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Abstract

The synthesis of polyacrylonitrile based carbon nanofibers consists of the steps of
electrospinning, thermal stabilization, carbonization and frequently an optional activation.
This work focusses on the impacts of thermal stabilization and KOH activation on
the pore structure and the CO, adsorption properties of carbon nanofibers. Thermal
stabilization parameters such as duration, temperature and atmosphere are investigated.
A significant impact of these on the pore structure and thus the gas adsorption properties
of the carbon nanofibers is found. Using several characterization techniques, such as
infrared spectroscopy, elemental analysis and Raman spectroscopy, the incorporation of
oxygen and the cyclization degree during stabilization are identified as key parameters,
which affect the pore structure of the resulting carbon nanofibers.

Besides thermal stabilization, KOH activation is thoroughly studied. Two O,-flow post-
treatment conditions are applied to freshly KOH-activated samples directly after their
activation to study potassium oxidation reactions. At high O,-flow, comparable to ambient
air, vigorous oxidation causing an intense carbon combustion reaction is triggered. By
application of a low O,-flow, the potassium oxidation was controlled and the carbon
combustion reaction suppressed. Samples treated at low O,-flow conditions showed a
distinct improvement of the gas adsorption properties.

A series of KOH-activated carbon nanofibers at different degrees of activation is synthe-
sized using low O,-flow post-treatment. The activation conditions result in a significant
increase of narrow micropore volume and thus improved gas adsorption properties. The
sample series is investigated in dynamic sorption experiments to study the separation
of CO, in binary CO,/N, mixture at typcial flue gas conditions. For higher KOH:Fiber
activation degrees the CO, selectivity decreased, resulting in a trade-off between ad-
sorption capacity and selectivity. Besides the selectivity, the working capacity and cycle
stability are evaluated in a simplified pressure swing adsorption cycle. All KOH-activated
carbon nanofibers showed a sufficient stability and especially the most KOH-activated
sample offers a highly improved working capacity compared to the pristine material at
high adsorptive pressures.

Overall, the work offers an important contribution to a more profound understanding of
the possibilities for tailoring PAN-based carbon nanofibers for gas separation processes.

Vi






Zusammenfassung

Die Synthese von Kohlenstoffnanofasern auf Polyacrylnitrilbasis beinhaltet das Elek-
trospinning, die thermischen Stabilisierung, die Carbonisierung und eine optionale
Aktivierung. Diese Arbeit fokussiert sich auf die Auswirkungen der thermischen Sta-
bilisierung und der KOH-Aktivierung auf die Porenstruktur und die CO, Adsorption-
seigenschaften von Kohlenstoffnanofasern. Es werden die thermischen Stabilisier-
ungsparameter Dauer, Temperatur und Atmosphare untersucht. Es zeigt sich ein sig-
nifikanter Einfluss auf die Porenstruktur und somit die Gasadsorptionseigenschaften
der Kohlenstoffnanofasern. Mithilfe verschiedener Charakterisierungsmethoden wie
der Elementaranalyse und Infrarot- und Ramanspekiroskopie wurden die Sauerstof-
faufnahme und der Zyklisierungsgrad wahrend der Stabilisierung als Haupteinfluss-
faktoren auf die Porenstruktur der Kohlenstoffnanofasern identifiziert. Neben der ther-
mischen Stabilisierung wird auch die Aktivierung mit KOH untersucht. Zwei Nach-
behandlungen mit verschiedenen O,-Flussraten werden direkt im Anschluss an die
Aktivierung angewendet, um die Kaliumoxidationsreaktion zu untersuchen. Bei hohen
O,-Flussraten, vergleichbar mit der Umgebungsluft, wird eine starke Oxidationsreak-
tion beobachtet, die eine intensive Kohlenstoffverbrennungsreaktion verursacht. Bei
niedrigen O,-Flussraten wird die Kaliumoxidation kontrolliert und die Kohlenstoffver-
brennungsreaktion unterdrtickt. Proben, die bei niedrigem O,-Fluss behandelt wur-
den, zeigen deutlich verbesserte Gasadsorptionseigenschaften. KOH-aktivierte Kohlen-
stoffnanofasern mit unterschiedlichen Aktivierungsgraden wurden mit Nachbehand-
lung bei niedrigen O,-Flussraten synthetisiert. Héhere Aktivierungsgrade fihren zu
einem Anstieg des Mikroporenvolumens und somit verbesserten CO, Adsorptionseigen-
schaften. In dynamischen Sorptionsexperimenten wurde die Abtrennung von CO, aus
binaren CO,/N,-Gemischen bei typischen Rauchgaszusammensetzungen untersucht.
Bei héheren Aktivierungsgraden nahm die CO,-Selektivitat ab. Dies fuhrt zu einem
Kompromiss zwischen Adsorptionskapazitat und Selektivitat. Die Arbeitskapazitat und
die Zyklenstabilitédt sind in einem idealisierten Druckwechseladsorptionszyklus bes-
timmt worden. Alle KOH-aktivierten Kohlenstoffnanofasern zeigten eine ausreichende
Stabilitat und insbesondere die am starksten KOH-aktivierte Probe bietet bei hohen
Adsorptionsdriicken eine stark verbesserte Arbeitskapazitat. Insgesamt leistet die Arbeit
einen wichtigen Beitrag zu einem tieferen Verstandnis der Mdglichkeiten, PAN-basierte
Kohlenstoffnanofasern fir Gastrennprozesse maf3zuschneidern.
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CHAPTER 1. MOTIVATION

1. Motivation

Already today, the global surface temperature is 1.1 °C increased compared to the
late 19" century due to the anthropogenic climate change. Consequences of this
temperature increase, like an increasing number of wild fires, floodings and droughts,
were unequivocally observed in the recent decades [1]. Main drivers of the global
warming are anthropogenic greenhouse gas emissions, which were at 59 Gt-COx¢q in
2019 [1]. Among these, CO, is a main contributor with a global emission of 37 Gt [2].
Since 1850 the global CO, concentration rose from 280 ppm to 410 ppm in 2019, which
is mainly caused by anthropogenic emissions [1]. Therefore, joint actions are required
to reduce global green house gas and in particular CO, emissions to mitigate climate
change.

This can be achieved by abandoning CO, emitting processes, e.g. by phasing out
fossil fuels. However, particular processes are difficult to be transformed into CO., free
processes, such as cement production. Therefore, efficient CO, capture technologies
are required. In principle, carbon capture processes can either be realized as direct
air capture or point source capture technologies. The first captures CO, directly from
ambient air at low CO, concentrations of approximately 400 ppm, coming at compara-
tively high cost. The latter, directly captures CO, at the emitting point source using the
advantage of a high CO, concentration in the flue gas, making it more cost efficient [3].
The captured CO. could be permanently stored in geological formations, like exploited
natural gas deposits, in gaseous state or chemically bound as carbonate (carbon cap-
ture and storage, CCS). Besides CCS, a usage of the captured CO, as feedstock for the
chemical industry is possible (Carbon capture and utilization, CCU). The captured CO,
is converted into chemicals, such as alcohols or fuels, using electrolysis processes [4—6].
Both carbon capture technologies require well-tailored adsorbents to be efficient and a
variety of materials is under investigation. The present work investigates the potential
of carbon nanofibers as adsorbent focussing on the impacts of the synthesis steps
thermal stabilization and KOH activation on pore structure and resulting CO, adsorption
properties.
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2. Fundamentals

2.1. Carbon capture technologies

To achieve a circular carbon economy, efficient carbon capture technologies need to
be developed and brought into operation. In general, CO, capture technologies can be
separated into the two main principles, direct air capture and point source capture. In
a direct air capture process CO, is captured at ambient air conditions, which comes
with the challenge of a very low CO, concentration of roughly 400 ppm. This results
in demanding requirements regarding adsorbent and plant design leading to compar-
atively high cost of these processes [7]. Instead, flue gas capture is applied directly
at the point source, having the advantage of significantly higher CO, concentrations
in the gas stream, thus enabling a more cost-efficient CO, capture. Typically, flue gas
concentrations of CO, are at 5-15 % and even higher CO, concentrations are present
in cement industry (> 15 %) and in biogas purification (40 %) [8—11].

Both processes can be based on different separation approaches, such as amine
scrubbing, membrane-based separation and physisorption on solids. Amine scrubbing is
a mature technology for CO, removal by chemisorption processes using liquid solutions
of alkanolamines, e.g. monoethanolamine. This separation technology comes with a high
selectivity towards CO, and high purity of the captured CO,, but suffers from energy-
intense regeneration, corrosion of the equipment and toxicity as well as degradation of
the used liquids [8, 12].

An alternative is the separation using membranes, which is mainly governed by the
pressure gradient for CO, separation. They are advantageous with regard to cost and do
not require energy-intense regeneration. However, a drawback of membrane separation
is the comparatively low selectivity. Therefore, several separation stages are often
required [8, 13].

Another technology for CO, separation is physisorption at solid adsorbents. In such
a process the COs is reversibly bound to the adsorbent due to van der Waals interac-
tions. Typically, these processes are conducted as swing adsorption processes based
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on pressure or temperature changes. In the adsorption cycle, a CO, containing gas
stream is fed into the adsorber column until the adsorbent is fully saturated with CO..
Subsequently, the process is switched to the desorption cycle, which is typically done
by temperature increase (Temperature swing adsorption, TSA) or pressure reduction
(Pressure swing adsorption, PSA). By redundant design of the adsorber columns a
continuous separation of CO, from the feed gas is possible. Although the underlying
principle appears straightforward, technical setup are quite complex. Detailed reviews
on the technical setup and relevant parameters are given in the corresponding literature
[14-16].

2.2. Solid adsorbents for CO, capture

Several material classes are studied regarding their potential for an application as
adsorbent in CO, capture from flue gas. A broad number of studies is available on
metal organic frameworks (MOFs) [17-22], zeolites [23—27], functionalized oxides [28],
polymers [29] and carbonaceous materials [30—33]. All of these materials have dif-
ferent strengths and weaknesses. MOFs are highly versatile adsorbents since their
structure and properties can be well tailored, however they are expensive and often
sensitive towards moisture and impurities [34]. Zeolites adsorb high amounts of CO,
at a high selectivity, but their regeneration is energy intensive and they often show
a high competitive adsorption of H,O. Polymer functionalized oxides show partially
promising CO, adsorption properties, however often these functionalization is based on
polyethyleneimines resulting in energy demanding regeneration due to the chemisorp-
tion of CO,. Furthermore, these materials are typically sensitive to oxidation [35, 36].
Carbonaceous materials are advantageous regarding their high CO, capacities, high
stability and low cost, but have often the drawback of a weak selectivity and low-pressure
adsorption performance [31, 37].

Typically, carbon-based adsorbents are obtained from fossil or renewable sources.
Possible renewable sources are biomass, such as bamboo [38, 39], coconut shell
[40, 41] or corn cobs [42]. As fossil sources, coals, tars and synthetic polymers are
commonly used. Compared to biomass derived carbons, fossil based ones show a well
defined composition and thus allow more reproducible tailoring of the material. Often
polymer-based precursor such as polyacrylonitrile (PAN), polypyrrolle or polyvinylidene
fluoride are used [43, 44].
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PAN, which is use as precursor in the present thesis, is industrial available on large
scale and can be comparatively easy converted into carbon. The adsorption properties
of the carbon nanofibers can be adjusted using a toolbox of modification and activation
methods. Since a suitable adsorbent for CO, adsorption needs to fulfil a variety of
parameters like high capacity, high selectivity, good regeneration conditions, moisture
stability and temperature stability, the possibility to tailor and modify the adsorbent is
essential [45].

To improve the adsorption capacity of carbon nanofibers, activation methods are fre-
quently applied to increase the pore volume and accessible surface area. This is either
done by templating or by physical and chemical activation methods. Templating is done
using sacrificial pore forming agents, e.g. polymers, which are selectively removed
during or after the synthesis. Physical activation uses pore forming gases, e.g. CO,
or steam, which react with the carbon structure resulting in pore formation. As third
approach chemical activation uses activating agents like KOH or H3PO, to etch the
carbon nanofibers. All three methods result in an increase of the accessible surface area
promoting a higher adsorption capacity due to a higher number of adsorption sites [46].
Carbon nanofibers activated by such activation methods frequently reach adsorption
capacities of 3 to 7mmolg~" (1 bar, 273 K) [3, 33].

Besides a high capacity, a high selectivity towards CO., is desired. On carbon materials
the selectivity is mainly governed by the pore size distribution and the number of nitrogen
heteroatoms. For a high selectivity, a high number of narrow micropores below 0.7 nm
is essential. These narrow micropores show high adsorption potentials and for narrow
ultramicropores smaller than 0.4 nm a molecular sieving based on the kinetic diameter
could occur. Undesired adsorptives, such as N, could be excluded due to their size
[47].

Besides the pore structure, the hetero atom content, especially the nitrogen content,
significantly affects the CO, selectivity. Nitrogen-containing functional groups, i.e. pyri-
dinic and pyrrolic groups, interact with the CO, due to acid-base interactions, which
increases the selectivity of the carbon. Typical CO, selectivities for carbon are below 30,
however for well tailored materials higher selectivities were obtained [30, 31, 48].

Of course, high capacity and high selectivity are not the only required parameters
for a suitable adsorbent. However, both parameters significantly affect the cost of an
adsorbent. The costs per captured ton CO, were estimated to 38 US-$ for an adsorbent
with a selectivity of 50 and a capacity of 2 mmolg~"'. Increasing the capacity of the
adsorbent to 5 mmolg~' lowers the cost to 33 US-$. An even stronger reduction of the
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CO, capture cost is obtained by simultaneous doubling of selectivity resulting in cost of
26 US-$ [49]. This clearly emphasizes the importance of tailoring carbon nanofibers
regarding these parameters.

2.3. Carbon Nanofiber Synthesis

The synthesis of carbon nanofibers proceeds in several steps, which can be divided
into electrospinning, thermal stabilization, carbonization or graphitization, and optional
activation (Figure 2.1) [50-52]. Such an activation is either done simultaneously to the
carbonization or in an additional step after carbonization. The present work follows the
approach of a simultaneous carbonization and activation. A detailed overview on the
different process steps for a PAN precursor and KOH activation is given in the following
sections.

Carbonization

Thermal
Stabilization

Carbonization
+ Activation

Electrospinning

Carbonization Activation

Figure 2.1. — Process steps in carbon nanofiber synthesis. After electrospinning the nanofibers undergo thermal stabilization
prior to the actual carbonization and graphitization step, respectively. Additionally, activation methods, such as KOH
activation, can be applied simultaneously or after the carbonization to tailor the properties of the carbon material.

2.3.1. Electrospinning

Electrospinning is a versatile method for the synthesis of thin fibers in the nanometer
range and is applied in many fields, e.g. catalysis, tissue engineering and filters and
textiles [53-55].

In Figure 2.2 a typical electrospinning setup is depicted, consisting of a syringe pump, a
laterally moving spinneret equipped with a thin nozzle, a collector and a high voltage
source. During the spinning process, the spinning solution is pumped through the system




CHAPTER 2. FUNDAMENTALS

and ejected through the thin nozzle of the spinneret. Due to the applied high voltage
and thus the electric field a 'Taylor cone’ is formed at the tip of the nozzle. At the top
of the "Taylor cone’ a thin polymer jet is released moving towards the collecting drum.
On its path to the collecting drum the polymer jet is affected by the high electric field
and repulsive interactions cause an elongation of the jet due to the high charge density.
The stretching of the thin polymer jet results in the formation of bending instabilities
leading to the formation of random coils. Additionally, the high elongation of the polymer
jet leads to fast evaporation of the solvent resulting in the deposition of solid nanofibers
on the collecting drum [56].

g KN
R.H.
Pump
-
Stage Collector
Drum

Figure 2.2. — Scheme of an electrospinning setup. The spinning solution is supplied by a pump and then spun through a thin needle
mounted on a laterally moving stage under application of a high electrical field onto the collector drum. The system is
enclosed in a climate chamber to control temperature and relative humidity during the electrospinning.

Electrospinning is not limited to polymer-based systems, also ceramics and metals can
be used as precursor materials. The process is affected by several parameters, some
depending on the used precursors, other related to the process conditions. Relevant
properties for polymer-based systems are the molecular weight distribution, the viscosity
and the electrical conductivity. Additionally, process parameters such as flow rate,
applied voltage, atmospheric conditions and needle-collector distance, could have
significant effects on the spinning process. Due to the complex interplay of different
parameters on the electrospinning, the choice of the ideal spinning conditions is often
empirical. More detailed reviews on electrospinning can be found in literature [55-59].
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2.3.2. Thermal stabilization

Thermal stabilization is conducted prior to the carbonization to preserve dimensional
stability of the nanofibers during the carbonization step. Typically, thermal stabilization
is conducted at temperatures between 200 and 300 °C in air or inert atmosphere [50,
51, 60].

Stabilized Ladder Polymer

PAN
—_—
NN N NN,

Figure 2.3. — Simplified reaction sequence of thermal stabilization. The PAN undergoes cyclization and dehydrogenation reactions
resulting in the formation of an aromatic structure, which is often referred to as ’stabilized ladder polymer’ [61].

During thermal stabilization the PAN nanofibers undergo several chemical reactions
resulting in the formation of a stabilized ladder polymer, visible in a color change
from white to dark brown (Figure 2.1). In 1950 Houtz et. al proposed a fully aromatic
heterocyclic structure of the ladder polymer, formed due to cyclization reactions of the
adjacent nitrile groups and dehydrogenation of the polymer backbone [61] (Figure 2.3).
Since then the reactions and chemical structures of the stabilized ladder polymer have
been widely discussed. Detailed reviews on the different proposed structures can be
found in literature [62—64].

Today it is widely agreed that the stabilization process involves cyclization, dehydro-
genation and oxidation reactions for stabilization in air and only cyclization and dehydro-
genation reactions for stabilization in nitrogen.

As shown in Figure 2.4 the first reactions in thermal stabilization of PAN fibers are the
cyclization and dehydrogenation. Both reactions occur simultaneously or in immediate
succession. This results in the formation of the stabilized ladder polymer, which is
a heterogeneous structure containing aromatic heterocycles, but also hydrocarbon
and unreacted nitrile segments. If thermal stabilization is conducted in air, additional
oxidation reactions could occur, resulting in the formation of oxygen functional groups
such as hydroxyl, carbonyl or carboxyl groups [65—68]. The final composition of the
stabilized ladder structure highly depends on the process conditions. The obtained
stabilized ladder polymer is a prerequisite for preservation of the morphology in the
subsequent carbonization and graphitization steps.

Many studies are present on thermal stabilization and its impact on mechanical and
electrical properties of carbon nanofibers [69—-71]. Far less attention received the impact
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Figure 2.4. — More detailed reaction sequence of the thermal stabilization of PAN. Dehydrogenation and cyclization occur in parallel
or in immediate succession and a heterogeneous stabilized ladder structure is formed. If thermal stabilization is
conducted in air, oxidation of the stabilized ladder polymer resulting in the formation of oxygen-containing functional
groups is observed.

of thermal stabilization on the gas adsorption properties of carbon nanofibers. Marruccia
et al. investigated the impact of duration and temperature during stabilization on the CO,
adsorption properties and claim an increase of the adsorption capacity from 2.7 mmol g~
to 4.2mmolg~" by an increase of stabilization time and duration [72]. However, as time
and duration are varied simultaneously no meaningful relation to the single parameters
can be derived. Additionally, the work of Ojeda-Lépez et al. varied the stabilization
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temperature from 250 to 300 °C and investigated the CO, and CH, adsorption [73].
Their results of a decreasing CO, capacity at increasing stabilization duration contradict
the findings of Maruccia et al. Overall, a comprehensive overview on the impact of
thermal stabilization on the gas adsorption properties of carbon nanofibers is currently
missing.

2.3.3. Carbonization and Graphitization

The thermal treatment of the stabilized nanofibers in inert atmosphere at temperatures
between 600-1700 °C is called carbonization, whereas for temperatures larger than
1700 °C the term graphitization is commonly used. During carbonization the stabilized
ladder polymer segments undergo inter- and intramolecular crosslinking reactions
resulting in the formation of large carbon frameworks under removal of heteroatoms.
The carbonization results in a significant weight loss, high shrinkage of the nanofibers
and the evolution of various gases, e.g. NH3, HCN, H,O, CO, H, and CO, [50, 62, 64].
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Figure 2.5. — Simplified scheme of the carbonization reactions of PAN. Growth of the carbon framework proceeds by dehydrogena-
tion and denitrogenation reactions [62, 74].

Regarding the chemical changes, Goodhew proposed that elimination of hydrogen
occurs at low carbonization temperatures of 400-600 °C, whereas the elimination of
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nitrogen takes place at moderate carbonization temperatures (600-1300 °C) (Figure 2.5).
Potentially occuring chemical reactions during these steps were described by Watt [64,
75].

Due to its relevance for later discussion, the condensation reaction of adjacent oxidized
ladder polymers contributing to the dehydrogenation during the carbonization is shown
exemplary in Figure 2.6. For nanofibers stabilized in nitrogen this reaction does not take
place due to the absence of oxygen and dehydrogenation occurs just by elimination of
H,. A more detailed discussions on all proposed reactions can be found in literature [64,
75]. After carbonization black carbon nanofibers are obtained, showing a turbostratic
arrangement of the carbon frameworks. At increased carbonization temperature these
turbostratic arrangements partially arrange towards a graphitic structure [76].

Figure 2.6. — Simplified illustration of condensation reactions between oxidized ladder polymer segments resulting in the growth of
carbon frameworks during carbonization proposed by Watt [75].

2.3.4. KOH Activation

Additionally to the carbonization, several activation methods were developed to tailor
the properties of carbonaceous materials. Two of these methods are physical and
chemical activations. The first uses oxidizing gases, e.g. CO, or steam, to initiate
gasification reactions of the precursor, the latter uses chemical activating agents, such
as KOH or H3PO, [37, 77, 78]. Chemical activation alters the carbon morphology by
etching reactions. Commonly, such activations are done subsequent to the carbonization
step, but simultaneous carbonization and activation steps are described as well [79—
81] (Figure 2.7).

The use of KOH as activating agent was patented by Wennerberg et al. in 1978 [82].
Over the past decades KOH activation was well established and used for a large variety
of carbon-based materials, e.g. coals, biomass and carbon fibers [78, 83, 84]. Typically,
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Figure 2.7. — Commonly applied synthesis routes of KOH-activated carbon nanofibers. After thermal stabilization the nanofibers are
either impregnated with KOH and simultaneously activated and carbonized in a subsequent step or first carbonized
and afterwards impregnated and activated.

KOH-activated carbons are characterized by a high specific surface area and a high
pore volume. Frequently reported BET areas of KOH activated carbon fibers range up
to 3000 m? g~' and the pore volume easily reaches up to 2 cm3g~' [79, 85].

Although the process is frequently used, the actual reaction sequence during the
KOH activation is not fully understood. As overall reaction Equation 2.1 is frequently
mentioned [52, 85-87]. However, KOH activation involves several consecutive and
parallel reactions. The occuring reactions differ depending on the used precursor and
the applied KOH activation conditions. For petroleum coke the dehydration of KOH
into K;O and H,O was reported as starting reaction (Equation 2.2) [85, 86]. As the
temperature increases a coal gasification reaction takes place and carbon and water are
transformed into H, and CO (Equation 2.3). In parallel a water gas shift reaction occurs
and the formed CO reacts with additional H,O resulting in the formation of H, and CO,
(Equation 2.4). The formed K,O (Equation 2.2) reacts with present CO, resulting in
the formation of K,COj3; at temperatures between 400 and 800 °C (Equation 2.5). In
parallel, at reaction temperatures higher > 700 °C elemental potassium is formed due
to reduction of K,O by H, and carbon (Equation 2.7). The elemental potassium could
intercalate into the carbon lattice [86, 88].

6 KOH+2 C<+—2K+3H,+2Ky,CO3, AHp = +428k.J mol™* (2.1)

2 KOH +— K,0 + HyO, AHgz = +245kJ mol™* (2.2)
C+Hy,0 +— Hy +CO, AHp=+131kJmol™" (2.3)
CO + HQO — H2 -+ COQ, AHR = —41 kJmol_l (24)
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K,0 + COy +— KyCOs, AHpr = —393kJ mol™* (2.5)
K,O + Hy «— 2K+ H,0, AHp = 4+299kJ mol™* (2.6)
KO+ C+— 2K+ CO, AHp=+430kJ mol™* (2.7)

For multi-walled carbon nanotubes similar reactions were observed, starting from the
formation of K,CO3; at temperatures of 400 °C. The formed K,CO; etches the car-
bon framework and K,O and CO are formed Equation 2.8. At elevated temperatures
(>700 °C) the formation of elemental potassium was observed as well [87].

K,CO3 4 C +—— Ky,0 +2C0O, AHp = +565kJ mol™* (2.8)

Overall, the occuring reactions during KOH activation can be separated into three kinds
of pore-forming mechanisms.

