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FUR MAPA

Ich will euch zwei Sachen sagen:

1.) Ich, als mundiger, volljghriger Burger dieses Landes und Mensch, werde mein Zimmer
genau dann aufrdumen, wenn ich vom Impuls und von der Zeit und vom Bock her das
Gefihl habe, dass es jetzt richtig ist.

2.) lhr seid mein Ursprung, mein Vertrauen, meine Insel und mein Schatz. Mein Mund
formt euer Lachen, mein Herz schlagt euren Takt.

Ich bin neun Jahre alt und fir mich ist selbstverstandlich, ihr seid immer da und Zeit ist
unendlich. Ich singe die euch entsprungenen Lieder und was ihr macht, mach ich auch.

Falls ich mich verliere, ihr findet mich wieder und wenn ihr lacht, lach ich auch. Ihr gebt mir
Wurzeln in die eine, und Fligel in die andere Hand und einen Kuss auf meine Stirn, der sagt
mir: ,Ich bin nicht alleine.” Dann legt ihr zwischen uns ein Band, sodass wir uns nicht verlieren,
sagt ihr. Und dass ich gehen kann, wenn ich will.

Auch wenn ihr mich nicht gefragt habt, gibt es da noch etwas, dass ich euch noch nicht gesagt
hab:

Ihr seid mein Ursprung, meine Insel, mein Vertrauen und mein Schatz. Mein Mund formt euer
Lachen, mein Herz schlagt euern Takt.

lhr, ihr seid mein Beweis, dass Liebe mehr als Geld zahlt. Seid der Rahmen fiir mein Weltbild.
Alles was fur mich als Held gilt. Ihr gebt mir Halt ohne mich festzuhalten, schafft es, wenn ich
nicht kann, mich auszuhalten. Wirdet nichts tun mich je aufzuhalten, eher bringt ihr mich
dorthin. Ich brauch' nichts zeigen und ihr seht mich, brauch' nichts sagen und ihr versteht mich,
brauch' nichts haben und ihr nehmt mich, nehmt mich einfach wie ich bin. Und wenn ich Angst
hab, seid ihr traurig. Wenn ich weine, weint ihr auch. Dann sagt ihr: ,Sei nicht traurig." Und
dass ihr immer an mich glaubt und mir kann nichts passieren, weil ich weif3, ihr seid noch hier.

Ich gehor' zu euch und ihr gehért zu mir.
Ihr seid mein Ursprung, mein Vertrauen, meine Insel und mein Schatz. Mein Mund formt euer

Lachen, mein Herz schléagt euren Takt.
[Julia Engelmann]

Ohne Euch wére das alles nichts geworden! Danke fiir alles was war, ist und kommt! Ich hab
euch lieb!
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Abstract

Currently, the majority of platform chemicals are gained petrochemically. The ecological goal,
however, should be the substitution of crude oil with biomass. Lignocellulose plays an essential
role as it is the only bio-based source of aromatic compounds. For example, it could be a
source of bifunctional aromatic molecules, such as the monocyclic compounds catechol or
guaiacol or bifunctional oligomers. Bifunctional components are widely used in the chemical
industry as these are reactive and variable as pesticides, precursors for fine chemicals such
as perfumes and pharmaceuticals, or as building blocks in organic synthesis. The overall goal
of this work is to find a process that provides platform chemicals from lignocellulosic (residues).
The different behaviors of different biomasses need to be investigated to understand the
reaction and to create such a process. The hydrothermal liquefaction of lignin for the extraction
of platform chemicals has great potential since it is possible to recover the aromatic and
already functionalized structures directly. In this case, water is used under elevated pressure
and at an elevated temperature as solvent and reaction partner. A Kraft lignin, Indulin AT, was
selected as a reference and studied in this work, which is integrated into the bioeconomy
network. With different biomass sources, different lignin degradation molecules are
incorporated into the cleavage reaction, and various end products can be recovered.
Therefore, bark and Kraft lignin, both of which are produced in large amounts as waste
streams, besides this also lignin from individual processes such as Organosolv process are to
be investigated and used as starting materials.

In order for building a process, it is also important to study the influence of different types of
reactors. The reactor type influences the reactions of the reactants and the mixing behavior of
the reactants. The reactions taking place in the reactor depend on the mixing of the reaction
media. A tube, a continuous tank reactor, a loop reactor, and micro batch autoclaves were
investigated and compared. The different reactor types show no differences in the yields and
the behavior of the reactions so that the internal mixing of the reactor types does not influence
the liquefaction process. However, it was expected that external back mixing should positively
influence the cleavage reactions. When fresh feed and freshly split unstable products are
brought into contact with the product mixture, the monomeric fission products may increase as
the unstable products can be stabilized by the other products and repolymerization can be
prevented. Similarly, dilution with the back mixing takes place, and this could also help reduce
repolymerization. In a cycle reactor, various intermediates between a flow tube and a CSTR
can be realized, nevertheless the loop reactor used resulted in carbonation reactions due to
the long residence times and unfavorable mixing and therefore was not investigated further.
Therefore, tests for external back mixing were additionally carried out. In this case, the pre-
split product mixture was mixed with fresh feed. It was only possible to mix the liquid products;
the gases and solids were not returned. Since the gas could not be recycled, methanol was
added to the feed, because it should be split into carbon dioxide and hydrogen, however in this
way, no increase in monomeric products could be achieved. To obtain the different
concentration profiles the various degradation reactions and products were investigated at
different temperatures (250, 300, 350, 400 and 450 °C) and different reaction times (0.25-24 h)
and a homogeneous catalyst (1 wt.-% Potassium hydroxide KOH). The screening experiments
were carried out in micro batch autoclaves (10 and 25 ml), as the type of reactor showed no
influence on the liquefaction and so the reproducibility could be better recorded. Higher



temperatures, longer reaction time and a larger amount of catalyst drive the reaction towards
gasification. Above 350 °C, water has near and supercritical properties and drives the reaction
to gasification. At 250 °C, the total cleavage reaction is very slow, and there is hardly any
gasification or liquefaction, only after long reaction times the biomass is liquefied. At 450 °C,
the reaction is almost wholly on the gasification side, and the catechol yields are close to zero.
In summary, the desired liquefaction hardly occurs at 250 °C, while at 450 °C almost complete
gasification takes place. One of the preferred products, catechol, arises on the one hand via
guaiacol, whereby a methyl group is split off. However, this is just one reaction path to catechol.
The highest catechol concentration is currently 350 °C and 0.5 h reaction time. Under the same
hydrothermal conditions, bark and Indulin AT provide comparable catechol yields. Other
products, such as a higher proportion of syringol by using bark as starting material, suggest
that other monomeric units are present in the bark lignin core structure and therefore less
guaiacol is present, which explains the lower catechol yield. This could also be confirmed by
examining the different lignin structures. The results of the studied Organosolv lignins (beech,
poplar, and Miscanthus) show similar behavior with temperatures and residence times.
However, due to their different monomeric units, the product spectra are different from the
Indulin AT spectra. For this reason, different lignin types must be investigated separately, as
they generate different product areas. For this, batch micro autoclaves were also used to obtain
the concentration profiles, making it possible to obtain more information and show that the
reactions are reproducible.

Based on these results, the reaction network was built up from lignins based on coniferyl
alcohol. It is now possible to predict the monomeric product mixture for different reaction
temperatures and residence times for different biomass. This makes it possible to adapt the
downstreaming for each biomass.

These studies allowed to gather information on the key reaction of the monomeric products
and to develop a reaction network containing a model describing the degradation of coniferyl-
based lignin for various biomass sources. Hydrothermal liquefaction appears as a reasonable
conversion technology because functional groups remain in the product molecules. On this
basis, a biorefinery could be built. Within this work, the liquefaction process itself could be
better understood by studying different reactor systems. Internal standards have been
achieved within analytics, and the analysis of oligomer components has been continuously
improved.



ZUSAMMENFASSUNG

Aktuell werden Plattformchemikalien hauptsachlich aus fossilen Rohstoffen hergestellt.
Langfristig muss jedoch die Rohstoffbasis der chemischen Industrie einen Okologischen
Wandel erfahren. Das bisher verwendete Rohol kdnnte dabei durch Biomasse ersetzt werden.
Lignocellulose, spielt dabei eine wichtige Rolle, da sie als einzige biobasierte Quelle flr
aromatische Verbindungen dienen kann.

Besonders bifunktionelle Komponenten finden in der chemischen Industrie Einsatz. Sie sind
reaktiv und kdnnen vielseitig eingesetzt werden. Beispiele waren die Nutzung als Pestizide,
Vorstufen fur Feinchemikalien wie Parfims und Pharmazeutika oder als Bausteine in der
organischen Synthese. Lignocellulose konnte eine Quelle fir bifunktionelle aromatische
Molekile sein, da in seiner Struktur bereits funktionalisierte Seitengruppen vorhanden sind.
Das Gesamtziel dieser Arbeit ist es einen Prozess aufzubauen, der Plattformchemikalien aus
Lignocellulosen bereitstellt. Um die Reaktionen innerhalb eines solchen Prozesses zu
verstehen und einen solchen Prozess zu erarbeiten. missen die unterschiedlichen
Verhaltensweisen verschiedener Biomassen genau untersucht werden.

Die hydrothermale Verflissigung bietet fir die Fragmentierung von Lignocellulose ein grof3es
Potential. Zum einen wird hierbei ein umweltfreundliches Reaktionsmedium genutzt, zum
anderen konnen so funktionelle Seitengruppen besser erhalten bleiben, da die besonderen
Eigenschaften von Wasser unter hohen Druck und hohen Temperaturen (350 °C, 250 bar)
dies ermoglichen.

Der gesamte Prozess der hydrothermalen Verflissigung von Lignin zu bifunktionellen
Komponenten wurde in dieser Arbeit untersucht.

Aus verschiedenen Biomassequellen kdnnen unterschiedliche Endprodukte gewonnen
werden, da sich damit sowohl die Grundstruktur des Ligninmolekiils als auch die einzelnen
Spaltprodukte in den Reaktionen unterscheiden. Aus diesem Grund werden Rinde und Kraft-
Lignin aus der Zellstoffindustrie, die beide als Reststoffstrome in groRen Mengen anfallen, aber
auch Lignine aus speziellen Verfahren wie dem Organosolv-Prozess eingesetzt.

Fur die Entwicklung eines solchen Verflissigungsprozesses ist es entscheidend
unterschiedliche Reaktortypen zu untersuchen, damit ein geeignetes System gewé&hlt werden
kann.

Der Reaktortyp kann Uber das Umsatz- und Mischverhalten der Reaktanden Einfluss auf die
Reaktionen haben. Um diesen Einfluss zu beurteilen wurde ein Strdmungsrohr, ein
kontinuierlicher Tankreaktor, ein Kreislaufreaktor und Mikrobatchautoklaven untersucht und
miteinander verglichen. Die verschiedenen Reaktortypen zeigen keine Unterschiede in den
Ausbeuten und dem Verhalten der Reaktionen, so dass angenommen werden kann, dass die
interne Rickvermischung der Reaktortypen keinen Einfluss auf den Verfllissigungsprozess
hat.

Um nicht nur internes Mischverhalten zu untersuchen, wurde zuséatzlich eine externe
Ruckvermischung betrachtet. Es wurde erwartet, dass die externe Rickmischung die
Spaltungsreaktionen positiv beeinflussen sollte. Wenn unbehandeltes Feed und frisch
gespaltene instabile Produkte in Kontakt mit dem Produktgemisch gebracht werden, kdnnten
die monomeren Spaltprodukte zunehmen, da die instabilen Produkte durch die anderen
Produkte stabilisiert werden kdnnen und eine Repolymerisation verhindert werden kann.
AuRerdem findet eine Verdinnung durch die Rickmischung statt, was dazu beitragen kann



die Repolymerisation zu verringern. Es wurde vorgespaltenene Produktmischung mit frischem
Feed gemischt. Gase und Feststoffe wurden auf Grund technischer Gegebenheiten nicht
zurtckgefihrt. Durch externe Rickvermischung konnte jedoch ebenso keine Zunahme der
monomeren Produkte erreicht werden.

Bei Temperaturen von 250-450 °C, Reaktionszeiten von 0,25-24 h und unter Einsatz von
1 Gew.-% Kaliumhydroxid (KOH) als homogenem Katalysator, wurden Konzentrationsprofile
ermittelt. Die Experimente wurden in Mikrobatchautoklaven (10 und 25 ml) durchgefuihrt, da
der Reaktortyp keinen Einfluss auf die Verfliissigung zeigte und so die Reproduzierbarkeit
besser abgebildet werden konnte. Hohere Temperaturen, eine langere Reaktionszeit und eine
groRere Menge an Katalysator treiben die Reaktion in Richtung Vergasung. Oberhalb von
350 °C hat Wasser Eigenschaften im nahen und Gberkritischen Bereich und treibt die Reaktion
zur Vergasung hin. Bei 250 °C ist die Gesamtspaltreaktion sehr langsam und es findet kaum
Vergasung oder Verflissigung statt, erst nach langen Reaktionszeiten wird die Biomasse
verflissigt. Bei 450 °C ist die Reaktion fast vollstdndig auf der Vergasungsseite und die
Catecholausbeuten sind nahezu null. Die héchste Catecholkonzentration liegt bei 350 °C und
0,5 h Reaktionszeit vor. Wie Lignin kann auch Rinde als Edukt verwendet werden. Unter
gleichen hydrothermalen Bedingungen liefern Rinde und Indulin AT vergleichbare
Catecholausbeuten. Die Ergebnisse der untersuchten Organosolv-Lignine (Buchenholz,
Pappelholz und Miscanthus) zeigen ein dhnliches Verhalten bei gleichen Temperaturen und
Verweilzeiten. Dafur wurden ebenfalls Mikrobatchautoklaven verwendet, um die
Konzentrationsprofile zu ermitteln, wodurch es moglich wurde, mehr Informationen zu erhalten
und zu zeigen, dass die Reaktionen reproduzierbar sind.

Aus diesen Konzentrationsprofilen konnte das Reaktionsnetzwerk der Spaltreaktionen von
Lignin auf Coniferylalkoholbasis aufgebaut werden. Es ist nun mdglich, das monomere
Produktgemisch flr verschiedene Reaktionstemperaturen und Verweilzeiten fiir verschiedene
Lignine vorherzusagen. Dies ermoglicht es Aufarbeitungsprozesse fir unterschiedliche
Lignine anzupassen was zu einer héheren Wertschépfung fir den Holz- und Papiersektor
fihren kann. Biomasse bietet ein hohes Potenzial als Rohstoff fir die Gewinnung von
Plattformchemikalien durch hydrothermale Verfliissigung. Biookonomisch ebenfalls, da beide
Abfallstrome in gro3en Mengen anfallen, welche bisher meist nicht chemisch genutzt werden.
Innerhalb der Analytik wurde die Analyse von Oligomerkomponenten kontinuierlich verbessert.
Daruber hinaus konnten grundlegende Reaktionen zu bifunktionellen Verbindungen aufgeklart
und modelliert werden
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1 Introduction

1.1 Motivation

Fossil resources are a common source for energy production and chemical industry.
However, they bring along problems, like their limited availability or the release of CO- in
the atmosphere while combusting them. On the one hand the substitution of fossil resources
with renewable alternatives for the purpose of energy production results in a lack of platform
chemicals. This is a result of the fact that the availability of chemical intermediates is
coupled to the production of fuels in petroleum refineries. These chemical intermediates
produced from fossil fuel, consume around 15 % of crude oil M. To ensure the future
availability of chemical intermediates, alternative resources should be considered and
investigated

On the other hand, the release of carbon dioxide is the predominant cause of the man-made
climate change. Especially combustion of fossil resources which have been long term sinks
of carbon produce large amounts of carbon dioxide. To prevent affecting the carbon balance
every carbon atom must be included in a closed carbon-cycle. Moreover, also a limit of the
overall carbon dioxide release into the atmosphere is needed. Carbon dioxide from power
generation, industrial processes, and non-food (woody/lignocellulosic) biomass could play
a crucial role in the substitution of fossil resources and could deliver renewable carbon. Only
non-food biomass should be considered for the production of chemicals because a conflict
between food and feed production should be avoided. This is possible by applying
lignocellulosic biomass.

The main components of lignocellulosic biomass are hemicellulose, cellulose, and lignin.
Lignin is one of the most common organic compounds in the world. It is the only bio-based
macromolecule containing large amounts of aromatic structures. Lignin is built and used in
plants to be resistant against environmental influences and to give structure. The lignin
structure and amount vary depending on the plant and growing conditions I3,

On the one handits structure and stability makes the use of lignin for production of chemicals
a challenge. Special treatments are necessary that need to be understood well. On the
other hand, lignin is a promising renewable resource, available in large quantities.

One process for the chemical use of lignin that is already established is the production of
vanillin “I51, About 15 % of the vanillin production is performed using woody biomass as a
resource. However, even if it is a process applied at an industrial scale the oxidation of
lignin to vanillin remains a challenge, because it is still not completely understood [©!. This
elucidates the need for a better understanding of lignin as a resource in order to be able to
use its whole potential.

Before lignin can be used in a process, it must be separated from the other biomass
components. The Kraft process, for example, is the most common process in the pulp and
paper industry to gain cellulose, and the main source for lignin today . Currently, most of
the directly useable lignin accrues at the paper industry as a byproduct in enormous
amounts, more than 50 mio. t/a B, Most of the gained lignin (~98 %) is combusted directly
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by the pulp and paper industry for the production for on-site energy B, Hardly any of it is
used as a raw material to produce chemicals. The large amounts make the Kraft lignin
relatively cheap, however there is still a certain amount of sulfur in the lignin due to the
biomass cleavage with sodium sulfide. The sodium sulfide can be a problem in lignin
applications, e.g., for the usage of a catalyst because sulfur is a catalyst poison for a variety
of catalysts, and it is also incriminating the material of the used reactors. Also, the Kraft
process is harsh for the lignin structure itself and leads to a certain change of the structure.
It means that the possible cleavage reactions and products could be different compared to
other lignins gained from other separation processes . There is not one typical
lignocellulosic biomass; there are different ones, e.g., hardwood, softwood or straw. Each
of them has a different distribution of the monomer units. Softwood (like pine) lignin is mostly
obtained of coniferyl alcohol while hardwood (like beech) lignin also has sinapy! alcohol as
a building block ©,

Especially the lignin content in the lignocellulosic biomass needs to be utilized; for the sugar
fraction various uses are already available and commercially applied, ranging from industrial
cellulose to fermentation after separation and saccharification. So, the overall target is to
find a process that provides platform chemicals out of lignocellulosic residues, instead of
combusting this carbon source.

Bark or Kraft lignin from pulping or lignins gained out of special processes like organosolv
lignins shall be investigated and used as starting materials. While the use of bark or Kraft
lignin could offer the possibility of gaining additional valuable products from residues of pulp
and paper industry, the organosolv process offers an opportunity to use types of biomass
which are of non-industrial uses, like Miscanthus Giganteus. The perennial grass
Miscanthus Giganteus could be cultivated on marginal lands, where different types of
agricultural use are not economically feasible.

By applying hydrothermal liquefction on lignin already functionalized products could be
gained directly. This could be a efficient alternative to other methodes of biomass utilisation
that are based on cracking the carbon source into small components like syngas and
rebuilding and refunctionalizing it towards bifunctional molecules.

1.2 Objectives

The processes of separating lignocellulosic biomass into hemicellulose, cellulose, and lignin
of the pulp and paper industry are well-known, e.g. the Kraft process in contrast to the
utilization of lignin itself. Several utilization processes of biomass have been investigated,
nevertheless no process is established until now.

Hydrothermal liquefaction could be the method of choice for the utilization of lignin in the
future. Using hydrothermal liquefaction of biomass, it is possible to gain platform chemicals.
Therefore, the unique properties of water, an environmentally friendly solvent, are used.
Moreover, water is not only a solvent, but it is also a reactant and benefits the
depolymerization reactions towards highly functionalized platform chemicals. Compared to
the use of biomass as a resource, fossil resources get cracked into small unfunctional
pieces and put together again later to the wanted products. Lignin and its monomers are
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already highly functional molecules built by nature while using fossil resources the functional
side chains must be added in additional reaction steps. By using biomass as a resource in
hydrothermal liquefaction, it is possible to use the existing functionalized molecules directly.
To realize such a process (compare Figure 1), it is necessary to investigate not only the
process itself like reactor types, different biomass sources, moreover the come along
analysis and different influences on the reaction behavior to clarify some reaction steps.
Additionally, a model of the gained product spectra is profitable, to use suitable downstream

processing for every used lignin.
OH
©OH

. catechol

. screening: )
infl . + different lignins modeling:
Influences: + temperature * reaction network
. * H2-carrier « resident time * monomeric products
) addition + all biomasses
biomass: + back-mixing
¢ structure
+ analysis * KOHasa
® homogenous
catalyst

reactor types:
* loop reactor

* conti. tank
¢ plug flow
* batch
Figure 1:  Target scheme of the depicted work; finding a process which provides platform
chemicals out of lignocellulosic residues for the production of bifunctional molecules.
Including the necessary milestones to fulfill this project.

The challenge of the liquefaction of lignin is to keep the functional groups and to improve
selectivity towards bifunctional components like catechol. This work investigates the
reaction mechanism for the hydrothermal cleavage of lignin and the reaction pathways via
oligomeric intermediates, as well as the direct cleavage to monocyclic compounds. Hence,
this leads to a lot of different challenges which need to be solved. Therefore it is necessary
to understand the different reaction pathways, which compounds are for example formed
by the cleavage of aryl ether bonds. The other question is, what is created by the cleavage
of the other bond types and which compounds are created through this. These bonds are
much more challenging to cleave and most likely the basis for forming oligomers and tar.
Therefore, the repolymerization needs also to be investigated. Freshly cleaved products,
which are still reactive, could come in contact with each other and fresh feed and react in
repolymerization reactions to oligomeric compounds. For the gain of platform chemicals like
catechol the reaction pathway towards this monoaromatic structure needs to be understood.
With hydrothermal liquefaction, it could be possible to gain especially bifunctional
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components like catechol. The selectivity towards these highly functionalized molecules is
higher in hydrothermal liquefaction than, e.g. in solvolysis processes 1% Bifunctional
components have high usage in the chemical industry as intermediates for the production
of pesticides, precursors to specialty and fine chemicals such as perfumes and
pharmaceuticals.

