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Kurzfassung

Zur Reduktion von COs-Emissionen konnen erdolbasierte Produkte alternativ aus er-
neuerbaren Kohlenstoffquellen wie lignocellulosehaltiger Biomasse hergestellt werden.
Die stoffliche Umwandlung der kompositartig vernetzten Biomasse erfordert eine Vor-
behandlung, oft gefolgt von enzymatischer Hydrolyse zur Abspaltung von Zuckern fiir
weitere Prozessschritte. Die Vorbehandlungsmechanismen sind jedoch unvollsténdig
verstanden, vor allem die Rolle der unterschiedlichen zur Vorbehandlung eingesetzten
Mischungen aus Losemitteln und Ionen. In dieser Arbeit wird die Biomassevorbe-
handlung auf mehreren Skalen untersucht: von der molekularen Ebene in Form von
Interaktionen zwischen Komponenten in Vorbehandlungslésungen bis zur Prozessebe-
ne mit dem Einfluss der Zuckerausbeute auf die Biokraftstoffproduktion.

Kombiniert mit enzymatischer Hydrolyse erzielt die ionische Fliissigkeit 1-Ethyl-3-
methylimidazolium Acetat (EMIMACc) eine effektive Vorbehandlung und Desintegra-
tion von Buchenholz. Allerdings sinkt die Zuckerausbeute mit steigendem Wasserge-
halt in EMIMAc. Molekulare Interaktionen zwischen EMIMAc und Wasser werden in
dieser Arbeit mit Niederfeld-NMR-Spektroskopie und deuterierten Losemitteln cha-
rakterisiert. Der beobachtete Wasserstoff-Deuterium-Austausch wird modellgestiitzt
ausgewertet um die zugrundeliegenden Kinetiken zu bestimmen. Anderungen der
Austauschkinetiken deuten darauf hin, dass Ionennetzwerke bis zu einem EMIMAc-
Stoffmengenanteil von 0,3 stark assoziiert bleiben. Damit leistet diese Untersuchung
einen ersten Beitrag, um den Effekt von Wasser in EMIMA c-Gemischen zu verstehen.

Wie EMIMAc kann die essigsdurebasierte Acetosolv-Vorbehandlung Buchenholz
effektiv desintegrieren, allerdings mit geringeren Zuckerausbeuten. Die Experimen-
te dieser Arbeit zeigen, dass Phénomene wie der neu definierte Desintegrationsgrad
und die durch Vorbehandlung aus dem Holz entfernte Fraktion sowohl untereinander
abhéngig sind, als auch durch Art und Konzentration des Katalysators in der Vorbe-
handlungslosung bestimmt werden. Weiterhin korrelieren Desintegration und entfern-
te Fraktion mit der Zusammensetzung der vorbehandelten Biomasse. Anders als in
EMIMAc ermoglicht Wasser in Acetosolvlosungen Desintegration und Delignifikation.

Um den Einfluss von Vorbehandlung und Hydrolyse auf den Vergleich von Prozess-
pfaden zur Produktion von zwei Biokraftstoffen zu bewerten, werden Kohlenstoffver-
lust und Kraftstoffkosten mithilfe der Reaktionsnetzwerkflussanalyse geschétzt. Die
Analyse von variierenden Biomassezusammensetzungen gemeinsam mit vorbehand-
lungsspezifischer Fraktionierung der Biomasse und Zuckerausbeuten zeigt, dass Kraft-
stoffkosten reziprok mit Kohlenstoffverlust korrelieren und, dass unter einem Massen-
anteil Zucker aus Holz von 0,4 die Kraftstoffkosten stark ansteigen. Somit bezeichnet
dieser Wert, die Mindestzuckerausbeute fiir machbare Biomassevorbehandlung.
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Summary

To reduce CO, emissions, fossil-carbon-based fuels and chemicals can alternatively be
produced from renewable carbon sources such as lignocellulosic biomass. The material
conversion of biomass requires a pretreatment to cleave the composite-like structure of
biomass, often followed by enzymatic hydrolysis to make sugars available for further
processing. However, the mechanisms of liquid-based pretreatment concepts are not
yet completely understood. Especially the role of the various mixtures of solvents and
ions that are applied as pretreatment liquids remains unclear in many cases. In this
thesis, pretreatment of biomass is investigated on multiple scales: from the molecular
scale with interactions between components of pretreatment liquids to the process
level with the influence of sugar yield on the production pathway performance of
biofuels.