1. Redox reactions directly etching the carbon material
2. Evolution of formed gaseous products, i.e. H,O, CO, CO,, H,
3. Widening of the carbon lattice due to intercalation of elemental potassium

Nevertheless, the actual reaction pathway highly depends on the applied activation
parameters and the used precurors. Moreover, the structure of the precursor affects
the possibility of potassium intercalation. Overall, these impact factors render the
assessment of the exact occuring reaction mechanisms a difficult task [46, 89] The
effects of different parameters, such as temperature, KOH:Precursor ratio and duration
were thoroughly investigated by many researchers in the recent decades [90].

2.4. Gas adsorption fundamentals

2.4.1. Terminology and pore classification

The term ’adsorption’ defines the enrichment of molecules at an interface or in its
vincinity. Its reverse process is called 'desorption’. Molecules in the gaseous phase
are defined as adsorptives. Adsorbed molecules are called adsorbates and the solid
material is defined as the adsorbent [91-93].

In general, adsorption can be split into physi- and chemisorption. The latter is charac-
terized by the formation of a chemical bond between the adsorbent and the adsorbate.
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Typically, such adsorption processes show high adsorption enthalpies (> 50 kJ mol-')
and are seen as irreversible processes. Therefore, chemisorption is considered as a
site specific monolayer adsorption [92].

Opposite to this, physisorption comes with a low enthalpy of adsorption as it is mainly
based on van der Waals’ forces. Such include London dispersion forces, ion-dipole,
ion-induced dipole, dipole-dipole and quadrupole interactions [92]. Physisorption is a
reversible process and could occur as multilayer adsorption. As analytical methods,
chemisorption is commonly applied to study catalytic processes, whereas physisorption
is used to assess surface area and porosity of materials.

Based on a IUPAC recommendation pores can be classified into three categories [93].

» Macropores with pore width larger than 50 nm
» Mesopores with pore width between 2-50 nm

» Micropores with pore width below 2 nm
— Ultramicropores, (< 0.7 nm)

— Supermicropores, (0.7-2nm)

Additionally, micropores are often subdivided into super- and ultramicropores. The pore

E

A

Macropore Mesopore Micropore
>50 nm 2-50 nm <2nm

Figure 2.8. — Scheme of pore wall potentials in macropores (>50 nm), mesopores (2-50 nm) and micropores (<2 nm). At smaller
pore width an overlapping of the pore wall interaction potentials is observed. lllustration adapted from [92].

width governs the adsorption potentials. Macropores have adsorption potentials similar
to a flat surface as illustrated in Figure 2.8. For mesopores the pore potentials are
partially overlapping, but are not dominating in the center of the pore. Therefore, the
adsorption properties are influenced by fluid-fluid interactions and not only by fluid-wall
interactions. In micropores the potentials of both pore walls fully overlap resulting in
high adsorption potentials fully governed by fluid-wall interactions [92].
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2.4.2. Physisorption isotherms

An adsorption isotherm is commonly given as a plot of the adsorbed amount of an
adsorbate in dependence to the relative pressure or the absolute pressure. The relative
pressure is defined as the absolute pressure normalized by the saturation vapor pressure
of the adsorbate at the measurement temperature.

According to IUPAC, 8 adsorption isotherms can be distinguished, describing differ-
ent adsorption isotherm shapes and adsorption mechanisms (Figure 2.9) [93]. Type |
isotherms show a characteristic steep slope at very low relative pressures and approach
a limiting value at higher relative pressures. The high adsorption capacity at very low
relative pressures, is caused by the micropore filling and thus, high adsorption potentials.
According to the current IUPAC recommendation type | isotherms are subdivided into
type la and type Ib. The main difference between these two types is the initial slope. The
steep slope of type la isotherm is obtained for microporous materials with a high degree
of narrow micropores (< 1 nm), whereas slightly attenuated slope of the Ib isotherms
is characteristic for microporous samples with a broader distribution of micropores or
partially even narrow mesopores.

Type Il isotherms show a high initial slope until the inflection point B. At the inflection point
the transition from monolayer coverage into multilayer adsorption occurs. Afterwards, the
slope flattens, prior to a second increase approximating the saturation vapor pressure.
These isotherms are typically obtained on non-porous or macroporous adsorbents.
Type lll isotherms show very low adsorption at low relative pressures, but increase
significantly at higher relative pressures. Such adsorption isotherms are obtained on
adsorbents having low adsorbent-adsorbate interactions.

The type IV isotherm is subdivided into type 1Va and type IVb. The IVa isotherm shows
a high uptake at low relative pressures and has a distinct hysteresis at higher relative
pressures. This hysteresis, the deviation of desorption and adsorption branch, is caused
by pore condensation. Such an effect is observed in mesopores, if the adsorbed layers
of two pore walls meet. The adsorptive molecules trapped inside the pore by the contact
of the adsorbed layers condense to a liquid-like state below the actual saturation vapor
pressure. During the desorption the adsorptive is trapped inside the pore until the
adsorbed layers are receding. After the adsorbed layers receded, the gas is released
and the hysteresis vanishes. Hysteresis can be classified into six types depending on
the shape of the hysteresis, which are explained more in detail elsewhere [92, 93]. In
contrast to type IVa, IVb isotherms do not show hysteresis and are typical for adsorbents
with smaller mesopores.
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Figure 2.9. — Classification of gas adsorption isotherms into eight isotherm types according to IUPAC, ©DeGruyter, 2015 [93].

At low relative pressures type V isotherms exhibit a shape comparable to type IlI
isotherms. However, at higher relative pressures a steep increase and a distinct hys-
teresis are observed. This isotherm shape is obtained due to clustering effects and
is typically observed for water adsorption on hydrophobic materials. Characteristic for
type VI isotherm shapes is the step-by-step increase of the adsorbed amount with
increasing relative pressures. This isotherms are obtained for adsorbents showing a
layer-by-layer adsorption, which normally occurs on very homogeneous and uniform
non-porous surfaces [93].

2.4.3. Isotherm models

Several mathematical models have been developed to describe adsorption isotherms
and extensive descriptions and their derivations are found in literature [94—96]. Due to
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their relevance for this thesis, a short description on the models developed by Brunauer,
Emmet and Teller (BET) and the empirical fit by Téth is given below [97, 98].
The BET model was developed in 1938 to overcome the drawbacks of the earlier de-
veloped Langmuir isotherm model [99]. Langmuir’s model was limited to monolayer
coverage as it assumes a limited number adsorption sites. Therefore, multilayer ad-
sorption as observed for type Il adsorption isotherms can not be described by the
Langmuir model. The BET model extents the Langmuir model by addition of adsorption
layers with lower adsorption energy on top of other adsorbate molecules. Thus, the
adsorbed molecules serve as adsorption sites for further adsorptives and the uppermost
adsorbate is in equilibrium with the gas phase. The linear form of the BET equation is
given in Equation 2.9 [92, 97].

1 1 cC—-1 p

+ C— 2.9
¢ (=1 @ C auC po 2.9)

g Mass of the adsorbed gas

qm Mass of the monolayer of adsorbed gas
Z Relative pressure

C' BET constant

The BET model is widely used for the determination of the specific surface area of
materials, which can be calculated using Equation 2.10. However, it is not valid for the
description of the adsorption in micropores, since no multilayer adsorption could occur
here. Nevertheless, it can be used for the approximation of the BET area of microporous
adsorbents considering certain criteria [93]. The BET area of a microporous adsorbent
serves more as a useful 'fingerprint’, e.g. in comparison to other materials, rather than
the real surface area [100, 101].

qm - NA : Aac
M - Msample

(2.10)

SBET =

N4 Avogadro constant
Ax Cross-sectional area of the adsorbate
M Molar mass of the adsorbate

Another extension of the Langmuir model was developed by Té6th (Equation 2.11).
Compared to the Langmuir model an empirical heterogenity parameter ¢ was introduced.
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This parameter addresses the heterogenity of many adsorbent materials, which is not
reflected in the Langmuir model [98].

K-p

1 (2.11)
(14 (K -p))

Geq = 9mazx *

¢ Adsorbed amount of adsorbate

Gmazx Maximum adsorbed amount of adsorbate
t  Toth heterogenity parameter

p  Pressure

K Affinity constant

2.4.4. Pore size analysis

The gas adsorption isotherms can be used for assessment of the pore size distribution
of an adsorbent. A variety of calculation models has been developed, which can in
principle be divided into macroscopic and microscopic models [92]. Macroscopic models
developed based on Polyani’s potential theory of adsorption, e.g. Dubinin-Radushkevich
(DR) and Horvath-Kawazoe (HK), are based on classical thermodynamics and give
good descriptions of adsorption phenomena in macro- and mesopores. However, they
lack proper description of micropore filling and thus are less accurate in the assessment
of the micropore volume [92]. This drawback is overcome by modern computational
methods based on density functional theory (DFT) or Monte-Carlo simulations. These
methods give a proper description of the adsorbed phase on a molecular level and
can describe aspects such as micropore filling accurately. This results in an improved
determination of the pore size distribution from the macro- to micropore range [92].
Several approaches using different kernels for specific adsorbates and pore geometries
exist for DFT calculations. Standard DFT approaches are the non-local DFT (NLDFT) or
the quenched-solid DFT (QSDFT). The first, considers the adsorbent as homogeneous
material with well defined geometries, the latter takes into account the heterogenity
of an adsorbent material. Therefore, the latter is more accurate for the description of
disordered materials, e.g. carbons. However, for an accurate pore size analysis a proper
choice of the kernel is essential [102].

The Monte-Carlo approach is based on statistics. Based on predefined criteria the
interaction of the adsorbate with neighbouring adsorbates and the adsorbent is de-
scribed. By rotation, removal and insertion of the adsorbate at the adsorption sites the
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configuration energy is minimized during the simulation. Finally, a set of isotherms is
obtained and by comparison to the actual experimental data a pore size distribution is
assigned.

In total, the modern microscopical approaches give accurate assessment of the pore
size distribution of adsorbents, if an appropriate kernel is used. However, errors could
arise, if wrong assumptions of the pore size geometry are made [92, 102].

2.4.5. |deal Adsorbed Solution Theory

Adsorbents are commonly used to separate specific gases from gas mixtures. Therefore,
the determination of mixed-gas adsorption equilibria is an important parameter. As an
accurate experimental assessment is demanding, a variety of models was developed
for theoretical determinations of mixture equilibria [103]. A very prominent approach
is the ideal adsorbed solution theory (IAST), which was developed by Myers and
Prausnitz in 1965 [104]. The determination requires only pure component isotherms of
each component at the desired temperature as experimental data. Furthermore, three
assumptions are made for IAST determinations:

1. The adsorbent is thermodynamically inert. Changes of the thermodynamic proper-
ties during the adsorption process are negligible.

2. The surface area of the adsorbent is equally accessible for all adsorbates. No size
exclusion effects.

3. ldeal solution behavior at constant spreading pressure and constant temperature -
No interaction of adsorbate molecules with each other

The spreading pressure, which can be understood as negative surface tension, can
be calculated according to Equation 2.12. The experimental pure component isotherm
needs to be interpolated to provide the theoretical adsorbed amount ! of the component
i at the pressure p?. The pressure p? is the required pressure to obtain equal spreading
pressures 7 for all components of the mixture (Equation 2.13).

RT vl g (pi)

W(p?)zj 0 p; dp; (2.12)
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7w Spreading pressure

R Universal gas constant

T Temperature

A Surface area of the adsorbent

K Affinity constant

p? Equilibrium pressure of pure component ;

n? Adsorbed amount of pure component 7 in equilibrium
p; Partial pressure of component i

T=m =Ty =T, (2.13)

The needed partial pressure of the component : in the mixture can be calculated using
Equation 2.14, which is an analogue to Raoult’s law. According to the law of mass
conservation the molar fractions of all components in the adorbed phase and the molar
fraction of all components in the gaseous phase must equal 1 (Equation 2.15) [103,
105].

pizyi-pzxi-p?(ﬂ) (2-14)

Vi Fraction of component i in the gas phase

x;  Fraction of component i in the adsorbed phase

pY(m) Partial pressure of component : at spreading pressure =
P Total pressure

Di Partial pressure of component i

=1

These equations can be solved for a set gas composition y; ; and total pressure p. The
obtained solutions can subsequently be used for determination of the selectivity of the
adsorbent towards a component as given in Equation 2.16 [105, 106].

§="1. % (2.16)
n2 N

The IAST gives good predictions for systems with components, which adsorb in similar
amounts. However, if one component is preferentially adsorbed over the other as
well as for heterogeneous adsorbents, IAST predictions could deviate distinctly from
experimental selectivity values [106].
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2.4.6. Isosteric enthalpy of adsorption

The adsorption of gases on a surface releases energy. The energy release is caused
mainly by the change from gaseous state to the adsorbed state, which comes with a loss
of molecular motion. Often the term ’heat of adsorption’ is used for the released energy
during adsorption. However, the term ’isosteric enthalpy of adsorption’ is more accurate
as it describes well the thermodynamic change of state and gives a negative AH,,4, [107].
A commonly used approach to determine the isosteric enthalpy of adsorption is based
on isotherm data at different measurement temperatures. The experimental isotherm
data is interpolated using a suitable fit function and afterwards used for calculation
of the isosteric enthalpy of adsorption according to the Clausius-Clapeyron approach
(Equation 2.17) [101, 108].

Pz) Ty - Ty

AHg(n) = —R-In(—) -
d() (pl T, —Th

(2.17)

2.4.7. Static gas adsorption experiments

Gas adsorption isotherms are commonly measured using static gas adsorption methods.
The measurement principles can be divided into volumetric and gravimetric approaches.
The volumetric approach is most frequently used [92, 101].

Pressure

Adsorptive }{:— %
He p——

Sample cell

Figure 2.10. — Scheme of a volumetric static gas adsorption device. The setup consists of a calibrated manifold volume, a
turbomolecular vacuum pump, several pressure transducers, gas inlets and two ports for sample and reference tube
[92, 109].

A typical device consists of a manifold with a calibrated volume, high precision pressure
transducers, a turbomolecular vacuum pump, gas ports for helium and the adsorptives
and ports for sample and pg cell (Figure 2.10). Helium is used to accurately determine
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the void volume prior to the measurement, which is essential to calculate the adsorbed
quantities using the ideal gas law. At the start of a measurement the setup is fully
evacuated. At each dose step a predefined amount of gas is added into the manifold
and the pressure is determined. Afterwards the valve to sample and reference is opened
and the pressure equilibrates in the total volume. At the beginning of the equilibration a
sharp pressure drop is observed as the sample void volume fills, before it attenuates
and slowly approaches the equilibrium. This procedure is repeated over several steps
resulting in a preset pressure range. Based on the obtained data the adsorption isotherm,
typically depicted as adsorbed amount of gas over the relative pressure p/p, can be
calculated using the ideal gas law [92].

2.4.8. Dynamic sorption experiments

Breakthrough or dynamic gas adsorption experiments measure the gas adsorption
on a material in dynamic flow. This allows for analysis of single and multi-component
equilibria as well as adsorption kinetics.

XX
®
e
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=
g X XX Pump
MFC2 bt S X
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_:g- Regulator |._lpg X
MFC3 |-o= 2
o i MS Outlet
—
MFC4 Pact ®
Pact
(®  Pressure Sensor MFC  Mass Flow Controller
@® Temperature Sensor MS Mass Spectrometer
b Valve TCD Thermal Conductivity Detector

Figure 2.11. — Scheme of a dynamic sorption analyzer. Main components are the adsorber column and the bypass, several MFCs,
a pressure regulator for adjustment of experimental parameters as well as a thermal conductivity detector and a
mass spectrometer for analysis of the outlet gas composition [110].

A setup of a dynamic breakthrough analyzer is depicted in Figure 2.11. The inlet gas
composition can be adjusted using several mass flow controllers (MFCs). Depending on
the valve positions the gas mixture is either entering the adsorber column or flowing
through the bypass, which allows premixing of gases without affecting the adsorbent.
Both, adsorber column and bypass can be used at various pressures using the pressure
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regulator. Analysis of the column outlet is done by a thermal conductivity detector or
a mass spectrometer to determine the mixture composition [111, 112]. Typically, the
inlet concentration and flow rates are preset and the outlet conditions are analyzed.
The experiment results a time-resolved breakthrough curve of the adsorptive through
the adsorber column. The detected concentration at the column outlet C' is normalized
to the inlet concentration C, (Figure 2.12a) [112]. Such a breakthrough curve can be
divided into three phases. In the first phase, all adsorptive molecules are adsorbed on
the adsorbent and no adsorptive concentration is detected at the column outlet. After a
period of time the adsorbent starts to get saturated, which causes a rise of the adsorptive
concentration at the column outlet and marks the onset of the breakthrough. Once the
adsorbent is fully saturated, the outlet concentrations matches the inlet concentration.

1.2 T T 1.2
Unsaturated | Breakthrough I Saturated
1.0 4 | 1.0 4
| |
0.8- : : 0.8-
O 06 | : O 06
o | : o
0.4 | | 0.4
| 1 '
0.2 1 I 0.2 /
| 1 ' - ---Blank Run
0.0 Sample Run 0.0 L V7] Sample Run
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time / min Time / min
(a) (b)

Figure 2.12. — (a) Breakthrough curve obtained in a dynamic sorption experiment normalized to the inlet concentration Cjy. (b)
Determination of the area between breakthrough curves of a sample and corresponding blank run for determination
of the adsorbed amount.

By integration of the area between the start of the experiment and the full breakthrough
the adsorbed molar amount n.4s.5c4 Can be calculated according to Equation 2.18 [112].

Nadsorbed = /nm(t> dt - /hout@) dt (218)

The molar flows 7, ..; can be expressed as the product of volume flow V;,, ... and the
concentration Cj;, ous-

Nadsorbed = /‘/zn(t) : Ozn dt — /%ut(t) ' Cout dt (219)
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Using the ideal gas law the previous equation can be written as Equation 2.20, where
the concentration C' is written as fraction of the volume fractions v;,, ... and the molar

volume V,,,.

y int y oy t
Nadsorbed = /‘/znyv( ) dt — /V;uty‘;( ) dt (220)

This equation simplifies for a constant inlet flow and constant adsorptive concentrations
to Equation 2.21, which is commonly the case in a dynamic sorption experiment.

Vi - Yin * T B /"/(mtyout<t) dt (221)

Nadsorbed =
Vin V,

In highly diluted experiments using low adsorptive fractions the outgoing flow rate can
be assumed as constant, resulting in Equation 2.22.

Vi
Nadsorbed = 7(1/171 “t— /yout<t> dt) (222)
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Figure 2.13. — Evaluation of the breakthrough curves of a binary mixture. Roll-up effects in the breakthrough curve of the weak
adsorbing component hamper the precise determination of the adsorbed amount. Therefore, the integration of the

desorption curve is used which results in a more accurate assessment.

For accurate assessment of the adsorbed amounts a substraction of the void volume
of the adsorber column is necessary. The void volume is determined in a blank run
experiment. During the experiment the column is filled with non-adsorbing glassbeads,
which occupy the same volumetric space as the adsorbent. The blank run is substracted
from the sample run and the accurate amount of n,4.0req 1S determined as the area

between both breakthrough curves (Figure 2.12b).
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In case of binary mixture experiments both breakthrough curves have to be integrated.
However, in the case of one very strong and one very weak adsorbing component the
integration becomes challenging. The strongly adsorbing component breakthrough looks
similar to a single-component breakthrough, but for the weak adsorbing component a roll-
up effect is observed. Such roll-ups are assigned to the competitive adsorption of CO,
and N due to the replacement of N, by CO, [112] (Figure 2.13a). Moreover, the absence
of CO, at the column outlet contributes to the effect. For an accurate assessment the
roll-up area needs to be substracted from the area of the breakthrough. This becomes
difficult for weakly adsorbing components, since both areas could be almost equal,
resulting in significant errors. Therefore, it is more convenient to determine the amount
of the weakly adsorbed component using the desorption curve [112] (Figure 2.13b)
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CHAPTER 3. SCOPE OF THESIS

3. Scope of thesis

A large number of publications on PAN-based carbon nanofibers dealing with mechanical
[113], structural, electrical [114—117] as well as gas adsorption properties [76, 118-120]
is already available in literature (Ref. chapter 2).

Regarding the gas adsorption properties, research is mainly focused on the impact of the
carbonization conditions and different activation methods on the carbon nanofibers. It
has been shown that the adsorption capacity and selectivity are tailorable by adjustment
of the carbonization temperature [47, 120]. In addition, the introduction of additional
pore volume and an increase of the specific surface area can be achieved by different
activation methods [33, 90].

The present work focuses on three aspects, which have been scarcely considered so far:
the impact of thermal stabilization, the post-treatment conditions after KOH activation
and the CO, adsorption performance of KOH-activated carbon nanofibers from a binary
CO,/N, gas mixture studied in dynamic sorption experiments.

The few existing studies [72, 73], dealing with the impact of thermal stabilization on the
gas adsorption properties, do not provide an in-depth understanding of the impact of
different stabilization parameters. Partially, stabilization parameters are varied simulta-
neously, making it impossible to assess their individual impacts. Additionally, the results
are partially contradicting and the impact of the stabilization atmosphere is not studied
so far.

Therefore, the present work aims to provide a detailed understanding of relevant process
parameters, such as stabilization duration, stabilization temperature and stabilization
atmosphere, on the pore structure and corresponding gas adsorption properties of the
carbon nanofibers. By combining gas adsorption measurements and chemical charac-
terization techniques, correlations between stabilization parameters, pore structure and
CO, adsorption properties of the carbon nanofibers shall be drawn.

KOH activation is a frequently applied activation method to adjust the pore structure of
carbon nanofibers. Commonly, the freshly activated materials are directly exposed to
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ambient air after KOH activation. However, since air-sensitive elemental potassium is
formed during activation, an uncontrolled exposure to ambient air might cause vigorous
potassium oxidation reactions, which alter the activated carbon nanofiber structure. By
application of different oxygen flow conditions as post-treatment, potential impacts on
the pore structure shall be studied.

The results are used to synthesize a series of KOH-activated carbon nanofibers at dif-
ferent KOH:Fiber weight ratios of 1:4, 2:4 and 3:4 to increase the adsorption capacity of
the pristine carbon nanofibers. Comparatively mild KOH:Fiber weight ratios were chosen
to preserve the high ultramicropore volume of the pristine carbon nanofibers, which is
essential for their excellent selectivity [120]. The KOH-activated carbon nanofibers are
fully characterized to analyze the pore structure and gas adsorption capacities.
Subsequently, the selectivity of CO, over N» on the KOH-activated carbon nanofibers
is determined using the ideal adsorbed solution theory (IAST) for typical flue gas com-
positions (10 % CO. in Ny). To verify the results of the IAST selectivity determination,
breakthrough experiments using a binary CO, in N, gas mixture are conducted in a
dynamic sorption analyzer. The experimental selectivities are compared to the results
of the IAST calculations and deviations of both are discussed. Additionally, further
important adsorbent characteristics, such as working capacity and cycle stability are
investigated in dynamic sorption experiments by application of an idealized vacuum
pressure swing adsorption cycle.

Overall, this work shall improve the understanding of the impact of thermal stabilization
on the pore structure and CO, adsorption properties of carbon nanofibers. Moreover,
the work on post-treatment after KOH activation deals with an aspect of the commonly
applied KOH activation, which is currently overlooked although potassium oxidation
reactions are expected based on the proposed activation mechanism. Lastly, adsorbent
characterization and the CO, in N, breakthrough experiments shall investigate the
advantages and disadvantages of KOH-activated carbon nanofibers for an application
in the separation of CO, from flue gas.
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4. Experimental

4.1. Synthesis of pristine carbon nanofibers

For the synthesis of the pristine carbon nanofibers used in chapter 5, custom-made
PAN-based nanofibers were supplied by Stellenbosch Nanofiber Company, South Africa.
The nanofibers were synthesized using a needleless electrospinning process and were
used without further modifications. The PAN-based nanofibers were thermally stabilized
in a drying oven (Carbolite Gero GmbH & Co. KG., Germany) at temperatures of 200,
225, 250, 275 and 300 °C in air for 1 h. Additionally, a series of samples was heated
to 250 °C in air and maintained there for 0.5, 1, 4, 8 and 15h. The heating rate during
these experiments was at 5 Kmin~'. Moreover, thermally stabilized nanofibers were
synthesized at 250 °C for a duration of 15h in N, instead of air inside a tube furnace
(Carbolite Gero GmbH & Co. KG, Germany). Similar to the previous experiments the
heating rate was set to 5Kmin~'. An overview on all applied synthesis parameters is
given in Table 4.1.

Table 4.1. — Investigated stabilization parameters in the temperature, duration and atmosphere series.
Temperature Duration Atmosphere

Temp. Dur. Atm. | Temp. Dur. Atm. | Temp. Dur. Atm.
°C h = °C h = °C h =
200 1 Air 250 0.5 Air 250 15 Air
225 1 Air 250 1 Air 250 15 N>
250 1 Air 250 4 Air
1
1

275 Air 250 8 Air
300 Air 250 15 Air

After thermal stabilization all samples were carbonized for 3h at 800 °C in an Ar flow
of 105 L h~" inside a tube furnace (Carbolite Gero GmbH & Co. KG, Germany) using a
heating rate of 5 Kmin~".

