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Abstract

The recovery of platform chemicals from biomass gains a growing govern-
mental, economic and public interest. This work deals with the hydrothermal
liquefaction of lignin. The focus laid on the discovery of the main reaction
pathways within the depolymerisation of the lignin-macromolecules, the dis-
covery of bottleneck reactions and the investigation of reaction mechanisms.
In this context also the influence of the solvent as well as the influence of
catalysis were studied. This was achieved by intensive literature study and
experimental work in both batch and continuous reactor. Simulation of the
thermodynamic equilibrium as well as modelling of the formal kinetics of the
discovered reactions facilitated the evaluation of experimental results. The
aim of this work was to provide tools for the optimization of process parame-
ters and to indicate the direction for further studies regarding the conversion
of lignin into phenolics. Thus, the economic feasibility of different process
scenarios was studied in order to evaluate the attractiveness of a technical
process.

Solvent studies involved the comparison of hydrothermal lignin depoly-
merisation and lignin solvolysis in ethanol. Lignin depolymerisation was
found to be faster in water than in ethanol at moderate temperatures (633 K).
Furthermore, the comparison of both solvents, water and ethanol, showed
that water leads to a narrower spectrum of phenolic products and a tenfold
increase of the catechol yield. This is advantageous in respect to the separa-
tion of the phenolic product from solvent and by-products. The simulation of
the thermodynamic equilibrium with Aspen Plus V7.2 showed that the ma-
jor part of any organic input material including 100 % of the solvent ethanol
at 633 K would be converted into gaseous components while water showed to
be resistant against thermal decomposition. Heterogeneous catalysts showed
very positive effects on the hydrodeoxygenation of primary or secondary phe-
nolic products from hydrothermal lignin depolymerisation. The application
of Raney-Ni e.g. selectively catalyses the conversion of catechol into phe-
nol. Among the phenolic products recovered from the lignin degradation
phenol is currently most utilized in the chemical industry. Kinetic modelling
aided in the validation of the a priori model of reaction pathways and the
discovery of bottleneck reactions within the lignin depolymerisation. It was
proven that certain reactions can be predicted by the origin of the lignin,
or the utilized solvent. Especially the influence of the chosen reactor was
elucidated. Employing a Continuous Stirred Tank Reactor (CSTR) facili-
tates capping reactions, which leads to reduced yields of solid residue and
gaseous products. At the same time it favours the formation of phenolic
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products. Elucidating reaction mechanisms contribute to the explanation
of these phenomena. The production of phenol from lignin by solvolysis in
ethanol or hydrothermal degradation is economically not feasible if the cur-
rent state of the art is considered. Studies of different scenarios showed that
yields of phenol and other phenolics from lignin should be increased from at
most 10 % to at least 20 % while the lignin/solvent ratio must increase and
the mean residence time must be reduced in order to reduce especially the
capital related costs.

Zusammenfassung

Die Gewinnung von Plattformchemikalien aus Biomasse bekommt wach-
sende Aufmerksamkeit seitens Regierungen, Wirtschaft und Öffentlichkeit.
Diese Arbeit beschäftigt sich mit der hydrothermalen Verflüssigung von
Lignin. Der Fokus liegt auf der Entdeckung der Hauptreaktionspfade, welche
die Depolymerisation der Ligninmoleküle umfasst, vor allem der kritischen
Reaktionen sowie der Erforschung der Reaktionsmechanismen. In diesem
Zusammenhang werden auch der Einfluss des Lösungsmittels und der Kata-
lyse diskutiert. Dies sollte erreicht werden durch intensive Literaturstudien
und Laborexperimente im Batchreaktor und im kontinuierlichen Rührkessel.
Die Simulation des thermodynamischen Gleichgewichts sowie das Model-
lieren der Formalkinetik der postulierten Reaktionspfade zeigten sich als
probate Mittel für die Evaluierung der Versuchsergebnisse. Das Ziel der
Arbeit war es, Werkzeuge für die Optimierung der Prozessparameter verfüg-
bar zu machen und die Richtung für weiterführende Studien der Ligninver-
flüssigung aufzuzeigen. Dazu gehörte auch eine Machbarkeitsstudie, welche
das wirtschaftliche Potential eines technischen Prozesses zur Gewinnung von
Phenolen aus Lignin evaluiert.

Zur Untersuchung des Lösungsmitteleinflusses wurde ein Vergleich zwi-
schen hydrothermaler und solvolytischer Spaltung in Ethanol herangezogen.
Die Lignin-Depolymerisation war bei moderaten Temperaturen (633 K) in
Wasser schneller als in Ethanol. Ferner zeigte der Vergleich zwischen Wasser
und Ethanol, ein engeres Produktspektrum bei hydrothermaler Spaltung
von Lignin. Gleichzeitig stiegen die Catechol-Ausbeuten um das Zehnfache.
Dies bietet vor allem Vorteile in Bezug auf eine Produkttrennung von Lö-
sungsmittel und Nebenprodukten. Eine Simulation mit Aspen Plus V7.2
zeigte, dass der größte Teil der organischen Komponenten inklusive 100 %
des Lösungsmittels Ethanol im thermodynamischen Gleichgewicht bei 633 K
in Gas umgewandelt würden. Wasser hingegen ist sehr resistent gegen
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thermische Zersetzung. Heterogene Katalysatoren zeigten positive Effekte
bezüglich der Hydrodeoxygenierung von primären oder sekundären pheno-
lischen Produkten der hydrothermalen Lignin-Depolymerisation. Der Ein-
satz von Raney-Ni katalysierte beispielsweise selektiv die Umwandlung von
Catechol in Phenol. Unter den phenolischen Produkten, die bei der Lignin-
zersetzung entstehen, ist Phenol derzeit die gängigste Plattformchemikalie in
der chemischen Industrie. Kinetische Studien halfen, die a priori postulierten
Modellreaktionen zu validieren und die kritischen "Flaschenhals"-Reaktionen
ausfindig zu machen. Es konnte gezeigt werden, dass verschiedene Reak-
tionen vorhergesagt werden können, wenn beispielsweise die Herkunft des
Lignins oder das eingesetzte Lösungsmittel berücksichtigt werden. Beson-
deren Einfluss hat auch der Einsatz verschiedener Reaktortypen. Ein kon-
tinuierlicher Rührkessel erleichtert die Sättigung von Radikalen, was zu einer
reduzierten Ausbeute von festen Rückständen sowie gasförmigen Produk-
ten führt. Gleichzeitig wird die Entstehung von phenolischen Produkten
gefördert. Wesentliche Erkenntnisse über die Reaktionsmechanismen trugen
zur Erklärung dieser Phänomene bei. Die Phenolgewinnung aus Lignin durch
hydrothermale oder solvolytische Spaltung in Ethanol ist unter Berücksich-
tigung des aktuellen Stands der Technik wirtschaftlich nicht machbar. Die
Studie verschiedener Szenarien zeigte, dass die Ausbeuten von phenolischen
Produkten von etwa 10 % auf mehr als 20 % steigen sollten, wobei gleichzeitig
das Lignin/Lösungsmittel-Verhältnis deutlich steigen und die Verweilzeit im
Reaktor deutlich gesenkt werden muss um vor allem die Kapitalkosten für
die Anlage zu senken.
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Glossar
aliphatic

hydrocarbon molecule in which
the carbon atoms are linked in
open chains.

aromatic
hydrocarbon molecule comprised
of at least one benzene-ring.

bioenergy
energy obtained through the con-
version of biomass into gaseous,
liquid or solid fuels or by e.g.
combustion of biomass.

biofuel
fuel derived from organic matter,
obtained directly from plants, or
indirectly from agricultural, com-
mercial, domestic, and/or indus-
trial wastes, instead of from fossil
products.

catechols
catechol derivations, include
methyl and ethyl para-
substitutions for catechol.

H/C-ratio
molar quantity of hydrogen di-
vided by the molar quantity of
carbon comprised by an organic
substance.

hydrothermal
description of the treatment of
a substance at increased temper-
atures sufficient to break down
the chemical structure of the sub-
stance in the presence of an aque-
ous solvent.

liquefaction
conversion of solid biomass into

substances which are liquid at
room temperature or soluble in
the solvent employed for the
treatment.

methoxyphenols
guaiacol derivations, include
methyl and ethyl para-
substitutions for guaiacol and
syringol and propyl para-
substitutions for syringol.

O/C-ratio
molar quantity of oxygen divided
by the molar quantity of car-
bon comprised by an organic sub-
stance.

phenolic
phenol-derived substance com-
prised of a single benzene-ring.

phenols
phenol derivations, include all
methyl and ethyl substitutions for
phenol.

pyrolysis
most authors use the term if the
mixture of reactants consists of
maximum 50 wt% organic sol-
vent.

solvolysis
reaction of solutes, that are in
this case lignin and lignin derived
components, and the solvent, that
is ethanol. Water is potentially
inert.

solvothermal
description of the treatment of
a substance at increased temper-
atures sufficient to break down
the chemical structure of the sub-
stance in the presence of an or-
ganic solvent.
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Acronyms
AA acetic acid
Al aluminium

BDE bond dissociation enthalpy
BET Brunauer, Emmett, Teller

C carbon
CatOH catechol
Co cobalt
COM total manufacturing costs
Cr chromium
CSTR Continuous Stirred Tank Reac-

tor
CyclohexO cyclohexanone
CyclohexOH cyclohexanol

DME dimethyl-ether
DTG derivative thermogravimetry

EoS equation of state
EtCatOH ethylcatechol
EtGua ethylguaiacol
EtOH ethanol
EtPhe ethylphenol
EU European Union
Exp. experiment
Ext extraction

FA formic acid
Fe iron
FID flame ionisation detector
FT-IR Fourier transformed infra red

spectrometry

GC gas chromatography
GLE gas-liquid equilibrium
GPC gel permeation chromatography
Gua guaiacol

H hydrogen
HC hydrocarbon
He helium
HHV higher heating value

ILUC indirect land use change

K potassium
KFT Karl-Fischer-titration

LHV lower heating value
Lig lignin
LLE liquid-liquid equilibrium

MA micro batch autoclave
MeCatOH methylcatechol
MeGua methylguaiacol
MePhe methylphenol
methoxyPhOH methoxyphenols
Mo molybdenum
MS mass spectrometry
MtOE million tons of oil equivalent

N nitrogen
n.a. not available
n.d. not detected
Nb niobium
NCW near critical water
Ni nickel

O oxygen
OLC operating labor costs

P phosphor
P&ID piping and instrumentation dia-

gram
Pd palladium
Phe phenol
PhOH phenols
Pt platinum

Rh rhodium
Ru ruthenium

S sulphur
SCW supercritical water
Si silicon
Syr syringol

Ta tantalum
TBM total bare module costs
TCD thermal conductivity detector
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TCI total capital investment
TGA thermogravimetric analysis
Ti titanium
TMC total material costs
TUC total utility costs

UV-Vis photometric spectroscopy

Symbols
AEx heat transfer area
Aj constant describing the threshold

value of kj approaching infinite
temperatures, apparent Arrhe-
nius factor

Ci,aq,0 concentration of the component
i in an aqueous solution before ex-
traction.

Ci,org concentration of the component i
in the organic phase after extrac-
tion.

cp average heat capacity.
EA,j constant considering the temper-

ature dependence of kj , apparent
activation energy

fa factor considering the dilution of
the organic phase after the ex-
traction with ethyl acetate and
the internal standard pentacosane
(C25H52)

fb factor considering the solubility of
solvent and extractant

fc factor considering the change of the
solute concentration due to the
different input volumes of aque-
ous sample and extractant

fd,i factor considering the distribution
ratio of the solute i in the solvent
and the extractant

g gravitational acceleration

H total dynamic head
Ḣi enthalpy stream of component i
∆HR reaction enthalpy
kj formal kinetic rate coefficient of

nonelemental reaction j
LD depolymerised lignin, lump compo-

nent summarising all lignin de-
rived organic compounds soluble
in the solvent, that is water or
ethanol, and not measured by gas
chromatography (GC)-analysis

~k vector containing the formal kinetic
rate coefficients of all reactions
defined within the model

m reaction mass
ṁ mass flow through the continuous re-

actor
mi mass of component i in the product

mixture
mi,aq,0 mass of the component i diluted

in an aqueous solution before ex-
traction.

mi,org mass of the component i diluted
in the organic phase after extrac-
tion.

mLig,0 initial mass of lignin
p reaction pressure
pin initial pressure before entering the

pump
pout pressure of the effluent of the pump
q̇ heat transfer rate
R ideal gas constant
ρ density
ρ mean density of a mixture
rj reaction
R2 coefficient of determination
σ standard deviation
t experimental duration
τ residence time in a batch reactor
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τ ′ mean residence time in the continu-
ous reactor

T temperature
Tc,W critical temperature of water
∆T difference of fluid temperature en-

tering and emerging the heat ex-
changer

∆T mean overall temperature dif-
ference between the two fluid
streams exchanging heat

Tin temperature of fluid entering the
heat exchanger

∆Tin temperature difference between
hot fluid emerging the heat ex-
changer and cold fluid entering
the heat exchanger

Tout temperature of fluid emerging the
heat exchanger

∆Tout temperature difference between
hot fluid entering the heat ex-
changer and cold fluid emerging
the heat exchanger

Vaq volume of aqueous phase
V̇ volumetric flow rate, capacity
Vorg volume of organic phase
VR reaction volume

w weighing factor
W work, energy
Wo usable work
x overall conversion
Ξ number of experiments
∆yi sensitivity
ycalci yield of the component i calcu-

lated by employing the adequate
model

yi yield of the component i
yi,j yield of the component i taking

part in the reaction rj
ymeasi,ξ yield of the component i mea-

sured in the product of experi-
ment ξ

yi average of the yield of the compo-
nent i measured in the product of
identical experiments

ymeasi average of the yield of the com-
ponent i measured in the product
of all experiments carried out at
the same temperature

y′i yield of the component i after modi-
fication of kj

yi,0 initial yield, that is the mass of the
component i divided by mLig,0
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Chapter 1

Introduction

1.1 Motivation

Earth’s resources of crude oil are limited [OR11]. An important challenge for
scientists and engineers is to develop technologies that are largely indepen-
dent from fossil crude oils. Biomass is supposed to have a high potential to
replace crude oil as a basic input material for the production of many organic
chemicals and fuels. Political efforts to increase the market share of biomass
derived chemicals and fuels in USA and Europe increase. »The European
Union (EU) as a whole has set a mandatory target of 20 % for renewable
energy’s share of energy consumption by 2020 and a mandatory minimum
target of 10 % for biofuels for all member states« [Zak+0]. A study car-
ried out by the European Environment Agency reports that a large biomass
production capacity is available in Europe, which could produce 190 million
tons of oil equivalent (MtOE) of biomass by 2010 with possible increases up
to 300 MtOE by 2030 [EEA06]. However, the study »disregards the effect
of competition between bioenergy and food production for domestic food
supply.« This »would become more important with the assumed rise of the
combined carbon permit and energy prices.« In fact, the study considered
that »increased demands on agricultural sector output causes intensification
of farm management across the agricultural land area, incentives to trans-
form extensively used grassland, olive groves or dehesas [...], into arable
land for growing bioenergy crops« and »an inappropriate bioenergy crop
mix, which does not take account of the specific environmental pressures
of different crops in the context of the main environmental problems in a
particular region« [EEA06]. However, it could still not be proven that these
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1.1. Motivation

worrisome effects of increasing biomass production can be limited by the
current policy and the agricultural industry. On the contrary, the worldwide
agricultural production combined with »intensive export-oriented agricul-
ture has increased under open market operations but has been accompa-
nied by both benefits and adverse consequences depending on circumstances
such as exportation of soil nutrients and water, unsustainable soil or water
management or exploitative labor conditions in some cases« [Bei+08]. In
addition, »people have benefited unevenly from these yield increases across
regions« [Bei+08]. Furthermore, the increase in bioenergy in Europe is sus-
pected to foment e.g. the grubbing of tropical rainforests. These effects of
indirect land use change (ILUC) are still discussed, however, »simulations
for EU biofuels consumption above 5.6 % of road transport fuels show that
ILUC emissions can rapidly increase and erode the environmental sustain-
ability of biofuels« [ADL10]. The recent effects of common agricultural and
renewable energy policy in Germany show that e.g. the area utilised for the
cultivation of maize has risen of approximately 50 % to 2.3 million hectare
in the decade from 2000 to 2010 due to high market prices and subsidies
[SR11]. 23 % of this area was dedicated to the generation of bioenergy in
2011 [FNR11; Ehr12]. Maize, however is ranked to highly contribute to soil
erosion nutrient, leaching to ground and surface water, pesticide pollution
and reduction of farmland biodiversity [EEA06].

Should our society rely on the increasing output of the agricultural in-
dustry to satisfy its energy demand? The fields of discussion are large and
will not be entirely covered here. In order to establish neither the generation
of energy nor the production of chemicals from biomass at the expense of
biodiversity or social and environmental pressures, within the present work
the use of biomass exclusively from waste is proposed. The potential of waste
biomass, though hopefully decreasing in the future, is 100 MtOE per year
[EEA06].

Lignin, a major component of lignocellulosic biomass, 15-30 % by weight,
40 % by energy [Zak+0], is one of the most abundant renewable organic
materials in the world. Large quantities of lignin are available as waste
material produced by the pulp and paper industry (black liquor). Worldwide
more than 50 million tons of dry lignin are produced annually, of which more
than 98 % are burned to recover its energetic value [Gla09; Pul09]. Less
than 2 % are used for synthesis of fuel or chemicals. Upcoming technologies
are the gasification of black liquor and adjacent synthesis of dimethyl-ether
(DME) or Fischer-Tropsch-synthesis [CKL09]. Chemrec is already running
a gasification plant in Piteå (Sweden) [Sch12]. From a chemical perspective,
lignin is a readily available source of aromatics and phenolics that are present
within the structure [KB08a], which at present is only marginally being
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Chapter 1. Introduction

used for production of, e.g. vanillin [KT89], environmental-friendly glue
[Sch07] and in lead batteries [Kog09]. Aromatic and phenolic compounds
are, however, of great interest for use as platform chemicals for, e.g. the
production of synthetic resins or pharmaceuticals, and could possibly be
used as an unresolved mixture for fuel blending purposes, based on the anti
oxidative properties of hindered phenolics in turbine fuels [AST87]. Among
them phenol is the most demanded chemical substance. In 2004 8.5 Mt/a
were produced worldwide [Arp07].

Large research effort was inverted in the study of lignin depolymerisation
and the production of fuel or chemicals from lignin. In the middle of the last
century Lautsch and Piazolo carried out catalysed hydrogenation of lignin in
a basic solution and alcohol [LP43]. The investigation continued. A compre-
hensive summary was available in 1981 written by Meier and Schweers [MS1].
Towards the end of the last century research efforts concentrated on pyroly-
sis of lignin without solvent (dry pyrolysis) or in organic solvents [FMG87;
MB97; APR01]. Most studies which try to elucidate reaction pathways of hy-
drothermal lignin degradation were conducted in the last decade [WSG11;
YM12]. However, no technical process for the production of phenolics from
lignin has been released. This might be due to relatively small yields of
phenolics from lignin, usually around 10 to 20 wt% maximum [APR01]. The
theoretically possible yield is, depending on the type of lignin, between 30
and 50 %. In order to increase the yield of phenolics, catalytic hydrogenation
of the liquid product from lignin pyrolysis was applied [Gut+09; Kar+06].
However, most research efforts focus on model substances and disregard real
product mixtures which comprise a large variety of single compounds.

In order to understand how yields of phenolics from thermal-chemical
lignin degradation can be increased, it is necessary to elucidate important
reactions and their participants which occur within the lignin depolymeri-
sation. The intention is to reveal bottleneck reactions and main reaction
products. It is thus also necessary to understand reaction mechanisms and
how they are influenced by several parameters like temperature, solvent, cat-
alyst, etc. The present work approaches the answers to these questions by
focussed experimental work. Simulation of the thermodynamic equilibrium
and modelling of the reaction kinetics are strong numerical instruments for
the interpretation of the experimental results.

The aim of lignin depolymerisation is to maximise the yield of valuable
phenolic products by optimising reaction parameters. The influence of dif-
ferent solvents and catalysts on the phenolic yield from thermal-chemical
lignin degradation are discussed in Chapter 4 and 5. The simulation of
the thermodynamic equilibrium is especially interesting for the evaluation
of the influence of the residence time in the reactor and temperature on the
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product composition (see Chapter 3). For the recovery of valuable phenolic
products from lignin, it is crucial to understand the main reaction pathways
of lignin degradation and reaction kinetics. Up to now, some research has
been undertaken in respect to the kinetics of pyrolytic, solvothermal and hy-
drothermal lignin depolymerisation [KV08; PK08; Var+97; ZHR11; YM12].
The present work includes the development of a formal kinetic model con-
sidering the formation and degradation of the main phenolic products as
well as the solid and gaseous byproducts (See Chapter 6). The development
of a model of the crucial reaction pathways and the kinetic studies allow
a suggestion of these optimised parameters and clear statements about the
basic design of an industrial process of lignin depolymerisation. A feasibility
study of a technical process for thermal-chemical degradation of lignin in
both, water and ethanol, was considered to be essential for the evaluation
of future research work concerning the production of phenol from lignin (see
Chapter 7).

1.2 Background and state of the art
The following sections provide an overview over the state of knowledge and
technology concerning the molecular structure of lignin and the methods of
separation from the cellulosic parts of biomass (see Section 1.2.1), reactions
occurring within thermal-chemical lignin degradation and their mechanisms
(see Section 1.2.2), specific solvents used within this work and their effects on
lignin degradation (see Section 1.2.3), kinetic studies (see Section 1.2.4) and
the influence of homogeneous and heterogeneous catalysts (see Section 1.2.5).

1.2.1 Lignin
Degradation of lignin is a complex process. Not only a vast spectrum of com-
pounds can be produced from lignin, but lignin itself is a largely varietal poly-
mer. The origin of the biomass largely contributes to the structural-chemical
variations encountered in different types of lignin. Different types of lignocel-
lulosic biomass consist of different amounts of lignin, with lignin abundance
generally decreasing in the order softwood > hardwood > grass/annual plant.
In plant cell walls, lignin fills the spaces between cellulose and hemicellulose,
and it acts like a resin forming the matrix where fibrous cellulose is embed-
ded [Zak+0]. Lignin is a three dimensional amorphous polymer consisting
of methoxylated phenyl-propane building blocks (see Figure 1.1). Varying
amounts of the three characteristic phenyl-propane building blocks, shown
in Figure 1.2, allow its classification into different types of lignin and subse-
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quently into the three broad categories of plant lignin: softwood, hardwood,
and grass or annual plant lignin [Pea67, p 339].

Figure 1.1: Example of lignin structure depicting some of the dominant
linkages between the aromatic monomers [WR12].

Table 1.1: BDE of the most predominant linkages (see Figure 1.1.)
Bond α-O-4 β-O-4 4-O-5 β-1 α-1 5-5
BDE (kJ/mol) 215 290 330 280 360 490

Softwoods are commonly composed of guaiacyl lignin, which is principally
made up of coniferyl moieties. Guaiacyl-syringyl lignin contains a combina-
tion of sinapyl and coniferyl moieties and is prevalent in hardwoods. Annual
plant or grass lignin is mainly composed of para-coumaryl units [FN68]. The
characteristic variation of these different units can also be observed in the de-
polymerised products [Dor+99]. The building blocks (aromatic monomers)
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1.2. Background and state of the art

Figure 1.2: The three characteristic aromatic substances which constitute
the characteristic monomeric units of lignin: A: para-coumaryl alcohol, B:
sinapyl alcohol and C: coniferyl alcohol.

are randomly connected through C-C bonds or ether bonds (C-O bonds).
The most dominant bonds (80 %) within the lignin structure are ether bonds
[RS09]. The distribution of the linkages in the biopolymer structure depends
on the type of wood and the part of the plant. The most predominant ether
linkages are the β-O-4 and the α-O-4 [WR12]. These and other linkages are
depicted in Figure 1.1. The BDE, listed in Table 1.1, reveals that the ether
bonds in general are weaker than the C-C bonds. Hence, the cleavage of the
ether linkages is the most favourable reaction initiating the depolymerisation
of the lignin polymer.

Furthermore, the structure of the lignin separated from the rest of the
plant structure (cellulose and hemicellulose) depends on the employed sep-
aration method. The separation method can consist in physical treatment,
solvent fractionation, chemical or biological treatment [Cos+9]. Alkaline
treatment, a chemical treatment, is most commonly employed by the pulp
and paper industry. It is a highly efficient separation method, however, in-
volves the incorporation of sulphur which can be problematic for a further
chemical treatment especially if heterogeneous catalysts are involved. Var-
ious novel developments within the most prominent separation techniques,
i.e. enzymatic and acid hydrolysis, organosolv pulping and steam explosion
have largely contributed to establishing a pathway to a potentially econom-
ically valid exploitation of the sugar polymers from lignocellulosic biomass.
As a side-effect, they further shape some of the characteristics of the lignin by
reacting with functional end-groups in the lignin structure, thus influencing
the solubility properties of the isolated polymer.
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1.2.2 Chemical reaction mechanisms
By the cleavage of ether bonds, the main linkages between the aromatic rings
of the lignin macromolecule, aromatic monomers and oligomers are formed.
It is however a challenge to gain a high-value product of homogeneous com-
position from such a chemically complicated and inhomogeneous component
as it is lignin. Hence, it is helpful to understand at least the main chemical
mechanisms that are responsible for the most important reactions occurring
within lignin depolymerisation.

Formation and degradation of aromatic monomers occur by hydrolysis
[TRR11] or radical reaction [DM99]. The most relevant initiation reactions
involve the cleavage of the weaker C-O bonds as explained above. If ho-
molytic cleavage and thus radical reaction is assumed, the BDEs are a key
value. Faravelli et al. [Far+10] discussed different radical reaction pathways
which lead to initial cleavage of ether bonds and the BDEs of some of the
bonds which are present in the lignin structure. Hydrolytic reactions involve
the heterolytic cleavage of ether bonds, especially β-O-4. Possible hydrolytic
reactions occurring within the degradation of lignin were summarised by
Lundquist and Lundgren [LL1; Lun6]

Figure 1.3: Monoaromatic products (phenolics) from lignin depolymerisa-
tion: A: phenol, B: catechol, C: guaiacol and D: syringol.

The cleavage of the ether and aryl bonds of the lignin structure yields
monoaromatic (phenolic) substances. The most prominent are phenol, cat-
echol, guaiacol and syringol (depicted in Figure 1.3) and alkylated deriva-
tives thereof. The phenolics further decompose by thermal cleavage of the
hydroxyl- and methoxyl-group [Run+12; Nim+11a; Nim+11b]. At the tem-
peratures usually applied for liquefaction of lignin (500 - 750 K) the aromatic
ring is stable. It decomposes towards higher temperatures [HS2]. The C-O
bond of the methoxy-group of guaiacols and syringols is most likely to de-
compose due to rather low BDE of about 240-250 kJ/mol [Vuo86]. Different
pathways of the decomposition of methoxyphenols are comprehensively sum-
marised by Zakzeski et al. [Zak+0].
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The recombination of fragments from both radical [McM+04] and hy-
drolytic [Sai+03] cleavage of lignin ether bonds leads to the build-up of a
polymer. This polymer is usually referred to as char. Dorrestijn et al.
claimed that char formation can be caused by hydrogen shuttling from the
lignin matrix before the actual process temperature is reached, which im-
plies that the structure of lignin under liquefaction conditions is irreversibly
changed [Dor+00]. McMillen et al. postulated a repolymerisation of (di-) hy-
droxybenzene which occurs during liquefaction of coal [McM+04]. Roberts
et al. observed polymerisation of monomeric aromates during hydrothermal
treatment of lignin and suggest boric acid as an excellent radical scavenging
agent [Rob+1]. Some aromatic monomers, such as phenol or cresol, were also
found to inhibit the formation of char and reduce the yield of solid residues
by scavenging aromatic radicals and thus stopping the repolymerisation reac-
tion [McM+04; Sai+03; Tak+12]. Yokoyama et al. [Yok+98] found that char
formation from lignin in aqueous media was promoted by low temperatures,
high pressures and long reaction times.

1.2.3 Solvent
Pyrolysis, solvolysis and hydrothermal treatment are the most promising
advances to lignin depolymerisation for the purpose of liquefaction and re-
covery of phenolics [Now+10; KGB09; Moh06]. Lignin depolymerisation and
valorisation by hydrodeoxygenation has been widely explored within dif-
ferent pyrolysis and solvolysis approaches. Solvothermal and hydrothermal
degradation provide the advantages of mild conditions and a single phase
environment due to the miscibility of the organic products in the (super-
critical) solvent. M. Kleinert and T. Barth have done intensive research
on lignin solvolysis in ethanol using formic acid as hydrogen donor [KB08a;
KB08b; Kle+11; KGB09]. Ethanol has a very high solvency for biomass and
a low critical temperature which makes it attractive for lignin depolymerisa-
tion [Zha+10b]. Further advantages of solvolysis in ethanol over fast pyrol-
ysis are a less oxygenated oil fraction [KB08b] and almost no solid residue
(< 5 wt%) [Gel+08; Moh06]. In-situ hydrogen donation is realised by the
thermal degradation of formic acid. A very active atomic hydrogen species
is produced [Gel+08], which results in a successful deoxygenation and hy-
drogenation of lignin structures. Various largely demethoxylated phenolic
structures comprising a high H/C-ratio and low O/C-ratio [KB08b] were
obtained without necessitating any further added catalyst for activation or
transfer.

The selection of a solvent for thermal-chemical lignin depolymerisation
is one of the key challenges since it has a great impact on the deoxygena-
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tion of aromatic intermediates as well as on the formation of char and gas.
Liu and Zhang [LZ08] compared water with two organic solvents, that are
ethanol and acetone. Increased char yields have to be expected when using
water probably due to the higher solubility of oily and tarry products in
the organic solvents. However, water shows a narrower product spectrum
in respect to phenolic products and a high selectivity in respect to phenol
and catechol [WSG08]. This is an advantage especially for the separation of
the products, which tends to be less energy and cost intensive at increased
concentrations of the target product. The yield of catechol and phenol can
be even increased by applying an acidic or a basic environment [TRR11].
Wahyudiono, Sasaki, and Goto [WSG08] pointed out the influence of the
water density on the product composition. High water density led to higher
phenol and cresol yields between 623 K and 673 K. Further advantages of
water are its abundance at rather low prices and its chemical stability at
the required temperatures and pressures. In fact in respect to the treatment
of black liquor no drying prior to the liquefaction has to be applied, thus
energy can be saved.

