
 

 

 

 

Hydrogen-selective porous carbon-based membranes for 

catalytic steam reforming of bio-ethanol 

 

Von der Naturwissenschaftlichen Fakultät der                                   

Gottfried Wilhelm Leibniz Universität Hannover 

 

zur Erlangung des Grades 

Doktor der Naturwissenschaften (Dr. rer. nat.) 

 

genehmigte Dissertation 

von 

Alexander Wollbrink, geb. Schulz, M. Sc. 

 

 

 

2021 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referent: Prof. Dr. Jürgen Caro 

Korreferent: Prof. Dr. Josef-Christian Buhl 

Korreferent: apl. Prof. Dr. Claus Rüscher 

 

Tag der Promotion: 05.03.2021 

 

 



Citation 
 

 

Page I 

 

Citation 

 

 

 

 

 

 

 

 

 

 

 

 

 

„Jeder Irrtum ist ein Schritt zur Wahrheit. Die Wissenschaft besteht nur aus Irrtümern. Aber 

diese muss man begehen. Es sind die Schritte zur Wahrheit.“―Jules Verne 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Preface 
 

 

Page II 

 

Preface 

The results of my dissertation display a summary of selected works carried out at the Institute 

of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm Leibniz Universität 

Hannover. My research dealt with the synthesis, development and characterisation of porous 

membranes for the selective extraction of hydrogen from multi-component gas mixtures under 

the supervision of Prof. Dr. rer. nat. Jürgen Caro. The work was embedded in the project 

“Hydrogen production from bio-ethane and bio-ethanol in catalytic membrane reactors”, 

which was financed by the Deutsche Forschungsgemeinschaft (Ca 147/19-1) and the National 

Natural Science Foundation of China (NSFC 21322603) under the guidance of Prof. Dr. rer. 

nat. Jürgen Caro and Prof. Dr. rer. nat. Armin Feldhoff. 

The dissertation contains a selection of seven research articles which includes five research 

articles as corresponding author (1th author) and two research articles as co-author 

(2nd author). In addition to this, i was further involved into six research articles as co-author, 

which are not included in the dissertation. My contributions to the selected research articles 

included in my dissertation are described in the following.  

The one research article and two manuscripts included in Chapter 3.1. “Microporous carbon 

membranes” were written by me. The synthesis of the amorphous and crystalline carbon 

membrane were done by myself whereas the turbostratic carbon membrane was provided by 

Dr. H. Richter and S. Kämnitz at the Frauenhofer Institute of Ceramic Technologies and 

Systems (IKTS) in Hermsdorf. SEM and HRTEM analyses were carried out by me with the 

help of Prof. Dr. Armin Feldhoff and F. Steinbach. XPS analyses were measured by J. Koch 

and Prof. Dr. C. Tegenkamp at the Institute of Solid State Physics, Leibniz Universität 

Hannover and were fitted and evaluated by me with the help of Dr. K. Volgmann. Contact 

angle measurements were conducted by Prof. Dr. Y. Li of the Dalian Institute of Chemical 

Physics in Dalian (China) and evaluated by me. Analyses and evaluation of micro-focused 

Raman spectroscopy as well as permeation experiments were carried out by me. 

In the case of the research article of “Multiple polymerisation – formation of hybrid materials 

consisting of two or more polymers from one monomer” was written by Dr. T. Ebert of the 

Institute of Chemistry, Professorchip of Polymer Chemistry at TU Chemnitz. For this research 

article, the demanding sample preparation and also characterisation by HAADF-STEM 

micrograph were carried out by me. The corresponding manuscript on “Separation 

performance of a composite Carbon Molecular Sieve (cCMS/SiO2) membrane from a hybrid 
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material by twin polymerization” was written by me. The synthesis of the hybrid material and 

subsequent carbonisation was carried out by Dr. T. Ebert of the Institute of Chemistry, 

Professorchip of Polymer Chemistry at TU Chemnitz in agreement with me. The 

characterisation and corresponding evaluation of the membrane by means of XRPD, HAADF-

STEM micrographs, permeation experiments, TG/DTA analyses and hydrophobic treatment 

as well as the sample preparation for TEM analysis was executed by me. XPS analyses were 

measured by J. Koch and Prof. Dr. C. Tegenkamp at the Institute of Solid State Physics, 

Leibniz Universität Hannover and were fitted and evaluated by me.  

 

In the case of the research article “Metal-organic frameworks” the research article on “A 

novel CAU-10-H MOF membrane for hydrogen separation under hydrothermal conditions” 

was written by Dr. H. Jin and Prof. Dr. Y. Li at the Institute of Chemical Physics in Dalian 

(China). Analyses of the MOF membrane by means of XRPD, SEM micrographs and element 

mapping by EDXS analyses were carried out by me. The permeation experiments were 

executed by me and were assisted by Dr. H. Jin under close supervision of me. 

 

The two research articles of Chapter 3.2 “Porous graphite Membranes” were completely 

written by me. The research article on “Pressed graphite crystals as gas separation membrane 

for steam reforming of ethanol” was written with the help of Prof. Dr. J. Caro, since it was the 

first of my publications included to this dissertation. Here, SEM and HRTEM analyses were 

carried out by me still with the help of F. Steinbach. Further, permeation experiments as well 

as XRPD analyses were executed by me. For the research article on “Improved hydrogen 

selectivity of Surface Modified Graphite (SMG) membranes: Permeation experiments and 

characterisation by micro-Raman spectroscopy and XPS” was written by me. XPS analyses 

were measured by J. Koch and Prof. Dr. C. Tegenkamp at the Institute of Solid State Physics, 

Leibniz Universität Hannover and were fitted and evaluated by me. The permeation 

experiments as well as micro.-focused Raman spectroscopy measurements were carried out 

by me. The shown Raman sepctra were evaluated with the help of Prof. Dr. C.H. Rüscher 

from the Institute of Mineralogy at the Leibniz Universität Hannover. 
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Abstract 

Today’s demand from science and research on the usage of sustainable and renewable energy 

sources arises mainly from the embargo of oil shipments to the Western nations by the arab 

members of the “Organization of the Petroleum Exporting Countries” (OPEC) in 1973-1974 

until today. But the global production of pure hydrogen still originates primarily from fossil 

fuels and is dominated by industry, i.e. mainly by petroleum refining and ammonia 

production. Numerous disadvantages are described for the commercial production of 

hydrogen by catalytic steam reforming (CSR) of hydrocarbons (e.g. use of non-renewable 

resources, high energy requirement, the release of high amounts of CO etc.). Nevertheless, the 

huge advantage of the established procedure is related to its cost-effective manufacture of 

hydrogen due to high hydrogen-selectivity and full conversion. The use of suitable porous 

carbon-based membranes and of renewable resources (e.g. bio-ethanol) at relative low 

temperatures (below 400 °C) can overcome most of the related problems in classic CSR 

technique.  

In this context, a new concept of different porous and hydrogen-selective carbon-based 

membranes were investigated as suitable candidates for the purpose of the production of so-

called “green hydrogen” by means of catalytic membrane reactor (CMR) for bio-ethanol 

steam reforming (b-ESR). The carbon-based membranes under study were investigated by 

means of classic gas separation experiments. Temperature- and pressure-dependent single and 

mixed-gas permeation experiments were applied in laboratory scale, closely adapted to 

industrial conditions. From the carbon-based membranes under study, it could be shown that 

two kinds of membranes, i.e. the metal-organic framework (CAU-10-H) membrane and the 

group of surface-modified graphite membranes (SMG), comparatively showed the most 

promising results. The mixed gas separation factors of the CAU-10-H and SMG graphite (e.g. 

ETMS-modified) membrane could reached for α (H2/CO2) of 11.1 or 8.0 and for α (H2/H2O) 

of 5.7 and 10.2, respectively. Additionally, the SMG and the CAU-10-H membrane types 

show beneficial separation performances of hydrogen in the presence of large quantities of 

water steam (up to 18 Vol.-% H2O) and have a good hydrothermal stability in classical gas 

separation experiments. 

Keywords: Hydrogen separation, Gas separation, Mixed-gas separation, Carbon-based 

membrane, Graphite membrane, surface modified graphite, steam reforming, micro-Raman 

spectroscopy, G1/D1 peak relationship, XPS, CAU-10-H membrane, metal-organic 

frameworks 



Kurzzusammenfassung 
 

 

Page VII 

 

Kurzzusammenfassung 

Die heutige Nachfrage aus Wissenschaft und Forschung nach der Nutzung nachhaltiger und 

erneuerbarer Energiequellen ergibt sich hauptsächlich aus dem Embargo für Öllieferungen in 

die westlichen Länder durch die arabischen Mitglieder der „Organisation der 

erdölexportierenden Länder“ (OPEC) in den Jahren 1973-1974 bis heute. Die weltweite 

Produktion von reinem Wasserstoff stammt jedoch immer noch hauptsächlich aus fossilen 

Brennstoffen und wird von der Industrie dominiert, d.h. hauptsächlich von der 

Erdölraffination und der Ammoniakproduktion. Für die kommerzielle Herstellung von 

Wasserstoff durch katalytische Dampfreformierung (CSR) von Kohlenwasserstoffen werden 

zahlreiche Nachteile beschrieben (z.B. Verwendung nicht erneuerbarer Ressourcen, hoher 

Energiebedarf, Freisetzung hoher Mengen an CO etc.). Der große Vorteil des etablierten 

Verfahrens hängt jedoch mit seiner kostengünstigen Herstellung von Wasserstoff aufgrund 

der hohen Wasserstoffselektivität und der vollständigen Umwandlung zusammen. Die 

Verwendung geeigneter poröser Membranen auf Kohlenstoffbasis und erneuerbarer 

Ressourcen (z. B. Bioethanol) bei relativ niedrigen Temperaturen (unter 400 °C) kann die 

meisten damit verbundenen Probleme bei der klassischen CSR-Technik überwinden.  

In diesem Zusammenhang wurde ein neues Konzept verschiedener poröser und 

wasserstoffselektiver Membranen auf Kohlenstoffbasis als geeignete Kandidaten für die 

Herstellung von sogenanntem „grünem Wasserstoff“ mittels eines katalytischen 

Membranreaktors (CMR) zur Bioethanol-Dampfreformierung (b-ESR) untersucht. Die 

untersuchten Membranen auf Kohlenstoffbasis wurden mittels klassischer Gastrennungs-

experimente untersucht. Temperatur- und druckabhängige Einzel- und Mischgaspermeations 

experimente wurden im Labormaßstab durchgeführt, eng an die industriellen Bedingungen 

angepasst. Aus den untersuchten Membranen auf Kohlenstoffbasis konnte gezeigt werden, 

dass zwei Arten von Membranen, nämlich die metallorganische Gerüstmembran (CAU-10-H) 

und die Gruppe der oberflächenmodifizierten Graphit-membranen (SMG) zeigten 

vergleichsweise die vielversprechendsten Ergebnisse. Die Mischgastrennfaktoren der CAU-

10-H und SMG-Graphitmembran (z.B. ETMS-modifizierte Membran) konnten für α 

(H2/CO2) von 11,1 oder 8,0 und für α (H2/H2O) von 5,7 bzw. 10,2 erreicht werden. Zusätzlich 

zeigen die SMG- und die CAU-10-H-Membrantypen vorteilhafte Trennleistungen von 

Wasserstoff in Gegenwart großer Mengen Wasserdampf (bis zu 18 Vol.-% H2O) und besitzen 

eine gute hydrothermale Stabilität bei klassischen Gastrennungsexperimenten. 
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Schlagwörter: Wasserstofftrennung, Gastrennung, Mischgastrennung, kohlenstoffbasierte 

Membran, Graphit Membran, modifizierte Graphitoberflächen, Dampfreformierung, 

mikrofokussierte Ramanspektroskopie, G1/D1 Peak-Beziehung, XPS, CAU-10-H Membran, 

Metall-organische Gerüstverbindungen
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1. Introduction 

 

In consideration of the numerous national and international conferences and dialogues 

(Kyoto 1997 and Paris 2015) in terms of preventing the climate change by CO2 emissions, it 

is almost surprising that the leading industrial and upcoming industrial nations still cover their 

energy needs mainly from fossil energy sources [1–5]. The usage of renewable or fossil 

energy sources has always been a question of the local availability, production costs, the 

progress of technology and related environmental pollution of water or air. From European 

history, several examples for the change of energy sources or carriers can be found for the use 

of renewable or fossil energy sources [6]. Examples include the transition from medieval 

societies, dominated by renewable energy source like wind- and watermills as well as 

biomass, to industrial nations, dominated at first by coal powered steam engines and followed 

by internal combustion engines using liquid fuels. These developments have been promoted 

by the rapid progress in upcoming technologies and the growing needs of the rapid population 

growth. Nevertheless, at the beginning of the 20th century, pioneering works for the 

development of sustainable engines for mobility powered from renewable energy carriers by 

R. Diesel, who presented its peanut oil powered engines at the Exhibition in Paris 1900, and 

the development of electric vehicles became less attractive by the faster technological 

progress of gasoline powered engines [7,8]. 