The pristine carbon nanofibers discussed in chapter 7 and chapter 8 were based on
inhouse synthesized PAN nanofibers. Solutions of 10 wt.-% PAN in N,N-dimethylform-
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amide (DMF) were prepared by adding 8 g PAN (150.000 g mol~', BOC Science, USA)
to 72g DMF (VWR Chemicals, Germany). The solutions were stirred for 48 h at room
temperature under protection from direct light. Afterwards the solution was electrospun
on an electrospinning device (IME Technologies, Netherlands) under constant climate
conditions of 25 °C and 30 % relative humidity. The acceleration voltage was set to
25kV and the polymer solution was supplied at a flow rate of 120 uL min~' through a
4-tip spinning needle. The needle was fixed on a spinneret moving with 20 mm s
over a range of 120 mm at a turn delay of 500 ms. The spun nanofibers were collected
on a drum collector with a diameter of 90 mm rotating at a speed of 1000 rpm. The
electrospinning was conducted for 3 h until a total volume of 21.6 mL was obtained.
Afterwards oxidative stabilization was conducted at 250 °C for 15 h using a heating rate
of 5Kmin~" in air in a drying cabinet (Binder GmbH, Germany). Finally, the samples
were carbonized for 3h at 800 °C in an Ar flow of 105Lh~" inside a tube furnace
(Carbolite Gero GmbH & Co. KG, Germany) at a heat rate of 5 Kmin~' (Table 4.2).

Table 4.2. — Overview of the used spinning parameters used for the synthesis of the inhouse carbon nanofibers.

Parameter Value
Flow rate 120 uL min-"
Voltage 25kV
Nozzle-Collector distance 140 mm
Inner nozzle diameter 0.8mm
Lateral range 120 mm
Spinneret speed 20mms™!
Collector diameter 90 mm
Collector Speed 1000 min™"

4.2. Synthesis of KOH-activated carbon nanofibers

The KOH-activated carbon nanofibers discussed in chapter 6, chapter 7 and chapter 8
were electrospun according to the procedure for the inhouse spinning process described
in section 4.1. Afterwards, oxidative stabilization was conducted at 250 °C for 15 h using
a heating rate of 5Kmin~" in air in a drying cabinet (Carbolite Gero GmbH & Co. KG.,
Germany). Then 200 mg of the stabilized nanofibers were impregnated with 10 ml KOH
solution. The KOH activation solutions were prepared in advance at concentrations of
0.09, 0.18, 0.26 molL~" KOH in H,O, corresponding to KOH:Fiber weight ratios of 1:4,
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2:4 and 3:4. After 2 h soaking time the KOH impregnated nanofibers were dried in a
drying cabinet (Carbolite Gero GmbH & Co. KG., Germany) at 85 °C for a duration of 3 h.

For the results presented in chapter 6 the carbonization and activation process was
conducted inside a thermogravimetric analyzer coupled to a mass spectrometer (STA
449 F1 Jupiter coupled to QMS 403D Aélos, Netzsch GmbH, Germany (TGA-MS)). A
5mL Al,O3-beaker was filled with 200 mg of the KOH impregnated stabilized nanofibers.
Prior to the simultaneous carbonization and activation the furnace was purged trifold
with Ar to obtain an inert atmosphere. Subsequently, the carbonization and activation
was conducted at 800 °C for 3 h at a flow of 40 mL min~" Ar (5.2, Air Products, France)
using a heat rate of 300 Kh='. After the temperature was maintained at 800 °C for
3 h, the sample was cooled down to 40 °C at a cooling rate of 200 Kh~'. As soon as
a temperature of 40 °C was reached, the atmosphere was switched to a mixture of
N»:O.. Two different mixture compositions were used as post-treatments. One labelled
as 'low O, flow condition’ at an O,-flow rate of 4mLmin~! in 16 mLmin~' N, and a
second labelled as ’high O, flow condition’ at 175mL min~' O, and 75 mL min~' N,. All
post-treatments were conducted for 45 minutes. Finally, the obtained KOH-activated
carbon nanofibers were neutralized by washing with distilled water to remove potassium
compounds until a neutral pH value was achieved.

Additionally, experiments were conducted in a horizontal tube furnace (REST-E 400/6,
Carbolite Gero GmbH Co. KG, Germany) to ensure comparability of the measurements
in the TGA-MS to the commonly used synthesis in the tube furnace. An alumina boat
containing 200 mg of the KOH impregnated nanofibers was put into the tube furnace,
which was trifold purged with Ar. The simultaneous carbonization and activation step was
conducted at 800 °C for 3h at a heating rate of 5 Kmin~'. After cool down to 40 °C the
atmosphere was switched to N2:O,. Comparable to high O,-flow conditions the samples
were directly exposed to ambient air, whereas low O,-flow conditions were applied
by addition of compressed air at 2L h~". Afterwards the samples were neutralized by
washing with distilled water until a neutral pH value was achieved.

The KOH-activated carbon nanofibers discussed in chapter 7 and chapter 8 were
all carbonized in the tube furnace and low O,-flow conditions were applied as post-
treatment. After neutralization and drying the KOH-activated carbon nanofibers were
transformed into pellets according to the process described in patent WO002024-
170630A1 [121]. First, the material was milled in a knife mill (IKA-Werke, Germany) for 5
runs at 60 s. The obtained nanofiber powder was afterwards mixed with a binder (PAN)
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yielding a highly viscous carbon nanofiber dispersion. This dispersion was extruded into
cylindrical strings, which were dried at 60 °C for 1 h with subsequent vacuum drying
overnight. Subsequently, the carbon nanofiber strings were cut into cylindrical pellets of
an average length of 4 mm and a diameter of 2 mm. Finally, an additional carbonization
step was conducted at 800 °C for 3 h in Ar.

4.2.1. Synthesis of reference materials

Several reference materials were tested in chapter 6 regarding an impact of the applied
post-treatment conditions. All reference experiments were conducted inside the TGA-
MS. KOH impregnation and activation were conducted according to the procedure
described in section 4.2. All experiments were conducted at high O.-flow conditions
as post-treatment. Below a summary on the reference materials is given (Table 4.3).
The carbon papers obtained from Freudenberg Performance Materials and Toray CFE
were pyrolyzed prior to the experiment at 1000 °C for removal of flourine residues. The
coconut shells were carbonized at 500 °C prior to the impregnation following the process
described in [40, 122].

Table 4.3. — Overview on reference materials used for investigations discussed in chapter 6.

Material Dimension Supplier Pretreatment
PAN powder Bulk material BOC Sciences Therm. stabilization
Coconut shell Bulk material Inhouse Pre-Carb. at 500 °C
Toray Paper Microfiber Toray CFE Pyrolyzed at 1000 °C
Freudenberg Paper Microfiber Freudenberg Performance Materials Pyrolyzed at 1000 °C
PAN-based nanofibers Nanofiber Stellenbosch Nanofiber Company Therm. stabilization
PAN-based nanofibers Nanofiber Inhouse Therm. stabilization

4.3. Characterization of the carbon nanofibers

4.3.1. Elemental analysis

A varioELcube elementar analyser (Elementar, Germany) was used for determination of
the C,H,N and O content of the samples. The C,H,N content was determined by a triple
determination with 2 mg each. The O content was determined by a single determination
for the results in chapter 5 and chapter 7 and by calculating the difference between
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the CHN content to the total composition for the results presented in chapter 6. The
elemental analysis was conducted by the Central Institute of Engineering and Analytics
(ZEA-3) of Forschungszentrum Jilich GmbH.

4.3.2. Simultaneous thermal analysis

An STA 449 F1 Jupiter (Netzsch GmbH, Germany) coupled to a mass spectrometer
(QMS 403, Aélos, Netzsch GmbH, Germany) was used for performing simultaneous
TGA and differential scanning calorimetry (DSC) measurements using the MS for resid-
ual gas analysis.

The thermal treatment for the results presented in chapter 6 is given in the synthesis
section (section 4.2). The emitted reaction products were detected by the MS. The
measurements were conducted in multiple ion detection (MID) mode. All relevant gases
were identified with a scan measurement for m/z 0-100 in an additional run prior to the
actual measurements. The MID runs were normalized to a reference run, to correct
contamination of the device caused by the formation of soot particles during the reaction.
For data evaluation the peak area of the detected components was determined by
integration. The obtained weight normalized peak area is converted into the molar
amount of CO, based on a calibration using CaC,0O,4 x H,O [123]. For the calibration
masses of 50, 75, 100, 125 and 150 mg of CaC,04 x H,O were transferred into the TGA
crucible and afterwards heated to 1000 °C. Based on the obtained results, a relation of
the peak area CO, to the molar amount could be drawn. A more detailed description of
the calibration and the calibration data are shown in section A.3.

For determination of the emitted reaction heats in the DSC experiments the device was
calibrated using a sapphire disc. The DSC measurements were conducted using an
equal heat treatment as for the experiments in the TGA beaker. The sample mass of
KOH impregnated nanofibers was at 20-30 mg.

The results in chapter 5 were obtained in the temperature range 30-450 °C at a heating
rate of 5 Kmin~" in artificial air (40 mLmin~' N, and 10 mLmin~" Q). Similar to the
previous DSC measurements 20-30 mg of the PAN-based nanofibers were used.

4.3.3. Infrared spectroscopy

Infrared (IR) spectra were recorded on a SpectrumOne FT-IR (PerkinElmer, USA) using
an attenuated total reflexion (ATR) setup with a diamond/ZnSe composite crystal and
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a HgCdTe detector. The measurements were conducted at 32 scans and a resolution
of 4cm~'. Prior to each measurement a background scan was obtained. All spectra
were baseline corrected and the observed absorption bands were evaluated. Based
on the absorption band height of the nitrile valence vibration at 2244 cm~" and the
—C=N-/-C=C- valence vibration at 1590 cm~' the cyclization index C'I was calcu-
lated according to Equation 4.1. The cyclization index is used as an assessment of the
progress of the stabilization. For the calculations the absorptivity constant » was set to
0.29 according to the work of Collins et al. [124, 125].

n- AbsylSQOcm71

CI = 4.1
n- AbSV1590cm—1 + Abs”2244 em—1 100 ( )
Cl Cyclization index
n Absorptivity constant

Abs,,,,. _, Absorption band height of the valence vibration of the —C=N groups
Abs, ., Absorption band height of the valence vibration of the —C=N- groups

4.3.4. Raman spectroscopy

The Raman measurements discussed in chapter 5 were conducted on an Alpha R
Raman microscope (WITec GmbH, Germany). The Raman spectra were acquired at a
laser wave length of 532 nm and a laser power of 2 mW. For the evaluation a baseline
corrected average spectrum of 5 measurements was used. The averaged spectra were
fitted by 5 Gaussian fits, orienting close to the recommendations in literature [126, 127],
labelled as D,, Dy, D3, D, and G band. Based on the obtained peak area of the D; and
G band the D, /G ratio as a measure for the degree of structural order was calculated.

The results presented in chapter 6 were obtained on an Alpha R Raman microscope
(WITec, Germany) using a 532 nm laser at a power of 2mW. For each sample, high
and low O,-flow, Raman spectra were acquired for a total of 30 s measurement time
at five different, representative surface locations. All spectra were baseline corrected.
For the determination of the D/G ratio of the overlapping carbon D and G bands, the
spectra were fitted using LMFIT version 0.9.14 for Python [128], employing a non-linear
least-squares algorithm. Due to the signal shape, the D band was fitted using two Gauss
peaks and the G band and 2D band by one Gauss peak.
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4.3.5. ICP-OES

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on
an iCAP 7600 analyser (ThermoFisher Scientific, USA). Two parallel digestions of 100
mg sample each were prepared in a furnace with 250 mg lithium borate. The samples
were heated to 1050 °C during 3 h and maintained for 30 minutes at this temperature.
The obtained melt was diluted in 50 ml 5 % HNO3 and filled up to 100 ml. The obtained
solutions were analyzed in the ICP-OES. The ICP-OES measurements were conducted
at the Central Institute of Engineering and Analytics (ZEA-3) of Forschungszentrum
Jilich GmbH.

4.3.6. Electron microscopy

Scanning electron microscopy (SEM) images were recorded using a Quanta FEG650
microscope (FEI, USA) equipped with an Everhart-Thornley detector. The acceleration
voltage was set to 20 kV for the results in chapter 6 and to 5 kV for the results in
chapter 7, respectively. Proper fixation of the carbon nanofibers on the sample holder
was ensured by the use of adhesive carbon tape.

4.3.7. Static gas adsorption

Several static gas adsorption analyzers and adsorptives were used during this thesis. A
list of the used adsorptives is given in in Table 4.4.

Table 4.4. — Overview on the used adsorptives for static gas adsorption experiments.
Adsorptive Supplier Purity
Ar Air Products 6.0
He Air Products 6.0
CO; Air Products 4.5
Ny Air Products 5.2
H>.O - -

Evaluation of the gas adsorption data was done using Asiqwin 5.0 (Quantachrome,
USA) and pyGaps 4.5.0 [129]. Asigwin was used for isotherm plotting, determination of
the BET area and calculation of the pore size distributions. Based on the Ar adsorption
data, the pore size distributions were calculated using a QSDFT method with a kernel for
slit pores on carbon. CO, adsorption data was used to determine pore size distributions
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using Monte-Carlo calculations with a kernel for slit pores on carbon. IAST calculations
and the determination of the isosteric enthalpies of adsorption was conducted using
pyGaps 4.5.0 [129]. Determination of the isosteric enthalpy of adsorption was done
using the Clausius-Clapeyron approach.

The used devices are listed separately for each chapter below:

* Chapter 5: Impact of the thermal stabilization parameters on the pore

structure of carbon nanofibers

The gas adsorption results were obtained on a Micro 300 (3P Instruments GmbH
& Co. KG., Germany) using Ar at 87 K, CO, and N, at 273 K. 50-100 mg of the
sample were weight into the sample tubes and outgassed for 15 h at 150 °C
prior to the measurements. The temperature for Ar isotherm measurements was
adjusted using Cryotunes (3P Instruments GmbH & Co. KG., Germany) and a
water bath for the CO, and N, measurements.

The H,O isotherms of the thermally stabilized nanofibers were measured on a
gravimetric vapor sorption analyzer at 298 K (DVS Vacuum, Surface Measurement
Systems, United Kingdom). For each sample 15-25 mg were weight into the
sample crucibles. Prior to the measurement the samples were outgassed at 70 °C
for 4 h.

* Chapter 6: Control of oxygen flow during post-treatment of KOH-activated

carbon nanofibers

The static gas adsorption isotherms were measured on a Micro 300 (3P Instru-
ments GmbH & Co. KG, Germany). Prior to each measurement the samples were
outgassed for 15 h at 150 °C. 25-50 mg of the sample were used for the mea-
surements. Ar isotherms were recorded at 87 K and CO. isotherms at 273 K. The
temperature was controlled using Cryotunes (3P Instruments GmbH & Co. KG.,
Germany) for Ar measurements and a water bath for CO, and N, measurements.

An Autosorb 1Q 2 (Quantachrome, USA) was used to determine the CO; kinetics. A
single point isotherm at 50 mbar and 298 K was measured using the VectorDose™
mode.

A Quadrasorb Evo (Quantachrome, USA) was used for determination of the CO,
adsorption isotherms at 273, 283 and 293 K for the calculation of the isosteric
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enthalpy of adsorption. Adjustment of the temperature was done using a water
bath.

* Chapter 7: Characterization of KOH activated carbon nanofibers

The static gas adsorption isotherms were measured on a Micro 300 (3P Instru-
ments GmbH & Co. KG, Germany). Prior to each measurement the samples
were outgassed for 15 h at 150 °C. 100-150 mg of the sample were used for the
measurements. Ar isotherms were recorded at 87 K and CO. isotherms at 273
and 298 K. The H,O adsorption isotherms were measured on an AutoSorb 1Q2
at a temperature of 298 K. All measurement temperatures were controlled by a
water bath.

* Chapter 8: Separation of a binary CO,/N; mixture on KOH activated carbon

nanofibers

The static gas adsorption isotherms were measured on a Micro 300 (3P Instru-
ments GmbH & Co. KG, Germany). Prior to each measurement the samples
were outgassed for 15 h at 150 °C. 100-150 mg of the sample were used for the
measurements. CO, and N, isotherms were measuread at 298 K using a water
bath for temperature control.

4.3.8. Dynamic gas adsorption

The breakthrough experiments were conducted using a mixSorb SHP (3P Instruments,
Germany). The outlet flow was analyzed by a mass spectrometer (GSD 350, Pfeiffer
Vacuum, Germany). The adsorber columns were made from stainless steel with an inner
diameter of 4.0 and 8.0 mm and a length of 15 cm. Approximately 0.4 g of the samples
were added into the adsorber column. After mounting the adsorber column a leak test at
7 bar was performed and the pressure drop of the column at 5bar was determined. Prior
to the measurements the samples were pretreated at 300 °C at 20 mL min~' He flow
for 1 h. The inlet gas mixture composition was adjusted using the MFCs. An overview
of the experimental parameters for the breakthrough experiments is given in Table 4.5.
All experiments were conducted at 298 K. A void volume correction was done for all
experiments based on a blank run with an adsorber column filled with non-adsorbing
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glassbeads covering the same volume as the adsorbents. For determination of the
needed amount of glassbeads, He pycnometry was used for density determination of
the adsorbents.

Table 4.5. — Overview on the experimental parameters of the conducted breakthrough experiments.

Experiment Column  Vcarrier Veo, VN, Potat  Pags CO2:No
mm mLmin~" mLmin~" mLmin~" bar bar %
Selectivity at 1 bar 8.0 80 2 18 5 1 10:90
N, Isotherms at 10 bar 4.0 95-50 - 5-50 20 1-10 0:100
Working Capacity at 10 bar 4.0 0 5 45 10 10  10:90

The breakthrough curves were evaluated using the software mixSorb manager (3P
Instruments, Germany). The MS data file was attached to the mixSorb manager data
file and an offset correction was performed using implemented methods of the software.
For each breakthrough curve the base- and topline was adjusted manually. The baseline
was set to 0 and the top line is set to the the mean value of the outlet concentration.
Afterwards integration of the breakthrough curves was conducted. Such an integration
was conducted for the adsorption cycle and the desorption cycle, since the assessment
of weakly adsorbing components is more accurate in the desorption cycle due to roll-up
effects in the adsorption cycle (see subsection 2.4.8). For determination of the accurate
adsorbed amount the area of the blank run is substracted from the area of the sample
run.

* Selectivity determination

The CO, selectivity of the adsorbents in a 10:90 CO,:N, mixture was determined
at an adsorptive pressure of 1 bar. Non-adsorbing helium was used as carrier gas
resulting in total pressures of 5 bar. The adsorbed amounts of CO, and N, as
well as the partial pressures of the adsorptives were used for determination of the
selectivity according to Equation 4.2.

nCOQ 'pNQ (42)

Sco, =
nNQ : pCOQ
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Sco, Selectivity of CO, over Ny
nco, Adsorbed amount of CO,
ny, Adsorbed amount of Ny
pco, Partial pressure of CO,
pn, Partial pressure of N,

* Working capacity and cycle stability

The working capacity and cycle stability were determined in binary mixture experi-
ments at a total pressure of 10 bar. The V002 was at 5mLmin~' and The VN2 was
at 45 mL min~" reflecting a 10 % CO, in N> composition. The experiments were
conducted using a simplified pressure swing adsorption cycle with an adsorption
cycle of 20 minutes followed by a 20 min desorption cycle. Desorption was con-
ducted at technical vacuum conditions. The experiment was conducted over a
total of 20 cycles to give a first assessment of cycle stability.

* High pressure N, isotherms

The N, isotherms at pressures up to 10 bar were determined in a binary mixture
of N2 in He. The total pressure was set to 20 bar. Stepwise the partial pressure of
N, was increased from 5 up to 50 %, reflecting a 1 bar pressure increase each
step. After each step a desorption cycle was conducted.
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CHAPTER 5. IMPACT OF THE THERMAL STABILIZATION PARAMETERS ON THE
PORE STRUCTURE OF CARBON NANOFIBERS

5. Impact of the thermal stabilization
parameters on the pore structure of

carbon nanofibers

5.1. Preface

This chapter discusses the impact of stabilization duration, temperature and atmosphere
on the gas adsorption properties of electrospun carbon nanofibers. For each parameter,
a detailed chemical characterization is conducted prior to the discussion of its impact
on the pore structure and gas adsorption properties. The results of this chapter were
obtained in collaboration with Maya Pagel, who conducted the experimental work
and parts of the data processing during her Master thesis under supervision of Tom
Fischer [130]. Elemental analysis was performed by the Central Institute of Analytics at
Forschungszentrum Jilich GmbH. Raman measurements were conducted by Sebastian
Speer and evaluated by Tom Fischer. Main parts of this chapter have been previously
published under a CC BY 4.0 license in Carbon Trends [131].

5.2. Impact of the stabilization duration

The thermal stabilization was conducted at 250 °C in air at durations of 0.5, 1, 4, 8 and
15 h. Additionally, carbon nanofibers without any stabilization treatment were prepared
(0h).

5.2.1. Characterization

During thermal stabilization the white PAN nanofibers underwent a distinct color change
to dark brown or black, respectively. At durations of 0.5 to 1 h the stabilized nanofibers
turned dark brown, whereas at durations larger than 4 h a black color was obtained
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(Figure 5.1). The color change is typical for PAN fibers during thermal stabilization and
is assigned to the conjugated w-network of the stabilized ladder polymer [132].

0.5h 1h 4h 8h 15h

Figure 5.1. — PAN-based nanofibers after thermal stabilization at 250 °C in air for 0.5, 1, 4, 8 and 15h. A color change from white
to dark brown or black was observed.

Infrared Spectroscopy

In-depth characterization of the ongoing chemical changes was conducted by FT-IR
spectroscopy (Figure 5.2a). The non-stabilized PAN nanofibers (0 h) spectrum shows
four distinct absorption bands. At 2931 cm~' CH, valence vibrations (v¢x,) are observed,
which are assigned to the backbone CH, groups of PAN. Additionally, deformation
vibrations of these groups (J¢,) are visible at 1454 cm~'. The sharp absorption band
at 2243 cm~"' is caused by the valence vibration of the nitrile groups (vc=n). The fourth
absorption band at 1662cm~" is related to carbonyl valence vibrations (v¢-o), which
are not directly related to PAN, but can be assigned to additives or impurities of the
precursor.

At increasing stabilization duration, a significant decrease of v _  as well as a van-
ishing of vop, is observed. Simultaneously, new absorption bands at 1590, 1334,
1240 and 801 cm™" arise. The vibrations at 1590 cm~' are assigned to —C=N- and
—C=C- valence vibrations (’/c:C/c:N) of the stabilized ladder polymer, whereas the
vibrations at 1334 cm~' are deformation vibrations of CH groups (d¢#) in the cyclized
structure [71, 133, 134]. The absorption at 1240 cm~" is most likely related to oxygen
containing functional groups, e.g. carbonyl or hydroxyl groups. Additionally, the signal at
801 cm™ is assigned to out-of-plane vibrations (d,,,) of the aromatic hydrogen atoms
[134]. Furthermore, a broad absorption band between 2300 and 3700 cm~" arises in
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Figure 5.2. — (a) IR spectra of thermally stabilized PAN-based nanofibers. Stabilization was conducted at 250 °C in air for 0.5, 1, 4,
8 and 15 h. Non-stabilized PAN nanofibers are shown as 0h. (b) IR spectra normalized to the height of the nitrile
valence vibration band of non-stabilized sample to ensure comparability between the samples. (c) Cyclization index
for the stabilized nanofibers, which was calculated using Equation 4.1 and the normalized absorption band heights of
the nitrile and —C=N—-/-C=C- valence vibrations. (d) H20 vapor isotherms at 298 K on PAN-based nanofibers
stabilized at 0-15 h duration.

the spectra of the stabilized nanofibers at durations > 4 h. This is assigned to vo_g
of adsorbed water. The H,O adsorption on these samples was investigated in vapor
sorption experiments (Figure 5.2d). An increase of the H,O adsorption with prolonged
stabilization duration was observed, which is assigned to the higher polarity of these
stabilized nanofibers. This is caused by an increased number of polar surface groups due
to oxygen incorporation. After a stabilization duration of 4 h, v —x almost disappeared,
whereas v_ JO=N increased steadily, which indicates a high progress of the cyclization
reactions.
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To assess the progress of stabilization, the cyclization index based on the absorption
band height of v__ at 2243cm™' and Vo=cyo=y at 1590 cm~' was calculated (Equa-
tion 4.1). To ensure comparability, the spectra were normalized to the height of Vo=n of
the non-stabilized nanofibers (0 h) (Figure 5.2b). Within the first hour of stabilization a
steep rise to 52 % is obtained, which further increases up to 87 % for 4 h stabilization
duration (Figure 5.2c). At longer stabilization durations only a small additional rise of
the cyclization index to a maximum of 92 % is determined. These calculated cyclization
indices match well to the qualitatively discussed changes in the FT-IR spectra and show

the impact of the stabilization duration on the chemical structure of PAN nanofibers.

Elemental Analysis

Additionally, elemental analysis was conducted to determine changes in the elemental
composition for all PAN-based nanofibers after stabilization and after carbonization
(Figure 5.3).