1.2.4 Kinetic studies
The understanding of the degradation processes and formation of products
is an essential step in increasing yields and achieving product requirements.
This requires both the elucidation of pathways but also of their kinetics. Ki-
netic models describing the decomposition of lignin are largely concentrated
on global bulk models describing the yields of gas, char and liquids. First
attempts describing the degradation were done using a single first order re-
action [Nun+85], which were followed by more complex models, involving
also multiple competing reactions [Var+97]. A semi-detailed model based on
a set of molecular and radical species derived from the main building blocks
involved in about 500 elementary or lumped reactions considering the cleav-
age of different bond-types and repolymerisation reactions was developed
by Faravelli et al. [Far+10]. During the last decade the thermal degrada-
tion of lignin was studied by various authors applying thermogravimetric
analysis [Cho+12; JNB10]. In addition, the kinetics of hydrothermal lignin
degradation came in the focus of research. Zhang, Huang, and Ramaswamy
calculated formal kinetic parameters of the hydrothermal degradation and
the build-up of char in a batch reactor [ZHR11]. Takami et al. applied a
Monte-Carlo-Simulation in order to determine the formal rate coefficient of
lignin degradation [Tak+12]. The first kinetic model considering the for-
mation and decomposition of phenolics within the lignin degradation in a
continuous reactor was reported recently by Yong and Matsumura [YM12].
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Experimental studies of the decomposition and charting of network pathways
under pyrolysis conditions were reported by Klein and Virk [KV80; JK85;
KV08]. They considered the presence of hydrogen and exploited the avail-
able intermediate model substances as starting materials, such as syringol,
guaiacol and catechol, to try and master the cascade of demethoxylation,
deoxygenation, hydrogenation, alkylation, demethylation and methanolisa-
tion reactions. The kinetics of the decomposition of both lignin and biomass
degradation and different modelling approaches, the latter mainly focusing
on global bulk models, have been comprehensively summarised by Miller
and Bellan, Prakash and Karunanithi and Brebu and Vasile [MB97; PK08;
BV10].

The intention of this work is to establish a model, that considers the
main reaction participants and pathways and is able to quantify the amount
of phenolic products in dependence of the residence time in the reactor. In
addition, bulk products such as char and gas should be quantified respecting
the mass balance at every time. A validation of the developed model using
literature and employing different reactor systems was conducted. Finally,
an adaptation of the model for different solvent systems was discussed.

1.2.5 Catalysis
Both homogeneous and heterogeneous catalysts can influence the reactions
occurring during thermal-chemical lignin degradation. While heterogeneous
catalysts are more likely to interact with diluted compounds with a relatively
low molecular size, such as phenolics, homogeneous catalysts are capable
to influence also the cleavage of the ether and alkyl linkages of the lignin
molecule [Beh+06]. Toor, Rosendahl, and Rudolf [TRR11] have summarised
the effects of homogeneous and heterogeneous catalysts on the hydrothermal
liquefaction of biomass in general. According to them alkali salts increase
the liquid yield and inhibit the dehydration of the biomass monomers and
thus suppress the char formation. Karagöz et al. found that K2CO3 also ef-
fects the formation of monoaromatic substances and increases the amount of
di-hydroxybenzenes (catechols) from hydrothermal liquefaction of sawdust
from pine at 553 K [Kar+06]. In addition, alkali salts, especially potassium
(K) salts, have a high ability to catalyse the water-gas-shift reaction and
thus increase the amount of CO2 and H2 at the expense of CO via formate
as intermediate. The presence of reactive hydrogen potentially promotes the
hydrogenation of organic intermediates [Kru+00; SKR04]. During hydrother-
mal liquefaction some gasification is crucial since the oxygen is removed un-
der the formation of CO2. However, extensive gasification will reduce the
yield of liquid products [TRR11]. Sergeev and Hartwig claim to have found
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a homogeneous nickel carbene catalyst which selectively cleaves aromatic C-
O bonds in various aromatic ethers without reduction of aromatic rings or
cleavage of aliphatic C-O bonds [SH11].

Heterogeneous catalyst were applied mostly for the gasification of biomass
and rarely for direct liquefaction. However, much effort has been spent on
the investigation of valorisation of bio-oils by hydrodeoxygenation. The bio-
oils are obtained in a first step liquefaction of biomass and in a second step
hydrodeoxygenated with the help of a heterogeneous catalyst in a hydro-
gen donating environment [Wil+09]. Dorrestijn et al. suggest the catalytic
hydrogenation in an appropriate hydrogen donating solvent to be the most
promising method to produce phenols from lignin [Dor+99]. Catalysts ap-
plied for hydrodeoxygenation are heterogeneous catalysts. Wild et al. used
ruthenium (Ru) on carbon (C) for valorisation of lignin derived pyrolysis
oil [Wil+09]. Other studies show that catalysts based on rhodium (Rh),
palladium (Pd) and platinum (Pt) have a high potential to promote hy-
drodeoxygenation of methoxyphenols in organic solvents [Gut+09] as well
as in a gas phase reaction [Zha+11]. The reaction network of catalytic hy-
drodeoxygenation and the influence of an acid, e.g. the support of a metal
catalyst, on the oxygen removal were developed by Nimmanwudipong et al.
[Nim+11a; Nim+11b; Run+12]. In addition, heterogeneous catalysts com-
prising nickel (Ni) and molybdenum (Mo) were studied and their effect on
the hydrodeoxygenation of bio-oil derived components were proven [LWC11].
Noteworthy in this context is the statement of Rinaldi and Wang saying that
the solvent holds the key to control the selectivity of a heterogeneous cata-
lyst in the conversion of lignin into phenols [RW12; WR12]. They reported
that Raney-Ni in combination with 2-propanol as solvent and H-donor ef-
ficiently catalyses the hydrodeoxygenation of model substrates and bio-oil
[WR12]. The influence of heterogeneous catalysts on lignin-derived pheno-
lics and the hydrodeoxygenation of pyrolysis oil in an aqueous phase was
studied by Zhao and Lercher [ZL12; ZL2; Zha+1] who suggest the conver-
sion of phenolic components present in bio-oil in an aqueous solvent with Ni
or Pd catalysts in combination with an acid, e.g. Nafion/SiO2 [Zha+10a].

The present work focuses on heterogeneous catalysis of the valorisation
of phenolics in an aqueous solvent especially with Raney-Ni which showed
promising effects on the conversion of catechols into phenols [For+12].
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Chapter 2

Materials, methods and
analysis

2.1 Materials

For the experimental work two different types of lignin were used which are
distinguished by the origin of the wood and the method of separation of
cellulose and lignin. The first type of lignin was received from ALM Indiva
Pct. Ltd., India, and originates from wheat straw. The separation from the
cellulosic parts of the wheat straw was realised in a basic aqueous medium,
followed by a precipitation of the cellulose employing a weak acid. The
second type of lignin was received from Sekab, Sweden, and originates from
spruce which is a softwood. It was treated by enzymatic hydrolysis in order
to separate lignin and cellulose. Both types of lignin were dried for at least
16 h at 378 K and ground to a maximum diameter of 0.2 mm. The residual
moisture of both types of lignin after drying and storage was 4.5 wt%. The
amount of residual cellulose and hemicellulose obtained by analysis and data
provided by the producer are listed in Table 2.1 together with the results from
CHNS analysis (see Section 2.3.4) yielding the percentage of C, hydrogen
(H), nitrogen (N), sulphur (S) and oxygen (O).

Chemicals such as any heterogeneous or homogeneous catalysts, phenolic
compounds for analysis and experiments, solvents and gases are listed in
Appendix A.
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Table 2.1: Characterisation of both lignin types from wheat straw and
spruce.
Type/ Lignin Cellu- Mois- C H O N S Ash
Origin losea ture

wt% wt% wt% wt% wt% wt% wt% wt% wt%
Wheat >90 <3 4.5 63.8 6.0 27.0 1.5 0.3 1.4
straw
Spruce 40 47 4.5 60.5 6.7 30.1 0.6 0.1 2.0
a Including hemicellulose.

2.2 Methods

2.2.1 Microbatch-autoclaves

The most used type of reactors for the experimental work was an in-house
custom built micro batch autoclave (MA) of 5 mL or 10 ml inner volume
made of stainless steel 1.4571 (see Table A.3). It seals gas-tight up to temper-
atures of 723 K and pressures of 30 MPa. A simple version of the MA (MA1)
permits the loading of the reactor with solids and liquids, however, ventila-
tion and loading with gas is not possible. In order to enable the loading of
the MA with gas, the design was modified and gas tubes and valves were
attached (gas-input version, MA2). Mechanical drawings of both versions of
the MA are to be found in Appendix A. The MAs are easy to handle, can
resist high pressures and temperatures and are easy to repair and to replace.

Simple version (MA1)

The MA1 were filled with solvent, lignin and if appropriate a certain amount
of catalyst. The remaining volume was flushed with nitrogen gas and there-
after the reactor was screwed tight (metal on metal sealing) in a custom built
containment that seals up to pressure of 10 MPa. The MA1 was heated in
an oven (HP-5890) at maximum heating rate (approximately 40 K/min).
The experiment was started when the desired temperature in the oven was
reached. After the determined residence time τ at the temperature T the
autoclaves were cooled either by active air cooling of the oven or if more
rapid cooling was required in iced water. After cooling the micro-autoclave
were again placed in the custom-build containment for ventilation.
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Gas-input version (MA2)

The further developed MA2 has one inlet-tube on the side of the bottom
part of the autoclave and one outlet-tube connected to the top-part of the
MA2 (see Figure A.2). Both tubes can be opened and closed with valves
that seal gas-tight up to a pressure of 100 MPa gauge pressure. For safety
reasons the reactor had to be ventilated with nitrogen (N2) at first. After
ventilating with N2 for a time duration of 30 s, the nitrogen-supply was cut
and the inlet-tube was connected to a hydrogen bottle. The autoclave was
ventilated with hydrogen (H2), again for 30 s. Afterwards, the outlet-valve
was closed and the appropriate pressure of H2 in the autoclave was adjusted.
After pressing H2, or any other desired gas, into the MA2, the hand-valve
was closed and the MA2 was placed in an oven (HP-5890) where it was
heated to the desired temperature at maximum heating rate (approximately
40 K/min). After the determined residence time in the oven the MA2 was
cooled to room temperature in iced water. For ventilation, the outlet tube of
the MA2 was connected to the inlet of a high pressure gas sampling tube that
had been ventilated with nitrogen before. The outlet of this gas sampling
tube was connected to a gas-meter. Now the hand valve was opened so that
the gas inside the reactor would fill the gas sampling tube and afterwards
flow into the gas-meter to measure the amount of gas coming out of the
MA2.

Sample workup

The volume of gas exiting from the autoclave was measured with a gas
flow-meter. A sample of the gas was analysed on a gas chromatograph
equipped with a flame ionisation detector (FID) and a thermal conductivity
detector (TCD) in order to determine the composition. After ventilation,
the reactors were opened and the liquids and solids were removed. The solids
were separated from the liquids via filtration and the weight of both phases
was determined gravimetrically. For detailed sample work-up of aqueous and
organic liquid samples see Appendix B. The analysis of experimental errors
is based on replicate experiments and is further explained in Appendix C.4.

2.2.2 Continuous stirred tank reactor
A CSTR was employed for thermal degradation of lignin in order to take
advantage from the characteristic properties of this type of reactor, that
are the back mixing and a high heating rate [Lev99, p.94ff]. Back mixing
enables the interaction of products with unreacted feed. The CSTR has
an inner volume of 200 mL, is made of the Ni-based alloy Inconel625 (see
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Table A.3) and is heated by incorporated heating cartridges purchased from
Watlow (type Firerod). It is designed to bear 923 K and 100 MPa pressure.
The stirrer is made of 1.4571 stainless steel. The transmission of the torque
between the motor and the shaft of the stirrer is realised by means of a
magnet clutch. The magnet coupling has to be maintained below the Curie-
temperature (1041 K) to guarantee the magnetic properties of the material
and the movement of the stirrer throughout the experiment.

A piping and instrumentation diagram (P&ID) flow scheme of the labora-
tory plant is shown in Figure A.3. The feeding of the suspension composed
of lignin, solvent and co-solvent into the reactor is realised via two screw
presses, each with a maximum inner volume of 60 mL. The screw presses
were purchased from Swagelok and made of 1.4571 stainless steel. The sus-
pension of ethanol, formic acid and lignin is sucked into the screw press
cylinder through a tube on the front end of the cylinder and pressed out
through a tube at the lower part of the cylinder of the screw press. In order
to avoid plugging by means of sedimentation in the feeding tubes, long and
curved tubes in the construction were avoided (length of feeding tubes less
than 250 mm, inner diameter: 5.2 mm). The pneumatic valves and the motor
of both screw presses are controlled manually and independently from each
other which enables a continuous feeding and facilitates a rapid filling of the
screw press cylinder while at the same time low flow rates can be realised.
Before starting an experiment, the reactor was pressurised and heated to the
desired temperature. Throughout the heating period, the reactor was rinsed
with ethanol by a third pump.

Upon commencing the experiment, the feed suspension was filled into the
reservoir. For mixing purpose the feed was continuously pumped in a circle
from the bottom of the feed reservoir to the upper part of the reservoir. The
screw press was filled by sucking the feed suspension in from the circulation
tubes. After leaving the reactor, the fluid passed a cooler and a depressuris-
ing system, consisting of two valves, a pressure measurement system and a
proportional and integral controller (see Figure A.3). The product stream
then entered a flash separator. In the separator gaseous products were sep-
arated from solid and liquid products. The volume of the gas produced was
measured using a rotor gas flow meter (Ritter TG1). The latter can option-
ally be conducted through a gas sample tube. Gas samples can thus be taken
at different intervals during the experiment. When the gas flow showed less
than 5 % deviation for a minimum of three measurements within 60 min, the
stationary state was claimed to be reached. Several liquid samples (including
solid particles) were taken throughout the whole experiment by emptying the
flash separator via a valve at the bottom of the container. Further work-up
procedures were conducted analogue to the work-up described for the batch
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reactors (see Appendix B).

2.2.3 Delplot analysis
The Delplot technique bases itself on the analysis of selectivity-conversion
plots and can be used for both primary and higher rank products [BKB90].
The basic primary Delplot allows the separation of primary from non-primary
reactions for any given reaction order. For a primary Delplot, the yield of
a singular ith component (yi) divided by the overall conversion (x) is plot-
ted over x. Plotting yi/x2 over x gives a second rank Delplot, yi/x3 over x
third rank and so on. The intercept on the y-axis stipulates the rank of the
product. If the intercept in a primary rank Delplot of a component is finite,
the product is a primary one. If the intercept on the y-axis is zero, then
the component is not formed by a primary reaction. The interpretation of
intercepts is analogous for higher ranks.

2.3 Analysis
In this section the employed analysis methods are introduced and described.
Basic data about the utilised equipment and adjustments are given. Uncer-
tainties of the analytically obtained results and error tolerances were deter-
mined by replicate experiments. If error bars are given in any diagram, they
are based of the standard deviation σ (see Appendix C.4). 18

2.3.1 Gas chromatography (GC)
GC was employed to quantify the gaseous products and the phenolic prod-
ucts in the liquid product phase. After injection the sample is vaporised
in the injection port and carried by a mobile gas phase through a column.
Due to the different interaction forces with the surface of the column each
constituent of the sample has a characteristic retention time in the column.
Thus the separation of the constituents can be achieved. A quantification
of the substances emerging from the GC-column was conducted with either
a flame ionisation detector FID or a thermal conductivity detector TCD. In
the FID the eluent emerging from the GC-column is mixed with hydrogen
and air a burned and ionised. The ions are detected by the collector elec-
trodes. The FID facilitates the quantification of substances comprising C.
The TCD senses changes in the thermal conductivity of the column effluent
and compares it to a reference flow of the carrier gas helium (He).
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GC analysis of gaseous samples

Gas phase GC analysis was performed on an Agilent 7890A with a 2 m
Molsieve 5A column in series with a 2 m Porapak Q column equipped with a
FID front and TCD back detector. The system was controlled by an Agilent
laboratory data system. Injections were carried out by manually injecting
100 µL of the ventilated gas from the reactor. Temperature program: Initial
temperature 323 K for 22 min, then heating at 20 K/min to 423 K, kept
for 15 min. Further heating at 50 K/min to 503 K, kept for 10 min. The
injection port was at 523 K, the FID at 503 K and the pressure was kept
constantly at 255 kPa. The equipment was calibrated by introducing varying
amounts of a standard gas mixture. The system was checked on a weekly
basis by introducing the standard gas mixture and recalibrated if necessary.
The maximum tolerance of the measured value was 10 vol% in respect to
the concentration of each gaseous compound in the standard mixture.

GC-FID analysis of liquid samples

Quantitative GC-FID analysis of liquid products was performed on a HP
5890-II GC equipped with HP auto sampler 5890, a 30 m Rtx-1MS dimethyl-
polysiloxan column and FID. The system was controlled by an HP-Chem
laboratory data system. Temperature program: Initial temperature 313 K
for 6 min, then 5 K/min heating to 453 K, then with a rate of 30 K/min
continued heating to 533 K, kept for 5 min. Further heating increase at
30 K/min to a final 573 K and kept for 12 min. The injection port had a
temperature of 548 K and the FID was at 603 K. Only organic samples could
be analysed on this way. For analysis of an aqueous product an extraction of
the phenolic products from the aqueous phase had to be conducted to prepare
the sample (see Appendix B.2). The organic liquid samples were diluted in
a 1:2 ratio with a prepared standard solution of pentacosane in ethyl acetate
(1002 mg/L) as an external standard. injected by the auto-sampler system.
Mono-aromatic components were individually calibrated for quantification
by running dilution series. The equipment was calibrated by introducing
samples with four different determined dilutions of the qualified substances.
The system was checked on a weekly basis by introducing a standard mixture
with known concentrations of all quantified substances and recalibrated if
necessary. The maximum tolerance of the measured value was 10 wt% in
respect to the concentration of each substance.
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GC-MS analysis of liquid samples

A GC equipped with a mass spectrometry (MS) was used for the first iden-
tification and the determination of the retention time of each substance. In
a MS the eluent of the GC-column is ionised by impacting them with an
electron beam. The ions are separated according to their mass-to-charge
ratio in an analyser by electromagnetic fields. Hence, the MS elucidates the
chemical structure of the molecule and aids in characterising the substance.
Qualitative GC-MS analysis of liquid products was carried out on a Trace
Ultra GC coupled with a DSQ II quadrupole MS detector from Thermo Sci-
entific. The samples were diluted in a 1:100 ratio in dichloromethane and
were analysed using split injection at 523 K (injector temperature) on a 25 m
Ultra 2 silica column ((5 % phenyl)-methylpolysiloxane) from Agilent Tech-
nologies. A constant gas flow rate of 1 mL/min and a split ratio of 100 with
the following temperature program were applied: Initial temperature 313 K,
increased at 6 K/min to 473 K, further increased with 8 K/min to a final
573 K, kept for 5 min. The MS detector was operated in positive ionisation
mode at 70 eV with an ion source temperature of 473 K.

2.3.2 Fourier transformed infra red spectroscopy (FT-
IR)

Fourier transformed infra red spectrometry (FT-IR) was employed for the
analysis of solid samples. It aids in analysing the molecular structure, es-
pecially the dominant functional groups of the solid. FT-IR-analysis of the
feed material and collected solid residues was performed by preparing and
pressing conventional KBr pellets and analysing these on an FT-IR Varian
660-IR in linear transmittance mode. 30 scans were performed after back-
ground subtraction and the results averaged. The measurement data was
later normalised to compensate for concentration effects.

2.3.3 Karl-Fischer-titration (KFT)

Karl-Fischer-titration (KFT) was used for the determination of the amount
of water in selected organic liquid samples. Samples were evaporated in a
Metrohm 774 oven processor at 651 K. A volumetric method was performed
with the titrant solution Hydranal Composit 5. The end point of the titration
was marked with the bipotentiometric method.
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2.3. Analysis

2.3.4 Photometry
Photometric spectroscopy (UV-Vis) was applied for the quantification of
phenolic compounds in aqueous samples. Applying a standardised test pur-
chased from Hach Lange the sample is mixed with an oxidising agent. All
ortho- and meta substituted phenols will form coloured complexes with 4-
aminoantipyrine. The absorption of the light of a characteristic wavelength
510 nm is measured in a calibrated photometer. Usually this method is
utilised as proof of evidence for the existence of phenolics in a sample. For
the quantification of single phenolic compounds, carried out for determining
the distribution in water and ethyl acetate (see Appendix B.2), each phenolic
substance had to be calibrated individually. The quantification of a phenolic
substance from a solution containing different monoaromatic substances is
thus not possible.

CHNS analysis

CHNS analysis was applied on the feedstock lignin and on samples from the
liquid and solid product phase in order to determine the elemental composi-
tion of a sample. The utilised apparatus was a Vario El III by the company
Elementar. The percentage of C, H, N and S, which refer to the dry matter
excluding the moisture, were directly determined with the Dumas-method.
The residual percentage was suggested to be O and ash. The amount of
the ash was measured by gravimetric analysis of the residue after heating
the sample from 298 K to 1273 K in 4 h and subsequently maintaining the
temperature of 1273 K for 2 h
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Chapter 3

Thermodynamic Studies

3.1 Introduction

An important question for the evaluation of the experimental results is
whether the reactions taking place within the thermal degradation of lignin
reach a thermodynamic equilibrium within the predetermined residence time.
The lignin which is placed into a batch reactor together with a solvent is iso-
lated from its surroundings, and thus sooner or later thermodynamic equi-
librium is reached. The knowledge about the thermodynamic equilibrium
provides the possibility to predict the tendencies for the experimental re-
sults at increasing residence times and temperatures. The latter has to be
treated with care since the reaction rate increases with the temperature and
thus the time from the start of the reaction until the state of equilibrium
shortens. In addition, the temperature influences the thermodynamic equi-
librium itself. Hence, the evaluation of experimental results requires at least
a basic knowledge about the involved reactions and the composition in the
thermodynamic equilibrium.

The composition of the product mixture after infinite residence time is
compared with the experimental results at very long residence times. For
the calculation of the composition in the thermodynamic equilibrium the
program Aspen Plus V7.2 was employed. Aspen Plus uses different methods
for the estimation of the thermodynamic equilibrium. Two of those were
chosen for the present work. The group contribution method Unifac (Dort-
mund) developed by Fredenslund, Jones, and Prausnitz [FJP75] is based on
a GE-model [Pfe04]. The group contribution method describes any complex
molecule as a combination of structural groups. This is highly advantageous
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when dealing with complex organic material. The excess Gibbs enthalpy
as well as activity coefficient and fugacity coefficient were calculated by the
model which uses the HYSYS-database included in Aspen Plus containing
in excess of 1500 components and over 16000 fitted binaries. It is problem-
atic for the Unifac (Dortmund) model to deal with supercritical components
which is done with employing Henry`s law [Asp10]. Unifac (Dortmund) has
become very popular due to its large range of applicability and the reliable
results predicted for vapour-liquid equilibria as well as for solid-liquid equi-
libria over a wide temperature range [Gme+02]. Especially char formation
may be a challenge for other models, such as the equation of state (EoS) de-
veloped by Peng-Robinson, which was developed for gas phase reactions and
would thus need further revision if applied for the calculation of the chemical
potential of solid reaction components [CF11]. However, for further compar-
ison, the Peng-Robinson-EoS was as well employed to calculate the ther-
modynamic equilibrium using the minimum search of the Gibbs enthalpy of
Aspen Plus since it was especially developed to model thermodynamic equi-
librium in the range of the critical point. The literature version of the alpha
function and mixing rules were used [PR76; Asp10]. The thermal degrada-
tion of lignin in two different solvents that are water an ethanol (EtOH) was
evaluated. The product composition in the equilibrium state calculated with
both methods, Unifac and Peng-Robinson-EoS were compared. Furthermore
the comparison of the data obtained from the Aspen-calculation with exper-
imental data was intended. Few data is available in literature picturing to
the liquid-liquid equilibrium (LLE) or the gas-liquid equilibrium (GLE) for
mixtures of aromatics in water or ethanol.

3.2 Input parameters
Model substances had to be defined as input material since lignin cannot be
sufficiently characterised for the calculation in Aspen due to its inhomoge-
neous character. Experimental results (experiment (Exp.) 90, 158) thus serve
as input parameters for the calculation. Input parameters for the calculation
of the thermodynamic equilibrium were chosen according to experimental
results at 120 min residence time. After 120 min an entire degradation of
the lignin molecule into smaller fractions can be assumed (see Chapter 6).
The fraction of depolymerised lignin, which is soluble in ethanol or water,
but could not be quantified by GC was described by the chemical compound
bisphenol-A. In Table 3.1 all input components considered for the calculation
with both methods Unifac and Peng-Robinson-EoS are listed. Table 3.1 in-
cludes the initial concentrations of the input components and, whether each
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Chapter 3. Thermodynamic Studies

component is to be found in the solid, liquid or gas phase in the equilib-
rium state. Temperature and pressure for the model calculation were chosen
according to the experimental data (T = 633 K, p = 30 MPa). For the
calculation of the product composition in the thermodynamic equilibrium
additional components are expected; that are propane and propylene in the
gas phase, benzene, cyclohexane, cyclohexanone, cyclohexanol and methanol
in the liquid phase, anthracene, naphthalene and carbon in the solid phase.
For easier comparison with experimental results the initial concentrations
are displayed as initial yields yi,0. The input mass of lignin corresponds to
the sum of all input masses except the input mass of the solvent, that is
either water or ethanol.

Table 3.1: Initial yields yi,0 for the Aspen-calculation of thermodynamic
equilibrium at 633 K, derived from the experimental results at 120 min in
water (Exp. 90) and ethanol (Exp. 158, see Appendix E.1).

Compound Phase Water Ethanol
mg/glignin

CO2 gas 166.81 136.49
CO gas 1.29 0
CH4 gas 7.56 15.13
H2 gas 0.01 0.1
C2H6 gas 0 29.66
C2H4 gas 0 20.89
C4H10 gas 0 2.09
H2O liquid 7577.62 197.02
Phenol liquid 1.97 1.39
Catechol liquid 25.76 1.21
Guaiacol liquid 3.33 2.7
Ethanol liquid 0 5982.54
Bisphenol-A solid 793.27 593.32

3.3 Results
The results of the minimum search of the Gibbs-enthalpy conducted by
Aspen employing both the Unifac-method and Peng-Robinson-EoS for the
thermal degradation of lignin in water and ethanol are displayed in Ta-
ble 3.2. Products which, although considered by the model, yielded less
than 10−4 mg/glignin were not listed. The results obtained with the Unifac-
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3.3. Results

method and the Peng-Robinson-EoS are in good agreement to each other.
Both methods suggest that in water all participating organic compounds
are transformed into gaseous products, mainly CO2 and CH4, also smaller
amounts of H2 and CO, but only traces of C2 to C4 hydrocarbon gases.
On the contrary for the degradation in ethanol both methods suggest high
yields of hydrocarbon gases, CH4 being the most dominant product. The
percentage of hydrocarbon gases and CO is more than 100 times higher in
ethanol than in water. The yield of CO2 is three times higher in ethanol
than in water. Only the amount of H2 is higher in water according to the
calculations. Furthermore, results shows that at given conditions (633 K
and 30 MPa) water is more stable than ethanol. The initial ethanol disap-
pears completely while more than 91 wt% of the initial amount of water is
conserved. Phenolic components, that are phenol, catechol and guaiacol are
practically absent in the product mixture. Solid carbon was neither calcu-
lated for hydrothermal nor for solvothermal degradation in ethanol by none
of the two methods. In ethanol significant yields of anthracene and naph-
thalene in the solid product phase are to be found in the equilibrium state
according to the calculations

Table 3.2: Equilibrium yields yi of thermal lignin degradation in water
and ethanol calculated with Unifac and Peng-Robinson-EoS at 633 K and
30 MPa, input concentrations are listed in Table 3.1.
Compound yi in water yi in ethanol

Unifac Peng-Robinson Unifac Peng-Robinson
mg/glignin mg/glignin mg/glignin mg/glignin

CO2 1126.70 1125.84 3328.35 3328.52
CO 0.19 0.20 22.21 21.98
CH4 521.59 521.90 3339.67 3342.14
H2 1.08 0.93 0.12 0.12
C2H6 0.06 0.07 27.04 26.26
C2H4 0.00 0.00 0.01 0.01
C3H8 0.00 0.00 1.31 1.24
C3H6 0.00 0.00 0.01 0.01
C4H10 0.00 0.00 0.05 0.05
H2O 6927.98 6928.69 7.35 7.35
Anthracene 0.00 0.00 228.43 236.04
Naphthalene 0.00 0.00 52.61 61.22

The results obtained by calculation with Aspen were compared with ex-
perimental results from thermal degradation of lignin in water (Exp. 148)
and ethanol (Exp. 152) at 18 h residence time. Figure 3.1 shows that after
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Figure 3.1: Thermodynamic equilibrium calculated by Aspen with Unifac-
method and Peng-Robinson-EoS compared with results from Exp. 148 a)
mass fraction of of product phases and b) composition of the gas phase;
τ = 1080 min; spruce-lignin/water = 132 g/L; T = 633 K.
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Figure 3.2: Thermodynamic equilibrium calculated by Aspen with Unifac-
method and Peng-Robinson-EoS compared with results from Exp. 152 a)
mass fraction of of product phases and b) composition of the gas phase;
τ = 1080 min; spruce-lignin/ethanol = 132 g/L; T = 633 K.
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18 h residence time in water the amount of gas is significantly lower than
the calculation results. In addition, the solid residue recovered from the
reactor after the experiment was 4.1 wt%. However, calculation results did
not show any solid residue. The calculated and the experimentally deter-
mined amount of liquid are similar. The gas recovered from the experiment
comprises approximately 11 and 89 mol% of methane and CO2 respectively.
H2 was not detected in the gas phase. In the calculated thermodynamic
equilibrium, however, methane makes up more than 50 mol% of the gas and
H2 up to 2 mol%. In fact the experimental results at 18 h do not agree
with the calculated values. In respect to the thermal degradation in ethanol
similar phenomena were observed. The amount of gas recovered from the
experiment at 18 h was very low (22 %) compared to the amount of the cal-
culated gas amount (96 %). The experimentally determined amount of solid
residues (2.7 %) is less than the calculated amount of solids (4 %) which
comprises exclusively anthracene and naphthalene (see 3.2a). The analysis
of the gaseous product of Exp 152 shows similar to the experiment in water
approximately 91 mol% of CO2. The other 9 mol% of the gas are hydrocar-
bons, mostly methane (6 %). However, according to the calculations, in the
equilibrium state methane makes up more than 70 mol% of the gas phase.
Only traces of other hydrocarbons and 27 mol% of CO2 make up the rest of
the gaseous product.

3.4 Discussion
The results of the Gibbs-enthalpy minimum search employing the Unifac-
model or the Peng-Robinson-EoS shows that at given conditions (633 K,
30 MPa) the major part of the organic input material is gasified. The ab-
sence of a liquid phase and the composition of the gaseous phase in the
equilibrium state (see Figure 3.2) suggest that ethanol is completely trans-
formed into hydrocarbons and CO2. The fact that the solvent is entirely or
partially consumed by the occurring reactions negatively affects the technical
feasibility of the lignin degradation in ethanol since it renders a recircula-
tion and reutilisation of the solvent impossible. The solid product phase
resulting from the calculation of the equilibrium state in ethanol makes up
5 wt% of the total product mass and about 30 wt% of the initial lignin mass.
It is exclusively composed of aromates, that are anthracene and naphtha-
lene. Hence, the solid phase comprises products from repolymerisation or
recombination of aromatic intermediates, e.g. phenolics. Phenolics are thus
not stable at the determined conditions. They are either gasified or poly-
merised in ethanol. In water the phenolic products are entirely gasified,
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Chapter 3. Thermodynamic Studies

probably since the presence of near critical water (NCW) and supercritical
water (SCW) facilitates the degradation of the aromatic ring.