In combination with enzymatic hydrolysis, the ionic liquid 1-ethyl-3-methylimid-
azolium acetate (EMIMACc) effectively pretreats and disintegrates beech wood, but
sugar yields decrease with increasing water content in EMIMAc. In this work, molec-
ular interactions between EMIMAc and water are characterized using low-field NMR
spectroscopy and deuterated solvents. Model-based evaluation of the observed hydro-
gen—deuterium exchange allows for the determination of the underlying kinetics. Com-
position-dependent changes of exchange kinetics imply that strongly associated ion
networks remain active down to 30 mol % EMIMAc. Hence, this investigation presents
a first step towards the understanding of the effect of water in mixtures of EMIMALc.

Analogously to EMIMAc pretreatment, acetic acid-based acetosolv pretreatment
can effectively disintegrate beech wood, albeit with lower sugar yields. The exper-
iments conducted for this thesis reveal that pretreatment phenomena such as the
newly defined degree of disintegration and the non-recovered fraction of wood after
pretreatment are not only interdependent but also relate to the type and concen-
tration of catalyst acid in the pretreatment liquid. Furthermore, disintegration and
non-recovered fraction correlate with the composition of pretreated biomass. Unlike
with EMIMACc pretreatment, the presence of water in acetosolv pretreatment liquids
facilitates both disintegration and delignification.

To evaluate the influence of the effectiveness of both pretreatment and hydrolysis
on the production pathway performance of two biofuels, carbon loss and fuel cost
are estimated with reaction network flux analysis. The analysis of changing biomass
composition in combination with pretreatment-specific fractionation effectiveness and
sugar yield after hydrolysis shows that fuel cost and carbon loss correlate reciprocally.
Below a threshold of 40 wt % sugars from wood, fuel costs increase strongly. Hence,
this value describes the minimal viable sugar yield of biomass pretreatment.
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CHAPTER 1

Introduction

The transition from a fossil-carbon-based economy to a decarbonized economy requires
replacing finite fossil resources with alternative resources from sustainable carbon
sources such as lignocellulosic biomass or CO5 in combination with renewable Hy [25—
27]. Lignocellulosic biomass (i.e., terrestrial plant biomass including wood and grass)
is an abundantly available, rather cheap raw material [28, 29]. Hence, it serves as a
starting point to partially replace fossil resources.

The material conversion of lignocellulosic biomass is achieved in a lignocellulosic
biorefinery [30, 31], which has to be very efficient for the economic production of bio-
fuels and biochemicals [25, 32]. One major strategy for biorefineries is the catalytic
[33, 34] or fermentative conversion of sugars from the lignocellulosic polysaccharides
cellulose and hemicellulose. Together with lignin, cellulose and hemicellulose form a
composite-like structure that is naturally resistant against degradation. To release
sugars, lignocellulosic biomass can be hydrolyzed either chemically or enzymatically.
Although chemical hydrolysis is faster than enzymatic hydrolysis, the advantage of
enzymatic hydrolysis is the selective degradation of cellulose and hemicellulose into
the desired sugar molecules. Nevertheless, enzymatic hydrolysis of native, untreated
lignocellulosic biomass results in scarce sugar yields [35]. However, only high sugar
yields enable carbon-efficient and economic processing. Increasing the enzyme load
for higher sugar yields is not an option because enzymes are one of the major cost
contributors in biorefineries [36-38]. To allow for a lower enzyme load during hydrol-
ysis and thus reduce overall production costs, a pretreatment is required. Therefore,
the development of more effective pretreatment strategies to facilitate subsequent en-
zymatic hydrolysis by reducing the natural biomass recalcitrance is one of the key
challenges in lignocellulosic biorefineries [39, 40].