To develop a procedure for the production of platform chemicals out of different biomass
respectively different lignins via hydrothermal liquefaction a suited reactor system must be
identified. Classical continuous reactor types were tested in the beginning: a plug flow
reactor and a continuous tank reactor (the mixing by flow due to the instrument-based
conditions spared external stirring, the flow characteristic showed sufficient mixing).

These two reactor types make it possible to study the influence of the internal back mixing
in the reactor on the depolymerization reactions. Also, a continuous system is typically used
to perform reaction engineering studies of hydrothermal lignin depolymerization and
especially with the target to perform kinetic studies. Additionally, the continuously operated
reactor types, a batch reactor was applied. For the investigation of an external back mixing
influence and also for gathering kinetic studies, a loop reactor system was used. Additional
external back mixing experiments were performed to understand the effect of an external
back mixing better. Also, several experiments were performed by using model compounds
like a synthesized oligomer, guaiacol or catechol to achieve more insight into cleavage
reactions, consecutive reactions and reaction mechanisms.

Catechole | | Lpz |

| CO,, CH,

Figure 2:  Assumed reaction network based on former studies, including the gap between lignin
as a macromolecule and the product gases and solid residues 191,

Lignin of completely different sources was used in investigations to get a procedure and
model for different types of lignin source and to close the gap of the reaction network shown
in Figure 2. Different lignin sources were investigated because with the wood type the lignin
structure differs. With different biomass sources, different lignin degradation molecules get
built in the cleavage reaction, and different end products could be gained *%. For example,
leads coniferyl alcohol to guaiacol and guaiacol to catechol as a product, while sinapyl
alcohol delivers syringol (Figure 3) 22113,
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Coniferyl alcohol Guaiacol

OH OH
i OH i OH
CHy

Catechol 4-Methylcatechol Syringol

Figure 3: Product examples out of two monomeric units; coniferyl alcohol and sinapyl alcohol.

When there are no sinapyl building blocks in the lignin, no syringol will be gained in the
cleavage process 4. It needs to be minded while the liquefaction process and product
spectra are investigated. Therefore, five different lignins, gained by three different
procedures were investigated in this work to get to know the cleavage reactions and to
understand the influence of temperature and retention time at the hydrothermal liquefaction.
The liquefaction with water is supposed to keep the functional sidechains and to improve
the selectivity towards bifunctional molecules 5. For each biomass concentration profiles
for the main monomeric products were prepared. This made it possible to gather information
about the key reaction of the monomeric products and to develop a reaction network
including a model that describes the degradation of coniferyl alcoholic based lignin
compounds for different biomass sources. The temperature of the hydrothermal liquefaction
ranges from 250 °C up to 450 °C, 0.25 up to 24 h residence times were chosen to get
access to concentration profiles, which is the basis in order to enlarge the existing reaction
network and to determine the parameters of the rate equations.

The infrastructure of analytic methods which is used during the parameter studies for the
hydrothermal liguefaction of lignin has to cover a wide range of molar masses from the
polymeric compound lignin to oligomeric intermediates and monomers which are the
targeted product of the conversion processes.

Lignin itself is a challenging resource and brings different problems in its handling,
especially during analytical investigations of it, which need to be addressed while working
with lignin. These challenges are also discussed in this work. Without a general
understanding of these problems, no progress in building an economic and ecologic
process for the production of bifunctional components out of lignin as a renewable feedstock
without the competition to food will be possible. So, an understanding of the whole reaction
and the problems which occur with them is a fundamental need.

1.3 Hydrothermal cleavage

The 3D macro molecule lignin can get cleaved in different phenolic compounds.
Hydrothermal cleavage is showing promising results, and water is an environmentally
friendly solvent and reaction partner.
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The properties of water are adjustable via variation of temperature and pressure 8, This
makes it possible to control the selectivity towards specific reactions, which is an advantage
compared to other depolymerization processes 9. Furthermore, biomass contains large
amounts of water naturally and with water as a solvent, an energy intensive pre-drying can
be avoided 1%,

300 7 .

® Ccritical point

200

p/ bar

100 -

0 200 400 600
Temp. /°C

Figure 4:  Hydrothermal treatment as a function of the pressure and temperature of water. The
blue area marks the conditions of the hydrothermal conversion to platform chemicals.
The black box marks the area of the hydrothermal carbonization, the red one the
supercritical water gasification while the green one defines the area of the hydrothermal
liquefaction 171,

Via hydrothermal liquefaction methods (Figure 4) functional groups can be produced 7. In
the range of 200 °C and the corresponding pressure of water hydrothermal carbonization
takes place, above 600 °C supercritical water gasification occurs 181,

For the production of platform chemicals, a temperature range from 150 °C to 400 °C at
equilibrium pressures delivers the best results 71, The desired hydrothermal liquefaction
takes place at around 280-380 °C (Figure 4).

In water, the selectivity towards the remaining of functional groups increases, compared to
that in ethanol it decreases 19,
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Figure 5: Properties of water as a function of temperature at 25 MPa (density p, ion product IP
and relative static dielectric constant €) (71,

The unique properties of water under these conditions see Figure 5, offer special
opportunities for gaining bifunctional aromatics 9171, Under near- or supercritical conditions
of water, its density is changing drastically, which leads to different solubilities for organic
substances. These different solubilities of products offer new possibilities and make it
possible to degrade a large molecule into smaller pieces under pressure 1. The decrease
of the ion product leads to highly dissociated water molecules, which change the polarity of
the solvent enormously 8. Furthermore, hydrogen is available through the occurring water
gas shift reaction, and also the dielectric constant is decreasing 72%. In past research on
chemical lignin utilization, the main focus was to produce phenol out of the lignin. However,
a process for the technical production of phenol is still not established, because the phenol
yield stagnates at low values (< 10 wt.% [92) 09 Also, the complex structure of lignin
delivers a complex mixture of phenolic derivates *° which make the production of phenol
not economic.

To understand which bottlenecks, and challenges are arising by lignin usage, various
reaction pathways need to be understood to design a procedure for lignin depolymerization
while depolymerizing lignin repolymerization reactions of the intermediates occur.
Nevertheless, lignin could be a source for many monomeric and oligomeric compounds with
more than one functional group. The gained products depend on different depolymerization
methods and used lignins 22, With these special properties of water, a procedure for lignin
depolymerization with containing functional side chains is possible.
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1.4 Biomass utilizations

At present there are three main applications of wood [:

o Pulp and paper industry
o Construction material (e.g. Furniture)
o Energetic use for production of electricity and heat.

Most of the common pulping processes produce lignin in a certain way, but not as a prior
product. The sugar-based parts, cellulose, are the prior products. Individual processes, e.g.,
the production of biogas, use biomass as a resource, but primarily the sugar-based
components. Whereby, the overall goal is energy production 22,

Different approaches like the production of alcohols by fermentation processes are
investigated and already realized. Unfortunately, these processes are often associated with
a low yield.

Referred to the production of bifunctional aromatic structures the studies need to shift
towards the non-sugar-based parts of biomass, the lignin. Pulping technologies that can be
a source of lignin like e.g. the Kraft, sulfite or organosolv processes are established. The
presented work investigates lignin of the Kraft process as well as from the organosolv
process. Kraft lignin was prioritized because of its availability and because of the possibility
to gain a high value product from a side product. In addition, organosolv lignin was chosen
although it is a prior product and not a residue, since it has a high lignin quality e.g. a low
amount of residual pulping chemicals or containing sulfur.

1.4.1 Kraft process

Paper, cart board or related products consist mainly of almost pure cellulose fibers. These
fibers are gained out of different pulping processes, In the pulp and paper industry, the Kraft
process is the most common process to convert wood. Thereby, almost pure cellulose is
gained out of the produced wood pulp. In 1879 Carl F. Dahl conducted a procedure, the
soda cook, but used sodium sulfate to degrade the wood structure ). This led to a more
effective process, the Kraft (“strength”) process. The incoming wood gets peeled so that the
bark gets separated from the wood. The wood is chopped to chips of cm-size, these chips
are cooked in an aqueous sodium sulfide and sodium hydroxide solution at 140 to 170 °C
for 3 to 4 hours. In this step, mostly all of the hemicellulose gets degraded, dissolved and
removed. The strongly alkaline solution also dissolve the lignin fraction of the wood
(delivering the so-called black liquor). The remaining solid fraction is collected and washed.
The exact chemical composition and process parameters depend on the used wood [,
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1.4.2 Organosolv process

This process uses an organic solvent for the lignin solubilization. The chopped wood is
heated up in an alcohol-water-mixture under mild pressure. Organosolv pulping delivers
high-quality lignin without sulfur contamination. This process uses an organic solvent for the
lignin solubilization. The cut wood gets heated up in an alcohol-water-mixture at around
160-200 °C and 20 bar. The alcohol which is most widely used is ethanol 24, The wood
structure gets divided into its three main streams; cellulose, hemicellulose, and lignin, under
these conditions. The lignin and hemicellulose are dissolved in the organic-water solvent
phase, and the lignin can later be precipitated through the evaporation of the solvent. The
hemicellulose is hydrolyzed by the alcohol via interacting with the hydroxy group of the
alcohol, which is functioning as a hydrogen-donor, into sugars under these conditions.
Different alcohol ratios, heating rates, and reactor systems can be used. After the
precipitation, the residue gets filtered and dried [241125],

The organosolv process is more gentle towards the molecule structure of the lignin, as it is
more expensive until now it is only used in first technical scale plants and not widely
established in the industry like the Kraft process 24?5, The organosolv process has like the
Kraft process influence on the resulting lignin structure, resulting in different reactions and
products in the further lignin liquefaction process with organosolv lignin compared to the
Kraft lignin 516,
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1.5 Lignin structure

In lignin, the three-dimensional macromolecule structure of aromatic rings is linked via
different chemical groups and bond types (Figure 6). Until now, the size of these molecular
structures in the plant is unknown [271,
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Figure 6:  Typical structural elements of lignin with binding energies 271,

Lignin consists of three basic monomeric units of which the distribution depends on the type
of plant which produced the lignin (Figure 7) . So every plant delivers lignin with a different
composition, besides this, also the separation process has a significant impact on the
structure of the obtained lignin 122261,
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Figure 7: Monomeric building blocks of lignin; sinapyl alcohol, p-cumaryl alcohol, and coniferyl
alcohol.

Sinapyl alcohol, p-cumaryl alcohol, and coniferyl alcohol are the basic monomeric units of
lignin. Sinapyl alcohol leads to syringol, while coniferyl alcohol leads to guaiacol by
hydrothermal treatment. The combustion of lignin forms as products mostly methoxy
phenols, however, the occurring products differ depending on the lignin source because of
the monomeric building blocks 28, Different wood delivers different products, of which a lot,
however not all, are characterized until today. Softwood like pine (see Figure 8B) has a
different structure as hardwood like beech (see Figure 8A) 129,

Figure 8:  UV-fluorescence images of two different kinds of wood. Different emission spectra are
shown in different colors. A: hardwood, pine, the purple regions show guaiacyl-rich
lignin. B: softwood, beech, the green regions reflect syringyl-rich lignin 21,

The monomeric units couple between each other via alkyl-ether bonds, phenol-ether bonds,
C-C bonds, and diaryl ether bonds, the different bond types are shown in Table 1.



12 |[Page

Table 1: Bond types (C-C bonds and ether bonds) common in the lignin molecule.
C-C bonds ether bonds
5-5 3-O-4
-1 a-O-4
3-2 4-0-5
3-5
3-13

The most common bond in the lignin molecule is the 3-O-4-bond, which has a relatively low
binding energy (290-305 kJ/mol) in contrast to, e.g. C-C-bonds (490 kJ/mol) and is hence
one of the first bonds which are cleaved during the liquefaction process (Figure 6) 29,
Thermogravimetric analysis (TGA) can show the different bond types of biomass. For
cellulose and hemicellulose, a characteristic peak can be gained (see Figure 9), while the
lignin mass decrease takes place over a broader temperature range. This indicates more
different thermally stable bonds in the lignin than in the cellulose B% which makes it
necessary to use harsher conditions to decompose lignin than cellulose.

—— Cellulose
Xylan
— Lignin

dm / (m,dt)

0 200 400 600 800
Temperature / °C
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Figure 9:  Differentiated TGA diagram of cellulose, xylan (used for hemicellulose) and lignin.
Moreover, a differentiated TGA diagram of straw and beech wood [39,

The aromatic part of the lignin molecule is can be a precursor for phenolic monomers or
oligomers. The degradation of methoxy groups leads to products like methane or methanol.
Water-soluble acids are dehydrated delivering alkene or oxidized delivering alcohol
functionalities at these conditions (Figure 10) (20261,
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Figure 10: Simplified illustration of the precursors for thermal degradation products of a lignin
monomer unit B4,

Besides these phenolic monocycles, oligomers are formed. Liquefaction products with two
functional groups, like catechols, are promising molecules for the use as a platform
chemical (Figure 11).

CH
OH OH o7 ® OH
i i OH i OH i OH
CH,

Phenol Catechol Guaiacol 4-Methylcatechol

Figure 11: Four of the favored monomeric products of lignin; guaiacol, catechol, and phenol.

Catechol is a product with high potential (Figure 12) B2, With its two functional groups, it
can serve as a starting material for plastics or the production of adipic acid.
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Figure 12: Possible use of one of the gained products; catechol. In a bioconversion towards adipic
acid and the chemically use towards pesticides, a precursor to fine chemicals or building
blocks.
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Catechol can be used as a precursor to fine chemicals such as pharmaceuticals. It is used
to produce neuromodulators for the central nervous system and hormones in the blood
circulation; dopamine, noradrenaline, and adrenaline (Figure 13) &2,

OH OH OH
OH OH OH
e
H,N HoN HN
OH OH
) norepinephrine epinephrine
dopamine (noradrenaline) (adrenaline)

Figure 13: High-value products, synthesized over catechol as a precursor. Pharmaceuticals like
dopamine, noradrenaline or adrenalin are produced over catechol as a precursor [33],

1.6 State of the art

A classic state of the art chapter is barely feasible in this research area, because of the
enormous amounts of possibilities in utilizing biomass. In this research field, a lot of
fundamental studies on lignin degradation have been performed and there is a lot of
fundamental and even advanced prior art of using biomass as a resource. Nevertheless, in
light of the fact that there are a few little contrasts in the investigations affect hugely the
outcomes and results, the correlation of each work is hardly conceivable. However, each
work helps to understand the fundamentals better and improve the whole research field.
Lignocellulosic biomass or the lignin itself is hardly used as a resource in the production of
platform chemicals. The only established industrial process is producing vanillin out of lignin
sulfonate. One main producer of vanillin is by the Norwegian company Borregaard . They
produce about 15 % of the worldwide vanillin production . Vanillin out of lignin is obtained
over an oxidative lignin degradation under high temperature, pressure, an alkali pH and
oxygen 6. Ultrafiltration with a following ion exchange purification step is used. To gain a
pure product several crystallization steps are performed after an ion exchange 4.,

In general, procedures using lignocellulosic biomass as a starting material for the production
of platform chemicals include:
e Hydrothermal processes:
o Liquefaction
o Carbonization
o Gasification
o Pyrolysis
e Solvothermal processes

e catalytic processes:
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o base catalyzed
o acid catalyzed
o metal catalyzed

o oOxidative processes

Prior arts, like studies about the different procedures mentioned above, can help to
understand several things in the hydrothermal liquefaction process and can be used to
gather information about reaction mechanisms or analytics. Pyrolysis is one of the
processes which provided already a lot of conclusions, e.g. in regard to analytics.

There are different pyrolysis types divided by operation temperatures and other conditions;
with a slow heating range and temperatures of 550-950 °C, the conventional pyrolysis is
performed B®°. These conditions lead to carbonization of the biomass and are used in the
activated char production. With residence times under five seconds with temperatures of
1050-1300 °C, the third type of pyrolysis is defined. In this process mostly gaseous products
are gained %,

With biomass as a starting material bio oil, next to gases and some char, can be generated
in other pyrolysis types, e.g. the flash pyrolysis (short residence times and temperatures
around 500 °C) B8I371 A pilot plant to produce fuels out of biomass is located at the KIT. In
the bioliq plant, a so-called biosyncrude is produced out of biomass, which gets gasified to
syngas in a second step and then reformed in fuels 71, Biosyncrude is an energy densified
liquid which can be transferred easily to a gasification plant 81,

The gained advantages of these projects, like a better understanding of the gasification,
liquefaction or carbonization steps or analytical methods and the determination of pyrolysis
products, support other investigations like the hydrothermal liquefaction considered in this
work.

Equally, hydrothermal gasification investigations help in general understandings of the use
of biomass as a resource. Hydrothermal gasification uses, like the hydrothermal liqguefaction
process, the special properties of supercritical water. Biomass contains already water,
which makes pre-drying unnecessary. Under supercritical conditions, biomass is soluble in
water and water also reacts as a reaction partner not only as a solvent 40, Supercritical
gasification can be performed with or without a catalyst and is a process intended to
generate gaseous products like hydrogen or methane B94%, With a catalyst, it is possible to
reduce solid residues and to increase the gas yields . The macromolecule lignin, cellulose
and hemicellulose get degraded to small molecules, and even the ring structures get
cleaved ¥, Reaction mechanisms for this process are expected to happen in certain ways
also in the hydrothermal liquefaction process.

In previous work at the IKFT the lignin cleavage of lignin towards phenol under the influence
of water and ethanol was investigated; “Optimization of the reaction parameters of a CSTR
and a PFR (Batch) for the recovery of phenol from hydrothermal biomass liquefaction” of
Daniel Forchheim 29, In this work, the lignin degradation is studied under the influence of
different solvents and the influence of a heterogeneous catalyst. The reaction parameters
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were optimized in this work towards an economic phenol production out of lignin. Also, the
use of Raney nickel was investigated and showed a selective dehydroxigenation of catechol
to phenol. Forchheim pointed out that the product spectra decrease in water in contrast to
ethanol as a solvent. A reaction network was developed and modeled, which identified the
main monomeric phenols and built a base for the analytical methods and preparation
methods. This work should be a follow-up investigation in several ways. Therefore, some
of the basic treatments were performed like in the work of Daniel Forchheim, to ensure the
reproducibility and comparability of this work with prior experimental data, furthermore, new
achievements of other studies were considered in this work.

Such as the work of the University of Aarhus. They are working on the field of hydrothermal
liquefaction of biomass also. Instead of heterogenous catalysts a homogenous base
catalyst (potassium carbonate) is utilized ™2, This is intended to decrease the coke
formation with the disadvantage that a saponification with lipid-rich biomass might occur
43441 The focus of the Aarhus work is on fuel production, so elimination of oxygen was
preferred. It was also tried to recycle the water in the process, however, this led to an
increase of the oxygen content 2 also the potassium carbonate seems to increase the
oxygen content of the gained bio-crude. Some lignins of different biomass sources are more
soluble in alkaline solvents.

Moreover, it is also known that strong bases like potassium or sodium hydroxide enhance
lignin degradation towards smaller molecule sizes 4. The effect of the base to the cleavage
reaction is higher for potassium hydroxide than sodium hydroxide “°. The University of
Aarhus built a technical plant in an extended lab-scale, nevertheless, no industrial process
of the hydrothermal liquefaction of lignin has been established by now. Other researchers
like Beauchet et al. investigated the influence of sodium hydroxide on the lignin cleavage
461, They showed a higher yield of monomeric products and a high depolymerization grade
of the lignin under the influence of sodium hydroxide. With the use of a homogeneous base
catalyst, the hydrogen production increases and the water gas shift reaction under
hydrothermal conditions gets promoted, and the carbon dioxide content gets reduced by
potassium and sodium hydroxide ®7. Acid-catalyzed lignin cleavage reactions lead to
deoxy- and demethoxygenation, which convert catechol for example towards phenol “,
Acids could increase the catechol yields but do not influence the guaiacol yields at the
beginning of the cleavage reactions, whereas a base catalyst also decreases the guaiacol
yield towards catechol BY. Cheng et al. 2012 also show that water in a co-solvent (alcohol-
water) liguefaction increases the degradation of lignin. In pure ethanol, lignin degradation
was observed to be lower #°. They also showed a high dependence of the gained product
mixture to the reaction temperatures. Heterogenous metal catalysts like nickel, platinum or
ruthenium did not increase the degraded lignin amount but change the structure of the
obtained molecules, because of the change in solubility of tetrahydrofuran 9. Singh et al.
investigated methanol as a solvent for the hydrothermal cleavage of lignin ®%. Organic
solvents could increase the yield of water-insoluble oily products B4,

Due to the fact that there is no industrially process which uses biomass in a chemical way
(except the vanillin production), no classical state of the art is given by now.
All possible variations, e.qg:
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e in the experimental proceeding

e biomasses sources

¢ the default of standards (mostly different analytical procedures)

e a lack of understanding of the basic reaction mechanisms happening in biomass
degradation processes,

lead to a huge amount of fundamental studies, however, as explained before the
comparison of these parameter sets cannot easily be performed. Therefore, as an example
is given concerning the oligomeric analysis of Indulin AT (see 2 Methods and Materials;
2.1.1 Indulin AT — Kraft lignin) via size exclusion chromatography (SEC), are also
insufficient results observed in the literature. E.g., Shu et al. ®J have performed
measurements with SEC, with a polystyrene calibration, which is often used, what can lead
to incomparable results when a different method is performed. These main disparities are
also shown in M. Azadfar % and many other investigations. A detailed study of the natural
oligomer products has so far not been considered in detail in the literature. Model
substances are often used (as in PJ. Deuss 5 and O. Gordobil et al. %), however, only
specific parts of the molecules are considered. Consequently, many questions remain open,
which, however, need to be considered in order to form an economic and ecological value
chain for lignocellulosic materials. Therefore, an optimization of the SEC method and the
attempt to create a database is particularly important for the basics of lignin research, which
is also part of this work. The literature must be evaluated intensely to compare results and
to use perceptions in other studies, to precise the influences of the investigated parameter
sets. Only single results, for instance, the product spectra of the pyrolysis and analysis of
this, and understandings, like the influence of temperature regarding the gasification
reactions, can be used to compare different studies. Comparable to putting together a
puzzle; several single puzzle pieces must be put together in small steps to see the overall
picture. This makes it possible to build a common ground for the understanding and using
biomass as a resource.
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2 Methods and Materials

2.1 Applied lignins

To design a process suitable for different biomass and lignin sources of varying structure,
it is necessary to investigate more than one lignin. Therefore, five different biomasses were
chosen to be examined in this study. Hence, different biomass sources and isolation
methods were selected. Two of them are side streams of the pulp and paper industry; three
are products from Organosolv pre-treatment (see also chapter 1.4).

e Kraft lignin; waste product out of the pulping industry, trade name “Indulin AT”, the
wood source is pine wood (WestRock industries, Atlanta).

e Beechwood bark; also waste of the pulping industry (Fa. Sappi, Stockstadt).

e Organosolv lignin prepared by the Fraunhofer Center for Chemical-Biotechnological
Processes CBP in Leuna via the organosolv process with beech as a wood source.

