case for both loading 

configurations and tests with loading configuration layer under tension did not reveal a 

change in strength compared to the uncoated case, this difference in crack path did not affect 

the experimental results. 

 

Fig. 43 SEM image close to the interlayer for fractured specimen with IEK-1 substrate after ring-on-
ring bending test under the loading configuration “SiO2 membrane on tensile side” (stress: left 92 MPa, 
right 213 MPa) 

 

Fig. 44 SEM image close to interlayer for fractured specimen with IEK-1 substrate after ring-on-ring 
bending test under the load configuration “SiO2 membrane on compressive side” (stress: left 103 MPa, 
right 171 MPa) 
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Fig. 45 SEM image close to the interlayer for fractured specimen with Atech substrate after ring-on-
ring bending test under the loading configuration “SiO2 membrane on tensile side” (stress: left 31 MPa, 
right 48 MPa) 

 

Fig. 46 SEM image close to interlayer for fractured specimen with Atech substrate after ring-on-ring 
bending test under the load configuration “SiO2 membrane on compressive side” (stress: left 28 MPa, 
right 54 MPa) 

Furthermore, another reason for neglecting the influence of the coating on the fracture 

behaviour of Atech substrate is the large in the suspension layer (Fig. 47). These defects often 

appearing in the layer connection and with the comparable pore size with that of the layer 

below are the start points of the crack growth, when the coated side is under tensile stress. In 

this case, the crack will directly grow through the substrate, like under the load configuration 

“SiO2-membrane on compressive side”.  
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Fig. 50 compiles the Young’s modulus of IEK-1 substrate measured by nano-indentation tests 

as a function of the indentation depth. At the very beginning, where the depth is much smaller 

than the particle size 300 µm, values of Young’s modulus are much larger than the average 

value (red dash line in Fig. 50) reaching up to 250 GPa. Especially when the indentation 

depth is larger than 300 nm, the scattering of Young’s moduli is so narrow that individual 

data are close to the average value. 

For the Atech substrate, the coarse microstructure is also reflected by the measured values of 

Young’s modulus (Fig. 51). When the indentation depth is smaller than 100 nm, the measured 

values of Young’s moduli for the Atech substrate are significantly high than the values, which 

were measured for indentation depths between 400 nm to 700 nm. 

 

Fig. 50 Young’s moduli of IEK-1 substrates measured by nano-indentation test as the function of 
indentation depth 
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Fig. 51 Young’s moduli of Atech substrates measured by nano-indentation test as the function of 
indentation depth 

Since nano-indentation testing yields for very low loads only the local property of the 

material [141], the results should correspond to the literature value of alumina (Table 18 

[142]). As the load and the depth increases, pores affect the deformation behaviour. 

The average Young’s moduli of the Atech and IEK-1 based substrates were 379 ± 6 GPa and 

124 ± 2 GPa, respectively, where the maximal load was 10 mN. The Atech Young’s modulus 

is similar to literature values (see Table 17), indicating that at these loads the behaviour of 

single grains is tested; the Young’s modulus of the IEK-1 based material is affected by the 

pores even at these low loads due to the significantly smaller grain size.  

The micro-indentation system permitted tests at larger indentation depths, although for the 

Atech powder based substrates the depth was still smaller than the average grain size of 50 

µm . Micro-indentation tests with the maximum available load of 1 N (average indentation 

depth 20 µm) yielded values of 40 ± 38 GPa for the Atech and 117 ± 6 GPa for the IEK-1 

based material. Hence, data determined using the micro-indentation technique at this load 

appear to be already representative for the global behaviour of the porous material; note, the 

elastic zone is approximately ten times larger than the plastic zone. 

Table 18 Young’s modulus of α-Al2O3 [142] 

E-modulus value Condition 

530 GPa Single crystal 

345 - 409 GPa Polycrystalline, room temperature 
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6.2.1.4 Summary and discussion of the results: specimens with ceramic substrates 

Since the strength of all specimens with ceramic substrates appears to be determined by the 

substrate material, the results of various loading configurations were joined for each material 

and analysed as one data set each, except “SiO2-membrane, functional layer on compressive 

side” for specimens with IEK-1 substrate, because of the deviation of the characteristic 

fracture strength and Weibull-Modulus compared to the other loading configurations (Fig. 52).  

 

Fig. 52  Weibull plot of fracture strengths of all specimens with Atech and IEK-1 substrates, 
respectively 

The calculated characteristic fracture stress is 42 ± 1 MPa for Atech substrates and 157 ± 11 

MPa for IEK-1 substrates, furthermore, the Weibull modulus accounts to 7 ± 1 for Atech 

substrates und 3 ± 1 for IEK-1 substrates (Table 19).  

Furthermore, the ring-on-ring bending test load-displacement curves yielded Young’s moduli 

of 48 ± 10 GPa for the Atech and 102 ± 13 GPa for the IEK-1 substrates (see Table 19), i.e. 

again significantly higher values for the nano-porous material, which agreed, however, with 

the data obtained using micro-indentation (40 ± 38 GPa for the Atech and 117 ± 6 GPa for the 

IEK-1 based material, see section 6.2.1.3). 
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Table 19 Characteristic fracture stresses, Weibull moduli and Young´s moduli for Atech and 
IEK-1 substrates 

 Atech Substrate IEK-1 Substrate 

Characteristic fracture stress 

[MPa] 
42 ± 1 157 ± 11 

Weibull-Modul (m) 7 ± 1 3 ± 1 

E-Modul [GPa] 48 ± 10 102 ± 13 

 

The IEK-1 substrates have higher fracture stresses than the substrate from Atech. Since both 

consist of α-Al2O3, the reason can only be different microstructures, since both substrates 

possess almost the same, i.e. 42.0 % for IEK-1 substrate and 43.5 % for Atech substrate (Fig. 

39). 

This means, in spite of the similar porosity, the substrates exhibit still different characteristic 

fracture stresses. So the phenomenon can only be related to different grain sizes and contact 

areas between the grains. SEM images of fracture surfaces show that for both materials the 

cracks progress along grain boundaries (Fig. 53 (a), (b)). This means that the contact area is 

the weakest position and thus dominates strength and Young´s modulus behaviour. This 

deduction will be discussed with the help of following literatures. 
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Fig. 53 Polished cross-sections and fracture surfaces, (a) (b) IEK-1 substrate, (c) (d) Atech substrate 

It appears to be interesting in this context to compare the observed behaviour also to that 

reported in [143], where ceramic materials with different pore sizes between 50 and 500 µm 

and porosities between 20 % and 48 % were characterized. A reanalysis of this data in Fig. 54 

clearly shows that the discrete flexural strength data decrease with increasing pore size, 

similar as in the current study. 