Experimental results show that after 18 h 70 wt% of the initial organic
liquid, mainly comprising ethanol, were recovered. This indicates at first
that after 18 h the thermodynamic equilibrium is still not reached and sec-
ondly suggests a rather slow gasification of ethanol. However, the calculation
of the thermodynamic equilibrium and the associated assumptions described
here have to be critically evaluated and eventually need improvement. The
calculation of the build-up of char is challenging, and can be improved as de-
scribed by Castello and Fiori [CF11]. The use of model components such as
bisphenol-A is a good first approximation, but needs further revision. How-
ever, here will always be a source of potential errors due to the heterogeneity
of lignin.
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Chapter 4

Influence of solvent on
thermal lignin degradation

4.1 Introduction
In this chapter the solvothermal depolymerisation of lignin in ethanol and
the hydrothermal degradation in water are compared. The main focus lies
on the formation and decomposition of selected phenolic components, as
well as the formation of char and gas. For this purpose various experiments
were carried out utilising different approaches of hydrogen donation, that are
elemental hydrogen in combination with a Pd-catalyst and in situ hydrogen
formation via degradation of formic acid. All experiments were carried out
in 5 ml MA2. For this reactor setup no measurement of the pressure was not
applicable. The lignin used for this study was enzymatic hydrolysis lignin
from spruce wood. Barth and Kleinert have done intensive research on the
lignin solvolysis in ethanol (EtOH) using formic acid as hydrogen donor.
They found a large variety of aliphatic and aromatic products comprising
few oxygenated components [KB08b], almost no solid residue (< 5 wt%), a
high H/C-ratio and a low O/C-ratio [Gel+08; KB08a; Kle+11].

4.2 Experimental Results
Experimental results of the lignin degradation in water and ethanol without
hydrogen donor are explored. Experiments were carried out in a MA2 with
5 mL inner volume. The reactors were cooled with iced water after the
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4.2. Experimental Results

reaction. Figure 4.1 shows the results obtained from degradation of spruce
lignin in ethanol and H2O at T = 633 K. The development of the solid yield
over the residence time is similar for both solvents. After a first decline, the
yield of solid product slowly approaches a threshold value. This threshold is
slightly higher for experiments in water (approximately 0.34 g/glignin) than
in ethanol (approximately 0.27 g/glignin).
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Figure 4.1: Results from thermal degradation of spruce lignin in ethanol
(EtOH) or water (H2O) at T = 633 K; spruce-lignin/solvent = 132 g/L; a)
yield of gas and solid residue in EtOH (solid symbols, Exp. 153-161) and
H2O (open symbols, Exp. 85-93); b) Gas composition for τ = 480 min

The development of the gas yield over the residence time is similar for
both solvents until 100 min residence time. It is increasing with the resi-
dence time. The relatively low value at 60 min is considered to be an outlier.
However, at residence times longer than 100 min the gas yield of ethanol ex-
periments increases up to almost 0.7 g/glignin whereas the gas yield of water
experiments stays constant at less than 0.2 g/glignin. The GC-analysis of the
gas reveals that the gas recovered from water experiments comprises mostly
CO2 (90 vol%) and CH4 (9 vol%) and only 1 vol% of other hydrocarbon
gases. Gas recovered from ethanol experiments on the contrary comprises
more than 50 vol% hydrocarbon gases, mainly C2-gases, that are ethane
(37 vol%) and ethene (6 vol%), methane (11 vol%) and also about 9 vol% of
C3-C4-olefines. Only about 36 vol% of the recovered gas is CO2.

Figure 4.2 demonstrates the FT-IR-spectra of the solid residue removed
from the batch-autoclave after different residence times are compared to the
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Figure 4.2: FT-IR-analysis of spruce-lignin and the solid residue after 15,
30, 60 and 480 min residence time in a 5mL MA2 with a) ethanol (Exp. 153,
154, 156, 161) and b) H2O (Exp. 85, 86, 88, 93); lignin/solvent = 132 g/L;
T = 633 K

FT-IR-spectrum of spruce-lignin. The solid samples were recovered from the
corresponding experiments described above without addition of catalyst or
hydrogenation agent. The displayed curve is reduced to the region between
900 and 1700 cm−1 since here most of the vibrational bands are visible which
are related to the aromatic ring (also compare Table 6.1). The curves are
normed and thus only a qualitative comparison is valid. It is clearly visible
that most aromatic vibrational bands, e.g. at 1511 cm−1, 1429 cm−1 and
1058 cm−1, disappear towards residence times above 60 min. Beyond 60 min
only minor changes of the spectrum are visible. At increasing residence
time all peaks disappear and the curve approximates a horizontal line. The
disappearance of the aromatic ring vibrational bands, e.g. at 1058 cm−1 is
visibly faster in water than in ethanol.

Figure 4.3 shows the chromatogram of the liquid products from experi-
ments of lignin solvolysis in ethanol and in water. The hydrogenation was
achieved by adding formic acid. The compounds corresponding to the differ-
ent peaks are listed in Table 4.1. The chromatogram shows the relative abun-
dance of the substances present in the liquid product in case of ethanol ex-
periments. Since the analysis of the aqueous liquid product was not possible
in case of water experiments, an extraction of the phenolics into an organic
extraction phase, that is ethyl acetate, was carried out (see Appendix B.2).
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Figure 4.3: GC-FID-chromatogram of liquid product (EtOH, Exp. 143)
and organic phase after extraction of aqueous liquid product (H2O,
Exp. 142) after thermal treatment of spruce-lignin; lignin/solvent = 132 g/L;
FA/solvent = 107g/L; T = 633 K, τ = 60 min
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Hence, the chromatogram in Figure 4.3 labelled with »H2O« shows the anal-
ysis of the extraction phase. Due to the specific coefficient (fd,i), which indi-
cates the transfer ratio of each phenolic compound from the aqueous to the
organic phase, the peak area is influenced by the extraction which has to be
considered for the interpretation of the chromatograms. The chromatograms
reveal that after the thermal degradation of spruce-lignin in water catechol
is the predominant phenolic product. Solvolysis in ethanol on the other
hand yields higher amounts of ethyl substituted phenols and methoxyphe-
nols than hydrothermal degradation of lignin. In Figure 4.3 the peak of 4-
ethylphenol and 4-ethylguaiacol in the H2O curve is practically not visible.
Furthermore, the peaks of syringol and its alkylated derivatives are clearly
more dominant in the liquid sample after solvolysis in ethanol. Among the
non phenolic compounds present in the liquid products, cyclopentanone and
2-methylcyclopentanone are more abundant after hydrothermal treatment.
Ethanol yields aliphatic compounds such as 1,1-diethoxyethane. Generally,
the number of different phenolic compounds in hydrothermal treatment is
lower.

Table 4.1: Identified products with corresponding retention time in the GC-
FID.
Compound # Name Molecular Retention
class formula time (min)
Methoxyphenols 4 guaiacol C7H8O2 18.36

7 4-methylguaiacol C8H10O2 21.58
9 4-ethylguaiacol C9H12O2 24.03
11 syringol C8H10O3 25.63
13 4-methylsyringol C9H12O3 28.20
14 4-ethylsyringol C10H14O3 30.13
15 4-propylsyringol C11H16O3 32.06

Catechols 8 catechol C6H6O2 22.05
10 4-methylcatechol C7H8O2 24.48
12 4-ethylcatechol C8H10O2 26.85

Phenols 1 phenol C6H6O 15.25
2 2-methylphenol C7H8O 17.61
3 4-methylphenol C7H8O 18.27
5 2-ethylphenol C8H10O 20.18
6 4-ethylphenol C8H10O 21.02

Others 16 1,1-diethoxyethane C6H14O 6.22
17 cyclopentanone C5H8O 7.47
18 2-methylcyclopentanone C7H8O 9.47
19 pentadecane C8H10O 30.30
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Figure 4.4: Yield of different phenolics from lignin solvolysis in ethanol (solid
symbols, Exp 126-133) and H2O (open symbols, Exp 134-141) at different
temperatures; spruce-lignin/solvent = 80 g/L; 8 mg Pd-catalyst; 1 MPa H2
initial pressure; τ = 60 min

Experiments of thermal degradation of spruce-lignin with elemental hy-
drogen combined with a Pd-catalyst confirm that in the presence of water the
amount of catechols increases significantly. Above 673 K the hydrothermal
treatment of spruce-lignin yields up to 38 mg/glignin catechol. At any tested
temperature the yield of catechol after thermal degradation of spruce-lignin
in ethanol was at most 5 mg/glignin (see Figure 4.4). Furthermore, the re-
sults of experiments with Pd-catalyst show that the sensitivity of the yields
of all contemplated compounds, that are guaiacol, catechol and phenol, in
respect to changes of the temperature at 60 min residence time is higher for
hydrothermal experiments than for ethanol solvolysis. This becomes espe-
cially visible around the critical temperature of water (Tc,W = 647 K).

4.3 Discussion
The results presented in this chapter show that water is an effective solvent
in respect to the recovery of phenolics from lignin and selective in respect
to the yield of catechols. FT-IR-analysis of the solid residue reveals that
spruce-lignin degrades faster in water than in ethanol. In respect to the FT-
IR-spectrometry of the solid residue, typical aromatic vibrational bands, e.g.
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at 1058 cm−1, disappear after less than 15 min in water whereas in ethanol
these bands are still visible after 30 min (see Figure 4.2). This is probably
due to different reaction mechanisms in both solvents. In a hydrothermal
environment hydrolysis favours the cleavage of C-O bonds. This is also dis-
cussed more detailed in Chapter 6.3. Compared to the solvolysis in ethanol,
hydrothermal treatment shows a narrower products spectrum of phenolic
products. Especially ethylated phenols and methoxyphenols are hardly de-
tectable in the aqueous liquid product. The abundance of 4-ethylphenol and
4-ethylguaiacol in the presence of ethanol indicates that the solvent itself is
involved in alkylation reactions. The formation of 1,1-diethoxyethane as well
as butane and propane in ethanol is also explicable by the combination of
smaller olefines or ethanol. Hence, the high reactivity of ethanol in compar-
ison to water leads to a broader product spectrum. Lignin degradation in
water, which is basically inert at the determined conditions, on the contrary
yields relatively high amounts of catechol and its derivatives. This is an ad-
vantage in respect to the economical feasibility since a decreased number of
substances in the product mixture and an increased selectivity in respect to
few phenolic products facilitates the separation of the products from waste
and solvent in the process. Cyclopentanone and 2-methylcyclopentanone,
which are present in the liquid sample after hydrothermal degradation of
lignin, most probably originate from the residue cellulose in the spruce-lignin.
Solvolysis in ethanol yields higher amounts of gas, probably due to the gasi-
fication of ethanol since increased concentrations of ethane and ethene are
observed. The lower amount of char in ethanol can be explained by the
increased solubility of organic components, such as aromatic oligomers pro-
duced by e.g. repolymerisation of phenolic monomers [McM+04], in ethanol
at room temperature.
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Chapter 5

Influence of catalysts on
thermal lignin degradation

5.1 Introduction

In this chapter experimental results concerning the influence of heteroge-
neous catalysts on lignin degradation are presented. Heterogeneous cata-
lysts have a high potential to promote hydrogenation reactions, e.g. the
hydrogenation of phenolic intermediates. Homogeneous catalysts, being less
limited by transport phenomena, are more likely to interact with the lignin-
macromolecule and thus favour the cleavage of the bonds between aromatic
monomers [Beh+06]. The focus of the investigation lies on heterogeneous
catalysts comprising different metals. The catalysts were selected following
the recommendations of other research documentations (see Chapter 1.2.5).
Rh, Pt, Pd and Ni already proved to catalyse the hydrodeoxygenation of
phenolics. Pd and Ni were also used in hydrothermal conditions [Zha+10a].
cobalt (Co) is a standard hydrogenation catalyst for the hydrodeoxygenation
of pyrolysis-oil [Gut+09], however, has not been tested in a hydrothermal
environment. All selected heterogeneous catalysts were from typical hydro-
genation catalysts of the eighth subgroup of the periodic table of the ele-
ments. A screening of the effects of homogeneous catalysts, that are acidic
and basic solutions, on lignin degradation can be found in Appendix D.1.
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Figure 5.1: Effect of different heterogeneous catalysts on the yield of
phenols, methoxyphenols and catechols from hydrothermal lignin degrada-
tion (Exp. 8-20 and 27-31), spruce-lignin/water = 133 g/L; T = 633 K;
τ = 30 min; 0.10 g/glignin Raney-Ni, 0.08 g/glignin Rh on act. C,
0.08 g/glignin Pt on act. C, 0.07 g/glignin Co, 0.08 g/glignin PdCl2,
0.13 g/glignin Al-Ni; reactor pressurised with a) N2 (5 MPa initial pressure)
and b) H2 (5 MPa initial pressure).

5.2 Screening of heterogeneous catalysts

It was shown in the past that heterogeneous catalysts have a high potential
to promote hydrodeoxygenation of methoxyphenols which are present in bio-
oils [16, 17]. Elemental hydrogen is supposed to be absorbed on the surface of
the hydrogenation catalyst in order to be transformed into reactive hydrogen
radicals. The latter react with the organic lignin fragments, e.g. phenolics.
It is suggested that in situ produced hydrogen from the lignin degradation
takes part in the hydrogenation of phenolics in a similar way.

An important question in this context is whether the addition elemental
hydrogen is indispensable for the catalytic hydrogenation of the phenolics or
whether the in situ production of hydrogen from lignin degradation is suffi-
cient. In order to answer this question experimental results of catalytic lignin
degradation under H2 atmosphere were compared with results obtained un-
der N2 atmosphere. The gas, H2 or N2, was pressed with an initial pressure
of 5 MPa into the 5 mL MA2 which had been loaded with lignin, water
and catalyst. Figure 5.1a shows the yields of phenols, methoxyphenols and
catechols after hydrothermal catalytic degradation of spruce-lignin under N2
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Chapter 5. Influence of catalysts on thermal lignin degradation

atmosphere, Figure 5.1b shows the results from experiments with additional
H2. The results show that the influence of additional elemental H2 is negligi-
ble since the yields of all quantified phenolics are similar and within the range
of uncertainty. The results of a screening of different heterogeneous catalysts,
namely Raney-Ni, rhodium on activated carbon (Rh on act. C), platinum
on activated carbon (Pt on act. C), cobalt powder (Co), palladium-chloride
(PdCl2) and aluminum-nickel (aluminium (Al)-Ni) is shown in 5.1. The
experimental results reveal that among the investigated catalysts Raney-Ni
and PdCl2 in the used concentrations have a major influence on the yield
of the phenolic products. Phenol, o-cresol and p-cresol showed similar ten-
dencies and were thus summarised within the (lump)-component phenols
(PhOH). In the same way guaiacol and 4-methylguaiacol were summarised
within the component methoxyphenols (methoxyPhOH) and catechol and
4-methylcatechol within the component catechols. The thermal degrada-
tion of spruce-lignin with Raney-Ni shows a sixfold increase of the yield of
phenols from 1 to maximum 6 mg/glignin compared to experiments without
catalyst. The application of PdCl2 on the thermal lignin degradation re-
duces the yield of methoxyphenols from more than 5 mg/glignin to less than
2 mg/glignin and increases the yield of catechols from about 5 mg/glignin to
about 20 mg/glignin.

5.3 Raney-Nickel
The screening experiments presented in the preceding section show the effect
of Raney-Ni on the formation of phenols. The latter are the phenolic prod-
ucts from lignin degradation with the largest variety of applications in the
chemical industry. After evaluation of the catalyst screening experiments
a more detailed study of the effect of Raney-Ni on the hydrodeoxygena-
tion of intermediate phenolic products seems to be valuable. In a series of
experiments, the input mass of Raney-Ni is varied at a constant tempera-
ture (633 K) and residence time (30 min). For a better representation of
the data the phenolic products were grouped as described in the preced-
ing section. The results are demonstrated in Figure 5.2. They reveal that
with increasing input amount of Raney-Ni the yield of methoxyPhOH and
catechols decreases and the yield of PhOH increases. At very high input
concentrations of Raney-Ni (>250 mg/glignin) the yield of phenol decreases.

In order to find out more about the reaction mechanisms which lead to
an increased yield of phenols, additional experiments with intermediate sub-
stances were carried out. Catechol was diluted in water and placed together
with 55 mg Raney-Ni into a MA2. The autoclave was pressurised with 1 MPa
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H2 in order to guarantee a hydrogenation of catechol. The in-situ produc-
tion of H2 might as well occur but is supposed to be inferior for the thermal
decomposition of catechol compared to the thermal degradation of lignin.
The mixture of reactants was exposed to different temperatures from 523 K
to 623 K with a residence time of 60 min. The results displayed in Figure 5.3
reveal that the highest yield of phenol of 229 g/gcatechol is obtained at 523 K.
The phenol yield decreases with increasing temperature. However, the yield
of gaseous products increases up to 296 g/gcatechol CO2 and 457 g/gcatechol
CH4 at 623 K. Other important byproducts are cyclohexanol and cyclohex-
anone. The influence of temperature and reaction time on the Raney-Ni
catalysed reaction from catechol to phenol is described in more detail in
Appendix D.2, where furthermore the reaction pathways within catalysed
hydrothermal catechol decomposition and their kinetics are discussed.
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Figure 5.4: Selectivity of phenol over catechol conversion after hydrother-
mal catechol decomposition catalysed with Raney-Ni (Exp. 103-105, 114-118
and 122-125); input: 5 ml catechol/water-solution (5 g/L); different temper-
atures and residence times.

Numerous experiments concerning the hydrothermal decomposition of
catechol catalysed by Raney-Ni were carried out in 10 mL MA2. It was ob-
served that the selectivity of phenol increases with the catechol conversion
and reaches its maximum of about 90 % with the corresponding conversion
of catechol of 88 %. At conversions above 90 % the selectivity of phenol
rapidly decreases (see Figure 5.4). The graph shows a coefficient of deter-
mination R2 of 0.44 for the linear fit of the selectivity at a conversion lower
than 80 % and a R2 of 0.85 for the linear fit at a conversion higher than
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80 %. This tendency is independent from the reaction temperature. Else-
where the results of analogue experiments with guaiacol are documented
[For+12], which show that phenol does not play a major role as product
from the Raney-Ni catalysed hydrothermal decomposition of guaiacol. More
important products are cyclohexanol and cyclohexanone.

5.4 Discussion
Heterogeneous catalysts proved to be effective on the hydrodeoxygenation of
phenolic intermediates even in water. In addition, the in-situ production of
hydrogen from hydrothermal lignin degradation is sufficient for the catalytic
hydrogenation. PdCl2 was observed to yield high amounts of catechols and
low amounts of methoxyphenols from the hydrothermal lignin degradation.
It can thus be assumed that it catalyses the reaction from methoxyphenols
to catechols (see Figure 5.1). However, this should be proven by an ex-
perimental study of the hydrothermal decomposition of methoxyphenols in
the presence of PdCl2. The studies of the hydrodeoxygenation of aromatic
substances in a hydrothermal environment carried out by Zhao and Lercher
showed that Pd catalyses selectively the hydrogenation of the aromatic ring
[Zha+1]. Ni on the contrary promotes »hydrogenolysis to cleave the C-O
bonds, followed by removal of the oxygen atoms anchored to the aromatic
moieties by sequential hydrogenation and dehydration reactions« [ZL12].
These findings agree with the results of experiments with Raney-Ni in the
present work. Raney-Ni catalyses selectively the conversion from catechols
to phenols, which is analogue to the cleavage of the C-O bond and the re-
moval of an oxygen atom anchored to the aromatic ring. The maximum
selectivity of phenol was obtained at 523 K. With increasing temperature
and residence time cyclohexanol and cyclohexanone as well as gaseous prod-
ucts, that are CH4 and CO2, were observed after the catalytic hydrothermal
decomposition of catechol with Raney-Ni. This indicates hydrogenation of
the aromatic ring, as observed by Zhao and Lercher, but also gasification of
the aromatic substances. Kruse et al. showed that the presence of Raney-Ni
favours the gasification of aromatics in NCW and SCW [Kru+00; SKR04].
Probably this is also the reason for decreasing yields of phenol from spruce
lignin with increasing input amounts of Raney-Ni beyond 250 mg/glignin.
The yields and selectivities of phenol from catechol were compared with a
study carried out by Wahyudiono, Sasaki, and Goto of the hydrothermal
decomposition of catechol at temperatures between 643 and 663 K without
catalyst [WSG09]. They documented a maximum selectivity of 20 %-25 %
in respect to the molar input amount of catechol. The addition of Raney-Ni
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increases the phenol selectivities to 90 % at 88 % conversion of catechol at a
significantly lower temperature of 523 K. Raney-Ni is thus a powerful catalyst
for the hydrothermal conversion from catechol to phenol. The study of the
influence of homogeneous catalysts on the hydrothermal lignin degradation
(see Appendix D.1) indicates that basic catalysts, that are KOH and NaOH,
increase the yield of catechols. HCL decreases the yield of methoxyphenols
and increases the yield of catechols. These results agree with the assump-
tion that both acetic and basic catalysts facilitate hydrolysis which favours
the cleavage of C-O bonds e.g. in the methoxyl-group [TRR11; Zha+1].
The application of homogeneous catalysts is a promising way to increase the
yield of phenolics from lignin. However, the results obtained here need to be
complemented in order to be sufficient for stating clear tendencies.
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Chapter 6

Kinetic studies of lignin
degradation

Kinetic models describing the depolymerisation of lignin are limited and
are largely concentrated on global lump models describing the yields of gas,
char and liquids. This chapter provides systematically obtained experimen-
tal data interpreted with a model which considers the kinetics of the crucial
pathways (reactions) respecting the overall mass balance at any time. The
interpretation of the model and the kinetic data obtained helps understand-
ing the reaction mechanisms and determining bottleneck reactions. The first
attempt of modelling the kinetics of lignin degradation was based on data
obtained from the thermal degradation of lignin from wheat straw in ethanol
and formic acid in a batch-autoclave at 633 K (see Section 6.1). The same
model was further employed to describe the experimental data obtained in
a CSTR (see Section 6.2). Finally, on the basis of the existing model for
ethanol and formic acid, a modified model was developed which was able
to describe the hydrothermal degradation of lignin from spruce in a batch-
reactor (see Section 6.3). The modelling of lignin degradation in systems
which are different in respect to the solvent, water or ethanol, and the reac-
tor, batch reactor or CSTR, and the comparison of the results provide the
possibility to a more profound knowledge about the influence of different
process parameters on lignin degradation.
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6.1 Lignin depolymerisation in ethanol in a
batch-reactor

A formal kinetic model describing the main reaction pathways yielding phe-
nolics, char and gas from wheat straw lignin in a hydrogen enriched solvolysis
reaction system using ethanol as solvent has been developed. 10 experiments
(Exp. 44-53, see Appendix E.1) were conducted using a mixture of 0.33 g
lignin, 0.27 g formic acid and 2.5 g ethanol. The reactions were carried out
at a constant temperature of 633 K and residence times of 15, 30, 45, 60,
90, 120, 240, 360, 480, and 1180 min. For comparison with the CSTR (see
Section 6.2) note that in a Batch reactor the residence time is equal to the
experimental duration. For the experiments in a CSTR, however, both terms
have to be distinguished. Replicate experiments were performed for 60, 120
and 240 min residence times to assess experimental uncertainty.

6.1.1 Main intermediates and products
Global mass balance

The products comprise three major phases in varying ratios: gas, solid and
liquid phase. The recovered amounts of these three phases are dependent on
the residence time, and are illustrated in a global mass balance diagram in
Figure 6.1.

The decomposition of formic acid at 633 K contributes largely to the
initial high gas yields. Extended residence time shows a continued growth
in the amount of gas and a reduction of the single liquid phase obtained.
Minimum amounts of solid residue in reference to the amount of input lignin
are reached at 90 min (1.2 wt%) and 240 min (1.0 wt%). Although pressures
in the reactors could not be measured, comparable experiments in a larger
batch reactor have shown reaction pressures between 29 MPa and 33 MPa
[Gas+10]. Based on the decreased formic acid to ethanol loading ratio, the
pressure in the presented experiments is expected to be reduced by 3-6 MPa.

Gas phase

Analysis of the different components comprising the gaseous phase, see Fig-
ure 6.2, show that up to 1.9 wt% of CO is produced at low residence times.
The yield, however, quickly decreases to be replaced by a rapid increase of
CO2. The high value (1600 mg/glignin) of the CO2 yield at 240 min residence
time is supposed to be an outlier. Although H2 is detected, it is only present
in minor amounts of some 0.01 wt% and further diminishes with increased
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Figure 6.1: Liquid, gas and solid reaction products at varying residence times
are compared with the input amounts of Lig, EtOH and FA at reaction time
zero of the experimental series. All experiments (Exp. 44-53) were conducted
at the same loading conditions: 0.33 g Lig, 0.27 g FA, and 2.5 g EtOH;
T = 633 K.
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Figure 6.2: Individual yield of the gaseous product components, quantified
on GC-FID and GC-TCD. The values for CO and H2 have been multiplied
by a factor of 10, respectively 10000, to enable a better visibility on the given
scale; T = 633 K.
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Figure 6.3: Gas and solid residue yields for experiments carried out at vary-
ing residence times. A transition zone, indicating the change from largely
lignin characteristic solids to char is indicated, utilising the results from
FT-IR analysis; T = 633 K.

residence time. Degradation of formic acid has been reported to occur via
two different pathways, yielding either CO and H2O or CO2 and H2 [YS98].
The alcoholic solvent has been seen to influence the ratio of the two main
degradation pathways of formic acid to yield CO2 and H2 or CO and H2O
in a roughly 3:2 ratio [Kle+11]. The rapid consumption of H2 suggests a
central function and fast incorporation in the depolymerisation of the poly-
meric lignin structures. The continued increase in total amount of gaseous
products and the formation of hydrocarbon gases (including CH4, C2H6,
C2H4, C3H8, C3H6, C4H10) points towards the importance of gasification
and cracking in later phases of the reaction process.

Solid Residue

The solid residue was weighed after the reaction was terminated. Due to
repolymerisation reactions causing an increase of solids after an initial de-
crease, additional analysis of the solids were required to allocate the tran-
sition point between a predominantly unreacted lignin-type structure and
polyaromatic char (see Figure 6.3). To estimate the degree of depolymeri-
sation and conversion of lignin, as well as the transition to coking, FT-IR
spectra of the solid residue and a sample of the input lignin were taken.
Figure 6.4 shows the FT-IR spectrum of the unreacted lignin with labeled
characteristic absorption bands. The spectrum reflects the predominant aro-
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matic ring structures with hydroxyl and C-O moieties. The relatively iden-
tical intensities of the absorption bands at 1511 and 1603 cm−1 indicate
an increased ratio of syringyl relative to guaiacyl moieties in the polymer
[FW87, pp 151-154]. The largely abundant para-coumaryl moieties do not
enable a characteristic band allocation. All allocated origins of bands and
their alterations throughout residence time are summarised in Table 6.1.
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Figure 6.4: FT-IR spectra of unreacted lignin and of the collected solid
residues at 90, 120 and 1180 min residence time. The largest alterations take
place during the first 120 min and are documented in Table 6.1; T = 633 K.

Large alterations can be observed in the FT-IR spectrum of the solid
residues within the first 120 min residence time (see Figure 6.4) for four
example spectra taken from the lignin and solid residues from the reactors
after 90, 120 and 1180 min. The most dominant alteration is the disappear-
ance of hydroxyl functions, which is seen in the decrease of the broad -OH
stretching band at 3500-3400 cm−1. Decreasing absorbance of aromatic ring
vibrational bands (1511, 1429 cm−1), especially in combination with C=O
stretching (1700, 1329, 1271, 1218, 1120, 1033 cm−1) are clearly visible, illus-
trating the decomposition to monoaromatic units, and their solubility in the
oil. These bands play a role in estimating the transition period from a largely
lignin-like structure to a polyaromatic char. Roy, Bag, and Sen quantified
the content of lignin, using the aromatic ring vibrational band at 1511 cm−1

[RBS87]. Analysis of collected FT-IR data, shows the disappearance of this
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band between 90 and 120 min.

Liquid Phase

The liquid single-phase recovered was of a dark brownish colour and of a
pungent odour. The single phase remained stable, without any precipita-
tion, phase separation or change of chemical composition as observed by GC
analysis, also after several weeks of storage at 278 K. For analysis, the crude
product was evaluated without further separation, thus retaining the origi-
nal amount of remaining ethanol and process water. The water content was
found to increase from 3.9 wt% at 30 min to 14.7 wt% at 1180 min residence
time.

One major focus of the kinetic model are the selected key components.
For the monoaromatic compounds quantified in the liquid phase, the max-
imum error for the single replicates were found be 5.3 wt%, which is con-
sidered to be within an acceptable range, furthermore, consistent trends for
the development over the residence time of all phenolic products are clearly
visible in Figure 6.5.

6.1.2 Grouped products
The focus of the liquid analysis is to evaluate the monomeric phenolics in
terms of their yields as a function of residence time. For this, different
phenolics were grouped according to their degree and type of oxygenation.
Their time-dependent yields are given in Figure 6.5. 4-Ethyl substitution is
the dominant substitution for all species. In addition, 2-ethyl and 2- and
4-methyl substituted phenolics were quantified and included in some of the
compound classes.

Figure 6.5a shows the methoxylated phenolics which an initial rapid in-
crease until approximately 90 min is followed by a decrease. The by com-
parison more rapid decrease of syringol supports the previously observed
conversion of syringol to guaiacol [Dor+99]. In general, all methoxylated
phenolics, including syringol, show a large similarity in their time-dependent
yield profile. A B-spline function based on averaged values of the single con-
stituents helps to illustrate the overall trends. The profile suggests the single
constituents to be primary products within the analysis focus, and subse-
quently the rapid decrease in concentration supports their identification as
intermediates.