Enzymatic hydrolysis in biorefineries usually relies on cellulose-degrading cellulases
or fungal enzymes for the degradation of polysaccharides [41, 42]. To increase hydrol-



Chapter 1 Introduction

ysis effectiveness, enzyme mixtures can be tailored for the conversion of lignocellulosic
biomass [43]. This includes the exploitation of synergies between different types of
enzymes that are required for the complete conversion of individual components of
lignocellulosic biomass [44]. In addition, laccases that play a major role during nat-
ural lignin degradation might bear potential for application in several process steps
of a biorefinery [45]. The above cited reviews give a comprehensive overview of the
application of different types of enzymes in biorefineries and potentials for improving
hydrolysis effectiveness. In this thesis, sugar yields after enzymatic hydrolysis serve as
an evaluation criterion for pretreatment effectiveness. Notably, the sugar yield after
pretreatment and subsequent enzymatic hydrolysis of one source of biomass can vary
extensively depending on the applied pretreatment concept [46, 47]. This highlights
that the final sugar yield is determined not only by the type of biomass but also by
the mechanisms of the specific pretreatment concept.

Pretreatment concepts are often categorized into biological, physical, chemical and
physicochemical concepts or combinations thereof that are to a different extent pre-
serving structural elements of lignocellulosic biomass [38, 48-53]. This typical catego-
rization is to some extent arbitrary [52] and the classification into different (sub-)cat-
egories depends on the individual concept. Another categorization approach is to
compare the effects of pretreatment according to the applied pretreatment liquid,
for example aqueous pretreatment concepts, such as liquid hot water (LHW), steam
explosion, and acid and alkaline pretreatment [35, 54|, or nonaqueous pretreatment
concepts with organic solvents, the so-called organosolv (OS) pretreatment [55, 56], or
ionic liquids (ILs) [57]. This leads to a detailed but limited description of phenomena
that occur during pretreatment with one specific pretreatment concept only.

The development of novel, tailored pretreatment concepts requires knowledge of
molecular kinetics of biomass pretreatment based on first principles. Since the appli-
cation of various combinations of solvents and catalysts (i.e., the applied pretreatment
liquid) leads to many reactions during fractionation and solubilization, empiric func-
tions serve as a workaround so far. Furthermore, it is not yet completely understood
how pretreatment phenomena such as removal of lignin and hemicellulose or reduction
of cellulose crystallinity facilitate subsequent enzymatic hydrolysis. As a result, there
is a lack of simple protocols to evaluate pretreatment effectiveness with regard to en-
zymatic hydrolysis although tools to evaluate pretreatment strategies for enzymatic
hydrolysis would help to reduce the experimental effort for hydrolysis experiments.
Overall, determining mechanistic correlations between pretreatment phenomena and
parameters for the description of pretreatment liquids allows for the design of opti-
mized pretreatment strategies with regard to the type of biomass and efficiency. To



this end, phenomena that occur during pretreatment should be described first and
then used as a basis to derive mechanistic, kinetic relationships. The challenge that
is addressed in this thesis is therefore to push forward the mechanistic knowledge and
at the same time draft tools to evaluate pretreatment effectiveness with regard to
enzymatic hydrolysis.