 

Fig. 54 Effect of proe size and porosity on the flexural strength on porous alumina compacts [143] 

In other study Li et al. [144] characterized two types of Al2O3 porous ceramics with different 

pore sizes. Type-A had a pore size distribution from 1 to 4 µm and type-B from 0.4 to 2 µm, 

yielding similar flexural strengths for porosities of 35 %, whereas for a porosity of around 45 % 

the flexural strength of type-A was much lower than that of type-B, i.e. the particles of 

smaller size appear still to have enough contacting points even at higher porosities. A similar 

effect has also been reported for ductile metallic materials. Wen et al. [145] found for 

magnesium foams with a porosity of 45% that both Young’s modulus and compressibility 

peak stress decreased with increasing pore size. 

Mathematical descriptions of strength - pore size effects are limited. Isobe et al. [146] 

observed that the 3-point bending strength of extruded alumina ceramics (porosity 39 %) 

decreased with increasing pore size and proposed a relationship suggested before by 

Ashizukat et al. [147] for alumina ceramics (porosity 10 and 20 %). It links bending strength 

(ζ c) and pore size (d): 

    
 

√ 
 (Equ. 13) 

0
20
40
60
80

100
120
140
160
180
200

0 100 200 300 400 500

Fl
ex

ur
al

 s
tre

ng
th

 (M
pa

) 

Average pore size (µm) 

19.75%

25.24%

36.25%

41.94%

47.55%



Results and discussion 

68 

But it was not possible to describe the current strength data by this equation (pores in their 

cases were isolated). 

Liu found [148] that for the same porosity, ceramics with smaller macro-pore sizes could 

sustain a higher compressive strength and the strength revealed a stronger porosity 

dependence for larger macro-pore sizes.  

Knudsen [149] developed a model upon the assumptions that: (a) the pores are formed by 

packing equal-sized spheres in a special array; (b) various porosity can be achieved by 

densifying to different densities; (c) the spheres attract to each other during densification, 

causing the contact area to increase, yet without disturbing the relative orientation of spheres, 

which means the pattern of array is no changed; (d) each deforming sphere maintains its 

original volume, and (e) the displaced materials redistributes itself evenly over the residual 

spherical surface; (f) the strength of an individual sphere is stronger than the cohesion of 

contacting area; and finally (g) the strength of a porous material is proportional to the load-

bearing contact area. 

 

Fig. 55 Simple cubic array and unit cell [150] 
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Fig. 56 Sequence of events upon densification [150] 

Later, Wang [150] included the mathematical description of the Young’s modulus porosity 

behaviour after Sprigg [146] into the ideas of Knudsen [149] yielding that the Young’s 

modulus should depend on the total contact area between the grains. 

The Atech powder based substrates were manufactured by an extrusion method. Therefore, 

the grain sizes are not uniform and the grain boundaries are also not smooth but with sharp 

angle. Hence, the ratio of contact area between unit grains with the neighbour grains in case 

of the Atech powder based substrate is smaller than that of IEK-1 substrate (Fig. 53), which is 

in good agreement with the behaviour expected from the Knudsen´s model. 

Both substrates have different pore sizes but the same porosity, hence, in case of a similar 

geometric arrangement of the grains, the number of contact points per unit volume is 

significantly larger for the IEK-1 based material (see also Fig. 53). Furthermore, pores lead to 

crack deflection and hence energy absorption and smaller pores can then lead to more crack 

deflection sites [151]. 
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Table 20 Comparison of the mechanical properties of the different substrate materials 

Consignment Al2O3 

Atech 

Al2O3 

IEK-1 

MgO 

[107] 

CGO 

[104] 

BSCF 

[104] 

LSCF 

[104] 

Porosity 42 43.5 36 43 34 46 

E [GPa ]  48 ± 10 102 ± 13 55 ± 3 57 ± 14 35 ± 3 12 ± 4 

ζ0 [MPa ]  42 ± 1 157 ± 11 41 ± 2 55 ± 3 31 ± 1 18 ± 2 

Fracture strain 0.088 0.15 0.075 0.096 0.089 0.15 

m  7 ± 1 3 ± 1     
   4 ± 2 5 ± 2 4 ± 2 

 

The Atech based material has a similar Young’s modulus and strength as the other materials 

quoted in Table 20, whereas the IEK-1 powder based alumina has a significantly higher 

Young’s modulus and strength than the other materials, even though porosities are similar.  

A comparison can also be based on the fracture strain determined as the ratio of strength to 

Young’s modulus. It can be seen that fracture strain of the IEK-1 powder based alumina is the 

highest of all quoted materials, hence proving again that this material is mechanically superior. 

However, the low Weibull modulus indicates that there is still space for materials 

improvement. 

6.2.2 Mechanical properties of porous metallic substrate 

The metallic substrates have a good ductility during deformation in contrast to ceramic 

substrates. However, this significant difference in the formability might also result in a 

peeling of the fragile layers and hence, it is important to investigate the crack creation and 

growth in the layers on metallic substrates.  

6.2.2.1 Ring-on-ring bending tests of metallic substrates coated with 8YSZ suspension 
layer 

As primary tests, three metallic substrates coated with 8YSZ suspension layer were 

characterized using the ring-on-ring bending tests to investigate initially the loading strength, 

which could produce cracks of the coating layers. The test set-up is same as used for the 

ceramic composite membranes. 
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There were two available types of bending test machine with maximal load of 1000 N and 

2000 N respectively. With a maximum load of 1000 N, the loading and unloading curves of 

the bending tests were almost identical for the arrangements “suspension layer on tensile side” 

and “suspension layer on compressive side” (Fig. 57). Fig. 58 shows the specimens after 

deformation in the ring-on-ring bending tests. In this case, the specimens were deformed only 

to a minor extend (Fig. 58 (a) and (b)) and there was no obvious peeling of the suspension 

layer. 

After increasing the maximum load to 2000 N, the peeling was observed for the loading 

configuration “suspension layer on tensile side” (Fig. 58 (c)), at a deformation of 982 µm  

(1853 N) (Fig. 57).  

For the thin layer on the metallic substrate did not affect the linear deformation behaviour 

(Fig. 57) and there is only small deflection, the strain of the specimen can still be calculated 

with the equation of Young’s modulus (Equ. 11) [134, 152], with a ITM Poisson’s ratio of 

0.29 [108]. 

It was verified that the delamination of the 8YSZ suspension layer will occur at the load of 

1853 N when the layer was tested in tension. Accordingly, the corresponding stress is 905.5 

MPa and corresponding strain is 1.12 % (Equ. 14). Because Young’s modulus of dense ITM 

is 206 GPa and Young’s modulus of porous ITM with a porosity of 38 % is 53 % (see Table 

3), the calculated Young’s modulus of 80.6 GPa for porous ITM with a porosity of about 36 % 

appears to be realistic for a porous metallic material.. 