Today’s demand from science and research on the usage of sustainable and renewable energy 

sources arises mainly from the embargo of oil shipments to the Western nations by the arab 

members of the “Organization of the Petroleum Exporting Countries” (OPEC) in 1973-

1974 [6]. The subsequently drawn supply shortage of fuels caused a dramatic increase of the 

oil export prices, followed by a global recession and revitalised the search and development 

of alternative and renewable energy sources and fuels.  

In the progress of technology of the last 40 years, it might appears as the irony of history that 

latest renewable energy sources almost based on the medieval energy sources (wind, water, 

biomass) and solar energy [9]. The disadvantage of wind, water, biomass and solar power as 

primary energy source is their location and time dependency in the availability of wind 

power, solar radiation, the limited number of rivers with sufficient gradients or suitable 

feedstocks for biomass production. To become independent from the disadvantages 

mentioned before, hydrogen is primarily discussed as clean and sustainable carbon-free 

energy carrier to store the energy generated by sustainable primary power plants [10,11]. In 
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the next step, the stored hydrogen can be freely applied in end-use technologies such as fuel 

cells, engines, turbines or boilers [11]. To produce electric energy by fuel cells, hydrogen only 

produced water as by-product and is a suitable approach as carbon-free key technology for 

preventing global warming by CO2 emission. Currently, in contradiction to hydrogen as clean 

energy carrier, most of the world hydrogen production is conducted by steam reforming of 

natural gas [12], see Equation 1, taken from [13].  

Eq. 1    𝐶𝑚𝐻𝑛 + 𝑚𝐻2𝑂 = 𝑚𝐶𝑂 + (𝑚 +  12 𝑛) 𝐻2 

In industry, steam reforming of hydrocarbons is the most preferred process for the production 

of hydrogen. The process required low process temperatures and generate the highest H2/CO 

ratio. The produced CO is convertible to CO2 by a low temperature water gas shift reaction 

(WGSR). Here, the most serious problems are the dependence on fossil fuels and the 

production of high amounts of CO2, which increase the greenhouse effect.  

A new strategy is the clean and sustainable hydrogen production from biomass by pyrolysis, 

gasification or biologic fermentation of organic matter from energy crops and organic wastes 

from agriculture, forestry or municipality. The process also produce H2 and CO2 as by-

product, but biomass also consume CO2 from atmosphere during its growth, so that it is 

described as carbon neutral resource [13,14]. The disadvantages of the direct production of 

hydrogen from biomass are the numerous liquid (tar and oils) and solid (char and carbon) co-

products and residuals, which need further processing steps or deposition. Furthermore, 

unsolved problems for the riskless storage and release of gaseous or chemical bonded 

hydrogen remain, here. 

A cleaner, more riskless and cheaper technical solution is the production of so-called “green 

hydrogen” by catalytic steam reforming (CSR) of bio-ethanol [11,13,15–17]. This process 

offers several advantages as compared to the direct production of hydrogen from biomass: 

bio-ethanol is also a clean renewable energy carrier with an closed carbon cycle, since it is 

produced by fermentation of biomass using ethanolgenic microorganisms [18–20]; with a 

molar ethanol/water ratio of about 1:13, bio-ethanol is a riskless and stable chemical for 

storage or transportation; steam reforming of bio-ethanol is a clean process, only gaseous 

products are generated and the process is already established in recent industrial application, 

as mentioned before. Ethanol steam reforming (ESR) is an endothermic reaction and benefits 

thermodynamically from higher temperatures. Therefore, classic ESR is conducted at high 

temperatures of between 400 °C and 1000 °C because of the full ethanol conversion and high 
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hydrogen selectivity. Essential for this process is the choice of a suitable catalyst, which 

directly decides on ethanol conversion, numerous and complex reaction pathways and 

hydrogen selectivity dependent on ethanol/steam ratio and process temperature. The huge 

disadvantage of catalytic steam reforming of bio-ethanol at high temperature is the production 

of high amounts of CO, beside several other side-reactions. Since carbon monoxide is a toxic 

gas and deactivates the anodic catalyst in fuel cells (poison effect), it has to be removed from 

the reaction mixture by further process steps like low temperature WGSR, pressure swing 

adsorption or a hydrogen-selective Membrane (ceramics or noble metals), which makes the 

reaction handling further complicated and cost intensive [11,13]. The formation of CO and 

other side-products is suppressed by CESR at low temperatures (< 400 °C), but the process 

suffers from a low ethanol conversion, low hydrogen selectivity, low catalyst stability by the 

formation of coke and benefits the formation of methane, beside several other side-reactions 

[21–23].  

The introduction of a membrane-supported low temperature CESR process for the in situ 

extraction of hydrogen could minimise most of the disadvantages described before. Further, 

the removal of hydrogen from the product-side of the CESR process using a so-called 

“catalytic membrane reactor” (CMR), as commonly described in Eq. 1, should improve the 

ethanol conversion, hydrogen selectivity of the reaction, prevent undesired hydrogen 

consuming side-reaction like methanation, CO2 + 4H2  CH4 + 2H2O, or hydrogenolysis of 

ethanol to methane, C2H5OH + 2H2  2CH4 + H2O, and improves drastically the purity of 

produced hydrogen. For the application of the bio-ethanol steam reforming (b-ESR) process 

in a catalytic membrane reactor (CMR), a suitable membrane that meets various requirements 

has to be found. Firstly, the membrane has to separate preferentially hydrogen in the excess of 

water (steam) that require a sufficient high mixed gas selectivity of α (H2/H2O) to prevent that 

too much steam is extracted from the reaction, which would decrease the reaction efficiency. 

Secondly, a sufficient high mixed gas selectivity of α (H2/CO2) is required for a high purity of 

the produced hydrogen, which reduces further purification processes. Finally, the suitable 

membrane requires a thermal stability up to 400 °C in the presence of huge amounts of steam, 

CO2 and traces of other undesired by-products.  

For this purpose, the focus of my dissertation was on the synthesis, development and 

characterisation of microporous carbon membranes and their further developments built on 

the findings obtained. Furthermore, we investigated a selected metal-organic framework 

(MOF) membrane for the challenging separation process. Thus, the dissertation is structured 
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in the following by the theoretical and experimental basics, followed by the two topic areas as 

follows: microporous carbon membranes and porous graphite membranes, the Conclusions 

and a brief outlook. 
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2. Theoretical and experimental basics  

 

2.1.  Permeation in porous membranes 

2.1.1. Membranes as porous solids 

A porous solid is generally described by the presence of cavities, channels or interstices in the 

solid, which proportions are deeper than their width [24]. Irregularities on a material with 

proportions less deep than their width are defined as surface roughness. The pores of a solid 

are commonly classified by their shape (cylindrical, ink-bottle, funnel or slit shaped), their 

accessibility to an external fluid (open, closed, blind or dead-end pores) and size (pore 

diameter or width). The pore size defines the smallest possible distance between two opposite 

pore walls, which limits the pore entrance. Usually, porous materials are classified into three 

domains by their pore sizes: micropores are smaller than 2 nm, mesopores are inbetween of 

2 nm and 50 nm, and macropores are larger than 50 nm. Materials with pore sizes in the order 

of 1 nm to 100 nm are commonly summerised under the term of nanoporous materials 

[25,26]. Due to the huge importance in versatile applications in porous membranes or 

catalysts, e.g. for a size-selective separation mechanism (see molecular sieving), the pore size 

of porous materials need to be determined precisely. Nevertheless, the precise determination 

of the “pore size” or “pore width” is a still complex question by the presence of different pore 

shapes, their connectivity or the distribution of pore sizes in the same material.  

2.1.2. Mass transport in membranes 

In the terminology of membranes and membrane processes, a membrane is simply defined as 

a structure through which a mass transfer can occur due to numerous driving forces with a 

lateral dimension much greater than thick [27]. The mass transfer is generally described as the 

flux (Ji) by the number of moles, volume or mass of a component i passing the membrane per 

time and surface area normal to the membrane thickness. The driving force of physical as well 

as chemical processes thermodynamically based on the dissipation of energy, which is 

described by the Entropie S [28]. The direction of a process (mass transfer) or reaction is 

defined by the change of the free Enthalpy (ΔG) as a function of the variation of the inner 

Energy (ΔU) or Enthalpy (ΔH) and Entropie (ΔS) of a system under study, see Eq. 2: 

Eq. 2    ∆𝐺𝑇,𝑝 = ∆𝐻𝑇,𝑝 − 𝑇∆𝑆𝑇,𝑝 
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In general, a physical or chemical process spontaneously occurs at constant pressure and 

temperature by the decrease of free Enthalpy (ΔG < 0) of a system. Without a change of the 

free Enthalpy (ΔG = 0), the observed system or process is in equilibrium and no driving force 

is present. As example, from Eq. 2 it follows that, in an isolated system a spontaneous 

physical change of state or process only occurs by the increase of Entropy S at constant 

pressure (p) and temperature (T). 

The diffusive mass transport of a component i through a medium is defined by Fick’s first law 

of diffusion, which commonly describes the flux as a function of a transport or diffusion 

coefficient and a gradient in concentration (grad c). The local change of concentration is 

mathematically formulated as the first derivation of concentration with respect to the place 

[28]. Fick’s first law of diffusion is written in terms of solids or porous solids with very 

narrow pores (micropores) by 

Eq. 3    𝐽𝑖 = − 𝐷𝑖 𝜕𝑐𝑖𝜕𝑥 ,   with a gradient of concentration, 

in terms of an ideal solution by  

Eq. 4    𝐽𝑖 = −𝐶 𝐷𝑖 𝜕𝑦𝑖𝜕𝑥 , with a gradient of mole fraction, 

or in terms of an ideal gas by  

Eq. 5    𝐽𝑖 = − 𝐷𝑖𝑅𝑇  𝜕𝑝𝑖𝜕𝑥  , with a gradient of partial pressure, 

which partly contain related thermodynamic correction factors [29]. In all cases, the driving 

force of diffusive mass transport is independently described, from the state of the aggregate, 

by the gradient of chemical potential (grad µ), see refs. [25,28]. This thermodynamically 

means, that in a system in equilibrium, no diffusive mass transport occurs since no gradient of 

chemical potential exist. In accordance with the discussion of Eq. 2, for pure substances the 

chemical potential µ is only a synonym for the free Enthalpy (G). Further, the maximum of 

non-volume work (dw) that a system can perform is in accordance to the change of free 

Enthalpy (ΔG) at constant pressure (p) and temperature (T). Thus, the performed work of a 

system for diffusive mass transport corresponds to the change of chemical potential or free 

Enthalpy (dw=dµ=ΔG) with respect to the place, which is described by Eq. 6. 

Eq. 6    𝑑𝑤 = 𝑑µ = (𝜕µ𝑖𝜕𝑥 )𝑝,𝑇 𝑑𝑥   
In general, the work required in a system to move a particle by a distance dx against a 

counterforce F is defined by Eq. 7.  

Eq. 7    𝑑𝑤 = −𝐹 𝑑𝑥 
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In comparison of Eq. 6 and 7, it follows that the gradient of the chemical potential (grad µ) is 

commonly described as the driving force of diffusive mass transport, see Eq. 8. 

Eq. 8    𝐹𝑇ℎ =  − (𝜕µ𝜕𝑥)𝑝,𝑇 

Due to the spontaneous tendency of particle movement, the driving force of diffusive mass 

transport is described as thermodynamic force FTh (as function of pressure and temperature), 

rather than as real force [28]. 

2.1.3. Experimental Approach 

In general, membrane permeation experiments under quasi-steady-state conditions are the 

most commonly used method for the determination of mass transfer through a porous 

membrane or catalyst [30,31]. One side (feed or upstream) of the porous membrane is 

constantly kept under a defined pressure and the pressure on the other membrane side 

(permeate or downstream) subsequently increases due to the amount of permeated gas 

through the membrane with the time or is also kept constant, see Fig. 1.  

Figure 1: Schematic illustration of the different phase boundaries of permeation experiments under quasi-

steady-state conditions at equilibrium. 
The advantage of this concept is the simple experimental setup and application of this 

method. Furthermore, it allows the easy description of the flux Ji of a component i through a 

porous membrane, which is proportional to the permeability (B) and the quotient of the 
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pressure difference (Δpi), between the feed and permeate side of the membrane, and the 

membrane thickness L, see Eq. 9 and Fig. 1. 

Eq. 9    𝐽𝑖 = 𝐵𝑖  ∆𝑝𝑖𝐿   

For single gases, the permeability (Bi) is simply described as the flux (Ji) normalised by the 

known pressure difference (Δpi) between feed and permeate side of the membrane and the 

membrane thickness (L), see Eq. 10. For gas mixtures, the known pressure difference (Δpi) is 

defined by the partial pressure. 