Figure 1.1 sketches the main process steps for the conversion of lignocellulosic
biomass into biofuels relying on liquid-based pretreatment and enzymatic hydroly-
sis. Furthermore, the main aspects that are discussed in this thesis from molecular
interactions in a pretreatment liquid to the impact of sugar output on the produc-
tion of biofuels are indicated. Since in many cases the pretreatment liquid contains
electrolytes, we refer to solvents and ions as a general term for components of a
pretreatment liquid, while the specific components of pretreatment liquids that are
investigated in this thesis are additionally highlighted in the sketch.

lignocellulosic " pretreatment { enzymatic } { downstream }
biomass lignin | hydrolysis | { processing | biofuels
' cellulose ! . '
. ! P platform [
hemicellulose ma SUQars e : .
i P chemicals
Chapter 2 Solvents and  |* AN !
Chapter 4.2 Acetosolv ions for pretreatment in ] /

pretreatment of beech wood lignocellulosic biorefineries Chapter 4.3 Impact of
. : pretreatment on process
____________________ v performance of biofuel production

pretreatment
liquid Chapter 4.1 H/D exchange ,
Chapter 3 Materials and methods
A

in mixtures of EMIMAc

Figure 1.1: Main process steps for the conversion of lignocellulosic biomass to biofu-
els relying on liquid-based pretreatment in combination with enzymatic
hydrolysis. The contribution of this thesis is highlighted by the light-
turquoise boxes.

Chapter 2 comprises an analysis of pretreatment phenomena across the typical cate-
gorization of pretreatment: Research results are clustered according to relevant mod-
ifications of biomass during pretreatment from a phenomenological point of view,
covering the macroscopic scale down to the molecular structure of biomass. With
regard to the role of the pretreatment liquid, there are many cases in which a solvent
additionally acts as catalyst, thus complicating the classification of components of
the pretreatment liquid into solvent or catalyst. Therefore, we do not aim at differ-
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entiating between the influence of solvent and catalyst but generally try to identify
(re)active species in an electrolyte solution that is used for biomass pretreatment. To
this end, we review parameters that have been applied to describe pretreatment sever-
ity as well as solvent and solubility parameters for the characterization of electrolyte
solutions. We also discuss the potential of these parameters to be correlated with the
identified pretreatment phenomena.

Since parameters such as pH and pK, only enable a classification of aqueous pre-
treatment liquids, a more detailed investigation of nonaqueous concentrated elec-
trolyte solutions (e.g., ILs or OS pretreatment liquids) is required. This topic is
addressed in the following chapters of this thesis. Chapter 3 describes methods and
details of the experiments conducted and models used for the investigations of this
thesis. In Chapter4, we present the results of our research on liquid-based pretreat-
ment of biomass.

Section 4.1 discusses how pretreatment of beech wood in mixtures of EMIMACc is in-
fluenced by the addition of two protic solvents: water and acetic acid. These solvents
are chosen to determine the influence of varying acid strengths added to EMIMAc.
EMIMAc-based mixtures are investigated for the composition range from pure IL to
pure solvent. To analyze potential molecular causes that lead to changes in pretreat-
ment efficacy upon the dilution of EMIMAc, we monitor hydrogen—deuterium (H/D)
exchange between EMIMAc and solvents with low-field nuclear magnetic resonance
(NMR) spectroscopy. From spectral information, the amount of deuterated EMIM
cations is estimated for the discussion of reaction order. We model the proton ex-
change kinetics considering pseudo-first-order and second-order reaction mechanisms
as well as the influence of solvent content and dissociation of the solvent in the case
of water.

In Section 4.2, we examine correlations between pretreatment phenomena with re-
gard to the properties of pretreatment liquids aiming at the identification of simple
criteria for the evaluation of pretreatment effectiveness. To this end, beech wood
pretreated with a number of acetosolv liquids (i.e., acetic acid with different cata-
lyst acids and varying water contents) serves as an exemplary pretreatment concept.
To classify the macroscopic separation of wood fibers during pretreatment, we define
five degrees of disintegration and we determine overall mass balances with classical
component analysis as well as a newly developed method relying on low-field NMR
spectroscopy. Evaluation of the compositional changes after pretreatment identifies
removed components in relation to the observed disintegration. Lastly, we assess the
performed pretreatment experiments based on sugar yields of enzymatic hydrolysis in
view of a potential application of acetosolv pretreatment in biorefineries.