In order to determine whether there were micro-cracks forming during deformation, the 

machine with maximal load of 1000 N was used to the following ring-on-ring bending tests 

for the specimens with metallic substrate. 

The similarity of the hysteresis for the test with layer in compression and tension indicate that 

even at 1000 N substrate plasticity affects the results. The limited number of specimens did 

not permit an accurate determination of the critical strain for plastic deformation based on 

these results and was aided by the tests with acoustic emission detection described in the 

following subsection.  
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Fig. 57 Loading and unloading curves of ring-on-ring bending test with metal substrates coated with 
8YSZ suspension layer 

 

Fig. 58 Specimens (diameter 39 mm) consisting of metal substrate and suspension layer after ring-on-
ring bending tests: (a) suspension layer on tensile side (1000 N), (b) suspension layer on compressive 
(1000 N), (c) suspension layer on tensile side with maximal load of 2000 N. 
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6.2.2.2 Ring-on-ring bending test with acoustic emission detection for specimens with 
metallic substrates 

In order to analyse the failure behaviour in more detail and to characterize the origin of the 

cracks growing in the coating system complementary tests with acoustic emission detection 

were carried out. For this purpose, the following specimens were investigated: uncoated 

metallic substrate, substrate coated with 8YSZ suspension layers and a completely coated 

specimen which consisted of substrate, 8YSZ suspension layers and γ-Al2O3 interlayer from 

and SiO2 functional layer. For all specimens, tests were carried out with the coating layers 

were on the tensile side. 

Fig. 59 shows the deformation curves of the specimens during the bending tests as function of 

the test time. Again the loading rate was 100 N/min and the maximal load 1000 N, where the 

deformation of the specimens also reached the largest value. However, there is an obvious 

difference between the behaviours of the investigated specimens. The uncoated substrate has 

a deformation of about 725 µm, the one coated with a suspension layer for the same load, 

only 620 µm. Furthermore, for a completely coated specimen with suspension layer, 

interlayer and functional membrane, the maximal deformation was even less accounting to ~ 

460 µm. 

This indicates that the stiffness of the porous metallic substrate was enhanced by the ceramic 

coating layers due to their lower porosity. Obviously, the apparent stiffness of the entire 

specimen increases with the number, hence total thickness, of the stiff ceramic coating layers 

(Table 21). 

Table 21 Young’s modulus and deformation of various specimens  

Specimen 
Deformation 

(µm) 

Apparent Young’s 

modulus (GPa) 

Substrate 977 37.6 
Substrate, suspension layer 620 59.7 
Substrate, suspension layer, 

interlayer, functional membrane 467 76.2 
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Fig. 59 Deformation of uncoated, partially coated and completely coated specimen as a function of 
time 

Fig. 60 shows the acoustic emission signal as function of test time, in terms of the number of 

counts obtained in a coincidence mode. It can be seen that only the completely coated 

specimen shows a significant amount of emissions. 

The deformation reached the peak value at the maximal load of 1000 N after 600 s. However, 

the acoustic emission signal increased strongly at 372 s (load = 620 N, strain ε = 0.36 %), 

which agrees quite well with the deviation from linearity in the load-displacement curves 

indicated in the initial tests without acoustic emission discussed above, and reaches a peak 

value at 460 s (load = 767 N, strain ε= 0.44 % calculated by apparent Young’s modulus 76.2 

GPa). This implies that cracks already form, grow and even stop growing before the specimen 

reached the maximal deformation. 

0

100

200

300

400

500

600

700

800

900

1000

0

100

200

300

400

500

600

700

800

900

1000

0 200 400 600 800 1000 1200

Load (N
) 

D
ef

or
m

at
io

n 
(µ

m
) 

Time (s) 

Substrate
Substrate, suspension layer
Substrate, suspension layer, interlayer, SiO2-membrane
Load



 



Results and discussion 

76 

The cross-sections consisting of substrate and suspension layers are shown in Fig. 62, 

confirming that there are no obvious cracks in the suspension layer, i.e. the porous suspension 

layer appears to be rather strain tolerant. 

 

Fig. 62 Cross-section SEM images of specimen consisting of metal substrate and suspension layer 

The cross-sections of completely coated substrate with suspension layers and interlayer and 

function membrane are shown in Fig. 63. It can be confirmed that there are no obvious cracks 

in the first suspension layer, whereas clear cracks can be seen in the second suspension layer 

from 8YSZ, interlayer from γ-Al2O3. The experimentally observed failure strains for the 

initiation and maximum emission are 0.36 % and 0.44 %, respectively, where former value 

can be interpreted as the application limit of the structure. In fact, the images show cracks for 

the 8YSZ layer even in cases where the other layers did not fail, furthermore, delamination 

cracks in the alumina layer were observed that might be related to crack deflection.  
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behaviour (Table 22 right) was analysed in the following permeation test, in order to 

determine the influence of a pre-deformation and the micro-cracks in the coating system on 

the permeability. 

Table 22 Load and deformation of completely coated specimens during bending test (coating system on 
tensile side) 

 

Analysed by 

acoustic emission 

test and SEM 

For following 

permeation test 

Maximal load (N) 989 997 

Maximal deformation (µm) 467 476 

Residual deformation after 

unloaded (µm) 
59 60 

Young´s modulus (GPa) 76.2 75.4 

Maximal strain (%) 0.58 0.59 
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6.3 Permeability 
In the following sections, the permeability of different membranes measured in single gas 

tests and mixed gas tests will be presented, in order to explain the gas transport and separation 

mechanism of various gases through the membranes. 

6.3.1 SiO2-membrane on ceramic Atech substrate 

 

Fig. 64 Permeation of He, CO2 und N2 as single gas through the membrane on an Atech substrate at 
various temperatures as function of kinetic diameter of gas molecules. 

The results of permeation tests of the specimen with SiO2-membrane on ceramic Atech 

substrate at different temperatures are plotted in Fig. 64, sorted according to the various 

kinetic diameters. From Fig. 64 it can clearly be recognized that the permeation rate decreases 

with the increasing temperature, which agrees with a Knudsen transport mechanism [38]. 

Furthermore, the selectivity is inversely proportional of the square root of the mass of the gas 

molecules. The selectivity of CO2 and N2 at various temperatures of are also given in Table 

23.  

Table 23 Selectivities of CO2/N2 at different temperatures (selectivity of ideal Knudsen gas transport is 
0.8). 

Temperature 

(°C) 
25 50 70 90 Average 

Selectivity (α) 0.83 0.86 0.87 0.83 0.85 ± 0.18 

The selectivities measured by single gas permeation tests at 50 °C, 70 °C, 90 °C are 0.86, 0.87 

and 0.83 respectively with an average value of 0.85, in a good agreement with the selectivity 

of an ideal Knudsen diffusion of 0.80, which is calculated by following equation [44]: 
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 √

   

    

      (Equ. 14) 

However, the change of the permeation rate with temperature cannot be explained by the 

definition of Knudsen diffusion. According to the definition of Knudsen diffusion, the gas 

flow is inversely proportional to the square root of the temperature [153-155]. But in our case, 

where the temperature is only varied slightly (i.e. the ratio of these temperatures is 

approximately 1.0), the permeation rate changes strongly (Table 24). 