¢ Organosolv lignin prepared by the Fraunhofer Institute for Chemical Technology in
Pfinztal via the organosolv process with Miscanthus Giganteus as a lignin source.

¢ Organosolv lignin prepared by the Fraunhofer Institute for Chemical Technology in
Pfinztal via the organosolv process with poplar wood as a lignin source.

The Kraft lignin is available in large amounts on the market, and also the bark is provided
by the pulp and paper industry in large amounts, while the organosolv lignins are only
produced in small scales (lab and pilot scale). The bark was chosen because it is not
chemically pre-treated, and it was and can be used directly. Furthermore, to see the
influence of using whole biomass directly without lignin separation first.

If lignin is used as a chemical raw material in the future, Kraft lignin is just one option, also
purer lignins without sulfur residues would be needed. Therefore, the organosolv process
could be used as a separation method. In a lignocellulosic biorefinery, the sugars of
lignocellulosic biomass separation would be used fermentatively and the lignin for chemical
purposes 5. Miscanthus and poplar can be grown in short rotation plantations and
integrated in the biorefinery.

2.1.1 Indulin AT - Kraft lignin

Indulin AT is lignin gained by the Kraft process (see chapter 1.4.1). Kraft lignin is a residue
of the pulp and paper industry. The biomass source is pine wood. It is purchased from
WestRock industries (Atlanta, USA). It is commercially available and also used as reference
lignin in the Bioeconomy cluster of Baden-Wirttemberg. It contains sulfur, because of the
isolation process, which is poison to many catalysts (e.g., Pt, Pd or Ni-containing catalysts).
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2.1.2 Organosolv lignin out of beech wood

A pilot plant at the Fraunhofer CBP in Leuna produces organosolv lignin out of beech wood.
In a 400 | reactor at 200 °C beechwood is separated in a water-ethanol mixture into lignin,
cellulose, and hemicellulose. Purchasing small amounts is possible. This process shall be
commercial with lignin as the main product. Also because of the fact that it is only a pilot
scale plant and not a commercial production yet, it is still more expensive than Kratft lignin.

2.1.3 Organosolv lignin out of Miscanthus Giganteus and poplar

At Fraunhofer ICT in Pfinztal, two different biomasses were used in an organosolv process
to gain lignin. Miscanthus Giganteus and poplar wood were treated with an ethanol-water-
mixture. The process is an acid-catalyzed reaction. Miscanthus Giganteus can be grown on
marginal lands and creates no competition with the food supply. Poplar can be grown in
short rotation plantations so that it would also be available, and no forest wood will be used.

2.1.4 Beech bark

The layer above the wood of a stem is the so-called bark. It is the outermost layer and
consist of inner bark and outer bark. The inner bark is living tissue while the outer bark is
dead tissue. The dead part of the bark contains the highest concentrations of lignin. Bark is
an essential part of the living plant. It is built to resist physical (e.g., weather, heat) and
biological (e.g., animals, funguses, bacteria) environmental influences. It also has an
important function as a part of the transport and storage system inside the tree structure 57,
In comparison to wood, bark contains more water, polyphenolics (mainly tannins), ashes
and extractives besides the cellulose, hemicellulose and lignin fractions B8, The
fractionation of these different substances is mainly based on the plant type, the age of the
plant itself and the climatic conditions of the growing. The lignin structure contained in the
bark is mostly depending on the wood of the plant and the growing conditions. Bark is also
a byproduct in the pulping industry; its amounts are proportional to the gained lignin. Bark
mostly gets combusted to produce energy or put back on landscapes to improve earth
quality . Hardwood bark, like beech bark, contains around 30 wt.% of lignin 5%, Previous
measurements confirm a lignin content of the evaluated beech bark for about 30 wt.% €7,

2.1.5 Synthesized lignin oligomer

To get an intermediate between the raw lignin molecule and the monomeric end products,
a synthesized oligomer was investigated 62,

A synthesis of vanillin over 3-O-4 bonds was chosen (Figure 14) because 3-O-4 is the most
frequent bond in lignin, especially in the Kraft lignin Indulin AT, which has been used as
reference material in this work.
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Figure 14: One possible lignin oligomer molecule with four aromatic rings, synthesized after Rui et

al. using vanillin as a starting molecule which gets bond over 3-O-4 bonds (marked blue)
1611,

It is a three-step synthesis performed after Rui et al. (see Figure 15) 64, Chemicals were
used as described in the work of Rui et al., vanillin is first functionalized to allow an
oligomerization afterward.
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Figure 15: Three step synthesis after Rui et al. 1, (1) first step: functionalization of the vanillin
molecule to t-butoxycarbonylmethyl vanillin. (2) Second step: the oligomerization to the
3-hydroxyl ether. (3) Third step: defunctionalization towards the [3-O-4-oligomer (3-O-4
bonds marked blue). (after [61])

Therefore, t-butoxycarbonylmethyl vanillin (1) is synthesized via a reaction with butyl-2-
bromoacetate. The gained yellow solid is washed several times to decrease starting
material residues. To ensure the necessary product is gained, *H-NMR and *C-NMR
measurements, as described, were performed. In a second step, the oligomerization of the
produced monomer is induced by lithium diisopropylamide (LDA) in tetrahydrofuran (THF)
solution. Molecules with minimum of two t-butoxycarbonylmethyl vanillin units are produced,
and this light-yellow solid (R-hydroxyl ether (2)) is also measured via the described *H-NMR
and ¥C-NMR methods. As the last step the functional groups of the oligomers which
allowed the oligomerization must be removed again. They get reduced to hydroxy groups
with lithium aluminum hydride. The gained lightly yellow syrup is also checked vis the
described NMR measurements. The synthesized oligomer links its units via 3-O-4 bonds
(4). Figure 15 shows the synthesized molecules.
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2.2 Analytical Methods

Different analytical methods were used in this work to analyze the lignins themselves, solid
residues, gaseous products, and liquid products of the hydrothermal degradation. Next, to
the mainly used methods, an overview is shown in Table 2, some other methods like HPLC
or elementary analysis were used, anyway no further information could have been gained
by those methods, so these are not further discussed.

Table 2: Mainly performed analytical methods with their measured components, accuracy and
limits.
Method Measured Components Limits
NMR Lignin Structures and Structure complexity leads
solid residues to a interference of signals
Chromatography
Gas

chromatography | Main gaseous products of | Only suitable for gaseous
with gas | the degradation process products

sampling
Gas

chromatography Main monomeric phenolic different concentrations of
structures of the

with liquid ) the single components
sampling degradation process lead to different qualities

No aqueous samples,

_ No standard method is

Size | Oligomeric residues of the | known and no suitable
exclusion | degradation process calibration components
available

2.2.1 NMR measurements

The lignin structure is highly complex and versatile depending on its source and isolation
method 292 The lignin structures were investigated by 2D NMR measurements. To get
information about the lignin structures and the influence of the applied isolation processes,
heteronuclear single quantum coherence (HSQC) measurements (after [©%64) on the
different lignins were performed. In contrary to 1D-NMR measurements, couplings between
individual nuclei can be seen in 2D NMR experiments. Indirect couplings are present via
bonds as well as directly across space [¢°. Thus, information about the spatial structure of
the molecules under consideration of the different biomass sources and isolation methods
can be obtained. The investigated lignins were extracted prior to the NMR measurements
for 24 h with ethyl acetate to separate the extractives and different residues from the lignins.
With a ball-milling procedure, the samples get powdered. Grinding jars with 10 mm balls
were used, and the samples get milled for 50 min. For the NMR measurement about 30 mg
of the powder gets transferred into the NMR tube directly. To get a homogenous gel
consistency, about 500 pl of the solvent mixture is added slowly. The solvent mixture is a
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ratio of 4 parts DMSO-d6 and of 1 part pyridine-d5 ¢4 Ralph et al. 3 and Bunzel et al.
661 yse a 2D-NMR method without a phosphorylation step and the results gained by their
methods could vary from literature, but they are still in the known and expected ranges and
get an even better idea about the starting material. Because it is important to mention that
in comparison to the above described direct techniques *'P-NMR is commonly used in the
available literature to investigate the composition of the lignin. By doing this, the hydroxyl
groups in the lignin sample get phosphorylated before the measurement and the resulting
phosphor nuclei are analyzed via NMR.

Therefore, most commonly 2-Chlor-1,3,2-dioxaphospholan and 2-Chlor-4,4,5,5-
tetramethyl-1,3,2- dioxaphospholan is used as a reagent in a pyridine solution 71, However,
different temperatures, amounts of reagents and reaction times are used in the literature
(681169701 This makes it unknown how many of the existing hydroxyl groups are
phosphorylated. With different phosphorylation methods, different not completely
understood reactions at the main lignin molecule occur, and lead to different results.
Furthermore, no attempt for standardization of an NMR method has been undertaken which
leads to a non-comparability of the published data.

2.2.2 Chromatography

Gas chromatography was mainly used for analyzing the monomeric components in the
product mixture. The investigated separation principle is based on the distribution of
components between two phases, gas and solid/liquid ["*. Nevertheless, also, a separation
of the products would be the next logical step to get single products. However, the
separation of the products cannot just be performed by distillation or extraction. Only parts
of similar products can be gained via distillation, which also leads to a interference of the
signals in further analytical steps like NMR or chromatography.
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Figure 16: GC-chromatogram of a liquid phase product mixture sample.

Though, more than ten different monomers have been defined and calibrated in the IKFT
at KIT. This makes the analytic (qualitative and quantitative) of the main gained monomeric
compounds possible (see chapter 2.2.2.2). Besides these, there are still many peaks which
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cannot be separated or defined (Figure 16). The signal to noise ratio is also a problem in
GC-measurements.

2.2.2.1 Analysis of gaseous samples

The gaseous samples are analyzed by an Agilent 7890 B GC-system with a 2 m Porapak
Q column. An Agilent laboratory data system controls the measurement. Manuel injections
with a 100 pl syringe are carried out.

For the detection of the compounds a flame ionization detector (FID) is applied. The sample
gas is mixed in the detector with air and is injected into a hydrogen flame. The compounds
are combusted in the flame and form ions, which are collected at an electrode delivering an
electric signal. The advantage of this detection method is it is direct and linear proportionality
of the amount of one substance in the sample to the detected signal thereof. The calibration
of the measurement method was over a five-point calibration for every one of the sixteen
substances.

One more detector used is a thermal conductivity detector (TCD), which measures the
change of the thermal conductivity of the gas (mobile) phase against a reference gas flow
(711 (Method described in appendix 8.1.)

2.2.2.2 Analysis of liquid samples

For the quantitative analysis of the liquid products, a Hewlett Packard 5890-11 GC system
with a Hewlett Packard 5890 autosampler equipped with an FID-detector is used. It is
controlled by an HPChem laboratory data system. As a column, a nonpolar 30 m Restek
Rtx-1 MS cross bond dimethylpolysiloxane column is used.

As water, which is detrimental for the used GC column, is used as a solvent in the
hydrothermal cleavage step, the samples cannot be measured directly, and a sample
preparation needs to be applied. Hence, an extraction of the products to an organic solvent
is performed before transfer the analysts in an organic matrix which can be analyzed with
the described methods.

The performed extraction method has been developed in previous work of D. Forchheim
(1% modifications and improvements were necessary for this work to adjust the method to a
broader spectrum of lignin. The distribution coefficients were applied as determined by
Daniel Forchheim 1% to ensure reproducibility and comparability with prior experimental
data. (More details are listed in appendix 8.2 and 8.3.)

2.2.3 Size exclusion chromatography

Gel permeation chromatography (GPC) or size exclusion chromatography (SEC) separate
the component mixture based on their size or more precisely on the hydrodynamic volume
of it. It is a separation technique solemnly based on the diffusion velocity of the molecules
through the column. There are no interactions (neither physical nor chemical) with the solid
phase like in other chromatographic techniques 2. To ensure that there is no or nearly no
interaction with the stationary phase for nonpolar molecules a nonpolar solid phase is
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needed, and the other way around. With molecules, which have polar and nonpolar regions
it is complicated to find a suitable solid phase 3. Larger molecules cannot enter the pores
of the solid phase and hence pass the column fast. Small molecules, however, can diffuse
in the pores and have a longer mean way through the column and get eluted later as the
bigger molecules. Noteworthy is the fact, that the hydrodynamic volume of a molecule
change with the solvent 3,

same polystyrol in different solvents: same solvent, same elution volume, different sustances:

®

Methanol Cyclohexan @ @ @
Colyisopropen Colystyrol PMMA
M=15000 M=20000 M=24000

THF Chloroform

Figure 17: Examples of hydrostatic volumes of the same molecule in different solvents and
different molecules in the same solvent [72,

In Figure 17 an example of the behavior of polystyrene in different solvents and different
molecules in the same solvent are presented. The polystyrene has a smaller hydrostatic
volume in methanol than, e.g. in chloroform; the SEC measurements would show two
different molecule sizes for the same molecule. According to Figure 17; it is possible that
the hydrostatic volume in the same solvent is the same e.g. polyisoprene and PMMA
(Poly(methyl methacrylate)); the SEC results would give one resulting molar mass, even
when their molar weight is 15000 or 24000 [”3l. Molecules with side chains are also difficult
to investigate with SEC because the chemical folding of the molecule can deliver a similar
hydrostatic volume to other molecules with no side chains. As lignin is a complex
macromolecule with side chains, it is not possible to get all changes in long side chains, if
the chemical folding is similar to other cleavage products and consequently this must be
considered in the result evaluation.

The biggest challenge is the oligomer analytic; size exclusion chromatography (SEC)
seems to be the method of choice, however the lignin structure has nonpolar and polar
regions, which makes it very complicated to apply a suitable SEC method, as there should
be neither interaction with the polar nor the nonpolar stationary phase (contrary to the HPLC
for example). A common method to get a nonpolar product mixture is phosphorylation of
the polar hydroxy side chains "75, |t would be possible to get an idea of the phosphorylated
hydroxy side chains amount by titration, still it is not sure if every hydroxy group is
exchanged or if there are any other changes in the structure. By changing the polarity and
exchange of the side chains, the molecule has another chemical folding and presumably
with this a different hydrostatic volume, which leads to different results in an SEC
measurement. Different phosphorylation methods (e.g., reaction time and temperature)
deliver different molecules and have a high influence on the results 6177781 So, without
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knowing the changes in the hydrostatic volume of the molecules, it is not possible to get a
certain molecular weight over SEC measurements. Besides this, no standards for the
calibration are commercially available "6I/7I781 |n literature, polystyrenes are a common
calibration standard of SEC methods. Compared to lignin and lignin degradation products
polystyrenes is a different molecule; it consists of a nonpolar chain without any longer
sidechains beside the phenyl groups. This delivers no comparable and reliable results
[76][77][78][79].

A synthesized oligomer was investigated 6%, to gain information about an intermediate
between the raw lignin molecule and the monomeric end products. With such components,
a more reliable calibration could be possible.

The samples were measured with dimethyl sulfoxide (DMSO) as a solvent, a mixed column
and calibrated against pullultants. The mixed column shall help with the polar and nonpolar
regions of the oligomers and pullulan is a polysaccharide polymer built of maltotriose units,
which also has polar and nonpolar sections. The calibration is done in a range of 100-
10,000 g/mol.

Only four samples were selected to start the method development:

¢ with a reaction time of 30 min and 300 °C reaction temperature,
¢ with a reaction time of 60 min and 300 °C reaction temperature,
¢ with a reaction time of 30 min and 400 °C reaction temperature,

e asample of the synthesized oligomer.

2.2.4 Analytical challenges met during the studies

It is supposed that a lot of radical reactions are taking place depending on the reaction
temperature [, This results in a variety of different monomeric and oligomeric compounds
after the reaction. The product spectra are highly complex with far more than 50 different
products and not every product could be identified by now. The analysis and separation of
such a complex mixture is also a challenge, which has to be faced while working with lignin
as a resource.

2D-HSQC spectra can help, e.g., to identify the molecule structure depending on aromatic
or aliphatic structures and also their bond types (shown in chapter 2.2.1 & 3.1). Via NMR
measurements it is not easy to get a clear spectrum for the product mixture as against the
structural measurements, which makes the structure analysis highly complicated. There is
also a superposition of the signals, due to the broad product spectra. Furthermore, different
problems occurred with different solvents and measurement techniques.

For instance, aromatic ring signals for the C,, Cs and Cs atoms appear in the lower field (low
left corner) of the spectra while their bond types appear in the high field (upper right corner).
Figure 18C shows the 2D-HSQC spectra of a product mixture. It shows signals in the
aromatic area and not in the aliphatic area. However, there are just signals of the Cs, Cs
C-atoms of the aromatic ring, the signal for the Cz-atom is missing. Which would typically
indicate a ring cleavage, however, the lack of the shift to the aliphatic area is contradictory
to the ring cleavage. Also, expected signals (upper right corner) for existing bonds were
missing. This phenomenon appeared in several measurements and could still now not be
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explained. Figure 18 shows four different examples of NMR measurements. A) shows a 1H-
NMR of a product mixture in deuterated methanol with a superposition of different signals
and a low noise to signal ratio. B) shows the corresponding 13C-NMR to A), with a Bruker
Advance 250 MHz. The low noise to signal ratio makes it impossible to analyze a single
signal. C) the 2D-HSQC mentioned above.

A) 1H-NMR

— :D\ signals
C) 2D-HsQC

@signals

B)13C-NMR

.~~~ signals

Figure 18: NMR signal of liquefaction product mixtures with different methods and solvents. A)
shows a 1H-NMR of a product mixture in deuterated methanol. B) shows the
corresponding 13C-NMR to A). C) shows a 2D-NMR spectrum with aromatic signals
and the areas of aliphatic and bond signals.

These examples show how difficult it is to get information about the product spectra out of
NMR measurements.

Furthermore, with the different reaction parameters the amounts of the single products vary
significantly, so to get each component in the right range of the calibration requires
numerous measurements in different dilutions Y],

In this work, several limitations of common analytical methods occurred and have been
discussed. Further improvements of analytical methods are necessarily requiring
comparatively high efforts and costs since no commonly agreed protocols and standards
are in place today. A better understanding of biomass and an improvement of analytical
standards in this field could be achieved by the met challenges in this work 2,

The lignin molecule itself should be analyzed in the beginning. Only information about the
monomeric units and bonds can be achieved, besides this, it is hardly possible to get
information about the single molecules (size, structure, side chains, and so on). Without the
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knowledge on how precisely the starting molecule is built up, it is not simply to understand
the complete reaction pathway towards monomeric phenols. Also, many intermediates are
still unknown, because the analysis of the oligomers is highly challenging. Different
degradation products are produced in the different cleavage reactions, depending on the
lignin source, the process of product isolation and the parameters of the liquefaction
process (compare 4.1). To circumvent the unknowingness of the starting molecule model
compounds were investigated in this work, to begin with, to get a better understanding of
the reaction pathways, intermediates, and the product spectra.

Therefore, a synthesized lignin oligomer and monomeric model compounds were
investigated. Guaiacol is used as a starting monomeric model compound. However, also,
with a known starting structure, the hydrothermal liquefaction results in a diverse product
spectrum  (e.g., 4-ethylphenol, 4-methylguaiacol, catechol, 4-methylcatechol,
4-ethylguaiacol). The experimental procedure has to take into account that guaiacol is
hardly soluble in water, which complicates the product analysis; therefore, the experimental
error is relatively high using guaiacol as a starting material.

Moreover, the broadness of the product spectra aggravates the analysis and the
understanding of the reactions. Nevertheless, 4-methylcatechol was also built by using only
guaiacol as a starting material, which made it clear that it is a reaction product out of
guaiacol and catechol.

To get a closer look at the oligomeric products a lignin oligomer was synthesized. Though
the product spectra also got highly variated, and the analytics complicated further.
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Figure 19: One possible oligomer as a model compound for the cleavage of lignin, synthesized
after Rui et al. 611 (above chain) and some of the products out of the hydrothermal
liquefaction process. The gained monomeric products (e.g., guaiacol (green), 4-
ethylguaiacol (dark blue), catechol (light blue) and 4-methylcatechol (pink)) could be
cleaved directly of the oligomeric structure. The colors indicate their formerly position in
the oligomer.

Some of the cleavage products are directly formed out of the oligomeric chain (see Figure
19). Still, several intermediates could not be analyzed because of the different reasons
mentioned in this chapter. However, also like in the experiments with guaiacol as a starting
material it became clear that 4-methylcatechol is a consecutive product and not built
directly. The gained monomers are similar in their structure; an aromatic ring with OH, OCHs
or CHs sidechains. This is the main reason why lignin analysis is highly complex because
often superpositions of the signals occur. Because of their complex variety and similarity of
products formed regarding molecular weight and functionality, it is hard to analyze the
individual products, even with GC. Calibration of the used GC method is work-intensive
because there is no standard method or database available and some of the components
are not separable and hard to get usable peaks out of the measurements. Even the met
challenges in this work led to a better understanding of biomass and to an improvement of
analytical standards in this field, which improved the understanding of lignin itself and its
behavior as a feedstock in HTL.
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2.3 Reactor types

2.3.1 Loop reactor

Previous work indicated an influence on the liquefaction reaction results if back-mixing of
the reaction mixture to the reactor is performed via recycling with a pump (Figure 20) 29,

VO

. =

['/c

Figure 20: Scheme of loop reactor flows; V° is the volume flow of the feed, V¢ the volume flow of
the circulation.