The impact of sugar yields resulting from pretreatment and hydrolysis effectiveness
as well as biomass composition on different conversion pathways for the production
of biofuels is evaluated with reaction network flux analysis (RNFA) in Section4.3. To
this end, we compile various pathways for liquid-based pretreatment and enzymatic
hydrolysis from the literature in an existing reaction network for the production of
ethanol and ethyl levulinate from lignocellulosic biomass. Biofuel production is opti-
mized minimizing carbon loss and specific fuel cost. On the one hand, we determine
the influence of pretreatment and hydrolysis efficiency on the production of a biofuel
for beech wood as one specific species of biomass. On the other hand, we investigate
published data on OS pretreatment as a well-known pretreatment concept to deter-
mine the range of carbon loss and fuel cost for one representative pretreatment concept
with different species of lignocellulosic biomass. Naturally, numerous combinations of
biomass species with different pretreatment technologies are conceivable but data from
the literature is limited. Therefore, we conduct a generic analysis of pretreatment and
hydrolysis yields in combination with changing compositions of biomass to describe
the overall relation between carbon loss and fuel cost and to define the boundaries of
economic fuel production. Lastly, we compare the conducted acetosolv pretreatment
experiments with other pretreatment strategies for beech wood with regard to biofuel
production.






CHAPTER 2

Solvents and Ions for Pretreatment
in Lignocellulosic Biorefineries

This chapter introduces fundamentals of pretreatment of lignocellulosic biomass focus-
ing on liquid-based pretreatment concepts that employ aqueous or organic electrolyte
solutions containing salts and ions in varying concentrations. First, in Section 2.1,
we discuss the relevance of the pretreatment step in combination with enzymatic hy-
drolysis for the production of sugars in the framework of a lignocellulosic biorefinery.
Well-known liquid-based pretreatment concepts that could potentially be applied in a
biorefinery are summarized in Tab. 2.1. The overview specifies the main components
of pretreatment liquids, process conditions and main phenomena for each concept.
As outlined in the last column, from a phenomenological point of view, pretreatment
of lignocellulosic biomass is associated with a number of changes in morphology and
composition of the biomass. Hence, in Section 2.2, major phenomena of liquid-based
pretreatment are analyzed in order to identify relevant mechanisms that influence
the overall sugar yield. To this end, morphology and composition of lignocellulosic
biomass is explained (Subsection 2.2.1) followed by a detailed description of pretreat-
ment phenomena from the macroscopic to the molecular scale (Subsection 2.2.2). Last
but not least, we critically analyze the role of solvents and ions in pretreatment lig-
uids (Subsection 2.2.3). In this context, we review parameters for the description of
pretreatment processes and characterization of pretreatment liquids and we discuss
the potential of these parameters to be correlated with the identified pretreatment
phenomena.
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2.1 Pretreatment in Biorefinery Processes

2.1 Pretreatment in Biorefinery Processes

Pretreatment is the first process step in a lignocellulosic biorefinery as depicted in
a simplified process scheme of lignocellulosic biorefineries in Fig. 2.1. After pretreat-
ment, parts of the lignocellulosic biomass are dispersed and solubilized in the pre-
treatment liquid, whereas the remaining part is recovered as a solid fraction (changes
in composition and structure of the recovered fraction are discussed in Subsubsec-
tions2.2.2.2 and 2.2.2.3). Depending on the type of pretreatment, the three main
components (cellulose, hemicellulose and lignin) can be separated into two or three
fractions.