After stabilization a reduction of the C fraction from 65.6 wt.-% to 52.5wt.-% with
increasing stabilization duration is observed (Figure 5.3a). This decrease is mainly
caused by the incorporation of oxygen into the stabilized ladder structure due to oxidation
reactions. The incorporation of oxygen is clearly visible in the continuous increase of the
oxygen fraction from 2.8 to 24.3 wt.-%, which approaches a limiting value at stabilization
durations longer than 4 h. Simultaneously, a decrease of the N fraction from 26.0 wt.-%
to 19.9wt.-% is observed. This is most likely caused by the oxygen incorporation, since
no significant nitrogen elimination during thermal stabilization is expected [75]. The
reduction of the H fraction from 6.0 wt.-% to 3.1 wt.-% indicates ongoing dehydrogenation
reactions. However, it is affected by the parallelly occurring reactions and therefore
cannot be seen as a reliable measure for the dehydrogenation reactions.

After carbonization, the differences in elemental composition between the samples
are diminished compared to the samples, which were only stabilized. In particular, the
removal of heteroatoms is observed. This reduction in heteroatom content is evident
in the decreased oxygen fraction after the carbonization (Figure 5.3b). In contrast to
the measurements performed after stabilization, the oxygen fraction increases just from
8.3 wt.-% to 11.6 wt.-% with increasing stabilization duration. The oxygen:carbon ratio
decreased about 60 % for carbonized samples, which were stabilized > 4 h, compared
to after stabilization (Figure 5.3c). The removal of oxygen during carbonization could
occur via condensation reactions between adjacent stabilized ladder polymers [75]. The
increase of the oxygen:carbon ratio for carbonized samples, which were stabilized <4 h,
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compared to the oxygen:carbon ratio after stabilization is caused by the small degree of

oxygen incorporated during stabilization.
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Figure 5.3. — C, H, N, O elemental analysis of PAN-based nanofibers measured (a) after stabilization and (b) after carbonization.
The stabilization duration was varied for 0, 0.5, 1, 4, 8 and 15h at 250 °C in air. Subsequent carbonization was
conducted at 800 °C in Ar for 3h. (c) Oxygen:Carbon ratio of the carbon nanofibers after stabilization and after
carbonization.

Thus, the removal of carbon surpasses the removal of oxygen during carbonization.
Similar to the oxygen fraction, a slight reduction of the H and N fractions is obtained after
carbonization. This is expected due to N elimination and dehydrogenation reactions
during carbonization. Within the sample series, only a slight decrease with longer
stabilization durations is visible. Due to the removal of heteroatoms during carbonization
the carbon fraction increases by 10 to 18 wt.-% compared to the stabilized nanofibers.
The resulting carbon fraction is at 74.7 wt.-% for the non-stabilized carbon nanofibers
and decreases slightly to 70.0 wt.-% after 15 h stabilization duration.
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Raman Spectroscopy

Due to the higher stabilization progress at long durations, larger stabilized ladder poly-
mers are expected. These and additional crosslinking reactions via condensation due to
the increased oxygen content, could result in the growth of larger carbon frameworks
during the carbonization step. Such larger carbon frameworks potentially result in a
higher degree of structural order in the carbon nanofibers. To assess the degree of
structural order the D, /G ratio of the carbon nanofibers was determined by Raman
spectroscopy (Figure 5.4).
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Figure 5.4. — (a) Raman spectrum of carbon nanofibers stabilized at 0.5 h in air with subsequent carbonization for 3h at 800 °C in
Ar. The D and G bands were fitted using 5 Gaussian peaks D1, D2, D3, D4 and G. (b) D1 /G ratio of the carbon
nanofibers stabilized between 0 and 15 h obtained by integration of the area of D; and G band.

The characteristic G band of a carbon material at 1580cm™" is related to the E»,
vibrations of the graphite crystal lattice, whereas the D band at 1360 cm™' is related
to defects and disorder in the amorphous regions [127, 135]. Five Gaussian fits were
used to fit the D and G region of the carbon nanofibers. One Gaussian fit was used
for the G band and the D band was fitted using four fits assigned to D,, D,, D; and
D, defects (Figure 5.4a) [126, 127]. The Raman fits for all samples are attached in
appendix section A.2.

At 0 h stabilization duration the D, /G ratio is at 1.99. After 0.5 h stabilization a steep
decrease to 1.67 is observed, reflecting an increased structural order of the carbon
nanofibers. The decrease of the D, /G ratio continuous at an attenuated course to a
value of 1.58 after 15 h stabilization duration (Figure 5.4b). Considering the results
of the IR and elemental analysis, this increased structural order of carbon nanofibers
stabilized at long durations can be related to the growth of larger stabilized ladder
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structures during thermal stabilization. The formation of larger stabilized structures
results in larger carbon frameworks after carbonization. In addition to the increased
size of the stabilized ladder structures, the increased incorporation of oxygen could
result in additional crosslinking reactions through the condensation of carbonyl groups,
accompanied by the elimination of H,O during carbonization [51, 75]. Both, the larger
stabilized ladder structures and the additional crosslinks would impact the developed
carbon framework and thus influence the structural order of the carbon nanofibers.

Scanning Electron Microscopy

The carbonized nanofibers were investigated by SEM to assess the dimensional stability
of the nanofibers and changes in orientation and thickness (Figure 5.5). The SEM im-
ages show randomly arranged carbon nanofibers without any visible trend at increased
stabilization duration. The fiber diameter varies between the single fibers of one sample,
but no growth or shrinkage in relation to the duration time was found. Therefore, a
sufficient stabilization was achieved on all samples. The variation in fiber diameter is
caused by the needleless electrospinning process of the PAN fibers and neither caused
by the stabilization or the carbonization process.

Figure 5.5. — SEM images of carbon nanofibers stabilized at 250 °C for durations of 0.5, 1, 4, 8 and 15 h in air. Subsequently, all
carbon nanofibers were carbonized for 3 h at 800 °C. The images were recorded after carbonization.
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5.2.2. Impact on the pore structure

To analyse the impact of the stabilization duration on the pore formation of the carbon
nanofibers, Ar and CO, adsorption isotherms were recorded and evaluated. All isotherm
measurements were conducted on carbonized samples.

For all samples the Ar adsorption isotherms show a type Il shape with less than
0.5mmolg~" Ar capacity (Figure 5.6a). These isotherms are typical for non-porous
adsorbents or adsorbents with pores inaccessible for the used adsorptive [93]. No trends
between the stabilization duration and the Ar adsorption isotherms of the samples are
observed. Based on the Ar isotherms the BET area was determined, which is between
3 to 7m2g~"! on all samples (Table 5.1). Additionally, the isotherm data was used to
calculate the pore size distribution by QSDFT calculations using a kernel for slit pores
on carbon (Figure 5.6b, Table 5.1). Negligible cumulative pore volumes of less than
0.011cm® g~! were obtained. Both, BET area and pore size distribution, match well the
expectations based on the isotherm shape.

Pressure / mbar

0 200 400 600 800 1000
0.5 T ' 0.012 <~ 5n
% 8h 10 % 8h
£ A 1h R g E ° A 1h AAAAAAAA
£ e 05h A o 3 E0.008 e 05h s “<4<<“<<
: 034 = Oh AA“‘ R 2 % m Oh f“ 44444444
i " 444‘ . -6 N > 0006 ‘*‘ <% T LA R
aA < o v o0
§02 ast < .0..v.v g o v eoe** guesnuuEEEEE
o FUSPPEIICTR I Lo VIS - gaii”
g < << $88e :w‘ o > 2 0.0041
; 0.1 43 ol e 6 B ~
§ ,.f,;.::?",.--"' 2 2 Eo.002
L
4‘“ £
0.0 . : . —0 3 0.000 4 . r . . : . .
0.0 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 12 14
Relative pressure p/p, Pore width / nm
(a) (b)

Figure 5.6. — (a) Ar isotherms measured at 87 K on carbon nanofibers stabilized at durations of 0, 0.5, 1, 4, 8 and 15h. (b)
Cumulative pore size distribution calculated by QSDFT calculations using a kernel for slit pores on carbon.

To assess the supermicropore (Vs,,.) and ultramicropore volume (Vy,,) of the carbon
nanofibers, CO, adsorption isotherms at 273 K were measured. For non-stabilized
carbon nanofibers (0 h) the isotherm shows an almost linear course with a negligible
CO, uptake at relative pressures <0.01 (Figure 5.7a). At higher relative pressures the
capacity increases to 0.37 mmol g~'. At longer stabilization durations the shape of the
CO, adsorption isotherm changes significantly. Already after 0.5 and 1 h stabilization
duration the isotherm slope in the low-pressure region (< 0.01) rises and the adsorption
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capacity at 1bar increases to 1.36 (0.5h) and 1.88 mmolg~' (1 h). For stabilization
durations exceeding 4 h this trend continues, and the adsorption isotherms turn into a
type | shape. Such isotherm shapes are characteristic for highly microporous adsorbents.
The CO, adsorption capacity at 1 bar approaches a limiting value of 2.86 mmolg~' on
carbon nanofibers stabilized for 8 and 15 h.

Table 5.1. - BET area, ultramicropore volume (Vyyya), supermicropore volume (Vgyper), mesopore volume (Vieso), DFT pore
volume (Vper) and Monte-Carlo pore volume (V) for carbon nanofibers stabilized at 250 °C for durations of 0, 1, 4, 8
and 15 h in air. Subsequently, a carbonization was conducted at 800 °C for 3h in Ar.

Duration BET Area VoET Vve VUitra Vsuper  VMeso
h m2g-" cmig' cmig' cmig! cmig! cmig

0 3.2 0.005 0.034 0.001 0.034 0.004

0.5 4.7 0.006 0.103 0.053 0.050 0.004

6.7 0.011 0.116 0.079 0.038 0.008

4 3.9 0.005 0.152 0.098 0.054 0.004

8 4.4 0.008 0.152 0.118 0.035 0.008

15 5.9 0.008 0.164 0.110 0.055 0.007

Based on the CO, adsorption isotherms the pore size distribution was determined using
Monte-Carlo calculations with a kernel for slit pores on carbon (Figure 5.7b, Table 5.1).
On carbon nanofibers without thermal stabilization (0 h) a negligible V... is present.
Between 0.7 and 0.9 nm a steep increase of the pore volume to 0.039cm?® g~ is visible.
At larger pore widths the pore volume remains almost constant. For longer stabilization
durations Vi, Of the carbon nanofibers significantly increases to 0.118 cm3g="' (8 h).
Since Ar and CO, pore size distributions cover only particular pore width regions, both
were combined to give a holistic description of the pore size distributions (Figure 5.7c).
Vuura is taken from Monte-Carlo calculations, whereas V., is @ combination of Monte-
Carlo (CO,) and QSDFT (Ar) calculations and the V., is solely based on the QSDFT
calculations. As discussed previously, a distinct increase of V.., is obtained at longer
stabilization durations. However, far less changes are observed in Vg, and Vises. The
Viuper Of the non-stabilized carbon nanofibers (0 h) was at 0.034cm®g~' and increased
to 0.055cm3 g~ for 15h stabilization duration. However, no clear correlation to the
increasing stabilization duration is visible. V.., stays on a negligible level and varies be-
tween 0.004 cm? g~ for 0.5 h and 0.007 cm?® g~ for 15 h stabilization without a significant
influence of the duration (Table 5.1). Overall, a high impact of the stabilization duration
on the pore formation of the carbon nanofibers is found. Especially, the formation of
Vuure highly depends on the progress of the stabilization reactions.
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Figure 5.7. — (a) CO2 isotherms measured at 273 K at carbon nanofibers stabilized at durations of 0, 0.5, 1, 4, 8 and 15h. (b)
Cumulative pore size distribution calculated using Monte-Carlo calculations with a kernel for slit pores on carbon. (c)
Cumulative pore size distribution for carbon nanofibers stabilized at durations from 0 to 15 h divided into Vjira, Vmeso
and Vsyper. The shown data is a combination of QSDFT calculations using Ar isotherms and Monte Carlo simulations
using CO2 adsorption isotherms.

5.3. Impact of the stabilization temperature

As a further process parameter, the stabilization temperature and its impact on the pore
structure of the carbon nanofibers was investigated. In the course of the experiments,
the temperature was varied from 200 to 300 °C in intervals of 25 °C and the stabilization
duration was fixed to 1 h. The stabilized nanofibers were characterized and afterwards
carbonized at 800 °C for 3h in Ar. Finally, the carbon nanofibers were characterized
and analyzed regarding their pore structure.
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5.3.1. Characterization

Similar to the variation of stabilization duration, a color change from white to brownish
was observed during thermal stabilization. Depending on the stabilization temperature a
color change from light brown to dark black is observed. At 200 °C a light brown color is
obtained, turning into dark brown at 250 °C and almost into black at 300 °C. Compared
to the coloration by variation of the stabilization duration the variation in color is more
pronounced. This indicates a stronger effect of the stabilization temperature on the
stabilization process. In total, the observations are in good agreement to literature and
the color change can be related to the formation of the conjugated double bonds due to
cyclization reactions [132].

J——
——

200°C  225°C  250°C = 275°C | 300°C
W W ——

Figure 5.8. — Thermally stabilized PAN-based nanofibers at temperatures ranging from 200-300 °C at intervals of 25 °C. A color
change from light brown to dark black with increase of stabilization temperature is visible.

IR Spectroscopy

The chemical changes of the PAN structure depending on the stabilization temperature
were investigated by FT-IR spectroscopy (Figure 5.9a). The nanofibers stabilized at
200 °C show a sharp nitrile absorption band Vo=, at 2243 cm~'. Additionally, the vy,
and ¢y, vibrations of the polymer backbone are visible at 2930 cm~' and 1454 cm™",
respectively. At increased stabilization temperatures the intensity of v_ decreases
and the dcy, vibrations are increasingly overlapped by several absorption bands in
the region of 1700-1000cm~". As already discussed in the chapter on the stabilization
duration, these arise from ¢y vibrations of the cyclized structures as well as absorption
bands related to oxygen containing functional surface groups, e.g. hydroxyl, carbonyls.
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Figure 5.9. — (a) FT-IR ATR spectra of PAN-based nanofibers stabilized at temperatures of 200, 225, 250, 275 and 300 °C for 1 h in

air. (b) Cyclization index calculated from absorption band height of nitrile valence vibration and C=N/C=C valence
vibrations.

Additionally, a narrow absorption band at 801 cm~" reflecting the out-of-plane vibrations
of the aromatic-H is visible on samples stabilized at temperatures higher than 250 °C.
Moreover, a broad absorption band between wave numbers of 2200-3700cm" is
observed.

This is assigned to vo_y of adsorbed water attracted by an increased number of polar
surface groups due to oxygen incorporation. This increased water adsorption was
confirmed for the samples at long stabilization durations (Figure 5.2d).

As measure of the stabilization progress, the cyclization index was calculated based
on Equation 4.1. To ensure comparability all spectra were normalized to the maximum
height of the nitrile valence vibration band (v__, ) of the non-stabilized sample (Fig-
ure 5.9b). At 200 °C a low cyclization index of just 2.6 % was determined (Figure 5.9c).
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At higher stabilization temperatures, this index increases steadily and reaches a value of
53.3 % at a stabilization temperature of 250 °C. Afterwards, it approaches a maximum
of 85-87 % at stabilization temperatures of 275 and 300 °C. The determined cyclization
indices agree well to the qualitative discussion of the IR spectra and clearly show the
distinct impact of the stabilization temperature on the formation of the stabilized ladder
polymer.

Elemental Analysis

To determine changes in the elemental composition, the C, H, N and O fractions of the
stabilized nanofibers and the carbon nanofibers were analyzed (Figure 5.10). The carbon
fraction of the stabilized nanofibers decreased with increasing stabilization temperatures
from 66.1 wt.-% (200 °C) to 54.7 wt.-% (300 °C) (Figure 5.10a). Simultaneously, the
N fraction decreased by 5.7 wt.-% from 26.2 wt.-% to 20.5wt.-% and the H fraction
from 6.0 wt.-% to 3.0 wt.-%. Contrarily, a significant increase of the oxygen fraction from
1.9wt.-% to 21.5wt.-% was observed. This significant increase of the oxygen fraction
is caused by the incorporation of oxygen into the stabilized ladder polymer resulting in
carbonyl, carboxyl and hydroxyl functional groups [65]. The high oxygen incorporation
causes the relative decrease of the C, N and H fractions. Additionally, the decrease of
the H fraction is caused by the dehydrogenation reactions during stabilization.
Comparing the influence of stabilization temperature and duration on the elemental com-
position, similar effects were observed for longer duration as well as higher temperatures.
This indicates comparable impacts of duration and temperature on the stabilization
reactions.

After carbonization the C fraction of the carbon nanofibers stabilized at different tem-
peratures lies between 70.9 and 74.7 wt.-%, decreasing slightly at higher stabilization
temperatures (Figure 5.10b). The N and H fractions remain almost constant between
14.1 to 16.3wt.-% and 1.2 to 1.6 wt.-%, respectively. In contrast, the O fraction is in-
creased for higher stabilization temperatures from 7.3 to 15.0 wt.-%. Compared to the
elemental composition after stabilization a 10 to 15 wt.-% increase of the carbon fraction
is obtained on the carbonized samples. This increase and the simultaneous decrease of
the heteroatom content was expected due to the reactions during carbonization, which
involve the removal of heteroatoms. Thus, the high amount of oxygen, which was incor-
porated during stabilization at stabilization temperatures >250 °C, almost vanished after
carbonization. This is assigned to a high number of crosslinking condensation reactions
between the stabilized ladder polymers. The high removal of oxygen during carboniza-
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Figure 5.10. — (a) CHNO elemental analysis of PAN-based nanofibers stabilized at 200, 225, 250, 275 and 300 °C for 1 h in air.
Measured directly after stabilization. (b) CHNO elemental analysis of PAN-based carbon nanofibers stabilized at 200,
225, 250, 275 and 300 °C for 1 h in air. Measured after carbonization at 800 °C in Ar for 3 h. (c) Oxygen:Carbon
ratio after stabilization and after carbonization of the investigated carbon nanofibers.

tion is reflected in a distinct decrease of the oxygen:carbon ratio (Figure 5.10c). On
samples stabilized at temperatures lower than 250 °C the nanofibers contain only small
fractions of oxygen, thus the oxygen removal is surpassed by carbon removal during
carbonization. This explains the increased oxygen:carbon ratio after carbonization.

Raman Spectroscopy

The larger stabilized ladder polymers and the proposed higher number of condensation
reactions between the stabilized ladder polymers during carbonization might result in
the formation of larger carbon frameworks, as observed for the samples stabilized at
different durations. Therefore, Raman spectroscopy was used to assess the degree of
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structural order by evaluation of the D, /G ratio. In Figure 5.11a the characteristic D
and G band region of the Raman spectrum of the carbon nanofibers is depicted. Five
Gaussian fits, D, Do, D3, D, and G are used and by integration of the D; and the G
peak area, the D, /G ratio was determined. In Figure 5.11b a decrease of the D, /G
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Figure 5.11. — (a) D and G band region of carbon nanofibers with 5 Gaussian fits for D1, D2, D3, D4 and G peak. (b) D1 /G ratio
to determine the degree of structural order. All Raman measurements were conducted after carbonization.

ratio from 1.71 to 1.51 at increasing stabilization temperature is visible. This is assigned
to an increased structural order for carbon nanofibers stabilized at higher temperatures.
As the carbonization conditions were kept constant for all samples, the differences in the
structural order are related to the stabilization process and the stabilization temperature,
respectively.

Scanning Electron Microscopy

The thermal stabilization of PAN nanofibers is seen as essential step to keep the
dimensional stability during carbonization. To identify potential insufficient stabiliza-
tion conditions, changes of the carbon nanofiber morphology were investigated using
SEM (Figure 5.12).

All carbon nanofiber samples showed randomly aligned carbon nanofibers without any
preferred orientation, independent of the applied stabilization temperatures. For each
sample a broad distribution of the fiber diameter is observed ranging from 200 nm to
roughly 1 um. However, no variation of the fiber diameter in relation to the stabilization
temperatures was identified. Therefore, the variation in fiber diameter is related to
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Figure 5.12. — SEM images of carbon nanofibers stabilized at 200, 250 and 300 °C for 1 h in air. The differences in fiber diameter
are attributed to the electrospinning process and not to the applied stabilization conditions.

the used needleless electrospinning process. Such a spinning process allows higher
production rates, but often yields less homogeneous fiber diameters [136].
Nonetheless, at all stabilization temperatures proper carbon nanofibers were obtained
after carbonization. Thus, no effect of stabilization temperature on the dimensional
stability during the carbonization was found.

5.3.2. Impact on the pore structure

The results of the previous chapters, indicate significant changes of the pore structure
and the gas adsorption properties of the carbon nanofibers. Therefore, Ar and CO,
were used to determine the gas adsorption properties and yield information on the pore
size distribution of the materials.

In Ar adsorption measurements, all samples showed type Il isotherms with capacities
less than 0.5 mmol g™ at 1 bar (Figure 5.13a). Within the sample series no trends with
respect to the stabilization temperature were observed. Based on the Ar isotherms
the BET area was determined, which was below 7 m? g~' for all samples (Table 5.2).
Additionally, the pore size distribution was calculated based on a QSDFT model for
slit pores on carbon. Negligible cumulative pore volumes of up to 0.011cm3g~' were
determined (Figure 5.13b, Table 5.2). Overall, the isotherm shape, the low Ar capacities,
the small BET area and the negligible cumulative pore volume are typical for a non-
porous adsorbent or an adsorbent with pores inaccessible for the adsorptive.
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Figure 5.13. — (a) Ar adsorption isotherms measured at 87 K of carbon nanofibers stabilized at 200, 225, 250, 275 and 300 °C for
1 hin air and carbonized for 3h in Ar at 800 °C. (b) Pore size distribution based on the isotherm data determined by
QSDFT calculations using a kernel for carbon on slit pores.

Table 5.2. — BET area, ultramicropore volume (Viy;+r4), Supermicropore volume (Vsyper), mesopore volume (Vaseso), DFT pore
volume (Vp 1), Monte-Carlo pore volume (V<) and total pore volume (Vi) for carbon nanofibers stabilized at
temperatures of 200, 225, 250, 275 and 300 °C for 1 h in air. Subsequently, carbonization was conducted for 3h in Ar

at 800 °C.
Temperature BET Area VpET Vme VUitra Vsuper  VMeso Vot
°C m2g-1 cmig cm3g! cmig?' cmig! cmig! cmig
200 3.50 0.006 0.027 0.007 0.020 0.006 0.033
225 1.82 0.004 0.071 0.032 0.040 0.004 0.076
250 6.67 0.011 0.116 0.079 0.038 0.008 0.126
275 5.12 0.008 0.160 0.108 0.052  0.006 0.166
300 3.06 0.006 0.159 0.112 0.048 0.007 0.164

Since narrow micropores are inaccessible for Ar due to its critical diameter, CO,
isotherms at 273 K were measured to assess the present micro- and ultramicrop-
ore volume (Figure 5.14a). An almost linear adsorption isotherm is obtained on the
200 °C sample with a low CO, uptake of 0.3 mmolg~" at 1 bar. At higher stabilization
temperatures the CO, capacity increases and the isotherm slope in the low-pressure
region (p/po < 0.01) increases distinctly. For samples stabilized at temperatures >250 °C
the isotherm turns into a type | shape, which is characteristic for highly microporous ad-
sorbents. The CO, adsorption capacity at 1 bar rises to 2.7 mmolg~' on these samples.
The CO, adsorption isotherms were used to determine the pore size distribution based
on Monte-Carlo calculations with a kernel for slit pores on carbon (Figure 5.14b).

The sample stabilized at 200 °C contains only pores larger than 0.6 nm and reaches
a cumulative pore volume (Vic) of 0.027 cm3g~'. These values are comparable to the
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Figure 5.14. — (a) CO2 isotherms on carbon nanofibers, which were stabilized at 200, 225, 250, 275 and 300 °C for 1 h in air.
Afterwards the samples were carbonized for 3h in Ar at 800 °C. The isotherms were measured at 273 K. (b)
cumulative pore size distribution based on the CO2 isotherms determined by Monte-Carlo calculations using a kernel
for slit pores on carbon. (c) Pore size distribution divided into ultramicropore (Viri4r.q), sSupermicropore (Vsyper) and
mesopore volume (Vjses,) based on DFT calculations using Ar isotherm data and Monte-Carlo calculations based
on COg isotherms.

pore volume of carbon nanofibers without thermal stabilization (Figure 5.14b, Table 5.2).
At increasing stabilization temperature, Vyc rises steadily and results in a maximum of
0.16cm3 g~' on samples stabilized at 275 and 300 °C. Within Vyc, a significant increase
of the Vyia (< 0.7 nm) is observed. Especially this high formation of V4 results in the
distinct increase of the CO, adsorption capacities. The cumulative pore size distributions
obtained from the Ar and CO, isotherms were combined to give a holistic overview on
the pore size distribution of the samples (Figure 5.7¢).