In a continuous reactor with back-mixing, the products can interact with the unreacted feed
and intermediately formed products B384 To get optimal conditions for kinetic
measurements in a loop reactor a back-mixing ratio (Equ. 5.1 ®) of >10 even >20 is
recommended, to decrease influences of heat and mass transfer processes 9,

'7C
R (5.1)
VO
R back-mixing ratio
ye volume flow of the circulation stream
Vo volume flow of the feed stream

High flow velocities can be reached with low concentrations of the feedstock in a large
quantity of solvent; this allows the investigation of complex reactions ®%, Three different
operation modes can be performed with a loop reactor; an ideal continuous stirred tank
reactor, a continuous plug flow reactor and any combination of both characteristics.

The reactor setup should allow the investigation of the dependence of the reaction kinetics
on the back-mixing ratio. This would e.g. affect the yields of products, which may be
interesting for the production of intermediates. Parameters like back-mixing and number of
cycles could increase the influence on the reaction pathways. With this continuous system,
the identification of critical key components and their kinetics should be possible.

It is assumed that repolymerization reactions may be influenced through the back-mixing,
leading to a higher amount of bifunctional monomers. Furthermore, bifunctional oligomers
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may be accessible through a novel process design which requires the design of the reactor
set-up (Figure 21) for lignin depolymerization.

all

Figure 21: Scheme of the loop reactor; 1 & 2: Feed; 4: gas products; 5: liquid products; A & B:
pumps; 3: reactor (1 I); C: heating system; D: heat exchanger; E: phase separator.

2.3.1.1 Characterization of the loop reactor

The loop reactor was designed for long reaction times >40 min and the chosen pumps have
a maximum rate of feed pump of 0.8 I/h and the loop pump of 2.6 I/h.

Two different methods to determine the residence times experimentally were applied; step
tracer and pulse injection. The reactor was filled with water and heated up. For the step
tracer experiment, a displacement of the water with the tracer solution (KOH 1wt.% and
phenol dilution) is performed. The reactor feed inlet changes suddenly by switching the feed
solution and so does the concentration of the tracer from 0 to the prepared concentration.
The concentration at the outlet of the reactor is measured. For the cumulative distribution
function F(t) a sudden leap from O to one is expected for an ideal reactor. For a nonideal
reactor, there is a shift in that leap 7. For the plug flow mode of the loop reactor a
cumulative distribution function F(t) like in Figure 22, with a more direct displacement of the
reactor volume with the tracer was expected.
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Figure 22: Concentration / time course of the tracer: cumulative distribution function F(t). At time t
=0, a constant amount of tracer is continuously added to the inflowing fluid, so the tracer
concentration jumps from 0 to ct,0 and then remains at that level — expected cumulative
distribution function F(t) of the plug flow mode of the loop reactor, where a volume
element passes the reactor.

For these experiments, it is crucial that the applied tracers be stable at the investigated
reaction conditions. Phenol and potassium hydroxide were chosen as these are stable
tracing components. Phenol is a stable component under the hydrothermal conditions and
a product of the target reaction. Potassium hydroxide (KOH) is also a stable component
and the applied homogenous catalyst in all experiments 818,

For the CSTR a cumulative distribution function F(t) like Figure 23 was expected, with a
slower displacement than in the plug flow reactor.

0.8
0.6
0.4

0.2

Figure 23: Concentration / time course of the tracer: cumulative distribution function F(t). At time t
=0, a constant amount of tracer is continuously added to the inflowing fluid, so the tracer
concentration jumps from 0 to ct,0 and then remains at that level — expected cumulative
distribution function F(t) of the CSTR mode of the loop reactor, where a volume element
gets mixed into the whole reactor volume.
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With a pulse injection of the tracer, a small volume of the tracer gets injected, and it gets
measured when this volume leaves the reactor. For an ideal reactor the injected volume
would pass the reactor as it was injected, however, in a real reactor, a certain back-mixing
is happening 187,

Nevertheless, residence time measurements showed that the loop reactor as it has been
constructed shows the characteristics of a CSTR (Figure 24 and Figure 25).

KOH p=15bar; T=30°C;
vfeed=0,81 I/h; vumw=0 I/h

—®&— Phenol p=15bar; T=30°C;
vfeed=0,81 I/h; vumw=0 I/h

Figure 24: Cumulative distribution function F(t) of the loop reactor with plug flow mode (circulation
pump 0 I/h, feed pump maximum of 0.8 I/h). Measured with phenol (dark blue) and KOH
(light blue).

Even without the circulation pump, the velocity is too slow to develop a plug flow behavior
within the tubular reactor section of the loop reactor. This leads to a high internal back-
mixing and indicates that the feed pump capacity is too small to achieve a plug flow
behavior. The set up cannot be influenced enough by the pumps which were available in
the set-up to achieve different flow behaviors. Even with the fulfilled requirement for plug
flow reactor design of a length to diameter ratio (I/d=180) > 50 [,
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KOH p=205bar; T=350°C;
vfeed=0,762 I/h; vumw=2,6 I/h

—®— Phenol p=205bar; T=350°C;
vfeed=0,762 I/h; vumw=2,6 I/h

2.5 3

Figure 25: Cumulative distribution function F(t) of the loop reactor with the maximum back-mixing
ratio (circulation pump maximum 2.6 I/h, feed pump maximum of 0.8 I/h). Measured with
phenol (dark blue) and KOH (light blue).

Different parameters were investigated at different temperatures (250, 300 and 350 °C,
different pressures and different circulation pump capacities (back-mixing ratios). And all of
the performed experiments show that the given set up is not optimal for the hydrothermal
liquefaction process.

2.3.2 Plug flow and tank reactor

To show the influence of the internal back-mixing two microreactor systems were built up
to represent both extremes of a loop reactor: the continuous stirred tank reactor and the
plug flow (Figure 26).

Figure 26: Lab-scale tube and tank reactor used for the experiments with Indulin AT lignin and a
volume of ~40 ml each.

A lab scale of these two reactor types, were built up in the institute workshop out of stainless
steel (1.4571) (max. 500 °C, max. 300 bar); a plug flow reactor and a non-stirred continuous
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tank reactor, dimensions are shown in Table 3. In this work, only unstirred autoclaves were
used, nevertheless, a complete mixing is presumed because of the reaction parameters,
and the behavior of water at these conditions and the small volume of the reactor.

Table 3: Dimensions (volume, length and inner diameter) of the two lab scale reactors; a plug
flow reactor and a non-stirred continuous tank reactor.

Reactor Volume Length Inner diameter
Plug flow ~40 ml 2.1m 5mm
Conti. tank ~40 m| 0.04 m 40 mm

As a feed pump (max. 5 ml/min), an HPLC-pump was used and also the length to diameter
ratio increased compared to the tube reactor (I/d=250), to get a good flow profile.
The whole set up for the two lab-scale continuous reactors is shown in Figure 27:

4

O—Feok

pressure
tank pump reactor filter cooler retaining tank
valve

Figure 27: Flowchart of the tube/tank reactor; the reaction media gets stored and advanced in a
tank, an HPLC pump serves as the feed pump and pumps the media into the reactor
(tank and plug flow), a pressure retaining valve ensures pressure in the reactor, before
that valve a filter and water-cooled cooler are installed.

To ensure continuous availability of medium, the reaction media gets stored and advanced
in a tank with an HPLC pump the media gets pumped into the reactor (tank/plug flow). To
ensure a pressure higher than the vapor pressure of water, a pressure retaining valve is
used. A filter is installed after the reactor to prevent clogging of the valve. To stop the
reaction immediately after the reactor, a cold-water cooler (~15 °C) is also installed.
Residence time measurements were performed with NaCl and a conductivity electrode.
Residence times of 8, 15 and 30 min could be realized in the reactor systems. These
measurements showed a decent internal mixing at the investigated conditions for the tank
reactor which makes stirring unnecessatry.

2.3.3 Batch autoclaves

Stainless steel (1.4571) micro batch reactors (10-25 ml, max. 500 °C, max. 280 bar) were
built up in the institute workshop (see Figure 28).
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Figure 28: 10 ml batch autoclaves used for all screening experiments for all investigated
biomasses.

Different volumes were built: 10 ml and 24.5 ml. However, their behavior during heat up and
cool down is the same. With all autoclaves, it is possible to get gaseous samples. The
proceeding is further explained in chapter 2.4.1 and 2.4.2.

2.4 Proceeding of the experiments

2.4.1 General proceedings

For the heating unit, a GC oven with a heating rate of 40 K/min is used in all experiments.
After the target temperature is reached and additional 15 min heating up have passed,
measured for all reaction temperatures in a reference autoclave, the reaction time is started.
For the continuous reactors, biomass solution is fed into the reactor after the reaction
temperature is reached and a minimum of three retention times have passed to reach
steady conditions. After the reaction, the autoclaves are taken out of the oven and put under
cold water to cool down and to stop the reaction, while a cooler stops the reaction in the
continuous set up (see chapter 2.3.1)

The applied biomass to solvent ratios were used as described in equation (2.1) and (2.2).

MKOH solution — 753 (2.1)
Mpiomass

MKOH solution — 1506 (2.2)
Mpiomass

Continuous experiments were performed with a ratio of 15.06, to ensure a wholly solved
feed solution. As a solvent a one wt.% KOH (in water) solution is used, just for the catalyst
influence experiments the KOH ratio was varied. Samples are taken according to a
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procedure described in Figure 29 and analyzed by different methods (see chapter 2.2
Analytical Methods), for continuous and discontinuous experiments.

If different influences, like the addition of a hydrogen carrier, were investigated the additional
compound is added to the starting lignin solution. A concentration of 0.5 wt.% (referred to
the used mass of lignin) of each hydrogen carrier (methanol and glucose) was chosen.

2.4.2 Experiments in the micro batch autoclaves

Lignin and the potassium hydroxide solution are placed in stainless steel (1.4571)
microreactor (10-25 ml, max. 500 °C, max. 280 bar). Figure 29 shows a scheme of the
proceeding of the experiment and the analysis of the different sample types.

products

;
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Figure 29: Possible proceedings of the experiments with the batch micro autoclaves and analytical
methods used on the gained product phases.

I

The microreactors (10.0 ml & 24.5 ml volume) are filled with the lignin-base-suspension and
sealed before they get heated up in the oven.

2.4.3 Continuous flow experiments in the Plug flow and tank reactor

The reactor is filled with water and preheated until the target temperature is reached, then
the feed stream is changed to a lignin solution. A 6 wt.% lignin solution was used, to ensure
that a solution and not a suspension is fed in the reactors and therefore to minimize the
solid phase in the beginning. The experimental set up is described in chapter 2.3.2.
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2.4.4 Continuous flow experiments in the Plug flow and tank reactor with
external pre-back mixing

Furthermore, different experiments were performed to check the influence of the external
back-mixing of the phenolic monomers and precursors for hydrogen, like in the loop reactor
(chapter 2.3.1). To investigate the effect of contact between already reacted/cleaved
molecules and fresh feed wanted to be investigated, a pre-cleavage was performed. The
pre-cleaved product mixture gets mixed with fresh lignin solution and cleaved together
(compare Figure 30).

filter

fresh
lignin solution
back G}

‘ mixing solution

4)  mixing > % % % » product solution

batch micro autokalves
5) A
_/
e »

O

pressure
tank pump reactor filter cooler retaining tank
valve

Figure 30: Flowchart of the proceeding and set up of the back-mixing experiments:
1) The pre-cleavage is performed in micro autoclaves.
2) The pre-cleaved solution got filtered.
3) A sample of the pre-cleaved solution is taken and analyzed.
4) Fresh lignin solution and the pre-cleaved solution get mixed.
5) The same set up as in the other continuous experiments is used. Parallel to the
back-mixing experiments in the continuous tank micro autoclaves were used.

The pre-cleavage is performed in batch micro autoclaves under the same conditions as the
back-mixing experiment later. Before the mixing, the pre-cleaved product mixture gets
filtered to prevent clogging in the feed pump. These experiments were performed in the tank
reactor and parallel to that in micro batch autoclaves. Three different cases with two different
back-mixing ratios were probed:

e A6 wt.% pre-cleaved Indulin AT mixed with a 6 wt.% fresh Indulin AT solution.
e A6 wt.% pre-cleaved Indulin AT mixed with a 12 wt.% fresh Indulin AT solution.

e A6 wt.% pre-cleaved Indulin AT mixed with a 12 wt.% fresh Indulin AT solution with
0.5 wt.% methanol or glucose.
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The chosen back-mixing ratios were R =1 and R = 10. Like described in chapter 2.3.1 a
back-mixing ratio of 20 or bigger should be chosen. A back-mixing ratio of 20 would lead to
only 0.5 ml fresh feed solution in the investigated set up. This would lead to small product
concentrations, and the influence would not be observable anymore. To compare the results
of the reactor screening experiments with the back-mixing experiments a starting
concentration of 6 wt.% was chosen. Also, a starting concentration of 12 wt.%, like in the
other batch experiments, were investigated to see if there is an enlargement of the
monomeric products in a higher concentrated starting solution.

In the loop reactor not only, monomeric compounds get back mixed, also gases and solids.
To compensate for this absence of produced gas methanol and glucose were added and
serve as a hydrogen carrier.

2.4.5 Data analysis of experimental data

The key parameter of the data evaluation of the experiments has been the yield of
monomeric compounds in relation to lignin fed to the reactor. The yield of the gaseous
products was also measured, however, has not been discussed to further detail. The
applied analytical methods are described further in chapter 2.2. High catechol amounts are
preferred because of the potential of this molecule.

For the back-mixing experiments, a correction of the measured monomeric concentrations
needs to be performed. By recirculating monomeric compounds, not cip must be used for
the yield calculation but rather (cio+cCir) as a starting concentration.

Because, e.g., a certain amount of guaiacol, catechol and 4-methylcatechol are already
added to the reaction medium in the beginning. To investigate the influence of the back-
mixing on the freshly built monomeric units, this already added amount must be subtracted.
Therefore the following equations were used to correct the starting concentration and to
refer the yield to the used lignin concentration:

Ctotal = Cio T CiRr (2.3)
Ctotal Ci,R
C h = ' (R + 1) - . ‘R
fres Clignin Clignin (2'4)
R back-mixing ratio
Ctotal concentration of the sample after the experiment mg/l
Ci,0 part of the concentration of the freshly used lignin mg/l
CiR part of the concentration of the back mixed sample mg/l

Clignin used starting lignin concentration g/l
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With this equation, it is possible to suggest the influence of the back-mixing and to suggest
if there is a positive impact on the yields of the monomeric compounds. Including the back-
mixing ratio in the equation compensates the dilutions of the volume ratios of fresh and pre-
cleaved media.
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3 Experimental Results

3.1 NMR

For an optimization of the hydrothermal liquefaction process, an understanding of the basics
is obligatory. Therefore, different focus areas must be set and determined to lay the
foundations for such a process. To begin with, it is necessary to have a look at the analytic
of the lignins and the cleavage products, the structure of the used lignin, the reactivity of the
different biomass, the possible repolymerization and how this information can be used to
get a model, with which the monomeric product mixture can be predicted. Therefore, a
reaction network must be built, and screening experiments must be performed. To get a
process to produce platform chemicals for every biomass source different lignins must be
considered.

3.1.1 Lignin structure - Results

Different lignins were analyzed in respect to their monomeric basic units and bonds, even
though the lignin molecule sizes cannot be measured by now in detalil.

3.1.1.1 Distribution of the monomeric building blocks

The distribution of the three monomeric building blocks (sinapyl-, coniferyl-, p-cumaryl-
alcohol) was analyzed as described in chapter 2.2.1 for the five investigated lignins. The
Indulin AT structure contains mostly coniferyl alcohol 97.5 wt.%, with a content of p-cumaryl
alcohol around 2.5 wt.% and no detectable sinapyl alcohol units content (Figure 31 and
Figure 32).
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Figure 31: Monomer units in wt.% of Indulin AT, beech bark, Organosolv of beech wood of the FhG
CBP, Organosolv of Miscanthus of the FhG ICT and Organosolv of poplar wood of the
FhG ICT measured by 2D-NMR.A

The composition of beech bark and the organosolv beech lignin are comparable (Figure
31). Organosolv Miscanthus lignin has a sinapyl alcohol - p-cumaryl alcohol - coniferyl
alcohol distribution of 48.6 - 15.2 - 36.3 wt.%, while poplar organosolv lignin shows a
distribution of 63.5 - 7.2 - 29.3 wt.% (Figure 31 and Table 20 appendix).

17%

14%

66% 3%

Figure 32: Different bond types of Indulin AT in % measured by 2D-NMR; 3-O-4, 3-5, 3-3 bonds,
and X1a cinnamyl alcohol ending group. A

Indulin AT mostly contains 3-O-4 bonds (about 66 %), followed by 3-5 bonds (about 17 %),
about 14 % of 3-R-bonds and has about 3 % cinnamyl alcohol end groups (Figure 32).
Beech bark and beech wood lignin contain similar rates of each bond type. Beech bark
contains ~77 % of 3-O-4 bonds while the wood lignin contains ~68 %. [3-3 bonds exist in an
amount of about 13 % in the bark lignin and 21 % in the wood lignin.
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Figure 33: Distribution of bond types of beech bark lignin in % measured by 2D-NMR; 3-O-4, 3-8
and B-5 bonds. ¥

In the bark lignin are around 10 % R3-5 bonds and in the beech wood lignin around 11 %
(Figure 33 and Figure 34).
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Figure 34: Distribution of bond types of beech wood organosolv lignin in % measured by 2D-NMR;
3-O-4, B-f and R-5 bonds. A

Miscanthus Giganteus organosolv lignin shows a distribution of the different bond types of
a ~45 % 3-O-4 bonds, ~49 % of -5 bonds and ~6 % of -3 bonds (Figure 35).

49%

6%

45%

Figure 35: Distribution of bond types of Miscanthus Giganteus organosolv lignin in % measured by
2D-NMR; B-O-4, 3-8 and R-5 bonds. A,

Organosolv lignin of poplar wood shows a distribution of the different bond types of a ~69 %
3-O-4 bonds, ~18 % of -5 bonds and ~13 % of 3-8 bonds (Figure 36).
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Figure 36: Distribution of bond types of poplar organosolv lignin in % measured by 2D-NMR; 3-O-
4, R-R and R-5 bonds. A

3.2 Chromatography

For the analysis of the liquefaction products a separation of the product mixture, instead of
investigating the whole mixture, would be a logical step to get clearer results. Nevertheless,
the separation of the products cannot just be performed by distillation or extraction. Only
parts of similar products can be gained via distillation, which also leads to a superposition
of the signals in further analytical steps like NMR or chromatography. Also, with thin layer
chromatography, a separation of the single molecules is not entirely possible, respectively
the molecules are too similar to achieve a clear separation. Different solvents and mixing
ratios were used, with non-complete separation could be achieved (Figure 37).

Figure 37: TLC plates with different solvents, mixtures, and ratios of the liquefaction product
mixtures.

Instead of the expected single component dots on the thin layer chromatography plate, just
lines get visible, which indicate that the separation is not completed.

3.2.1 Size exclusion chromatography

Measurements of the cleavage products were performed via gel permeation
chromatography using the newly developed method (see chapter 2.2.3). For the design of
experiments in the method trail product mixtures of Indulin AT cleavage reactions were
chosen:

¢ with a reaction time of 30 min and 300 °C reaction temperature,
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e with a reaction time of 60 min and 300 °C reaction temperature,
e with a reaction time of 30 min and 400 °C reaction temperature,

e asample of the synthesized oligomer.

A shift towards smaller molecules with a higher reaction temperature was expected, also
with longer reaction time. It was assumed to see different chain length of the synthesized
lignin oligomer. That is why these three cleavage product mixtures were chosen for the trial
measurements to find a suitable method and setup for the SEC measurements. Figure 38
shows all measurement results of the used RI (refractive index) detector.
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Figure 38: Overlaid RI diagrams of an SEC measurement with DMSO as a solvent. Red is Indulin
AT after a reaction at 300 °C and 30 min reaction time; violet is Indulin AT after a
reaction at 300 °C and 60 min reaction time, is Indulin AT after a reaction at 400 °C and
60 min reaction time and black is the synthesized oligomer (done by ©1).

Figure 38 shows an SEC chromatogram plotted in a retention volume respectively time, as
described above large molecules leave the column first because smaller ones are retained
in the pores of the solid phase. The peak area can be integrated and is equivalent to the
amount of the single molecule. Wide peaks indicate a wide spectrum of molar masses, for
which a separation in individual compounds is not possible with the method applied. With a
longer reaction time at 300 °C, the separation of the main peaks is less distinct (see in
Figure 38 at ~ 11 ml retention volume). This means that the molecule variety increases.
However, the separation of the molecules in this size region is not complete. This is another
problem of the SEC with lignin-based samples: the range of molecule sizes is too big, which
makes it complicated to cover it all. With 400 °C and 30 min reaction time, the chromatogram
shows a shift to the right side, which means that the molecules become smaller than those
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obtained at 300 °C. The synthesized lignin oligomer delivers the clearest chromatogram as
expected. With higher temperatures and longer reaction time, the product molecules
become smaller (shift to a larger retention volume, to the left in Figure 38).

The SEC results reflect the assumptions of a higher degradation grade with higher reaction
temperatures and longer reaction times. The done measurements confirmed the expected
differences between the chosen samples and have shown a good matching with the
synthesized oligomeric chains.
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Figure 39: Synthesized lignin oligomer with the smallest chain length of four rings 1 which should
be the last peak of Figure 20.