During pretreatment, compounds that inhibit hydrolyzing enzymes and fermenting
microorganisms can be formed (inhibiting effects of specific compounds are discussed
in Section2.2.2.4). Inhibition of enzymes and microorganisms can be avoided either
by adjusting process conditions to reduce formation of inhibiting components or by
removing these components from process streams to keep concentrations low (not
shown in Fig.2.1) [62]. For further processing, the dispersed and solubilized biomass
components are usually removed from the pretreatment liquid (e.g., using extraction
or precipitation) to allow for recycling of the pretreatment liquid. This is necessary
from an economic and sustainability perspective as the ratio between liquid streams
and solid mass is often as high as 10/1 or even exceeds this value. In the next step,
the cellulose-rich fraction is (enzymatically) hydrolyzed into sugars. Hemicellulose-
based sugars are either obtained analogously from hydrolysis or recovered from the
pretreatment liquid in case the majority of hemicellulose remains attached to the
cellulose-rich fraction or is degraded during pretreatment, respectively. The sugars
are converted to the final products—biofuels or bio-based (bulk) chemicals—using a
variety of production pathways in the downstream processing [34, 63].

The lignin fraction is mostly chemo-catalytically (rarely enzymatically) degraded
to produce lignin-based chemicals [45, 64] or combusted to generate energy. The
production of liquid fuels from lignin is economically not feasible [63]. In contrast,
the coproduction of value-added products from lignin enhances economic feasibility
of lignocellulosic biorefineries especially in the case of biofuel production due to the
low market price of fuels [30, 65]. Hence, the production and effective removal of high
quality lignin is required for example in the context of costly OS pretreatment [66].

In a lignocellulosic biorefinery, pretreatment and hydrolysis are among the main
cost drivers and bottlenecks. Costs associated with pretreatment and hydrolysis on
average account for one third of installed capital costs and especially the costs for
enzymes can contribute as much as 15%, 30% or even more to the overall production
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Figure 2.1: Process scheme of a lignocellulosic biorefinery focusing on process steps
related to pretreatment, adapted from [30]. For simplicity, the three
main components of lignocellulosic biomass—cellulose, hemicellulose and
lignin—are shown as individual components. Truly, pretreatment does
not achieve complete fractionation: Depending on the catalytic activity
of the pretreatment liquid, biomass can be separated into a phenol-rich
and/or a sugar-rich process stream. In some cases, the latter is further
separated into a C5- and a C6-sugar stream (not shown for clarity).
However, digestibility is also not exclusively correlated to fractionation.
Recycling of liquids, in particular from pretreatment, is important for
economic reasons and sustainability.
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2.1 Pretreatment in Biorefinery Processes

costs of biofuels or bioproducts and hence reduce economic feasibility [37, 67-70]. To
improve economic feasibility of biorefinery processes, the process related costs need to
be reduced, in particular costs associated with utilization and recovery of pretreatment
liquids.

With regard to process related costs, OS pretreatment can be unprofitable in com-
parison to other chemical and hydrothermal pretreatment concepts [67] due to high
costs for the solvent. In this context, high costs arise due to solvent losses that are
associated with product and by-product streams as well as with recycling steps rather
than with degradation of the solvent due to severe pretreatment conditions [71]. Fur-
ther losses occur due to consumption of effective components of the pretreatment
liquid during pretreatment such as the consumption of alkali during kraft pulping
[72]. In contrast to losses associated with the size of the plant (i.e., depending on
the total liquid volume), these consumptive losses depend on the amount of biomass
that is processed. To improve economic viability of the pretreatment step, almost
complete recycling of liquid streams is required especially in the case of expensive
pretreatment liquids (i.e., nonaqueous liquids or liquids containing a high amount of
acids and salts) [30, 65, 66]. Besides recycling of pretreatment liquids, recycling of
yeast streams from fermentation can reduce production costs [73]. Another approach
to reduce the total liquid volume and hence to reduce costs is to increase solid loading
during pretreatment, hydrolysis and fermentation [66, 73].