Eq. 10    𝐵𝑖 = 𝐽𝑖  𝐿∆𝑝𝑖 
This uniform description of the flux Ji of a component i through a membrane by Eq. 10, is 

essential for the comparison of different membranes with unequal shapes, thicknesses and 

were measured at varying conditions. In literature, the flux Ji is commonly discussed by the 

permeance P due to description of single membrane permeation experiments. The permeance 

P is defined as the flux Ji of a component i normalised by the known pressure difference (Δpi) 

between feed and permeate side of the membrane [27]. In this work, membrane permeation 

experiments were performed under quasi-steady-state conditions as mentioned before and in a 

modified Wicke-Kallenbach setup for the characterisation of the porous membranes under 

study [31,32]. For the latter method, the feed side of the membrane was also constantly kept 

at a defined pressure, but the permeate side was swept with a pure carrier gas stream, see Fig. 

1. Further, a vacuum pump was partially used to generate a pressure of about 1×103 Pa (~ 

10 mbar) on the permeate side of the membrane, which was analysed by an online coupled 

gas chromatograph. The full miscibility of the used gas mixtures was achieved by high gas 

velocities of about 50-100 mL/ min on the feed and optional 5-50 mL/min on the sweep side 

of the porous membrane. 

The disadvantage of membrane permeation experiments under quasi-steady-state conditions is 

the interpretation of the quite complex interactions of different mass transport regimes, phase 

boundaries and driving forces, which are in thermodynamic equilibrium to each other. As 

illustrated in Fig. 1, four phase boundaries need to be considered for membrane permeation 

experiments. The first phase boundary is between the free gas molecules of the feed and the 

layer of adsorbed gas molecules on the surface of the porous membrane. The diffusive mass 

transport of the feed mixture, described by the gradient of partial pressure pi (see Eq. 5), as 

well as the process of physical adsorption on the membrane surface based on the gradient of 

chemical potential µi. The amount of surface adsorbed molecules on the membrane surface is 
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commonly defined as the degree of coverage (ϴ), which describes the dynamic equilibrium 

between the number of occupied and available adsorption sites on the porous membrane 

surface. The degree of coverage (ϴ) of a surface is generally characterised by i) various 

adsorption isotherms, e.g. Langmuir and Freundlich isotherm are to mention, as a function of 

pressure (p) for single gases or partial pressure (pi) for gas mixtures and ii) by the van’t Hoff 

or Clausius-Clapeyron equation as a function of temperature (T) [28,33]. The second phase 

boundary is between the layer of physically adsorbed gas molecules on the membrane surface 

and the amount or concentration of adsorbed molecules within the porous membrane. In 

porous membranes, the diffusive mass transport generally occurs by various transport 

mechanisms in dependence on the characteristic properties of the pores and the diffusing gas 

molecules, which passes through the porous membrane [33,34]. Thus, the diffusive mass 

transport based on the gradient of concentration (grad c) or partial pressure (grad pi) of a 

component i within the membrane surface on the feed (2nd phase boundary) and permeate (3rd 

phase boundary) side of the porous membrane, see Eq. 3 and 5. Consequently, the membrane 

surface on the permeate side of the membrane (4th phase boundary) is also in a 

thermodynamic equilibrium with the permeate composition. 

2.1.4. Transport mechanisms 

In porous membranes, the most relevant transport mechanisms are molecular sieving, 

selective surface diffusion, Knudsen diffusion, and viscous flow or molecular diffusion. 

Which of these mechanisms dominates of the porous membrane under study is mainly 

determined by two sensible ratios of the effective pore size (deff) to i) the mean free path 

length (λ) and to ii) the kinetic diameter (σ) of diffusing molecules. Additionally, permeation 

experiments may selectively be affected by adsorption of the diffusing gas species on the 

surrounding pore surface by dispersion interactions. The mean free path length (λ) describes 

the distance travelled between two molecule collisions of a single molecule species as a 

function of temperature (T), Boltzmann constant (k), pressure (p) and the collision cross-

section (𝐴𝑖) of a molecule species (i), see Eq. 11 [28]. 

Eq. 11    𝜆𝑖 =  𝑘∙𝑇√2∙𝐴𝑖∙𝑝 

The kinetic diameter (σ) of a molecule is defined as the intermolecular distance of the closest 

approach of two molecules, which collides with an initial kinetic energy of zero [33,35,36]. 

Dependent on the shape and polarity of a molecule, the molecular dimension is calculated for 

i) spherical and nonpolar molecules by the Lennard-Jones potential (ϕ), ii) diatomic, long and 
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more complex molecules, e.g. hydrocarbons or n-paraffins, by the minimum of the cross-

sectional molecular diameter and iii) polar molecules by the Stockmayer potential. Exemplary 

values of the kinetic diameter (σ) for H2, CO2, H2O and ethanol (C2H5OH) in accordance with 

their rising diameter are given as follows: 𝜎𝐻2𝑂 (2.65 Å) > 𝜎𝐻2  (2.89 Å) > 𝜎𝐶𝑂2  (3.30 Å) > 𝜎𝐶2𝐻5𝑂𝐻 (4.50 Å) 

Due to the complex architecture of porous membrane related to the pore shape, pore size 

distribution, connectivity, surface roughness and so on, the following discussion of occurring 

diffusion mechanisms is limited to the simple description of mass transfer through a single 

pore with the shape of a straight cylindrical pore. The diffusive mass transport in a porous 

membrane with a pore size larger than the mean free path length (dPore>λMolecule), is dominated 

by molecule-molecule collisions rather than by molecule collisions with the pore wall and 

similarly occurs to those conditions described in an ideal gas, see Eq. 5. Thus, the flux 

through a porous membrane is described by the Hagen-Poiseuille law (see Eq. 12), which is 

commonly called as non-selective viscous flow or Poiseuille flow [34,37,38]. 

Eq. 12    𝑉̇ = 𝑑𝑉𝑑𝑡 = 𝜋∙𝑟48∙𝜂 ∆𝑝𝑙  

For single gases and gas mixtures, the volume flux (𝑉̇) through a straight cylindrical tube 

simply depends on the pressure difference (Δp) between the two openings of a tube with a 

length (l), a radius (r) and the gas viscosity (η). The gas viscosity generally results from the 

direction-dependent moment transfer of  between the diffusively reflected molecules from the 

pore walls and the free gas molecules passing through the pore as a function of the molecular 

weight (Mi), the mean free path length (λi), the mean velocity (𝑐̅i) and the concentration [Ai], 

see Eq. 13 [28]. 

Eq. 13    𝜂𝑖 = 13 𝑀𝑖𝜆𝑖𝑐𝑖̅[𝐴𝑖] 
For pore sizes equal to or smaller than the mean free path length (dPore ≤ λMolecule), the 

diffusive mass transport in porous membranes is increasingly determined by molecule-wall 

collisions with the decrease of the pore size. Thus, the molecular transport is dominated by 

the properties of the pore in size, shape and the interaction of the diffusing gas molecules with 

the pore wall by adsorption due to dispersions or polar interactions [26]. In this case, the 

diffusive mass transport (permeance) of two different gas species (JA,JB) through a porous 

membrane is equivalent to the square root of their molar mass ratio, see Eq. 14 [34,37–40]. 

Eq. 14    
𝐽𝐴𝐽𝐵 = √𝑀𝐵𝑀𝐴 
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For porous membranes with very narrow pores, the diffusive mass transport is generally 

dominated by two size-selective transport mechanisms: i) molecular sieving and ii) selective 

surface diffusion. Size-selective molecular sieving occurs in very narrow pores related to the 

dimension of the kinetic diameter (σ) of diffusing molecules. Here, the diffusive mass 

transport is limited by steric hindrance, so that only these molecules can pass through such 

pores with a suitable kinetic diameter (σ) equal to or smaller than the effective pore size (deff) 

of the porous membrane. In pores with an effective pore size (deff) equal to or greater than the 

kinetic diameter (σ) of diffusing molecules, selective surface diffusion may occur due to 

preferential adsorption and permeation of the larger molecule species. Thus, the smaller 

molecules of a gas mixture are sterically hindered to enter the pores by the presence of the 

larger molecules in the pore but the smaller molecules cannot completely be excluded from 

the permeation process. Nevertheless, the assumption of a constant value of the kinetic 

diameter (σ) of molecules or pore size (d) is at least questionable by the dependence of bond 

length and vibration modes on temperature (T) and pressure (p) conditions. With regard to 

molecular sieving, the size-selective separation mechanism sensible dependence on the 

binding conditions of the limiting atoms of a pore. In the case of zeolite membranes, the 

temperature effect on the effective pore size (aperture) ranges between 0.1 Å or 0.2 Å, which 

can strongly affect the separation performance of a porous membrane [33]. Therefore, the 

effective pore size (deff) is experimentally determined by systematic permeation studies under 

required conditions.  

2.1.5. Systematic permeation studies 

The characterisation of a porous membrane by temperature- and pressure-dependent 

permeation experiments under steady-state condition (see Eq. 9) allows to draw conclusions 

of the specific transport mechanisms and related separation properties of the porous 

membrane under study with regard to Fick’s first law of diffusion (see Eqs. 3-5). In all cases, 

the specific performance of a porous membrane based on the velocity determining step by the 

contributions of the diffusivity (Di) and amount of adsorbed molecules (grad i) of a 

component (i) between the feed and permeate side of the membrane. Therefore, an increase as 

well as a decrease of the single gas permeance (Pi) of a component (i) through a porous 

membrane is generally observed in temperature-dependent permeation measurements. An 

increase of the mixed gas permeance of a single gas component with rising temperature 

probably results from an activated diffusion process as described for a molecular sieving or 
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surface diffusion mechanism [34]. The hopping rate (𝜗𝑖) of a molecule (i) from an occupied 

site to a vacancy with a distance (𝛿) on the pore surface may require a certain activation 

energy (EA), at a temperature (T) and the universal gas constant (R) is described by an 

arrhenius-like equation, see Eq. 15. 

Eq. 15    𝐷𝑖 = 𝜗𝑖𝛿𝑖2 ∙ 𝑒(−𝐸𝐴𝑅𝑇) 

A decrease of the single gas permeance (Pi) of a component (i) through a porous membrane 

with rising temperature generally results from two effects: i) the increase of mixed gas 

viscosity (η) for a pore size larger than the mean free path length (dPore>λMolecule), see Eq. 12 

and 13, or ii) the decrease of adsorbed gas molecule on the porous membrane for pore sizes 

equal to or smaller than the mean free path length (dPore ≤ λMolecule). The decrease of adsorption 

with rising temperature is due to the exothermic nature of adsorption. Since physical 

adsorption is a voluntary process and only occurs in the case of a reduction of the free 

Enthalpy (ΔG), see Eq. 2. As a consequence of adsorption, the value of Entropie (ΔS) is 

negative by the reduction of the degree of freedom in molecular vibrations for the adsorbed 

species. Therefore, the need of a negative value of the free Enthalpy (ΔG) is only achieved by 

the reduction of the inner Energy (ΔU) or Enthalphy (ΔH) of the molecule, which defines the 

process of adsorption as an exothermic reaction. For multi-component gas mixtures, both 

effects of diffusion and also adsorption as velocity determining step can separately as well as 

together dominate the gas permeation of a single membrane. This means, that for a binary or 

multi-component gas mixture, all gases or some of the gas species can follow a diffusion or 

adsorption dominated permeation behavior within a single porous membrane as a function of 

the nature of diffusing gas molecules (kinetic diameter, mean free path length), pores 

(effective pore size or distribution, adsorption properties, diffusion mechanisms), pressure and 

temperature.   

For pressure-dependent permeation experiments at constant temperature (T), the flux (Ji) of a 

component (i) through a porous membrane ideally increases proportional to the applied 

pressure difference (Δp) between the feed and permeate side of the membranes, assumed for 

an ideal adsorption behavior (Henry’s law). In this case, the mixed gas permeance (Pi) of a 

component (i) is invariant with increasing pressure difference, since the permeance is defined 

as the flux normalsied by the known pressure difference (Δpi), as mentioned above. A 

deviation from this behaviour indicates a change of the dominating transport mechanism or 

adsorption behavior. 
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2.2.  Carbon-based materials 

Nowadays, carbon-based materials are used in a countless number of industrial and 

technological applications, e.g. in lubricants; brake manufacturing; refractories for steelworks,  

foundries or others; carbon brushes; pencils; graphite anodes in the processes of fused-salt 

electrolysis for the production of aluminium or alkali metals; as well as energy sector as part 

of batteries, or fossile carbon energy resources (coal or hydrogen) etc. [12,13,41,42]. The use 

of carbon-based materials in all of these applications is closely linked to the specific 

properties of carbon-based materials as a function of their large range of structural chemistry. 

Consequently, there is the same countless body of quotable literature that in the following 

chapter only a selected number of references are present to show the most important key 

points in the structural and chemical evolution of carbon-base materials, from amorphous or 

disordered materials to carbon in the crystalline state as graphite, for this dissertation. 