The synthesized lignin oligomers (Figure 39, method described in chapter 2.1.5) deliver the
clearest chromatogram (also shown in Figure 38 (black peaks)). In Figure 40 the detailed
measurement of the synthesized oligomer can be seen.
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Figure 40: SEC chromatogram (purple) of the synthesized lignin oligomers with the results
calibration curve (black) (done by 1),

Figure 40 shows the chromatogram of the synthesized oligomer. It shows chain lengths of
four (15.5 ml retention time) up to eight monomeric units (13.3 ml retention time), and the
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results of the synthesized oligomer could get included in the calibration. The different chain
lengths from four aromatic rings up to eight rings can be separated and measured. With the
synthesized oligomers, the pullulan calibration can be extended. Moreover, more reliable
results could be gained. Still, it is not possible to get all changes in long side chains, because
the pullulan and the synthesized lignin oligomer show no long side chains. If the chemical
folding is comparable to straight chains and consequently the hydrostatic volume is similar,
it is not possible to separate these molecules and getting absolute results out of SEC
measurements.

The differentiation between different chain lengths of the synthesized oligomer seems to be
possible, but to compare measurements of different groups and discuss the different results
it is necessary to establish a common system of lignin oligomeric molecules measurements,
with a typical column, solvent, and calibration 76177178l

3.3 Loop reactor

The residence time is 40 min +/- 8 min. (Table 4). The volume flow rate of the circulation
pump the reactor temperature and the pressure have no influence on the residence time. It
is expected that under hydrothermal conditions the turbulence and the back-mixing inside
the reactor are extremely high because water is near to its critical point °2. There is no plug
flow inside the reactor tube given through the small feed pump capacity, and also no change
in the residence times (compare Table 4).

Table 4: Mean residence times of the loop reactor under different parameters; different back-
mixing ratios R=0, 1, 2.2, 3.5, different temperatures 250, 300 and 350 °C, and different
pressures 50, 95, 120 and 205 bar.

R 250 °C_50 bar 300 °C_95/120 bar 350 °C_205 bar
0 43 40 -

1 32 - -
2.2 42 40 -
3.5 43 44 45

A flow simulation with Star CCM+ (Figure 41 and Figure 42) of the reactor, with water at
20 °C and the maximum flow rate, also showed, that the flow inside of the tube is slow even
with the maximum capacity of the feed pump. A plug flow characteristic cannot be achieved
with the existing set-up. Even with the maximum flow rate, areas of stagnating flow exist in
the reactor.
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Figure 41: Flow field simulation with Star CCM+ of the flow into and out of the reactor at 20 °C and

the maximum feed pump capacity. Dark blue marks the slowest velocity, red the fastest
193],

Figure 41 shows slow velocities in the reactor entrance and outlet, which allows the
formation and settling of solid residues. Eddies also increase residence time (locally) and
allow the increased formation of solids by repolymerization.

Another depiction illustrates the streamlines in the middle of the reactor. These show the
flow velocity with a laminar character. Also, at the reactor wall dominates a slow velocity,
just in the middle fast flows are happening (Figure 42), this promotes a settling of the solid
parts as well as the dead zones of the reactors entrance and outlet.

A
i i “1 . (

Velocity (m/s)
2.7034e-05 0.00042971 0.00083240 0.0012351 0.0016378 0.0020404

N =<

Figure 42: Simple simulation of the flow in the upper half of the reactor tube at 20 °C and the
maximum feed pump capacity. Dark blue marks the slowest velocity, red the fastest [®3l.,
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The Reynolds number calculated with water at 20 °C and atmospheric pressure also
indicates a non-turbulent flow.

Re="m"% _ 576 (3.1)
%
Re Reynolds number
Um velocity
v kinematic viscosity
d characteristic linear dimension: inner diameter

The solid residue was analyzed by scanning electron microscope (SEM) and
thermogravimetric analysis (TGA).

Figure 43: SEM pictures (20 um, 5 um, and 1 pm) of the solid residue inside of the reactor after
the reaction (300 °C, 1 wt.% KOH, 6 wt.% Indulin AT and a residence time of around
40 min.).

The gained SEM pictures (Figure 43) indicates hydrothermal carbonization without a
repolymerization 4, Which indicates long residence times without liquefaction reactions.
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Figure 44: TGA results of the used Indulin AT (black) and the solid residue (red).

results of the TGA measurements (Figure 44l) show that the Indulin AT gets degraded

at around 130 °C and the solid residue at around 280 °C.

The

3.4 Comparison of reactor types

influence of the internal back-mixing was tested by using different reactor types; a
continuous tank reactor, a continuous tube reactor, and batch reactors. The results for all
three reactor types with a starting concentration of 6 wt.% Indulin AT in a 1 wt.% KOH

solution with a reaction temperature of 350 °C are shown in Figure 45.
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Figure 45: Comparison of the guaiacol, catechol and 4-methylcatechol mass yields in mg per used
g lignin in three different reactors; tank, tube, and micro batch autoclaves with 8 min
residence time, 350 °C, 6 wt.% Indulin AT in 1 wt.% KOH.

Between the three reactor types are no considerable differences in the monomeric
compounds concentrations per gram used lignin for a residence time of 8 min. For longer
residence times the results showed that the internal mixing behavior of the tank reactor is
not as good as tested with tracer experiments, likewise the tracer experiments with the loop
reactor (see chapter 2.3.1).

At the walls of the tank reactor, sublimation of the formed solid residues is occurring, which
influence the residence times. With these agglomerations, residence times of only 8 min
are feasible. Figure 46 shows the comparison between the produced monomeric amounts
of the tube reactor and the batch reactors for 15 and 30 min.
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Figure 46: Comparison of the guaiacol, catechol and 4-methylcatechol mass yields in mg per used
g lignin in two different reactors; tube and micro batch autoclaves with 15 and 30 min
residence time, 350 °C, 6 wt.% Indulin AT in 1 wt.% KOH.

Hence, there is no influence of the reactor type for the hydrothermal liquefaction regarding
this work. All continuous reactor types show clogging after a certain time on stream. More
than 30 min could not be realized which means that the reactor did not reach steady state
operation. In addition to these experiments, the reactor types were compared when
methanol was added as a hydrogen carrier (Figure 47), to check if this has an influence

T
Batch_15 min

T
Tube_30 min

T
Batch_30 min

regarding the reactor type besides the influence on the reactions happening.
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Figure 47: Comparison of the guaiacol, catechol and 4-methylcatechol mass yield in mg per used
g lignin in different reactors; tank (crossed symbols), tube (filled symbols) and micro
batch autoclaves (empty symbols) with 8, 15 and 30 min residence time and 0.5 wt.%
MeOH, 350 °C, 6 wt.% Indulin AT in 1 wt.% KOH.

Even under the addition of methanol as a potential gas phase inducer, the different reactor
types showed no considerable variations in the amounts of obtained monomeric
compounds. The influence of a hydrogen carrier regarding the reaction network is shown in
the following chapter.

3.5 Addition of a hydrogen carrier

To provide more hydrogen, hydrogen carriers were added to the starting solution and to
reduce the reactions towards solid products. Therefore, methanol (MeOH) and glucose
(Glu) were chosen. A concentration of 0.5 wt.% (referred to the used mass of lignin) of each
carrier was set to study the influence of it, without changing the main reactions to much.
Because of the similarity of the different reactor types, batch micro autoclaves were used
for these screening experiments. The tank reactor was utilized for 8 min residence time,
and these experiments gave the same results than those from the micro batch autoclaves.
Just like before, longer residence times could not be performed with the tank reactor.
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Figure 48: Comparison of the guaiacol, catechol and 4-methylcatechol mass yields in mg per used
g lignin in micro batch autoclaves with 8, 15 and 30 min residence time, 350 °C, 6 wt.%
Indulin AT in 1 wt.% KOH and 0.5 wt.% MeOH.

Comparing the catechol, guaiacol and 4-methylcatechol concentrations per applied gram
Indulin AT showed no increase by adding methanol as hydrogen carrier (Figure 48).
Especially for guaiacol and 4-methylcatechol no enhancement could be observed. For
catechol, there is no clear trend to observe. The catechol yields decrease with a longer
residence time by about 18 %.

With glucose as a hydrogen carrier, the yield of the monomeric compounds could be
increased by about 12 % points (see Figure 49).
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Figure 49: Comparison of the guaiacol, catechol and 4-methylcatechol mass yields in mg per g
used lignin in micro batch autoclaves with 8, 15 and 30 min residence time, 350 °C,
6 wt.% Indulin AT in 1 wt.% KOH and 0.5 wt.% glucose.

Glucose increased the yields of catechol, guaiacol, and 4-methylcatechol significantly, while
methanol shows almost no influence on the obtained yields.

The aim of adding two hydrogen carriers, like methanol, and glucose, was to investigate
whereby the influence on the yields of monomeric compounds and on preventing/delaying
clogging. The amount of the solid residue after the reactions was always 50 wt.% of the
applied Indulin AT mass in the beginning. Neither methanol nor glucose showed a reduction
of the solid residues and clogging cloud not be prevented.

3.6 Influence of Back-mixing

For getting an idea about the influence of the back-mixing external back-mixing experiments
were performed. Experiments with pre-cleaved lignin product solutions were done (see
chapter 2.3.1 Figure 30). The correction of the measured results is described in chapter
245&2.4.4.

The results are hard to describe because most measured products are consecution
products of others. That is why only results of 8 min residence time are shown. There the
consecution reactions are not as much progressed as in longer reaction times. In Figure 50
the differential amount of guaiacol, catechol, and 4-methylcatechol in mg per used g lignin
with 8 min residence time, 350 °C, 6 wt.% Indulin AT in 1 wt.% KOH and R=10 are plotted.
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Figure 50: Difference in specific mass yield of guaiacol, catechol and 4-methylcatechol mass yields
in mg per used g lignin in micro batch autoclaves with 8 min residence time, 350 °C,

6 wt.% Indulin AT in 1 wt.% KOH and R=10.

The negative differential amounts show that an external back-mixing of only the liquid phase
has no positive influence on the obtained monomeric bifunctional component yields. The
back-mixed amounts are higher than the gained amounts out of the fresh used Indulin AT.
While a higher back-mixing ratio was supposed to increase the positive effect, the opposite

was observed, (compare Table 5).

Table 5: Differential specific mass yields of guaiacol, catechol, and 4-methylcatechol in mg per
used g lignin in micro batch autoclaves with 8 min residence time, 350 °C, 1 wt.% KOH
and different back-mixing conditions, compared to different back mixing volumes and
additional hydrogen carrier. Calculated with equation (2.4) in chapter 2.4.5.

MQ/Jiignin Guaiacol Catechol | 4-Methylcatechol
6% 15.2 29.1 8.9
12 % 11.9 20.8 6.7
6/6 % & R=1 18.8 13.1 -0.9
6/6 % & R=10 -2.6 -22.6 -72.4
6/12 % & R=1 17.3 15.5 2.0
6/12 % & 0.5 % MeOH & R=1 13.9 20.3 5.3
6/12 % & R=10 29.5 -12.8 -20.1
6/12 % & 0.5 % MeOH & R=10 22.7 -5.6 -14.4
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The measured solid amount of each experiment is also not reduced through the back-mixing
of liquid products. Clogging was still a problem in all experiments. The measured amounts
of gaseous products were not increased, too.

3.7 Lignin screening experiments

To understand the challenges (reaction pathways, analytic, and so on) of lignin better, it is
essential to have a look at different lignins and lignin sources, so to see if the behavior of
lignin under varying conditions are the same, and whether with each lignin similar difficulties
are coming 1. Therefore, different lignins were used, e.g., a Kraft lignin, organosolv lignins,
and bark directly. The influences of different reaction conditions must be investigated to
understand the reactions. With different reaction temperatures, reaction times and
concentrations of the homogeneous catalyst potassium hydroxide (KOH), the level of
gasification and further reactions of lignin are changing and vice versa the concentrations
of the bifunctional components like catechol are shifting. The screening experiments were
performed in batch microreactors (10 ml — 25 ml) (see chapter 2.4).

3.7.1 KOH influence

Lignin is hardly soluble in water and other solvents with a neutral pH. However, the solubility
is better in basic solvents, because of the salt formation. . The cleavage reactions happen
faster in a basic environment, therefore KOH is used ¢, KOH shows good performance as
a homogenous catalyst, better than NaOH or Ca(OH),, especially in gaining monomeric
compounds like catechol F7°8l, Table 6 shows the influence of the KOH concentration of
the yields of catechol and the gaseous compounds H2 and methane

Table 6: Catechol, hydrogen and methane amounts of the gained gaseous phase over different
potassium hydroxide concentrations of 1, 3, 5, 6 and 10 wt.% at the same reaction
temperature and time of Indulin AT at 300 °C, the resulting pressure and 30 min resident

time.
KOH catechol H> / methane
wt.% 9/Qbark vol.%
1% 1.42 8.8/1.6
3% 0.89 13.3/1.4
5% 0.76 26.8/1.9
6 % 0.28 -
10 % 0.15 48.7 /3.0

With a higher KOH concentration, the catechol yield decreases while the methane and
hydrogen amounts in the gaseous phase increase (Table 6). At 6 wt.% of KOH, no gas
measurements were possible due to technical problems. For further experiments, a KOH
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concentration of 1 wt.% was chosen to get a higher yield of phenolic monomers and to
prevent the enlargement of product gases.

3.7.2 Different lignins

Plants built lignin in different compositions in their wood. This changes the monomeric unit
and bond distributions of each lignin. Depending on the origin of Lignin the ratio of coniferyl
alcohol, sinapyl alcohol, and p-cumaryl alcohol varies ), and also the products vary.
Through analyzing these products, it is possible to infer the monomer units of the used lignin
(Table 7). Syringol is a degradation product of sinapyl alcohol and guaiacol of coniferyl
alcohol for example [9:26:2959,

Table 7: Different products of the hydrothermal liquefaction; Syringol and guaiacol at 300 °C, a
reaction time of 120 min and a 1 wt.% KOH solution.

300°7C, Ind.AT Bark Org.solv | Miscanthus
120 min | >
Syringol

yring 0.03 3.27 3.88 1.15
mg/qg iignin
Guaiacol

11.2 5.80 8.99 7.73

mg/qg iignin

To gain concentration profiles of the cleavage reactions and products of the different lignins,
screening experiments with different temperatures (250, 300, 350, 400 and 450 °C) and
different reaction times (0.25-24 h) were performed.

3.7.3 Influence of the reactor material

The phenol yield was found to stagnate at a certain level in other studies %24 and also for
the investigated Kraft lignin the phenol amount was found to be limited (Figure 51) 1924,
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Figure 51:  Phenol yields in milligram per gram used lignin at 300 °C, a KOH concentration of
1 wt.% was applied for different reaction times (0.25-24 h). The dark purple squares
show the yield obtained without a Ni-catalyst while the light blue dots were performed
using Nickel as a catalyst.

The material of construction of the reactor comprises Ni in large quantities. Figure 51 shows
that the catalytical influence of Nickel reduces the Phenol yield compared to experiments
without this influence. At the reaction temperature of 300 °C, and a KOH concentration of 1
wt.% of the phenol yield stagnates around 0.3 wt.% after a reaction time of approx. 4 h.
With the influence of Nickel as a catalyst, the yields are even lower. This observation can
be explained by the catalytic activity of Nickel, which amplifies the gasification reaction of
biomass and is therefore often used as a catalyst for these observed gasification reactions
9, Nevertheless, with the gasification of the biomass as a competing reaction, the amount
of the targeted bifunctional products decreases rapidly (compare Figure 52 chapter 3.7.4 or
Figure 58 chapter 4.6).
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3.7.4 Influence of reaction temperature and residence time

For covering the whole area of the hydrothermal liquefaction, see chapter 1.3 and Figure 4,
the following temperatures were investigated: 250, 300, 350, 400 and 450 °C. To get
concentration profiles and a better understanding of the influence of the experimental
parameters, different residence times (0.25-24 h) were performed for every used lignin.

3.7.4.1 Indulin AT

The catechol concentration profiles of the used Kraft lignin Indulin AT over the different
reaction temperatures and times are shown in Figure 52. The standard deviation over at
least four experiments was calculated and is shown in all diagrams.
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Figure 52: Mass yield of the obtained product catechol in mg per g used lignin (Indulin AT) over
the different reaction times (0.25-24 h) and temperatures (250-450 °C) and 1 wt.% KOH.
(blue circle - 250 °C, yellow square - 300 °C, orange diamond - 350 °C, red cross —
400 °C, dark red star — 450 °C)

At 400 and 450 °C, the catechol concentrations per gram lignin are lower than 1 mg/g. At a
reaction time of 15 min at 400 °C, the amount is about 22 mg/gignin. 250 °C also delivers
only small yields below 10 mg/gignin, ONly with longer residence times the yields increase.
The highest yield of about 35 mg/gignin catechol is gained at 350 °C and 30 min reaction
time. With longer reaction times, the yields decrease directly. With a residence time of 8 h,
the yield increases again and decrease with longer residence times than 8 h again.

At 300 °C, the concentration profile shows the forming, the maximum yield and the
consecutive reaction in which catechol react forwards.
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3.7.4.2 Beech bark

Beech bark was used directly as it was delivered from the pulp and paper industry, just
milled and dried for the screening experiments. Figure 53 shows the concentration profiles
of beech wood bark, which is used, in the hydrothermal liquefaction with 1 wt.% KOH.
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Figure 53: Mass yield of the obtained product catechol in mg per g lignin in the used beech bark
over the different reaction times (0.25-24 h) and temperatures (250-450 °C) and 1 wt.%
KOH. (blue circle - 250 °C, yellow square - 300 °C, orange diamond - 350 °C, red cross
— 400 °C, dark red star — 450 °C)

At 400 and 450 °C, the produced catechol concentrations per gram used lignin are lower
than 1 mg/gignin. Just at a reaction time of 60 min at 400 °C, the amount is about 5 mg/giignin.
250 °C also deliver only small yields below 5 mg/gignin. The highest yield at 250 °C is with
the longest reaction time of 24 h of about 15 mg/giignin. The highest yield of about 20 mg/giignin
catechol is obtained at 300 °C and 3 h reaction time. At 300 °C, the concentration profile
shows the forming, the maximum yield and the consecutive reaction in which catechol
reacts forwards. With a reaction time of 8 h, another maximum of about 27 mg/gignin Was
reached. At 350 °C and 30 min, the maximum yield of this temperature is reached at around
18 mg/giignin. With longer reaction times, the yields decrease directly.

3.7.4.3 Organosolv lignins

Based on the experiences from the previous results, it was determined that a reaction
temperature over 350 °C lead to higher gasification of the used biomass and under 300 °C
long reaction times (>5 h) are needed to cleave the lignin into monomeric units. This
emerged the two temperatures of 300 and 350 °C as relevant temperatures for the following
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screening experiments. Also, the amount of organosolv lignins were limited, which made it
necessary to choose only relevant parameters. To verify the relevant temperatures 250 °C
experiments were performed for beech wood lignin. However, 250 °C is also not suitable
for the hydrothermal liquefaction of lignin gained over the organosolv process. In Figure 54
the concentration profiles of beech wood organosolv lignin are shown.
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Figure 54: Mass vyield of the obtained product catechol in mg per g used lignin (beech wood
organosolv) over the different reaction times (0.25-24 h) and temperatures (250-450 °C)
and 1 wt.% KOH. (blue circle - 250 °C, yellow square - 300 °C, orange diamond - 350
OC)

250 °C also deliver small yields below 10 mg/gignin. The highest yield at 250 °C could be
achieved with the longest reaction time of 24 h. The highest yield of about 25 mg/giignin
catechol is obtained at 300 °C and 3 h reaction time. At 300 °C, the concentration profile
shows the forming, the maximum yield and the consecutive reaction in which catechol react
forwards. At 350 °C and 30 min and 1 h, the maximum vyields of this temperature are
reached at around 22 mg/gignin. With longer reaction times, the yields decrease directly.
These results led to the assumption that only 300 and 350 °C are suitable temperatures for
the investigated process of this work and the other two organosolv lignin screening
experiments were just performed for the two temperatures. Miscanthus Giganteus
concentration profiles are shown in Figure 55.
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Figure 55: Mass yield of the obtained product catechol in mg per g used lignin (Miscanthus
giganteus organosolv lignin) over the different reaction times (0.25-24 h) and
temperatures (250-450 °C) and 1 wt.% KOH. (yellow square - 300 °C, orange diamond
- 350 °C)

The highest yield of 22 mg giignin catechol is gained at 350 °C and 30 min reaction time. With
longer reaction times, the yields decrease drastically. At 300 °C, the concentration profile
shows the forming, the maximum yield of about 22 mg/gignin at 3 h reaction time and the
consecutive reaction in which catechol reacts forwards.

Figure 56 shows the concentration profiles of organosolv poplar wood lignin.
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Figure 56: Mass yield of the obtained product catechol in mg per g used lignin (poplar organosolv
lignin) over the different reaction times (0.25-24 h) and temperatures (250-450 °C) and
1 wt.% KOH. (yellow square - 300 °C, orange diamond - 350 °C)

The highest yield of about 25 mg/gignin catechol is gained at 350 °C and 30 min reaction
time. With longer reaction times, the yields decrease directly. At 300 °C, the concentration
profile shows the forming, the maximum yield of about 17 mg/giignin at 3 h reaction time and
the consecutive reaction in which catechol reacts forwards.
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4 Discussion

Reaction engineering of hydrothermal lignin depolymerization needs the consideration of
several parameters to be studied, like the influence of temperature (and correspondingly,
pressure), residence time or reactor types. Moreover, therefore, the influence of internal
and external back-mixing and also, the influence of a hydrogen carrier was investigated.
The results of these experiments are shown in previous chapters and discussed in the
following ones.