According to several investigations conducted under pyrolysis and hy-
drolysis conditions [JK85; LK85], catechols are found to be products of the
secondary decomposition of methoxylated phenolics. Figure 6.5b shows the
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Table 6.1: Characteristic FT-IR absorptions and observed changes between
the biomass feed and the solid residue samples
Observed
band

Litera-
ture

Origin[Her71; LI92; LPH97;
Ye+12]

Peak character-
istics in

Peak alterations
in

cm−1 cm−1 unreacted lignin solid residue
3500-
3400

3450-
3400

-OH stretching broad initial strong de-
crease

2957,
2923,
2850

2940-
2820

-OH stretching in methyl
and methylene groups

very weak, in-
tense, weak

strong decrease
at 2923 cm−1

2361,
2338

weak constant de-
crease

1700 1715-
1710

C=O stretching non-
conjugated to the aromatic
ring

disappears after
30 min

1675-
1660

C=O stretching in conju-
gated to the aromatic ring

1603 1605-
1600

Aromatic ring vibrations intense decreases

1511 1515-
1505

Aromatic ring vibrations intense disappears after
120 min

1462 1470-
1462

C-H deformations (asym-
metric)

1429 1430-
1425

Aromatic ring vibrations disappears after
30 min

1366 1370-
1365

C-H deformations (symmet-
ric)

weak intensifies

1329 1330-
1325

Syringyl ring breathing with
C-O stretching

weak disappears after
45 min

1271 1270-
1275

Guaiacyl ring breathing with
C-O stretching

disappears after
45 min

1218 1220 Syringyl ring breathing weak disappears after
60 min

1156 1160 Aromatic C-H in plane de-
formation, guaiacyl type

weak

1120 1120 Aromatic C-H in plane de-
formation, syringyl type

weak

1033 1030 Aromatic C-H in plane de-
formation guaiacyl type
and C-O deformation of pri-
mary alcohol

disappears after
45 min

917 weak
867 appears at

240 min
838 834 para-substituted aromatic

group
disappears at
90 min

810 appears at
240 min

618 appears at
90 min

460 appears at
90 min
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Figure 6.5: Yields of key components for the different phenolic compound
classes: a) methoxyphenols, b) catechols and c) phenols over residence time;
T = 633 K.

different quantified catechols as well as the averaged trend function. A some-
what slower initial increase in comparison to the methoxylated species with
lower yields is found, together with a slight decrease at over 90 min resi-
dence time. However, the two values for catechol at 240 and 1180 min differ
largely from the values for the substituted species, breaking with the gener-
ally decreasing yields. These high values were treated as outliers for further
analyses.

The dominance of 4-ethyl substituted species is especially noticeable for
4-ethylphenol in Figure 6.5c. Indeed, the rapid yield increase of this com-
pound can be compared more to the increase of the methoxyphenols than to
other phenolic constituents. The slow decrease over time however suggests
that it is a more stable product within the degradation and reaction path-
ways of the monomeric units. The other non-methoxylated phenolics show
a very slow yield increase, which when averaged, remains at a roughly con-
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stant yield value after 240 min residence time. The initial strong increase of
4-ethylphenol suggests a different reaction pathway compared to the rest of
the phenols. Demethanisation and deoxygenation reactions link the differ-
ent compound classes (see Table 4.1). However, the overall yield shows that
a large proportion of the components is lost when increasing the residence
time. This is due to char-formation or gasification processes.

6.1.3 Kinetic model development
Discerning the rank of key reaction steps

Delplot analysis was performed to confirm the indicative ranks of the phe-
nolic species which had been grouped according to their compound classes
as described above. Due to the uncertainty of the compositional transition
from lignin to char, the necessary overall conversion rate for Delplot analysis
was approximated by summing up all quantified monoaromatic species in
the liquid. Full conversion is described by a maximum yield (indifferent as
to the different classes involved) for all of these components. This is reached
at 60 min residence time, after which the total yield declines, first slightly
and then more rapidly.
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Figure 6.6: Methoxyphenols, phenols, 4-ethylphenol and catechols in depen-
dence from the conversion, a) first rank Delplot, b) second rank Delplot;
T = 633 K

Figure 6.6a shows the first rank Delplot with the three component lumps
and 4-ethylphenol. The intercepts of the extrapolated trend lines towards
zero conversion show that the methoxylated phenols and 4-ethylphenol are
clearly finite, indicating them to be primary products. Clearly, considering
the possible decomposition of syringol to form guaiacol, the latter can also
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6.1. Lignin depolymerisation in ethanol in a batch-reactor

be a secondary product. However, this reaction pathway was not considered
for the present work. The extrapolated intercept of the y-axis, at the value
zero, for the catechol lump shows it to be of a higher rank and thus at least
a secondary product. The phenol lump intercepts the y-axis slightly under
the value of 1. This suggests phenols to be a primary product within the
reaction network. Multiple reaction pathways yielding the various products
can of course occur in such a complex system, also with varying ranks, re-
quiring further exploration [KHB12]. However, due to the complexity of this
model and multitude of unknowns within the reaction pathways, use of the
interpretation extensions could not be applied. Competing and parallel re-
actions must be expected, but the analysis performed here is restricted to
identification and description of the major pathways at given reaction con-
ditions, while still recognising that further reactions exist. Reviewing the
plots of the primary product 4-ethylphenol suggests multiple pathways of
quantitative significance that could potentially also produce other phenols
directly from the biomass as primary products. The interpretation for this
component is tentative, as the extrapolation based upon four data-points
introduces a large degree of uncertainty in the determination of the y-axis
intercept. The second rank Delplot in Figure 6.6b shows that all y-axis in-
tersections are now finite, thus categorising catechols as secondary products.

Formulating a model pathway

In terms of the wide product spectra observed in these reactions, a lump-
model is expected to be the best approach and the analysis is focused on
identifying and describing the significant reaction pathways. Single compo-
nents which have been quantified in the course of the experimental work
were used in the modelling, as well as global lump components. This allows
the mapping of the complete pathway from the biomass to specific target
compounds, such as phenol. Observations made in the experimental part of
this study, as well as literature knowledge, are combined to formulate the
model presented in Figure 6.7.

Under given temperature conditions, lignin is seen to depolymerise effi-
ciently and quickly. Solid residue detected after more than two hours resi-
dence time is assumed to mainly originate from repolymerisation reactions of
phenolic compounds, such as catechols or phenols [McM+04]. Guaiacol has
been stipulated as one of the key intermediates that forms phenols and cat-
echols from lignin. The reaction pathway from methoxyphenols to catechols
(k2) yields additional gas which is not further characterised since detailed
information about the gas composition are not considered by the formal ki-
netic model. The amount of the gas produced from these reactions as well
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as from the formation of phenol [JK85] (k4) or char (k5) and dealkylation
reactions (k8, k14) is however very small relative to the gas which originates
from the gasification of formic acid and ethanol (k12, k13).

Alkylation and dealkylation reactions (k7-k9, k14) are very dependent
on the substituents attached to the aromatic ring [HKB12], and prior stud-
ies suggest that alkylation reactions would be largely preferred by guaia-
cols [Mil+99]. The abundance of 4-methyl and -ethyl substituents observed
for guaiacols, which are also present in catechols and phenols, suggests the
alkylation to take place either immediately from reactive species during the
depolymerisation process, or as a very fast reaction from guaiacol, render-
ing 4-ethylphenol to be the most abundant of this compound class. Either
way, the initial residence time step chosen is not able to describe this re-
action, and as the alkylation pattern of the para- position is subsequently
seen in both catechols and phenols, lumping of the different alkylations is
used. 2-Ethyl substitution is however, in significant quantities only found
for phenols. Thus, a separate ortho- alkylation is proposed for 2-ethylphenol
(k8), to explore the importance of this reaction. Furthermore, since dealky-
lation of 4-ethylphenol and alkylation of 2-ethylphenol is considered, the
consideration of the reverse reactions, that are alkylation of 4-ethylphenol
and dealkylation of 2-ethylphenol, is reasonable.

All gaseous and inorganic liquid products, namely CO2, CO, H2, H2O
and hydrocarbon gases (HC-gases), such as CH4, C2H4, C2H6, C3H6, C3H8,
C4H10 were grouped under the model lump component «gas». Furthermore,
LD (depolymerised lignin) is a lump component containing all components
derived from lignin that are not detected or quantified by GC, but however,
are soluble in ethanol, i.e. can not be categorised as solid residue or gas.
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Chapter 6. Kinetic studies of lignin degradation

6.1.4 Results from model fit
The formal kinetic rate coefficients of the determined reactions were opti-
mised using the algorithm explained in Appendix C. Different variations of
the model shown in Figure 6.7 were considered, including additional reaction
pathways, among them the direct conversion of methoxyphenols into phe-
nols. After evaluating the results of the minimum search, the model version
presented in Figure 6.7 was concluded to be the most appropriate. The focus
was put on an acceptable mathematical fit for phenolic products. For the
evaluation of the quality of the model fit the coefficient of determination R2

and the standard deviation σ were calculated as described in Appendix C.4.
The results are shown in Table 6.2. The standard deviation of the experi-
mental results determined by replicate experiments is depicted by the error
bars in Figure 6.8 and 6.9. The coefficient of determination R2 is above 0.5,
thus acceptable, for all phenolic products except 2-ethylphenol. The latter
component shows a comparably high standard deviation and a low coefficient
of determination. The model fit for the yield of gas and and solid residue
are also acceptable since the coefficient of determination is high. Not only
the development of the phenolics yield could be described (see Figure 6.8),
the model also allowed to describe the yields of lumped gaseous products
and solid residue (see Figure 6.9). Comparing the three rate coefficients
which represent the three primary reactions of lignin degradation (k1, k6
and k10) it can be observed that the reaction to LD (k10) is the fastest. The
fit curve for lignin shows that a total conversion of lignin can be assumed
after 100 min to 120 min, which is in good agreement to the results obtained
from the FT-IR analysis of the solid residue.

Table 6.2: Coefficient of determination R2 for the model fit and standard
deviation σ of calculated and experimental yields (see Appendix C.4).

Methoxy-
PhOH

PhOH Catechols 4-EtPhe 2-EtPhe Char Gas

R2 0.96 0.59 0.88 0.57 -0.21 0.89 0.88
σ 14 44 20 30 113 56 26

The rate coefficients of the reaction of catechol to phenol (k4) is very
low compared to other coefficients within the model and therefore of minor
importance. The same is true for the gasification of phenols (k5). Ethylation
of phenols is the only reaction pathway which is assumed to be reversible
as described above. The rate coefficients of ethylation and deethylation are
of the same order of magnitude. The ethyl substitution in the para- posi-
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ure 6.4; T = 633 K.
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tion (k14) is slightly faster than deethylation (k7), whereas the ethylation in
ortho-position (k8) is about three times slower than deethylation (k9). Char
formation from LD (k16) is of minor importance compared to the gasification
of LD (k11). Char formation from catechol (k3) on the other hand is faster
than from phenol (k17) or from LD.

Table 6.3: Formal kinetic rate coefficients (kj) of all 17 reactions defined
within the developed model (see Figure 6.7)
kj k1 k2 k3 k4 k5

(min−1) 7.94·10−04 8.65·10−03 1.09·10−02 2.24·10−06 5.81·10−15

kj k6 k7 k8 k9 k10

(min−1) 3.61·10−04 1.79·10−02 1.92·10−03 5.71·10−03 4.68·10−02

kj k11 k12 k13 k14 k15

(min−1) 8.32·10−04 4.99·10−04 3.56·10+26 2.04·10−02 3.56·10−05

kj k16 k17

(min−1) 4.16·10−05 1.17·10−03

Within the model, polyaromatic components derived from the biomass
(LD) are assumed to decompose directly into gaseous components (k11), but
can also form methoxyphenols (k15) and char (k16). Mathematical fitting
showed that the latter route is of minor importance. The fit also confirms
that the degradation of formic acid is very fast at given temperatures (k13).
The degradation of ethanol (k12) is significantly slower. However, at long
residence times it is of importance, if a recovery of the solvent ethanol is
considered for a technical process. This is in good agreement to the results
obtained from the thermodynamic studies (see Chapter 3).

6.1.5 Discussion
Replicate experiments showed the averaged percentage error for the mea-
sured global lump products, that are solid residue and gas, to be 13 wt%
and 10 wt% respectively. Standard deviations for these two average values
were calculated to be 6 % and 2 % respectively. A possible explanation for
this error is found in the determination of the solid residue moisture. Al-
though the solids were weighed before and after drying, it is likely that a
certain amount of the volatile moisture attached to the solid residue evapo-
rated during separation of liquids and solids before weighing.

Gas chromatographic analysis of the liquid product gives results for the
yield of 12 different kinds of phenolic components, certainly less than the
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6.1. Lignin depolymerisation in ethanol in a batch-reactor

real number of different phenolic products from lignin depolymerisation, but
sufficient to evaluate a simple reaction network as suggested by Jegers and
Klein for the pyrolysis of lignin [JK85]. The quality of results is supported
by the acceptable fit of the single measurement data points in respect to the
calculated yields as shown in Figure 6.10. The better the fit, the closer the
data points plot to the diagonal line. The coefficients of determination R2

is above 0.5, thus acceptable, for all components except 2-ethylphenol. The
latter component could hardly be detected in the liquid product. Thus the
error analysis is very sensitive to slow changes of the yield or concentration
which yields a high standard deviation (113 %) and a low coefficient of
determination (-0.21). However, important for the validation of the model
is also that the tendency of the development of yield over reaction time can
be described as basically different from 4-ethylphenol.
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Figure 6.10: Comparison of calculated and experimental data for product
yields of all phenolic (lump) components. Normalising factors (mg/glignin):
MethoxyPhOH: 14.0, Catechols: 7.0, PhOH: 3.0, 4-EtPhe: 5.0, 2-EtPhe:
1.5.

Results from the FT-IR analysis of the solid residue as well as results
from the fit of the rate coefficients show that approximately 100 min after
starting the reaction, most of the lignin structure has disappeared. Solvolytic
cleavage of the ether bonds present in the lignin structure, as already pos-
tulated for lignin degradation in a mixture solvent of ethanol and water by
Yuan et al., is assumed to be the preferred reaction mechanism [Yua+10].
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The observed effects of water on guaiacol pyrolysis describes a further
parallel pathway based on the solution of the guaiacol molecules, thus pre-
venting these from participating in free-radical reactions in order to form
high molecular weight material [LK85]. This reaction pathway is believed to
be transferable also to other protic solvent systems as well as lignin. Further-
more, external hydrogen donor sources have been reported to cap the radical
moieties with hydrogen, thus reducing the radical concentration, which can
be advantageous and suppress repolymerisation reactions [Dor+99]. The re-
action coefficient of the degradation of guaiacol (k2) under pyrolytic condi-
tions at 633 K (circa. 0.0084 min−1) obtained by Vuori [Vuo86], is compara-
ble to the value calculated within the fit of this model (0.0087 min−1). The
good agreement of one of the calculated rate coefficients with those found
in literature for similar reactions shows that the model is not only a mathe-
matical method for the simulation of experimentally determined values, but
also sensible in respect to the chemistry of lignin degradation.

4-Ethyl groups are generally the dominant substituents for all species at
lower residence times. The occurrence of 4-ethylphenol as a primary product
strongly suggests that ethyl group substituents are both a product of alky-
lation reactions in ortho- and para- position [HKB12] and depolymerisation.
Supported by the Delplot analysis, it can be concluded that 4-ethylphenol is
a primary product of lignin degradation. 2-Ethylphenol, however, is a late
product and its yield hardly decreases toward very high residence times. It is
thus assumed that 4-ethylphenol is formed directly from the lignin structure
whereas 2-ethylphenol is formed by ethylation of phenols.

Hydrogen donor solvents have been seen to influence various biomass
degradation processes. The high yields of ethyl substituted guaiacols, and
indeed also catechols and phenols at lower residence times, may be related
to the capping of highly reactive vinyl- (to ethyl-) substituted guaiacol in-
termediates by these donor solvents [PK84; Ye+12]. This could be part of
the reason for the high yield of 4-ethyl substituents for the different phenolic
species, which in the work of Ye et al. comprised a total of 30 % (together
with 4-vinyl substitutes) of all lignin derived components quantified [Ye+12].

The comparison of polymerisation pathways from catechol (k3) and phe-
nol (k17) shows that catechols are more prone to repolymerise with k3 being
greater than k17. This agrees with the results obtained by McMillen et al.
[McM+04], who found that especially cresols are able to cap the radical
induced coupling of hydroxybenzenes under pyrolysis conditions. The low
reaction rates for gas formation from phenol (k5) furthermore supports the
suggestion that mono-hydroxyl phenols are stable, contrary to the reactive
methoxyphenols and catechols [JK85].

The model fits experimental values well and the derived rate constants
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match values found in literature. The number and choice of selected lumps,
as well as their interaction pathways, are sufficient to describe the degra-
dation of lignin with a focus on the deoxygenation and ethylation reactions
in the production of mono-aromatics under the given reaction conditions.
Alteration of temperature in the range of 643 K to 663 K [Kle+11] has been
reported to show some systematic variations in the product spectrum. The
model is based on to the use of ethanol as solvent medium as a source for
ethylation reactions. The general degradation pathways shown in this section
are however also found for alternative hydrogen donor systems [For+12]. The
necessity of the introduced single 4-ethylphenol component, suggests that
adaptations to the model for different types of lignin would be necessary.

6.2 Lignin depolymerisation in ethanol in a
continuous reactor

Based on a selected number of experiments in a MA1 and a continuous
stirred tank reactor (CSTR) the applicability of the kinetic model developed
in Section 6.1 to a different reactor system, that is a CSTR, and to varying
reaction temperatures is explored. The applicability of the model to these
alternate reaction conditions was tested and the fit quality was evaluated
using sensitivity and flux analysis (see Appendix C.5 and C.6). Furthermore,
the influence of temperature and the characteristics of a continuous reactor
system on both a molecular as well as a global lump level was monitored.
This aids in the understanding of the chemical reaction mechanisms and sets
a basis for future investigative work.

6.2.1 Experimental
Experiments using comparable loading ratios and identical reaction temper-
ature were performed in both, MA1 (Exp. 56-61) and CSTR (Exp. 62-64,
68; see Appendix E.1). For different experiments in the CSTR the pressure
and the mass flow ṁ was varied. These two parameters influence the mean
residence time in the CSTR (see Table 6.4). Important for the further ob-
servations is the density inside the reactor at different reaction conditions.
The density is proportional to the total mass of reactants inside the CSTR
m.

m = ρ · VR, VR = 200 mL. (6.1)

The density ρ is assumed to be constant throughout the experiment and
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is estimated employing the density of ethanol at the given pressure and
temperature [Baz+07; DP04]. Since the reaction volume VR is equal to the
volume of the reactor, the reaction massm results to be constant throughout
the experiment. Further experiments were conducted in the CSTR varying
the temperature in the range between 633 and 673 K. The formic acid to
lignin ratio of was 1.1:1 in the batch reactor and 1.2:1 in CSTR. The ethanol
to lignin ratio was 9:1 for the batch-experiments and 9.5:1 in the experiments
conducted in the CSTR.30

Table 6.4: Experimental conditions, estimated total reaction
mass (m) and mass flow (ṁ) for batch and continuous reactor.
Exp. Reactor T Pressure (mean) Resi- m ṁ

dence time
K MPa min g g/h

56/57 MA1 653 -a 150 3.9
58/59 MA1 653 -a 60 3.9
60/61 MA1 653 -a 140 3.9
62 CSTR 653 25 52 62.8 72.8
63 CSTR 653 30 59 72.3 74.1
64 CSTR 653 20 39 50.2 75.6
65 CSTR 633 25 56 69.7 74.6
66 CSTR 673 25 44 56.2 76.3
67 CSTR 653 25 37 62.8 102.5
68 CSTR 653 25 21 62.8 180.4

a The design of the MA did not enable the measurement of re-
sulting pressures. Comparable experiments have shown pressures
between 29 and 33 MPa [Gas+10]. The pressure in presented ex-
periments is expected to be reduced by 3-6 MPa due to a decreased
FA/EtOH loading ratio.

6.2.2 Results
General tendencies

In this section experiments carried out in a MA1 (Exp. 58, 59) and a CSTR
(Exp. 63) at 653 K and approximately 60 min (mean) residence time are
compared and evaluated. The mass balance diagram in Figure 6.11a com-
pares the mass fraction of the three different output phases with the mass
fractions of the input substances, that are ethanol, lignin and formic acid.
In case of the batch-experiment (Exp. 58) in MA1 the results after 60 min
residence time were considered. In case of the CSTR experiment, the exper-
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Figure 6.11: Results of lignin degradation in MA1 and CSTR at 653 K and
60 min (mean) residence times (Exp. 58, 63); a) liquid, gas and solid reaction
products compared on a wt% basis with the input amounts of lignin from
wheat straw Lig, EtOH and FA, b) Composition of the product gas, c) yields
of PhOH, methoxyPhOH and catechols.

imental results obtained in the stationary state (see Chapter 2.2.2) of the
experiment with the corresponding mean residence time (59 min, Exp. 63)
were observed. The diagram reveals that a clear reduction of the relative
yields of gas and recovered solids can be achieved by transferring reactions
from a batch to a continuous reactor setup. The mass balance shows a mass
loss for the batch experiments of < 7 wt% and for the CSTR experiments of
< 6 wt%.

The gaseous products comprise a mixture of H2, CO, CO2 and hydro-
carbons in the C1 to C4 range, of which C2H6 and C2H4 are the largest
contributors. A Comparison between batch and continuous operation shows
both considerable impact on the quantity of gaseous products as well as on
the gas composition (see Figure 6.11b). A considerable decrease of CO2 by
a factor of 2, a 2 to 4 fold increased amount of CO and a large increase
of H2 are observed in continuous operation. Whereas in batch processes,
hydrogen is readily consumed [Gas+2], the surplus of H2 in the CSTR is a
product of the continuous feeding, but also continuous tapping of gaseous
components from the reactor. In addition, a control experiment was carried
out in a MA1 at 653 K and 11 h residence time without biomass (Exp. 55).
The input comprised 89 wt% ethanol and 11 wt% formic acid. The product
contained 73 wt% liquid and 27 wt% gas and the main gaseous components
were CO2, C2H6, C2H4, C4H10 that contribute with, respectively, 53 wt%,
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13 wt%, 9 wt% and 13 wt% to the gaseous product. Also H2, CO, CH4 and
C3-gases were detected. The high amount of C2-gases demonstrates that the
gasification of ethanol also contributes to the elevated gas production (see
Chapter 3.

To be able to include not only global lump products, but to also cap-
ture the role of typical deoxygenation and demethanisation reactions be-
tween monomeric phenolics in the liquid phase, 12 selected, 2- and 4-methyl,
respectively -ethyl, substituted as well as non-substituted monomeric key
components were quantitatively determined and grouped according to their
structural properties, i.e. in accordance with their degree and type of oxy-
genation as described in Section 6.1. The yields for the grouped components
per g initial lignin are shown in Figure 6.11c. The yield of each phenolic
compound is given in Appendix E.1 (Exp. 58, 63). The total yield percent-
age of all key compounds lies between 3 and 7 wt% on an initial lignin basis.
As only a comparatively small number of key compounds were chosen, the
obtained percentage of monomeric compounds in the product is an underes-
timation of the actual content. For all of the three grouped compound classes
of phenolic compounds, that are methoxyphenols, catechols and phenols, a
dominance of 4-ethyl substituents is observed. The total yield of phenolics
can be increased by about 1 wt% from approximately 5 to more than 6 wt%
on an initial lignin basis, if the reaction is transferred from a batch reactor
to a CSTR. Especially the yield of phenols and methoxyphenols is increased,
the yield of catechol is similar at about 60 min (mean) residence time.

Model fit and comparison

The adapted kinetic model was used to fit the results of the temperature de-
pendent experimental series (Exp. 64-66). The experimental results for the
transition phase between non-stationary and stationary state in the CSTR
are represented by the shattered data points in Figure 6.12. The continuous
curves represent the results from the model fit. The modelling was carried
out applying the methods presented in Appendix C. In order to minimise
the the difference between calculated and experimental yields, the formal
kinetic parameters EA,j and Aj were optimised (Equations C.1 to C.3). For
the comparison of experimental and calculated yields of the phenolic prod-
ucts, see Figure 6.16. The coefficient of determination R2 and the standard
deviation σ of the experimental yields from the calculated yields of the phe-
nolic products is listed in Table 6.5. The model fit of the experimental
results of 2-ethylphenol was difficult which is discussed in Section 6.1. Be-
sides, also the model fit of 4-ethylphenol and catechols was critical as the
low coefficient of determination shows. The resulting formal kinetic rate co-
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Figure 6.12: Comparison between the CSTR-fit of phenolic lumps and their
measured quantities for Exp. 64-66 conducted at a) 633 K, b) 653 K and c)
673 K; mean residence times are between 39 and 56 min (see Table 6.4).

efficients kj , apparent activation energies EA,j and the Arrhenius factors Aj
are listed in Table 6.6. The fits for both CSTR and batch experiments from
Section 6.1 were evaluated using flux and sensitivity analysis (see Figure 6.13
and Figure 6.14).

Comparisons between the single formal kinetic rate coefficients are given
in the last column in Table 6.6. If the quotient of kj(CS,633 K)/kj(MA,633 K)
is smaller than 0.02 or greater than 50, the field is left blank since such val-
ues simply show a great difference between the CSTR-fit and the MA-fit.
Nevertheless, this difference is discussed in Section 6.2.3 and an eventual
disagreement is pointed out. These show that the resulting formal kinetic
rate coefficients are similar for both fits in respect to most reactions involved
in the formation and degradation of phenolics (k1, k2, k5, k6, k10). The re-
action rates of all these reactions increased by transferring them to a CSTR,
however, the maximum increase factor was 3.3. Among the reaction rates of
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Table 6.5: Coefficient of determination R2 for the model fit and
standard deviation σ of calculated and experimental yields of
phenolic products (see Figure 6.12).

methoxyPhOH PhOH catechols 4-EtPhe 2-EtPhe
R2 0.80 0.62 0.55 0.31 -0.55
σ 18 41 37 30 118

the primary reactions (k1, k6 and k10) the increase factors were even smaller,
3.1 for the formation of methoxyphenols from lignin (k1), 1.3 for the forma-
tion of 4-ethylphenols (k6). Also the fluxes of these reactions were similar
for both fits. However, the fluxes for all three reactions (r1, r6 and r10) were
smaller for the CSTR fit (see Figure 6.13), the flux of r6 was reduced by
a factor of 2.2 from 8.0·10−4 to 3.6·10−4 g/mL. On the contrary the for-
mation of methoxyphenols from LD as well as the conversion of catechols
into phenols, respectively r15 and r4, were more than 30 times faster in the
CSTR according to the model fit. The fluxes of both reactions increased of
a factor greater than ten to 3.0·10−3 g/mL and 1.1·10−3 g/mL for r15 and
r4 respectively. Hence, the sum of the fluxes which lead to a formation of
methoxyphenols (r15 and r1) at 60 min (mean) residence time more than
doubles if the reaction is transferred from a batch to a continuous reactor.
In addition, the flux of the conversion of methoxyphenols into catechols (r2)
also doubles. The flux from lignin to phenol via methoxyphenols and cate-
chols is thus favoured by a continuous reactor according to the results from
modelling. The reversible reactions are obviously in equilibrium since the
fluxes of these reactions (r7 and r14 as well as r8 and r9) are equal (see Fig-
ure 6.13). The formal kinetic rate coefficients of the char formation from
catechols (k3), phenols (k17) and LD (k16) significantly decrease by a factor
of more than 10 when the reaction is transferred to a CSTR. Contemplat-
ing the flux of the repolymerisation of phenols (r16), which is relatively low
(< 10−4 g/mL), it is easily visible that this reactions plays a minor role in
both reactor systems. On the contrary the fluxes of the char formation from
LD (r17) and the repolymerisation of catechols (r3) are both reduced from
respectively 1.9·10−4 to 1·10−4 g/mL and 1·10−4 to < 10−4 g/mL.
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Figure 6.13: Comparison of the fluxes of each reaction defined in the model
(see Figure 6.7) calculated for both batch-fit and CSTR-fit at 60 min (mean)
residence time τ (τ ′) and 633 K (see Appendix C.6).

The formal kinetic rate coefficient of the gasification of LD (k11) decreases
by a factor greater than 50, its flux decreases from a relatively high value
in a batch reactor (3.2·10−3 g/mL) to a negligible value (< 10−4 g/mL)
in a continuous reactor. The flux of the gasification of ethanol decreases
from 0.022 g/mL to 3.0·10−3 g/mL if the reaction is transferred from MA to
CSTR. The formal rate coefficient for the gasification of phenols is increased
by a factor of 3.3. However, the flux in a CSTR of this reaction at 60 min
residence time is still negligible. The flux of the gasification of formic acid is
similar for both, the CSTR-fit and the batch-fit, although the formal kinetic
rate coefficient (k13) calculated by the CSTR-fit and the batch-fit differ from
each other by a factor more than 50. The gasification of formic acid (r13)
is, if the reversible reactions are not considered, the fastest reaction in both
fits.

The sensitivity analysis as explained in Appendix C.5 yields a matrix
showing the sensitivity of each defined component to all considered reactions
(see Figure 6.14). If none of the components is sensitive to a defined reaction,
the formal kinetic rate coefficient can not be optimised mathematically since
a modification of the formal kinetic rate coefficient does not show an effect
on the yield of any component. Nevertheless the reaction might be essential
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6.2. Lignin depolymerisation in ethanol in a continuous reactor

for the model since it is the only pathway leading to a certain component.
Figure 6.14 shows that all phenolics are sensitive to the primary formation
of methoxyphenol (r1) and its most important competing reaction (r10).
However, the sensitivity to r10 of all phenolic products is reduced in the
CSTR-fit compared to the sensitivity in the batch-fit. Major differences
between the batch and the CSTR fit were found in respect to the char
yield, which is only sensitive to the formation of char from LD (r16) in the
CSTR-fit and to the char formation from catechol (r3) as well as to the
preceding reactions (r1, r2) in the batch-fit. Noteworthy is the increased
sensitivity of all phenolics to the formation of methoxyphenols from LD,
which is not existent in the batch fit, however, significant in the CSTR fit. A
very similar observation can be made for the sensitivity of catechols, phenols
and ethylated phenols to the conversion of catechols into phenols. On the
contrary the sensitivity of phenols and ethylated phenols to the formation of
4-ethylphenol from lignin is higher in the batch-fit compared to the CSTR-fit.

Temperature dependence of formal kinetic parameters

When increasing the temperature in the CSTR from 633 to 673 K, decreasing
amounts of solids (-1.5 wt% on a global mass scale) and increasing amounts
of produced gas (+9.9 wt% on a global mass scale) were recovered (see
Appendix E.1). The yields of all phenolic products increased with the tem-
perature except the yield of methoxyphenols, which were found to decrease.
This tendency is correctly described by the model fit (see Figure 6.12). Fig-
ure 6.15a shows that the initial slope of the curve describing the yield of
methoxyphenols is similar for all temperatures. It further reveals that the
yield of methoxyphenols is reduced by about 1/3 for 673 K in respect to the
maximum yields achieved at 633 K. The yield of catechols is overestimated
by the model for 633 K and underestimated for 653 K (see Figure 6.15b).
The slope describing the increase of the yield of catechols and phenols during
the non-stationary state increases with temperature. Higher yields of both
compound classes are found for higher reaction temperatures. Noteworthy is
the almost threefold increase of the catechols yield within the contemplated
temperature range (633 to 673 K). In addition the catechols yield at 633 K
seems to have not reached the stationary state until 360 min experimental
duration.
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Figure 6.15: Results from the CSTR-fit of the experimental yields at different
temperatures and mean residence times (Exp. 64-66) of a) methoxyphenols
and b) catechols.