The formation of carbon-based materials from any starting material (e.g. organic matter or 

synthetic organic polymers) is accompanied by a number of quite complex processes, i.e. 

carbonization and subsequent graphitization, see Fig. 2. In general, the processes of primary  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic illustration of the structural evolution for a “graphitizing” carbonaceous material (e.g. 

anthracene-based precursor) passing “4 Stages” of order through high temperature treatment (HTT), adapted 
from Rouzaud et. al. (1989) [43], with permission. The added classifications of ”Carbonization” and 
“Graphitization” and others being in accordance with Oberlin et. al (2012) [44].  
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and secondary Carbonization can be described by the progressively increase of structural 

order through 4 Stages accompanied by the chemical conversion of the used starting organic 

material (precursor) forming carbonaceous materials and finally carbon-rich materials 

(“pristine carbon”) [44,43,45,46], see Fig. 3a. Here, only the nomenclature separates the 

processes of thermal conversion of a carbonaceous material in two keywords like 

“Coalification”, accompanied by a progressive increase of pressure due to long-term 

metamorphism, and short-term “Carbonization” at ambient pressure due to laboratory or 

industrial conditions. Consequently, the same processes independently occurs until the final 

process of graphitization in the case of “Coalification” at much lower temperatures, 

approximately between 200°C and 700°C, than in the case of “Carbonization” with the need 

of “high temperature treatment” (HTT) up to 3000°C (cf. Fig. 2 and 3b). In the following 

chapter, it is shown that the formation of a specific microtexture in carbon-based materials 

(independent from the ability to be graphitizing or nongraphitizing) during “Carbonization” 

by HTT is primarily determined by the choice of starting materials (precursors), its related 

chemistry in terms of the quantity and kind of heteroatoms, and formation conditions.  

Figure 3: Chemical evolution from hydrogen-rich to oxygen-rich carbonaceous rocks (kerogen types I to III) 

shown in a “van Krevelen diagram” during processes from Coalification to Graphitization in (a), and Raman 
spectra of carbonaceous materials in metamorphic rocks with related “metamorphic facies” in (b). Indicated 
peaks in the first order region are marked in red, adapted from [46], with permission. General details of facies 

related pressures are taken from [47]. 
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The general process of “Carbonization” can be intrinsically divided into the range of “primary 

Carbonization” by the formation of a carbonaceous material with a specific microtexture 

associated with the thermal conversion of an organic precursor (see Fig. 4a), and “secondary 

Carbonization” by the progressive development of the already formed microtexture of the 

carbonaceous material during primary Carbonization, see Fig. 2. The primary Carbonization 

is generally accompanied by “Softening” and “Solidification” of an organic precursor. The 

secondary Carbonization can be additionally subdivided into 3 Stages associated with 

different ordering processes which occurs in graphitizing as well as nongraphitizing carbon 

materials with the related difference in the size of the formed coherent microtexture [43]. For 

graphitizing carbon materials, further HTT up to 3000°C results into a fourth Stage which is 

commonly described by “Graphitization”. Here, the process also occurs only for graphitizing 

materials which are able to form three-dimensional periodic structures (crystals), i.e. that of 

graphite, as shown in Fig. 4b-d. 

2.2.1. Primary Carbonization 

As mentioned above, primary Carbonization corresponds with an increase of the carbon 

content and extends beyond the phase of “Softening” of an organic precursor (see Fig. 4a). 

The Softening occurs with the thermally induced release of condensable hydrocarbons and is 

mainly dominated by the quantity and kind of heteroatoms [44]. For a graphitizing organic 

precursor hydrogen (H) is the most important heteroatom. Here, the organic precursor breaks 

into smaller molecules with its maximum formation rate at the initial stages of primary 

carbonization and is related to a maximum of aliphatic C-H groups. Consequently, primary 

Carbonization ends with the absence of condensable hydrocarbons to be released 

accompanied with the “Solidification” of the evolved carbonaceous material between 460°C 

and 550°C. Therefore, primary Carbonization takes place only in a small temperature range 

between approximately 400°C and 600°C. Other heteroatoms commonly present in natural as 

well as synthetic organic precursors like e.g. oxygen (O), sulfur (S), nitrogen (N) or chlorine 

(Cl) have much higher thermal stability and disappear only at HTT of approximately 1400°C 

or higher, see Table 1. In comparison with the process of Coalification, the primary 

Carbonization covers the so-called “oil window” (white area) which corresponds to the main 

zone of oil formation in the “van Krevelen plot”, see Fig. 3a. Consequently, the most 

important heteroatom of graphitizing carbons is hydrogen (H), whereas oxygen (O) and sulfur 

(S) are described as the most critical heteroatoms since both elements are described as strong  
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Figure 4: Overview of the most important aspects in the microtextural development for a graphitizing carbon-

based material (e.g. anthracene-based precursor): an example of an organic precursor is demonstrated in (a), 

adapted from [48], with permission; the unit cell of 2H-polytpye of graphite is displayed in (b), adapted from 

[49], with permission; experimental data of a natural graphite crystal are displayed by “scanning transmission-

electron microcopy” (STEM) micrograph (right) combined with related “selected area electron diffraction 
pattern” (SAED) micrograph (left) parallel to c0 in (c), and parallel to a0 in (d), measured in this work. 

Additional SAED and STEM micrographs are shown for ordering processes during secondary Carbonization in 

(e) to (j), adapted from [43], with permission.  
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Table 1: List of usually occurring heteroatoms (Elements) in starting materials (precursors) of carbon-based 

materials and its known thermal stability for several “heat treatment temperatures” (HTT) from literature [44]. 

Elements starting materials (precursor) 
HTT stability of 

heteroatoms 
Ref. 

H 
aliphatic/aromatic compounds 

(e.g. anthracene) 
600 to 1500°C [43,44] 

O 
coals, coal-derived cokes, saccharose 

cokes, industrial resin-based products 
≥ 1500°C [43,44,50] 

S coals, pitches ≥ 1700°C [51,52] 

N PAN-based carbon fibers ≤ 1400°C [53] 

Cl PVC- or PVDC-derived carbons = 2000°C [44] 

“cross-linkers” [43,44]. As a consequence of high quantities of strong cross-linkers (e.g. O or 

S), the point of solidification can be shifted to lower temperature or even the phase of 

softening does not occur. The absence of material softening is an important characteristic of 

nongraphitizing precursors or carbonaceous materials accompanied by the formation of 

noncondensable gases that corresponds to the latter stage of solidification but with much 

higher heteroatom content before and afterwards of primary carbonization. For a graphitizing 

(anthracene-based) and nongraphitizing (saccharose-based) carbonaceous material, the 

development of atomic ratios for (H/C) and (O/C) during the release of heteroatoms through 

HTT is exemplarily shown in Fig. 5. Here, the progressive release of hydrogen until its 

minimum of (H/C: 0.03) for the graphitizing precursor at relative low HTT (< 1000°C) in 

comparison with the high variable change for the nongraphitizing precursor until its minimum 

of (H/C: 0.01) at high HTT (~ 1500°C) illustrates the difference of these precursors at best, 

see Fig. 5a. Furthermore, for the nongraphitizing precursor, the hydrogen release seems to be 

related with the release of the much higher content of oxygen, see Fig. 5b. This relation can 

be described by the quantity and kind of heteroatoms in the microtexture of carbonaceous 

materials or carbon-based materials. 

Figure 5: Development of atomic ratios for (H/C) in (a) and (O/C) in (b) during the release of heteroatoms (i.e. 

oxygen, hydrogen) for a graphitizing (anthracene-based) and a nongraphitizing (saccharose-based) carbonaceous 

material through high temperature treatment (HTT) up to 1500 °C in argon. Data are taken from [43].  
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During primary Carbonization, the formation of a specific “microtexture” from an organic 

precursor also begins with the softening. During the release of condensable hydrocarbons a 

viscous suspension can be formed in which heavier molecular fragments (e.g. aromatic 

hydrocarbons) are dispersed in a medium of smaller molecular fragments (i.e. condensable 

hydrocarbons). Here, the heavy molecular fragments are described as the so-called “basic 

structural units” or “BSUs” from which the specific microtexture of carbon-based materials is 

generally built (cf. Fig. 4a and Table 2). The basic structural units are formed, e.g. at the 

expense of aromatic molecules already present in the organic precursor, with a random 

distribution in the carbonaceous material. Molecular mechanics calculations for various 

geometric arrangements and combination of polynuclear aromatic hydrocarbons in pitches 

(see Table 2) could show that the most probable arrangement in carbonaceous materials is the 

formation of coronene- (Ø: 9.2 Å) or ovalene-like (dimension: 9.2 x 11.6 Å) BSUs saturated 

at most by hydrogen [44,54]. For homologous as well as heterogeneous polynuclear aromatic 

hydrocarbons (BSUs), the association preferentially occurs “face to face” in a parallel shifted 

stack arrangement of 2 to 3 BSUs with a general displacement of 4.7 Å (see Table 3). The 

addition of a third or fourth BSU to an already formed stack leads to its orientation 

“perpendicular” (with its face to the edges) to the previous one. Furthermore, methyl groups 

seem to encourage the interaction between dissimilar polynuclear aromatic hydrocarbons 

(BSUs) by its preferential orientation inside the stacks.  

Table 2: Single molecules of polynuclear aromatic hydrocarbons with different size and structure used in 

„Molecular mechanics calculations [54], shown in Table 2. With permission from Elsevier. 
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Table 3: Calculated energies for 4 configurations of homogeneous aromatic hydrocarbon dimers relative to the 

molecules at infinite separation, described in Table 1 [54]. With permission from Elsevier. 

Experimental analyses by different techniques revealed and therefore verifies for 

carbonaceous materials with relative low carbon content (~65 to 86 wt.-%) the occurrence of 

single BSUs randomly oriented in the materials (e.g. immature kerogens, coals, oil 

derivatives, saccharose- or resin-based chars etc.) in accordance with the previously described 

theoretical data. Small-angle neutron scattering of asphaltenes could show aromatic molecules 

of the size between 0.7 and 1.5 nm and molecule stacks of 1 nm or less in diameter [55,56]. 

Transmission electron microscopy (TEM) studies of thin amorphous and crystalline carbon 

films show the occurrence of BSUs (as described above) by small localized coherent domains 

with an general diameter of 1 nm or less [44,57]. Independent from the used diffraction 

technique (e.g. wide-angle x-ray diffraction-WAXRD, small-angle electron diffraction-

SAED), all data show a more or less bright halo at about 0.2 Å-1 (4.6Å) [57–61]. Here, the 

halo position varies in the reciprocal space from 0.22 Å-1 related to a distance of 4.6 Å (for 

carbonaceous materials with a very low carbon content at about 65 wt.-%) to 0.24 Å-1 related 

to a distance of 4.1 Å (for carbonaceous materials with a very low carbon content of less than 

86 wt.-%) [44]. Nevertheless, analyses of the carbonaceous materials by spectroscopic 

methods (e.g. UV, VIS, IR, ESR, TPD-MS, HRTEM, or neutron diffraction technique) at that 

stage show that heteroatoms like H, O, N, S, or Cl are grafted at the edges of BSUs by various 

kinds of possible functional groups in relative large amounts, see subsection of “Functional 

groups”[44,62–74]. Here, the thermal stability of functional groups located at the edges of 

BSUs prevents a further association of BSUs into larger coherent scattering domains which 

corresponds to a rather low carbon content of about 65 to 86 wt.-%.  

The limit of BSUs with a random orientation within the carbonaceous material is described by 

the sudden occurrence of BSUs organized in areas of “local molecular orientation” (LMOs) 

due to the further release of heteroatoms [44]. It occurs shortly before solidification at the 

point of the minimal release of condensable hydrocarbons and maximum of aromatic ones. 

Here, the carbon content reaches values higher than 86 wt.-%. At first, the coronene- or 
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ovalene-like BSUs are mainly organized in stacks of 2 to 3 layers. These stacks suddenly start 

to cluster by self-organization into areas of BSUs almost in preferred parallel orientation 

(LMOs). The BSUs already have a misorientation by tilting and twisting of the layer in the 

range of 20 to 40 degrees. This process is observed in TEM micrograph by clustering of the 

bright scattering domains (BSU with random orientation) into areas of roughly isometrical 

shape only limited by digitized contours (LMOs) of various diameter from 50 Å (detection 

limit here) up to several micrometers (> 2000 Å). The BSUs form a columnar texture with a 

limited number of fringes (BSUs). Here, the content of critical heteroatoms like strong cross-

linkers (O or S) plays also an essential role which can hinder the BSUs with a random 

orientation to be self-organized into LMOs as function of its heteroatom content see Fig. 6a. 

The critical atomic ratio of residual heteroatoms (O+S)/H of carbonaceous materials seems to 

be at about 0.1, see Fig. 6b. For atomic ratio below 0.1, the size drastically increase with the 

decrease of cross-linking heteroatoms, whereas for an atomic ratio above 0.1 leads to the 

formation of very small LMOs or is related to their absence. This is in complete accordance 

with the data present in Fig. 3 observed in natural systems. 