4.1 Lignin structures — Discussion

Five different lignins were applied in these studies: untreated bark, a Kraft lignin and three
different organosolv lignins. To get a better knowledge about the used lignins, especially of
their molecular structure, 2D-NMR was used to get comparable results. It must be
considered that isolation processes influence the lignin structure, e.g., the Kraft-process
uses harsh conditions and therefore has an influence on the lignin structure. For example,
a-aryl or 3-aryl ether bonds can get cleaved, which increases the phenolic hydroxyl, C-C
and C-H side groups ®°. While the organosolv process in comparison is known as a mild
process for lignin isolation, in literature it is reported, that even in the same biomass different
compositions could have been observed as the results are changing with the applied
analytical technique [,

Despite the harsh isolation conditions of the Kraft lignin, it was shown by HSQC 2D NMR
measurements that the reference lignin Indulin AT represents a very native lignin structure.
Hence, it is not significantly influenced by the Kraft process 94, It is assumed that Indulin
AT has shorter molecules and chains than organosolv lignin due to the Kraft process.
Based on the structure of the applied lignin type, the cleavage is presumed to deliver mostly
guaiacol. Softwood like pine mostly contains guaiacyl rich lignin 29, Guaiacy! rich (G-unit)
lignin means that the main monomeric unit in the lignin is coniferyl alcohol, syringyl rich
wood sinapyl alcohol (S-unit) and p-hydroxyphenyl (H-units) p-coumaryl alcohol as a
monomeric unit ?°. In contrast, hardwood contains more sinapyl alcohol monomeric units
than softwood °. Fengel and Wegener %2 wrote an overview of different woods and
showed that pine wood lignin, for example, has a G-S-H-unit distribution of 86 % G-units,
2 % S-units and 13 % H-Units. The results show that the pine wood lignin out of the Kraft
process of WestRocks is mostly guaiacyl based lignin.

As the investigated bark and one of the organosolv lignins is based on beech wood, a
hardwood, it was expected that they are comparable in their structure/composition. Analysis
via 2D-NMR proofed this assumption. Beechwood and bark contain guaiacyl and syringyl
rich lignin. However, they also show that the variability of the composition in hardwood is
much greater than in softwoods (e.g., the syringyl-unit ratio between 20-60 %). They show,
like the gained results, that bark softwood typically has a higher G-unit amount, and
hardwood bark a higher G- and S-unit amount than the wood of the tree. The difference in
the bonding distribution underlies the fact, that bark has a different role in the plant system
and is built up differently. Also, the isolation method of the bark lignin was different from the
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organosolv process for the wood lignin, which can lead to different results . Poplar is also
hardwood and contains as well as beech wood guaiacyl and syringy! rich lignin. 9. Poplar
wood is according to literature also diverse; the lignin composition is even highly diverse
between single trees 1% 1921, The ranges of the G-units (8-31 %) and S-units (68-91 %) (193]
show that the used lignin is in between (G-units 29.3 %) and S-units. El Khaldi-Hansen et
al. investigated beech wood organosolv lignin and compared it with different structural
analysis of other literature %4, Literature also shows that the aryl ether bonds like R-O-4
are the major bond type (~ 50- 65 %) in beech wood lignin. However, like El Hage et al. [
discovered these bonds get cleaved first in isolation processes. Also, hydroxyl groups
(phenolic and aliphatic) are influenced by the isolation process, and polycondensation can
occur. The results of the main monomeric units are varying with the temperature and alcohol
ratio of the isolation process. With one isolation method, the distribution of G, S, and H-units
were 49 % G-units, 19 % S-units, and 32 % H-units. With the other alcohol amount used in
the isolation process the distribution showed 40 % G-units, 17 % S-units, and 43 % H-units
[104 So, the used lignin shows a higher amount of S-units. The organosolv process also
uses an acid catalyst, which can lead to different results during subsequent process steps.
Moreover, also other literature like Fengel and Wegener 2% show a G-S-H-unit distribution
of 56 % G-units, 40 % S-units, and 4 % H-units. Which also shows that the lignins could
vary highly in the composition, depending on the age, the location of growth, isolation and
measurement method (192,

S. Bauer et al. investigated the lignin composition of Miscanthus giganteus with organosolv
isolation methods 2. The results show a range of B-O-4 bonds of 45 % up to 80 %,
depending on the alcohol amount in the isolation process. In comparison to the
measurements of the used Miscanthus giganteus organosolv lignin with 46 % (3-O-4 bonds,
it is on the lower end where less ethanol was used. The major monomer basic building
blocks are also in Bauer et al. sinapyl and coniferyl alcohol 2, El Hage et al. also had a
look at the lignin composition of Miscanthus giganteus gained with an organosolv isolation.
The syringyl-guaiacyl-p-hydroxyphenyl distribution was in this case 44 % S-units, 52 % G-
units, and 4 % H-units. The used Miscanthus giganteus lignin in this work has lower G- and
S-units, instead more H-units with 48.6 % S-units, 36.3 % G-units, and 15.2 % H-units are
present. However, El Hage et al. also show that ester bonds, as well as 3-O-4 bonds, get
cleaved differently according to the isolation method "9,

The comparison to literature showed the high variety in the lignin structures, depending on
the plant itself, the conditions of growth, the isolation method and the analytical method of
the structure analysis. This made it important to use one method for this work, which showed
similar ranges of the monomeric units and bonds as the literature and fitted the gained
cleavage results later on.

4.2 Comparison of the different reactor types

The reactor type has an influence on the conversion by the different mixing and thus
retention time characteristics. The reactions taking place in the reactor depend on the
perfusion of the reaction media €¢I°91%1 |n a continuous reactor, different conversion rates
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can be obtained than in batch reactors because the concentrations of the reactions are not
only affected by the feed and flow rate but also by the internal back-mixing behavior of the
reactor type.

4.2.1 Loop reactor

The loop reactor was characterized (see 2.3.1) and tested in several experiments to study
the hydrothermal liquefaction behavior of lignin. The characterization showed no typical
behavior for a loop reactor, because of the highly laminar flow. Also, the used loop reactor
has only a maximum back-mixing ratio of 3.4, this results in a non-ideal behavior of the
reactor. The reactor is therefore not applicable to measure reaction kinetics. The first
experiments confirmed these expectations, moreover the reactor was blocked by deposits
after one hour of operation. Because of the decreasing flow in the rector, the residence time
of the solid residue in the loop is higher than the residence time of the liquid, so instead of
the hydrothermal liquefaction, hydrothermal carbonization can occur. The gained SEM
pictures (Figure 43) confirm the assumption of hydrothermal carbonization without a
repolymerization 4, based on the morphology of the particle structure. The results of the
TGA measurements (Figure 44) show that the Indulin AT gets degraded at around 130 °C
while the solid residue reacts at around 280 °C. If there was mainly repolymerization
happening, the degradation of the residue would start earlier than the degradation of the
Indulin AT, because the newly combined macromolecules would cleave earlier than the
original macromolecules, because the bonds are not as strong as in the original ones
[106][107].

The loop reactor needs further developing to be used in hydrothermal liquefaction
processes. Due to this principle problem of solids formation, additional experiments had to
be conducted to get an understanding of the influences of the reactor types and back-mixing
on the reaction. Therefore, additional lab-scale reactors were built and investigated.

4.2.2 Plug flow & tank reactor

Two opposing cases of the internal back-mixing exist: a plug-flow reactor with no internal
back-mixing along the reactor and a continuous stirred tank (CSTR) reactor with a complete
internal back-mixing when ideal behavior is assumed %!, For kinetic studies, CSTR is
preferred because of the gradient-free behavior €%, To get information about the reaction
parameters and kinetics, the three reactor types (batch, plug-flow, and conti. tank) were
utilized and compared. No differences could be identified within the experiments made,
which leads to the assumption, that internal back-mixing does not influence the reactants.
A batch reactor is a closed system, no continuous in- or output; this leads to a completely
mixed media (like in a stirred tank). For the same temperatures and concentrations and
stoichiometrically independent reactions are assumed ©81°, |n this work, only unstirred
autoclaves were used, but a complete mixing is presumed because of the reaction
parameters, and the behavior of water at these conditions and the small volume of the
reactor. The outlet of an ideal CSTR has the same composition as the mixture inside of the
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reactor. The input gets mixed instantly; just the inlet shows a concentration gradient 0%,
With an optimal mixing inside of the reactor of the reactants, at constant temperature and
pressure, the reaction rate is also constant . To ensure that steady state is reached
several residence times were realized, with sampling to see when the steady-state is
reached. In the used tank reactor only, residence times of 8 min could be realized, with
smaller flow rates (which should lead to longer residence times) accumulation of solids at
the reactor wall is occurring and the effective volume decreases which lead to shorter
residence times.

In an ideal plug flow reactor, full radial dispersion of the reactants is provided with the flow
direction the reactant concentration changes over the reactor length. There is no radial
concentration gradient, but axial. For plug-flow, a constant flow velocity is necessary!el®o,
The temporal progress in an ideally mixed batch reactor is equal with the local progress in
the tube, however, normally the reactions are influenced by the internal back-mixing
behavior of the reactor type. In an ideal plug flow reactor, no internal back-mixing is
occurring (61,

For reactions with a changing reaction volume different internal back-mixing behaviors can
provide information about reactions and what is happening inside of the reactor because of
the change in the yields, with this the concentrations in the reaction mixture and the gained
product mixture compounds %I, |t was expected to get different conversions with the
different reactor types, because of the influence of the internal back-mixing behavior ©,
However, no differences in the yields could be observed. The internal back-mixing has no
detectable influence on the reactions. The hydrothermal liquefaction of lignin is a complex
reaction network with a lot of different intermediates, parallel and consecutive reactions,
these reactions interfere with each other and cause a non-ideal behavior. Also, the highly
heterogeneous reactions and reaction media result in a non-ideal behavior in the reactor.
These effects overlay the influence of the reactor type and lead up to a reaction not
influenced by the internal back-mixing in a reactor 1%,

Therefore, it appeared useful, applying only the concentration profiles of the batch
experiments for further studies on detailed kinetics of the within the complex reaction
network as described in sections 3.7.4.

4.3 Addition of hydrogen carriers

To provide additional hydrogen for the liquefaction reactions, hydrogen carriers are added.
A hydrogen carrier which is frequently applied in literature is formic acid - while these studies
are performed under base conditions to get the lignin solved, it is not possible to use formic
acid, because with a decrease of the pH the lignin would not be solved anymore. This would
increase the amount of solid compounds in the reactor, and it is assumed based on the
experimental results that it would also increase the solid yields. An acid would also change
the reaction mechanisms which would make it impossible to compare results and see just
the influence of the carrier ', Hydrogen is used to saturate double bonds and cleavage
reactants, which could increase the monomeric yields in a certain way. It is necessary to
produce the hydrogen in situ because this way it is more reactive and can interact with the
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hydrothermal liquefaction process of lignin 119, Otherwise, hydrogen gas itself cannot be
used in hydrolysis reaction in the lignin cleavage *°,

Therefore, methanol and glucose were chosen. Methanol because of its assumed fast
cleavage into carbon dioxide and hydrogen in a hydrothermal gasification step under the
used conditions 1911 Glucose because it is the monomer of cellulose and cellulose
degrade towards glucose directly under the used conditions and cellulose is always part of
lignocellulosic biomass. Moreover, glucose reacts forward to hydrogen under the applied
conditions ™2, The used concentrations are 0.5 wt.% based on the used lignin mass.
Increased methanol feed concentrations influence the reaction mechanism in terms of
alkylation reactions, enlarged product spectra and decrease of the yield of catechol 29,
Higher Glucose concentrations promote the carbonization of the biomass 110,

Higher yields of phenolics were expected because the hydrogen should be used in
hydrolysis reactions and decrease the consecutive reactions towards oligomers and to
decrease the repolymerization. The higher amount of hydrogen available by using glucose
leads to higher yields of the investigated monomeric compounds. It could have been
observed that the hydrogen is used to hydrate monomeric compounds because the yields
of them increase about 12 % points. It is assumed that oligomeric compounds are also
hydrated, nevertheless, like in the whole study, it was not possible to measure oligomeric
compounds, because the analysis was not enough established at this point of the work.
Glucose acts as a reactant in condensation reactions and promotes the hydrolysis 1,
Hydrogen is used to saturate double bonds and cleavage reactants, which could increase
the monomeric yields in a certain. Methanol shows no influence on the monomeric yields.
It can be assumed that methanol is not able to act as a hydrogen carrier under the
investigated conditions. In total with the used conditions, no significant effect could have
been observed.

4.4 External back-mixing

Experiments in a plug-flow-, batch-, and a CTR-mode show no differences in the yields and
no measurable changes in the reaction network, so the internal back-mixing of the reactor
types do not influence the liquefaction process. To verify these results, external back-mixing
experiments with different back-mixing ratios were performed in the plug flow reactor (see
chapter 2.4.4). With different back-mixing ratios, it is expected to have a positive influence
on the cleavage reactions %, To put fresh feed and freshly cleaved unstable products in
contact with the product mixture could increase the monomeric cleavage products because
the unstable products can get stabilized by the other products and repolymerization could
be prevented. Likewise, a set dilution is happening with the back-mixing, and this could also
help to reduce repolymerization. In a loop reactor, different intermediate conditions between
a tube and a CSTR can be realized, the dilution can be set by the back-mixing ratio, and
the flow velocity in the reactor can be increased. This improves heat and mass transfer.
Additionally, it would be possible to include a monomeric compounds removal set-up in the
loop, e.g. polymer inclusion membranes could be used to bind phenolic monomers and
prevent future repolymerizations of those 4,
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With the used set up, it was only possible to feed the liquid products back in the loop reactor;
the gaseous and solid compounds could be not back-mixed due to technical reasons:

- Solids have to be removed in front of the recirculation pump in order to avoid
clogging

- Gaseous compounds could not be collected from the batch experiments and the
used feed supply only allowed liquid feed

which lead to a decrease of the monomeric product yields. It is assumed that the yields of
oligomeric compounds, which are still soluble in the liquid phase like dimers or trimers, were
enhanced because of neither the solid residue amount increase nor the gas amount.

To offset the lack of gases methanol was added to the feed (see chapter 4.3), nonetheless,
no increase of the monomeric products could be realized that way. A total back-mixing of
the whole product spectra, including gases and solids, may have a positive influence on the
yields of monomeric compounds because it is assumed that the gases (Table 8) have a
higher influence on the repolymerization reactions, e.g. the gained methane yields could
degenerate towards active hydrogen 191, which could be used in situ (see chapter 4.3) and
enlarge the monomeric yields.

Table 8: Gas contribution of a hydrothermal liqguefaction experiment of Indulin AT at 350 °C,
30 min residence time, 1 wt.% KOH in mg per used g Indulin AT.

H> CO: CH4 Ethylene Ethane | Propene | Propane
MQa/Qiignin 1.3 28.1 4.6 0.01 0.6 0.03 0.07

Solids residues are assumed to consist of ashes, carbonized residues, but also oligomer
structures of the original lignin and repolymerized oligomers, with longer reaction times,
which would occur with the back-mixing, further cleavage of them could be possible.

45 Influence of KOH addition

A base like KOH benefits lignin degradation and makes the lignin soluble in water even at
room temperature, which is better for the liquefaction. Nevertheless, at a certain
concentration, it could be seen, that the gasification reactions get promoted, which is well
described in the literature 8, This made it necessary to have a look at different KOH
concentrations. Experiments under and at 300 °C without KOH showed nearly no
monomeric components in the mixture after the reaction while with an increasing KOH
concentration the gas yields increased. Lignin degradation without a catalyst starts under
hydrothermal conditions above 250 °C %, Under 400 °C a base catalyst is necessary to
cleave methylene- and aryl-aryl-bonds %, Water is, under ambient conditions, a polar
solvent, this changes with temperature and pressure. The ion product increases in the
beginning with higher temperatures until it decreases drastically at the critical point of water
- also, the density and dielectric constant. However, the water molecules themselves are
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still polar and can interact with polar species. Water itself acts as an acid/base catalyst
because of its dissociation [116];

H,0 2 HY + OH~- (4.1)

Acids and bases increase the self-ionization constant of water and with this its catalyst
function €%, Temperature shows a high influence on the dissociation of water and with a low
dielectric constant the effect of hydrogen bonds decreases and enlarges the single water
molecule mobility, but the solubility of salts gets lower. On the one hand till the critical point
of water, the KOH dissociation is not as strongly influenced by the temperature as the
dissociation of water itself *'¢, On the other hand, KOH catalyzes the water gas shift
reaction:

CO + H,07 CO, + H,
KOH +CO — HCOOK 4.2)

HCOOK + H,0 - HKCO; + H,

So with more KOH more active hydrogen is available, which increases the lignin
degradation and promotes the gasification of the biomass ¢ 241, [ ikewise, more of the
lignin residues are cleaved under the influence of a base catalyst, and less char is formed.
KOH catalyzes the aryl-alkyl-ether cleavage, by ionizing ether bonds by the alkali metal
[116]124]117][80] - Small amounts increase the yields of monomeric compounds in the product
mixture, while larger amounts benefit the cleavage reaction so much, that gasification is
happening. An alkaline solvent solves lignin better than water and promotes degradation
also. Still solved oligomers or lignin residues can be precipitated with acidification afterward.
With a base catalyst, the solid residue amount decreases, more of the macromolecule gets
degraded %,

4.6 Temperature influence

Higher temperatures, longer reaction time and a higher amount of the catalysts shift the
reaction towards the gasification (compare Figure 57). Above 350 °C water is under near
or supercritical conditions, which leads to a different behavior then water at ambient
conditions and enhances the reaction in the direction towards gasification.
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Figure 57: Concentrations of the obtained amount of methane in vol.% over the different reaction
times (0.25 - 24 h) at different temperatures (250 - 450 °C) and a KOH concentration of
1 wt.% per biomass (beech bark). (blue circle - 250 °C, yellow square - 300 °C, orange
diamond - 350 °C, red cross — 400 °C, dark red star — 450 °C)

The self-ionization constant increases from around 101* mol?/kg? at room temperature and
atmospheric pressure to 101 mol?/kg? at 300 °C and 100 bar. With this the self-acid/base
catalytic behavior of water increases, because of the increase of H*/OH" ions B8 With
higher temperatures, the resulting pressure enlarges, e.g., from 250 °C with 40 bar to
300 °C with resulting 86 bar. By using biomass as a resource always gases and solid
residues get produced. Through the gas products, the resulting pressure increases
compared to the equilibrium steam pressure. A higher pressure enlarges the self-ionization
constant and with this the catalytic activity of water (see chapter 4.5), which gets also
promoted by the used base KOH B8 This promotes gasification reactions %, Also, with
a lower density (which occurs with temperatures above 350 °C) radical reactions in the
degradation get driven towards gasification ©%. At lower temperatures, ionic reaction steps
occur, while at higher temperatures radical degradation dominates 2%,

At 250 °C the cleavage reactions are slow furthermore gasification reactions are much less
occurring. Only after longer reaction times liquefaction occurs (see Figure 58) 24,
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Figure 58: Mass yield of the obtained product catechol in mg per g used lignin (Indulin AT) over
the different reaction times (0.25-24 h) and temperatures (250-450 °C) and 1 wt.% KOH.
(blue circle - 250 °C, yellow square - 300 °C, orange diamond - 350 °C, red cross —
400 °C, dark red star — 450 °C)

On the contrary at 450 °C, almost the complete reaction is turned towards gasification while
the yield of the desired products is found to be nearly zero.
With a lower dielectric constant e, the number of hydrogen bonds decrease and also their

strength. e is also related to the hydrolysis rate constants, the intermediates of the cleavage
are more stable with a higher €. At temperatures above 350 °C the  decrease dramatically
(Table 9) 21, While between 250 and 300 °C the change is compared, to the others, small.

Table 9: Dielectric constant e over the used temperatures 121
Temperature °C Pressure bar ~¢gFm?
250 50 27
300 200 21
350 200 14
400 200 1.6
450 200 1.4

This effect is supported by observations in literature 2021, The same can be observed for
bark as a starting material and also for the three other organosolv lignins (Figure 60). At
350 °C, the reactions are changing from ionic to radical mechanisms 2%, which delivers
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more gaseous molecules and less monomeric compounds. Also, more of the original lignin
is cleaved, and less solid residue is gained. 350 °C is already near the critical point and so
in the transition of the different cleavage mechanisms. With lower temperatures, a longer
reaction time is necessary to cleave the macromolecule towards monomeric compounds. It
is assumed that the second increasing of the catechol yield at a residence time of 8 h at a
reaction temperature of 350 °C is reasoned in a cleavage of repolymerized fractions
towards monomeric compounds.

One reaction pathway towards catechol is assumed to proceed via guaiacol (compare
Figure 59) 2183122 Figure 59 supports the assumption of a consecutive reaction.
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Figure 59: Mass vyield of the obtained products guaiacol (dark rose squares) and catechol (pink
dots) in mg per g used lignin at the different reaction times (0.25 -24 h) at 300 °C and a
KOH concentration of 1 wt.%. (dark pink square — guaiacol, pink circle — catechol)

This is one explenation why the catechol yield is different when bark is used as a starting
material. Because of the other degradation products and the NMR measurements (Table
7), it can be concluded that there is less coniferyl alcohol in the bark and more sinapyl
alcohol as a monomeric unit, so there are less guaiacol and less catechol as degradation

products.
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Figure 60: Mass yield of the obtained catechol in mg per g used lignin at the different reaction times
(0.25 -24 h) at 300 °C and a KOH concentration of 1 wt.% of five different biomass
sources (circle Indulin AT, square beech bark, diamond beech organosolv lignin, five
ring Miscanthus organosolv lignin and star poplar organosolv lignin).

It is also considered that already degraded lignin-based molecules further react by
repolymerization to oligomers, which can get cleaved again, and so the yield of monomeric
phenolic compounds decreases. However, still the behavior in dependency of reaction time
(Figure 60) and also with temperature is the same during hydrothermal treatment of different
materials. Therefore, the reactions are expected to be influenced by the different molecular
components present inside of the bark 1. Taking this into consideration, the observed
catechol yield is comparable to the yield observed when using Indulin AT as a starting
material. The organosolv lignin of the Fraunhofer CBP also shows the same behavior than
the Indulin AT and the used bark (Figure 60). Based on the experiments on the Indulin AT
and the amount of organosolv provided by the CBP the parameters were limited. Because
of the higher gasification at temperatures above 350 °C just the 250, 300 and 350 °C
experiments were performed (see chapter 3.7.4).