Table 24 Permeation of He, CO2 und N2 as single gas through silica membrane on Atech substrate 
(Δp=2 bar). 

Permeation 
(mol*s-1*m-2*Pa-1) 

50 °C 70 °C 90 °C 

He 1.35E-06 9.02E-07 4.25E-07 
CO2 5.04E-07 3.45E-07 1.33E-07 
N2 5.57E-07 3.98E-07 1.59E-07 

 

This indicates an additional surface diffusion contributing. In the overview of Uhlhorn about 

gas-membrane combinations, it is concluded that in all treatments in the literature the surface 

diffusion is taken as an additional contribution to the gas flow, especially for gas transport 

through micro-porous or dense materials, where adsorption of molecules is required before 

the subsequent diffusion process [153]. For example, the flux of hydrogen by surface 

diffusion through γ-alumina modified with 17 wt% Ag is 2.5 times the Knudsen flux at 25 °C 

and P = 60 kPa [156]. Meanwhile, the surface diffusion dominates only at low temperatures 

and also decreases with increasing temperature [38]. Thus, the overlapping of surface 

diffusion and Knudsen diffusion enhanced the decline of the permeation with increasing 

temperature. 
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6.3.2 SiO2-membrane with ceramic IEK-1 substrate 

6.3.2.1 Single-gas permeation tests 

 

Fig. 65 Permeation of He, CO2 und N2 as single gas through a silica membrane on IEK-1 substrate at 
various temperatures as function of kinetic diameter of gas molecules. 

Fig. 65 shows the permeation rates of He, CO2 and N2 through the specimen with IEK-1 

substrate at various temperatures as function of kinetic diameter of gas molecular. The 

permeation rates are almost one decade lower than the results measured for the specimens 

with Atech substrates. Similar as in the case of the specimen with Atech substrate, the 

permeation rates of CO2 und N2 decrease with increasing temperature (Table 25). 

Furthermore, the selectivity of CO2/N2 at various temperatures is still about 0.80, as to be 

expected for Knudsen diffusion (Table 26).  

Table 25 Permeation of He, CO2 und N2 as single gas through the silica membrane on IEK-1 substrate. 

Temperature (°C) 
Permeation (mol∙s-1∙m-2∙Pa-1) 

He CO2 N2 

25 1.99E-07 6.63E-08 7.70E-08 
50 2.43E-07 4.64E-08 6.50E-08 

100 3.46E-07 3.85E-08 4.25E-08 
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Table 26 Selectivity of silica membrane on IEK-1 substrate for gas separation He/CO2, He/N2 and 
CO2/N2. 

Temperature 

(°C) 

Selectivity 

He/CO2 He/N2 CO2/N2 

25 3 2.59 0.86 
50 5.23 3.73 0.71 

100 9 8.16 0.91 

 

              

 √
   

    

      

             

 √
   

    

      

              

 √
   

    

      

 

As shown in Table 26, at room temperature the selectivities of He/CO2 and He/N2 are in good 

agreement with the theoretical selectivity of Knudsen diffusion. However, in contrast to the 

case of specimens with Atech substrates, the permeation of Helium rises remarkably at 

increased temperatures. Although it can be expected that the gas permeation by Knudsen 

diffusion decreases with increasing temperature, this result implies that the permeation of 

Helium through the specimen with IEK-1 substrate does not follow a Knudsen diffusion 

mechanism, suggesting a gas molecular sieving effect [157]. 

Li et al. [158] reported similar results with respect to the sieving effect comparing gas 

molecules with small e.g. H2, and large diameters e.g. CO2, N2, CH4 in the case of micro-

porous membranes. In Li’s study, H2 revealed much higher permeation rates than the other 

gaseous component in single gas tests (Table 27). This can be related to the pore size of the 

micro-porous membrane of 0.30 nm (in the pore size range of silica membrane in this work), 

which is between the kinetic diameter of H2 (0.29 nm) and the kinetic diameter of the other 

gas molecules (CO2 0.33 nm, N2 0.36 nm). 

Table 27 Permeances of H2, CO2, N2, in the single gas tests at 220 °C [158]. 

Single gas 
Permeance 

(×10−8 mol m−2 s−1 Pa−1) 
H2 selectivity 

Kinetic 

diameter (nm) 

H2 4.55 - 0.29 

CO2 0.35 13.0 0.33 

N2 0.22 20.7 0.36 

 

Furthermore, the a permeance-temperature effect for small gas molecular following a sieving 

effect has also be found in the literature [159], where Nair et al. found that the helium 
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permeation values rises with increasing temperature and are less affected by pressure changes, 

which was also observed in the current work (Fig. 66). 

 

Fig. 66 Helium permeation as single gas through silica membrane on a -1 substrate for feed partial 
pressures of 4 bar and 1 bar at various temperatures. 

In summary, the gas transport of helium though the specimen with IEK-1 substrate can be 

attributed to molecular sieving effect. Meanwhile, the permeation mechanism of CO2 and N2 

follows Knudsen diffusion. The difference compared to the Atech material can be explained 

through the different microstructure of the both substrates. Fig. 67 illustrates the influence of 

the substrate microstructure on the morphology of coating system. Because of the coarse 

microstructure, the coating system can only be deposited unevenly on the surface of the Atech 

substrate, which results in micro-defects in the coated layers and in turn decreases the 

selectivity for various gas components in spite of the higher permeation compared to the 

specimen with IEK-1 substrate. 
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6.3.2.2 Mixed gas tests 

The mixed gas tests were performed in order to investigate the influence of the interaction of 

various gas components on the selectivity in comparison to the single gas tests. Furthermore, 

the other aim of mixed gas tests is to simulate a real flue gas mixture in fossil power plants. 

The concentration of CO2 and N2 in the feed gas for mixed gas tests was 15 % and 85 %, 

respectively. 

For the specimen with IEK-1 substrate had an expected performance of molecular sieving 

effect to separate small and large gas molecules, which is also possible for the gas separation 

of CO2 and N2, such specimen with IEK-1 substrate were selected to be investigated in the 

following binary gas mixture permeation tests. The permeation results of CO2 and N2 through 

the SiO2-membrane with IEK-1 substrate at different temperatures and under different 

pressures are shown in Fig. 68.  