The calculated apparent activation energies listed in Table 6.6 indicate
the temperature dependence of each reaction. Alkylation and dealkylation
reactions of phenols (reactions r7-r9 and r14) as well as the gasification of
formic acid and LD show an apparent activation energy close or equal to
zero, i.e. a negligible temperature dependence of the formal kinetic rate
coefficient. However, these results have no influence on the description of
the product yields since these reactions are reversible and in equilibrium
as shown above. The reaction with the highest activation energy (r3) is
of minor importance since the formal rate coefficients and fluxes are neg-
ligible. Comparing the apparent activation energies of the gasification of
ethanol (r12) and formic acid (r13), it can clearly be observed that formic
acid is instantaneously gasified at all temperatures, whereas the gasifica-
tion of ethanol is much more sensitive to temperature changes. Hence, the
main reason for the increased gas yield found at higher temperatures next
to further cracking reactions [Kle+11], is due to the increased gasification of
ethanol. The formation of methoxyphenols (EA1=96 kJ/mol) shows a higher
apparent activation energy than the reaction of its decomposition (EA2=87
kJ/mol). The same phenomenon is observed in respect to catechols. The
calculated apparent activation energy of the formation of catechols (EA2)
is higher than for the conversion of catechol into phenol (EA4=8 kJ/mol)
which is the major reaction of catechol decomposition.
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6.2.3 Discussion

The CSTR-fit as well as the batch-fit of the formal kinetic rate coefficients
show that the developed model shown in Figure 6.7 considers the main re-
action pathways of wheat straw lignin degradation in ethanol with formic
acid. The optimised formal kinetic parameters approximate the yields of the
phenolic products, thus the model is able to describe the general tenden-
cies of the phenolics yield in a CSTR (compare also Figure 6.16). Sensitivity
and flux analysis demonstrate the applicability of the model for both reactor
systems, batch reactor and CSTR.

Comparison of the results from this work with literature values shows
a good general agreement, and thus further confirm the validity of the de-
veloped model. Jegers and Klein found slightly varying estimated rate con-
stants for catechol and guaiacol decomposition during Kraft lignin pyrolysis
at 673 K, depending on their alkyl substitution. 4-Ethyl substituted cate-
chols and guaiacols were seen to decompose faster than their 4-methyl substi-
tuted analogues, which in turn decomposed faster than the non-substituted
compounds. Averaged, at 673 K rate constants of 0.029 min−1 (0.031 min−1

in this work) for catechols and 0.042 min−1 (0.041 min−1 in this work) for
guaiacols were found. Pure guaiacol displayed a decomposition rate con-
stant of 0.038 min−1 [KV08] at 673 K, illustrating the non-influence of other
species on the decomposition rate.

Various activation energies for lignin degradation have been reported by
Brebu and Vasile [BV10]. The most common values for single first order
decomposition are found to vary between 54 and 79 kJ/mol between 517 -
582 K, increasing to 81 kJ/mol at higher temperatures up to 1440 K [Ram70;
DRS74; Nun+85]. The apparent activation energy describing the primary
lignin degradation in this work, that is principally EA,10 (= 75 kJ/mol), is
within this typical span.

The model correctly describes the increase of yields of catechols and
phenols and the decrease of the yield of methoxyphenols at increasing tem-
peratures (see Figure 6.12). However, one phenomenon is observed that was
not correctly described by the model. The experimental results at 673 K
show that approximately 100 min into the experiment, the yield increase
of catechols stagnates (see Figure 6.15 b) and the actual final yield at long
experimental durations is seen to be very similar to the yield at 653 K. The
model underestimates the catechol yield in the stationary state at 653 K
since the slope of the catechol yield during the first 100 min of the experi-
ment at 653 K is lower than at 673 K. In addition, the phenomenon leads to
and overestimation of the rate coefficient of the formation of catechol (k2)
at 633 K. The abrupt stagnation of the catechol yield is difficult to describe
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Figure 6.16: Comparison of the normalised calculated and experimental
data for product yields of all phenolic (lump) components. The follow-
ing normalising factors (mg/glignin) were used for better comparability:
MethoxyPhOH: 42.1; Catechols: 20.4; PhOH: 5.6; 4-EtPhe: 19.4; 2-EtPhe:
3.1.

by any formal kinetic model. Neither the consideration of additional inter-
mediates, reactants or reaction pathways which are not considered by the
model, nor increased reaction orders were able to improve the fit. A change
of the reaction mechanism caused by e.g. phase separation in the reactor
might be a reason. The effect of the density on the reaction mechanism
might also play an important role. In this work, however, only the effect
of the density on the residence time was considered. This leads to an un-
derestimation of the yield o 4-ethylphenol at 653 K and thus a rather low
coefficient of determination at this temperature while the approximation of
the experimental yield of 4-ethylphenol by the model is acceptable at 633 K
and 673 K. Further research effort has to be spent on the clarification of
these phenomena. The study of ethanolysis and hydrothermal degradation
of intermediate phenolic products, that are methoxyphenols, catechols and
ethylphenol, are suggested.

Both model fits show that the main fluxes of the reactions r10, r12, r13 are
in the same order of magnitude, whereas the gasification of ethanol seems
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to be favoured in the batch reactor. Small differences can be due to slightly
different input concentrations and due to the assumption that all reaction
orders are 1. The suppression of the gasification and the formation of char
from LD can be explained by a parallel reaction from the reactive compo-
nent LD to a stable, ethanol-soluble component LD. The latter obviously
occurs within lignin depolymerisation but is not crucial for describing the
experimental results. A CSTR facilitates reactions of early intermediates
and later products, e.g. LD and phenols respectively. This might result in
the scavenging of radicals and the suppression of char formation as described
in other works [Sai+03; McM+04; Tak+12; Aid+02; Fan+05].

The sensitivity analysis shows a high sensitivity of all phenolic compo-
nents to the formation of LD (r10), which is the reaction competing with
the primary phenolic products methoxyphenols and 4-ethylphenol. Hence,
the key for increasing the phenolic yield is to accelerate the formation of
methoxyphenols (r1) and 4-ethylphenol (r6) and to suppress the competing
parallel reaction (r10). However, the CSTR-fit revealed that another impor-
tant reaction pathway to yield phenolics is via the reactive intermediates
LD (r15) and that this pathway is favoured in a CSTR. The modelling re-
veals that in a CSTR the major reaction pathway from lignin to phenol
is via methoxyphenols and catechol, whereas in a batch reactor it is via
4-ethylphenol.

The formal kinetic rate coefficients of the primary reaction of lignin de-
polymerisation (r1, r6 and r10) calculated for the CSTR-fit are higher than for
the batch-fit (factor 1.3 to 3.1). These are the result of the impact of stirring
and the increased heating rate in the CSTR. The temperature dependence
of the formation of methoxyphenols and catechols (r1 and r2, respectively)
is higher than those of the subsequent decomposition reactions (r2 and r4,
respectively). This implies that increased temperatures lead to an increased
yield of catechols and methoxyphenols. However, a temperature increase
within the range of 633 - 673 K is not seen to aid in an accumulation of
these monomeric units (see Figure 6.15a). This can be explained by a drop
of the mean residence time with increasing temperatures due to changing
densities.

The calculated apparent activation energies of the alkylation and dealky-
lation of phenols (EA7-EA9 and EA14) are close to zero and thus the formal
kinetic rate coefficients of these reactions are not sensitive to temperature
changes. Obviously, the only important fact for modelling these reversible
reactions in a CSTR is the thermodynamic equilibrium. Fluxes and the tem-
perature dependence of the mentioned reactions are of minor importance.
Furthermore, the gasification of formic acid (r13) and LD (r11) resulted to
be insensitive to temperature changes (EA,j close to 0) whereas the tem-
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6.3. Lignin depolymerisation in water in a batch-reactor

perature sensitivity of the repolymerisation of catechol (EA3) is very high
(528 kJ/mol). These values are of minor importance due to an exceptionally
high rate coefficient as for the gasification of formic acid (k13) or an excep-
tionally low rate coefficient as for the repolymerisation of catechol (k3). The
sensitivity analysis shows that none of the reaction participants is sensitive
to a change of k3 or k11. The gasification of ethanol is mainly influenced by
residence time and temperature. The flux of this reaction is one of the high-
est at 60 min residence time. High temperatures and long residence times
favour the gasification of ethanol. In the CSTR the flux of ethanol gasifica-
tion is considerably lower (0.003 g/mL) than in a batch reactor (0.022 g/mL).
Thus, the model fit implies a transfer from batch to CSTR to suppress the
gasification of ethanol.

The transfer from batch to CSTR showed a suppression of gasification
and repolymerisation of reactive intermediates as well as of phenolic prod-
ucts. In addition the gasification of ethanol was reduced. The formation
of methoxyphenols from reactive intermediates (LD) was revealed to be an
important reaction pathway, favoured in a CSTR to increase the yield of
phenolics.

6.3 Lignin depolymerisation in water in a batch-
reactor

Hydrothermal degradation of lignin has become more important in the last
years. Some research has been done, especially focusing on the reaction ki-
netics of the degradation of model compounds [WSG08; WSG09; WSG11].
Zhang, Huang, and Ramaswamy described the lignin degradation in hot
compressed water and the build-up of char [ZHR11]. Yong and Matsumura
[YM12] studied the reaction kinetics of lignin depolymerisation in SCW in a
continuous reactor considering both, global lump components and single phe-
nolic components. In this chapter the question should be answered whether
the model shown in Section 6.1 can be adapted in order to describe the
hydrothermal depolymerisation of enzymatic hydrolysis lignin from spruce
wood (softwood) in a batch-reactor. Experiments (Exp 69-102, see Ap-
pendix E.1) were carried out in a 5 mL MA2. The reactants for all exper-
iments were 0.33 g of spruce-lignin and 2.5 g of water. Neither a hydrogen
donor nor any homogeneous or heterogeneous catalysts were added. The
modelling of the major reaction pathways and the formal kinetics were vali-
dated by comparing calculated and experimental yields of phenolics as well as
solid and gaseous lump products. In addition, the formal kinetic parameters
resulting from an optimisation were compared with values from literature.
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6.3. Lignin depolymerisation in water in a batch-reactor

6.3.1 Model adaptations

The development of the formal kinetic model describing the hydrothermal
lignin depolymerisation in a batch reactor is based on the scheme of reaction
pathways developed in Section 6.1. However, the model had to be adjusted
to the application for the different solvent, i.e. water instead of ethanol, and
type of lignin. The lignin used here was an enzymatic hydrolysis lignin from
spruce (softwood) which is principally made up of coniferyl moieties. It was
consequently observed that the most prominent initial products from spruce-
lignin were methoxyphenols, while only small amounts of 4-ethylphenol were
detected. Lignin from wheat straw, which was used in Section 6.1, on the
contrary yields significant amounts of 4-ethylphenol since it contains more
para-coumaryl units. Hence, for the modelling of the degradation of spruce-
lignin a primary formation of 4-ethylphenol did not have to be considered.
In addition, hydrothermal degradation of lignin yields high amounts of cat-
echols compared to thermal degradation in ethanol or acetone [LZ08]. It is
however impossible to describe such high yields by assuming the formation
of catechols exclusively via methoxyphenols. A parallel pathway for the for-
mation of catechol was considered. However, the primary intermediate of
this pathway is unknown. It is supposed to be among the lump component
named LD. Yong and Matsumura did not report increased catechol yields,
thus did not consider this parallel pathway of catechol formation [YM12].
This is probably due to the low loadings of lignin (0.1 wt%). The lump
component LD comprises all water soluble components that could not be
quantified by GC-analysis as well as volatile organic components which were
adsorbed on the solid residue and thus did not pass the filter during product
separation but were evaporated during the drying of the solid residues. The
component LD could analytically not be quantified, however, its existence is
reasonable to be assumed in order to close the mass balance. Previous stud-
ies concerning repolymerisation reactions and scavenging of organic radicals
[Far+10; Sai+03] led to the assumption that among the lump component
LD reactive components (LD1) and stable components (LD2) can be distin-
guished.

In addition, the gaseous products were further distinguished into reac-
tive intermediates (CO, H2) and stable products (CO2 and CH4). Gaseous
products were assumed to be formed via the gasification of organic compo-
nents derived from lignin. Furthermore, methanisation and water-gas-shift-
reaction were taken into account. These adaptions of the model shown in
Figure 6.7 lead to a modified model which is assumed to be able to describe
the reactions taking place throughout the hydrothermal depolymerisation of
a softwood-lignin. The modified model is shown in Figure 6.17. The mod-
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elling of the kinetics of hydrothermal lignin degradation was carried out as
described in Appendix C. All reactions were assumed to be of first order.
The resulting differential equations are listed in Appendix C.3. Since the
formal rate coefficients depend on the temperature, Equations C.1 to C.3
were applied for their optimisation.

6.3.2 Results
The overall experimental results are summarised in Appendix E.1 (Exp. 69-
102). The experimental yields of stable gaseous products (CO2 and CH4) and
solid residue are displayed in Figure 6.18, represented by the individual data
points. Results of hydrothermal lignin depolymerisation show a recovery of
stable gaseous products of maximum 25 wt% on an initial lignin basis, of
which 24 wt% are CO2. After an initial rapid increase of the yield of CO2
and CH4 until approximately 60 min residence time, the yield approximates
a finite threshold value. This threshold increases with the temperature. The
maximum yield of 15 mg/glignin CO was measured at 653 K and 30 min
residence time (Exp. 95). It was observed to peak at residence times between
30 and 120 min. With increasing temperature the maximum of the peak
increased and the peak shifted to shorter residence times (see Appendix E.1,
Exp. 69-102). H2 could not be detected in the gaseous product, however, was
assumed to be formed and instantaneously consumed, since several reactions
which occur within hydrothermal lignin degradation require the presence
of reactive hydrogen, e.g. the formation of catechol by demethylation of
methoxyphenol [Vuo86] or the hydrolytic scission of one hydroxyl-group of
the catechol molecule [WSG09].

After an initial decline until approximately 60 min residence times the
yield of solid residue approximates a finite threshold value. This threshold
varies marginally with the temperature. Not converted lignin and char could
gravimetrically not be distinguished. The measured yield of solid residue was
thus compared with the sum of the calculated yields of not converted lignin
and char. The interpretation of the FT-IR-spectrum of the solid residue aids
in analytically determining the zone of transition from not-reacted lignin to
char. Figure 4.2b shows the FT-IR-spectra of spruce-lignin and the solid
residue after different residence time in the MA1 at 633 K. Most aromatic
vibrational bands, e.g. at 1511 cm−1 1429 cm−1 and 1058 cm−1, disappear
until residence times of 60 min. The interpretation of the FT-IR-spectra is
analogous to the lignin degradation in ethanol in Section 6.1.

The yield of solid residue is described by the model assuming a primary
decomposition of the lignin followed by the build-up of char. The standard
deviation σ of experimental and calculated yields is 18 %. Gaseous products
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Figure 6.18: Comparison between the model-fit of solid and gaseous lump
components and measured quantities of solid residue and stable gaseous
compounds (CO2 and CH4) for experiments carried out at a) 593 K, b)
613 K, c) 633 K, d) 653 K.

are assumed to be formed via the gasification of LD1 and phenols. In addi-
tion, CO2 and CH4 were assumed to be produced during the decomposition
of methoxyphenols and catechols (see Appendix C.3). The water-gas-shift
reaction contributes to the conversion of CO into CO2 due to the excessive
amount of water present in the reactor. The yield of the stable gaseous
compounds CO2 and CH4 is underestimated by the model during the ini-
tial increase up to approximately 90 min. When the yield approaches the
threshold, it is overestimated at any contemplated temperature. The stan-
dard deviation σ of experimental and calculated yields for stable and reactive
gaseous compounds is 19 %.

The total yield of phenolic products reached about 3.5 wt% of the initial
input mass of lignin (see Figure 6.19). The dominant phenolic products
were catechols, that are catechol, 4-methylcatechol and 4-ethylcatechol. The
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Figure 6.19: Comparison between the model-fit of phenolic lumps and their
measured quantities for experiments conducted at a) 593 K, b) 613 K, c)
633 K, d) 653 K; error bars show standard deviation σ obtained from similar
reproduced experiments at the corresponding residence time and tempera-
ture.

yield of catechols increased with the residence time and the temperature
approximated a threshold maximum yield. After an initial rapid increase of
the yield of methoxyphenols it decreased with the residence time. The peak
of the yield of methoxyphenols shifted from 90 min at 613 K to 30 min at
653 K. The higher the temperature the slimmer is the form of the peak. The
yield of phenols increased with the residence time and the temperatures. In
addition to the experimental yields (individual data points) the calculated
yields are displayed in Figure 6.19 (continuous curves). The formation and
degradation of methoxyphenols as well as the high yield of catechol can be
described by the model. Furthermore, the increasing yield of phenols can be
described by the model. The standard deviation σ of the experimental from
the calculated yields of methoxyphenols, catechols and phenols are 12 %,
8 % and 15 % respectively, the R2 for these phenolics is 0.78, 0.88, 0.10
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respectively. While R2 for methoxyphenols and catechols is acceptable, the
approximation of the yield of phenols by the model is much worse especially
for low yields of phenols. For relatively high yields of phenols, which were
especially obtained at increased temperatures, a better approximation of the
model fit could be achieved. For the yields of phenols from the experiments
at 653 K R2 = 0.83. Table 6.7 shows all optimised formal kinetic parameters
resulting from the search of the minimum difference between the calculated
and the measured yields (see Equation C.1). The optimisation considered the
formal kinetic rate coefficients of the formation of char (k5) and LD2 (k12)
from catechols to be negligible. For all other reaction pathways sensible
values of EA,j and Aj were calculated. The dominating primary pathway
of lignin degradation is the formation of LD1 since the resulting formal rate
coefficient k7 is about 100 times larger than the formal rate coefficient of the
formation of methoxyphenols k1 for all considered temperatures.

Table 6.7: Apparent activation energies EA,j , Arrhenius factors Aj and
rate coefficients kj at different temperatures for the 15 reactions defined
in the model (see Figure 6.17).

rj EA log(A/A′)a k(593 K) k(613 K) k(633 K) k(653 K)
kJ/mol - min−1 min−1 min−1 min−1

r1 58 1.4 1.91·10−4 2.81·10−4 4.02·10−4 5.63·10−4

r2 101 6.4 2.64·10−3 5.16·10−3 9.68·10−3 1.75·10−2

r3 94 5.0 5.15·10−4 9.61·10−4 1.72·10−3 2.98·10−3

r4 55 1.0 1.34·10−4 1.93·10−4 2.72·10−4 3.76·10−4

r5 3037 3.2 < 10−6 < 10−6 < 10−6 < 10−6

r6 66 1.0 1.84·10−5 2.85·10−5 4.27·10−5 6.26·10−5

r7 32 1.2 2.38·10−2 2.94·10−2 3.58·10−2 4.31·10−2

r8 81 4.6 3.52·10−3 6.01·10−3 9.90·10−3 1.58·10−2

r9 58 2.6 2.89·10−3 4.25·10−3 6.09·10−3 8.53·10−3

r10 72 2.5 1.55·10−4 2.49·10−4 3.89·10−4 5.90·10−4

r11 75 3.8 1.45·10−3 2.39·10−3 3.82·10−3 5.92·10−3

r12 296 5.0 < 10−6 < 10−6 < 10−6 < 10−6

r13 48 1.6 1.92·10−3 2.65·10−3 3.58·10−3 4.75·10−3

r14 42 2.2 2.71·10−2 3.59·10−2 4.68·10−2 5.99·10−2

r15 69 2.8 4.75·10−4 7.52·10−4 1.16·10−3 1.73·10−3

a A′ = 1min−1
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6.3.3 Discussion

Comparison of ethanol and water model

For the comparison of the two different models, developed for the degrada-
tion of wheat-straw-lignin in ethanol and formic acid on the one hand and
for the degradation of spruce-lignin on the other, a flux analysis for 633 K
and 131 min residence time was carried out. Figure 6.20 shows that the
most prominent primary reaction in both models is the conversion of lignin
into LD1 (r7) since its flux is higher than that of the parallel reactions, that
is the conversion of lignin into phenolics. The flux of r7 is approximately
0.11 g/mL for both models. The formal kinetic rate coefficient is 4.7·10−2

and 3.6·10−2 min−1 respectively for the ethanol and the water model. Similar
observations can be made for the conversion of lignin into methoxyphenols
(r1). Hence, the primary lignin degradation seems to be slightly faster in
ethanol. However, it was demonstrated in Chapter 4 that lignin depolymeri-
sation is faster in water if exactly the same conditions and the same type of
lignin were chosen. The type of lignin has thus a significant influence on the
kinetics of its primary degradation [JNB10].

Major differences between lignin depolymerisation in water on the one
hand and ethanol on the other are the increased yield of catechols and solid
residue (see Chapter 4). Modelling suggests different reaction pathways for
the formation of both catechols and char. While in ethanol catechols are
exclusively formed via methoxyphenols, in water the more important path-
way is via the lump component LD1. The flux of the conversion of LD1
into catechols at 633 K and 131 min is approximately 2.0·10−3 g/mL and
thus significantly higher than the flux of the conversion of methoxyphenols
into catechols which results to be approximately 5.8·10−3 g/mL. Comparing
the formal kinetic rate coefficients of the reaction pathways originating from
catechols (k4, k5, k12) the fastest reaction is the conversion of catechols into
phenols. Its formal kinetic rate coefficient is 2.7·10−4 min−1, whereas the
formal kinetic rate coefficients of the reactions describing the repolymerisa-
tion of catechols (k5, k12) are negligible (<10−6 min−1). The fluxes of all
three reactions are very small (<10−4 g/mL). The model suggests thus the
repolymerisation of catechols in water to be of almost no importance. This is
a contradiction to many previous studies which assume the repolymerisation
of monoaromatic compounds to be very important for high yields of char
[Sai+03; Tak+12]. Modelling of lignin solvolysis in ethanol also suggests the
repolymerisation of catechol to be the more significant reaction causing high
yields of char. The flux analysis shows much higher fluxes for this reaction
in ethanol than in water (see Figure 6.20). It is indispensable to put more
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Figure 6.20: Fluxes of main reactions comprised by the developed model
of hydrothermal depolymerisation of spruce-lignin (see Figure 6.17), reac-
tions r1, r2, r4, r5, r6, r7, r9, r11 are compared with analogue reactions of
lignin solvolysis in ethanol (see Section 6.1); τ = 131 min; T = 633 K;
lignin/water=132 g/L.

effort into the investigation on the key intermediate component(s) which are
crucial for the formation of catechols and char since it assists in the com-
prehension of the chemical mechanisms. The critical question is whether
the inhibition of the repolymerisation of phenolics or the provocation of the
cleavage of oligomeric aromates is the main instrument to raise the overall
yield of phenolic products.

The formation of gas via LD1 is very similar in both solvents since the
fluxes are in the same order of magnitude (see Figure 6.20). The water model
considers two reactions that contribute to the gasification of LD1, that are
the conversion of LD1 into stable gases (r11), that are CO2 and CH4, and
into intermediates (r15), that are CO and H2. The sum of the fluxes of both
reactions can be compared with the flux of the gasification reaction of LD
calculated by the ethanol model which are 0.02 g/L and 0.01 g/L respectively.
The conversion of LD into char and also into gaseous products is suggested to
be faster in water than in ethanol. However, it has to be taken into account
that the ethanol model deals with a very dominant gas formation reaction
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which is the gasification of formic acid. The flux of this reaction is almost 10
times higher than the flux of the gasification of LD (see Figure 6.13) which
makes it more difficult for the model to describe the latter reaction. The
modelling of gaseous and solid products is partially successful. Tendencies
can be described, like the rapid decrease of solid residue at short residence
times due to the depolymerisation of lignin. However, the underestimation of
the gas yield at short residence times and the overestimation at long residence
times lead to an increased standard deviation of calculated and measured
quantities (19 %). Hence, the modelling of gaseous components has to be
reviewed and the model has to be refined. A suggestion for future models
is to consider the gasification of lignin as a primary reaction. Obviously the
formation of CO2 and CH4 is more immediate. This is also suggested by
Yong and Matsumura [YM12].

Figure 6.21: Sensitivity matrices considering comparable reactions and inter-
mediates or products of a) the model of hydrothermal degradation of spruce-
lignin and b) the solvolysis in ethanol and formic acid of wheat-straw-lignin;
τ = 131 min; T = 633 K; lignin/solvent=132 g/L.

The sensitivity analysis shows very similar results in respect to the reac-
tions discussed above (see Figure 6.21). The high sensitivity of lignin and
the moderate sensitivity of all phenolic products to the primary conversion
of lignin into LD1 are similar in both solvents. As already shown for the
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lignin solvolysis in ethanol, also in water the key of increasing the phenolic
yield is to suppress the formation of LD and increase the reaction rate of
the formation of monomeric methoxyphenols. However, hydrothermal lignin
degradations shows that promoting the formation of catechols from interme-
diates (LD1) must also aid in increasing the yield of phenolics. Char shows
a higher sensitivity to the formation of LD1 in water. On the contrary, in
ethanol, it shows a higher sensitivity to the formation of catechols. Gaseous
products show a moderate sensitivity to the formation and gasification of
LD1, whereas in ethanol the sensitivity to those reactions is negligible. This
is in good agreement with the conclusions that are drawn from the flux anal-
ysis. The low sensitivity of the gaseous products within the ethanol model
to the conversion of LD1 into char and gas is certainly due to the dominant
gasification of formic acid.

Degradation of lignin

The presented model is validated by comparison with literature values. Ta-
ble 6.8 shows the apparent kinetic parameters resulting from the kinetic
studies of different approaches of thermal lignin degradation, all based on
lump-models. Summarised are the most recent works based on pyrolysis,
solvolysis and hydrothermal degradation. The kinetic studies of pyrolytic
lignin degradation use thermogravimetric analysis (TGA). Some other stud-
ies of the last three decades will be additionally discussed in the text. Várh-
egyi et al. [Var+97] reported lower apparent activation energies for pyrolytic
lignin degradation (34-65 kJ/mol) than Cho et al. [Cho+12] (74 kJ/mol)
or Jiang, Nowakowski, and Bridgwater [JNB10] (134-172 kJ/mol) since they
used wood without separation of the lignin fraction. Várhegyi et al. conclude
that the determination of the kinetics of lignin degradation is difficult since
the flat lignin derivative thermogravimetry (DTG)-peak is superposed by the
more prominent cellulose peak. A study from 1985 by Nunn et al. [Nun+85]
reports activation energies very similar to those found by Cho et al. Jiang,
Nowakowski, and Bridgwater [JNB10] analysed different types of lignin and
found that the activation energy depends on both, the plant species from
which the lignin is separated and the separation method. The apparent Ar-
rhenius factor, on the contrary, is less dependent on these two parameters.
Jiang, Nowakowski, and Bridgwater additionally considered the reaction or-
der. All other authors considered pseudo-first-order reactions. Studies of
the hydrothermal degradation of lignin are mostly based on experiments
conducted in batch reactors. Takami et al. [Tak+12] applied a Monte Carlo
simulation on the results from gel permeation chromatography (GPC) for
the kinetic studies. They found formal kinetic coefficients similar to those
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obtained in the water model and the ethanol model [Gas+2]. However, all
three studies used different types of lignin. The formal kinetic rate coeffi-
cients k(633 K) obtained from the works of Zhang, Huang, and Ramaswamy
[ZHR11] and Yong and Matsumura [YM12] are significantly higher than
those obtained from other studies of lignin depolymerisation. It is worth to
mention that the latter study was carried out in a continuous reactor which
might have an influence on the heating rate. However, the apparent acti-
vation energy documented by Yong and Matsumura is very similar to the
apparent activation energy obtained in this work [YM12].

In general the apparent activation energy obtained for pyrolytic lignin
degradation tends to be higher than for depolymerisation in water. The re-
sulting formal kinetic rate coefficients obtained for hydrothermal and solvo-
lytic study of lignin degradation spread over a wide range of values. Hence,
the reaction rate of primary lignin degradation potentially depends, apart
from the thermal degradation method, on the type of lignin and the sepa-
ration method, on the type of the solvent and the heating rate. Comparing
different kinetic studies of lignin degradation based on lump models, it was
found that all discussed parameters showed a relevant impact and cannot
be discarded. The formal kinetic rate coefficients calculated in this work
are in good agreement with the results from other kinetic studies. The
thermal degradation of lignin comprises many reactions and complex mech-
anisms. Efforts concerning the study of detailed kinetics and mechanisms
focus on the characterisation of the most abundant chemical structures in
the heterogeneous polymer and the linkages between them [Far+10; WR12].
If differences between pyrolysis, solvolysis and hydrothermal processes need
to be considered, phase exchange mechanisms, solubility and evaporation
conditions of lignin and its degradation products might also have an influ-
ence. Reaction mechanisms which are important for the cleavage of C-O
bonds or repolymerisation of lignin fragments, especially the differences of
pyrolysis and hydrolysis in respect to these mechanisms, are discussed in the
following subsections by means of phenolic model substances.
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Chapter 6. Kinetic studies of lignin degradation

Decomposition of methoxyphenols

The validation of the present model was thus additionally supported by the
comparison of formal kinetic parameters of the decomposition of homoge-
neous reactions of less complex components occurring within the thermal
degradation of lignin. Table 6.9 shows the results of different kinetic studies
of the thermal decomposition of methoxyphenols and catechols. Methoxyphe-
nols tend to decompose by the cleavage of the methyl C-O bond. The aro-
matic ring and the hydroxyl group are more stable [Vuo86]. The formal
kinetic rate coefficients at 633 K k(633 K) obtained in the water model
is 1.1·10−2 min−1 which is in good agreement to other kinetic studies of
hydrothermal and solvothermal decomposition of methoxyphenols [For+12;
Gas+2; WSG11]. Values of k(633 K) obtained by studies of pyrolytic de-
composition of methoxyphenols are lower and range from 2.8·10−5 min−1

to 2.1·10−3 min−1 [DM99; KV08; Vuo86]. However, the activation energy
obtained from pyrolysis is significantly higher than that obtained from hy-
drothermal lignin degradation in NCW and SCW. Dorrestijn and Mulder
[DM99] claimed that guaiacol decomposes via a radical-induced mechanism.
They studied the kinetics of guaiacol decomposition at elevated temper-
atures. The obtained kinetic parameters are in good agreement of those
obtained by Vuori [Vuo86] who also studied pyrolytic decomposition of gua-
iacols at lower temperatures. The latter author reported, that in addition to
free radical chain reactions hydrolytic decomposition of guaiacols occurs. He
claims that this is due to the presence of water which is formed during the
pyrolytic decomposition of guaiacol. Furthermore, Lawson and Klein found
that the formal kinetic rate coefficient at 656 K slightly increased if water
was present [LK85] which indicates a shift of the dominant reaction mecha-
nism from radical-induced to hydrolytic cleavage. Since water is abundantly
present, hydrolysis is assumed to be the dominant mechanism for the hy-
drothermal decomposition of methoxyphenols [TRR11]. In a previous work
was discovered that around the critical point of water a shift of the apparent
activation energy of guaiacol decomposition occurs due to a change of the
dominant reaction mechanism from hydrolytic to radical-induced decompo-
sition [For+12]. This explains that the apparent activation energy obtained
from different studies conducted in NCW or SCW vary in a relatively wide
range from 39 to 85 kJ/mol [For+12; WSG11]. The apparent activation en-
ergy obtained from studies of thermal decomposition of methoxyphenols in
organic solvents or without solvent are significantly higher (> 170 kJ/mol).
Due to the lower activation energy hydrolytic cleavage of the C-O bond of
methoxyphenols is faster at moderate temperatures (< 673 K).
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6.3. Lignin depolymerisation in water in a batch-reactor

Decomposition of catechols

Furthermore, kinetic studies carried out in order to determine the formal
kinetic rate coefficients of the thermal decomposition of catechol shall be
discussed. Catechol decomposes into other phenolic substances, e.g. phe-
nol [Nim+11a]. In addition it is potentially responsible for the formation of
char by repolymerisation [McM+04]. Wahyudiono, Sasaki, and Goto stud-
ied the hydrothermal decomposition of catechol and found higher molecular
structures. Their amount increases with residence time and temperature.
However, the formation of phenol and other monoaromatic components was
dominant [WSG09]. Analogously modelling of the hydrothermal lignin degra-
dation shows, that the polymerisation of catechol is of minor importance
since the competing reaction, which is the conversion of catechols into phe-
nols (r4), is faster (see Table 6.7). The study of lignin degradation kinetics
by Yong and Matsumura [YM12] reports a higher formal kinetic rate coeffi-
cient for polymerisation than for the conversion into phenol. However, the
lumped formal kinetic coefficient comprising conversion into phenols and
polymerisation obtained by Yong and Matsumura (3.9 min−1) differs signif-
icantly from the values obtained in the water model (2.9·10−4 min−1) and
by Wahyudiono, Sasaki, and Goto 2.4·10−4 min−1.
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6.3. Lignin depolymerisation in water in a batch-reactor
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Chapter 7

Feasibility study of lignin
liquefaction

A preliminary feasibility study is essential for the evaluation of a technical
process. Further research should follow a pathway which is economically
promising. The intention in this chapter is to compare two approaches of
lignin liquefaction, solvolysis in ethanol and hydrothermal degradation, in
order to discover which one provides a higher economic potential. The as-
sumption of the parameters essential for a technical realisation of the pro-
duction of phenolics from lignin leads to a rough estimation of the total
manufacturing costs (COM) of phenol. A preliminary design of the techni-
cal process including the main apparatus and equipment was carried out in
order to estimate the module costs and the total capital investment (TCI)
of the plant. For this utility and labor costs had to be estimated. Exper-
imental results from Exp. 66 and 98 were employed to estimate the input
amount of lignin and solvent as well as the yields of phenolic, gaseous and
solid products.