Furthermore, the sudden occurrence of BSUs within areas of LMOs is accompanied by the 

sudden formation of a well-defined 002 reflection at about 0.28 Å-1 (3.6 Å) in diffraction 

experiments without the appearance of hkl reflections. Here, only broad relfections (haloes) in 

the reciprocal space at 0.5 Å-1 (2.13 Å) and 0.8 Å-1 (1.23 Å) related with hk0 reflections are 

observed for carbonaceous materials at the end of primary Carbonization (HTT ≤ 600°C), see 

Fig 7a [75,44,43]. Theoretical data numerically calculated by Debye radial distribution 

functions of randomly oriented aromatic molecules could show that the occurrence of two 

Figure 6: Comparison of the size of “local molecular orientation” (LMOs) as a function of the residual 

heteroatom content plotted as atomic ratio ((O+S)/H) in (a) for the full data set and in (b) for the first data points 

at relative high atomic ratio of heteroatoms, determined at their occurrence at about 1000°C. Shown data are 

from [44] which based on [76,77]. 
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Figure 7: Experimental X-ray diffraction data of evaporated carbon films deposited at room temperature and 

high temperature treated (HTT) from as-deposited state to about 1200°C (Adapted from [75,78], with 

permission) in (a), and X-ray diffraction profiles of 002 line of graphitizing and nongraphitizing precursor 

mixtures after HTT at 3000°C (Adapted from [79], with permission) in (b).  
 

Figure 8: Theoretical approach of single molecules of aromatic hydrocarbons with different lateral dimensions 

(sizes) from 5.8 Å to 30 Å are displayed in (a), and diffraction patterns calculated from theoretical data of related 

single molecules in (b). (Adapted from [60], with permission) 
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additional broad reflection bands results from the two-dimensionality of aromatic molecules 

(BSUs) as a function of various size in lateral dimensions, see Fig. 8a [60,61]. The calculated 

data for x-ray diffraction of randomly oriented single aromatic molecules (BSUs) of 

increasing size between 5.8 Å and 20 Å results in the formation of hk0 peaks related to 

intralayer distances known from graphite, see Fig. 8b and Table 4. Here, only broad halos 

near the 10 and 11 are present whereas 00l or hkl related to three-dimensional-order in 

graphite as well as for the 002 reflections at 0.298 Å-1 (3.35 Å) are systematical not visible 

between incident beam and 0.469 Å-1. The data show for lower aromatic molecule sizes that 

the number of peaks is reduced, cf. Table 4 and Fig. 8b. For example, an aromatic molecule 

with a lateral dimension of 20 Å can generate hk0 relfections related to 10, 11, 20 and 30 are 

observed whereas for an smaller aromatic molecule (coronene-like) with an lateral dimension 

of about 10 Å only hk0 reflections related to 10 and 11 are present with a low intensity. 

Comparable to that observations, for different carbonaceous materials the occurrence of 

LMOs is generally located in the temperature range of 460 to 475 °C for a carbon content of 

about 85.5 5 to 88.7 wt.-%. Between the sudden occurrence of BSUs in area of LMO and 

solidification of carbonaceous materials the described LMOs grow by coalescence until 

maximum of anisotropy is reached. The temperature of LMO occurrence decreases with the 

increasing content of cross-linking heteroatoms to 430 °C or the absence of LMO formation 

[44]. The absence of LMO formation is simultaneously related with the solidification of such 

a material. These circumstances reveal the biggest difference of graphitizing and

 
Table 4: Experimental data of Interference Function I(s) of single aromatic molecules (e.g. “BSUs”) of 
increasing size compared with calculated data of graphite. Reciprocal data of distances are shown for s= 2 sin 

ϴ/λ in 1/Å. Data are taken from [44] which based on [60]. 

 s in Å-1 
calculated data of 

graphite 

Peak 

number 

single 

Coronene layer 

of 24 C atoms 

single 

Ovalene layer 

of 32 C atoms 

aromatic 

layer of 

288 C 

atoms 

s in Å-1 hkl dhkl in Å 

1 - - - 0.298 002 3.35 

2 0.48 0.489 0.488 0.469 100 2.13 

3 - - - 0.596 004 1.68 

4 0.85 0.848 0.838 0.813 110 1.23 

5 - 0.93 0.963 0.939 200 1.06 

6 - > 1.30 1.275 1.422 300 0.70 

7 - - - 1.626 220 0.62 
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nongraphitizing carbon materials, as mentioned in the first sentences to primary 

carbonization, with the related difference in the size of the formed coherent microtexture. 

Here, x-ray powder diffraction (XRPD) data of defined mixtures of a graphitizing (benzene-

soluble pitch) and nongraphitizing (phenolic resin) precursor displays at best, the serious 

effect of the presence of strong cross-linking heteroatoms shown by the evolution of the 002 

diffraction peak after HTT at 3000 °C, see Fig 7b. For a resin content (nongraphitizing 

precursor) from 40 to 50 % the 002 reflection modulates to lower diffraction angles (so to 

higher d values) and transforms its discrete shape into a broad reflection band at 55%. 

Additionally, in the case of hydrogen-rich precursor (e.g. typically found in pitches), the 

arrangement of LMOs into larger areas can take place by its organization into the so-called 

“Mesophase” which is described as “columnar liquid crystals” [44,80–82]. The Mesophase is 

classified by its lateral dimensions. The so-called Mesophase A consist of spheres in the range 

of 5 to 10 µm with an spherical arrangement of the BSUs, also with an columnar texture with 

fringe sizes of ≤ 1 nm. Intermediate forms Mesophase A with LMOs are described as 

Mesophase B with the dimensions of about 350 nm to 1 µm or Mesophase C with the 

dimensions of about 200 to 350 nm with a more ellipsoidal shape. In the case of Mesophase, 

the BSUs are still associated face to face in long distorted columns without any lateral 

coherence as present for other carbonaceous materials only at HTT at about 1500 °C 

(secondary Carbonization), see Fig. 4f. In the mesophase the BSUs are still associated face to 

face in long distorted columns without any lateral coherence.  

The process of primary Carbonization finally ends with the “Solidification” of the formed 

carbonaceous material. For a graphitizing carbonaceous material, solidification generally 

occurs in the temperature range between 460°C to 600 °C related to a carbon content of about 

92 to 95 wt.-%,  atomic ratio of H/C of about 0.5 for the most graphitizing materials, and is 

related to infinite microhardness [44,58,76,82]. For a nongraphitizing carbonaceous material, 

solidification can occur at much lower temperatures, as mentioned above. In Coalification, the 

state of solidification is reached by the end of the release of condensable hydrocarbons, the 

formation of noncondensable gases begins by the release of residual heteroatoms (begin of 

main zone of gas formation), and atomic ratios of H/C ≤ 0.5 and O/C < 0.1, see Fig. 3. During 

the Solidification, the areas of LMO of BSUs still growth into domains of medium to fine 

mosaics wheres merging of the Mesophase spheres (growth) occurs by coalescence of LMOs 

into larger domains with a random orientation in the bulk “mosaic texture” which introduces 

defects. This defects are described as “disclinations which implies the occurence of discotic 
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molecules which are free in rotation and tilting, as described for “liquid crystals” [44,83,84]. 

Disclinations are described as “three-dimensional dislocations” able to break the local 

structure or lattice before removing or adding a line of C atoms that makes the carbonaceous 

material very flexible or plastic which explains the possibility of folded layers in the absence 

of carbon pentagons or heptagons as known from fullerenes during “secondary carbonization” 

[85,86]. Solidification is an important step at the end of primary Carbonization since it 

precedes the occurrence of the “turbostratic order”. 

 

2.2.2. Secondary Carbonization 

In nature, secondary carbonization does not occur by the impact of high pressure or stress so 

that a graphitizing carbonaceous material directly starts to graphitize after Coalification, see 

Fig. 3b. In the absence of high pressure or stress, the process of secondary Carbonization is 

characterized by the progressively release of residual heteroatoms mainly as volatiles 

associated with the progressively increase in carbon content of the carbonaceous material 

from about 92-96 wt.-% up to 100 wt.-%. The increase of HTT and the progressive release of 

heteroatoms are strongly related to the presence of ordering processes in the range of 600°C 

to 2000°C before graphitization occurs, see Fig. 2. For oxygen-rich precursors, functional 

groups containing e.g. “ether groups” seem to maintain its oxygen-based functional groups 

even to high HTT, see Table 1. The release of heteroatoms (e.g. O, S, or Cl) is related with 

the formation of “dangling bonds”, i.e. the concentration of free unpaired electrons increases, 

detectable by “Electron Spin resonance” (ESR) and depends on the quantity and kind of 

functional groups still present in the carbonaceous material [44,58,87]. The maximum of free 

electron concentration generally occurs at the end of solidification and decreases during 

secondary Carbonization. The decrease of formed “dangling bonds” is related with the 

recombination of free bonds between neighboring BSUs during the increase of carbon 

content. The progressive recombination of free electrons can result in a decrease of the size 

and concentration of already formed columns in areas with LMO. However, all processes 

which are described in the following section are progressive and does not occur at a sharp or 

precise point as a function of HTT, residual heteroatoms (functional groups) and microtexture 

already formed at the end of primary Carbonization. During secondary Carbonization, the 

“turbostratic order” is formed by the expense of the described areas of LMO, as described in 

primary Carbonization, through the further alignment of BSUs to each other [44,45,81,88,89]. 
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During primary Carbonization the formed stacks consists of BSUs with a general 

misorientation in the range of 20 to 40 degree, as mentioned above. By the formation of the 

turbostratic order, the misorientation of BSUs is reduced to very small rotational displacement 

of about 1 degree or less. Each turbostratic stack can be aligned in azimuthal disorder to each 

other. In diffraction patterns, this process is accompanied by the progressive development of 

the previously described broad halos at about 0.5 Å-1 (10 band) and 0.8 Å-1 (11 band) into 

discrete hk0 reflections related with the occurrence of the 00l or hkl reflections (e.g. 002) 

similar to graphite, cf. Figs. 4e and 7a. The turbostratic order is mainly associated with a 

carbon content of higher than 94 wt.-%. The maximum diameter of turbostratic stacks does 

not exceed more than 95 Å [43,44,90], and finally disappears at the end of secondary 

Carbonization. The occurrence of the turbostratic order is directly related to the occurence of 

the hk0 reflections in diffraction data which results in the formation of discrete nodes of 

graphite (graphitization), cf. Figs. 4e-j with 4c. 

In the following, the microtextural evolution during secondary Carbonization is mainly 

described by the examples of the thermal conversion of a graphitizing anthracene-based 

(C14H10) carbonaceous materials but also occurs in other dimensions for a nongraphitizing 

saccharose-based (C12H22O11) one, see Fig. 2 and Fig 4e-j [43]. Here, the results of TEM 

studies for the microtextural evolution during secondary Carbonization is displayed by STEM 

micrographs and related SAED patterns. The microtextural evolution passes through three 

Stages whereas the first stage is already initiated in the range of primary Carbonization by the 

formation of BSUs with an random orientation as well as their formation into area of LMO, 

see Fig. 2. 

For the graphitizing anthracene-based precursor, Stage 1 is related with the heteroatom 

release of aromatic CH groups, oxygen or other heteroaotms for the graphitizing or 

nongraphitizing carbonaceous materials, and extends the temperature range of about 500°C to 

800 °C (low HTT), cf. Figs. 2, 4e and 5. TEM micrographs show the BSUs are isometric in 

shape with a diameter of less than 1 nm and thickness. The BSUs are arranged into stacks 

with a number of fringes (N) up to three (BSUs) with an average misorientation (β) of the 

observable fringes (BSUs) of about 21 degree at the beginning of Stage 1 (LMO formation) or 

be randomly oriented as single BSUs, see Fig. 9a-b. At the end of Stage 1, the average 

misorientation (β) of BSUs in a stack is reduced to 13 degrees accompanied with a strong 

decrease in their interlayer distances (d002) so-called here as “interfringe spacing spreading  
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Figure 9: Experimental data of the microtextural evolution of a graphitizing carbonaceous precursor 

(anthracene-based) during secondary Carbonization of the number of fringes (N) related to the BSUs within a 

stack in (a), the average of interfringe (interlayer) spacing spreading (ΔD002) and average misorientation of the 

fringes (BSUs) in (b), and the length of fringes related to the turbostratic order (La11tf) and coherent domains with 

homogenous fringes related to a hexagonal symmetry (La11Cr), adapted from [43], with permission. 

 

(ΔD002)”, see Fig. 9b. Stage 2 is related with the release of interlayer defects between 

superimposed BSUs and extends the temperature range of about 800°C to 1500°C. At the  

beginning of Stage 2, BSUs coalesce in a “face to face” arrangement which results in the 

formation of distorted columns, cf. Figs. 2 and 4f. The coalescence of BSUs results in a rapid 

increase of number of fringes (N) from three up to 8 or 10, see Fig. 9a. The lateral growth of 

the distorted columns is inhibited by the presence of misoriented BSUs as shown in Fig. 4f, 

marked by arrows or observed in the area above the scale bar. Single BSUs are trapped 
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between the small distorted columns related to the imperfect arrangement between adjacent 

layers. Consequently, the average misorientation (β) of BSUs remains stable, see Fig. 9b. 