Both permeances of CO2 and N2 rise with the increasing temperature, and additionally, are 

little affected by the change of feed gas pressure. The results show a good agreement with the 

characteristics of molecular sieving effect since the selectivity of CO2/N2 ratio is higher than 1, 

i.e. the kinetic diameter of CO2 molecule is larger than that of N2 molecule. Furthermore, the 

increase of CO2 permeation with the temperature is remarkably larger than that in the case of 

N2.  

 

Fig. 68 Permeation of CO2 and N2 through the silica membrane on a IEK-1 substrate at various 
temperatures and under various feed pressures. 
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The trend of CO2/N2 selectivity with temperature under various feed pressures is shown in Fig. 

69, indicating a decrease with increasing temperature and in particular at room temperature it 

decreases strongly with increasing pressure. However, the pressure effect becomes less 

significant when the temperature is increased to 170 °C.  

 

Fig. 69 Selectivity of CO2/N2 under various differential pressures as the function of temperature. 

Discussion 

As shown in the dissertation of Jan Hoffmann [160], the pore size of the silica membranes 

that were also used in the current work is less than 1 nm, on both Atech and IEK-1 substrate. 

So in the range of micro-pores, hence, the difference in affinity of gas molecules towards the 

pore wall play an important role [60] since molecular masses and sizes of are not largely 

different. 

In a literature study on the transport properties of butane through silicalite [161, 162], 

molecular dynamics simulations were carried out. Furukawa et al. found that the permeability 

of n-butane at 400 K is larger than that at 300 K, since the surface diffusion of the gas 

components becomes weaker at higher temperature, similar to observations in the current 

study. This results from the increase in the mobility as the temperature rises, which is larger 

than the decrease in the adsorption potential [161].  

The affinities of CO2 and N2 in micro-pores have been compared in the literature [163]. In a 

study by Mizukami et al., the principle of permeation of gas mixture (CO2/N2 = 1:1) in the 

zeolite membrane is explained via a molecular dynamics simulation. The study revealed that 

the number of adsorbed CO2 molecules is almost twice that of N2 molecules in agreement 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

20 70 120 170 220

Se
le

ct
iv

ity
 

Temperature (°C) 

1 bar

4 bar



 



Results and discussion 

88 

 

Fig. 71 Permeation of CO2 and N2 with and without water vapour through specimen with a IEK-1 
substrate at different temperatures and under various pressures. 

After adding water vapour to the feed gas comparing of 85 % N2 and 15 % CO2, the 

permeances of CO2 und N2 decrease a little compared to that without water vapour. 

Furthermore, the dependence of permeation on the temperature is a bit stronger than in the 

case without water vapour (Table 29). The permeance of CO2 with water vapour reaches the 

same value obtained without water vapour at 190 °C. The permeance of N2 with water vapour 

has already exceeded the value without water vapour at 170 °C. 

Table 29 Permeation trend with increasing temperature (mol∙s-1∙m-2∙Pa-1/ K∙10-9). 

CO2 1bar 5 

CO2 with water vapour 1 bar 7 

CO2 with water vapour 2 bar 8 

N2 1 bar 2 

N2 with water vapour 1 bar 6 

N2 with water vapour 2 bar 3 

 

The selectivity of CO2/N2 with water vapour as the function of temperature is shown in Fig. 

72. At 110 °C the selectivity under differential pressure Δp = 1 bar and Δp=2 bar cannot be 

distinguished. As the temperature increases, the selectivity of CO2/N2 with water vapour for a 

differential pressure (Δp) of 1 bar reaches a maximum and then decreases dramatically. This 
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should result from the decline of CO2 at this point due to feed gas fluctuation. At 170 °C and 

190 °C the selectivity with Δp =1 bar is even lower than that of Δp=2 bar. 

 

Fig. 72 Selectivity of CO2/N2 under various differential pressures as the function of temperature. 

Discussion 

The sensitivity of micro-porous SiO2 membrane to water vapour has been discussed in a study 

of Wei et al. [165]. Through infrared spectrometry and thermo-gravimetric analysis, it was 

interpreted that the micro-porous SiO2 membrane is hydrophilic and can absorb humidity in 

the environment through chemisorption called rehydration [92]: 

                           

This reaction and the interaction between (-O-H) group on the SiO2-membrane surface and 

water vapour causes further condensation of the SiO2-membrane. Hence, the original micro 

pores (< 1 nm) shrink and are even blocked up [165]. The shrinkage of the pores results 

obviously in a decrease of the CO2 and N2 permeation. 

Furthermore, the large numbers of (-O-H) groups are the sites for absorption of CO2. Hence, 

the affinity of CO2 on the micro-porous SiO2 surface is enhanced significantly with the aid 

H2O. Therefore, more CO2 can migrate through the membrane via surface diffusion, which 

means that the transition of gas transport for CO2 molecules from surface diffusion to gas 

phase that is expected with increasing temperature is balanced to some extent by the higher 

adsorption of CO2 on the pore wall and as the mobility of CO2 molecules on the silica micro-
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pore wall increases, the permeation in the case with water vapour recovers to the value 

without water vapour at 190 °C. 

It is necessary to take the condensation behaviour into consideration for feed gas pressures 

that are higher than atmosphere pressure. At 100 °C the condensation pressure of water 

vapour is about 1.01 bar. In this testing campaign the applied differential pressures were 1 bar 

and 2 bar, which accordingly means that the feed gas pressures were 2 bar and 3 bar 

respectively. From the calculated partial pressure of water vapour in the gas mixture, it can be 

concluded that the water vapour was not condensed on the micro pore walls at all testing 

temperatures for all the partial pressures of water vapour were lower than the condensation 

pressures (Table 30). 

Table 30 Partial pressure of water vapour in gas mixture (condensation pressure of water vapour 1.01 
bar at 100 °C) 

Temperature 

(°C) 

Partial pressure of water vapour 

(bar) 

Δp = 1bar Δp = 2bar 

110 0.48 0.73 
130 0.50 0.76 
150 0.52 0.78 
170 0.54 0.81 
190 0.56 0.84 

 

Condensation during the measurements will not strongly affect the conclusions drawn for the 

case without the water vapour condensation, because it has already been determined that the 

gas transport through micro-porous silica membrane is dominated by surface diffusion. 

Additionally, the (Si-O-H) and (Si-O) group on silica membrane surface that typically reacts 

with CO2 has already reacted chemically with H2O or moistened physically by H2O 

condensation. Therefore, the affinity of CO2 with the silica pore wall is totally affected by (-

O-H) groups and is the same as the affinity in the case of water condensation on the silica 

pore wall. 

Also due to high affinity of CO2 towards surface diffusion, the permeances of CO2 with water 

vapour under differential pressure of 1 bar and 2 bar, which has mainly an impact on the gas 

phase transport, cannot be distinguished from each other.  