To do so, the gained data was separated into three pore regions: Ultramicropore volume
Vuira (< 0.7 nm), supermicropore volume Vgyper (0.7-2 nm) and mesopore volume Vieso
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(>2nm). Vgyper consists of Ve in the range of 0.7-1.5nm and Vper in the range from
1.5-2 nm. The others are based solely on the respective applicable method.

The present V., rises from 0.007 cm3g~' (200 °C) to 0.112cm3 g~' (300 °C). Moreover,
a rise of Vsuper from 0.034cm®g~" to 0.048cm®g~' is obtained, whereas Ve, Stays
on a negligible level between 0.004 to 0.008 cm® g~'. This clearly points out the distinct
effect of stabilization temperature on the formation of the ultramicropore and supermi-
cropore volume. Overall, the impact is comparable to the impact of the stabilization
duration.

5.4. Impact of the stabilization atmosphere

All previously discussed results were obtained on carbon nanofibers, which were stabi-
lized in air. However, thermal stabilization can in principle be conducted in inert gas, i.e.
N», too. A negative impact of N, as stabilization atmosphere was reported regarding
the mechanical properties of carbon nanofibers [125]. However, no results are available
on the impact of the stabilization atmosphere (N> and air) on the pore structure and
the gas adsorption properties. Therefore, the impact of the stabilization atmosphere is
investigated in the following chapter.

5.4.1. Characterization

As described in Figure 2.4 the stabilization in N, inhibits oxidation reactions of the
stabilized ladder polymer. The absence of oxygen-containing surface functional groups
alters the chemical reactions during the carbonization step, which potentially affects the
pore structure.

Simultaneous TGA-DSC measurements

Simultaneous TGA-DSC measurements were conducted to identify differences in the
reaction pathways of the stabilization in air and in N.. In both atmospheric conditions
the PAN-based nanofibers were heated from 40-450 °C at a heating rate of 5 Kmin='.
The mass changes and the heat flows are depicted in Figure 5.15. At low temperatures,
the mass loss of the nanofibers in both atmospheres is very similar, showing a minor
step at 100 °C, which is assigned to evaporation of adsorbed water. At 260 °C a distinct
mass loss from 98 wt.-% to 77 wt.-% occurs on nanofibers stabilized in N,. Afterwards
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Figure 5.15. — (a) Simultaneous TGA-DSC of the thermal stabilization of PAN-based nanofibers in air and in N2. The samples were
heat treated at 10 Kmin~' from room temperature up to 450 °C. (b) Emitted reaction heats in Jg~! determined by
integration of the exothermic peaks.

the slope attenuates, but the mass loss continues to 47 wt.-% at 450 °C. In contrast,
nanofibers stabilized in air show a far less pronounced mass loss starting at 260 °C
and resulting in a mass of 73 wt.-% at 450 °C. The lower mass loss during thermal
stabilization in air can be assigned to the incorporation of oxygen into the stabilized
ladder polymer, which is absent for the stabilization in N, resulting in a higher mass
loss.

Both mass losses are accompanied by the release of high reaction heats. A sharp,
narrow exotherm DSC peak is visible at 280 °C for the stabilization in N, whereas a
broad undefined exothermic peak at 301 °C is obtained for the stabilization in air.

The narrow sharp signal is commonly assigned to the cyclization reactions in the
absence of oxidation reactions. Contrary, the stabilization in air is visible as a broad
peak due to the different oxidation reactions, which occur in parallel and consecutive
to the cyclization reactions [137—139]. These results clearly prove different reaction
pathways for both stabilization processes.

IR Spectroscopy and Elemental Analysis

To determine differences in the elemental composition and the chemical structure
of the nanofibers after the stabilization in air or N», IR spectroscopy and elemental
analysis were conducted. Additionally, H,O isotherm measurements were performed to
determine changes in the hydrophilicity of the adsorbents.
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In Figure 5.16a the normalized IR spectra of PAN-based nanofibers, which were sta-
bilized in air or N, at 250 °C for 15 h are compared. On first glance, both spectra look
quite similar, exhibiting the characteristic absorption bands of the stabilized ladder
polymer, like a strong ve_c/c—n absorption band at 1590 cm=" and 4,,, vibrations of
the aromatic-H atoms at 801 cm~'. However, at a closer look, differences in the spectra
are observed. In the spectrum of the nanofibers stabilized in N, the absence of the
carbonyl shoulder at 1714cm™"' is visible, which is an indication for the absence of
surface oxygen-containing functional groups, i.e. carbonyl groups. Additionally, a sharp
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Figure 5.16. — (a) IR spectra of stabilized PAN-based nanofibers treated in air, respectively Nz for 15h at 250 °C. (b) Elemental
analysis of the two samples after stabilization and after carbonization. The carbonization was conducted at 800 °C
for 3hin Ar for both samples. (c) H20 isotherms at 298 K on nanofibers stabilized in air or N2. (d) Oxygen:Carbon
ratio of carbon nanofibers stabilized in air and N2 after stabilization and after carbonization

peak at 1155cm~" occurs. Considering the spectrum of the nanofibers stabilized in air,
the fact that it this absorption band is so prominent may be favoured by the absence of
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other absorption bands in its vicinity. Typically, valence vibrations of alcohols are visible
in this region. Thus, it could be an additional indication for the absence of oxygen in the
structure. Nonetheless, as a variety of absorption bands is present in this region of the
IR spectrum, a clear assignment to a certain vibration can not be drawn.

Besides indications for the absence of oxygen, the spectrum of the nanofibers stabilized
in N> shows even after stabilization a quite pronounced absorption band at 1454 cm™".
This correlates well to the determined cyclization index of 78 %, which is significantly
lower than 92 % determined after the stabilization in air.

Despite, the assumption of no oxygen incorporation during N, stabilization and thus
no oxygen-containing surface functional groups, the spectrum of nanofibers stabilized
in N> shows a broad absorption band between 3700-2200 cm~", which was previously
assigned to water adsorption due to a high number of oxygen functional groups and
thus higher hydrophilicity (Figure 5.2.1).

Thus, H,O isotherms were measured to assess the hydrophilicity of the stabilized
nanofibers. The H,O adsorption capacities were at 5.5 mmol g~' at 80 % relative humidity,
which is lower than the 8.0 mmol g~' determined on nanofibers stabilized in air. However,
the adsorption capacity is still remarkably high compared to nanofibers stabilized in air
for durations smaller than 4 h (Figure 5.2.1).

Potentially, the comparably high water adsorption could be explained by a different
structure of the stabilized ladder polymer containing amine functional groups. Liu et al.
identified the interconnection of aminopyridine rings as major reaction during stabilization
in No [140—-142]. The presence of such primary amines could allow hydrogen bonding
similar to these of hydroxyl groups. Nonetheless, further experiments are required
to verify this explanation and understand the surprisingly high water adsorption on
nanofibers stabilized in N,.

The discussed inhibition of oxygen incorporation during the thermal stabilization in N, is
confirmed by results of the elemental analysis (Figure 5.16b). PAN-based nanofibers sta-
bilized in N, show an oxygen fraction of 8.5 wt.-%, which is a trifold reduction compared
to 23.8 wt.-% for the sample stabilized in air. The remaining 8.5 wt.-% can probably be
assigned to impurities or copolymer contents of the PAN precursor, which are common
in industrial PAN grades. The significant difference in the oxygen content is clearly
visible in the drop of the oxygen:carbon ratio from 0.46 to 0.13 for the stabilization in Ny
(Figure 5.16¢).

After carbonization the oxygen fractions are at 11.9 wt.% and 7.1 wt.-%, which is a
far less pronounced difference compared to after stabilization. This is well reflected in
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the oxygen:carbon ratio, which is at 0.17 for samples stabilized in air and at 0.10 for
nanofibers stabilized in N, after carbonization. The strong reduction of the oxygen frac-
tion of the nanofibers stabilized in air, fits well to the proposed condensation crosslinks
during carbonization (Figure 2.6) [75].

Raman Spectroscopy

Following the previous interpretation, the lower oxygen incorporation into the nanofibers
stabilized in N, and thus a lower number of condensation crosslinking reactions during
carbonization would result in smaller carbon frameworks. This could result in a lower
structural order of the carbon nanofibers. To assess the structural order of the carbon
nanofibers, Raman measurements are conducted and the D, /G ratio as measure of the
structural order is determined (Figure 5.17). A D, /G ratio of 1.74 was determined for
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Figure 5.17. — (a) Raman spectrum of carbon nanofibers stabilized for 15 h in N2 at 250 °C. After stabilization the samples were
carbonized at 800 °C. The D and G band were fitted by 5 Gaussian fits, D1, D2, D3, D4 and G. (b) D1/G ratio for
the carbon nanofibers stabilized in N2 compared to samples stabilized in air at durations from 0-15h.

the carbon nanofibers stabilized in N,. This is a 10 % increase compared to the D, /G
ratio of the samples stabilized in air, which was at 1.58. An increase in the D, /G ratio
reflects a decrease of the structural order of the carbon material. This matches well to
the expectations of a reduced structural order due to a lower number of condensation
reactions and thus smaller carbon frameworks.
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5.4.2. Impact on the pore structure

Finally, the impact of the structural and chemical differences of the carbon nanofibers,
stabilized in air or N, on the pore structure is discussed. Ar and CO, isotherm mea-
surements were performed and used for pore size analysis.

The Ar isotherms showed type Il isotherm shapes, which are typical for non-porous or
macroporous adsorbents (Figure 5.18a). The adsorbed capacities are low and reach
maximum values of 0.2 to 0.4 mmolg~" at 1 bar. Carbon nanofibers stabilized in N
show slightly lower adsorption capacities. However, these differences are negligible.
The pore size distribution, calculated by QSDFT calculations, fits to the isotherm shapes
and negligible pore volumes are present independent of the atmospheric conditions
(Figure 5.18b). These low pore volumes result in low BET areas, which are at 4.7 and
5.9m2g~" (Table 5.3).
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Figure 5.18. — (a) Ar isotherms measured at 87 K and (b) cumulative pore size distribution based on QSDFT calculations using a
kernel for slit pores on carbon. All measurements are conducted on carbon nanofibers carbonized at 800 °C for 3h
in Ar. Prior stabilization was conducted for 15h at 250 °C either in air or No.

As Ar isotherms can not be used for analysis of the narrow micropore volume due to size
exclusion effects, CO, isotherm measurements were conducted. The CO, adsorption
isotherms for carbon nanofibers stabilized at 250 °C for 15 h in air and N, are depicted
in Figure 5.19a. For carbon nanofibers stabilized in air a type-I shaped isotherm with
a capacity of 2.7mmolg™" at 1 bar is determined (Refer to section 5.2). In contrast,
the carbon nanofibers stabilized in N, show an almost linear CO, isotherm and low
adsorption capacities of 0.65mmolg~' at 1 bar.

The isotherms were used for calculation of the pore size distribution based on Monte-
Carlo calculations using a model for slit pores on carbon (Figure 5.19b). Carbon
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Table 5.3. — BET area, cumulative pore volume based on QSDFT calculations (Vp 1), cumulative pore volume based on Monte-
Carlo calculations (Vs¢), ultramicropore volume (Viytrq), supermicropore volume (Vsyper), mesopore volume
(Vareso) and total pore volume (V) for carbon nanofibers stabilized at 250 °C for 15 h in air and N2. Subsequently,
carbonization was conducted for 3 h in Ar at 800 °C.

Temperature BET Area  Vpgr Vue Vuitra Vsuper  VMeso V1ot
°C m2 g1 cmig cmig! cmig? cmig! cmig! cmig
Air 5.9 0.009 0.164 0.110 0.055 0.007 0.171
No 4.7 0.006 0.052 0.018 0.036 0.005 0.059

nanofibers stabilized in air show a total cumulative pore volume of 0.164cm3g~" at
1.5nm. The majority of pores present is below 1 nm ranging down to less than 0.4 nm.
In contrast, for carbon nanofibers stabilized in N, a total cumulative pore volume of
0.089cm®g~! was determined. Moreover, a negligible pore volume below 0.6 nm is
present on the carbon nanofibers. Between 0.6 and 1 nm a sharp rise of the cumulative
pore volume is observed. Afterwards only a minor amount of pore volume is present.
To give a holistic view on the pore size distribution of the carbon nanofibers, Monte-Carlo
and QSDFT calculations were combined (Figure 5.19c). A significant decrease in pore
volume of almost 50 % is observed for carbon nanofibers stabilized in N». This reduction
is mainly assigned to the absence of Vyy, On these samples, which reduces from 0.110
t0 0.017cm3g~". In the meantime, Vsuper @aNd Viieso Show only minor changes depending
on the applied stabilization conditions.

Overall, the results reveal a significant impact of the stabilization atmosphere on the
pore structure of the carbon nanofibers. Especially, the formation of V., is essentially
affected and the stabilization in air was found as beneficial for the formation of a high
VUItra-
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Figure 5.19. — (a) CO2 adsorption isotherms measured at 273K for carbon nanofibers stabilized for 15 h in air or nitrogen at
250 °C. (b) Cumulative pore volume based on Monte-Carlo calculations using a kernel for slit pores on carbon and

(c) combined cumulative pore volume divided into Vyia, Vsuper: @and Vieso- The data is combined using QSDFT
calculations based on Ar isotherms at 87 K and Monte-Carlo simulation based on the CO2 isotherms at 273 K.

5.5. Correlations between stabilization and pore structure

The previously discussed results showed significant impacts of the stabilization con-
ditions on the stabilization progress. Additionally, gas adsorption measurements on
carbonized samples revealed distinct effects on the pore formation and the adsorption
capacities. This section targets on correlating both results.

In Figure 5.20a, the correlation of the oxygen content to the cyclization index is depicted.
Both increase at more intense stabilization treatment (higher temperature, longer du-
ration) as the reactions are promoted by the supplied additional energy. Since both,
the oxygen content and the cyclization index, are strongly influenced by the intensity of
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Figure 5.20. — Correlation of a) the oxygen content and cyclization index determined after thermal stabilization, b) V. to the
cyclization index, c) Vyya to the oxygen content after stabilization and d) Vi, to the D1 /G ratio. Vyya was
determined after carbonization. The samples were synthesized at different stabilization duration from 0-15 h at
250 °C and at different temperatures from 200 to 300 °C for 1 h. All stabilization were conducted in air. Additionally,
one stabilization was conducted at 15h in N2 atmosphere. All carbonizations were conducted at 800 °C in Ar for 3 h.

stabilization conditions, a causal relationship is rather unlikely. Nonetheless, the good
agreement between the duration and temperature series confirms the similar impact of
duration and temperature variation on the stabilization process.

Furthermore, a good correlation of V4 to the increasing cyclization index was found
(Figure 5.20b). At higher cyclization indices, Vyya 0Of the carbonized nanofibers increases
steadily. The variation of stabilization duration and temperature have very similar effects.
The sample stabilized in N, deviates significantly from the good correlation observed
for temperature and duration. This could indicate that the degree of cyclization is not
the main factor influencing pore formation, which matches to the discussed results in
section 5.4.
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Moreover, good correlations of Vyy, to the oxygen content after stabilization were
obtained (Figure 5.20c). A steep increase of V., is visible for low oxygen contents,
which approaches a limiting value for oxygen contents of 20-25 wt.-%. Carbon nanofibers
stabilized in N> show reduced Vi, compared to the carbon nanofibers at identical
conditions in air, which is attributed to the absence of the oxygenated structures after
thermal stabilization and thus reduced ultramicropore formation during carbonization.
The correlations of Vyy, to the cyclization index and oxygen content, show plausible
causal relationships, since the formation of V., occurs during carbonization, whereas
oxygen incorporation and cyclization take place during stabilization. Thus, Vyj, forma-
tion and oxygen incorporation and cyclization cannot be affected by identical parameters.
The correlations of V4 to the oxygen content and the cyclization index show that the
increase of Vo during carbonization is likely to be dependent on these parameters.
Besides oxygen content and cylization index, the structural order of the carbon nanofibers
after carbonization might affect the formation of Vyy,. However, correlations of Vyya
to the D, /G ratio do not show a unambiguous correlation of these two parameters
(Figure 5.20d). Thus, a causal relationship is rather unlikely.

In total, the discussed correlations imply that Vg, formation during carbonization
depends on the oxygen incorporation and partially on the cyclization progress during
stabilization. Nonetheless, it is conceivable that V., is affected by additional parameters,
which were not considered here.

All'in all, the results clearly point out, that thermal stabilization conditions need careful
consideration for tailoring the pore volume of PAN-based carbon nanofibers.
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6. Control of oxygen-flow during
post-treatment of KOH-activated

carbon nanofibers

6.1. Preface

Main parts of the results presented in this chapter have been previously published in
RSC Advances under a CC BY 3.0 license [88]. Minor modifications were made to
adjust the publication to the context of this thesis and an additional discussion was
added in section 6.6. The material synthesis, TGA-DSC studies and gas adsorption
measurements were conducted by Tom Fischer. Elemental analysis and ICP-OES mea-
surements were performed by the Central Institute of Analytics at Forschungszentrum
Julich GmbH. The Raman measurements were conducted and evaluated by Sven
Jovanovic.

6.2. Oxygen flow conditions during post-treatment

After thermal stabilization the nanofibers are commonly carbonized. After or simultane-
ously to the carbonization, KOH activation is a frequently applied method to introduce
additional pore volume into the carbon nanofibers. KOH activation proceeds via several
consecutive and parallel reactions, which were discussed in subsection 2.3.4. At ele-
vated temperatures the formation of metallic potassium is proposed [77, 78, 83]. Such
metallic potassium products are highly sensitive to air and would react vigorously to
corresponding per- and superoxides [143, 144].

2K 4 0.505 +— K0, AHr=-363 kJmol™* (6.1)

2K + Oy +— K30y, AHgr=-496 kJmol* (6.2)

69



CHAPTER 6. CONTROL OF OXYGEN-FLOW DURING POST-TREATMENT OF
KOH-ACTIVATED CARBON NANOFIBERS

Carbonization and KOH Activation Post-Treatment
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Figure 6.1. — Scheme of the applied heat treatment for carbonization of the PAN-based nanofibers. After cool down the KOH
activated carbon nanofibers are exposed to different post-treatment conditions, which are detailed investigated
regarding their effects on the gas adsorption properties.

K+ 0y +— KOy, AHgr=-285 kJmol™* (6.3)

The occurrence of these strongly exothermic potassium oxidation reactions was al-
ready observed in 1926 by Fredenhagen and Cadenbach for potassium intercalated
graphite [145, 146]. Additionally, Kapetjin et al. made similar observations during K.CO3
activation of coals [147]. Interestingly, although KOH activation is widely applied since
decades on a large variety of materials [90] such vigorous potassium oxidation reactions
are not described for KOH activation although metallic potassium is proposed to be
formed.

Therefore, experiments on the post-treatment conditions after the KOH activation of
carbon nanofibers were conducted. The term ’post-treatment’ refers to the applied atmo-
spheric conditions after the cool down of the sample to room temperature subsequent
to KOH activation (Figure 6.1).

In preliminary experiments KOH-activated carbon nanofibers were post-treated at ambi-
ent air, which is the commonly applied process [77, 78, 83]. At the exposure to ambient
air, a strong red glowing of the carbon nanofibers was observed, indicating vigorous
potassium oxidation reactions. Such a severe combustion reaction is believed to signifi-
cantly alter the carbon nanofiber structure. Therefore, two post-treatment conditions,
‘Low O-flow’ and 'High O.-flow’ were applied in this chapter, to investigate the im-
pact of the potassium oxidation reactions and to develop a strategy to avoid structural
changes of the carbon nanofibers. The occuring reactions as well as the morpholog-
ical changes were thoroughly investigated using SEM, TGA-DSC, TGA-MS, CHNO
elemental analysis, Raman spectroscopy and gas adsorption measurements.
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6.3. High O,-flow treatment

In Figure 6.2a the TGA results of a freshly KOH-activated sample on switching the
atmosphere from Ar to a mixture of N»:O, (30:70), high O,-flow conditions, are shown.
The vertical dashed line indicates the switch from Argon to N»:O, (30:70) atmosphere.
The oxygen flow rate was set to 175 mL min~" O,-flow. Almost instantly after the switch
of atmosphere, a mass gain of 2.8+0.7 wt.-% is observed. Afterwards, a mass loss
of 3.1+£1.1 wt.-% occurs before the mass slightly increases. Simultaneously, the tem-
perature rises to 130 °C and cools down again to the temperature setpoint of 40 °C
afterwards. However, it must be emphasized, that this is only an apparent temperature,
as the reaction heat is partially consumed by the heat capacity of comparatively large
TGA crucible. The actual temperature of the sample during the reaction is significantly
higher.
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Figure 6.2. — (a) Mass and temperature changes of a carbon nanofiber sample during post-treatment at high-O2-flow conditions.
(b) Emitted reaction heat of the occuring chemical reactions obtained in a separate DSC measurement.

The mass gain and the temperature rise can be assigned to the oxidation reactions of el-
emental potassium, which was formed during the KOH activation reactions (Equation 2.6
and Equation 2.7). The formation of K,O (Equation 6.1), K,O, (Equation 6.2) and KO,
(Equation 6.3) releases high reaction enthalpies. The oxidation reactions most probably
result in the formation of KO, for conditions with a high availability of oxygen, due to
the higher lattice stability of KO, compared to K,O and K,O, [144]. The mass gain of
2.8+0.7 wt.-% corresponds to the O, uptake of 0.87 mmolg~', which would require a
potassium amount of 0.87 mmol g~' according to Equation 6.3. This corresponds to 14
% of the total potassium, present at the carbon nanofiber samples, which was deter-
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mined via ICP-OES (see section A.1). The calculated reaction heat of the formation of
0.87 mmolg~' KO, is —248 Jg~' according to Equation 6.3, which is sufficient to cause
a significant temperature rise.

However, these reactions cannot explain the subsequent mass loss of 3.1£1.1 wt.-%. An
analysis of the gaseous products determined CO, as main emission, indicating a partial
carbon combustion reaction caused by the reaction heat of the potassium oxidation. A
total carbon loss of 2.62 mmol g~ is calculated via Equation 6.4 accompanied by -1020
Jg~' reaction heat. In total, potassium oxidation and carbon combustion reactions result
in an emitted reaction heat of -1268 Jg~'.

C+4 0y +— COy, AHp = —393kJmol™" (6.4)

Comparing the calculated reaction heats of KO, and CO, formation, the emitted reaction
heat is caused to almost 80 % by the carbon combustion to CO,. According to the basic
heat equation of thermodynamics, the emitted heat could cause a temperature increase
to a temperature higher than 700 °C, which could explain the observed red glowing of
the carbon nanofibers.

Based on the calculated carbon loss the theoretical released amount of CO, would be
2.58 mmolg~', which equals a CO, release of 114 mgg~'. The amount of CO, deter-
mined via quantification of the gaseous products is lower, giving a value of 40.5mgg-".
The significant difference could be explained by the emission of solid particles due to the
vigorous reaction, which are not detected by the MS. Additionally, side reactions due to
formed KO, are possible during the reaction as listed in Equation 6.5 and Equation 6.6.
The possible side reactions mainly result in the formation of potassium carbonate and
bicarbonate [148, 149].

2KOy + COy +—— KyCO3 + 1505, AHp = —186kJ mol™! (6.5)
2KOy + HyO +2C0Oy +— 2KHCO3 4+ 1.50,, AHpr = —328kJ mol™* (6.6)

Furthermore, simultaneous TGA-DSC measurements were conducted to obtain ex-
perimental data on the emitted reaction heats for High O,-Flow (Figure 6.2b). The
simultaneous TG measurement was done to assess the comparability of the TGA mea-
surements since different sized crucibles had to be used for both measurements.

An emitted reaction heat of -2717 J g~' was determined for the post-treatment step at
high O.-flow (Figure 6.2b). This value is about twice as high as the calculated reaction
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heat of -1268 Jg~' from previous TG measurements (Figure 6.2a). The deviation of
these two methods is explicable, when considering the shape of the TG signal of the
DSC measurement. Similar to the first discussed TG signal, a mass gain is observed
directly after the switch to the High O.-flow. Subsequently, a significant mass loss due
to carbon combustion occurs. However, the mass loss during the DSC measurement is
8.2 wt.-%, which is more than double the value of 3.1 wt.-% during the TG measurement.
Due to the increased carbon combustion during the DSC measurement the experimental
value and the calculated reaction enthalpy from the TG measurement may not be directly
comparable. The increased carbon combustion is probably caused by denser packed
carbon nanofibers in the smaller DSC crucible, resulting in a stronger heat accumulation.
This is an important hint, as the extent of potassium oxidation and carbon combustion
reactions depend on the packing density and, therefore, heat and oxygen transport
properties of the material.

Interestingly, similar observations are not described for KOH activation of commonly
used carbon precursors, e.g. PAN powder, carbon fibers [89, 116, 150], biomass [52,
151, 152] and coals [153—155]. Although, the occurrence of these potassium oxidation
reactions could be expected based on the proposed mechanisms for KOH activation
mentioned in Equation 2.6 and Equation 2.7. Therefore, PAN powder was used as
reference material and activated using the identical conditions as for activation of
the nanofiber material. During high O,-flow post-treatment no pyrophoric effect was
observed. Hence, the described pyrophoric effect is probably linked to the material
structure induced by the electrospinning process and, possibly, the activation conditions.
A more detailed study on the potassium oxidation induced carbon combustion reaction
on reference carbon materials is discussed in section 6.6.