Therefore, the lateral dimension of the distorted columns (La) remains almost stable and equal  

to the size of the initially formed BSUs, cf. Stage 1 and Fig. 9c. In the progress of Stage 2 

with increasing HTT, the number of misoriented single BSUs and the interfringe spacing 

spreading (ΔD002) slowly decreases. Here, the end of Stage 2 is characterized by the 

disappearance of misoriented BSUs. Stage 3 is related with the release of in-plane defects by 

the lateral coalescence of distorted columns in a “edge to edge” arrangement and extends the 

temperature range of about 1500°C to 2000°C, cf. Figs. 2 and 4g. At the beginning of Stage 

3, the distorted columns are still arranged as in the initial Stage of their formation. During the 

further progress of HTT, the thickness of columns considerable increases by the 

disappearance of misoriented single BSUs which results in a fast increase in the number of 

fringes (N), see Fig. 9a. The average misorientation (β) of BSUs and their interfringe spacing 

spreading (ΔD002) decrease to its observed minimum, see Fig. 9b. Here, the considerable 

decrease of distortions of the BSUs is responsible for the high decline of the average 

misorientation (β) of BSUs in a column. Additonally, adjacent columns are able to coalesce 

with a strong increase in its lateral dimension of the distorted columns (La) but their 

distortions remain in the size or diameter of BSUs, see Figs. 9c. Here, the length of fringes 

related to the turbostratic order (La11tf) moderately increase. In the same Stage coherent 

domains with homogenous fringes related to a hexagonal symmetry (La11Cr) starts to occur 

which display the transition from the turbostratic order, see Fig. 9c. At the end of Stage 3, the 

column distortions are progressively annealed related to the occurrence of increasing 00l 

order, cf. Figs. 9c and 4h. The lateral coalescence of the distorted columns results into the 

formation of distorted continuous layer stacks. Here, very weak modulations of the 10 and 11 

relfections starts to appear at 1900°C related with the occurrence of coherent scattering 

domains localized in space becomes visible in 11 DF images, not shown here. It is important 

to notice that until the end of secondary Carbonization which is equal to the end of Stage 3 no 

graphitization occurs in the thermal conversion of carbonaceous materials until 2000°C. The 

occurrence of the described Stages related to ordering processes depends on the type of 

defects present. 

In the case of the nongraphitizing saccharose-based carbonaceous material, the microtextural 

evolution during secondary Carbonization also occurs by the same three stages described 

previously.  Here, the only difference is due to the size of formed BSUs and their organization 
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into LMOs of about several nanometers (e.g.: < 10 nm) until their absence related to large 

amounts of strong-crosslinkers (heteroatoms) at the end of primary Carbonization. The final 

diameter of the formed stacks is limited by the initial extensions of formed LMO, see Fig. 10. 

The previously described Stages and order processes occur only inside the formed areas of 

BSUs in LMO. During the release of heteroatoms also at high HTT the diameter of LMO 

remains constant whereas approximately their thickness is reduced by the decrease of the 

average misorientation (β) of BSUs as well as interfringe spacing spreading (ΔD002). 

Consequently, through the release of heteroatoms a characteristic porosity can be formed 

related with the missing coalescence and orientation of BSUs into a dense material, generally 

described by a “crumbled sheet of paper” model, see Fig. 10a. Here, the pores in Carbon-

based materials can have an irregular entangled shape due to the microtexture which is 

commonly described as “slit-shaped” [66,91,92]. 

 

 

 

 

 

 

 

 

 

 

Figure 10: Schematic illustration of the microtexture of nongraphitizing carbons with sketched LMOs (marked 

region) in (a) and STEM micrograph of a nongraphitizing carbon (e.g. saccharose-based precursor) after a high 

temperature treatment (HTT) at ~3000°C in (b), adapted from [43], with permission. 

 

2.2.3. Graphitization 

The thermal induced process of Graphitization only begins for graphitizing materials slightly 

above 2000°C by the progressive development of a three-dimensional periodic order, 

see Fig. 2 [44]. Here, the general described process of Graphitization is in accordance with 

the Stage 4 which subsequently extends the temperature range of about 2000°C to 

3000°C [43]. At this Stage, the formed layers are stiff and perfect due to the successively 

disappearance of heteroatoms, interlayer and in-plane defects, see Fig. 4c-d. The average 
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misorientation (β) of BSUs and their interfringe spacing spreading (ΔD002) are decreased to 

zero, see Fig. 9b. Stage 4 (Graphitization) is related to the occurrence of crystal growth by 

the expense of the turbostratic order, cf. Figs. 9c and 4i. The diameter of coherent scattering 

with a hexagonal symmetry of graphite strongly increases accompanied with the modulation 

or sharpening of hk lines into hkl reflections, cf. Figs. 4i-j and 4c. At the end of 

Graphitization, the size and dimensions of the formed graphite crystals is almost the same of 

the areas with LMO after solidification. The degree of graphitization is described by 

numerical values of P1 which is only obtained by the continuous evolution or modulation of 

the 11 (hk0) reciprocal line in diffraction patterns, cf. Figs. 4i-j and 4c [44,89,93–96]. Both 

hk bands generally observed with the occurrence of the turbostratic order of 10 and 11 

modulate up to discrete nodes near the final position of hkl reflections near 101 or 112 of 

graphite, respectively. For calculations of P1, only the 11 band is taken into account since the 

10 band is described to be sensitive to stacking faults. Other parameters like the interlayer 

spacing (d002), thickness of a bright domain (LC) or length (La), or number of fringes in a 

stack of BSU (N), as described by TEM studies for the previous stages in secondary 

Carbonization, are not sufficient enough because their variations occur in the same manner 

and earlier for nongraphitizing materials. For example, the relation between the interlayer 

spaces (d002) as a function of P1 can show a sufficient correlation to distinguish between 

materials between a P1 of 0.1 and 0.8 but loses its significance between a P1 value of 0.3 and 

0.8 by a minimal change in d002 of 3.38 Å to 3.36 Å. Therefore, the degree of graphitization 

described by P1 is related with the probability of layer pair with a stacking sequence of 

graphite, e.g. the 2H-polytype (AB), with an interlayer spacing (d002) of 3.35 Å. Here, P1 can 

variate for thermal induced graphitization from 0.10 with a related interlayer spacing of 3.43 

Å (e.g. saccharose-based nongraphitizing precursor) to 0.75 (max. 0.8) with a related 

interlayer spacing of 3.36 Å (e.g. polyvinyl chloride-based graphitizing material). The value 

of P1= 1.0 is defined for natural graphite formed by long-term metamorphism. Here, 

experimental data show for e.g. polyvinyl chloride-based materials that a value of P1 equal to 

1.0, as described for natural graphite, is not reached by the HTT stability of heteroatoms such 

as oxygen (O) and chlorine (Cl), see Table 1 [44,97]. Nongraphitizing materials are in the 

range of 0.0 to 0.1 that is not a significant value. So the data from literature show that the 

extent and development of graphitization is mainly limited by the quantity and kind of 

heteroatoms (i.e. strong cross-linkers) stable up to HTT at 3000°C, as already described for  
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Figure 11: Comparison of the P1 (degree of graphitization) as a function of the residual heteroatom content 

plotted as atomic ratio ((O+S)/H). Shown data are from [44] which based on [98,99]. 

 

the initial steps of primary Carbonization, cf. Figs. 6a and 11. In the case of the 

nongraphitizing saccharose-based carbonaceous material, the microtextural evolution during 

Graphitization also forms stiff and perfect layers within the areas of LMO, as described for 

secondary Carbonization. The thermal induced changes during HTT up to 3000°C results in 

the formation of stable grain boundaries of small coherent domains beside distortion that 

cannot be annealed further [43]. Here, the graphitization is also limited to the areas of LMO 

so that the process individually occurs in each LMO. As a result of this localized 

graphitization, the pores previously formed, during the release of heteroatoms become 

polyhedral (Polygonization), see Fig. 10b [43–45,81]. 

 

2.2.4. Functional groups 

As mentioned above, the quantity and kind of functional groups present in a carbonaceous 

material mainly depends on its precursor and can be subsequently modified by various 

aftertreatments (physical or chemical activation) using diverse oxidizing media (gaseous 

media: H2O, CO2, O2, or other media: acids, alkaline solutions, or zinc chloride etc.) as 

described for the huge class of “activated carbons” [64–66,100].  

Carbon-based materials are mainly dominated by heteroatoms of hydrogen- and oxygen-

containing functional groups which are commonly located at the edges of BSUs, see Fig. 12. 

The functional groups can be classified into “chemically active” and “chemically inactive” 

functional groups. Here, the “chemically inactive” groups are commonly assigned to terminal 

carbon or hydrogen in polynuclear aromatic hydrocarbons (BSUs). The “chemically active” 

functional groups are assigned to oxygen-containing functional groups with characteristics of 
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a solid acid or base in terms of the Brønstedt “acid-base concept”, see Fig. 13. In this concept, 

mainly high reactive carboxyl- and anhydride, moderately reactive lactone and other ether 

groups, and weak reactive phenolic and carbonyl groups are described with an acidic  

 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic illustration of some examples for oxygen-containing functional groups located at the 

edges of BSUs generally classified into groups with acidic and basic functions, adapted from [68], with 

permission. 
character whereas quinoidic and pyrone (superquinoidic) structure are assigned to a high 

reactive basic character. Their thermal stability is inversely related to their reactivity, this 

means that the e.g. carboxylic- and acid anhydride groups with a high reactivity have a low 

thermal stability up 500°C to 700°C whereas phenolic and carbonyl groups of weak reactivity 

are stable above 900°C [65,67,70]. Finally, only a small number of heteroatoms or functional 

groups are chemically accessible for reactions of acid-base character or substitution. Here, 

surface functional groups at primary Carbon particles can result in significant aggregation 

phenomena of Carbon that can form a large number of meso- and macro-pore volumina 

related with many application properties [65]. In all of these publications mentioned here, the 

functional groups are generally described and analyzed in terms of “surface functional 

groups” present or synthetically generated for further characterization. As previously 

described (see “primary Carbonization”), graphitizing and nongraphitizing carbonaceous 

materials mainly differs in their quantity and kind of strong cross-linking heteroatoms (e.g. 

oxygen). The ability of the formation of cross-links during the initial stage of primary 

Carbonization is of essential importance for the development of a certain microtexture related 

to the physical and chemical properties of carbon-based materials (e.g. conductivity, 

adsorption behavior, porosity etc.). From the discussion of experimental of TPD-MS data, it 

can be concluded that the formation of cross-links, especially of oxygen-containing functional 
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groups, originates from secondary reactions of functional groups during low HTT in the 

temperature range between 50°C and 300°C (initial stage of primary Carbonization) [67,70]. 

The cross-link formation is related to the reaction of neighboring functional groups and is 

accompanied by the release of water (dehydration), e.g. a carboxylic acid and a phenol group 

form a lactone group, or two phenol groups form an ether group. Consequently, these 

secondary reactions (among others) can occur within one and/or between several BSUs or 

their initial fragments before, present in the precursor. To illustrate the complex interplay of 

interlayer crosslinks between BSUs, as mentioned above, the microtexture of two Pyrocarbon 

(PyC) is exemplarily described in the following, see Fig. 13 [69,89,101,102]. The Snapshots 

of enlarged atomistic models for a high-textured “rough laminar” (RL) and high textured 

“regenerative laminar” (ReL) Pyrocarbon (e.g. comparable with soot) show the atomic 

arrangement present as synthesized at 1050°C [69]. The two Pyrocarbons (PyCs) are 

synthesized by the conversion of aliphatic hydrocarbons deposited on a substrate using 

propane (for ReL) or a methane/propane mixture (for RL) as precursor. For RL and ReL 

PyCs, the only heteroatom is hydrogen present at about 0.7 at.-% or 2.5 at.-%, a size of BSU 

of about 5 nm or 2.7 nm, and a interlayer distance (d002) of 0.345 nm or 0.346 nm,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Snapshots of atomistic models of two well-known Pyrocarbons (PyCs), a high-textured “rough 

laminar” (RL) in (a) and high-textured “regenerative laminar” (ReL) in (b) in a view parallel with the lateral 

dimensions of BSUs as synthesized at 1050°C. The described color scheme shows bonds in pure hexagonal 

fragments (white), other bond types (black), twofold carbons (blue), fourfold carbons (red), and hydrogen (green 

spheres). A larger Snapshot of about 25.000 atoms for the high-textured regenerative laminar (ReL) pyrocarbon 

is shown in a view parallel in (c) and perpendicular in (d) with the lateral dimensions of BSUs, adapted from 

[69], with permission. 
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respectively. Here, atomistic models using HR-TEM and neutron diffraction data show that 

97-99 at.-% of the present hydrogen (H) is located at the aromatic edges of BSUs bond to 

mainly trivalent Carbon atoms. The edges are described as related with “grain boundaries” 

present, rather rare interlayer cross-links occurs by fourfold Carbon atoms, and the most 

edges of BSUs only consist of three or less hydrogen atoms.  