As shown in Fig. 70 and discussed in section 6.3.2.2, the adsorption of CO2 on the micro 

porous silica membrane can restrain the diffusion of N2, because the available diffusion path 
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of N2 in the micro-pores is limited by the CO2 on the pore wall. Since the water vapour can 

also shrink the pore size and meanwhile the affinity of CO2 on the pore wall can remain active, 

the path for N2 through the membrane will be much smaller than in the case without water 

vapour. Furthermore, in the study of Choi [166], it was verified that the adsorption of CO2 on 

the pore wall can increase with increasing the gas pressure. Thus, the capillary condensation 

of CO2 molecules could occur aided by H2O or (-Si-O-H) group to some degree. This could 

be the reason that in the case of tests with water vapour the permeation of N2 under 

differential pressure of 1 bar is even higher than that under 2 bar. 

6.3.3 Amino-modified SiO2-membrane on ceramic IEK-1 substrate 

6.3.3.1 Single-gas permeation tests 

The single gas permeation tests were preceded by my project partner Dr. J. Eiberger (IEK-1). 

The results of single gas tests for CO2 and N2 are plotted in Fig. 73. The permeation of CO2 

decreases with increasing temperature, but the permeation of N2 rises with increasing 

temperature.  

The data imply that the gas transport for N2 is dominated by Knudsen diffusion, as the case of 

previous N2 single gas tests for non-amino-modified membranes. However, the CO2 

permeation change with temperature has a good agreement with the one expected for a 

molecular sieving effect. Furthermore, as discussed in the previous section, since surface 

diffusion is limited by increasing temperature to some extent, the enhancement of the affinity 

of CO2 on micro pore wall and higher movement with increasing temperature can compensate 

the decline of the permeation. Hence, the gas transport of CO2 should be dominated by 

surface diffusion and molecular sieving. Since the gas transport mechanisms for CO2 and N2 

are independent, the gas transport by Knudsen diffusion could be higher than the gas transport 

by surface diffusion. Therefore, at room temperature the permeation of N2 could be higher 

than that of CO2 in the case of single gas permeation tests.  But due to reverse permeation 

trend with temperature, the permeation of CO2 becomes larger than that of N2 when the 

temperature is above 100 °C. 
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Fig. 73 Permeances of CO2 und N2 single gases through amino-modified SiO2-membrane as a function 
of temperature (Δp = 4 bar) 

6.3.3.2 Mixed gas tests 

Fig. 74 shows the results of permeation tests with a gas mixture of 85 % N2 and 15% CO2 as a 

function of temperature under pressure differences of 4 bar and 5 bar. 

Compared with the results of single gas tests, the permeances of CO2 and N2 are lower at 

every temperature. This decrease is especially evident for the permeation of N2. In particular 

at room temperature the permeation for CO2 shows no difference between single gas test and 

binary gas mixture. There is high possibility for occurrence of a molecular sieving effect in 

the range of micro-pores, where, the separation of the small CO2 and N2 gas molecules is 

mainly based on the interaction between the gas molecules and the pore wall, i.e. difference 

of adsorption and diffusion rates, and also on the intrinsic interaction between the gas 

molecules [167].  
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Fig. 74 Permeances of CO2 und N2 as gas mixture through amino-modified SiO2-membrane as a 
function of temperature 

As discussed with respect to the results of single gas tests, the gas transport of CO2 should be 

dominated by surface diffusion and molecular sieving, and the gas transport for N2 dominated 

by Knudsen diffusion. Therefore, the permeation of CO2 in binary gas mixture is similar to 

single gas due to the same affinity of CO2 on the amino-modified (-R-NH2) micro porous 

silica surface at room temperature. However, the N2 diffusion path which is mainly via the 

gas phase through micro-porous silica membrane is affected by following effects. First, the 

pore size of micro-silica membrane is reduced by the functional amino groups. Second, the 

CO2 molecules, which absorb on the pore walls with the help of functional amino groups, 

reduce the path for N2 through the membrane even further (Fig. 75). Thus, the permeation of 

N2 decreases significantly. 

Moreover, as discussed in a study of Morooka et al. [60], because of this reduced pore size 

(      
     

), gas molecules cannot pass each other (Fig. 75). Once gas molecules enter 

the pores in the form of a gas mixture, the total permeation rate through the pores is impacted 

by coefficient interaction of the gas molecules with different permeation rates. It can be 

interpreted that the permeation rate of CO2 by surface diffusion on the amino-modified silica 

pore walls is higher than that of N2 by gas phase diffusion. Thus, the CO2 molecules with 

higher mobility can accelerate the relatively slower N2 molecules so that the permeation of N2 

can be almost constant even though the temperature increases to temperatures at which the 

permeation of N2 should normally decrease according to the inverse relationship of Knudsen 

diffusion flux and the temperature. Furthermore, the permeation of CO2 in the binary gas 

mixture is lower than in the case of a single gas since the transport is hindered nitrogen gas 

molecules with slower diffusion rate. 
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Fig. 77 Permeances of CO2 und N2 as gas mixture with water vapour through amino-modified SiO2-
membrane as a function of temperature 

Fig. 78 shows the selectivity of CO2/N2 in permeation tests with binary gas mixture under 

various differential pressures as the function of temperature. The addition of water to the gas 

mixture has obviously raised the CO2 and N2 separation efficiency. However, because the 

permeances of the both gas components increase proportionally with the change of 

differential pressure from 1 bar to 4 bar, as shown in Fig. 77, the selectivity of CO2/N2 is 

rather stable. 

 

Fig. 78 Selectivity of CO2/N2 in permeation tests with binary gas mixture under various differential 
pressures as the function of temperature 

0

5E-09

1E-08

1.5E-08

2E-08

2.5E-08

3E-08

3.5E-08

120 130 140 150 160 170 180 190 200

Pe
rm

ea
tio

n 
(m

ol
∙s

-1
∙m

-2
∙P

a-
1 )

 

Temperature °C 

CO2 with water vapor
1bar

CO2 with water vapor
4bar

N2 with water vapor 1bar

N2 with water vapor 4bar

CO2 without water vapor
4bar

N2 without water vapor
4bar

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

120 130 140 150 160 170 180 190 200

Se
le

ct
iv

ity
 

Temperatur °C 

4 bar

with water vapor 1bar

with water vapor 4bar



Results and discussion 

96 

As discussed in section 6.3.2.3, it is necessary to consider the condensation behaviour of the 

water vapour. The partial pressures of water vapour at different temperatures are calculated 

and shown in Table 31. Since the condensation pressure is 2.7 bar at 130 °C [168], the water 

vapour in the gas mixture did not condensate on the silica micro pore surface. 

Table 31 Partial pressure of water vapour in gas mixture (condensation pressure of water vapour is 2.7 
bar at 130 °C) 

Temperature 

(°C) 

Partial pressure of 

water vapour (bar) 

130 1.26 
150 1.30 
170 1.35 
190 1.39 

 

Due to the higher selectivity of amino-modified SiO2-membrane in the permeation tests with 

water vapour, the concentration of CO2 in the permeate also increases comparing to the case 

without water vapour (Fig. 79). 