7.1 Background Scenario
A technical process consists of the following units: pre-treatment, reactor,
separation and purification. For this study was assumed that the lignin con-
version unit is a part of a larger facility, treating the lignocellulosic biomass
as a whole. Hence, the pre-treatment is part of the existing global infras-
tructure. In the case of solvolysis in ethanol it can be assumed that the plant
is integrated in an ethanol-production plant comprising the fermentation of
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7.2. Process design

cellulose for ethanol production and the liquefaction of lignin in ethanol. In
order to calculate the streams and fluxes within the process the capacity
of the plant has to be defined considering a global biomass treatment plant
including both the fermentation of the lignocellulosic raw material and the
liquefaction of lignin in ethanol. Humbird et al. [Hum+1] carried out a pro-
cess design of a fermentation plant with a capacity of 730 kt of corn stover
per year. The design of a plant converting softwood into ethanol by Wingren
et al. [WGZ03] deals with a capacity of 200 kt of dry input material per
year and about 60000 m3 ethanol per year. Haase [Haa2] carried out a cost
estimation for a plant with a capacity of 450 kt of dry wood per year.

The hydrothermal lignin degradation might be integrated into a pulp
mill. The dry matter of the residue from the pulp production, so called
black liquor, contains up to 50 % lignin. Black liquor is the main waste
stream emerging from the pulp process. It is dried and burned in order to
recover the energy from the organic material and to recycle the chemicals
for the pulp process. The integration of the lignin liquefaction into a pulp
process would provide the most convenient feedstock situation since phe-
nolics would be produced from grave to cradle by using an internal waste
stream as feedstock [Tow+07]. The energy and cost intensive drying of the
black liquor would be eliminated. Furthermore, the char which is produced
within the hydrothermal treatment of the lignin could still be used for the
generation of heat or electric power. However, the behaviour of the chem-
icals in a hydrothermal process and their recovery for further usage in the
pulp mill has not been studied so far. Thus, and for a better comparison
of the hydrothermal process with the ethanol approach, the conditions of
the hydrothermal process were chosen to be equal to those of the ethanol
process.

For this study, the size of the plant was chosen to be rather small com-
pared to other scenarios mentioned above due to the great amount of solvent
in the feed and the relatively long residence time (up to 90 min) in the re-
actor. For the following calculations the capacity of the plant was assumed
to be 8000 t/a of dried biomass. The plant was assumed to run 8000 h/a.

7.2 Process design
For the solvolytic lignin degradation a CSTR was assumed to be the most
effective reactor based on the results documented in Chapter 6.2. The input
stream consisting of lignin and fresh solvent is first mixed with the recycled
solvent and thereafter pressurised by a pump (A). Before entering the reactor
(C) it is preheated by the output stream from the reactor in a heat exchanger

94



Chapter 7. Feasibility study of lignin liquefaction

(B). The reactor is heated by a thermal oil heater (D). The thermal oil is
heated up in a gas-combustion chamber. The advantage of this indirect
heating system is that all tubes in the heating-circle are low-pressure tubes.
In addition, it ensures the prevention of explosion or ignition in case of a leak
in the feeding tube. A direct heating of the feed in a combustion chamber
would be too dangerous, especially if it contains ethanol and formic acid.
If water is used as solvent, a direct heating of the input stream might be
an economically more interesting solution. However, in the case of direct
heating the tubes which conduct the input stream through the combustion
chamber have to be designed to withstand the high pressures of the fluid.

The output stream is cooled in the first heat exchanger (B) by the input
stream. The solid particles, that are char or not reacted lignin, can be
separated by e.g. a cyclone (E) before the output stream is further cooled
in a second heat exchanger (F) by fresh water. After separating the gases
in e.g. a flash separator (G), the solvent is separated from the product and
recycled. The product is further separated into phenol, other phenolics and
a fraction consisting of all other organic substances which usually have a
tarry or oily texture (H). A detailed design of the separation process was
not carried out.

Water

Natural Gas

Product Gas

Phenolics

Flue Gas

Lignin

Solvent

Product Gas

Air

Char

P-78

Phenol

Steam

Oil/Tar
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1

2
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Co-Solvent

3

5

6

7

8

9

Purge
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Figure 7.1: Process scheme with main components (labelled with letters) an
streams (labelled with numbers).
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7.3. Main equipment

Table 7.1: Streams defined for the lignin liquefaction process (see Figure 7.1)
for both, ethanol and water approach.
Stream 1 2 3 4 5 6
Unit t/h t/h t/h t/h t/h t/h
EtOH 1.00 1.34 1.22 11.70 0.05 1.11
H2O 1.00 0.50 0.00 8.58 0.34 0.18

Stream 7 8 9 10 11
Unit t/h kg/h kg/h t/h t/h
EtOH 2.35 3.00 63.00 8.14 0.04
H2O 0.44 1.40 31.20 7.08 0.50

7.3 Main equipment
For a preliminary cost estimation the necessary equipment items have to be
identified and their costs have to be estimated. Based on the process dis-
played in Fig. 7.1 the main equipment items are the pump, the heat exchang-
ers, the jacketed stirred reactor, the heater including combustion chamber,
chimney, thermal oil and circulation pump. The costs of the equipment
necessary for the separation of the products is estimated by a factor. The
dimensions of the different apparatus are estimated using the results from the
experiments Exp. 66 and 98 for the ethanol and water approach respectively.
The price increase for offers collected earlier than 2012 was estimated by the
price-index by Kölbel/Schulze [VCI12]. The conversion of the currency was
estimated by the Euro-course from September 2012 (1.29 $/e).

Pump

The selection of the pump for the transfer of the feed suspension is essential
for the estimation of its costs. The pumped fluid consists of the liquid
solvent and solid lignin particles. The target pressure was 25 MPa and the
temperature of the fluid was assumed to be 343 K. For the selection of the
pump the volumetric flow rate of the fluid, that is the capacity V̇ , had to be
calculated (see Equation 7.1). Hence, the mean density of the pumped fluid
ρ was estimated by considering the density of all constituents i of the fluid at
343 K. The density of ethanol, formic acid and water at 343 K are 0.74, 1.16
and 0.98 t/m3 respectively [VDI06]. The density of lignin was estimated to be
1.4 t/m3 [Haa2]. The most convenient pump for the given transfer challenge
is a plunger pump (displacement pump). The total dynamic head H was
calculated employing Equation 7.2 considering the gravitational acceleration
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Chapter 7. Feasibility study of lignin liquefaction

g. The useful work Wo was calculated employing Equation 7.3 considering
the pressure difference between the initial pressure pin and the setup pressure
in the reactor pout. The influence of valves and accessories or tubes on the
pressure causing a loss of head was neglected. The efficiency of the pump
was assumed to be 85 %.

V̇ = ṁ

ρ
= ṁ

(∑
i

ṁi · ρi
ṁ

)−1

(7.1)

H = pin − pout
ρ̄ · g

, g = 9.81 m/s2 (7.2)

Wo = V̇ · (pin − pout) (7.3)

All parameters necessary for the estimation of the purchased costs of the
plunger pump are listed in Table 7.2. The purchased costs for the pump can
be estimated using the data from Peters [PT04, p.518]. According to Peters
the purchased costs for the pump range from 6660e for the water approach
to 9030e for the ethanol approach. However, according to the offer from
Schäfer & Urbach for a plunger pump with a capacity of 16.8 m3/h and
4100 m total dynamic head in 2010 the purchased costs are 108 ke (see
Appendix F), 120 ke considering the price-index for 2012. For this study the
costs were estimated based on the offer from Schäfer & Urbach for both the
ethanol and the water approach, which is the more conservative estimation.

Table 7.2: Parameters used for the estimation of the purchased costs of the
pump.
Pump (A) ρ ṁ V̇ H Wo W

kg/m3 t/h m3/h m kW kW
EtOH 844 11.7 13.9 3020 113 133
Water 1027 8.6 8.4 2482 58 68

Reactor

In respect to the investment costs the reactor is commonly the less expen-
sive part of a chemical plant. Separation and purification units form the
major part of these costs. The costs of the reactor were estimated by its
size. Assuming a capacity 1 t/h dry lignin, the total throughput passing
the reactor is 11.7 t/h for solvolysis in ethanol and formic acid and 9.58 t/h
for the hydrothermal approach. The density in the reactor was estimated
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7.3. Main equipment

by the density of the solvent at the determined conditions (T and p) in the
reactor. In Table 7.3 the reaction conditions are listed for both ethanol and
water approach. The mean residence time τ ′ was estimated according to
the experimental results. The resulting reactor volume VR was calculated
by the mass flow ṁ (see Section 7.1), the density according to Bazaev et al.
[Baz+07] and the mean residence time. The purchased costs of the jacketed
stirred reactor in dependence of the reactor volume were estimated accord-
ing to Peters [PT04, p.628]. The increased costs for a high-pressure reactor
are considered by multiplication of the purchased costs of a none pressurised
reactor with the factor 10.6 [PT04, p.556]. The data collected from Peters
are dated for the year 2002. The resulting factor for the price increase is 1.28
[VCI12]. The purchased costs of the reactor for the ethanol and the water
approach were 1.482 Me and 1.270 Me respectively.

Table 7.3: Reaction conditions and resulting reactor volume VR for both
ethanol and water approach.
Approach T p τ ′ ρ ṁ VR

K MPa min kg/m3 t/h m3

EtOH 673 25 44 280 11.7 30.5
Water 653 25 90 446 8.6 28.8

Heat exchanger

In order to calculate the purchased costs of the two heat exchangers (B and
F), the heat transfer area AEx had to be determined (see Equation 7.4). Both
heat exchangers were assumed to be counter current flow heat exchanger with
a transfer coefficient ksum of 600 W/(m2·K) [Wag09]. Heat exchanger (B)
was employed to pre-heat the input stream from a temperature below the
evaporation temperature of the solvent (Tin = 343 K) to a temperature of
Tout = 453 K and to cool the product stream entering the heat exchanger
with a temperature of 673 and 653 K in the ethanol and the water approach,
respectively. In the heat exchanger (F) the product stream requires further
cooling to a temperature of Tout = 343 K by an independent water stream
(see Fig. 7.1) which was suggested to be evaporated at atmospheric pressure
(0.1 MPa). The steam leaving the heat exchanger (F) should have a tem-
perature of around Tout = 453 K in order to be used elsewhere in the plant
as a source of thermal energy.

AEx = q̇

ksum ·∆T
(7.4)
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Chapter 7. Feasibility study of lignin liquefaction

Table 7.4: Data concerning heat exchanger (B and F) for both ethanol and
water approach.

Heat- Cold Stream Hot Stream
Exchanger Tin Tout cp Tin Tout cp ∆T q̇ AEx

K K kJ
kg·K K K kJ

kg·K K MW m2

EtOH B 343 453 3.40 673 575 3.80 226 1.22 9.0
EtOH F 298 453 4.18 583 343 3.65 80 2.84 68.1
Water B 343 453 4.19 653 584 6.71 220 1.50 11.4
Water F 298 453 4.18 584 343 4.47 81 3.51 72.5

For the determination of AEx the rate of heat transfer q̇ was calculated
by Equation 7.5.

q̇ = cp ·∆T · ṁ (7.5)
The specific heat capacity was estimated by the average heat capacity cp

of the solvent for the corresponding temperature difference ∆T . In order to
determine ∆T the entering and emerging temperature of one stream, that
is either hot or cold stream, had to be defined. These temperatures were
partially determined through the reaction parameters of the model experi-
ments and partially through reasonable assumptions (see explanation above
and Table 7.4). Furthermore, for the calculation of AEx the mean over-
all temperature difference between the two fluids ∆T has to be determined
according to Equation 7.6

∆T = ∆Tin −∆Tout
ln
(

∆Tin

∆Tout

) , (7.6)

where the difference between the temperature of the hot fluid emerging
the heat exchanger and the cold fluid entering the heat exchanger is ∆Tin
and the difference between the temperature of the hot fluid entering the heat
exchanger and the cold fluid emerging the heat exchanger is ∆Tout.

The rate of heat transfer in both heat exchangers (B and F), the input
temperatures of cold and hot stream, the mean overall temperature difference
as well as the heat transfer area are listed in Table 7.4. After calculation
of the heat transfer area AEx the purchased costs for the heat exchangers
could be estimated according to Peters [PT04, p.681]. Considering also the
price-index and the dollar-course the purchased costs of the heat exchangers
for the ethanol and the water approach are 25 ke and 37 ke respectively.
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7.4. Cost estimation

Thermal oil heater

For the estimation of the purchased costs of the thermal oil heater, the rate
of heat transferred to the feed was calculated with Equation 7.5 analogously
to the transferred heat in a heat exchanger. The initial lower temperature of
453 K is equal to the output temperature of the cold stream of heat exchanger
(B). The target temperature is equal to the reaction temperature, which is
673 K and 653 K for the ethanol and water approach respectively. The mean
specific heat capacity (cp) of the fluid of the feed was determined as shown
in Equation 7.1 and resulted to be 3.8 and 5.4 kJ/(kg·K) for the ethanol
and the water approach respectively. The resulting rate of heat transfer q̇
was 2.72 and 2.57 MW for the ethanol and water approach, respectively.
Assuming an efficiency factor of 0.85, the power capacity of the heater was
calculated to be at least 3.2 MW and 3.1 MW for the ethanol and water
approach, respectively. The basis for the cost estimation of the heater was
an offer from HTT for a thermal oil heater from 2010 with a power capacity
of 3.4 MW. The offer is supposed to be suitable for a conservative cost
estimation. The price-index by Kölbel/Schulze indicated a price increase
factor from 2010 to 2012 of 1.06. The resulting purchased costs for both
ethanol and water approach is 617 ke.

7.4 Cost estimation
7.4.1 Market prices
For the following calculations data about material and utility prices, prices
for labor, etc. have to be provided. The required data is collected from
different sources in order to estimate the costs for both the ethanol and the
water approach, and is presented in Table 7.5.

The price of lignin was estimated considering the prices of alkali-lignin
which is a waste material and thus fits best into the background scenario.
The prices for alkali-lignin vary in dependence of the degree of drying [Pul09].
For the ethanol approach dried lignin should be used, for the water approach
a lignin containing 50 % moisture or more is also a possible feedstock. Market
prices for technical formic acid with 85 % purity were considered for this
study although for the experiments formic acid with a higher purity was
used. However, prices for bulk amounts of formic acid with a higher purity
were not available. The price of 390 e/t for ethanol can be achieved in
Brazil, in Europe the price is up to 500 e/t [Haa2]. The price of waste
water (purge stream 11) which is produced in large quantities in the water
approach was estimated according to Peters who reports prices of process
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Table 7.5: Estimated prices for reactants, products and utilities.
Input/Output material Quality Bulk Prices Unit Source
Alkali-lignin dried 480 e/t [EIA11]
Alkali-lignina 50 % 160 e/t [Pul09]
Formic acid 85 % 800 e/t [Imh12]
Ethanol 96 % 390 e/t [Haa2]
Water 1 e/t [PT04]
Phenol 1600 e/t Appendix F
Other phenolics 953 e/t Appendix F
Natural Gas 0.048 e/kWh [VCI11]
Product-gas EtOH 136 e/t [VCI11]
Product-gas Water 21 e/t [VCI11]
Char 107 e/t [VCI11]
Tar/Oil 12.5 % 49 e/t [VCI11]
Electricity 0.13 e/kWh [VCI11]
Steam 0.03 e/kWh [VCI11]
a Lignin contains 50 % water, price refers to dry lignin.

water of maximum 0.46 $/t [PT04, p.898]. Considering a price increase from
2002 to 2012, the price was assumed to be significantly higher (see Table 7.5).
The price of phenol was estimated using the price report by ICIS in July
2012. The prices of other phenolics, that are catechols and methoxyphenols,
were estimated with the benzene-price which is usually the raw material for
the production of these substances.

Both the ethanol and the water approach yield considerable amounts of
gas, char and oil. These products can be used for the generation of heat
which causes a reduction of the material or the utility costs. The bene-
fit or credit however depends on the heating value of the products. The
lower heating value (LHV) of the gaseous products can be determined by
calculating the LHV of its constituents. The gaseous products from the
ethanol experiment have a LHV of 4.2 kWh/kg, those from the water exper-
iment 0.65 kWh/kg (see Appendix E.2). Assuming a price for natural gas
of 0.327 e/kWh [VCI11] the credit which can be achieved for the gaseous
products of the ethanol and the water approach were estimated to 136 and
21 e/t respectively. The higher heating value (HHV) of the char was es-
timated by the results from the elemental analysis and employing the cal-
culation method developed by IGT [Tal81]. The HHV of the solid residue
from both the ethanol experiment Exp. 66 and water experiment Exp. 98 are
31 MJ/kg (see Appendix E.2). This value is in the range of the HHV of high
bituminous coal which has a HHV above 30 MJ/kg [DIN84]. Thus the price
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for char was estimated by the price for coal which is 107 e/t in 2011 [VCI11].
The oil-fraction is comprised of all liquid products excluding the solvent and
the phenolic products. The LHV of the oil-fraction can be estimated only
for the ethanol experiment since the obtained results for this case allowed
to carry out an energy balance (see Appendix E.2). The resulting LHV was
5.3 MJ/kg which is about 12.5 % of the minimum LHV of fuel oil (42 MJ/kg
[DIN84]). Thus the credit for the oil-fraction was estimated to be 12.5 %
of the fuel oil price in 2011 (see Table 7.5). Although the LHV of the oil
fraction obtained from the water experiment could not be determined, the
estimation of the credit was assumed to be valid for both the ethanol and
the water approach.

7.4.2 Manufacturing costs
For the preliminary cost estimation different cost items were considered, that
are the TCI, the total material costs (TMC), total utility costs (TUC) and
the operating labor costs (OLC). Based on these cost items the COM of the
product (phenol) were estimated. This value serves best to carry out an
economic evaluation of the process.

Investment costs (TCI)

The TCI are based on the costs of the main equipment, which were de-
termined in the preceding section. In addition, costs for the separation
equipment were estimated in order to determine the total bare module costs
(TBM). Costs for additional equipment like tubes, valves, control units,
buildings, engineering and construction were estimated by applying empiric
factors (see Table 7.6). These factors were taken from Baerns [Bae+06,
pp 463-477].

Utility costs (TUC)

Utility costs were calculated on the basis of experimental results. Among
all input and output streams (see Table 7.1) the following streams were sug-
gested to be essential for the calculation of the TUC since their utilisation
was foreseen for the purpose of energy generation: The output of gaseous
(6) and solid (5) products and the output of liquid (7) products (oil/tar)
excluding phenol (8) and phenolics (9). The necessary electric and thermal
energy is estimated from the energy balance for experiment Exp. 66 (see
Appendix E.2) and the required energies for the heater and the pump cal-
culated in Section 7.3. The steam recovered from heat exchanger (F) was
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Table 7.6: Total Capital Investment TCI calculated by various factors based
on TBM.

Item Factor Costs
EtOH-approach H2O-approach

Me Me
Heater 0.617 0.617
Reactor 1.482 1.270
Pump 0.120 0.120
Heat exchanger 0.027 0.040
Separation equipment 0.70 5.241 4.776
TBM 1.00 7.487 6.823
On-Site Costs
Equipment installation 0.15 1.123 1.024
Tubes & Valves 0.80 5.989 5.459
Measuring and control engi-
neering

0.35 2.620 2.388

Electrical equipment 0.20 1.497 1.365
Buildings & site preparation 0.65 4.866 4.435
Insulations & fire protection 0.15 1.123 1.024
Off-Site Costs
Engineering 0.40 2.995 2.729
Unexpected costs 0.20 1.497 1.365

Capital Costs (TCI) 3.90 29.198 26.611

assumed to be used as energy source elsewhere in the process. A surplus of
50 % of the required energy was considered for the separation equipment.
The total utility costs are displayed in Table 7.7.

Operating labor (OLC)

The operating labor costs for a common bio refinery which runs 8000 h/a
were analysed by Baerns [Bae+06, pp 463-477]. The operation of the plant
requires 2 skilled workers and one supervisor for each of the five shifts. In
addition, one technician and one head of unit are required. The total oper-
ating labor costs for the entire plant including ethanol production and lignin
liquefaction are thus 1.172 Me/a. The lignin production is estimated to
require 1/3 of the operating labor of the entire plant which is calculated to
0.391 Me/a (see Tab. 7.8) for both ethanol and water approach.
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Table 7.7: Energy demands and utility costs (TUC).

Utilities EtOH-approach H2O-approach
Demand Costs Demand Costs
MWh/a Me/a MWh/a Me/a

Electricity 912 0.114 912 0.114
Natural gas 27200 1.295 25600 1.219
Separation (overall 50%) 0.726 0.617
Steam -22745 -0.682 -23840 -0.715

TMC 1.453 1.235

Table 7.8: Operating Labor Costs (OLC).

Wages Annual Costs Rel. Costs
EtOH-approach H2O-approach

ke/a Me/a e/kgPhe) e/kgPhe)
Skilled workers 64 0.640 26.67 57.14
Supervisor 70 0.350 14.58 31.25
Technician 72 0.072 3.00 6.43
Unit head 110 0.110 4.58 9.82

OLC bio refin-
ery

1.172 48.83 104.64

OLC phenol-
production

0.391 16.28 34.88
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Total manufacturing costs COM

For the determination of the COM the annual capital related costs which
comprise depreciation, maintenance, working capital, contingency and fees
were assumed to make up 23 % of the TCI. The maintenance and work-
ing capital were estimated similar to a fossil fuel refinery and lower than a
chemical plant. The depreciation was assumed to be linear and distributed
over ten years. The residual value after ten years of the plant was assumed
to be equal to the disassembly costs [Bae+06, pp 463-477]. Furthermore,
costs for transport, laboratory charges, packaging and distribution as well
as waste treatment were considered. The sum of these costs was estimated
to be around 2.9 % of the overall manufacturing costs and is listed in Ta-
ble 7.9 under miscellaneous. The relatively low value is a consequence of the
assumption that the plant is part of a larger facility. The resulting manu-
facturing costs are 909 e and 749 e per kilogram of produced phenol for
the ethanol and water approach, respectively. This is several hundred times
higher than the actual market price of phenol (1.6 e/kg).

7.5 Discussion
The preliminary cost estimation shows that the COM (see Table 7.9) for phe-
nol from lignin are much higher than the market price of phenol (1.6 e/kg).
Both the ethanol and the water approach are thus currently economically
not feasible, although the water approach shows lower manufacturing costs
at still very low yields of phenol (0.14 wt%). An increase of the yield can re-
duce the manufacturing costs dramatically. In order to find the bottleneck-
parameters which mainly influence the COM, different scenarios were ob-
served. The parameters which were contemplated within this work were:

• the phenol yield; depending on the type of the lignin used and the
separation method applied on the lignin, the yield of phenolics and
especially phenol can be increased to maximum about 30 wt% [APR01].
However, the maximum yield of phenol from waste lignin containing 50
to 70 % of cellulose and impurities will be significantly smaller. 10 to
20 % seem realistic. Thus the influence of the variation of the phenol
yield on the COM should be investigated.

• The lignin/solvent ratio in the feed. This parameter might be in-
creased to 30 wt%. Black liquor containing 30 wt% dry material is
still pumpable since most of the biomass is diluted. The transfer of
an ethanol/lignin suspension is assumed to be more challenging if the

105



7.5. Discussion

Table 7.9: Total Manufacturing Costs COM.

Costs EtOH-approach H2O-approach
Annual Costs Rel. Costs Annual Costs Rel. Costs

Me/a e/kgPhe) Me/a e/kgPhe)
Raw Material
Lignin 3.84 160.00 1.28 114.29
Solvent 4.19 174.59 0.00 0.36
Formic Acid 7.81 325.33 0.00 0.00
Credits
Phenolics -0.48 -20.01 -0.24 -21.24
Product Gas -1.78 -74.24 -0.05 -4.04
Char -0.03 -1.39 -0.30 -27.03
Oil -0.92 -38.31 -0.17 -15.52

Sum material 12.62 525.98 0.52 46.82
Utilities 1.45 60.53 1.23 110.24
Operating La-
bor

0.39 16.28 0.39 34.88

Capital related
costs

6.72 279.81 6.12 546.48

Miscellaneous 0.64 26.48 0.25 22.15

COM 21.82 909.08 8.52 748.76

percentage of solid lignin is increased since the solubility of lignin in
ethanol is lower than in basic aqueous media.

• Decreasing the mean residence times will reduce the TCI due to a
smaller reactor at a constant capacity of the plant. The values em-
ployed to calculate the basic case for the water approach were taken
from a batch experiment. However, the results presented in Chap-
ter 6.2 showed that in a CSTR the residence time can be reduced
significantly due to e.g. the elevated heating rate.

• The reduction of the utility costs due to optimisation of the energy
fluxes can be achieved by a reduction of the consumption of natural
gas. A reduction of 25 % (800 kW) seems reasonable, if e.g. the
reaction enthalpy (9600 kW, see Table E.5) calculated for the ethanol
approach can be partially recovered.
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• The reduction of the module costs of the heater by 30 % if direct
heating of the feed is applied. This option is only possible for the water
approach due to safety aspects.

• The reduction of the costs of the separation equipment from 70 %
to 60% of the TBM. Since no detailed estimation of the module costs
for separation equipment was carried out, this factor can vary between
40 and 70 % [Bae+06, pp 463-477]. Obviously these costs depend also
on the phenol yield and the selectivity for special phenolic products.
It was already shown in Chapter 4 that the water approach shows a
narrower product spectrum and a high selectivity for catechols. This is
supposed to facilitate the separation of the products and thus decrease
the module costs.

• The lignin price assumed for the basic case is above the costs for
the recovery of lignocellulosic biomass [Haa2]. If the lignin is recovered
from a waste stream, the prices for lignin can be reduced.

Considering the mentioned parameters three scenarios different to the
basic case were suggested (see Table 7.10). The composition of the COM for
the basic case of the ethanol approach shows that the material costs are the
main contributor to the COM. The reasons thereof are the consumption of
formic acid and the gasification of ethanol. On the contrary for the water
approach the capital related costs make up the greatest part of the COM (see
Figure 7.2). For the design of a plant which deals with high pressures, the
TCI are high since reactor, pipes, heater, etc. have to withstand these high
pressures. In addition the amount of solvent which circulates in the plant is
much higher than the throughput of lignin. This results in big vessels and
pipes that are accordingly more expensive. Hence, the COM would shrink
significantly if the lignin/solvent ratio was increased to 30 % (Scenario 1).
The application of Scenario 1 on the water approach has no influence on the
material costs since the yields of phenol, char, gas, etc. were assumed to be
constant. However, also the overall capacity of the plant, and the percentage
of ethanol which is gasified were assumed to be the same as in the basic case.
Thus, in absolute numbers, less formic acid was assumed to be used and less
ethanol gasified. This leads to a dramatic decrease of the material costs for
the ethanol approach. In Scenario 1 the COM were determined to be lower
for the ethanol than for the water approach.

If the mean residence time could be reduced, exclusively the capital re-
lated costs would shrink (Scenario 2, Figure 7.2). A mean residence time of
10 min reduces the capital related costs to 59 % and the COM to 71 % of
the original costs in the basic case for the water approach. For the ethanol
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Figure 7.2: COM of phenol from lignin for the basic case and 2 different
scenarios (see Table 7.10) for a) the water approach and b) the ethanol
approach.
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Figure 7.3: COM of phenol from lignin in dependence of the phenol yield for
the basic case of both ethanol and water approach; scenario 3 (see Table 7.10)
is displayed for the water approach.
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Table 7.10: Scenarios of the plant design and cost estimation for solvolytic
lignin liquefaction and phenol production

Scenario Modified parameters Approach Affected parameters
Sce1 Lignin/solvent 30 wt% EtOH Input lignin 2.7 t/h

H2O Input lignin 2.0 t/h
Sce2 τ 10 min EtOH Reactor Vol. 7.0 m3

H2O Reactor Vol. 3.2 m3

Sce3 Lignin/solvent 30 wt% H2O Input lignin 2.0 t/h
τ 10 min Reactor Vol. 3.2 m3

Natural gas
consumption

75 %

Heating
equipment

70 %

Separation
equipment

60 %

Lignin price 107 e/t

approach the COM is reduced to 88 % of the original value in the basic case.
The greater reduction for the water approach results from the longer mean
residence in the basic case compared to the ethanol approach. Furthermore,
since the module costs in the basic case of the water approach are lower than
in the basic case of the ethanol approach, the reduction of the COM with
decreasing residence times is more dramatic for the water approach.