Overall, the post-treatment at high O,-flow conditions results in the uncontrolled oxidation
of metallic potassium to KO, causing a carbon combustion under severe formation of
heat and a strong glowing of the carbon nanofibers.

6.4. Low O,-flow treatment

To develop a treatment strategy to suppress the sample glowing, similar experiments
were conducted using an O,-flow of 4 mL min~', ‘low O,-flow’. Figure 6.3a shows the
mass and temperature changes after the switch of atmosphere from Ar to a mixture of
N,:O, (80:20) with an O,-flow rate of 4 mL min~! indicated by the dashed line.
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Figure 6.3. — (a) Mass change of the carbon nanofiber sample treated at low O>-flow conditions as post treatment. (b) Evolved
reaction heat during the post-treatment at low O2-flow conditions determined by simultaneous TGA-DSC measure-
ments.

A mass gain of 1.5+0.1 wt.-% accompanied by a minor temperature rise to 45 °C after
8 minutes is observed after the atmosphere switch. Contrary to the high O,-flow, no
weight loss is observed. The mass gain can be explained by the uptake of O, due
to the oxidation of metallic potassium according to Equation 6.3. As the temperature
increase is insufficient to cause a carbon combustion, no mass loss is observed. The
obtained mass gain equals an O, uptake of 0.44 mmolg~', based on Equation 6.3
this results in the emission of -128 Jg~' reaction heat. This calculated reaction heat
is comparable to the experimental value of -94 Jg~' obtained from the simultaneous
TGA-DSC measurements (Figure 6.3b) and causes a slight temperature rise on the
carbon nanofibers. The slight deviation of the obtained reaction heats can be explained
by the simple nature of the calculations used, which only considered one potassium
formation reaction neglecting possible side reactions to the formation of other potassium
oxide species [143, 144, 148]. Summarizing, the low O,-flow post-treatment results in
controlled oxidation reactions during exposure to oxygen. The emitted reaction heat of
-94 J g~' is significantly reduced compared to -2717 Jg~" for high O,-flow. Therefore, no
indication for a carbon combustion was found.

6.5. Comparison of high O,-flow and low O;-flow

Besides the previously discussed mass and temperature changes during the sample
treatment with high O,-flow and low O.-flow, this section addresses differences in the
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emitted CO, amount, elemental composition and morphological changes observed in
SEM.

6.5.1. Mass balances

Figure 6.4 shows the emitted amount of CO, in mmol g™ for high O,-flow and low
O.-flow as measured by the MS. The detected CO, amount for high O,-Flow is at 1000
umolg~', whereas the CO, emission for low O,-flow was at 0.6 umolg~'. This means a
reduction of the emitted CO, amount of more than three orders of magnitude for low
O,-flow conditions. These results match with the absence of a mass loss for low O»-flow
discussed in the previous section.
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Figure 6.4. — Emitted CO> during low and high O2-flow post-treatment conditions. The data was derived from mass spectrometry
using CaC204 x H20 as calibration substance.

Additionally, C, H, N, O elemental analysis was conducted to detect changes in the
elemental composition between the carbon nanofibers at high and low O,-flow conditions
(Table 6.1).

Table 6.1. — C, H,N, O elemental composition for high O2-flow, low O2-flow and pristine carbon nanofibers after neutralization with
distilled water. The O content was calculated as difference from C,H,N content for high O2-flow and low O2-flow. The
elemental composition of the pristine carbon nanofibers was taken from [120].

Sample C H N (@)
wt-% Wit-% Wwt-% wt-%
High Ox-Flow  59.8 2.2 12.7 25.3
Low Oo-Flow  69.6 1.7 10.7 18.0
Pristine fibers  72.6 1.4 16.2 9.8
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The C content for low O,-flow is 69.6 wt.-%, whereas it is at 59.8 wt.-% for high O,-flow.
This 10 wt.-% decreased C content can be related to the carbon combustion and possibly
to oxidation of the carbon surface. For the H and N content no significant changes were
observed between high O,-flow and low O,-flow. Regarding the O content, an increase
of 7 wt.-% for high O,-flow compared to low O,-flow is observed. This is explained by
the reduced amount of C relative to the O content and a partial oxidation of the carbon
surface. However, the oxidation of the carbon surface would counteract the observed
weight loss during the carbon combustion.

6.5.2. Raman spectroscopy

Raman measurements were conducted to determined structural changes of the carbon
nanofibers. Both, the low and high O,-flow carbon fibers, exhibit typical Raman spectra
for amorphous carbon materials (Figure 6.5). The G-Band at 1580 cm~' is assigned to
E,, vibrations of the graphite crystal lattice. The D-band at 1330 cm' is only observed
if defects or disorder are present in the graphite structure. For the carbon fiber materials,
the D-band is broad and intense compared to the G-band, indicating the presence of a
highly unordered or defect-rich carbon lattice. The broad double-resonance 2D band
between 2300 and 3300 cm~' is present for all graphitic independent of lattice defects. In
order to qualitatively compare the degree of crystallinity and structural disorder between
different carbon compounds, the ratio of D-band to G-band integrals (D/G-ratio) is
calculated.

The averaged D/G ratio for the low and high O,-flow samples was at 5.77+0.09 for high
O,-flow and at 5.50£0.12 for the low O,-flow sample. As evident from the calculated
standard deviation, no significant variation of the Raman spectra were observed for
the individual measurement spots of each sample. Furthermore, high D/G ratios were
determined for both types of carbon fibers. These observations are attributed to the
uniform, but highly amorphous carbon structure of the fibers, which is in line with the
expectations for a low carbonization temperature of 800 °C. Moreover, no differences in
D /G ratio and thus carbon amorphicity were observed within a 3o (99.6 %) confidence
interval. Therefore, no significant differences in carbon structure due to post-treatment
could be shown for the two sample types based on the Raman results.
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Figure 6.5. — Raman spectra of KOH-activated carbon nanofibers after the post-treatment at low Oz2-flow.The Raman spectrum
was fitted using 3 Gaussian fits for D, G and 2D band.

6.5.3. Electron microscopy

As the described glowing and combustion effect on the high O,-flow samples might
cause severe changes to the surface morphology of the carbon nanofibers, high O,-
flow and low O,-flow samples were investigated with SEM (Figure 6.6). For reference
purposes the pristine fibers [120] are shown in Figure 6.6 as well.

The pristine carbon nanofibers are randomly aligned and large void volumes are visible
between the fibers. For the KOH-activated carbon nanofibers smaller void volumes and
fragmented fibers are observed. The low O,-flow samples exhibit a similar morphology
as the pristine material (Figure 6.6 a vs. b). In contrast, high O,-flow samples (see
Figure 6.6d) exhibit areas with significant destruction of surface morphology compared
to the pristine material Figure 6.6a. The formation of voids in the size of up to 3 microns
is clearly visible in the SEM images Figure 6.6d.

These macropores are not homogeneously distributed on the surface of the High
O,-Flow samples as also areas with less severe destruction are visible Figure 6.6c¢.
This observation could be explained by an inhomogeneous distribution of metallic
potassium on the samples and, therefore, inhomogeneous severe heat formation due to
the potassium oxidation reactions.
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Figure 6.6. — (a) Pristine carbon nanofibers as reference material. (b) Low O2-flow samples without visible destruction of the fiber
morphology. (c) High O2-flow samples with an area displaying a smaller degree of destruction. (d) High O2-flow
samples with severe destruction of the fiber morphology.

Summarizing, the SEM results prove that the control of post-treatment conditions
significantly affects the morphology of the samples. The applied O,-flow affects the
potassium oxidation reactions and a severe destruction of the carbon nanofibers can be
avoided by application of a low O.-flow as post-treatment.

6.5.4. Gas adsorption properties

To obtain detailed information on the impact of the different post-treatment conditions on
the pore structure and the adsorption properties, gas adsorption measurements were
conducted on high O,-flow and low O,-flow samples. Argon adsorption measurements
were performed at 87 K to assess the micropore volume. The adsorption isotherms
exhibit a type | shape, which is typical for highly microporous adsorbents (Figure 6.7a).
In the low relative pressure range a steep increase is observed, which flattens at higher
relative pressures and approaches a limiting value. The isotherms exhibit similar shapes
independent of post-treatment, although the adsorption capacities are significantly
higher on the low O,-flow samples. At 1bar 177 mmolg~' Ar are adsorbed on the low
O,-flow samples, whereas 31 mmolg~' Ar are obtained for high O,-flow. This equals an
increase in adsorption capacity at 1 bar by 82 %.
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Figure 6.7. — (a) Ar adsorption isotherms at 87 K for low O2-flow and high Oz-flow samples. An increase in adsorption capacity at
1 bar by 82 % is obtained. (b) Cumulative pore volume obtained from DFT calculations using a kernel for slit pores on
carbon.

The pore size distribution was derived from the Ar adsorption isotherms using a QSDFT
kernel. The cumulative pore size distributions for low O,-flow and high O,-flow are shown
in Figure 6.7b. The comparison of the total pore volume Vperio and the pore volume
of pores below 2nm (Vper<2n0m) reveals that both samples have almost exclusively
micropores (Table 6.2). The micropore volume is 0.806 cm3 g~ for low O,-flow samples,
which is an increase of 90 % compared to 0.424 cm®g~' for the high O,-flow. Such
values are comparable to values obtained by Im et al. and Chiang et al. for PAN-based
activated carbon fibers [150, 156].

Table 6.2. — BET area, pore volume calculated by DFT calculations (Vpgr) and pore volume calculated using the Monte-Carlo
method (V) for low O2-flow, high O2-flow and the pristine fibers. Data is derived from the gas adsorption isotherms
of Ar at 87K and CO2 at 273 K. The data for the pristine fibers is taken from [120].

Sample BET Vorr  Vorreenm  Vort<isnm Vve Vorr<o.znm VMc<0.7nm
m2g-' cm3g” omig” cmig” omPg-l cmig- cm? g-!
High O.-Flow 2029 0.831 0.806 0.696 0.605 0.173 0.208
Low O,-Flow 1094 0.461 0.424 0.365 0.446 0.058 0.145
Pristine fibers 13.4 0.016 0.004 0.003 0.180 - 0.101

The BET area was determined at 1094 m? g~' for high O,-flow and at 2029 m2 g~ for
low O,-flow, which are typical BET areas of KOH-activated carbons [79, 157, 158]. Es-
pecially the direct comparison to the BET area of the pristine fibers (13.4 m? g~') clearly
proves a successful KOH activation of the electrospun PAN-based carbon nanofibers.
Additionally, the high impact of the applied post-treatment conditions on the surface
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morphology and porosity of the carbon nanofibers is obvious.

For more detailed micropore characterization CO, adsorption measurements at 273 K
were performed. Figure 6.8 shows the CO, adsorption isotherms for the pristine [120],
high O,-flow and the low O,-flow samples. The pristine fibers isotherm exhibits a high
uptake at low relative pressures and turns more into a linear shape at higher relative
pressures with a maximum CO, uptake of 2.7 mmolg™" at 1 bar. In comparison, the
adsorption isotherm of the high O,-flow shows a lower CO, uptake at pressures below
200 mbar. At pressures above 200 mbar the adsorption isotherm of CO, surpasses the
adsorption isotherm of the pristine fibers and rises to 4.7 mmol g~ at 1 bar (Figure 6.8).
Contrary, the low O,-flow samples exhibit a similar uptake as the pristine fibers at
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Figure 6.8. — (a) CO2 adsorption isotherms at 273 K for high Oz-flow, low O2-flow and the pristine carbon nanofibers. (b)The
cumulative pore volume was determined from Monte-Carlo calculations using a kernel for slit pores on carbon.

low relative pressures and already surpasses the adsorption capacity of the pristine
fibers at pressures of 75 mbar. At 1 bar it reaches an CO, adsorption capacity of 6.5
mmol g~', which is 38 % increase compared to the high O,-flow samples and even 140
% increase compared to the pristine fibers. In comparison to literature data the obtained
CO, adsorption capacities are among the highest for KOH-activated electrospun carbon
nanofibers. Wang et al. reported CO, adsorption capacities of 2.9 mmolg~' at 1 bar and
273 K, which is significantly lower than the reported values in the present work [89].
Comparable CO, adsorption capacities were reported by Chiang et al. and Zainab et
al. who obtained 3.5 mmol g~ at 298 K, which is close to the obtained 4.2 mmolg~' at
293 K on the high O,-flow sample in this study [118, 159].

80



CHAPTER 6. CONTROL OF OXYGEN-FLOW DURING POST-TREATMENT OF
KOH-ACTIVATED CARBON NANOFIBERS

The pore size distribution was determined using Monte-Carlo calculations and the cu-
mulative pore volume is shown in Figure 6.8b. Similar to the previously described results
of the DFT calculations, the pore volume increases for low O,-flow samples over the
full range of pore sizes compared to the high O,-flow samples. The total pore volume
is 0.61 cm3 g~ for low O,-Flow and 0.45 cm?®g~' for high O,-flow samples, resulting in
an increase in pore volume of 36 % for the low O,-flow samples. Regarding the ultra-
micropore volume (< 0.7 nm), high O,-flow samples exhibit an amount of 0.15 cm3 g,
which is enhanced to 0.21 cm3g~' on low O,-flow samples. Overall, the pore volumes
from CO, adsorption isotherms are comparable to those from Argon isotherms, except
for a significant difference of the obtained micropore volume below 1.5nm for DFT
(0.365 cm®g~') and Monte-Carlo (0.446 cm®g~") data for high O,-flow. This deviation
could be caused by the different surface chemistry of samples prepared at high and low
O,-flow. High O,-flow samples have a higher oxygen content than low O,-flow samples,
which could affect the interactions of adsorptive and adsorbent. Such effects are not
accounted for in the standard calculation models used for the determination of the pore
size distributions.

Furthermore, the isosteric enthalpy of adsorption was calculated for high and low O,-
flow based on CO, adsorption isotherms measured at 273 K, 283K and 293 K using
the approach of Clausius-Clapeyron. For low O,-flow a value of 28.9 kd mol~' was
determined at a loading of 0.1 mmol g~ which slightly decreases to 27.1 kdmol-' at a
loading of 6.5 mmol g~ (Figure 6.9a). For high O,-flow, the enthalpy of adsorption is at
27.4 kd mol~" at a loading of 0.1 mmolg~' and decreases to 23.0 kd mol~! at a loading
of 5 mmolg~'. Both isosteric enthalpies of adsorption are comparable to adsorption
enthalpies of activated electrospun carbon nanofibers in literature [118]. The more
distinctive decrease of the isosteric enthalpy of adsorption for high O.-Flow can be
linked to a higher degree of surface oxygen due to the partial carbon oxidation at high
O.-flow, which probably lowers the binding affinity towards CO, due to the increased
number of acidic groups on the surface. To get an insight into the adsorption kinetics,
equilibration curves of CO, at 50 mbar and 298 K were measured (Figure 6.9b).

For high and low O,-flow the adsorption rate is fast, as the equilibrium loading is reached
within the first 100 s with the steepest increase in the first 20 s. Comparing the two
post-treatments, there are no significant changes of the adsorption kinetics. Therefore,
the choice of post-treatment does not notably affect the adsorption rate of the carbon
nanofibers.
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Figure 6.9. — (a) Isosteric enthalpy of adsorption for CO2 on KOH-activated carbon nanofibers treated at high O2 and low O2-flow.
Data determined using the Clausius Clapeyron approach and isostherm data at 273, 283 and 293 K. (b) Normalized
adsorption kinetics for high and low O2-flow determined at 50 mbar and 298 K.

Overall, the low O,-flow conditions result in improved gas adsorption properties, namely
a higher adsorption capacity and a higher micropore volume. Furthermore, the isosteric
enthalpy of adsorption is increased for low O,-flow, whereas the adsorption kinetics are
very similar for both post-treatments. Based on the results, the importance the choice
of post-treatment conditions after KOH activation of electrospun carbon nanofibers
becomes evident.

6.6. Potential triggers of a carbon combustion reaction

As stated in the previous sections the occurrence of vigorous potassium oxidation
reactions with consecutive carbon combustion after KOH activation was not reported
in literature so far. Although the proposed KOH activation mechanism involves the
formation of metallic potassium and vigorous oxidation reactions are known for the
intercalation of potassium into graphite [52, 145]. Therefore, the question arises, if
certain material properties trigger the potassium oxidation induced carbon combustion
reaction. To address this question several reference carbon materials were investigated
focussing on the vigorous potassium oxidation reactions subsequent to KOH activation.
To identify an influence of the material size, bulk materials, i.e. coconut shell and PAN
powder, as well as carbon microfibers and carbon nanofibers were investigated. The
reference materials were impregnated with KOH and subsequently exposed to the
identical heat treatment as previously discussed carbon nanofibers. After cool down
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after the activation treatment, the reference materials were treated at high O,-flow
conditions.

Figure 6.10 depicts the mass and temperature changes of the samples during post-
treatment. The dimensions of the reference materials decrease from bulk to nanoscale.
As bulk materials PAN powder and coconut shells were investigated. For PAN powder
a mass gain of 0.5wt.-% without a noteworthy temperature increase after the switch
to high O,-flow was observed. The coconut shells showed a similar development and
an increase in mass of 1.5wt.-% and a weakly pronounced temperature rise was
determined during post-treatment. As no mass loss was detected for both, no indication
for a carbon combustion reaction was found. The comparably low mass gain of the PAN
powder during post-treatment is probably caused by a smaller amount of K present on
the material, which results in a smaller weight gain due to K oxidation. Potential causes
for a lower amount of metallic K could be a less sufficient impregnation with KOH prior
to the activation.

As no carbon combustion reactions were found on bulk materials, carbon microfibers
were investigated as second group of reference materials. Commercially available
carbon microfibers, typically applied as electrode materials, were used. The carbon
papers were pyrolyzed at 1000 °C prior to activation to remove flourine residues from
hydrophobic treatment of the materials. The mass gain during post-treatment is just
at 0.25wt.-% on both samples. The low mass gain is an indication for an insufficient
KOH impregnation prior to the activation treatment. The commercial carbon papers
are hydrophobic even without the flourine as they were carbonized at temperatures
> 1000 °C. Therefore, the aqueous KOH could probably not wet the fibers sufficiently.
Due to the insufficient wetting, no reliable statement on the effects of the dimension of
the material on the carbon combustion could be made.

As third size class, carbon nanofibers were investigated. The precursor PAN-based
nanofibers were obtained on an IME electrospinner equipped with a 4-tip nozzle and
custom-made needleless spun nanofibers were obtained from Stellenbosch Nanofiber
Company (SNC, South Africa). The SNC fibers showed a mass gain of 0.7 wt.-% during
post-treatment and no temperature rise. Therefore, no carbon combustion reaction
occurred.

In contrast, the inhouse spun nanofibers showed a high mass gain of 1.5wt.-% and a
significant temperature rise at post-treatment. After 330 s, a mass loss related to the
start of the carbon combustion occurs. Taking a closer look on the properties of both
nanofibers, a significant difference in the fiber diameter distribution was observed. The
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Figure 6.10. — TGA-DSC results for various carbon reference materials. All samples were KOH-activated with subsequent exposure

to

high o2-flow conditions.
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Figure 6.11. — (a) Inhouse spun carbon nanofibers showing a quite uniform fiber diameter distribution. (b) Custom-made carbon
nanofibers (Stellenbosch Nanofibers Company, SNC, South Africa, which show a significantly broader pore size
distribution

inhouse made fibers showed quite homogeneously distributed diameters ranging from
200 to 300 nm. Contrary, the SNC nanofibers have a broad distribution ranging from
200 nm to the size of 1 to 2um. This could be an explanation for the different reactions
during post-treatment and a hint to the size effects on the carbon combustion reaction.
The smaller size of the nanofibers could affect the diffusion processes of potassium as
well as oxygen within the carbon nanofiber mats. The smaller the fiber diameter, the
faster the oxidation of potassium occurs, causing a high heat formation in a short period
of time resulting in the carbon combustion.

In total, the investigations on the reference materials indicate an effect of the material
size on the potassium oxidation reactions and thus the occurrence of a carbon com-
bustion reaction. However, the results are currently not unambiguous and additional
experiments are necessary to clarify and prove the hypothesis of a size dependent
effect.
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7. Characterization of KOH-Activated

carbon nanofibers

7.1. Preface

A series of KOH-activated carbon nanofibers at KOH:Fiber weight ratios of 1:4 to 3:4
was synthesized using a simultaneous carbonization and activation approach at 800 °C
in Ar. Prior to the carbonization and activation the samples were stabilized at 250 °C for
15h in air. Subsequent to carbonization and KOH activation the developed low O,-flow
post-treatment was applied (chapter 6). The KOH-activated carbon nanofibers were
processed into cylindrical pellets. This is advantageous compared to carbon nanofiber
mats due to a simplified handling and improved packing properties inside an adsorber
column, which is interesting for consecutive breakthrough experiments discussed in
chapter 8.

The material synthesis and characterization using SEM and gas adsorption were
conducted by Tom Fischer. The elemental analysis was performed by the Central
Institute of Analytics at Forschungszentrum Julich GmbH.

7.2. Electron microscopy

The SEM images of the carbon nanofibers pellets were recorded to ensure a successful
synthesis of the cylindrical pellets, while the carbon nanofiber structure is still maintained.
In Figure 7.1a, the cross-section of a cylindrical pellet with a diameter of roughly 2 mm
and a relatively smooth surface is shown. At increased magnification the pellet structure
appears rougher and the single carbon nanofibers are getting visible (Figure 7.1b,c).
At the highest magnification, densely packed carbon nanofibers could be identified.
Compared to the carbon nanofiber mats a significant reduction of the fiber length and
the void between the single carbon nanofibers could be observed.
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Figure 7.1. — SEM images of KOH-activated carbon nanofiber pellets (KOH:Fiber 1:4) at different magnifications. A densely packed
cylindrical pellet was synthesized, preserving the single carbon nanofiber structure. A decrease in the fiber length
and in void volume was observed.

Overall, the SEM images prove the successful transformation of the KOH-activated
carbon nanofiber mats into cylindrical carbon nanofiber pellets with a diameter of 2 mm
and a length of 4 mm. No significant differences in morphology of the pellets for the
different KOH:Fiber ratios were found.

7.3. Elemental composition

Elemental analysis was conducted to determine changes in the C, H, N and O content
of the KOH-activated carbon nanofibers at different KOH:Fiber ratios (Figure 7.2). The
reference material, pristine carbon nanofibers, has a carbon content of 71.2 wt.-% and an
H content of 1.5wt.-%. The hetero atom contents are at 16.8 wt.-% nitrogen and 10.1 wt.-
% oxygen, respectively. These values are comparable to previously reported elemental
composition of pristine PAN-based carbon nanofibers [120]. At a KOH:Fiber ratio of 1:4
the C content slightly decreases to 69.8 wt.-%. In the meantime a decrease of the N
content to 13.4 wt.-% and an increase of O to 12.9 wt.-% is visible. This development
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continues at higher KOH:Fiber ratios and results in an O content of 21.8 wt.-% and an
N content of 10.0 wt.-%, respectively. The C and H content show only small variations.
The increase of O in the carbon nanofibers is caused by the KOH activation, which
etches the carbon, causing the formation of oxygen containing functional groups, such
as hydroxyl, carbonyl and carboxyl! groups.
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Figure 7.2. — Elemental composition of KOH-activated carbon nanofibers at KOH:Fiber weight ratios of 1:4 to 3:4. The pristine
carbon nanofibers are given as reference.

7.4. Pore characterization

The KOH-activated carbon nanofibers were characterized by gas adsorption measure-
ments using Ar, CO, and H,O to determine adsorption capacities, adsorption enthalpies
as well as pore size distributions.

7.4.1. Ar adsorption

Ar adsorption isotherms at 87 K are depicted in Figure 7.3a,b. The pristine carbon
nanofibers and the carbon nanofibers activated at a KOH:Fiber weight ratio of 1:4 show
a type Il adsorption isotherm, which is typical for non-porous or macroporous adsorbents.
The adsorbed amount of Ar stays fairly low with a maximum capacity below 0.8 mmol g™’
at 1 bar for both samples. Opposite to this, the adsorption isotherms of the samples
activated at KOH:Fiber weight ratios of 2:4 and 3:4 show type | shapes. These are
typical for adsorption on microporous adsorbents. Already at very low relative pressures
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a high amount of Ar is adsorbed, before the isotherm approaches a limiting value at
higher relative pressures. In total, the adsorbed amounts are at 11.1 and 21.3 mmol g™,
respectively.