 

Fig. 79 The concentration of CO2 in the permeate gas measured by binary gas mixture permeation tests 
as function of temperature (Feed gas: 85% N2, 15 % CO2) 
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pressure for this case are plotted in Fig. 80. It is evident that the permeances of CO2 and N2 

were not changed in spite of reduction of the amount of water vapour amount. 

 

Fig. 80 The influence of water vapour amount on the permeances of CO2 and N2 at 170 °C 

Discussion 

As shown theoretically in Fig. 9 in section 3.3.4.2, the presence of water can enhance the 

absorption of carbon dioxide molecules at amino-groups. This is realized via a doubled 

availability of amino-group. In the absence of water, each carbon dioxide molecule needs two 

amino groups on the silica surface to be chemisorbed in the form of ammonium carbamate. 

But if there is water present in the carbon dioxide gas, the carbamate will became an 

ammonium bicarbonate species. This has been confirmed in the study of Leal et al. [71]. 

In the studies of Hiyoshi et al. [169], carbon dioxide reveals a  higher adsorption capacity on 

amino modified silica membrane surface with the presence of water  than under dry condition. 

So far there is no literature indicating that the presence of water will reduce the adsorption of 

carbon dioxide on an amino functionalized silica membrane. Therefore, the decline of CO2 

permeation in presence of water vapour in the gas mixture below 190 °C  can only be 

attributed to the reduction of desorption of carbon dioxide molecules form the pore surface of 

the amino modified silica membrane. 

This conclusion is supported by the study of Knowles et al. [170]. In their work, the results of 

DTA indicate a rapid uptake of the carbon dioxide adsorption in the presence of water as well 
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loss was observed. In our case, the holding time to obtain a stable measure point was 30 min 
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and no change of CO2 permeation observed during the test. The reason why desorption of 

carbon dioxide is diminished by the presence of water could be the higher active energy for 

the transition from bicarbonate to carbamate than the inverse transition. Hence, as the 

temperature increases, the permeation of CO2 rises rapidly and reaches the permeation value 

without water vapour. 

6.3.4 Permeability of SiO2-membrane on porous metal substrates 

Fig. 81 shows the permeation results of single gas measurements (He, CO2, N2) through SiO2-

membrane on an ITM metallic substrate. Just as in the case of the silica membrane on the 

IEK-1 ceramic substrate, the permeances of CO2 and N2 decrease with increasing temperature 

and the permeation of helium increases with increasing temperature (Table 32). This means 

that the gas transport of helium through the silica membrane on the ITM metal substrate is 

determined by molecular sieving effect, whereas the transport mechanism of CO2 and N2 

through this type of membrane is still dominated by Knudsen diffusion. Furthermore, the 

good reproducibility of the results indicates that the silica coating can be deposited on the 

ceramic as well as on metallic substrate. 

 

Fig. 81  Permeation of He, CO2 und N2 as single gas through the membrane on ITM porous metal 
substrate at various temperatures as function of kinetic diameter of gas molecules (Δp = 4 bar), 
without pre-deformation 
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Table 32 Permeation of He, CO2 und N2 as single gas through silica membrane on ITM porous metal 
substrate and the selectivity of silica membrane for gas separation CO2/N2, without pre-
deformation 

Temperature (°C) 

Permeation (mol∙s-1∙m-2∙Pa-1) Selectivity CO2/N2 

CO2 N2 

              

 √
   

    

      

25 6.37E-07 7.17E-07 0.89 
50 6.10E-07 6.63E-07 0.92 
70 5.71E-07 6.24E-07 0.91 
90 5.18E-07 5.84E-07 0.89 

110 4.91E-07 5.44E-07 0.90 
150 3.72E-07 4.51E-07 0.82 
190 3.18E-07 3.98E-07 0.80 

 

Subsequently, this specimen was deformed by ring-on-ring bending tests, to have a pre-

deformation of approximately 476 µm  (Load = 997 N, strain = 0.59 %, residual deformation 

= 60 µm, see Table 22). With this pre-deformation, the permeation of single gases through 

this specimen was measured again. The results are shown in Fig. 82. The permeances of all 

the gases are enhanced by more than one decade. Moreover, there is no apparent molecular 

sieving effect apparently. It indicates that such a pre-deformation has already produced the 

micro-cracks, which has already proved in section 6.2.2.2. These micro-cracks result in the 

absence of molecular sieving and the gas transport mechanism turns to Knudsen diffusion. 
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Fig. 82 Permeation of He, CO2 und N2 as single gas through the membrane on ITM porous metal 
substrate at various temperatures as function of kinetic diameter of gas molecules (Δp = 4 bar), 
with pre-deformation of 100 µm 

Table 33 Permeation of He, CO2 und N2 as single gas through silica membrane on ITM porous metal 
substrate and the selectivity of silica membrane for gas separation CO2/N2, with pre-
deformation 

Temperature (°C) 

Permeation (mol∙s-1∙m-2∙Pa-1) Selectivity CO2/N2 

CO2 N2 

              

 √
   

    

      

25 1.30E-05 1.53E-05 0.85 
50 1.35E-05 1.56E-05 0.87 
70 1.33E-05 1.49E-05 0.89 
90 1.33E-05 1.59E-05 0.83 

 

Discussion 

By the comparison of the results of permeation tests with a respective specimen before and 

after deformation, the influence of the micro-cracks formed during deformation process has 

been assessed. Because of these micro-cracks through SiO2-membrane and interlayer until 

suspension layer, the molecular sieving effect for small gas molecules has been replaced by 

total Knudsen’s diffusion. With the aid of acoustic emission test, the formation of micro-

cracks was ascertained at the strain of 0.36 % under the load of 620 N and the deformation of 

293 µm , these parameters should be set as the threshold for the reliable application of SiO2-

membrane on porous ITM substrate. 
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7 Conclusions 

Within the project METPOREII, the mechanical and permeation properties of SiO2- and 

amino-modified SiO2-membranes deposited on various ceramic and metallic substrates from 

Atech, IEK-1 and Plansee, were investigated. 

Two ceramic substrate materials for SiO2-membranes, i.e. produced by Atech and IEK-1 

substrate, respectively, were compared regarding the mechanical properties. The statistically 

evaluated bending tests results revealed that the mechanical properties of the membrane 

system mainly depend on the microstructure of the substrate materials. The nano-porous 

substrate yielded significantly higher fracture strength and Young’s modulus than the micro-

porous Atech substrate, even though both of them had similar porosity. However, the 

Weibull-Modulus for IEK-1 materials was lower than that of the Atech substrates, indicateing 

a wider spread of the failure relevant flaw population. 