An increased phenol yield reduces the COM most significantly. A yield of
10 % would reduce the COM to 10.70 e and 27.32 e per kilogram phenol for
the water and the ethanol approach, respectively (see Figure 7.3). However,
this is still too much to make the process economically attractive. And even
if the phenol yield could be increased to 30 %, the COM were still above the
market price of phenol. Scenario 3 assumes that several parameters can be
improved (see Table 7.10). However, even though the residence time could
be reduced to 10 min, the module costs for the heater and the separation
equipment as well as the consumption of natural gas and the price of lignin
would decrease, the phenol yield still has to be increased to 20 % in order
to gain a profit from the production of phenol from lignin.

The production of phenol from lignin by solvolysis in water or ethanol
is economically not feasible if the current yields and process parameters are
considered. The most important parameter influencing the feasibility is the
phenol yield. However, even if the phenol yield could be increased to 45 wt%
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referring to the input amount of lignin, which seems not very realistic at the
current state of research, a process would still not be economically attrac-
tive. A reduction of the mean residence time in the reactor, an increase
of the lignin/solvent ratio are also key parameters which contribute to the
necessary drastic reduction of the capital related costs. In fact this study
provides a rough and conservative estimation of the capital related costs.
A more detailed knowledge about the equipment costs, especially the sepa-
ration equipment, might show that these costs can be reduced. The water
approach shows better economic opportunities than the ethanol approach
since the feedstock situation provides large quantities of cheap feedstock,
the solvent is more stable and abundantly available at low prices. Future
research should thus focus on black liquor. However, the yield of phenol and
other phenolics has to be increased to at least 20 %, the lignin/solvent ratio
should be increased significantly (20 to 30 %) and the mean residence time
has to be reduced to maximum 10 to 30 min in order to make the process
economically attractive.
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Chapter 8

Conclusion

This work deals with the thermal depolymerisation of lignin, especially the
solvolysis in ethanol and the hydrothermal degradation. The main reaction
products were analytically discovered from experimentally obtained product
phases. The focus of this work laid on the discovery of the main reaction
pathways and the identification of the bottlenecks. Employing the tool of
modelling of the formal kinetics of the discovered reactions, the investiga-
tion of reaction mechanisms was possible. In addition the influences of the
application of different solvents, that are water and ethanol, and different
catalysts were investigated. Finally, the economic feasibility of different pro-
cess scenarios was studied in order to evaluate the attractiveness of a process
which aims at the production of phenol from lignin.

Thermodynamic studies of the lignin degradation showed that even at el-
evated residence times of 18 h in a batch reactor a system comprising lignin
and either water or ethanol had not reached thermodynamic equilibrium.
Hence, a kinetic modelling of the degradation was decided to be more con-
venient to model the yields of major products at reasonable residence times.
The simulation of the equilibrium with Aspen Plus V7.2 showed that the ma-
jor part of the organic input material including 100 % of the solvent ethanol
at 633 K would be converted into gaseous components. The gasification of
ethanol is thus problematic for the solvolysis of lignin in ethanol. Lignin de-
polymerisation is faster in water than in ethanol at moderate temperatures
(633 K). This was proven by the evaluation of FT-IR-analysis of the solid
residues at different residence times. However, the reaction rate of lignin
degradation does not exclusively depend on the solvent and the tempera-
ture. The type of lignin, the separation method, the thermal degradation
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method and the heating rate also play an important role [Cho+12; Var+97;
JNB10]. Furthermore, the comparison of both solvents, water and ethanol,
showed that water leads to a narrower spectrum of phenolic products and a
tenfold increase of the catechol yield. This is advantageous in respect to the
separation of the phenolic product from solvent and by-products. The gasi-
fication of ethanol at temperatures above 633 K is significant at residence
times above 120 min in a batch reactor. The gas yield increases to approxi-
mately 70 wt% at 8 h residence time on an initial lignin basis. Experimental
results from a CSTR showed a threefold increase of C2-gases, that are ethane
and ethene, to over 10 wt% on an initial lignin basis, if the temperature was
increased from 633 K to 400 K at less than 1 h mean residence time. These
facts show that the gasification of ethanol is critical at temperatures above
633 K and has to be considered for the design of a technical application.

Furthermore, the effects of heterogeneous metal catalysts on the hy-
drothermal lignin depolymerisation were studied. Heterogeneous catalysts
have minor influence on the primary lignin depolymerisation. However, the
effects on the consecutive reactions, such as the hydrodeoxygenation of phe-
nolic intermediates are significant. For example, PdCl2 catalyses the con-
version of methoxyphenols into catechols. In respect to the hydrothermal
lignin degradation, the application of Raney-Ni seems especially interest-
ing since it selectively catalyses the conversion of catechol into phenol since
among the phenolic products recovered from the lignin degradation phenol
finds currently the most applications in industry. Hence, the kinetics of the
formation and decomposition of phenol within the hydrothermal decompo-
sition of catechol catalysed by Raney-Ni was studied in more detail. It was
found that the presence of Raney-Ni significantly increases the conversion of
catechol to 88 % and the selectivity of phenol to 90 % at moderate tempera-
tures of approximately 523 K. For comparison, the non-catalysed conversion
of catechol into phenol yields a maximum selectivity of 34 % at 15 % con-
version at 683 K [WSG09]. The catalysis of primary lignin degradation by
cleavage of the ether bonds was not observed employing heterogeneous cat-
alysts. However, both, basic and acidic homogeneous catalysts have a high
potential to influence the mentioned reaction [Beh+06]. First screening ex-
periments were successful and showed a threefold increase of the yield of
catechols in the presence of KOH and NaOH (see Appendix D.1). HCl had
an influence also on the yield of methoxyphenols as well as CO and CO2. In
order to intensify the knowledge in this sector, further investigation effort is
recommended.

The focus of this work laid on the development of a model containing the
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main reaction pathways of the lignin depolymerisation. The formal kinetics
defined by this model should be able to describe the phenomena which were
observed within the experimental part of this work, especially the product
spectrum of phenolic products, but also considering bulk products such as
char or gas. The modelling was carried out for thermal degradation of wheat-
straw-lignin in ethanol and formic acid as well as for the thermal degradation
of spruce-lignin in water. Assumptions based on the study of literature and
the observation of experimental results, yielded a series of straightforward re-
action pathways. The evaluation of the optimised formal kinetic parameters
of the previously defined reactions showed a very good correspondence with
values from literature, especially for the hydrodeoxygenation of phenolic in-
termediates such as methoxyphenols and catechols. In addition, the model is
able to describe the yields of phenolic products and the development of the
yields over reaction time. The applicability of the ethanol model on both,
batch reactor and CSTR, was proven, although the formal kinetic parame-
ters had to be slightly modified. The model was able to describe the basic
tendencies of phenolic yields. The resulting apparent kinetic parameters of
the formation and decomposition of phenolics agree with values from litera-
ture. The modelling reveals the basic differences between the two different
solvents, the two different types of lignin and the effect of two different reac-
tors. The degradation of wheat-straw-lignin yields relatively high amounts
of the primary product 4-ethylphenol. This is due to the structure of wheat-
straw-lignin which comprises an elevated percentage of para-coumaryl units.
4-Ethylphenol is derived from para-coumaryl alcohol. Ethylation of phenol
occurs at higher residence times and contributes less to the formation of
ethylphenols. Consequently, the most prominent primary phenolic products
from the degradation of spruce-lignin are methoxyphenols since it mainly
comprises coniferyl units. The build-up of char is suppressed if the lignin
degradation is transferred from a batch-reactor to a CSTR. The coexistence
of early and late products of thermal lignin degradation in a CSTR facilitates
the scavenging of reactive substances, e.g. radicals. This might also be the
reason for decreasing gas yields and increasing yields of phenolic products
from 5 to over 6 wt% on an initial lignin basis. The repolymerisation of
phenolic products, basically catechols, were of minor importance according
the model of hydrothermal degradation of spruce-lignin. The formation of
char was more likely caused by the combination of reactive lignin-derived
intermediates. The modelling shows the bottleneck reactions of thermal
lignin degradation which inhibit the formation of larger amounts of pheno-
lics. Especially the primary formation of methoxyphenols is much slower
than the degradation into other reactive fragments which further react into
char or gas. However, modelling also revealed that a secondary pathway
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leads from these lignin derived fragments to the phenolic products. The lat-
ter is favoured in a CSTR. Furthermore, it could also be proven that the
mechanism of the cleavage of the C-O bonds present in the methoxyl-group
is facilitated in water at moderate temperatures of 633 K. Hydrolysis is the
dominant mechanism in the presence of water. However, the mechanism
changes around the critical point of water (Tc = 646 K). In SCW thus the
cleavage of C-O bonds is radical induced.

The modelling of the formal kinetics of thermal lignin degradation is a
powerful tool which aids in understanding the reaction bottlenecks and the
reaction mechanisms. The models introduced here, however, have to be fur-
ther refined and amplified in order to describe e.g. the composition of the
gaseous product and to elucidate the reactions which lead to the increased
yield of catechols in water. This requires additional experimental studies.
The tools for evaluation and modelling can be find in this work.

The production of phenol from lignin by solvolysis in ethanol or hy-
drothermal degradation is economically not feasible if the current yields and
process parameters as well as the current market prices for the potential
products are considered. The most important parameter influencing the
feasibility is the phenol yield. However, even if the phenol yield could be
increased to 30 wt% referring to the input amount of lignin, which seems to
be the maximum at the current state of the art, a process would still not
be economically attractive. A reduction of the mean residence time in the
reactor and an increase of the lignin/solvent ratio in the feed are also key
parameters which contribute to the necessary drastic reduction of the capital
related costs. The yield of phenol and other phenolics has to be increased to
at least 20 %, the lignin/solvent ratio should be increased significantly (20
to 30 %) and the mean residence time has to be reduced to maximum 10 to
30 min in order to make the process economically attractive. However, the
feasibility study provides a rough and rather conservative estimation of the
capital related costs.

Hydrothermal lignin degradation shows better economic opportunities
than solvolysis in ethanol since the feedstock situation provides large quan-
tities of cheap feedstock, the solvent is more stable and abundantly available
at low prices. Future research should thus focus on black liquor. However,
the yield of phenol from black liquor will be reduced since it usually contains
more than 50 wt% residues, e.g. cellulose and hemicellulose.

The present work shows that hydrothermal depolymerisation of lignin
has a certain potential for the recovery of phenolic platform chemicals. It
has significant advantages over thermal lignin depolymerisation in organic
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solvents, e.g. ethanol. Furthermore the potential of catalysts in combination
with water is considerable. A combination of a homogeneous catalyst favour-
ing the cleavage of C-O bonds and a heterogeneous catalysts for the adjacent
valorisation of phenolic products is a promising approach to maximise the
yield of valuable phenolics. However, at the current state of research a tech-
nical process is not recommended since it is economically not attractive.

Future research effort in respect to the hydrothermal lignin degradation
should focus on

• black liquor since it is the most abundantly available waste product
containing lignin in an aqueous solution. Furthermore, it provides the
possibility to realise a grave to cradle process since the feedstock is a
waste material.

• A more intensive investigation of the influence of heterogeneous and
homogeneous catalysis is recommended in order to maximise the yield
of phenolics.

• In respect to the study of kinetics, the model developed in the present
work should be amplified in order to provide a tool covering differ-
ent feedstocks and a detailed prediction of the formation of gaseous
by-products and solid residue. Here the focus should be the lump-
component LD since its constituents play a central role for the lignin
degradation.
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Appendix A

Materials

In this appendix the chemicals used for synthesis or analysis and their de-
gree of purification are listed (see Table A.1). All chemicals were used as
purchased. No further purification was required. The catalysts are listed sep-
arately in Table A.2 including the absorption surface according to Brunauer,
Emmett, Teller (BET)-analysis. Furthermore, the composition of the alloys
for the reactors are listed, a mechanical drawing of the MA and a flow scheme
of the CSTR are provided.
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Table A.1: Chemicals used

Chemical Grade Producer
Ethanol ≥ 99.5% Merck
FA 98-100% Merck
acetic acid (AA) 96% Merck
Ethyl acetate ≥ 99.5% Fluka
Water ≥ 18.4 MΩ·cm Millipore Direct Q3
KOH acidimetric assay ≥ 85% Merck
NaOH ≥ 99% Anala R
HCl 37% Merck
H2 ≥ 99.999% Air Liquid
N2 ≥ 99.9999% Air Liquid
Pentacosane ≥ 99% Alfa Aesar
Pentadecane ≥ 99% Aldrich
KBr ≥ 99% Merck
Phenol ≥ 99% Merck
o-Cresol ≥ 99% Merck
p-Cresol ≥ 98% Merck
2-Ethylphenol ≥ 98% Merck
4-Ethylphenol ≥ 98% Merck
Guaiacol ≥ 98% Merck
4-Methylguaiacol ≥ 98% Merck
4-Ethylguaiacol ≥ 98% Alfa Aesar
Syringol ≥ 99% Aldrich
Catechol ≥ 99% Alfa Aesar
4-Methylcatechol ≥ 96% Alfa Aesar
4-Ethylcatechol ≥ 98% Alfa Aesar
Cyclohexanol ≥ 99% Merck
Cyclohexanone ≥ 99% Merck
PdCl2 ≥ 99% Merck
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Chapter A. Materials

Table A.2: Catalysts

Catalyst Carrier-
Material

Grade BET-surface Producer

Raney-Ni None 50 wt% in
H2O

53 m2/g Merck

Pd Activated C 10 wt% 900 m2/g Fluka
Pt Al2O3 5 wt% 12 m2/g Merck
Rh Activated C 5 wt% 900 m2/g Merck
Al-Ni 50 wt% Ni,

50 wt% Al
4 m2/g Aldrich

Co None ≥ 99.6 wt% 23 m2/g Merck

Table A.3: Construction materials

Material Composition
max. (min) wt%

Inconel625 Ni (58) chromium (Cr) 20-30 Mo 8-10 niobium
(Nb) & tantalum (Ta)3.15-4.15 iron (Fe) 5

1.4571 C 0.03 silicon (Si) 1.0 Mn 1.5 phosphor (P) 0.04 S 0.015
Cr10.5-12.5 Mo 2.0-2.5 Ni 10.0-13.5 titanium (Ti) 5xC-
0.7
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Appendix B

Sample workup

This appendix provides more detailed information about the workup of the
solid, liquid and gaseous samples obtained from the experiments. The Sec-
tion B.1 provides an overview for the separation of the different product
phases and the analytical methods applied on them. In Section B.2 the ex-
traction of the phenolic products from the aqueous liquid phase is explained
in detail including the distribution coefficients of the phenolics which were
quantified by GC-FID.

B.1 Analysis overview

After the separation of the gaseous phase which is different for either CSTR
or MA, the gas was analysed on a GC equipped with both, a FID and a TCD.
The mixture of liquid and solid residues was filtered with a filter purchased
from Pall with 45 nm pore size for the separation of solid and liquid phase.
The solid fraction was weighed, dried for 16 h at 378 K and weighed again
after drying. On the dried solid FT-IR and elementary analysis is applied.

In the case water was used as solvent, the liquid products had to be
extracted from the aqueous sample with ethyl acetate. After extraction the
organic phase can be analysed with GC-FID or eventually GC-MS exactly
like the liquid product from experiments with ethanol. For that purpose
the organic sample, containing the liquid products diluted in ethyl acetate
or ethanol, was mixed with an equal amount of ethyl acetate containing
the internal standard pentacosane. Figure B.1 and B.2 show the schematic
sample workup for experiments with ethanol and water, respectively.
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Products 
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Figure B.1: Sample workup scheme for product phases of experiments with
ethanol.
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Figure B.2: sample workup scheme for product phases of experiments with
water.
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Chapter B. Sample workup

B.2 Extraction

For the analysis of phenolic products from the hydrothermal lignin degrada-
tion via GC, phenolics had to be extracted from the aqueous product phase.
Ethyl acetate was selected as extractant. For a better performance of the
extraction the pH of the aqueous phase was adjusted to a value between 3
and 5 by adding an adequate amount of HCl. 1.3 mL of the sample were
thereafter mixed with 0.52 mL ethyl acetate. The phases were left to settle
for one hour. A sample of the organic phase was analysed on a GC equipped
with a FID, optionally on GC equipped with a MS. The concentration of the
different compounds (solutes) in the original aqueous product phase can be
calculated with the following Equation B.1

Ci,aq,0 = Ci,org ·
fa · fb
fc · fd,i

, fa = 2, (B.1)

where Ci,org is the measured concentration of the (solute) in the organic
phase, Ci,aq,0 the concentration in the aqueous product phase before extrac-
tion and fa, fb, fc and fd,i are factors considering the performance of the
extraction. The factor fa considers the dilution of the organic phase after
the extraction with ethyl acetate including the internal standard pentacosane
(C25H52) for the preparation of GC-analysis (ratio sample:standard = 1:1).
The solvent (water) and extractant (ethyl acetate) are not completely insol-
uble. This fact was considered by the factor fb which is proportional to the
miscibility of ethyl acetate in water. The latter was found to be indepen-
dent from the solute and its concentration. It was determined by adding the
extraction standard pentadecane (C15H32) to the extractant which is prac-
tically insoluble in water. The concentration of pentadecane in the organic
extractant was measured before (CC15H32,org,0) and after (CC15H32,org) the
extraction. With the quotient of these values fb can be calculated accord-
ing to Equation B.2. The average value for fb was 0.815 with a standard
deviation of 0.024.

fb = CC15H32,org,0

CC15H32,org
= 0.815± 0.024 (B.2)

The factor fc considers the alteration of the solute concentration due to
the different input volumes of aqueous sample (Vaq) and extractant (Vorg)
and is calculated according to the following Equation B.3

fc = Vaq
Vorg

= 1.3 mL
0.52 mL = 2.5. (B.3)
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B.2. Extraction

The factor fd,i considers the distribution ratio of the solutes i in both,
the solvent and the extractant. It has to be clearly distinguished from the
distribution coefficient. In fact, fd,i seems most convenient for the calculation
of Ci,aq,0 as it relates the concentration of the solute in the extractant after
the extraction mi,org with the initial concentration in the aqueous phase
mi,aq,0.

fd,i = mi,org

mi,aq,0
(B.4)

The experimental evaluation of this factor fd,i and a list of the factors
for each solute i are demonstrated in the following. For the evaluation of
the factor fd,i several extraction experiments were carried out. A single
solute (single experiments) or a mixture of various solutes (bulk experiments)
were diluted in the solvent water with a determined concentration Ci,aq,0.
Eventually NaCl was added in order to evaluate the influence of salts on the
distribution between the two phases. The employed extractant was ethyl
acetate containing 1000 mg/L pentadecane. The extraction was carried out
as described above. The results are listed in Table B.2.

Extraction experiments with phenol, guaiacol, catechol, cyclopentanone,
2-methylcyclopentanone and cyclohexanol show good reproducibility even
in the presence of other phenolics in the solvent. However, high amounts
of salt (NaCl) and low solute concentrations give low values of fd,i and an
increased standard deviation. Considering the ash content of the differ-
ent types of lignin, a maximum salt concentration between 700 mg/L and
3000 mg/L is expected. However, increased salt concentrations in combina-
tion with low solute concentrations lead to lower values of fd,i, that is an
underestimation of the compound concentration in the aqueous phase and
the compound yield. Thus, an assumption of a high value for fd,i must be
legitimate. Extraction of all ethylated phenolics, namely 2-ethylphenol, 4-
ethylphenol, 4-ethylguaiacol and 4-ethylcatechol, yield a fd,i between 80 %
and 90 %. Although the standard deviation is relatively high (above 5 %),
the assumption of 80 % < fd,i < 90 % seams reasonable. The increased
uncertainty arising from the extraction of course has to be considered for
all yields given within this work. High standard deviations and bad agree-
ment for single and bulk experiments are obtained for cyclohexanone. Thus,
fd,i for cyclohexanone is set to the highest measured value (80 %) with a
standard deviation of 20 %. The distribution of methylcatechol, methylgua-
iacol, p-cresol and o-cresol can be determined with low standard deviation
by UV-Vis. UV-Vis can however only be applied on the solvent after sin-
gle experiments, that is, the obtained value does neither take into account
the matrix in the aqueous phase, nor the analysis method which is usually
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Chapter B. Sample workup

applied on the samples. In the case of methylcatechol, methylguaiacol and
o-cresol the determination of fd,i via GC-analysis leads to varying values
and high standard deviations. The value obtained from UV-Vis-analysis is
employed for further calculation combined with the maximum standard de-
viation resulting from all GC-analysis-results. On the basis of the conducted
experiments and the observations made above, the following values for fd,i
are applied for the calculation of the concentration in the aqueous phase (see
Table B.1).

Table B.1: Applied values of fd,i for quantified phenolics i.

Compound Ci,aq,0 Standard
deviation

Applied
fd,i

mg/L % %
2-Ethylphenol 500-1000 6.6 89.0
2-Methylcyclopentanone 200-2000 3.6 77.4
4-Ethylcatechol 500-1000 4.6 88.7
4-Ethylguaiacol 500-1000 5.2 82.2
4-Ethylphenol 500-1000 6.7 85.0
4-Methylcatechol 500-1000 5.9 88.6
4-Methylguaiacol 250-1000 8.1 87.5
Catechol 200-2000 4.1 83.2
Cyclohexanol 100-1000 9.3 67.3
Cyclohexanone 200-2000 20.0 80.0
Cyclopentanone 200-2000 3.6 53.9
Guaiacol 100-1000 1.7 93.5
o-Cresol 500-2000 14.0 96.5
p-Cresol 200-1000 6.2 98.1
Phenol 200-1000 1.6 94.5
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B.2. Extraction

Table B.2: Distribution of phenolic products in a two phase system compris-
ing water and ethyl acetate under different conditions.
Compound Matrix Analysis

method
Ci,aq,0 NaCl Exp.

redun-
dancy

Standard
devia-
tion

Average
fd,i

mg/L mg/L % %
2-Ethyl- bulk GC 500-1000 0 8 6.6 89.0
phenol bulk GC 100-1000 1000 8 5.3 86.0
2-Methylcyclo- single GC 500-2000 0 16 3.0 77.4
pentanone single GC 1000 10000 7 1.3 77.7

bulk GC 200-2000 0 14 3.6 76.5
bulk GC 100-2000 1000 8 6.9 71.0

4-Ethyl- bulk GC 500-1000 0 8 4.6 88.7
catechol bulk GC 100-1000 1000 8 9.5 75.6
4-Ethyl- bulk GC 500-1000 0 8 5.2 82.2
guaiacol bulk GC 100-1000 1000 8 4.1 79.8
4-Ethyl- bulk GC 500-1000 0 8 6.7 85.0
phenol bulk GC 100-1000 1000 8 5.0 82.2
4-Methyl- single GC 500-2000 0 18 5.5 83.7
catechol single GC 1000 10000 6 2.2 95.6

single UV-Vis 500-1000 0 12 1.2 88.6
bulk GC 100-1000 0 8 3.0 78.2
bulk GC 500-1000 1000 6 2.9 71.7

4-Methyl- single GC 500-2000 0 18 7.1 111.3
guaiacol single GC 1000 10000 6 2.7 99.8

single UV-Vis 250-1000 0 12 1.1 87.5
Catechol single GC 500-1500 0 10 2.0 83.5

bulk GC 200-2000 0 21 4.1 83.2
bulk GC 100-1000 1000 8 5.8 75.9

Cyclo- single GC 500-2000 0 18 2.7 69.0
hexanol single GC 1000 10000 6 2.5 63.8

bulk GC 100-1000 0 8 1.6 67.3
bulk GC 50-1000 1000 9 9.3 58.4

Cyclo- single GC 500-2000 0 18 4.4 57.5
hexanone single GC 1000 10000 6 2.3 61.1

bulk GC 200-2000 0 11 3.2 80.0
bulk GC 100-2000 1000 8 6.8 73.1

Cyclo- single GC 500-2000 0 18 2.3 52.8
pentanone single GC 1000 10000 6 1.2 56.9

bulk GC 200-2000 0 19 3.6 53.9
bulk GC 100-2000 1000 8 5.9 46.9

Guaiacol bulk GC 100-1000 0 8 1.7 93.5
bulk GC 50-1000 1000 9 12.1 82.3
single GC 500-2000 0 8 1.7 90.9
single GC 1000 1000 4 1.2 91.3

o-Cresol bulk GC 200-1000 0 6 15.9 102.3
bulk GC 100-1000 1000 11 10.1 88.7
single GC 500-2000 0 18 13.3 102.4
single GC 1000 10000 6 4.1 111.9
single UV-Vis 500-2000 0 12 0.9 96.5

p-Cresol bulk GC 200-1000 0 11 6.2 98.1
bulk GC 100-1000 1000 8 5.5 93.6
single GC 500-2000 0 18 3.4 85.5
single UV-Vis 500-2000 0 12 0.4 96.6

Phenol bulk GC 100-1000 0 8 1.6 94.5
bulk GC 50-1000 1000 9 5.8 88.1
single GC 1000 0 6 1.9 98.2
single GC 1000 1000 2 3.8 96.8
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Appendix C

Modelling

This appendix contains detailed information about the equations and meth-
ods used for the modelling of the formal reaction kinetics of thermal lignin
degradation in both solvents, ethanol and water. Information about the
central optimisation function can be found in Section C.1. All mass bal-
anced reactions and the resulting differential equations which were used for
modelling, the thermal degradation of lignin originating from wheat straw
in ethanol and formic acid are shown and explained in Section C.2. All mass
balanced reactions and the resulting differential equations which were used
for modelling the thermal degradation of lignin originating from spruce in
water are shown and explained in Section C.3. In Section C.5 the formula
for the calculation of the sensitivity analysis is displayed and explained. In
Section C.6 the formula for the calculation of the flux analysis is displayed
and explained.

C.1 Optimisation function
Modelling was performed in Matlab V 7.12.0, MathWorks using a set of
differential equations, which were formulated according to the developed
model of reaction participants and pathways which depends mainly on the
employed type of solvent and the type of lignin. Every model comprises a
number of l defined (lump) components and n reaction pathways. For each
reaction pathway a formal kinetic rate coefficient is defined. The reaction
order for all reactions is set to one. The unconstrained non-linear Matlab-
function «fminsearch«, which uses the simplex search method by Lagarias
et al. [Lag+98], was used for optimisation, because of its robustness and
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C.1. Optimisation function

because it does not need derivatives of the objection function. The function
"fminsearch" finds the minimum of the scalar function given in Equation C.1,
starting at kj = 0.001:

f(~k) =
l∑
i=1

∑
ξ

exp(wi[ymeasi,ξ − ycalci (~k)])+

exp

[
wl+1

(
l∑
i

ycalci (~k)−
l∑
i

yi,0

)]
,

(C.1)

where yi is the yield defined by the following Equation C.2

yi = mi

mLig,0
, (C.2)

i indicates a reaction participant, ξ indicates an experiment, 0 indicates
an input parameter, Lig indicates the reactant lignin, m is the mass, w is
the weighing factor and ~k ∈ Rn comprises the formal kinetic rate coefficients
of all reactions kj . The function f (see Equation C.1) consists of a term
which considers the difference between calculated and experimental yields
and an additional term which forces the calculation to respect the overall
mass balance. If the temperature (T ) dependence of kj of each reaction j
was considered, the following Arrhenius-Equation C.3 was employed

kj(T ) = Aj · e−
EA,j

RT , R = 8.314 J/(mol ·K−1). (C.3)

The target values for optimisation in this case were EA,j and Aj . The
initial values were chosen to be EA,j=1,2,...,n = 100 kJ/mol and Aj=1,2,...,n =
107 min−1. If the temperature dependence of kj was not considered, as for
example in Section 6.1, the target value of optimisation was ~k. The initial
value was kj=1,2,...,n = 10−3 min−1.

The term «apparent activation energy EA,j» which expresses the temper-
ature dependence of the formal kinetic rate coefficient kj is used throughout
this work. Since EA,j should fulfil Equation C.3, which comprises the ideal
gas constant R, it necessarily has the unit J/mol. This is not correct from a
strict scientific point of view, since most reactants are not ideal gases. How-
ever, the term «activation energy» is predominantly used in literature, even
if only solid lignin is involved in the reaction. Thus for better comparison of
the data obtained here with values obtained by other authors, the tempera-
ture dependence of the reactions was expressed by the term EA,j . It should
further be pointed out that a chemical reaction model would only then be
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Chapter C. Modelling

able to describe the experimental data correctly, if all the relevant reaction
pathways are contained in the model. The ultimate number of reactions
(and rate coefficients kj) in a model are of minor significance.

C.2 Solvolysis in ethanol

The Equations (C.4) to (C.14) are the differential equations describing the
formal kinetics of the developed model for thermal lignin degradation in
ethanol and formic acid. They are based on the mass-balanced reactions
shown in Figure C.1. The index j of the formal kinetic parameters kj corre-
sponds to the index of the reactions displayed in Figure C.1. Each index i of
the yields yi corresponds to one participating component. All components
and their indices are listed in Table C.1.

The differential equations describe the consumption and formation of all
components i through the reactions j considered by the model for solvolysis
of wheat straw lignin in ethanol and formic acid (see Figure 6.7), where yi,0
and yi are, respectively, the entering and outgoing mass of the component i
divided by the input mass of lignin mLig,0. If the model is applied for the
simulation of thermal lignin degradation in a batch reactor Equations (C.4)
to (C.14) were used without the term

[
(yi,0 − yi) · ṁm

]
. If it is used for the

simulation of thermal lignin degradation in a CSTR they have to be employed
with the mentioned term in rectangular brackets. The latter considers the
continuous character of the process and the mixed flow inside the CSTR,
assuming an ideal reactor. The following assumptions are to be considered
only for CSTR: The quotient of the flow rate ṁ divided by the reaction mass
m is equivalent to the mean residence time τ ′. The reaction mass is estimated
by the volume of the reactor (200 mL) and the density of the solvent at given
temperature and pressure displayed in Table 6.4. The experimental duration
is defined as t, the set-point t = 0 is the start of the experiment when the
suspension of ethanol, formic acid and lignin is pumped into the reactor.
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C.2. Solvolysis in ethanol

dy1

dt
=− k1y1 − k6y1 − k10y1 +

[
(y1,0 − y1) · ṁ

m

]
(C.4)

dy2

dt
=k1y1 + k15y8 − k2y2 +

[
(y2,0 − y2) · ṁ

m

]
(C.5)

dy3

dt
=0.89 · k2y2 − k4y3 − k3y3 +

[
(y3,0 − y3) · ṁ

m

]
(C.6)

dy4

dt
=0.85 · k4y3 + 0.77 · (k7y6 − k14y4 + k9y7 − k8y4)+

− k5y4 − k17y4 +
[
(y4,0 − y4) · ṁ

m

] (C.7)

dy5

dt
=0.91 · k3y3 + 0.98 · k17y4 + k16y8 +

[
(y5,0 − y5) · ṁ

m

]
(C.8)

dy6

dt
=k6y1 − k7y6 + k14y4 +

[
(y6,0 − y6) · ṁ

m

]
(C.9)

dy7

dt
=k8y4 − k9y7 +

[
(y7,0 − y7) · ṁ

m

]
(C.10)

dy8

dt
=k10y1 − k11y8 − k15y8 − k16y8 +

[
(y8,0 − y8) · ṁ

m

]
(C.11)

dy9

dt
=0.11 · k2y2 + 0.09 · k3y3 + 0.15 · k4y3 + k5y4+

0.23 · (k7y6 − k14y4 + k9y7 − k8y4 + k11y8) + k12y11+

k13y10 + 0.02 · k17y4 +
[
(y9,0 − y9) · ṁ

m

] (C.12)

dy10

dt
=− k13y10 +

[
(y10,0 − y10) · ṁ

m

]
(C.13)

dy11

dt
=− k12y11 +

[
(y11,0 − y11) · ṁ

m

]
(C.14)

For the kinetic modelling pseudo-elementary reactions were defined (see
Figure C.1). In fact, the reactions r2 - r4 and r17 involve lumped components
which can not be associated with a molecular structure as indicated in the
reaction equation. However, the defined mass balanced reactions provide an
orientation for the mass distribution throughout the reaction. The employed
coefficients might be reconsidered in the future respecting the important
condition that the right and the left side of each equation are equilibrated.
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Figure C.1: Mass balanced reactions for modelling thermal degradation of
wheat-straw lignin in ethanol.