Additionally, only references are made to nitrogen-containing functional groups [68,71,72] as 

well as to sulfur-containing functional groups [73,74]. 

 

2.2.5. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are described as of an enormous interest by their high 

crystallinity, exceptional porosity, and high functionality due to the numerous combinations 

of SBUs and organic linkers resulting in much more than 20.000 MOF structures during the 

past two decades [103].  

The structure of metal-organic frameworks (MOFs) is generally built from i) clusters of 

inorganic metals (e.g. Cu, Zn, Al, Ga etc.), which are described as “secondary building 

blocks” (SBUs), and ii) organic linkers (e.g. organic acids as carboxylic acid, terephtalic acid 

etc.) [104,105]. The secondary building blocks (SBUs) are described for MOFs as analogue 

units commonly used in the description of complex zeolite frameworks (e.g. polyeder and 

SBUs). In terms of MOFs, SBUs are defined as aggregated metal ions connected with 

functional groups, e.g. carboxylates, forming clusters. The SBUs (metal clusters) have the 

function of rigid vertices in a framework like “rigid organic struts” for the organic linkers 

[103]. Therefore, the formation of a MOF mainly depends on the choice of both, the SBUs 

and organic linkers. Here, the connectivity of SBUs to form a letter MOF structure is 

important for the arrangement of organic linkers. The connectivity of SBUs, so the number of 

possible bonds formed between a SBU and others through organic linkers is described by the 

so-called “point of extension” in MOF chemistry. The connectivity of SBUs starting from 3 

up to 24 as well as to infinite are exemplarily illustrated in Fig. 14. As example, the Zn4O(-

COO)6 cluster (or SBU) consists of 6 carboxylate carbons which results in a connectivity of 6 

forming an octahedral-shaped building block. In addition to the effect of the connectivity of 

SBUs, the choice of the organic linker directly results in a complete new arrangement of the 

SBUs in another MOF structure, see Fig. 15. As example, starting from the same SBU of a 

metal cluster consisting of two copper metal ions containing four carboxylate groups [Cu2(-
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COO)4], the addition of two different organic linkers i) adamantine-1,3,5,7-tetracarboxylic 

acid (H4ATC) and ii) benzene-1,3,5-tricarboxylic acid (H3BTC) results in the formation of 

two different MOFs as MOF-11 or HKUST-1, respectively. Here, the kind and number of 

functional groups of the organic linkers as well as free metal size of the SBUs are the most 

important feature for the enormous interest of MOFs, e.g. for the application as porous 

material, adsorption medium, or catalysis reactions [103]. In comparison the previously 

described topic of “Carbon-based materials”, the organic linkers present in a MOF with its 

various functional groups can be described as small “BSU fragments” in terms of a maximum 

of heteroatoms or functional groups located at their edges. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14: Selected number of “secondary building block” (SBUs) described in MOF chemistry consisting of 

metal or metaloxide clusters with organic compounds (groups of: -COO: carboxylate PZ: pyrazolate, AD: 

adeninate, CDC: 9H-carbazole-3,6-dicarboxylate, mBDC: 1,3-benzenedicarboxylate). N-c is related with the 

connecitivity of SBUs, adapted from [103], with permission. (Color code, Carbon (black spheres), oxygen (red 

spheres), nitrogen (green spheres), Chlorine (purple spheres), metals are located in the blue polyhedrons) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: MOF structures of MOF-11 (guest free form) in (a) and HKUST-1 in (b). For MOF-11, the Cu- 

paddle wheels show open metal sites in the direction of the pore. The yellow ball displays the empty porespace 

in the framework, adapted from [103], with permission. (Color code, Carbon (black spheres), oxygen (red 

spheres), Cu is located in blue polyhedrons)    
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3. Results and Discussion 

As discussed in the introduction (see section 1.), the application of a catalytic membrane 

reactor (CMR) for catalytic steam reforming of bio-ethanol at low temperatures (< 400°C) can 

be a cleaner and more riskless technical solution for the production of so-called “green 

hydrogen” as a sustainable energy carrier using a closed carbon circle. For this purpose a 

suitable membrane with the right characteristics, i.e. a sufficient high mixed gas hydrogen-

selectivity (i.e. high purity level), and long-term hydrothermal stability up to 400°C (in high 

excess of water steam), has to be found, in addition to the right choice of catalyst. 

 

3.1.   Microporous carbon membranes 

The following chapter deals with permeation and separation behavior of four different kinds 

of microporous carbon membranes in terms of their hydrogen-selectivity under dry and 

hydrothermal conditions. The membranes under study are described as amorphous, 

turbostratic, composite Carbon Molecular Sieve (cCMS/SiO2), and a CAU-10-H metal-

organic framework membrane. In addition to the amorphous and turbostratic carbon 

membrane, a graphite membrane is comparatively described. The investigations of the 

membranes summarized in this chapter are related with 3 accepted publications and 2 

publications still in progress. 

For the described application of CMR for bio-ethanol steam reforming (b-ESR), the 

microporous carbon membranes are studied under i.) dry conditions, i.e. using an equimolar 

binary feed gas mixture of (H2/CO2), and ii) under hydrothermal conditions, i.e. using a 

ternary feed mixture of 41 vol.-% H2/ 41 vol.-% CO2/ 18 vol.-% H2O. Here, the membranes 

under study are primarily investigated in the feed pressure range between 1×105 Pa (1 bar) 

and 6×105 Pa (6 bar) and in the temperature range of room temperature under dry conditions 

or 100°C (hydrothermal conditions) and 300°C. The permeate side of the membranes under 

study primarily remains at ambient pressure at 1×105 Pa (1bar). 
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Publications to “Microporous carbon membranes” 

3.1.1.  Amorphous, turbostratic and crystalline carbon membranes with 

hydrogen selectivity 

 

Authors: A. Wollbrink, K. Volgmann, J. Koch, K. Kanthasamy, C. Tegenkamp, Y. Li, H. 

Richter, S. Kämnitz, F. Steinbach, A. Feldhoff, J. Caro 

 

Reprinted with kind permission from Elsevier and upon approval of the co-authors 

Published in: Carbon 106 (2016) 93-105. 

http://dx.doi.org/10.1016/j.carbon.2016.04.062 
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3.1.2.  Manuscript:”Effect of steam containing gas mixtures on the separation 

performance of amorphous, turbostratic and crystalline carbon membranes” 

 

Authors: A. Wollbrink, K. Volgmann, J. Koch, K. Kanthasamy, C. Tegenkamp, Y. Li, H. 

Richter, S. Kämnitz,  J. Caro 

 

(Not published results) 
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3.1.3.  Manuscript: “Separation performance of a composite Carbon Molecular 

Sieve (cCMS/SiO2) membrane from a hybrid material by twin polymerization” 

 

Authors: A. Wollbrink, T. Ebert, J. Koch, C. Tegenkamp, S. Spange, J. Caro 

 

(Not published results) 
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3.1.4.  Multiple polymerisation – formation of hybrid materials consisting of two    

or more polymers from one monomer 

 

Authors: T. Ebert, A. Wollbrink, A. Seifert, R. John, S. Spange 

 

Reprinted with kind permission from Royal Society of Chemistry (RSC) and upon approval 

of the co-authors 

Published in: Polymer Chemistry 7 (2016) 6826-6833. 

http://dx.doi.org/10.1039/c6py01619g  
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3.1.5.  A novel CAU-10-H MOF membrane for hydrogen separation under 

hydrothermal conditions 

 

Authors: H. Jin, A. Wollbrink, R. Yao, Y. Li, J. Caro 

 

Reprinted with kind permission from Elsevier and upon approval of the co-authors 

Published in: Journal of Membrane Science 513 (2016) 40-46. 

http://dx.doi.org/10.1016/j.memsci.2016.04.017 
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3.2.   Porous graphite membranes 

The following chapter deals with permeation and separation behavior of a porous graphite 

membrane and five different kinds of porous surface modified graphite (SMG) membranes 

made of pressed graphite crystals in terms of their hydrogen-selectivity under dry and 

hydrothermal conditions. The membranes under study are described as “pristine” graphite and 

SMG membranes by the introduction of three functional groups of increasing hydrophobic 

and one of hydrophilic character. The investigations of the membranes summarized in this 

chapter are related with 2 accepted publications. 

For the described application of CMR for bio-ethanol steam reforming (b-ESR), the graphite 

and SMG membranes are studied under i.) dry conditions, i.e. using an equimolar binary feed 

gas mixture of (H2/CO2), and ii) under hydrothermal conditions, i.e. using a ternary feed 

mixture of 41 vol.-% H2/ 41 vol.-% CO2/ 18 vol.-% H2O. Here, the membranes under study 

are primarily investigated in the feed pressure range between 1×105 Pa (1 bar) and 6×105 Pa 

(6 bar) and in the temperature range of room temperature under dry conditions or 100°C 

(hydrothermal conditions) and 300°C. The permeate side of the membranes under study 

primarily remains at ambient pressure at 1×105 Pa (1bar). 
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Publications to “Porous graphite membranes” 

3.2.1. Pressed graphite crystals as gas separation membrane for steam 

reforming of ethanol 

 

Authors: A. Schulz, F. Steinbach, J. Caro 

 

Reprinted with kind permission from Elsevier and upon approval of the co-authors 

Published in: Journal of Membrane Science 469 (2014) 284-291. 

http://dx.doi.org/10.1016/j.memsci.2014.06.047 
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3.2.2. Improved hydrogen selectivity of Surface Modified Graphite (SMG) 

membranes: Permeation experiments and characterisation by micro-Raman 

spectroscopy and XPS 

 

Authors: A. Wollbrink, C.H. Rüscher, K. Volgmann, J. Koch, A. Breuksch, C. Tegenkamp, 

J. Caro 

 

Reprinted with kind permission from Elsevier and upon approval of the co-authors 

Published in: Journal of Membrane Science 528 (2017) 316-325. 

http://dx.doi.org/10.1016/j.memsci.2016.12.067 
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4. Conclusion 

To the present day, the global production of pure hydrogen still originates primarily from 

fossil fuels and is dominated by industry, i.e. mainly by petroleum refining and ammonia 

production [106,107]. Nevertheless, the huge advantage of the classic CESR process (“state 

of the art” technique) for the commercial production of hydrogen from hydrocarbons is 

related to its high hydrogen-selectivity and full conversion of ethanol. Nevertheless, 

numerous disadvantages are described by the energy-intensive process for a full ethanol 

conversion (endothermic reaction) at temperatures up to 1000°C; the use of non-renewable 

(fossil) hydrocarbons as hydrogen source; the release of high amounts of CO, beside several 

other side-reactions; the presence of high amounts of water steam (necessary for the reaction), 

and therefore the requirement of additional purification steps. The removal of the undesired 

gases through additionally required processes, e.g. CO removal by low temperature WGSR or 

pressure swing adsorption, and water steam removal by distillation and further dehydration 

using zeolites for adsorption, makes the classical technique in comparison with other methods 

(e.g. water splitting by electrolysis) very cost-intensive and unattractive. At low temperatures 

of smaller than 400°C, the classic CESR process suffers from low ethanol conversion related 

with low hydrogen selectivity whereas the formation of CO and other side-products is 

suppressed.  

The hydrogen production from biomass, water, biomass-water mixture or renewable 

electricity (supplied by solar or wind generators) are currently almost negligible, i.e. for 

example the contribution of hydrogen produced from water electrolysis was less than 0.1% of 

the global hydrogen production in 2018. Currently, the hydrogen production is responsible for 

the emissions of about 830 million tons of CO2. The crucial point here are the recent 

production costs of about 1-3 USD per kg of hydrogen from fossil fuels in contrast to 3-7.5  

USD per kg of hydrogen from renewable production [107].  

The current state in industrial production technique of hydrogen is from steam reforming of 

natural gas. Afterwards, the hydrogen separation from the generated reaction mixture is 

carried out by pressure swing adsorption (PSA) technique [108]. A further purification of the 

produced hydrogen is followed by the high energy consuming “Linde-Hampson process” 

[109,110]. Here, hydrogen and other impurities (e.g.: nitrogen or oxygen) are separated by its 

different liquefaction and boiling temperatures. These methods are time and highly energy 

consuming and require several steps of separation and purification.  Therefore, the topic of the 
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development of a cleaner, more riskless and cheaper technical solution for the production of 

so-called “green hydrogen” as a sustainable energy carrier is from the project start 

(2012/2013) until today (2020) more than ever of strong interest, also reinforced in Germany 

by the national hydrogen-based strategy of the German Federal Government in 2020 [17]. 

Generally, the pseudonym of so-called “green hydrogen” is related with carbon-free 

technologies but here it is applicable due to the described closed carbon circle (carbon neutral 

resource) by the use of bio-ethanol and water. In addition to that, bio-ethanol can also serve as 

efficient “CO2 storage” in terms of a global sustainable energy carrier and its necessary 

production in the hypothetical dimensions of a myriad of tones.  