In addition, mechanical properties and the microstructural influence were also determined via 

the aid of indentation tests, which showed for higher loads (larger deformed volumes) good 

agreement with bending test based Young’s moduli. 

It was verified that the mechanical properties of the porous materials depended on the contact 

areas of grains which was explained by a Knudsen’s model. The nano-porous material 

appeared also to be superior in terms of fracture strength and Young’s modulus to other 

membrane substrate materials suggested in literature, indicating the potential of nano-porous 

materials for the use as porous substrates. 

In addition, the mechanical properties of specimens with the porous metallic substrate ITM 

were tested along with acoustic emission tests, in order to analyse the failure of the coating 

system. It was determined that micro-cracks emerged at a load of 620 N corresponding to a 

strain of 0.36 %. At a load of 767 N (strain 0.44 %), cracks grew to the suspension layer. 

Finally, when the load was increased to 1853 N (strain of 1.12 %), the coating system 

delaminated. These parameters should be considered for the application of SiO2-membranes 

on porous ITM substrate. 

With respect to permeation tests, the gas permeability of various gases through SiO2- and 

amino-modified SiO2-membranes were measured with single gas, binary gas mixtures and 

binary gas mixtures plus water vapour.  

The gas transport mechanism of both SiO2- and amino-modified SiO2-membrane with 

different substrates was investigated. For SiO2-membranes on Atech substrates, the gas 

molecules were transported by Knudsen’s diffusion in single gas permeation tests. Molecular 
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sieving effects appeared to dominate for the membranes on IEK-1 substrates, especially for 

small gas molecules like helium and probably also in the case of the CO2/N2 separation, 

which is related to the refined microstructure and optimized interface quality between 

substrate and coating system. SiO2-membranes on IEK-1 substrates, which were investigated 

through binary gas permeation tests, exhibited surface diffusion of gas molecules. 

Furthermore, with the presence of water vapour in the feed gas, the CO2/N2 selectivity was 

significantly enhanced below 150 °C. However, in such condition, both water molecules 

anchoring onto the pore wall and group transformation from Si=O group to Si-O-H resulted in 

the shrinkage of the pores, which leaded to a decrease of the gas permeation. At the 

temperatures above 150 °C, the previously mentioned enhancement of CO2/N2 selectivity 

disappeared. 

For amino-modified SiO2-membranes on IEK-1 substrates, the CO2/N2 selectivity increased 

with increasing temperature due to the higher affinity between CO2 molecules and amino-

group on the SiO2 pore wall. The CO2/N2 selectivity was significantly enhanced with the 

presence of water vapour, even at temperatures above 150 °C. However, the gas permeation 

decreased as the pores shrunk due to the same reason as in the case of SiO2-membranes on 

IEK-1 substrates. But contrarily, at 190 °C, the gas permeation with water vapour exceeded 

that without water vapour, which requires future studies. 

The mechanism for the enhancement of the CO2/N2 selectivity under water vapour conditions 

was also investigated through infrared spectrometry. The number of water molecules and OH-

group on amino-modified SiO2-membranes was much higher than that on pure SiO2-

membranes, which proved that there were more C=O groups and C-H groups after annealing 

under water vapour conditions. This conclusion indicates that the bicarbonate formation from 

one carbon dioxide molecule and one amino-group with water, partially substituts the 

carbamate formation from one carbon dioxide molecule and two amino-groups without water. 

Thus, the adsorption of carbon dioxide molecules within the membrane was significantly 

improved. 

Future work could focus on the high temperature range (above 190 °C) considering the 

CO2/N2 selectivity and permeation properties of SiO2-membrane and amino-modified SiO2-

membrane. Furthermore, the reproducibility issue needs to be improved to facilitate the mass 

production of membrane with high CO2/N2 selectivity. 
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Symbol index 

Latin symbols 

A mm2 Active area 

Dp nm Diameter of pore 

   
 nm Kinetic diameter of N2 molecule 

    
 nm Kinetic diameter of CO2 molecule 

dp nm Pore size 

E GPa Young’s modulus 

Ea kJ∙mol-1 Activation energy 

Em kJ∙mol-1 Positive mobility energy 

F mol∙s-1∙m-2∙bar-1 Permeation of pure component 

Fviscous mol∙m-2∙s-1∙Pa-1 Poiseuille permeation 

    mol∙m-2∙s-1∙Pa-1 Knudsen permeation 

h m Layer thickness or specimen´s thickness 

J mol∙s-1∙m-2 Flow rate 

M kg∙mol-1 Mass of gas molecule 

Ma kg∙mol-1 Mass of gas molecule a 

Mb kg∙mol-1 Mass of gas molecule b 

m - Weibull modulus 

P - Porosity 

PL Pa Pressure of liquid Hg 

Pm Pa Average pressure through the membrane 

Qst kJ∙mol-1 Isosteric adsorption heat 

R J·K-1·mol-1 Gas constant = 8.31446 J·K-1·mol-1 

r1 mm Radius of load ring 

r2 mm Radius of support ring 

r3 mm radius of the specimen 

 ̅ m Modal pore radius 

T K Absolute temperature  

x - Material fraction in feed mixture 

y - Material fraction in sweep mixture 

 

Greek symbols 

α - Selectivity of gas separation 
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 - Selectivity of ideal Knudsen diffusion for CO2/N2 

              
 - Selectivity of ideal Knudsen diffusion for He/ CO2 

             
 - Selectivity of ideal Knudsen diffusion for He/ N2 

             - Selectivity of gas molecules a and b 

ΔF N Force 

Δf N Deflection 

ε % Porosity 

 - Strain 

η N∙s∙m-2 Gas viscosity 

  ° Contact angle of liquid Hg 

    - Form factor 

μp - Reciprocal sinuousness of the pores 

ν - Poisson´s ratio 

 ̅ m∙s-1 Average molecule tempo 

  3.14  

  MPa Surface tensile stress of liquid Hg 

ζ c MPa Fracture strength 

ζ 0 MPa Characteristic fracture stress 

 

Abbreviations 

ALD Atomic layer deposition 

APTMS (3-Aminopropyl) triethoxysilane 

BSCF (BaSr)(CoFe)O3-δ 

CCS Carbon capture and storage 

CGO Ce0.9Gd0.1O2−δ 

CVD Chemical vapour deposition 

EBSD Electron backscatter diffraction 

EDS Energy-dispersive X-ray spectroscopy 

IR Infrared spectroscopy 

ITM Intermediate- Temperature- Metal 

LSCF (LaSr)(CoFe)O3-δ 

PTES Phenylethoxysilane 

RT Room tmeperature 

SE Secondary electron 

SEM Scanning electron microscope 
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SOFC Solid oxide fuel cell 

TEOS Tetraethyl orthosilicate 

8YSZ 8%  yttrium-partially-stabilized zirconia 
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