Table C.1: Indices of reaction participant
Index Participant Index Participant

1 Lignin 7 2-Ethylphenol
2 methoxyPhOH 8 LD, EtOH-soluble residue
3 Catechols 9 Gas
4 PhOH 10 Formic Acid
5 Char, EtOH-insoluble residuea 11 Ethanol
6 4-Ethylphenol

a except not reacted lignin.
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C.3. Solvolysis in water

C.3 Solvolysis in water

The Equations (C.15) to (C.24) are the differential equations describing the
formal kinetics of the developed model for thermal lignin degradation in
water. They are based on the mass-balanced reactions shown in Figure C.2.
The index of the formal kinetic parameters corresponds to the index of the
reactions displayed in Figure C.2. Each index i of the yields yi or masses mi

corresponds to one participating component i. All components and indices
are listed in Table C.1.

The differential equations describe the consumption and formation of all
components i through the reactions j considered by the model for hydrother-
mal degradation of spruce lignin (see Figure 6.17), where yi,0 and yi are, re-
spectively, before and after the reaction the mass of the component i divided
by the input mass of lignin mLig,0. The optimisation function uses a numer-
ical solution of Equations (C.15) to (C.24) for the calculation of yi. For the
kinetic modelling pseudo-elementary reactions were defined (see Figure C.1).
In fact, the reactions r2 - r6 involve lumped components which can not be
associated with a molecular structure as indicated by the reaction equation.
However, the defined mass balanced reactions provide an orientation for the
mass distribution throughout the reaction. The employed coefficients might
be reconsidered in the future respecting the important condition that the
right and the left side of each equation are equilibrated.
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Table C.2: Indices of reaction participant
Index Participant Index Participant

1 Lignin 6 LD2, reactive intermediates,
not detectable in GC

2 methoxyPhOH 7 CO2 and CH4
3 Catechols 8 Water
4 PhOH 9 LD2, stable products,

partially water-soluble
5 Char, Water-insoluble residuea 10 CO and H2

a except not reacted lignin.

dy1

dt
= − k1y1 − k7y1 (C.15)

dy2

dt
= k1y1 − 0.98 · k2y2 − k3y2 (C.16)

dy3

dt
= 0.87 · k2y2 + k10y6 − 0.8 · k4y3 − k5y3 − k12y3 (C.17)

dy4

dt
= 0.68 · k4y3 + 0.76 · k3y2 − 0.62 · k6y4 (C.18)

dy5

dt
= 0.82 · k5y3 + k9y6 (C.19)

dy6

dt
= k7y1 − (k8 + k9 + k10 + k11 + k15)y6 (C.20)

dy7

dt
= 0.13 · k2y2 + 0.24 · k3y2 + 0.32 · k4y3 + k11y6+

+ 0.96 · k13y10 + k14y10 + k6y4

(C.21)

dy8

dt
= 0.16 · k5y3 − 0.35 · k6y4 − 0.39 · k13y10 (C.22)

dy9

dt
= k8y6 + k12y3 (C.23)

dy10

dt
= 0.02 · k5y3 + k15y6 − 0.02 · k2y2 − 0.2 · k4y3−

+ 0.03 · k6y4 − 0.57 · k13y10 − k14y10

(C.24)
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Figure C.2: Mass balanced reactions for modelling the hydrothermal degra-
dation of spruce-lignin.
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C.4 Analysis of error
For the analysis of the experimental error, multiple identical experiments
were carried out. For the evaluation of the experimental error the standard
deviation σ was employed. For the evaulation of the quality of kinetic mod-
elling the coefficient of determination R2 and the standard deviation σ were
employed. R2 was calculated (see Equation C.25) by comparing the differ-
ence of calculated yield ycalci or concentration and the measured yield ymeasi,ξ

or concentration with the difference of measured yield ymeasi,ξ or concentration
and the average yield ymeasi or concentration.

R2 = 1−
∑
ξ(ycalci − ymeasi,ξ )2∑
ξ(ymeasi − ymeasi,ξ )2 = 1−

∑
ξ(Ccalci − Cmeasi,ξ )2∑
ξ(C

meas

i − Cmeasi,ξ )2
, (C.25)

where ymeasi is the average of the yield of the component i measured in
the product of all experiments carried out at the same temperature. The
standard deviation σ is given by Equation C.26

σ =

√√√√(Ξ− 1)−1
Ξ∑
ξ=1

(
ycalci − ymeasi,ξ

ymeasi,ξ

)2

, (C.26)

where Ξ is the number of experiments which are considered. The dif-
ference between calculated yield ycalci and measured yield ymeasi,ξ is normed
by dividing by ymeasi,ξ (see Equation C.26). If the standard deviation of the
results of several identical experiments was calculated, glssymb:yicalc is to
be replaced by the average of all considered identical experimental results yi.
The denominator of the squared term is to be replaced by the average value
yi (see Equation C.27). The resulting value standard deviation is mostly
displayed in %, thus multiplied by the factor 100.

σ =

√√√√(Ξ− 1)−1
Ξ∑
ξ=1

(
yi − ymeasi,ξ

yi

)2

, (C.27)

C.5 Sensitivity analysis
The sensitivity analysis shows the influence of the different reactions defined
in a reaction model on the yield of the components. Single rate coefficients
are altered by a factor of 2 and the resulting yields of the components are
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C.6. Flux analysis

compared with the original values. This difference is defined as the sensitiv-
ity. The sensitivity of a each component i to each reaction rj is displayed in
the sensitivity matrix (see Figure 6.14 and 6.21). In the case of the batch
experiments the sensitivity ∆yi,Batch is calculated by integration of the dif-
ference between the original yield yi and the yield y′i after modification of kj .
The lower limit of integration is the start of the reaction t0 and the upper
limit is the determined residence time τ (see Equation C.28). Contemplat-
ing Equation C.28 it becomes clear that the choice of the upper integration
limit changes the resulting sensitivity. For comparison of the batch-fit and
the CSTR-fit, the upper integration limit for ∆yi,Batch is chosen to be equal
to the mean residence time in the CSTR τ = τ ′.

∆yi,Batch = 1
τ
·
∫ τ

t0

∣∣∣∣y′i − yiyi

∣∣∣∣ dt, (C.28)

In case of the CSTR the sensitivity is quantified by ∆yi,CSTR, which is
the difference between the original yield yi and the yield after modification of
each rate coefficient y′i in the stationary state (t→∞) at a set temperature
and mean residence time τ ′.

∆yi,CSTR =
∣∣∣∣y′i − yiyi

∣∣∣∣ (C.29)

C.6 Flux analysis
The flux implies the mass of a component i that disappears via a certain
reaction rj during a certain time period in a determined reaction volume. In
the case of the batch reactor, the flux from the start of the reaction until the
residence time τ was calculated by integration, according to Equation C.30:

fluxj,Batch = CLig,0 ·
∫ τ

t0

kjyi,j dt, (C.30)

where CLig,0 is the initial concentration of lignin in the batch autoclave,
kj the formal kinetic rate coefficient of the first order reaction rj and yi,j
the time depending yield of the corresponding component i which is either a
reactant or a product of this reaction. Since reactions are assumed to be first
order reactions, the flux of each reaction depends on the yield yi,j of exactly
one corresponding component. For comparison of the the fluxes in the two
different types of reactor the integration limit τ was chosen to be identical
to the mean residence time in the CSTR τ ′. In the case of the CSTR the
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Chapter C. Modelling

flux in the steady state is calculated according to Equation C.31:

fluxj,CSTR = CLig,0 · τ ′ · kjyi,j , (C.31)

where τ ′ is the mean residence time and yi,j is independent from the
experimental duration since stationary state is assumed (t →∞).
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Appendix D

Extended studies of
catalysts

D.1 Homogeneous catalysts
Homogeneous catalysts in water were tested at a reaction temperature of
633 K and a residence time of 30 min. Basic catalysts, that are KOH and
NaOH, as well as acidic catalysts, that are HCl, AA and FA, were used. Basic
catalysts promote the formation of catechols. Their yield increases from ap-
proximately 5 to approximately 20 mg/glignin. The yield of methoxyphenols
decreases slightly and the yield on phenols increases (see Figure D.1).

The use of acidic catalysts give very different results. If HCl is em-
ployed as catalyst for the hydrothermal degradation of spruce-lignin the
yields of the main products are strongly dependent on the concentration of
HCl. Lower concentrations (0.33 mol/L) yield relatively high amounts of
catechols (16 mg/glignin) and CO (29 mg/glignin). Methoxyphenols could
not be detected neither at low nor high concentrations (1.81 mol/L) of HCl.
The yield of catechols and CO significantly decrease when the concentra-
tion of HCl is increased to 1.81 mol/L to approximately 10 mg/glignin and
12 mg/glignin respectively (see Figure D.2). In addition, at increasing con-
centrations of HCl an increase of the yield of CO2 and hydrocarbon (HC)-
gases is observed. The addition of AA into the reactor has no or a very small
effect on the product distribution.
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Figure D.1: Comparison of homogeneous basic catalysts with 0.12 mol/L in-
put concentration in a spruce-lignin/water = 133 g/L suspension; T = 633 K
(Exp. 1 and 7-9); τ = 30 min
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Figure D.2: Comparison of homogeneous acidic catalysts with varying input
concentration in a spruce-lignin/water = 133 g/L suspension (Exp. 2-6 and 8-
9); T = 633 K; τ = 30 min

164



Chapter D. Extended studies of catalysts

HCl obviously has a strong effect not only on the cleavage of the bonds
between lignin monomers, as the increased yield of catechols shows, but also
on the gasification and the char yield. Low concentrations yield high amounts
of CO, probably coming from the lignin structure due to increased cleavage
of ether bonds connected with the liberation of CO. Increased amounts of
HCl lead to very high yields of CO2 and Char. Water-gas shift reaction or
oxidation of CO might be responsible for increased amounts of CO2. The
effects of formic acid on the phenolic products observed at the mentioned
temperature are weaker than those of HCl. Obviously the input of acetic
acid has to be increased significantly in order to obtain a similar effect as
contemplated for experiments with HCl. A catalytic effect of both, acidic and
basic media, on the hydrolysis of lignin in near critical water was observed
like suggested by Toor, Rosendahl, and Rudolf [TRR11]. A more detailed
investigation in order to optimise yield and selectivity of single phenolic
products of the hydrothermal lignin depolymerisation is of high interest.

D.2 Catalytic hydrothermal decomposition of
catechol

Catechols are produced within the hydrothermal lignin degradation. Among
the phenolic products they are the most abundant compound class with
yields above 3 wt% (see Section 6.3). However, for the chemical industry
catechols are less interesting as platform chemicals. In addition, they have a
high potential to repolymerise under pyrolytic conditions [McM+04]. Thus
the transformation of catechols into higher value products such as phenol or
benzene deserves a more detailed observation. In Chapter 5 the potential
of the heterogeneous catalyst Raney-Ni for the conversion of catechol into
phenol [For+12] was pointed out. This section shows a kinetic study of the
hydrothermal conversion of catechol into phenol catalysed by Raney-Ni.

D.2.1 Results
For the purpose of a detailed investigation of the effects of Raney-Ni on the
conversion of catechol into phenol a set of 23 experiments (Exp. 103-125, see
Appendix E.1) was carried out at temperatures between 473 K and 573 K
and residence times between 30 and 180 min. Catechol was therefore diluted
in desalinated water and together with Raney-Ni and elemental H2 treated
in a 10 mL batch autoclave (MA2). In Figure D.3 the results of different
experiments at 573 K and different residence times are demonstrated showing
the mass fractions related to the input mass, that is the sum of the mass of

165



D.2. Catalytic hydrothermal decomposition of catechol

0 3 0 6 0 9 0 1 8 00

2 0

4 0

6 0

8 0

1 0 0
Ma

ss 
fra

ctio
n (

%)

R e s i d e n c e  t i m e  ( m i n )

 O t h e r s
 H 2
 C H 4
 C O 2
 C y c l o h e x a n o l
 C y c l o h e x a n o n e
 P h e n o l
 C a t e c h o l

Figure D.3: Mass fractions of the input (residence time = 0) and out-
put at 573 K and different residence times after hydrothermal decompo-
sition of catechol in a 10 mL-MA2; 5 ml input of aqueous solution (cate-
chol/water = 10 g/L); 2.2 mg Raney-Ni catalyst

catechol and H2. Water was not considered to take part in any reaction. This
is a simplification of the reaction system since water gas shift reaction and
other reactions might occur and involve water. However, water is abundantly
present throughout the reaction and thus changes of the water concentration
may not influence the reaction kinetics. The results at 573 K show that
phenol is produced in significant amounts as primary product. The amount
of phenol decreases towards longer reaction times giving way to other phenol
derivatives, such as cyclohexanol and cyclohexanone as well as to gaseous
products such as CO2 and CH4. The elemental H2 is partially consumed
within the ongoing reactions.

In the following the reaction pathways of hydrothermal decomposition of
catechol will be fathomed. Nimmanwudipong et al. showed that cyclohex-
anone is an important intermediate compound especially within the decom-
position of methoxyphenols and is converted into cyclohexanol [Nim+11a;
Nim+11b]. The rank of cyclohexanol and cyclohexanone could not be re-
vealed by delplot-analysis for the present data. However, both compounds
are produced in significant concentrations at high temperatures which indi-
cates these substances to be secondary or tertiary products. The rank of the
gaseous compounds as well stays unclear. Delplot analysis did not reveal any
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illuminating hints. However, CO2 and CH4 appear at temperatures above
523 K and increased residence times. Hence, they are probably secondary
or tertiary products formed within the decomposition of phenol and/or cy-
clohexanol and cyclohexanone. Gasification of catechol, that is the direct
conversion of catechol into gaseous products, was not assumed. The focus
of the kinetic studies lied on the formation and decomposition of phenol.
Hence, phenol was assumed to be the only primary product derived from
catechol.

OH

OH
OH O OH

CO2

CH4

k
1

H
2

H
2

k
2a

k
2b

Figure D.4: Reaction scheme of the catalytic decomposition of catechol in
water at temperatures between 523 K and 573 K based on delplot-analysis
and literature research.

The hydrothermal decomposition of catechols can thus be modelled with
the reaction pathways displayed in Figure D.4. The conversion of catechol
into phenol (k1) and the decomposition of phenol (k2a+k2b) as subsequent
reaction is suggested to be sufficient to describe the concentration of phenol
in the product mixture. The two reactions are treated like two first order
reactions in series. The author is aware of the fact that the second reaction,
that is the decomposition of phenol is not an intrinsic elementary reaction
and might be a combination of two or more parallel reactions, e.g. reaction
2a and 2b. These assumptions lead to the following Equation D.1 for the
calculation of the concentration of Catechol CA in dependence on the resi-
dence time τ considering the initial concentration of catechol CA,0 and the
rate coefficient of the first order decomposition of catechol k1.

CA = CA0 · e−k1τ (D.1)

The concentration of phenol CP can thus be calculated considering k1
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Figure D.5: Concentration of catechol in the product after hydrothermal
decomposition of catechol depending on the residence time at a) 573 K,
b) 533 K, c) 523 K, d) 513 K; Data points represent experimental values,
continuous line calculated according to Equation D.1; 5 ml input of cate-
chol/water = 10 g/L; 2.2 mg Raney-Ni catalyst.

and the rate coefficient of the phenol decomposition k2.

CP = CA0 ·
k1

k2 − k1
(e−k1τ − e−k2τ ), k2 = k2a + k2b. (D.2)

The optimised rate coefficient of the decomposition of catechol k1 is de-
termined by minimising the difference between the concentration CA calcu-
lated with Equation D.1 and the experimentally determined concentration
CA. The curves which are described by Equation D.1 providing the best
fit to the experimentally determined CA are plotted over the residence time
at different temperatures (see Figure D.5). The resulting optimised rate
coefficients k1 an k2 between 513 K and 573 K are plotted in an Arrhenius-
diagram (see Figure D.7). Towards increasing temperatures the value of the
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Figure D.6: Concentration of phenol in the product after hydrothermal de-
composition of catechol depending on the residence time at a) 513 K, b)
523 K, c) 533 K and d) 573 K; Data points from experiments, continuous line
calculated according to Equation D.2; 5 ml input of catechol/water = 10 g/L;
2.2 mg Raney-Ni catalyst.

optimised k1 increases. The temperature dependence of a kinetic rate coeffi-
cient can be described by the Arrhenius-Equation C.3. Optimisation of the
linear approach of k1 in the Arrhenius-diagram yields the kinetic parameters
EA,j and Aj , which are shown in Table D.1. The experimentally determined
concentration of catechol is plotted over the residence time at different tem-
peratures in Figure D.5. The curves resulting from the optimisation of k1
are added. The regression of the catechol concentration was acceptable. For
all temperatures except 523 K R2 was above 0.9. The optimisation of the
rate coefficient of the decomposition of phenol k2 is carried out analogously.
The difference between CP calculated by Equation D.2 and the experimen-
tally determined concentration CP is minimised. The rate coefficient k1 and
the initial concentration of catechol were hereby fixed parameters in Equa-
tion D.2; k1, EA1 and Arrhenius factor A1 result from the prior optimisation.
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Figure D.7: Arrhenius plot of pseudo-first order rate coefficients of the
hydrothermal Raney-Ni catalysed decomposition of catechol (circular data
points) and phenol (rectangular data points), k′ = 1min−1

Table D.1: Parameters describing the decomposition of catechol and phenol
within hydrothermal catechol decomposition catalysed by Raney-Ni.
rj kj EA,j Aj

T = 513 K T = 523 K T = 533 K T = 573 K
min−1 kJ/mol min−1

r1 0.017 0.024 0.029 0.031 23 ± 4 0.6 ± 0.4
r2 0.006 0.010 0.012 0.028 58 ± 5 3.7 ± 0.4

Figure D.6 shows the concentration of phenols. The scattered data points
represent the experimentally determined concentrations, the curves show the
calculated concentration resulting from the optimisation of k2. The rate co-
efficient of phenol decomposition k2 in dependence of the temperature is
plotted in Figure D.7. The coefficient of determination R2 was above 0.85
for all temperatures.

D.2.2 Discussion
The experimental data shows that the concentration of catechol is declining
with increasing temperature and residence time. The concentration of phe-
nol increases at short residence times and decreases towards longer residence
times in dependence on the temperature. The modelling of the experimental
yields shows that a simple two step reaction pathway comprising the primary
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conversion of catechol into phenol followed by the decomposition of phenol is
able to describe the yields of catechol and phenol. The model fit is acceptable
since in the temperature range from 513 to 573 K the coefficient of determi-
nation was above 0.65 and mostly above 0.85. The kinetics of the mentioned
reaction series was analysed. The results show rather low apparent activation
energies, about 23 kJ/mol for the decomposition catechol and 58 kJ/mol for
the decomposition phenol. The activation energy calculated for the catechol
decomposition within the hydrothermal lignin degradation (see Chapter 6.3)
was 55 kJ/mol, the non-catalytic hydrothermal catechol decomposition stud-
ied by Wahyudiono, Sasaki, and Goto [WSG09] yielded an apparent activa-
tion energy of 51 kJ/mol, which is about two times higher than the apparent
activation energy of the catalytic decomposition. This indicates that prob-
ably diffusion effects dominate the reaction rate of the catalytic catechol
decomposition. These effects are especially important with increasing tem-
peratures as the relatively low increase of reaction rate coefficient from 0.029
to 0.031 min−1 between 533 and 573 K shows (see Table D.1). However, it
becomes clear that the reaction rate of hydrothermal catechol decomposition
can be increased significantly by the application of Raney-Ni compared to
experiments without catalyst. Wahyudiono et al. [WSG09] reported rate
coefficients of about 0.0001 min−1 for non-catalytic catechol decomposition
in supercritical water at 683 K, whereas catalytic catechol decomposition
yields rate coefficients of about 0.03 min−1 at 533 K.
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Appendix E

Experimental results

E.1 Tables of experimental results
The following tables contain the data of the experiments carried out. Listed
are

• the type of reactor, MA meaning microbatch-autoclave, CSTR mean-
ing continuous stirred tank reactor. Two types of MA were used that
are MA1 which is the simple type and MA2 which is the gas-input
version with the possibility of pressurising the reactor with any kind
of gas,

• the reaction volume VR which is equal to the volume of the reactor,

• the (mean) residence time τ (τ ′),

• the reaction temperature T ,

• type and initial input mass of the Biomass (Lignin),

• type and initial input mass of the solvent,

• type and initial input mass of the added gas or H2-donor,

• type and initial input amount of the catalyst. The initial amount for
homogeneous catalysts is given in mol/L, for heterogeneous catalysts
in mg,

• the analysis methods applied on the product phases of each experiment,
that are extraction (Ext), GC, KFT, UV-Vis, FT-IR,
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• the mass of the liquid product phase which was gravimetrically deter-
mined,

• the output mass of gaseous and solid phase determined by the sum of
the mass of each constituent and by gravimetric analysis respectively,

• the loss for each experiment which is the difference between the sum of
the mass of all input materials and the sum of the mass of all output
materials (

∑
mi,0 −

∑
mi)

• the yield of the gaseous compounds that are methane, ethene, ethane,
propene, propane, butane, carbon dioxide, hydrogen, carbon monoxide
and other gases,

• the recovered amount of water and ethanol related to the input mass
of lignin,

• the yield of all liquid products detected by GC-analysis, that are
phenol (Phe), 2-methylphenol (MePhe), 4-MePhe, 2-EtPhe, 4-EtPhe,
guaiacol (Gua), 4-methylguaiacol (MeGua), 4-ethylguaiacol (EtGua),
syringol (Syr), catechol (CatOH), 4-methylcatechol (MeCatOH), 4-
ethylcatechol (EtCatOH), cyclohexanol (CyclohexOH) and cyclohex-
anone (CyclohexO).

All yields are given in mg/gBiomass. If the displayed value of the yield is
zero, the detected yield was smaller than 0.5 mg/gBiomass. If the compound
was not detected even in small quantities, this is indicated by not detected
(n.d.). If the compound was not quantified analytically this is indicated by
not available (n.a.). For experiments in the CSTR the input and output
amounts are given in g/h.
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E.2 Energy and mass flow

In this section the energy content of the commonly applied biomass and of
gaseous and solid products are presented (see Table E.4). The HHV was
calculated consulting the results from CHNS analysis (see Section 2.3.4)
employing the method by IGT [Tal81]. Additionally the mass and energy
balance for experiment Exp. 66 is presented in Table E.5 scaled to 1 t/h
lignin.

Table E.4: Heating value and elemental composition of input and
output components for solvolysis of wheat-straw lignin in ethanol
and formic acid in a CSTR at 673 K, 25 MPa and 44 min mean
residence time.
Component Results from elementary analysis HHV

C H N S O Ash
% % % % % % kJ/kg

wheat-straw-lignin a 63.8 6 1.5 0.3 27 1.4 24955
Spruce-lignina 60.5 6.7 0.6 0.1 30.1 2 24305
Ethanol 52.2 13 0 0 34.8 0 26865
Formic Acid 26.1 4.3 0 0 69.6 0 4561
H2 0 100 0 0 0 0 120900
CO 42.9 0 0 0 57.1 0 10107
CH4 75 25 0 0 0 0 50144
C2H4 85.7 14.3 0 0 0 0 47246
C2H6 80 20 0 0 0 0 47590
Others 52.2 13 0 0 34.8 0 26087
Chara 76.7 5.2 0 0 16.7 n.a. 29882
liquid productb 37.7 12.3 0 0 50 n.a. 20413
a heating values estimated from elemental analysis with the method by
IGT [Tal81].

b Heating value from energy balance.

The enthalpy of each input and output stream Ḣi was calculated by
multiplying the HHV with the mass flow ṁi. Exceptionally the HHV of
the oil fraction, that is the liquid product without ethanol and phenolics,
could not be measured. However, the enthalpy of the overall liquid fraction
(ethanol, phenolics and oil) was determined. In addition, the enthalpy of the
sum of all products ḢSum could be calculated by adding the enthalpy of all
three product phases. The enthalpy of the oil fraction was thus determined
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Table E.5: Mass and energy balance for experiment Exp. 66
scaled to 1 t/h lignin.
Input ṁi Ḣi Output ṁi Ḣi

t/h MJ/h t/h MJ/h
EtOH 9.48 254680 Ethanol 8.13 218395
Formic Acid 1.22 5564 Phenolics 0.07 1907
Lignin 1.00 24955 Gas 1.14 17119

Char 0.02 518
Oila 2.34 12536

Sum 11.70 285200 Sum 11.70 250476
∆HR -34724

a not measured, see Equation E.1

by difference, according to Equation E.1

ḢOil = ḢSum,Output −
∑
i 6=Oil

Ḣi. (E.1)

The reaction enthalpy ∆HR was calculated according to Equation E.2.

∆HR = ḢSum,Output − ḢSum,Input. (E.2)

Lignin degradation in ethanol and formic acid has a reaction enthalpy of
-34724 MJ/h and is thus exothermic. The results obtained from the energy
balance were used for the feasibility study.
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Appendix F

Cost offers

In this Appendix important cost offers are presented which were used for the
calculations within the feasibility study. The first offer for a plunger pump
was obtained from Schäfer & Urbach. The specifications of the pump are
given in the offer-page. The second offer from ICIS is a cost information
about the market prices of phenol in the first half of the year 2012. The
market price of benzene is also included.
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Phenol (Europe) 

Editor Julia Meehan, julia.meehan@icis.com 
 

CONTRACT PRICES 
Click for Price History   Price Range  US CTS/LB 
FD NWE  JUN EUR/TONNE +73.00 1585.00-1625.00 +73.00 91.10-93.40 

 
SPOT PRICES 

Click for Price History   Price Range  Four weeks ago US CTS/LB 
FOB RDAM T2 EXP USD/TONNE +5 1165-1190 +20 1200-1210 52.84-53.98 
FD NWE EUR/TONNE n/c 1320-1350 n/c 1250-1260 75.87-77.59 
EX-WORKS RUSSIA   Rb/TONNE -500 49500-55500 -500 53500-59000  

 
NOTE: for full details on the criteria ICIS pricing uses in making these price assessments visit www.icispricing.com and 
click on “methodology”. 

 
Phenol producers and consumers reduce operating rates 
The majority of phenol producers and consumers have 
reduced operating rates because demand has slowed in 
Europe and for exports to Asia.  
 
Reducing production ahead of the peak summer months of 
July and August is common and most sources said this week 
they would not be reducing output more than is normal for the 
time of year. However, some buyers said their own customers 
further downstream are considering extending outages for 
economic reasons. 
 
In general, the phenol market in Europe is described as 
relatively balanced, but cutbacks in operating rates by 
producers and consumers of around 20%, has prevented an 
imbalance in the market. 
 
Demand downstream has clearly slowed, more so for some 
derivatives than others. Those affected most are the epoxy 
resins and polycarbonates (PC) markets because of 
competitively prices imports. 
 
In the nylon intermediate markets, the lack of European 
exports moving to Asia and margin pressure has meant that 
some makers of nylon and nylon intermediates are considering 
taking plants off line if market fundamentals do not improve in 
July.   
 
 
July contract and benzene 
The phenol market has been keeping a close eye on the spot 
benzene market this week in the hope that trading activity and 
the direction of the spot market might give some clue to the 
possible outcome of the July benzene contract price.  
 
Even up until the close of business on Friday, downstream 
markets reliant on the benzene contract price were still in the 
dark about the direction of the market.  
 
However, ahead of business close the benzene contract price 
for July settled at €953/tonne FOB NWE, down by €68/tonne.  
 
Spot phenol 

Spot phenol activity is very thin, since there is no demand. 
Producers and consumers are unable to suggest even a 
notional range because there is simply no interest for spot 
volumes. However, producers have said that there is no need 
to move spot prices below the benzene contract price plus 
€300/tonne. 
 
The third-quarter adder over the benzene contract price 
The third-quarter fee discussions are ongoing. 
 
Consumers continue to push for reduction and in some cases 
a decrease of €5/tonne has been achieved.  
 
Exports of phenol to Asia 
As has been the case for many months now, outside long-term 
fixed contract volumes, exports to Asia have been non-existent 
and European spot prices have simply been tracking spot price 
developments in Asia.  
 
This week in Asia, spot prices in Asia moved up by $5-
20/tonne of the CFR China Main Port price range. 
 
Russia 
Phenol prices in Russia moved down because of increasing 
stocks and poor demand. Local phenol prices were expected 
to remain stable to soft in coming weeks. Russian 
domestic numbers include 18% VAT.  
 
Feedstocks 
The European propylene contract price for July settled at 
€935/tonne FD NWE, down by a record €170/tonne from June, 
because of weak upstream naphtha and ongoing soft supply-
and-demand fundamentals. This is the lowest contract price 
since October 2010. The market viewed the settlement as a 
necessary adjustment given the challenges facing the 
European industry. Sources are hopeful that the new price will 
be the bottom of the market and will encourage some renewed 
interest for derivatives.  
 
Production update 
PKN Orlen started its planned maintenance on phenol and 
acetone production at its facility in Plock, Poland, on 22 June. 
The plant is due to restart on 1 August. 
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Domo will start a planned outage at its facility in Leuna, 
Germany, on 1 July for two weeks.  
 
France’s Novapex will undertake a regular summer shutdown 
during the first half of August.  
 
Polimeri typically has a biennial shutdown in Mantova, Italy, 
and this is scheduled for next year. 
 
($1 = €0.80) 
(€1 = Rb41.22)  
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28/06/2012 18:28 Europe polyamide chain producers mull 
shuts if margins stay low 
28/06/2012 16 PKN starts planned phenol/acetone 
maintenance shutdown 
29/06/2012 08:1 6China’s May cyclohexanone exports fall 
74% month on month 
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