Beechwood lignin shows a lower concentration profile over the reaction times compared to
Indulin AT, but it is similar to the concentration profile of the bark. Both have the same wood
as a lignin source (see chapter 2.1), so this was expectable.

The yields of the other observed products, namely syringol and guaiacol, confirm the NMR
results of the monomer basic unit contribution of the different biomass sources because
there is more syringol observed in the product mixture of the bark experiments than
compared to the experiments with Indulin AT (compare Table 7) [©:2629.59],
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5 Reaction network & model

5.1 Reaction pathways of the lignin liquefaction

Lignin liguefaction delivers three product phases; gaseous, liquid and solid, the share of the
phases and their composition depending on the treatment method and the operating
conditions (hydrothermal, pyrolysis, acid or base catalyzed, etc.). The main gaseous
products of the performed experiments of the hydrothermal liquefaction are mostly carbon
dioxide and methane.

decomposition
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Figure 61: Reaction pathways of lignin towards gaseous products [13],

Gaseous compounds can be formed as primary products of the degradation of the lignin
molecule, especially through the split-off of small sidechains methoxy- or hydroxy groups.
They can be also formed as secondary products through the degradation of intermediates
and the split-off of their side chains (Figure 61) [11022113],

The main reactions occurring during the hydrothermal liquefaction are hydrolysis and
alkylation reactions by ionic or radical reactions, depending on the conversion temperature.
At high temperatures more radicals are formed, which accelerate the cleavage but also the
repolymerization reactions (2113111231 Through hydrolysis in the presence of water, which acts
as a solvent and reaction partner in hydrothermal liquefaction processes, methoxylated
benzenes occur as intermediates. Also, via hydrolysis, they react forward to the
hydroxylated benzenes, like catechol. The further cleavage of oligomeric intermediates is
stopped through saturation with hydrogen and with this, directly out of lignin, stable
oligomeric aromatics occur.

Hydrolysis reactions furthermore deliver oxygenated hydrocarbons, which are used in
alkylation reactions as reactants 22131,
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Figure 62: Reaction pathways of lignin towards liquid and solid products 1223, Monomeric phenolic compounds with different sidechains (methyl-, alkyl- and
hydroxy groups) cleaved out of the oligomer via different reaction mechanisms (hydrolysis/alkylation) under hydrothermal conditions [121113],
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Hydrolysis reactions furthermore deliver oxygenated hydrocarbons, which are used in
alkylation reactions as reactants. Via alkylation reactions, alkylated arenes are formed 12123,
Arenes are also intermediates in reactions to oligomeric compounds. Di- or trimers would be
found in the liquid phase (however could not be measured), higher oligomers in the solid
phase. A reaction of the monomeric compounds towards di- and trimers could be an
explanation for the observation that with an external back-mixing a lower monomeric
concentration, but no increased solid amount can be observed. Intermediates with only
hydroxy and aliphatic side chains are relatively stable compared to their methoxylated
benzene analogs 24,

The reaction pathway towards catechol, for instance, leads through guaiacol (Figure 63)
[21.83.122] and then towards 4-methylcatechol. Therefore, the oxygenated hydrocarbons or
methoxy radicals out of other cleavage reactions are consumed in an alkylation step.

HO

HC

\O -
OH
Coniferyl alcohol Guaiacol
OH OH

©/OH OH

—
CH5

Catechol 4-Methylcatechol

Figure 63: Possible reaction pathways from the basic monomer coniferyl alcohol to guaiacol to
catechol and 4-methylcatechol.

Therefore, several reaction pathways towards the catechol can be described, depending on
the reaction conditions. In near critical regions, radicals are formed, and radical reactions
take place (Figure 64) 23, The reaction rate is increased this way. This delivers a large
number of intermediates and increases side reactions with other molecules.
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Figure 64: Reaction pathways of guaiacol decomposition under hydrothermal conditions in near
critical regions with radical building 1231,

Besides this, repolymerization reactions can be promoted by unstable radicals and a large
series of reactions. In sub-critical conditions, ionic reactions occur, and the guaiacol
molecule gets hydrolyzed with water to catechol (Figure 65).

OH
OH OH
+ HO —— + HaG—OH

Figure 65: Reaction pathways of guaiacol decomposition under hydrothermal conditions in
subcritical regions as hydrolysis 1231,

o

However, this is assumed to be only one of the different reaction pathways towards catechol
(also described in 22l)  another might be the direct cleavage out of larger molecules.
Guaiacol can also be cleaved directly out of the lignin molecule by the cleavage of [3-0-4-
bonds. However, there can be several intermediates and different reactions observed on the
way from coniferyl alcohol towards guaiacol and catechol (Figure 66).
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Figure 66:  Lignin cleavage with the conversion of coniferyl alcohol and vanillin units, with further
reaction steps towards guaiacol and catechol under hydrothermal conditions 23],

Phenol is a stable product in the hydrothermal liquefaction process, which can be observed
by the stagnation of its concentrations over time. It arises out of the macromolecule directly,
and also as an intermediate in different cleavage reactions (see Figure 64). Small amounts
of the formed phenol react forward to cresols, where one way towards the cresols leads over
an alkylation step. Therefore, remaining alkyl- and methyl-groups out of other cleavage
reactions are used, see Figure 67 %], The same can be observed with catechol towards
methyl- or, e.g. ethylcatechol. Experiments with only guaiacol show also 4-methylcatechol in
the product spectra. Figure 67 shows the reaction pathways towards cresols.
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Figure 67: Reaction pathway of phenol towards o-, m- and p-cresol [125],

Depending on the temperature the alkylation step is either radical or of an ionic nature.
Oxygenated hydrocarbons out of other degradation steps are used and bond on different
positions at the stable aromatic ring again. The increase of functional side chains increases
follow, side and repolymerization reactions.

These schemes, described by, e.g. Lui and Sad et al., describe the building of a large number
of intermediates 1??°.. Considering there are more monomeric units’ reactions in similar ways
and with similar amounts of intermediates, a large number of interactions and new reactions
are possible, which makes it very complicated to describe “the” reaction pathways of lignin
towards single products. Small changes in the reaction condition and even the mechanisms
themselves makes it even more complicated. Also, Lui and Sad et al. used a model
compound, which makes it obvious, that lignin is far too complex to be described in one way.
Several different reaction mechanisms like alkylation, hydration, dehydration,
decarboxylation take place parallel which makes it a challenge to understand or even
influence the reactions themselves completely. However, the main reaction pathways are
the same for different lignins (compare Figure 81) which makes it possible to build a reaction
network.

5.2 Modeling of the monomeric product spectra

The gap of knowledge in the first reaction network (Figure 68), developed by Daniel
Forchheim %, between lignin as a macromolecule and the product gases and solid residues
should be investigated in this work. Like in chapter 2.2.4 discussed it is hardly possible to
analyze the first lignin oligomer fragments in the cleavage reaction, because of the short
reaction times and the lack of oligomeric analytic methods.
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Figure 68: Assumed reaction network based on former studies, including the gap between lignin as
a macromolecule and the product gases and solid residues [10],

Out of the gained concentration profiles, different reaction pathways could be identified (like
Figure 69). Therefore the results of the batch experiments could be used, because like
shown in chapter 4.1 the different reactor types showed no influence on the reactions.
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a
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b 104 ——Catechol

t 0 2 . 6 8
Time/h
Figure 69: Scheme of the concentrations of three substances in dependency of time in a
consecutive reaction: a (blue) — b (red) — c (green) 1271, Compared to the gained

concentration profiles of the hydrothermal liquefaction of Indulin AT 300 °C over the time
of guaiacol, catechol, and 4-methylcatechol.

To set up a reaction network and the compatible model to predict the product spectra out of
different lignin sources, which would help to adjust the whole process especially regarding
the downstream processes, it was started with one consecutive reaction:

Coniferyl alcohol — guaiacol + different side products

5.1
C10H1203 = C;HgO, + C,Hy, O, 1)
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guaiacol — catechol (— 4-methylcatechol)
C,;HgO3 + Hy, —» C4Hg0, + CH, (5.2)
(H,0 2 H* 4+ OH™)

Under the assumption of a reaction under constant volume and a reaction of the first order
(n=m=1) these kinetic relations were assumed:

TA=_kA'Cle
T'B:kA'CX'_kB'Cgl n=1 (53)

r¢=kpcp

k reaction rate constant 1/s
r reaction rate mol/Ls
n reaction order
A coniferyl alcohol
B guaiacol
C catechol
With:
dc
r = — (5.4)
dt

With the obtained information about the reaction constants and parameters, it is possible to
guantitatively describe the dependency of the temperature and the reaction rate via the
Arrhenius equation and plot (Figure 70), under the assumption of no mass transport
limitations.

k =A-eRT (5.5)

k reaction rate constant 1/min

A pre-exponential factor 1/min
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Ea activation energy J/mol
R universal gas constant (8.314 J/mol K)
T temperature K
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Figure 70:  Principle of the Arrhenius plot; natural logarithm of reaction rate constant over the inverse
of the corresponding temperature in Kelvin. With the resulting activation energy, out of
the slope.

The Indulin AT results were used to build a model of the reactions, because it is mostly built
out of one monomeric unit (coniferyl alcohol compare chapter 3.1.1.1). The starting
concentration of coniferyl alcohol and the minor amount reacting directly towards catechol is
unknown. It was necessary to start backwards and over the molar reaction equations that
Cao could be calculated.

The phenol concentration increases with short reaction times fast, like guaiacol and catechol,
which leads to the assumption that phenol gets cleaved directly out of lignin (reaction 1.
order). With longer reaction times the concentration stagnates at a certain point (compare
Figure 51), which indicates a passive product and that there are hardly consecutive
reactions. O-cresol and p-cresol are probably these minor follow products out of phenol.
4-ethylcatechol shows similar concentration profiles as 4-methylcatechol, and this suggests
the assumption that they are both consecutive products of catechol. While 4-ethylguaiacol
and 4-methylguaiacol are follow products of guaiacol.

Based on these assumptions and the extended reaction network (Figure 71) the model could
get set up.
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Figure 71: The developed reaction network starting from lignin respectively the coniferyl alcohol
amount in the lignin towards different monomeric main reaction products.

The assumption of the coniferyl degradation via a reaction of first order leads to:

dCl'
d—tlg = kiig * Clig (5.6)
The follow equations are:
dcy
E = klig * Clig + Z key * cx (5.7)
X
dcy
klig * Clig = - Z kx * Cx +E (5.8)
X
This leads to:
dcy
clig=fklig*clig*dt=kaX*cX—E*dt (5.9)
X

Not all of the lignin/coniferyl alcohol degrades into the assumed pathways and products, just
a certain part, hence some of the starting concentrations are calculated, and the gained
concentration profiles were described by an exponential function:
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a*el*t 4+ cx et (5.10)

This fitted function was derived to get the information about the temperature depending on
reaction rates.
The model is based on the following differential equations:

dcguai _
dtr ke * CligCate — kgc * Cguai — kgeg * Cguai — kgmg * Cguai (5.12)
dccate —k k k k
dr | ec * Cguai T Kic * Cligcate — Kemc * Ccate — Kcec * Ceate (5.12)
dCmetc _
dt Kcme * Ceate = Kme * Cmetc (5.13)
dCetc
dt kcec * Ccate = Kec * Cetc (5.14)
dCmet
g
dt = kguai * Cguaj — kmg * Cmetg (5.15)
dcet
g _
ar kgeg * Cguai — keg * Cetg (5.16)
dc
phen
dt kip * Cligphen — Kok * Cokres (5.17)
dc
pkres
dt = kppk * Cphen — kpk * Cpkres (5.18)
dCokres _
“ar kpok * Cphen — Kok * Cokres (5.19)

Out of these equations the Arrhenius plot (Figure 72) was evolved.
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Figure 72:  Arrhenius plot for two reactions; Guaiacol to catechol (G-C) and catechol to

4-methylcatechol (C-M). The natural logarithm of the calculated reaction rate constant
over the inverse of the corresponding temperature in Kelvin, which delivers the activation
energy out of the slope.

And the corresponding activation energies (
Table 10) were calculated out of these.

Table 10:  Activation energies in J/mol for the main reactions (coniferyl alcohol to guaiacol “lg”,
guaiacol to catechol “gc” and catechol to 4-methylcatechol “cmc”) calculated out of the

Arrhenius plots.

Ea Activation energy J/mol
Ig 3.06 E+04

gc 1.48 E+05
cmc 1.19 E+05

Through the Arrhenius plots, the first assumption of three different reaction mechanisms over
the investigated temperature range (see chapter 4.6) got reassured. At 250 °C and over
350 °C the lignin degradation behaves different (see chapter 4.6), which was expected
because of the change of properties of water with the temperatures and the availability of
hydrogen in the reaction. This reasons to a temperature range from 275 to 350 °C for the

first model.
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5.3 Monomeric product profiles

An expectation of the gained product spectra can be given by the model based on the
coniferyl alcohol fraction. For Indulin AT the following concentration profiles at 300 °C were
calculated through the built model (Figure 73).
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Figure 73: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components for Indulin AT.

At 350 °C, the model showed more deviation to the measured concentration profiles
(appendix Figure 90). The first model fits not as well as at lower temperatures, which could
be reasoned in the change in the cleavage reactions with different temperatures, see chapter
4.6.

Repeated modeled concentration profiles, with two Arrhenius plots for two temperature
ranges (Figure 74), were compared a second time to the gained experimental results.



Page |89

B G-C275-300°C
B G-C313-350°C

1/T
0 T T T T T T ! 1
0,00160 0,00165 0,00170 0,00175 0,00180 0,00185
-2 4
L
T |
2| < T

< s
-4 ’
-6 -

Figure 74:  Arrhenius plot for one reaction and two temperatures ranges; Guaiacol to catechol (G-C).
The natural logarithm of the calculated reaction rate constant over the inverse of the
corresponding temperatures in Kelvin which delivers the activation energy out of the
slope for 275-300 °C and 313-350 °C (straight lines) and the activation energy for the

whole temperature range.

This leads to different activation energies, coefficients and reaction rates for the temperature
ranges of 275 — 300 °C and 313 — 350 °C (see Table 11).

Table 11:  Activation energies in J/mol for the main reactions (coniferyl alcohol to guaiacol “lg”,
guaiacol to catechol “gc” and catechol to 4-methylcatechol “cmc”) calculated out of the

Arrhenius plots.

E Activation energy J/mol Activation energy J/mol
A 275 - 300 °C 313 -350°C
lg 5.65 E**4 3.03 E*®
gc 2.15 E*%5 9.57 E*04
cmc 1.41 E*® -7.31 E*®

The newly generated concentration profiles are shown in Figure 75 (and Figure 87 - Figure
90 in the appendix). With the new generated activation energies and constants, a new
concentration profile is gained and can be compared to the other one.
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Figure 75: Experimental concentration profiles of guaiacol, catechol and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components and these compared to the
modeled concentration profiles of the three components with a second activation energy
for Indulin AT (dashed lines “_2").

Compared to the experimental gained concentration profiles the quality of the built model
was evaluated by the coefficient of determination R? (Table 12).

The comparison of the model and the measured concentration profiles is over the whole
range of residence times (0-24h). The noncontinuous experimental status makes it just
possible to compare the profiles between 10 measured points. Here it must be considered
that these also have an error and are not ideal. This delivers a rather vague R?, however, it
indicates the accuracy of the model.

Table 12:  Coefficients of determination R2? of the calculated concentration profiles to the
experimentally measured concentrations for the modeled temperature range at 300 °C
for one activation energy “ 1" and two temperature ranges “ 2”.

T°C guaiacol | catechol 4-methylcatechol
300_1 0.88 0.88 0.98
300_2 0.91 0.93 0.84
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Contemplating the simplification of the kinetic, like no interaction between the different
reactions, a determination coefficient over 0.7 is considered to describe the occurring
kinetics of the model.

The built model is based on a lignin which only contains coniferyl alcohol as a monomeric
unit. With the change of the origin lignin structure, not only by different bonds but also in the
distribution of the monomeric building blocks, the reaction pathways can change and be
influenced by each other. Catechol, for example, is not only built via coniferyl alcohol,
furthermore, it is also a product of sinapyl and p-cumaryl alcohol R7122811291  Sq  the
calculated results of the model must be corrected with a factor, which implies the products
of the other monomeric building blocks of other biomass sources. To get this factor properly,
further studies with these monomeric building blocks should be performed in the future,
however, even by doing this the changes in the whole behavior by using real biomass cannot
be included and must be fitted in a certain way. Because the used lignins show a large range
in the basic contribution (Table 13) it is possible to build a factor of the used biomass sources
for a first approximation:

Table 13:  Monomeric units of Indulin AT, beech bark, Organosolv of beech wood of the FhG CBP,
Organosolv of Miscanthus of the FhG ICT and Organosolv of poplar wood of the FhG
ICT.[El
Monomer Indulin Beech Organosolv Organosolv Organosolv
basics AT bark beech Miscanthus poplar
sinapyl
Py 0% 44.5 % 51.4 % 48.6 % 63.5%
alcohol
p-cumaryl
25% 33.2% 24.3 % 152 % 7.2 %
alcohol
coniferyl
97.5% 22.3% 24.3 % 36.3 % 29.3 %
alcohol

Under the assumption that the behavior of the other two monomeric units is in a certain way
similar to the behavior of the degradation of coniferyl alcohol units, like, e.g. the building of
catechol out of sinapyl and p-cumaryl alcohol units 7 the model for the first determined
activation energies etc. was enhanced by including sinapyl and p-cumaryl alcohol as
reactants, by calculating a factor. A factor for the product enhancement resulting in the other
basic components (x & y) was built over the other four investigated lignins:

Cmeasured = Cmodeled Indulin Wconiferyl + Cmodelled sinapyl 'Wsinapyl
(5.20)

+ Cmodeled cumaryl * Wcumaryl

Cmodeled sinapyl = Cmodeled Indulin * X (5-21)
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Cmodeled p—coumaryl = Cmodeled Indulin * Y (5-22)

Cmeasured

= Weoniferyl alcohol T X * Wsinapyl alcohol T Y * Wp—cumaryl aicohol  (5.23)
Cmodeled Indulin

Cmeasured measured product concentration in concentration profiles

Cmodeled Indulin modeled product concentration of the Indulin AT model = coniferyl alcohol amount
Cmodeled sinapyl modeled product concentration of the Indulin AT model = coniferyl alcohol amount
Cmodeled p-cumaryl modeled product concentration of the Indulin AT model = coniferyl alcohol amount
Woeoniferyl alcohol coniferyl alcohol amount % in used lignin gained over NMR

Wisinapy! alcohol sinapyl alcohol amount % in used lignin gained over NMR

Wp-cumaryl alcohol p-cumaryl alcohol amount % in used lignin gained over NMR

X factor for the amount produced over sinapyl alcohol

y factor for the amount produced over p-cumaryl alcohol

The factors deliver the amount of the product gained out of a different monomeric compound
than coniferyl alcohol. The gained factors are:

Table 14:  Gained factors for the amount produced over sinapyl alcohol “x” and p-cumaryl alcohol

y.

0.47
1.01

Using this factors, the modeled concentration profiles could be built and compared with
experimental results. The modeled concentration profiles of Miscanthus giganteus are
shown in Figure 76. Especially the short residence times are represented well via the model.
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Figure 76: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components for Miscanthus organosolv lignin.

With longer reaction times the differences between the model and the experimental data are
increasing. The same behavior can be observed for poplar organosolv lignin and beech
wood organosolv lignin (see Figure 77 and Figure 78).
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Figure 77: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components for poplar organosolv lignin.

Even with a mild isolation method to gain the lignin, the thermal degradation is influenced by
it and can change the behavior of the reactions, which can hardly be included in the model.
The different investigated lignins show similarity in its bonds, however, it is assumed that
Indulin AT has a shorter chain length due to the Kraft process (see chapter 4.1). This leads
to the assumption that the model can be transferred to every biomass because the bond
distribution is more crucial than the chain length.
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Figure 78: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components for beech wood organosolv lignin.

The different building blocks of lignin deliver different products, and these have also an
influence on the reactions happening between the products, repolymerization and
gasification reactions happening in the liquefaction process. Which also can be observed
when bark is used as a starting material.
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Figure 79: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration profiles (lines) of the three components for bark lignin.

Bark contains a lot of different substances next to lignin, like tannins or extracts. This
enlarges possible side reactions and interactions of the products and already enlarges the
errors in the experimental measurements and results. It is also possible that the used bark
amounts are not that homogenous, because bark itself is not homogenous, depending on
the tree, an illness or an injury of the tree. So, it is not possible to get a common biomass
contribution. This complicates the model, because of the variation in the starting numbers
and the influence of different not considered reactions happening. However, it still represents
the product concentration profiles over time (Figure 79), especially for catechol.

Experiments with different building blocks (ideally would be a biomass source built of only
sinapyl alcohol and only p-cumaryl alcohol or model compounds) need to be done to improve
these factors (x & y) and the reaction network. However, because of the variety in the
structure of the investigated lignins (see Figure 7 and their isolation methods) it is estimated
that the received factors are sufficient for more than these biomass sources. Moreover, the
built model reflects the concentration profiles of different biomasses in a certain way, to get
an idea of the necessary downstream processes in the hydrothermal liquefaction process to
gain special chemicals in a certain quality.

The accordance of the concentration profiles over the whole investigated residence times
improves with a briefer temperature range to calculate the activation energies, especially for
the first reactions in the reaction network. For the temperatures, in-between only six different
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residence times were applied, to have an idea of temperatures in between, but with enough
data points, to have enough information. The modeling of the consecutive reactions is more
influenced by the fact of the basic kinetic assumptions (e.g., first-order reaction, no
interaction between the products). Also, with longer residence times it is more complicated,
because of the, not considered, repolymerization and followed recleavage reactions, but for
an industrial process, a process with residence times under 3 hours should be favored and
so the model fits for the relevant reaction times.