The adsorption data was used to determine the BET area of the samples. For the
pristine carbon nanofibers and the carbon nanofibers activated at a KOH:Fiber weight
ratio of 1:4 small BET areas of 10 and 5m? g~' were obtained in a p/po range of 0.05-
0.3. For samples activated at KOH:Fiber weight ratios of 2:4 and 3:4 the BET area
increases significantly and values of at 708 and 1432m?g~"' in p/p, range of 0.05-
0.1 were determined. The p/py range was adjusted due to the limitations of the BET
theory on microporous materials [100]. The large BET areas are in good agreement to
literature data, e.g. Kim et al. obtained a BET area of 1726 m? g~' [157]. The change of
the adsorption isotherm shape and capacity as well as the high increase in BET area
clearly proof a successful KOH activation of the carbon nanofibers.
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Figure 7.3. — (a) Ar adsorption isotherms obtained at 87 K for KOH activated carbon nanofibers at KOH:Fiber ratios of 1:4 to 3:4.
The pristine fibers are shown as reference material. (b) Magnified depiction of the Ar adsorption isotherms of the
pristine carbon nanofibers and the KOH:Fiber 1:4 sample. Open symbols show the desorption branches.

As more profound characterization of the carbon nanofibers, DFT calculations allow
to determine the incremental and cumulative pore size distribution using a kernel for
slits pores on carbon. The cumulative pore volume changes in a similar manner as the
shape of the Ar isotherms. For the pristine sample and the carbon nanofibers activated
at a KOH:Fiberweight ratio ratio of 1:4 negligible cumulative pore volumes of 0.02
and 0.01 cm? g~! were determined, whereas on samples activated at KOH:Fiber weight
ratio of 2:4 and 3:4 cumulative pore volumes of 0.30 and 0.58 cm®g~! were obtained
(Figure 7.4 and Table A.4). This equals an increase in cumulative pore volume of almost
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two orders of magnitude. Taking a look on the incremental pore volume it is evident, that
KOH activation at KOH:Fiber weight ratio ratios of 2:4 and 3:4 results in the formation of
a high micropore volume and especially a high amount of pores below 1 nm. In contrast,
for the pristine carbon nanofibers and the sample activated at a KOH:Fiber weight ratio
ratio of 1:4 the micropore volume is negligible.

All in all, the Ar adsorption measurements clearly show a strong effect of the KOH
activation on the pore volume of the carbon nanofibers. Especially, at higher KOH:Fiber
weight ratios of 2:4 and 3:4, highly microporous carbon nanofibers with large BET areas
are obtained.
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Figure 7.4. — (a) Cumulative and (b) incremental pore size distribution of the pristine carbon nanofibers and for samples activated
at KOH:Fiber weight ratios of 1:4, 2:4 and 3:4. The results are based on DFT calculations using Ar isotherm data.

7.4.2. CO, adsorption

Additionally, CO, adsorption isotherms were recorded at 273 K to assess the adsorption
capacities as well as the pore size distribution in the narrow micropore region. All
samples have type-| shaped isotherms, which are characteristic for highly microporous
adsorbents (Figure 7.5a). In detail, the isotherms of the pristine carbon nanofibers
and the carbon nanofibers activated at a KOH:Fiber weight ratio of 1:4 show steep
slopes at low relative pressures, which flatten at higher relative pressures and approach
limiting values of 2.11 and 2.74mmolg™' at 1 bar absolute pressure. Contrary, the
samples activated at KOH:Fiber weight ratios of 2:4 and 3:4 show similar steep slopes
at low relative pressures, but turn into a linear slope at higher relative pressures. Their
adsorption capacities at 1 bar are at 4.1 and 5.4 mmolg~". For better assessment of
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the changes in the low relative pressure region, Figure 7.5b shows a magnification
for relative pressures below 0.010, which equals an absolute pressure smaller than
400 mbar. The magnification shows a higher adsorption capacity of the KOH-activated
materials compared to the pristine carbon nanofiber material already at 75 mbar absolute
pressure.
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Figure 7.5. — (a) CO2 adsorption isotherms at 273 K on KOH-activated carbon nanofibers activated at KOH:Fiber ratios 1:4 to 3:4
and the pristine nanofibers. (b) Magnification of the isotherm region below 400 mbar to assess differences in the
low-pressure regime.

The isotherm data was used to determine the pore size distribution using Monte-Carlo
calculations with a kernel for slit pores on carbon. The cumulative pore volume is
depicted in Figure 7.6a. All four samples have a similar, but very low, cumulative pore
volume at very narrow pore sizes < 0.5 nm. At higher pore widths the cumulative pore
volume clearly changes and significant differences between the different samples are
visible. The pristine material has a steep increase in pore volume from 0.045cm3 g~ to
0.087cm3g~'. Afterwards the slope flattens resulting in a total cumulative pore volume
of 0.110 cm®g~". A similar development is observed on carbon nanofibers activated at
a KOH:Fiber weight ratio of 1:4. However, the increase is more pronounced, which is
caused by the slight activation of the sample. At higher activation ratios (KOH:Fiber 2:4
and 3:4) this development is even more pronounced. For carbon nanofibers activated at
a KOH:Fiber weight ratio of 2:4 a cumulative pore volume of 0.277 cm?® g~' is determined,
which is even surpassed by the sample activated at a KOH:Fiber weight ratio of 3:4
with a cumulative pore volume of 0.412cm3g~". This clearly points out the strong
impact of KOH activation on the pore volume of the carbon nanofibers. Interestingly, the
incremental pore volume shows a sharp peak at very narrow pore widths on pristine
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carbon nanofibers and samples activated at a KOH:Fiber weight ratio of 1:4 (Figure 7.6b).
At higher KOH:Fiber weight ratios of 2:4 and 3:4 this peak is vanished. This indicates
the presence of very narrow ultramicropores on the pristine carbon nanofibers and
the sample activated at a KOH:Fiber weight ratio of 1:4. However, it might also be an
artefact due to deviations between the used kernel and the actual adsorbent properties.
Nonetheless, a clear growth in pore width with increasing KOH:Fiber ratios is observed.
The KOH activation mainly generates pores in the range of 0.5 to 1.2 nm.

The results are in good agreement to the previously discussed DFT calculations. Both
data sets, DFT and Monte-Carlo pore size distributions were combined to illustrate
and discuss changes in pore volume for the regions of ultramicropores (<0.7nm),
supermicropores (0.7-2 nm) and mesopores (>2 nm). In Figure 7.6 the pristine carbon
nanofibers mainly exhibit pores in the ultramicropore region. A development of wider
micropores with a width up to 2nm is observed for higher KOH:Fiber ratios. However,
almost no mesopores are formed during KOH activation.

Table 7.1. — BET area, ultramicropore volume, supermicropore volume, mesopore volume and total pore volume for KOH-activated
carbon nanofibers stabilized at KOH:Fiber ratios of 1:4, 2:4 and 3:4. As reference material the pristine fibers are listed.

KOH:Fiber BET Area VpET VMC VUItra VSuper VMeso

m2 g~ em3gt cmig! cmig! cmig! cmig
Pristine Fibers 9.6 0.015 0.110 0.086 0.024 0.012
KOH:Fiber 1:4 5.2 0.008 0.146 0.113 0.033 0.007

KOH:Fiber 2:4 707.9 0.300 0.277 0.161 0.132 0.014
KOH:Fiber 3:4 1432.3 0.582 0.412 0.205 0.263  0.020

Since KOH activation involves several chemical reactions and significantly alters the
material properties, changes in the adsorption energies were analyzed by determination
of the isosteric enthalpies of adsorption. Based on adsorption isotherms at 273, 283 and
293 K the determination was conducted using the Clausius-Clapeyron approach[107].
In Figure 7.6d the isosteric enthalpies of adsorption are shown for all four samples.

The pristine carbon nanofibers have an adsorption enthalpy of -34 kd mol~' at low ad-
sorbed amounts. At proceeding adsorption the enthalpy decreases with increasing slope
at higher adsorbed amounts, which reflects well the discussed pore size distribution. At
the beginning of the adsorption the most favorable sites, the ultramicropores with a high
enthalpy of adsorption, are filled. Since the pristine carbon nanofibers have almost exclu-
sively ultramicropores, a decrease of the isosteric enthalpies to -23 kd mol~' is observed
at higher adsorbed amounts. The remaining larger micropores and mesopores are
less beneficial adsorption sites with lower adsorption potentials. On carbon nanofibers
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Figure 7.6. — (a) Cumulative and (b) incremental pore size distribution of the pristine carbon nanofibers and carbon nanofibers
activated at KOH:Fiber weight ratios of 1:4 to 3:4 based on Monte-Carlo calculations using CO2 isotherm data.
(C) Cumulative pore size distribution for four samples based on a combination of DFT data from Ar isotherms and
Monte-Carlo calculations based on CO; isotherms. (d) Isosteric enthalpy of adsorption for CO2 determined via
Clausius-Clapeyron approach using CO> isotherm data obtained at 273, 283 and 293 K.

activated at KOH:Fiber weight ratios of 1:4 a similar course is observed. For low loadings
an identical adsorption enthalpy of -34 kd mol~" is determined. However, the decrease
is less distinctive and results in -27 kd mol~'. This change of the isosteric enthalpies at
higher loadings is related to the changed pore structure due to the slight KOH activation.
The carbon nanofibers activated at a KOH:Fiber weight ratio of 1:4 have a higher ultra-
and supermicropore volume. Especially, the increase of supermicropore volume could
explain the smaller decrease of the adsorption enthalpies at higher adsorbed amounts
since a higher number of pores is accessible.

Contrary, the courses for samples activated at KOH:Fiber weight ratios of 2:4 and 3:4
significantly change compared to the previous ones. The initial enthalpy of adsorption
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is at -31 kd mol~' for carbon nanofibers activated at KOH:Fiber weight ratio of 2:4 and
at -37 kd mol~' for the samples activated at a KOH:Fiber weight ratio of 3:4. At higher
adsorbed amounts the adsorption enthalpy decreases and turns into a linear descent,
which is almost horizontal. The lower initial enthalpy of adsorption on carbon nanofibers
activated at a KOH:Fiber weight ratio of 2:4 could be assigned to the broader pore size
distribution and the slightly lower amount of narrow ultramicropores on these samples.
The strong deviation of carbon nanofibers activated at a KOH:Fiber weight ratio of 3:4
might be caused by significant measurement uncertainties since the highest error was
obtained for the calculation.

The reduced slope of the descent at higher adsorbed amounts on both samples com-
pared to samples activated at lower KOH:Fiber weight ratios is assigned to the broad-
ened pore size distribution, which exhibits pores over the entire micropore region. Thus,
a high number of pores at different adsorption potentials is available.

All'in all, KOH activation has a significant influence on the morphology and porosity of
the material, which directly affects the adsorption properties of the carbon nanofibers.

7.4.3. H,0 adsorption

The water adsorption properties of a material are important characteristics to assess
the suitability as CO, adsorbent since CO, containing gas streams, such as flue gas,
contain high amounts of humidity. As assessment of the water affinity, water adsorption
isotherms at 298 K were recorded for all adsorbents (Figure 7.7). At a relative humidity
below 30 %, almost linear ascending adsorption isotherms are obtained on all samples.
The adsorbed capacities differ only slightly in this area and at a relative humidity of
30 % adsorbed amounts of 4.1-5.7 mmol g~ H.O were determined. At higher relative
humidity the slope of the pristine carbon nanofibers and sample activated at KOH:Fiber
weight ratio of 1:4 flattens and approaches a limiting value of 5.0 mmolg~', respectively
7.0mmolg~". Contrary, the slope of the carbon nanofibers activated at KOH:Fiber
weight ratios of 2:4 and 3:4 rises strongly at relative humidities above 30 % and flattens
again at relative humidities > 60 %. The maximum capacities are at 23.6, respectively
25.9mmolg~'.

Based on the proposed mechanism, H,O adsorption on porous carbons occurs pref-
erentially at oxygen-containing surface groups. The adsorbed water molecules act as
cluster formation sites, which allow for additional adsorption of water due to hydrogen
bondings [140, 160]. However, this cluster formation can be limited by the pore width.
The narrow ultramicropores on the pristine carbon nanofibers and the KOH-activated
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carbon nanofibers at a weight ratio of 1:4, limit the cluster formation resulting in a type |
shaped isotherm with comparatively low H,O capacities [161].
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Figure 7.7. — H2O vapor isotherms measured at 298 K on KOH-activated carbon nanofibers at activated at KOH:Fiber weight ratios
1:4 to 3:4. The pristine carbon nanofibers are shown as reference.

In contrast, the H,O isotherms on carbon nanofibers activated at KOH:Fiber weight ratios
of 2:4 and 3:4 are S-shaped type V isotherms, which are typical for water adsorption on
activated carbons [162—164]. Both samples show a strong hysteresis. This adsorption
behavior is mainly caused by a high degree of oxygen containing surface functional
groups, which preferentially adsorb water. The adsorbed water molecules act as cluster
formation sites for additional adsorption of water due to the hydrogen bondings. At low
relative pressures only a small amount of water is adsorbed on the functional groups of
the carbon, whereas the steep increase at medium relative pressures is assigned to the
formation of H,O clusters. Compared to the pristine and carbon nanofibers activated
at a KOH:Fiber weight ratio of 1:4, the higher activation degree resulted in larger pore
width and thus the pore widths are not limiting cluster formation (chapter 7).
Additionally, a high number of oxygen functional groups is introduced during the KOH
activation step at high KOH:Fiber activation ratios, resulting in the formation of carbonyl,
hydroxyl and carboxyl groups on the surface, which is favorable for H,O adsorption.
This is confirmed by the elemental analysis, which showed an oxygen content of 21.2
and 21.8 wt.-% for KOH:Fiber 2:4 and 3:4. This is signifcantly higher than 10.0 and 12.9
wt.-% determined on pristine and carbon nanofibers activated at a KOH:Fiber weight
ratio of 1:4.

All'in all, the water adsorption results show a strong affinity of water to the adsorbent,
which might likely affect the separation of CO, from the gas stream due to competing
adsorption processes.
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8. Separation of a CO5 /N5 mixture on

KOH-activated carbon nanofibers

8.1. Preface

A potential field of application for carbon nanofibers is the separation of CO, from flue
gas [32, 110, 118]. The requirements of an adsorbent for CO, capture were discussed in
detail in chapter 1. This chapter investigates the potential of the KOH-activated carbon
nanofibers, which were characterized in chapter 7, for application in a CO, separation
process. Thus, the separation of CO, from a mixture of CO, and N, is analyzed. Typical
adsorbent metrics, i.e. CO, selectivity, cycle stability and working capacity are addressed.
Furthermore, an in-depth comparison of IAST and experimentally determined selectivity
values is given to show the added value of experimental determinations.

The static and dynamic gas adsorption measurements as well as the data processing
and evaluation presented in this chapter were conducted by Tom Fischer.

8.2. Determination of CO;3/N; selectivity based on the

ideal adsorbed solution theory

The ideal adsorbed solution theory (IAST) is commonly applied to calculate selectivities
for gases in binary mixtures. A calculation based on the IAST requires only experimental
data of the pure component isotherms for both components [103, 105]. A summarizing
description of the fundamentals, assumptions and shortcomings of IAST was discussed
in subsection 2.4.5. In the following section, the IAST is used to determine the CO,
selectivity of the pristine and KOH-activated carbon nanofibers in a binary mixture of
10% CO, in 90 % N, at 298K at 1 bar.
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The pure component isotherms of CO, and N, were determined by static gas adsorption
measurements at 298 K (Figure 8.1). The shapes of the CO, adsorption isotherms are
similar to the ones discussed in the previous chapter, but show a decreased adsorption
capacity due to the increased measurement temperature (Figure 7.5a). Thus, the
adsorption capacity at 1 bar reduces from 5.4 mmolg~" (273 K) to 3.2mmolg" (298
K) for the carbon nanofibers activated at a KOH:Fiber weight ratio of 3:4. Similar
developments are observed for the lower KOH:Fiber weight ratio samples and the
pristine carbon nanofibers.

The N, isotherms show almost linear isotherm shapes with comparably low adsorbed
amounts of 0.22 and 0.34 mmolg~" at 900 mbar (Figure 8.1b). The N, adsorption
capacity increases with ascending KOH:Fiber weight ratios. Compared to the adsorbed
amount of CO,, the N, adsorption is reduced by one order of magnitude. The clear
differences between the CO, and N, isotherms are first indications for a high selectivity
of CO, towards N, on the adsorbent.
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Figure 8.1. — (a) CO2 and (b) N2 adsorption isotherms at 298 on KOH-activated carbon nanofibers activated at KOH:Fiber weight
ratios of 1:4, 2:4 and 3:4 as well as pristine carbon nanofibers.

For IAST calculations, CO, and N, isotherms were fitted using the empirical Toth Fit
(Equation 8.1). The three fit parameters are the saturation capacity @Q,,.., the affinity
constant £ and the heterogeneity factor ¢.

K-p
(14 (K -p))7
In order to obtain physically meaningful fit data, the saturation capacity @,... was
limited to 10 mmol g~ for the CO, adsorption isotherms and limited to 3 mmol g~ for

(8.1)

Geq = 9mazx *
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the N, isotherms. All additional fit parameters were left without any constraints for both
adsorptives.

Table 8.1. — Toth isotherm fit parameters, saturation capacity Qmaz, affinity constant k and heterogeneity factor ¢, for CO2 and N2
adsorption isotherms at 298 K. The residual mean square error (RMSE) is given as measure of fit accuracy.

Sample CO, fit parameters N, fit parameters

Qmax k t RMSE | Qmax k t RMSE
Pristine Fibers | 3.828 25.281 0.340 0.00117 | 1.090 0.280 1.000 0.00971
KOH:Fiber1:4 | 7531 31.003 0.265 0.00126 | 1.471 0.258 0.878 0.00116
KOH:Fiber 2:4 | 10.000 3.057 0.368 0.01232 | 3.000 0.143 0.688 0.00422
KOH:Fiber 3:4 | 10.000 1.663 0.499 0.04986 | 3.000 0.143 0.926 0.00177

All fit parameters are listed in Table 8.1. @,,... increases with high KOH:Fiber ratio, which
reflects the increase of CO, adsorption capacity of the pure component isotherms.
Moreover, the affinity constant & decreases at higher KOH:Fiber weight ratios, which
could be related to the wider micropores on these materials and thus lower adsorption
potentials for CO,. The heterogeneity factor ¢ rises slightly, which indicates a more
heterogeneous surface due to the higher degree of activation.

Overall, the CO, isotherm fits have small residual mean square error (RMSE) values,
which increase at higher KOH:Fiber weight ratios. This increase is caused by the
transition towards a more linear shape at high KOH:Fiber weight ratios of 2:4 and 3:4
at pressures close to 1bar, which is less good described by the Toth isotherm. The
RMSE values for the N, adsorption isotherms show very good accuracy of the fits to the
experimental data. The parameters fit well to the trends, showing an increased Q..
at ascending KOH:Fiber weight ratio, whereas ¢ remains fairly constant and % slightly
decreases. In total, the agreement of the isotherm fits to the experimental data allows a
use for IAST selectivity calculations (Figure 8.2).

The fits were used to calculate the selectivity of CO, over N, for binary mixture of 10 %
CO, in 90 % N at pressures from 0 to 1 bar. All IAST calculations were conducted using
the python package pyGaps 4.5.0 [129].

Figure 8.3 depicts the CO, over N, selectivity for all samples. The highest CO, selectivity
values were achieved for carbon nanofibers activated at a KOH:Fiber weight ratio of
1:4 and the pristine carbon nanofibers. At 50 mbar selectivity values of 166 and 140
were calculated, which decrease constantly at increasing pressure approaching values
of 101 and 92 at 1 bar. These are very high IAST values for pristine carbon nanofibers
and especially for KOH activated carbon nanofibers. Frequently reported IAST values
for carbon based materials range from 10 to 40 [165, 166]. The selectivity values on
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Figure 8.2. — Toth fits for CO2 (a) and N2 (b) isotherms measured at 298 K for the samples activated at KOH:Fiber weight ratios of
1:4, 2:4 and 3:4 as well as pristine carbon nanofibers.

carbon nanofibers activated at KOH:Fiber weight ratios of 2:4 and 3:4 are significantly
reduced compared to the samples activated at lower KOH:Fiber weight ratios. The CO,
selectivity at 50 mbar is 52 on carbon nanofibers activated at a KOH:Fiber 2:4 weight
ratio and at 34 for samples activated at a KOH:Fiber weight ratio of 3:4. In contrast
to the previous two samples, the descent of the selectivity at ascending pressure is
almost negligible resulting in selectivity values of 42 and 30 at 1 bar. These values are
comparable to the typically obtained IAST selectivity values on activated carbons [48,
165, 166].
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Figure 8.3. — CO2/N2 IAST selectivity calculations for KOH:Fiber ratios of 1:4 to 3:4 and the pristine carbon nanofibers for a mixture
of 10% CO2 in 90 % N2 at 298 K.

The distinct decrease of selectivity at higher KOH:Fiber weight ratios is assigned to
the changed pore size distribution. At the pristine carbon nanofibers and the sample
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activated at a KOH:Fiber weight ratio of 1:4, the narrow pore size distribution with a high
ultramicropore volume is beneficial for a high CO, selectivity. Narrow ultramicropores
favor size exclusion effects based on the critical diameter of CO, (280 pm) and N,
(300 pm). However, as the difference in critical diameter is small, additional parameters,
such as differences in condensability or chemical interactions, might have significant
effects as well [47]. For samples activated at higher KOH:Fiber weight ratios the pore
size distribution broadens significantly and wider ultramicropores to supermicropores
are formed. These pores are accessible for CO, and N, in a similar manner. Thus, the
competitive adsorption of CO, and N is increased, resulting a reduction of the CO,
selectivity.

Allin all, the IAST selectivities are promising for an application in a separation process.
Especially, the pristine and slightly KOH-activated carbon nanofibers show excellent
values, whereas at higher KOH:Fiber weight ratios the selectivities are only moderate
but still sufficient in comparison to reference materials [48, 165, 166].

8.3. Determination of experimental CO;,/N; selectivity

As discussed in subsection 2.4.5, IAST calculations rely on several assumptions and
idealizations. Therefore, deviations from IAST compared to experimentally determined
selectivity values are expected. To assess the differences between IAST calculations
and experimental data, breakthrough experiments were conducted. In the breakthrough
experiments a column filled with the carbon nanofiber adsorbents was purged with
a mixture of 10 % CO, in 90 % N diluted in the carrier gas He. At the column outlet
the concentration of each component was analyzed by mass spectrometry. A detailed
description of the experimental setup and parameters is given in subsection 4.3.8.

All CO, breakthrough curves were normalized to the inlet concentration C, and are
depicted in Figure 8.4a. The earliest breakthrough onset occurs after 40 s on the pristine
carbon nanofibers. On KOH-activated samples the breakthrough starts significantly later
and the onset shifts with higher KOH:Fiber ratios. At carbon nanofibers activated at a
KOH:Fiber weight ratio of 1:4 the breakthrough onset is after 2 min. Subsequently, the
breaktrough onset rises to 3min 15s on carbon nanofibers activated at a KOH:Fiber
weight ratio of 2:4 and 3 min 30 s for the highest KOH:Fiber weight ratio 3:4. The delayed
breakthrough onset is attributed to the increased adsorption capacity at higher KOH
activation due to the increased pore volume. Thus, the saturation time of the adsorbent
is prolonged, resulting in a delayed CO, breakthrough.
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Figure 8.4. — CO2 (a) and N2 (b) breakthrough curves for pristine and activated carbon nanofibers at KOH:Fiber weight ratios of
1:4,2:4 and 3:4 in a 10 % CO2 in 90 % N2 gas mixture at 1 bar adsorptive pressure and 298 K. Helium was used as
non-adsorbing carrier gas. All breakthrough curves are normalized to the inlet concentration Cj.

For carbon nanofibers activated at KOH:Fiber weight ratios of 1:4; 2:4 and 3:4 focused
CO. breakthrough curves are obtained, whereas the breakthrough on pristine nanofibers
is dispersive [167]. Such a dispersive breakthrough indicates a kinetic limitation at the
adsorbent, possibly caused by the narrow pore size present on the pristine fibers.
Additionally, short-circuit currents of the adsorptive through the adorber column could be
a potential cause. Such short-circuit currents might occur, if the adsorber column is not
ideally packed and the adsorptive could pass partially through the column on a direct
path without perturbation of the adsorbent. Due to the small sample amount (0.4 g), a
narrow adsorber column was used to reduce the dead volume, however this resulted in
a non-ideal column:adsorbent diameter ratio, which could result in insufficient packing.
Such an insufficient packing could be overcome by the use of larger sample amounts.
Previous works of Selmert et al. showed significantly less dispersive breakthrough
curves for pristine carbon nanofibers using a sample amount of 1.5g [110]. Therefore,
additional measurements at higher sample amounts are desirable, but could not be
carried out within the frame of the present work.