An alternative to these separation processes is the use of membranes for gas separation. 

Generally, the main advantages for the use of membrane technology for the separation of 

hydrogen with different purity are related to low capital costs (i.e. for acquisition and 

construction), low operation costs (i.e. ease of operation), energy efficiency, ease and 

flexibility in operation, modular arrangement (i.e. adaptable), and integrable to still 

established industrial processes [108,111,112]. Furthermore, the combination of a catalytic 

reaction and hydrogen separation for the continuous removal of hydrogen during the reaction 

is especially suited for thermodynamic limitation, i.e. the reaction is carried out at commonly 

to low temperatures to suppress disturbing side reactions [11,13,21–23]. Consequently, the 

use of a hydrogen-selective membrane with improved properties for the application in a 

catalytic membrane reactor (CMR) for bio-ethanol steam reforming (b-ESR) still belongs to 

the “state of the art” technique in present membrane technologies but is also associated with 

huge challenges due to the quite complex interaction of reaction mechanisms, long-term 

stability under hydrothermal conditions, and required membrane properties. 

Today’s state-of-the-art in hydrogen separation by means of classic membrane separation, i.e. 

only gas separation without a combined reaction takes place, is commonly described by the 

use of several membrane types that can be classified into dense and porous membranes in the 

focus of hydrogen-selective membranes [108,111,112]. Both types, i.e. dense and porous, of 

inorganic membranes are generally suited for gas separation. In general, dense inorganic 

membranes have the theoretical advantage of a complete hydrogen-selectivity at the expense 

of comparable low permeability whereas porous membranes have comparable high 

permeability but have rather low hydrogen-selectivity in comparison with dense membranes. 

For the required conditions of b-ESR in a CMR, the choice of a certain membrane type is 
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crucial and generally depends on the specific application. Consequently, not every membrane 

type is generally suited here, independent from its hydrogen-selectivity. 

In Literature, the most common hydrogen-selective membranes are made from the group of 

dense materials, i.e. palladium and its alloys, proton-conducting ceramics, polymers, as well 

as porous materials, i.e. huge group of zeolites, silica molecular sieves or silica-alumina 

composites. 

The group of dense membrane materials has the theoretical advantage of complete hydrogen 

selectivity. One of the disadvantages of such materials as hydrogen-selective membranes 

originates from their selective transport process related with a relative high thermal activation 

energy that also requires high process temperatures. The hydrogen permeance of a Pd-based 

as well as proton-conducting ceramic membrane is directly related with the working 

temperature and decrease or increase as the temperature is changed, respectively. For 

example, the required working temperature of a Pd-based membrane for a sufficient hydrogen 

permeance is mainly studied at about 400°C or above [113]. Below 300°C, Pd-based 

membranes start to embrittle due to the present phase transition of formed hydrides. 

Additionally, both membrane types used in the hydrogen separation process are accompanied 

by alteration effects due to the presence of reactive gases (e.g. CO, CO2, H2O) or undesired 

side-products (e.g. decomposition of ethanol to carbonaceous matter) in the reaction mixture. 

For example, the decrease in hydrogen permeance is related with i) complete blockage of 

hydrogen permeance by the presence of CO at the membrane surface of noble-metal 

membranes [113–118] or H2S as well, even at low concentrations, ii) the surface passivation 

of densely sintered ceramic membranes by carbonate formation [119–121], or iii) the general 

passivation of the membrane surface by the formation of carbonaceous matter. The huge 

group of dense polymer membranes can have the advantage of moderate hydrogen-selectivity 

but have the general disadvantages of comparable low permeability, low operation 

temperature of about 100 °C, low chemical or hydrothermal stability [108,112]. Additionally, 

the performance of polymeric membranes is limited to the semi-empirical “upper bound line” 

of polymers, described by Robeson[122,123]. 

The group of porous membrane materials has the theoretical advantage of high hydrogen 

permeability whereas the hydrogen selectivity is comparable low. Generally, porous zeolite, 

silica molecular sieves, or silica-alumina composites have the advantages of general uniform 

pore size distribution with high temperature and chemical stability. Here, the huge 

disadvantages for such membranes is related to practical low hydrogen-selectivity due to the 
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difficult synthesis of the growth of an uniform and suitable membrane layer without 

intracrystalline voids, interstitial pores, or cracks [108,111]. Furthermore, silica molecular 

sieves, or silica-alumina composites can be damaged in the presence of steam due to 

hydrolysis of siloxanes and its mobilization into the pores [124].  

Carbon-based membranes are discussed as promising material in gas separation applications 

[125–128]. Especially, the class of molecular-sieve carbon membranes (MSCMs) is carefully 

described to have the potential to technically compete with polymer membranes. The 

circumstance is due to their comparable high permeability and separation performance 

(related with their molecular sieving effect), superior thermal resistance and chemical stability 

in corrosive environments, and its relative ease of preparation from industrial polymers or 

polymer blends. MSCM are also discussed to be able to break the “upper bound” of polymer 

membranes [122,123]. MSCMs are generally synthesized by pyrolysis of organic precursor, 

e.g. Kapton, Matrimis, phenolic resins, polyimides etc. Extensive works on MSCMs to 

applications of recovery of air hydrogen (H2/N2), (H2/CH4), separation of oxygen (O2/N2), 

CO2 capture (CO2/N2), natural gas purification (CO2/CH4) and (N2/CH4), propane/propene, or 

dehydration of fine chemical products are still present whereas only a small number of issues 

regarding the separation of (H2/CO2) are present. For the latter ones, pure gas data show 

selectivity of (H2/CO2) of less than 20. In addition to that, most references of MSCM studies 

are still designed for applications in laboratory scale.  The challenge or disadvantage is the 

poor mechanical strength and brittleness after pyrolysis of the organic precursor that needs a 

careful handling with thin-layer samples and also makes reproducible separation properties 

difficult due to cracks, defects during pyrolysis. 

Nevertheless, two companies “Carbon Membranes Ltd.” and “Blue Membranes GmbH” 

(Germany) are known to produce large-scale MSCM modules. Carbon Membranes Ltd. was 

the first company which produced large-scale MSC modules based on pyrolysed cellulose 

fibres with about 10.000 fibers with 4 m² per module but it closed in 2001. Additionally, the 

company “Blue Membranes GmbH” (Germany) developed flat membranes in a “honeycomb” 

configuration, supported by ceramics, is still registered and active. It still deals with the 

production and sale of membrane filtration modules for water, waste water, and solid-liquid 

separation. 

Recent references of Metal-organic framework (MOF) membranes are generally investigated 

in laboratory-scale applications for diverse separation fields, i.e. H2 purification (H2/N2, 

H2/CO, H2/CO2), air separation (N2/O2), CO2 capture (CO2/H2), natural gas sweetening 
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(CO2/CH4) organic dehydration or extraction, hydrog etc [129–132]. Also applications in 

catalytic membrane reactors are discussed to persuit economics and sustainability in modern 

energy consumptions and chemical manufacturing. The huge interest of MOF applications is 

due to their versatile properties by synthesis of multifaceted networks of metal polyeder and 

highly functional organic linkers that includes various functionalities as well as tuneable 

properties to withstand harsh chemical environments and thermally challenging conditions in 

real industrial processes. Generally, the chemical and thermal stability of MOFs is very low 

and unsuitable for moisture and aggressive conditions. Nevertheless, some MOF-structures 

could be found to be stable up to 400 °C, under hydrothermal conditions, .e.g. ZIFs, MILs, 

UiOs as well as CAUs. Nevertheless, the practical use of MOF membranes also deals with  

the difficult synthesis of the growth of an uniform and suitable membrane layer without 

intracrystalline voids, interstitial pores, or cracks, as mentioned for MSCMs as well as zeolite 

membranes, 

However, in industry the majority of  hydrogen-selective membranes are made of polymers 

due to its low costs, ease of manufacturing, and processibility[112,125–128]. The said other 

membranes are generally discussed and experimental investigated only in the laboratory scale 

related with high capital cost by manufacturing problems as mentioned before. Only some 

membrane materials are applied in niches or commercially available, e.g. Pd-based 

membranes or molecular-sieve carbon membrane (MSCM). 

Porous Carbon-based and MOF membranes can be suitable candidates for the challenging 

separation by their general hydrothermal stability (in the described temperature range), their 

adjustable microtexture and porosity (as the function of the used precursor and Carbonization 

steps), and diversity of functional groups due to e.g. oxygen-containing surface functional 

groups (still present after Carbonization or introduced).  

In this context, a new concept of different hydrogen-selective porous Carbon-based 

Membranes were investigated as suitable candidates for the purpose of the production of so-

called “green hydrogen” for the concept of a catalytic membrane reactor (CMR) for bio-

ethanol steam reforming (b-ESR). The carbon-based membranes under study were 

investigated by means of classic gas separation experiments, without a catalytic reaction, in 

an effective temperature range between “room temperature” and 300 °C. Temperature- and 

pressure-dependent single and mixed-gas permeation experiments were mainly applied most 

closely to industrial conditions, i.e. only a pressure-gradient (up to 5 bar) between feed- and 

permeate-site (without sweep gas), binary (dry condition) and ternary (hydrothermal 
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condition) feed-mixtures, were preferably used for the characterization of membrane 

performances in laboratory scale. The systematic characterization of the carbon-based 

membranes revealed the dominating separation mechanisms due to the pore size distribution 

that result the classification into two groups: i.) Microporous Carbon Membranes, i.e. the 

separation mechanism of the: amorphous carbon membrane is adsorption-dominated, 

turbostratic carbon membrane occurs through selective surface diffusion, cCMS/SiO2 occurs 

diffusion-dominated for H2, CO2 and adsorption-dominated for H2O, CAU-10-H (MOF) 

membrane occurs by size-exclusive molecular sieving mechanism and ii.) Porous Graphite 

Membranes, i.e. the separation mechanism of the: pressed graphite membrane occurs through 

Knudsen diffusion, “surface modified graphite” (SMG) membranes occur through a modified 

Knudsen mechanism. 

From the described membranes under study, it could be shown that two kinds of carbon-based 

membranes, i.e. the metal-organic framework (CAU-10-H) membrane and the group of SMG 

membranes, comparatively showed the most promising results in the hydrogen separation 

from a ternary gas mixture compared with the other ones. The mixed gas separation factors of 

the CAU-10-H and SMG graphite (e.g. ETMS-modified) membrane could reached for 

α (H2/CO2) of 11.1 or 8.0 and for α (H2/H2O) of 5.7 and 10.2, respectively. Both membrane 

types showed reasonably mixed gas separations factors in comparison with the other 

membranes under study independent from their different separation mechanisms whereas 

their hydrogen permeabilities greatly differ from each other. Here, the hydrogen permeability 

of the SMG graphite (e.g. ETMS modified) membrane is in the range of 44 to 15 times 

higher, the mixed gas separation factor α (H2/H2O) is approximately 80% higher whereas 

α (H2/CO2) is about 30% lower as compared with the CAU-10-H membrane.  

Nevertheless, the group of SMG and the CAU-10-H membrane types may show beneficial 

separation performances of hydrogen in the presence of large quantities of steam (up to 18 

vol.-% H2O) in the required temperature range and a general hydrothermal stability in classic 

gas separation experiments in laboratory-scale for their possible application in a CMR for b-

ESR at that point of study. Furthermore, the impact of the introduction of different functional 

groups with increasing hydrophobic and a hydrophilic character at the intrinsic oxygen-

containing functional groups present in commercial graphite flakes could be investigated in 

this work. 

Finally, no of the promising porous Carbon-based membranes of this work could be tested for 

the in situ removal of hydrogen in a catalytic membrane reactor (CMR) for bio-ethanol steam 
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reforming (b-ESR). Consequently, the observed hydrogen-selectivity seems not to be 

sufficient enough for the described application in a CMR. Nevertheless, an appropriate 

classification of the investigated membrane performances is difficult due to the required 

hydrogen-selectivity that also depends on the used catalyst, its kinetic parameters and the 

required purity for a specific application.  

 

5. Outlook 

Independent from the runtime of the project, a short outlook is given for the required 

investigations at the end of this work. In the case of the described CAU-10-H (MOF) 

membrane, additional investigation for the improve of its hydrogen-selectivity and 

hydrothermal stability could be applied related with i) the use of other functionalities (with 

terminal groups: -CH3, -OCH3, -NO2, -NH2, -OH) than hydrogen of the used organic linker 

1,3-benzendicarboxylic acid (1,3-H2BDC) [133,134] and ii) the reduction of two-dimensional 

defects (grain boundaries) during the growth of the still polycrystalline membrane due to 

heterogenic nucleation on the surface of the necessarily porous substrate. 

In the case of the described “Surface modified Graphite” (SMG) membrane, further 

investigation could be applied in terms of the hydrothermal stability and hydrogen-selectivity 

by the kind (e.g. oxygen- vs. nitrogen-containing groups) and higher quantity of surface 

functional groups (hydrophobic as well as hydrophilic) by previous surface treatments. 
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