Looking at the Arrhenius plots a partly non-Arrhenius behavior #6120 see Figure 80, could
be assumed.
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Figure 80: Arrhenius plot for the reaction; Guaiacol to catechol. The natural logarithm of the
calculated reaction rate constant over the inverse of the corresponding temperatures
(275-350 °C) in Kelvin. A non-Arrhenius behavior could be assumed because of the
changes in the reaction mechanisms.

This could indicate a larger influence of temperature ranges on the reaction rates, most
presumably because of the change in the ion product, the density and dielectric constant of
water changing with the temperature [£231113011116]

Therefore, different activation energies for different temperature ranges can be calculated,
and different concentration profiles modeled. Nevertheless, the overall calculation of the
model based on one temperature range of 275-350 °C gives reasonable results and
approximate composition of the product mixture.

By using biomass, the smallest change in reaction parameters, lead to a change of the model
because of the change in the reaction network. This is why it is not possible to compare
different kinetic parameters with each other 8. Furthermore, a lot of calculated parameters
or kinetic parameters received from model compounds like guaiacol, do not reflect the real
lignin depolymerization and show different results than real biomass experiments 31,
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Complex reactions are occurring especially under higher temperatures which makes it more
complex to set up a model representing different reaction pathways including different
starting structures B4, However, the calculated parameters are in the range of some other
models and reflect the experimental results 132112331,

This work aimed to realize a model with calculated kinetic factors, with the lowest amounts
of fittings and fitting parameters, to get a real reflection of the product concentrations. To get
an idea of the product mixture when different biomass sources are used in a hydrothermal
cleavage process, different lignins were investigated. It is a challenging task to get such a
model ®9 because of the number of parallel reactions and interactions taking place.
Nevertheless, even considering the fact of the simplifications assumed for the calculated
model, it reflects the concentration profiles sufficient. Moreover, it can be assumed that lignin
degradation is always following the same reaction pathways and can be roughly modeled
and foreseen (Figure 81).
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Lignin fragments liquid products

— solid products

Figure 81: Lignin depolymerization/condensation scheme, pathways towards stable products 134,

This fact is presumably the reason why the models fit the measured concentration profiles
so well. And, also, why the change in the Arrhenius plots is not always tremendous. Taking
everything into consideration (different biomasses, complex product mixtures, huge reaction
network, different lignin isolation processes and so on) the built model calculates useful
results to predict the main monomeric component distribution.

Further concentration profiles for different temperatures and their determination coefficients
can be found in the appendix.
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6 Conclusion & Outlook

A Kraft Lignin, Indulin AT, was chosen as a reference and investigated in this work integrated
into the Bioeconomy network. The entire process of hydrothermal liqguefaction to obtain
bifunctional components was studied in this thesis:

e Various biomasses (structure, analytics)

e Behavior/different parameters (KOH-influence, different lignins, temperature/ -
residence time influence)

e Reaction network (incl. influence of internal back-mixing; loop reactor, plug flow,
conti. tank, batch and external influences such as H; carriers, back-mixing, reaction
pathways)

e Prediction of product composition - model (downstream better adjustable) (incl. - an
extension of previous work reaction network, monomer product mix for different
biomasses)

Depending on the origin of lignin, the bond types and monomeric basic units of the starting
molecules differ. Under the same hydrothermal conditions, bark and Indulin AT and the other
investigated lignins provide comparable catechol yields. Other products, such as a higher
proportion of syringol with bark as a starting material, suggest that other monomeric units
are present in the basic structure of bark lignin. However, because of their different
monomeric units, the product spectra differ to the Indulin AT spectra.

For all investigated lignins a model based on coniferyl alcohol to predict the monomeric
product spectra was built in this work. This was realized by experimental studies, like
concentration profiles, the test of different reactor types, influences like back mixing or the
addition of hydrogen carriers. However, the purification of the products is not developed by
now. As side products of the hydrothermal splitting of lignin for the production of catechols,
more than 50 other products emerge in addition to the desired product catechol.

The next step would be a purification of the product mixture, e. g. for the concentration of
catechols. Several mechanisms would be conceivable, which have to be examined for their
feasibility, later purity of the product and their consideration regarding the economy of the
project:

e Polymer inclusion membranes 4
¢ Membrane modules, size selection

e conversion to a stable intermediate molecule (cf. hydrogen with carbon dioxide to
formic acid)

e Solid phase extraction, resins [131136]

e Extraction
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Polymer inclusion membranes, which can be embedded in the cycle process of the existing
project in order to remove the recyclable material catechol from the reaction in a targeted
manner for further recycling.

Using different membrane modules, purification can take place according to the molecular
size and thus fractionation of the resulting product range can be achieved. In this way, more
targeted applications such as the impregnation of wood, which is based on the molecular
size, could also be better considered. Another possibility would be the further reaction to a
stable intermediate product, which can be selectively removed from the mixture.

At the moment, there is a lot of potential for the use of biomass in many ways, Biomass has
a high potential as a source for platform chemicals via hydrothermal liquefaction. Regarding
in the context of a future bio-economy this will be even more important, as both are waste
streams of the high-volume pulping industry and which are used mostly not chemically yet.
This work has a focus on the development of a whole new value chain and a complete
process, nevertheless, the basic reactions need to be understood well before a process
design is possible. Hydrothermal liquefaction appears as a reasonable conversion
technology because functional groups remain in the product molecules. The oligomeric
compounds, which have not been investigated in detail until now, are promising products for
chemical use. With different reaction times, temperatures and catalysts the reaction towards
bifunctional molecules can be influenced. This could lead to a higher value generated for the
wood and paper sector. Building a biorefinery on these foundations would be possible. The
previous work has already yielded great insights, as an advantage of this work, the
liquefaction process itself was better understood by examining different reactor systems.
Internal analytical standards were achieved, and the analysis of oligomer components was
improved. In particular, basic reactions to bifunctional compounds were clarified and
modeled. Through the model, a monomer product compaosition can be predicted for different
biomasses, and the necessary down streaming can be adapted.

Possible biorefineries and product lines made from sustainable raw materials are to be
developed and implemented within the Bioeconomy Baden-Wirttemberg research network.
Now, the main focus is on the use of renewable biomass as an alternative to fossil fuels. In
this context, value creation chains are being developed which are to lead from the cultivation
of biomass to the products.
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8.1 Gas chromatography - analysis of the gaseous phase

Table 15:  Calibrated gases; using standard gas mixtures to determine the quantity of these.
hydrogen methane
carbon dioxide propene
ethane propane
oxygen carbon monoxide
nitrogen i-butane
n-butane

GC-Method for the measurements:

The oven equilibration time is 1 min, with a maximum temperature of 250 °C, the slow fan is
disabled. The runtime of each analysis is 46 minutes. The oven program heats it to 50 °C for
10 min, then 4 K/min to 90 °C for 0 min and then 25 K/min to 150 °C for 12 min and 50 K/min
to 230 °C for 10 min.

The front inlet heater is set at a temperature of 250 °C with 2.7 bar as pressure. The septum
flow is 18 ml/min, with a septum purge flow of 3 ml/min. The split ratio is 28 : 1 with a flow of
0 ml/min. The heater of the FID is set at a temperature of 300 °C with a hydrogen flow of
35 ml/min, an air flow of 400 ml/min and a makeup gas (helium) flow of 1 ml/min. The TCD
heater is set at a temperature of 250 °C with a reference flow of 25 ml/min and a makeup
gas (helium) flow of 1 ml/min.

8.2 Gas chromatography - analysis of the liquid phase

Table 16:  Calibrated components; using pure components in gas chromatography qualities.
cyclopentanone guaiacol
furfural 4-ethylphenol
2-methyl-yclopentanon | 4-methyl-guaiacol
phenol catechol
o-cresol 4-methyl-catechol
p-cresol 4-ethylguaiacol
4-ethylcatechol syringol
vanillin

GC-Method for the measurements:
The front inlet has an initial temperature of 275 °C and a pressure of 2.4 bar. The split ratio
is 30.8 : 1, with a split flow of 61.6 ml/min. The total helium flow is 65.7 ml/min. The capillary
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column is a Restek 13323 Rtx-1 MS, for max. 350 °C with a nominal length of 30 m, the
nominal diameter of 250 um and a nominal film thickness of 25 um. The initial flow is
2 ml/min with a nominal initial pressure of 2.4 bar and an average velocity of 46 cm/sec. The
FID has a temperature of 310 °C, with a hydrogen flow of 41 ml/min and an air flow of
450 ml/min. The constant makeup gas flow (nitrogen) is 5 ml/min.

8.3 Sample preparation of the liquid samples for the GC
measurements

The extraction is performed with ethyl acetate as an extraction agent. By acidifying the
solution to a pH value of 3 to 4, the phenol form is present which can be extracted from the
water phase to the organic solvent used for extraction.

The acidification is performed with sulfuric acid (~5 vol.%) because a better phase separation
can be achieved with sulfuric acid.

The phases are separated, and the organic extract is used for the GC analytic. The extraction
is carried out with 0.52 ml of ethyl acetate, which contains an internal standard
(pentadecane). The aqueous phase is mixed with the ethyl acetate and left to settle for about
an hour. Then the mixture gets centrifuged to separate the phases, and the organic phase
is used for further analytics.

8.4 Equations used for the calculation of the sample concentrations
[10]

For the evaluation of the amounts of the respective components before the extraction,
following distribution coefficients (Table 17) and equations (1 — 4) are used.

Table 17:  Distribution coefficients of the calibrated components for the extraction, as a preparation
for the measurement of the liquid product mixture.

cyclopentanone 0.52 guaiacol 0.92
furfural 0.48 4-ethylphenol 0.80
2-methyl-yclopentanon 0.76 4-methyl-guaiacol 0.78
phenol 0.95 catechol 0.82
o-cresol 1.00 4-methyl-catechol 0.70
p-cresol 0.97 4-ethylguaiacol 0.78
4-ethylcatechol 0.87 syringol 0.75
vanillin 0.74
_ (Craw * fispT * fdilution * fvolume) (8.1)

Csample - DC
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Csample concentration of the compound in the sample
Craw concentration of the extract
fisor factor of the distribution of the internal standard
failution factor of the sample dilution
fvolume factor of the extraction volume
DC distribution coefficient (gained in previous work)
fistp = __stb (8.2)

CISTD in sample

CISTD concentration of the internal standard in the measurement

CisTpinsample CONcentration of the internal standard in the sample

_ VUsample
fdilution = (8.3)
Vethyl acetate

Vsample volume of the sample

Vethylacetate ~ VOlumMe of the ethyl acetate

vsample for extraction

fvolume = (8.4)

vethyl acetate for extraction

Vsample for extraction volume of the sample used in the extraction step

Vethyl acetate for extraction volume of the ethyl acetate used in the extraction step

8.5 SEC polydispersity Mw/Mn

Table 18 gives the results of the whole peak of the synthesized oligomer. The smaller the
polydispersity Mw/M is, the consistent the molecules are. The polydispersity of the measured
samples (400 °C @ one h: 3.3; 300 °C @ one h: 8.1 and 30 min: 7.0) are higher, so there is
a higher variety of the molecules.

Table 18:  The weight average molecular weight Mw, the number average molecular weight Mn, the
polydispersity Mw/Mn, the whole retention volume and the area of the RI signal of the
measured synthesized oligomer.
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Peak 1
My (Da) 772
Mn (Da) 407

Muw/Mn 1.9

Ret Vol (ml) 14.3
RI Area (mV/ml) | 306.5

8.6 Biomass structure data

Table 19:  Elemental analysis of the used bark and Indulin AT with ash contents at 550 °C and
1000 °C.

Cwt.% |Hwt.% | Nwt.%|S wt.% ash-550 % ash-1000 %

Bark 47.8 5.7 0.8 0.1 6.9 4.8

Indulin AT 61.6 5.6 14 1.7 3.8 2.4
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Table 20:  Monomer units of Indulin AT, beech bark, Organosolv of beech wood of the FhG CBP,
Organosolv of Miscanthus of the FhG ICT and Organosolv of poplar wood of the FhG
ICT.[El
Monomer Indulin Beech Organosolv Organosolv Organosolv
basics AT bark beech Miscanthus poplar
Sinapyl
by 0% 44.5 % 51.4 % 48.6 % 63.5 %
alcohol
-cumaryl
P V' 259% | 332% 24.3 % 15.2 % 7.2 %
alcohol
Coniferyl
975% | 22.3% 24.3 % 36.3 % 29.3 %
alcohol

8.7 Additional model
parameters)

data (R? concentration profiles and kinetic

Table 21:  Coefficients of determination R2 of the calculated concentration profiles to the
experimentally measured concentrations for the modeled temperature range (275-
350 °C).
T°C guaiacol | catechol 4-methylcatechol
275 0.95 0.78 0.90
287 0.92 0.87 0.74
300 0.88 0.88 0.98
313 0.90 0.96 0.88
325 0.91 0.95 0.80
350 0.34 0.75 -0.40
Table 22:  Coefficients of determination R2 of the calculated concentration profiles to the

experimentally measured concentrations for the second modeled temperature range
(275-350 °C).

T°C guaiacol | Catechol |4-methylcatechol
275 0.86 0.93 0.78
287 0.68 0.95 0.93
300 0.91 0.93 0.84
313 0.91 0.90 0.90
325 0.88 0.87 0.86
350 0.37 0.15 -1.79
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Table 23:  Coefficients of determination R2 of the calculated concentration profiles to the
experimentally measured concentrations for the modeled temperature range (275-
350 °C).

T°C phenol |o-cresol | p-cresol | 4-methylguaiacol | 4-ethylguaiacol |4-ethylcatechol

275 0.80 1.00 1.00 0.82 0.53 0.89

287 0.76 1.00 1.00 0.69 0.38 0.88

300 0.54 0.03 0.78 0.72 -0.09 0.92

313 0.84 1.00 1.00 0.89 0.93 0.70

325 0.82 1.00 0.98 0.96 0.98 0.73

350 0.89 0.66 0.68 0.62 -0.68 0.76

Table 24:  Coefficients of determination R2 of the calculated concentration profiles to the
experimentally measured concentrations for the second modeled temperature range
(275-350 °C).

T°C phenol o-cresol p-cresol |4-methylguaiacol|4-ethylguaiacol | 4-ethylcatechol

275 -0,72 0,47 0,82 0,70 0,37 0,85

287 0,17 -0,68 0,57 0,42 -0,23 0,86

300 0,44 0,87 0,71 0,79 0,43 0,82

313 -0,24 0,25 0,83 0,52 0,31 0,83

325 -0,39 -0,19 -4,37 0,54 0,13 0,68

350 0,56 0,74 0,77 0,57 -1,44 0,65
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Figure 82: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 300 °C (dots) compared to the modeled
concentration with the second activation energy profiles of the three components for
Indulin AT.
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Figure 83: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 350 °C (dots) compared to the modeled
concentration profiles of the three components for Miscanthus organosolv lignin.
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Figure 84: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 350 °C (dots) compared to the modeled
concentration profiles of the three components for beech wood organosolv lignin.
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Figure 85: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over

different residence times (0.25 — 8 h) at 350 °C (dots) compared to the modeled
concentration profiles of the three components for beech bark lignin.
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Figure 86: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 350 °C (dots) compared to the modeled
concentration profiles of the three components for poplar organosolv lignin.
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Figure 87: Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 287 °C (dots) compared to the modeled
concentration profiles of the three components and these compared to the modeled

concentration profiles of the three components with a second activation energy for Indulin
AT.
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Experimental concentration profiles of guaiacol, catechol, and 4 _methylcatechol over
different residence times (0.25 — 8 h) at 313 °C (dots) compared to the modeled
concentration profiles of the three components and these compared to the modeled
concentration profiles of the three components with a second activation energy for Indulin
AT.
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Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over

different residence times (0.25 — 8 h) at 325 °C (dots) compared to the modeled
concentration profiles of the three components and these compared to the modeled
concentration profiles of the three components with a second activation energy for Indulin
AT.
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Experimental concentration profiles of guaiacol, catechol, and 4-methylcatechol over
different residence times (0.25 — 8 h) at 350 °C (dots) compared to the modeled
concentration profiles of the three components and these compared to the modeled
concentration profiles of the three components with a second activation energy for Indulin

AT.
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Table 25:  Activation energies in J/mol for the reactions calculated out of the Arrhenius plots of one
temperature range (287-350 °C, with kic . -1.10 E9)

Activation energy pre-exponential factor
J/mol 1/min
Kip 3.43 E' 1.28 E*™
Kig 3.06 E** 1.29 E*
Keme 1.19 E* 2.50 E*08
Kcec 6.80 E**4 2.99 E*03
Kgc 1.48 E* 3.91 1!
Kec 8.17 E** 2.88 E*0°
Keg 5.09 E**4 1.70 E*®
Kgeg 5.51 E**4 3.92 EY02
Kmc 8.00 E**4 6.00 E*4
Kgmg 5.37 E*® 3.59 E*02
Kimg 4.09 ™4 2.28 E*02
Kok 5.77 E*® 4.00 E
Kpok 751 E" 4.45 g3
Kppk 9.88 E**™ 5.94 E*0°
Kok 1.28 E*® 2.77 E*08
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Table 26:  Activation energies in J/mol for the reactions calculated out of the Arrhenius plots of two
temperature ranges.

275 - |Activation energy |pre-exponential 313 - Activation pre-exponential
300 °C J/mol factor 1/min 350 °C | energy J/mol factor 1/min
Kip -1.65 E*% 1.16 EY7 Kip -6.07 E*% 2.83EY
kig 5.65 E*04 3.30 E*03 Kig 3.03 E*%3 5.38 E©2
Keme 1.41 E*%5 3.26 E*0 Keme -7.31 E*08 1.89 E®
Kcec 4.38 E** 1.70 E** Keec 9.87 E*04 1.33 E*%
Kge 2.15 E*® 7.39 E*7 Kge 9.57 E** 1.18 E*%7
Kec 3.21 E* 8.00 E*0 Kec 1.78 E*05 5.77 E*3
Keg -1.74 E*® 1.45E18 Keg 6.44 E*04 3.11
Kgeg -1.92 E*05 3.04 E% Kgeg 7.86 E*%4 5.37 E*
Kme 1.53 E* 3.32 E*1 Kme -2.58 E*04 4,44 E
Kgmg 5.69 E**4 6.83 E*02 Kgmg 2.11 E*® 1.00 E*0°
Kmg 5.23 E*04 251 E*3 Kmg 7.52 E*03 3,05 E™
Kok 3.76 E*05 2.90 E*®2 Kok 9.70 E*%4 6.87 E*®
Kpok 2.05 E* 6.35 E*1° Kpok 7.78 E*04 6.61 E*3
Kppk 1.17 E*05 2.78 E*O7 Kppk 1.12 E*05 8.62 E*6
Kpk 5.90 E*%4 9.10 E*1 Kpk 1.44 E*05 6.46 E*0°

8.8 Process evaluation [137]

To estimate the catechol sales price for economic extraction from the hydrothermal lignin
degradation process, a laboratory process has been scaled up to industry size in a scale-up
course. The specification to produce 50 tons of catechol per day delivered the remaining
process streams. Using the mass and energy balances investment and manufacturing costs
could be determined. The period of observation is 13 years, three of them are pure
investment years. They are followed by a ten-year operating period at the end of it, all
process plants have been written off. To get the retail price for catechol was calculated in
the way, that its sale covers all running costs. These costs include fixed and variable
production costs and investment costs.

The calculations were performed for two different lignins; Indulin AT and an Organosolv
lignin. The starting conditions of the lab experiments are given in Table 27. The scaled-up
process shall be a plug flow reactor.
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Table 27: Initial values for the calculations. Price refers to the lignin. The catechol yield is quantity
related. Organosolv is a specially manufactured product while Indulin AT is in the waste

stream.
Lignin Price Pressure | Temperature | Residence time Yield
€/kg bar °C h Plug flow %
Indulin AT 50 150 300 3 27
Indulin AT 50 190 350 0.5 29
Organosolv| 350 150 300 3 29
Organosolv| 350 190 350 0.5 24

The specifications came from a 25 ml batch process in which 1.66 g of dry lignin with 12.5 mL
of a 1 wt.% KOH solution were set to a suspension. This resulted in a partial solution. The
procurement of the associated material values was taken from different literature. It was
already designed for the standard conditions as extremely difficult to determine heat
capacities, densities, and viscosities. Heat capacities for the suspension were determined
according to their mass fraction.

KOH —_———

lignin @ 0— ] \( @ @ U @ < E_

water

separation

water residue
process water

bio oil

Figure 92: Flowsheet of the planned and calculated process set up with a plug flow reactor.

residue

In the beginning, all reactants are mixed in a stirred tank and then promoted by a feed pump
as a suspension. The pump also generates a high required pressure difference. Then the
feed is brought to a supercritical state with a heater. In this state, the suspension gets into
the flow tube. Through a heat exchanger, the product stream is cooled to room temperature
after the reactor and an expansion valve pressure relaxes the mixture to atmospheric
pressure. The product stream consists of an aqueous phase, which contains catechol as
well as solids, ashes and a gas phase. The gas phase consists mostly of CO, and a meager
amount of hydrocarbons. Restoring standard conditions is required because these
components have too little density difference under HTL conditions to separate them. The
solids are filtered from the product stream in a filter. The product phase is finally separated
in a water and bio-oil phase, and the catechol gets purified in a “black-box”, no information
of the downstream process is available right now. For the catechol separation a black-box
was assumed and with a factor of twice of the invest costs included. The remaining water is
returned to the process, with a small stream of water leaving the process as wastewater to
prevent rising impurities. The calculations delivered catechol prices in €/kg, which are shown
in Table 28.
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Table 28:  Interest-free manufacturing and investment costs due to the produced catechol quantity
of ten years vs. the current selling price.

Residence Indulin AT Organosolv | Actual price
time h €/kg €/kg €/kg
0.5 2 829 21521
Plug flow 170 38
3 3094 20 740

The calculated process leads to a catechol price of 2 829 €/kg which is 17 times of the Sigma
Aldrich price, which is already a much higher price, than bulk ware. Without using all gained
products, the process is not feasible by now.