The N, breakthrough curves show focused shapes for all carbon nanofiber samples
(Figure 8.4b). Independently of the KOH:Fiber weight ratio, the breakthrough occurs
at 20 to 40 s. The earlier breakthrough compared to the CO. is assigned to the higher
fraction of N, in the gas composition and the comparably low adsorption capacity of the
adsorbents for N».
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The adsorbed amounts of CO, and N, were determined by integration of the area
between the sample and a blank run. Subsequently, the CO, over N, selectivity is
calculated using Equation 8.2 (see subsection 4.3.8).

n .
Sco, = 22112 e (8.2)
NNy - PCO,

Sco, Selectivity of CO, over Ny
nco, Adsorbed amount of CO,
ny, Adsorbed amount of Ny
pco, Partial pressure of CO,
pn, Partial pressure of Ny

A selectivity of 53 was determined at 1 bar in a work of Selmert et al. for pristine carbon
nanofibers [110]. Compared to this, carbon nanofibers activated at a KOH:Fiber weight
ratio of 1:4 show a similar selectivity of 61. However, carbon nanofibers activated at
KOH:Fiber weight ratios of 2:4 and 3:4 show decreased selectivities of 39 and 32.
As discussed in section 8.2 this decrease is assigned to an increased pore volume
and a broader pore size distribution at high KOH:Fiber weight ratios. Both result in an
increased number of adsorption sites, which are accessible for both adsorptives, leading
to a decrease in CO; selectivity (Figure 8.5a).

For each selectivity the standard deviation is given based on a fivefold determination.
A reduction of the standard deviation at higher KOH:Fiber weight ratios is observed,
which is likely related to a more accurate assessment of the adsorbed amounts of N,
on these samples due to an increased N, capacity. On pristine nanofibers and carbon
nanofibers activated at a KOH:Fiber weight ratio of 1:4 only very small amounts of N,
are adsorbed, which are hard to assess accurately by integration of the area between
blank and sample run. Thus, a higher standard deviation is obtained.

Compared to reference materials, the KOH-activated carbon nanofibers show good
adsorption selectivities. However, some reference carbons show higher CO, selectivities,
but many of these offer low adsorption capacities in return (Figure 8.5b). Thus, the
investigated KOH-activated carbon nanofibers are seen as an interesting trade-off
between a high capacity and still a good selectivity.
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Figure 8.5. — (a) Experimental CO2/N2 selectivity values on carbon nanofibers activated at KOH:Fiber weight ratios of 1:4, 2:4
and 3:4 as well as pristine carbon nanofibers for a 90:10 CO2/N2 mixture (1 bar adsorptive pressure, 298 K). The
selectivities were determined by integration of the area between blank and sample run of the breakthrough curves. (b)
Comparison of the CO2:N2 selectivity of the carbon nanofibers synthesized in the present work to carbonaceous
reference materials [110, 168-170]

8.4. Discussion of CO,/N; selectivities determined by

IAST and breakthrough experiments

Calculations based on IAST are commonly used to assess the selectivity of materials in
gas separation processes. However, since it relies on several assumptions, a deviation
between IAST selectivity and the selectivity determined in breakthrough experiments
is probable. Therefore, the CO, selectivity values based on IAST calculations and
breakthrough experiments are compared in this section.

In general, a decreasing CO, selectivity on carbon nanofibers activated at higher
KOH:Fiber weight ratios is observed in both evaluations (Figure 8.6). For carbon
nanofibers activated at KOH:Fiber weight ratios of 2:4 and 3:4, experimental and IAST
selectivity match very well. However, deviations between |IAST and experimental se-
lectivity are present at carbon nanofibers activated at KOH:Fiber weight ratios of 1:4
and on pristine carbon nanofibers. For instance, the IAST selectivity on pristine carbon
nanofibers is at 92, whilst the experimentally determined selectivity was at 53. Such
deviations are frequently discussed in literature [106, 171, 172] and assigned to the
strong extrapolation of one adsorption isotherms beyond the measured data to obtain
equal spreading pressures for both adsorptives . This is especially the case, if one
component adsorbs highly preferentially over the other, as observed for the investigated
carbon nanofibers. To identify and assess the potential error caused by extrapolation,
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Table 8.2. — Spreading pressure 7 used for calculation of the IAST selectivity values and the corresponding pressures Pco, and
Py, of the pure component isotherms of CO2 and N2 at 298 K.

Sample ™ Pco, Pn,

Jm=2  bar bar
Pristine Fibers 1.47 0.11 10.17
KOH:Fiber1:4 1.83 0.11 11.07
KOH:Fiber2:4 128 0.12 5.06
KOH:Fiber 3:4 128 0.13 3.91

the spreading pressure and the corresponding needed pressure for both isotherms was
calculated (Table 8.2).
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Figure 8.6. — CO2/N2 IAST selectivities at carbon nanofibers activated at KOH:Fiber weight ratios of 1:4, 2:4 and 3:4 as well as
pristine carbon nanofibers. obtained in a 90:10 CO2/N2 mixture at 1 bar and 298 K.

A spreading pressure of 1.47 Jm2 for the pristine carbon nanofibers and spreading
pressures of 1.83, 1.28 and 1.28 J m=2 for carbon nanofibers activated at KOH:Fiber
weight ratios of 1:4, 2:4 and 3:4 were determined. The corresponding CO, absolute
pressures Pco, lie between 0.11 to 0.13 bar, which is fully covered by the static gas
adsorption isotherms. Thus, no extrapolation of the CO, isotherms is needed. However,
a contrary situation is obtained for the corresponding N, pressures Py,. The N, pres-
sures were at 10.17, 11.07, 5.06 and 3.91 bar, which results in a strong extrapolation of
the data beyond the experimental data of the static gas adsorption experiments. The
highest extrapolation is necessary for the N, isotherm of the pristine carbon nanofibers
and the carbon nanofibers activated at a KOH:Fiber weight ratio of 1:4, since they
show the lowest N, adsorption and flattest isotherm slope. For carbon nanofibers acti-
vated at KOH:Fiber weight ratios of 2:4 and 3:4, a less strong extrapolation is required,
since higher amounts of N, are adsorbed on these samples. These results support the
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assumption that the strong deviation of IAST selectivity to experimental selectivity is
caused by the strong extrapolation of the pure component isotherms.
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Figure 8.7. — (a) High pressure N2 adsorption isotherms (10 bar) for pristine and carbon nanofibers activated at KOH:Fiber weight
ratios of 1:4, 2:4 and 3:4. (b) Combination of static adsorption isotherms and high pressure isotherms. Correlation of
isotherm fit based on the static gas adsorption isotherms to the experimental high pressure isotherms.

To proof this hypothesis, N> adsorption isotherms up to 10bar were measured in
dynamic sorption experiments (Figure 8.7a) and compared to the static gas adsorption
data and the calculated Toth isotherm fit (Figure 8.7b). The pristine carbon nanofibers
adsorbed the lowest amount N, at 10 bar (0.63 mmolg~'). Carbon nanofibers activated
at a KOH:Fiber weight ratio of 1:4 reach a capacity of 0.89 mmolg~" and for samples
activated at KOH:Fiber weight ratios of 2:4 and 3:4 the N, capacity increases to 1.24
and 1.59 mmol g, respectively.

In Figure 8.7b a combination of experimental N, high pressure adsorption isotherms
and the static gas adsorption isotherm up to 1 bar is depicted. Additionally, the Toth fits
based on the static isotherms are shown to assess the accuracy to the high pressure
isotherms. For carbon nanofibers activated at KOH:Fiber weight ratios of 1:4, 2:4 and
3:4 the fits match well the experimental data. However, an overestimation of the fit
compared to the experimental isotherm is visible for the pristine carbon nanofibers at
high pressures. This underlines the need for experimental selectivity determination to
confirm IAST calculations. Nonetheless, as the fit is overestimating the N, uptake at
high pressures instead of underestimating, the fits do not serve as explanation for the
deviations in experimental and calculated selectivity.

Thus, the deviation is likely attributed to assumptions of the IAST. As mentioned in
subsection 2.4.5, IAST assumes adsorption sites which are equally accessible for all
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adsorbates, which does not describe the present carbon nanofibers well. As stated
in works of Kretzschmar et al., the pristine carbon nanofibers show heterogeneous
surfaces with molecular sieving properties [47, 120]. Thus, the deviation of experimental
and IAST values is the highest on the pristine carbon nanofibers and decreases at
higher KOH:Fiber weight ratios used during KOH activation. The stronger activation
causes a widening of the pores, which lowers the molecular sieving properties of the
KOH-activated carbon nanofibers, resulting in a higher number of accessible adsorption
sites for both adsorptives.

Overall, the comparison of IAST and experimental determination of the selectivity clearly
showed the drawbacks of IAST. Its assumptions do not describe heterogeneous materi-
als, especially microporous carbons with molecular sieving properties, well. Therefore,
breakthrough experiments for determination of the selectivity are essential to avoid
overestimation of the selectivity.

8.5. Working capacity and cycle stability of the adsorbents

As already mentioned in the previous section 8.4, the capacity is another important
characteristic of an adsorbent. Previously, the capacity of an adsorbent was discussed
using the pure component isotherm data at a given measurement temperature. However,
this does not reflect the actual capacity of an adsorbent in a separation process, since it
is affected by many parameters, such as adsorptive pressure, mixture composition and
desorption conditions. The capacity of an adsorbent in a separation process, the so-
called working capacity, can be determined by adsorption-desorption cycle experiments.
In an idealized separation process, neglecting any mixture effects, assuming complete
desorption of the amount adsorbed, the working capacity would equal the isotherm
capacity at the respective pressure. This is illustrated in Figure 8.8a for 10 % CO, in
90 % N2> gas composition at a total adsorptive pressures of 1 bar and 10 bar, which
corresponds to CO, partial pressures of 100 mbar and 1 bar.

At a total pressure of 1 bar, the ideal working capacities of the investigated adsorbents
are roughly equal at 0.8 mmolg~'. To benefit from the increased adsorption capaci-
ties of the KOH-activated carbon nanofibers compared to the pristine material, the
adsorption step needs to be shifted to higher adsorption pressures. For instance, at
a total pressure of 10 bar the ideal working capacities of the adsorbents vary strongly
depending on the activation ratio. The pristine carbon nanofibers show an ideal capacity
of just 1.64 mmol g~', whereas carbon nanofibers activated at a KOH:Fiber weight ratio
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Figure 8.8. — (a) lllustration of the ideal working capacity of an adsorbent at adsorptive pressures of 1 and 10bar. (b) Scheme
of a simplified pressure swing adsorption cycle at 10 bar for a CO2:N2 10:90 composition. The adsorption step is
conducted at 298 K and 10 bar for 20 min. Afterwards the desorption step at vacuum and 298 K is applied for 20 min.

of 3:4 have ideal working capacity of 3.24 mmolg~'. This underlines the potential of
KOH-activated carbon nanofibers for CO, separation at increased pressures, e.g. in the
adsorption step of a pressure swing adsorption cycle.

To assess the working capacity of the adsorbents experimentally, an idealized pressure
swing adsorption cycle experiment was conducted. The adsorption cycle was conducted
at 10 bar for 20 min, followed by a desorption cycle for 20 min at fine vacuum conditions
(Figure 8.8b). The breakthrough curves were normalized to the inlet concentration Cj
and are shown in Figure 8.9a. The earliest breakthrough starts at 1 min and 40s on
the pristine carbon nanofibers, shortly afterwards the breakthrough can be observed
for carbon nanofibers activated at a KOH:Fiber ratio of 1:4. Both show moderately
steep, slightly dispersive breakthroughs, which are completed within 10 min. The early
breakthroughs as well as the almost simultaneous breakthrough onsets agree well to
the previously discussed static isotherms. A delay of the breakthrough onset is visible
for carbon nanofibers activated at KOH:Fiber weight ratios of 2:4, starting at 3 min 30
s, which is even more pronounced at on carbon nanofibers at an KOH:Fiber ratio of
3:4 (4 min 20s). The delay of the breakthrough with increased activation ratios match
well the expectations based on the static isotherms. Both adsorbents show increased
adsorption capacities due to the higher degree of activation. Thus, the saturation of the
adsorbent during the breakthrough experiment takes longer, resulting in the delay of the
column breakthrough.
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Interestingly, the breakthrough curves show focused shapes independent of the adsor-
bent. A strongly dispersive shape, as observed for the pristine carbon nanofibers during
breakthrough experiments at 1 bar, is not observed at 10 bar. This might be attributed
to the increased pressure, which neutralizes kinetic limitations on the pristine carbon
nanofibers.

By integration of the area between the sample run and a blank run the working capacity
during the idealized pressure swing cycle experiments was determined (Figure 8.9b).
The lowest working capacity is obtained on the pristine nanofibers, which show a capac-
ity of 1.1 mmolg~"'. An increase of the working capacity is observed at carbon nanofibers
at a KOH:Fiber weight ratio of 1:4 and 2:4 reaching capacities of 1.3 and 1.5mmolg'.
Carbon fibers activated at a KOH:Fiber weight ratio of 3:4 show an additional rise of the
working capacity to 2.2 mmolg~".
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Figure 8.9. — (a) CO> breakthrough curves at 10 bar in a 10:90 CO2/N2 mixture at 25 °C. As adsorbents pristine and KOH-activated
carbon nanofibers were used. KOH activation was applied at different KOH:Fiber weight ratios of 1:4, 2:4 and 3:4. (b)
Working capacities and cycle stability of the investigated adsorbents in an idealized pressure swing adsorption cycle
experiment. A total of 20 adsorption and desorption cycles was performed.

In general, the determined working capacities match well to the static isotherms and the
breakthrough curves. However, the working capacities are reduced compared to the
ideal values due to competing N, adsorption. The reduced CO, selectivity for carbon
nanofibers activated at KOH:Fiber weight ratios of 2:4 and 3:4 corresponds well to the
larger deviation between pure component isotherm capacity and the assessed working
capacity on these samples.

Between the first and the second adsorption cycle a step in the working capacities is
observed on all samples. This is attributed to a small CO, fraction, which is not removed
during the desorption cycle. Besides this, the working capacity remains fairly constant
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over the range of 20 cycles, which indicates a good stability of the adsorbent. Previously,
Selmert et al. performed even longer cycle stability tests reaching 300 cycles on pristine
carbon nanofibers, which showed a excellent long term stability of the adsorbents.
However, in the present work such long term runs were omitted, since the idealized
setup neglects effects of adsorbent contamination and degradation in a real flue gas
composition. Thus, its significance under industrial relevant conditions would be limited.
Overall, the increased working capacities during an adsorption step at elevated pres-
sures, outline the advantage of the KOH-activated adsorbents. However, as the se-
lectivities decrease, there is a trade-off between high capacity and high selectivity.
Nevertheless, the KOH activation offers interesting opportunities for the tailoring of CO,
adsorbents for adsorption cycles at elevated pressures.
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9. Conclusion

Carbon nanofibers based on polyacrylonitrile (PAN) are a promising material for many
gas separation applications. Their synthesis includes the steps of electrospinning,
thermal stabilization, carbonization and optional activation. After previous works focused
on the carbonization temperature, the present thesis investigated the impact of thermal
stabilization and KOH activation on the pore structure, the CO, adsorption capacities
and the CO, over N, selectivity.

The thermal stabilization parameters, duration, temperature and atmosphere, were thor-
oughly investigated and their influence on the chemical structure, pore size distribution
and CO, adsorption capacities were analyzed. Regarding the KOH activation process,
different post-treatment conditions at two oxygen flows subsequent to KOH activation
were investigated. Moreover, a series of KOH-activated carbon nanofiber pellets was
analyzed in breakthrough experiments of a binary gas mixture of CO, in N,. Particular
attention was spent on separation process relevant parameters, such as CO, over N,
selectivity, working capacity and cycle stability of the adsorbent.

An essential influence of the thermal stabilization parameters on the pore structure
and CO, adsorption properties of the carbon nanofibers was found. By extending the
stabilization duration, the pore volume as well as the CO, adsorption capacities improved
significantly. Compared to 0.5 h stabilization duration, the CO, adsorption capacity at
1 bar doubled for carbon nanofibers stabilized for 15 h and the linear isotherm turned
into a type | isotherm. Similar effects were obtained by variation of the stabilization
temperature, where a rise of the stabilization temperature from 200 to 300 °C resulted in
a ninefold increased CO, adsorption capacity at 1 bar. Both, the extended stabilization
duration or a higher stabilization temperature resulted in an increased cumulative pore
volume. These changes were attributed to a higher progress of stabilized ladder polymer
formation and a higher incorporation of oxygen into the structure, which affects the pore
formation during carbonization.

The essential impact of the oxygen incorporation during thermal stabilization on the
pore structure of the carbon nanofibers was identified in a study varying the stabilization
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atmosphere between N, and air. An approximately 50 % increased cumulative pore
volume was determined on carbon nanofibers stabilized in air compared to stabiliza-
tion in No. The oxygen incorporation was especially important for the formation of the
ultramicropore volume during carbonization, which is seen as essential for high CO,
adsorption capacities and selectivity.

Commonly, post-treatment conditions after KOH activation are not controlled and the
activated carbon is simply exposed to ambient air. However, since air-sensitive potas-
sium is formed during activation, an uncontrolled exposure might alter the activated
carbon structure. By application of different oxygen concentrations and flow rates as
post-treatment conditions, potential effects were studied. At high oxygen availability
vigorous potassium oxidation reactions followed by a partial carbon combustion were
observed. These reactions strongly alter the pore structure of the carbon nanofibers.
Control of these reactions was achieved by applying a low oxygen flow, which resulted
in a slow potassium oxidation and insufficient heat release to start a carbon combustion
reaction. The control of the post-treatment conditions and inhibition of the carbon com-
bustion reactions resulted in a 35 % increase in pore volume of the carbon nanofibers.
This results in a rise of the CO, adsorption capacity at 1 bar to 6.5 mmolg~" instead of
4.7 mmol g~' without controlled post-treatment.

The post-treatment strategy was used to synthesize a series of KOH-activated carbon
nanofibers, which were activated at KOH:Fiber weight ratios of 1:4 to 3:4. At increased
KOH:Fiber weight ratios a high increase in micropore volume was achieved, reaching
a four times increased cumulative pore volume at a KOH:Fiber weight ratio of 3:4
compared to the pristine nanofibers. The ideal adsorbed solution theory (IAST) was
used to calculate the CO, selectivity of the carbon nanofibers in a binary mixture of 10 %
CO. in N2, which matches typical CO, concentrations in flue gas. At 1 bar adsorptive
pressure promising CO, over N, selectivity values of 94 (KOH:Fiber wt.-ratio 1:4),
which decreased to 52 (KOH:Fiber wt.-ratio 2:4) and 34 (KOH:Fiber wt.-ratio 3:4) were
determined. This decrease was attributed to the broadening of the pore size distribution
resulting in more accessible adsorption sites for both adsorptives.

For verification of the IAST selectivities, the KOH-activated carbon nanofibers were
investigated in breakthrough experiments. The highest experimental selectivities were
determined at 53 and 61 on pristine carbon nanofibers and samples activated at a
KOH:Fiber weight ratio of 1:4, respectively. At higher KOH:Fiber weight ratios a decline
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of the selectivity to 39 and 32 was observed. In principal, IAST and experimental se-
lectivity values show similar trends. However, especially for pristine carbon nanofibers
and carbon nanofibers activated at a KOH:Fiber weight ratio of 1:4 a significant overes-
timation was obtained in IAST calculations. These were assigned to deviations of the
adsorbent from the assumptions underlying IAST, which points out the necessity for an
experimental determination of the selectivity of these adsorbents.

Besides the CO. selectivity, parameters like the working capacity and the cycle stability
were analyzed. To do so, the performance of the adsorbents was investigated in a
simplified vacuum pressure swing adsorption cycle at a total pressure of 10 bar during
the adsorption step. Carbon nanofibers activated at KOH:Fiber weight ratios of 3:4
offered the highest working capacity of 2.2 mmolg~', which is doubled the working
capacity of the pristine nanofibers. All adsorbents showed a good cycle stability over
the investigated cycle number. In total, the KOH-activated carbon nanofiber pellets are
a trade-off between a high selectivity and a high capacity, but especially for adsorption
processes at high adsorptive pressure they offer good adsorption performance.

Summarizing, this thesis provides in-depth results on the importance of thermal stabiliza-
tion on the development of the pore structure during carbonization of PAN-based carbon
nanofibers. The choice of thermal stabilization conditions, especially the availability of
oxygen, highly affects the pore formation and thus the CO, adsorption properties of the
carbon nanofibers. Furthermore, a control of the post-treatment conditions after KOH
activation was identified as essential to preserve the pore structure after the activation
step. Doing so, the oxidation of elemental potassium is slowed down and a carbon com-
bustion reaction is inhibited. KOH-activated adsorbents synthesized under controlled
post-treatment, showed high CO, working capacities, good CO, over N, selectivity as
well as good cycle stability. Overall, the gathered results supplement the earlier works
focused on the impact of the carbonization temperature and contribute to a holistic
understanding of the impact of the different process steps in carbon nanofiber synthesis
on the pore structure and corresponding gas adsorption properties.
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APPENDIX A. APPENDIX

A. Appendix

A.l1. ICP-OES

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on
an iCAP 7600 analyser (ThermoFisher Scientific, USA). Two parallel digestions of 100
mg sample each were prepared in a furnace with 250 mg lithium borate. The samples
were heated to 1050 °C during 3 h and maintained for 30 minutes at this temperature.
The obtained melt was diluted in 50 ml 5 % HNO3 and filled up to 100 ml. The obtained
solutions were analyzed in the ICP-OES. The ICP-OES measurements were conducted
at the Central Institue of Engineering and Analytics (ZEA-3) of Forschungszentrum

Julich GmbH.

Table A.1. — Determination of the total potassium content of impregnated, low O2-flow and high O2-flow carbon nanofibers.

Sample Potassium content | Standard deviation
wt.-% wt.-%
After KOH impregnation 25.2 0.6
Low Oz-flow 26.8 0.7
High O,-flow 30.4 0.4
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A.2. Raman spectra fits
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Figure A.1. — Raman spectra of the D and G band region of carbon nanofibers thermally stabilized at temperatures of (a) 200, (b)
225, (c) 250, (d) 275 and (e) 300 °C. The carbonization was conducted for all samples at 800 °C in Ar for 3 h.
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Figure A.2. — Raman spectra of the D and G band region of carbon nanofibers thermally stabilized at durations of (a) 0, (b) 0.5, (c)
1, (d) 4, (e) 8 and (f) 15 h. The carbonization was conducted for all samples at 800 °C in Ar for 3 h.
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Table A.2. — Peak position, peak area and full width half mid (FWHM) of the G, D1, D2, D3 and Dy fits used for analyis of the
Raman spectra in section 5.2.

Band Parameter Oh 05h 1h 4 h 8h 15h (Air) 15h (N2)
Position/cm™ 1589 1575 1576 1585 1578 1573 1575
G Area 101 119 117 111 137 124 120
FWHM 116 133 136 120 137 136 152
Position 1352 1357 1353 1351 1354 1364 1364
D1 Area 201 199 196 184 212 196 209
FWHM 201 208 209 193 212 205 219
Position 1615 1615 1615 1615 1615 1615 1615
D2 Area 8 9 8 3 6 6 16
FWHM 54 54 57 42 55 52 62
Position 1488 1470 1470 1480 1476 1470 1470
D3 Area 46 22 19 49 15 22 8
FWHM 117 92 90 114 79 94 72
Position 1182 1194 1178 1192 1175 1196 1189
D4 Area 50 64 52 62 53 62 60
FWHM 201 223 212 210 221 223 241

Table A.3. — Peak position, peak area and full width half mid (FWHM) of the G, D1, D2, D3 and Dy fits used for analyis of the
Raman spectra in section 5.3.

Band Parameter 200°C 225°C 250°C 275°C 300 °C

Position/cm™ 1572 1570 1573 1570 1574
G Area 106 125 124 129 121
FWHM 142 152 136 147 138

Position 1359 1350 1357 1358 1358
D1 Area 181 196 196 201 183
FWHM 192 218 205 210 195

Position 1616 1610 1615 1615 1615
D2 Area 22 13 6 11 10
FWHM 70 60 52 58 61

Position 1467 1474 1470 1461 1469
D3 Area 19 13 22 10 26
FWHM 92 105 94 75 97

Position 1200 1190 1196 1194 1200
D4 Area 50 72 62 62 57
FWHM 203 250 223 243 210
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A.3. Calcium oxalate calibration of the mass spectrometer

50, 75, 100, 125 and 150 mg of CaC,04 x H,O were heated to 1000 °C inside the
TGA-MS. The measurement was conducted in MID mode. The the peak area of m/z 44
during the decomposition of formed CaCQO; into CaO and CO, was determined. Based
on the fragmentation data from the NIST database the total peak area of CO, was
determined and used as calibration. Occuring chemical reactions, ion fragmentation
data and calibration graph are given below.

C&CQO4 HQO — C&CQCO4 -+ HQO << 150° O)

CaCy04 <— CaCO3 + CO (< 500° C)

CaCO;g +—— CaO + COQ (< 750 ° O)

1.1

1.0
0.9 1
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(a)

Figure A.3. — Mass spectrometer calibration data obtained from CaC204 x H2O calibration. 50, 75, 100, 125 and 150 mg of
CaC204 x H20 were heated up to 1000 °C inside a TGA-MS device. A relation between the peak area and the molar

amount of CO2 was established.

Table A.4. — Relative intensities of the ion fragmentation of CO2 in mass sepctrometry for m/z 44, 28, 16 and 12. [173]

lon Fragmentation CO»
m/z 44

m/z 28

m/z 16

m/z 12

1

0.098

0.097

0.085
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