Additionally, a higher yield of pretreatment and hydrolysis represents a large lever
for an improvement of economic and environmental performance of biorefineries [74].
In this context, yield relates to the total carbohydrate content of the biomass that
is used as feedstock [75, 76] as well as the sugar concentration after combined pre-
treatment and enzymatic hydrolysis [77, 78]. With regard to the development of
pretreatment strategies for biorefineries, it should be noted that the lowest sugar
costs are not necessarily expected at the highest yields because increased yields also
lead to higher capital and operating costs and/or increased costs for enzymes [79].
Furthermore, a high glucose concentration causes end-product inhibition of cellulases
during hydrolysis and thus leads to lower sugar yields [42] (see Section 2.2.2.4).

In conclusion, biorefineries require cost-effective pretreatment and hydrolysis strate-
gies that allow for high biomass loadings, almost complete recycling of pretreatment
liquids and valorization of lignin. In any case, the amount of sugars available after
pretreatment and hydrolysis is a key factor to determine economically and environ-
mentally viable ranges for biorefinery processes. All these factors are influenced by
the choice of the pretreatment liquid. Therefore, a first step towards a more general
understanding of sugar output is the determination of underlying mechanisms that in-
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fluence pretreatment and subsequent hydrolysis as well as their connection to solvents
and ions of the pretreatment liquid.

2.2 Mechanisms of Biomass Pretreatment

To understand the importance and influence of electrolyte solutions that are applied
as pretreatment liquids, it is relevant to describe phenomenological changes of biomass
morphology and structure that occur during pretreatment before parameters for the
description of electrolyte solutions can be reviewed. In this section, we therefore first
give an overview of the main morphological characteristics and structural elements of
lignocellulosic biomass (Subsection 2.2.1). Second, we identify common pretreatment
phenomena and analyze how they affect biomass morphology and structure (Subsec-
tion 2.2.2). Third, we discuss the role of the pretreatment liquid and examine how its
composition as well as the presence of reactive species relate to the analyzed pretreat-
ment phenomena (Subsection 2.2.3).

2.2.1 Morphology and Structural Components of
Lignocellulosic Biomass

Lignocellulosic biomass is a natural composite mainly consisting of cellulose, hemicel-
lulose and lignin but with a hierarchical structure on several scales. These include the
macroscopic scale with the overall dimensions, the microscopic scale with cell struc-
tures, the macromolecular scale with cell walls and the molecular structure of them
as sketched in Fig. 2.2.

2.2.1.1 Macroscopic and Microscopic Morphology of Wood

Macroscopically, wood from regions with seasonal climate changes has annual rings,
which are composed of wide-lumened earlywood (i.e., large cavities within conducting
cells) and narrow-lumened latewood.

Furthermore, wood is differentiated into softwood (e.g., spruce and fir) and hard-
wood (e.g., beech and poplar). While softwood has a relatively simple, regular struc-
ture composed of mainly one cell type, hardwood has a more complex structure with
a variety of specialized cell types. Microscopically, the dimensions of hardwood fibers
are smaller than those of softwood fibers: The cell walls are thicker with smaller
lumina and the differences in wall thickness and lumen diameters between early- and
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latewood are not as distinct as in softwoods. For the transport of water and minerals
within the tree, pits connect cells in both soft- and hardwood, whereas hardwood
additionally relies on a macroporous network of vessels. [80, 81]

2.2.1.2 Cell Wall Structure

On an ultrastructural level (i.e., fine structure of cells that is not visible with an ordi-
nary light microscope), the cell walls are composed of concentrically arranged cell wall
layers (see Fig. 2.2), which differ in composition and orientation of the structure-giving
component cellulose and the substructural components hemicellulose and lignin. The
middle lamella (ML) connects the cells. It consists of a lignin-pectin complex and is
virtually free of cellulose. Cellulose fibrils crossing each other in thin layers that allow
for expansion of the cell during growth form the primary wall (P). Besides cellulose,
hemicellulose and pectins are major constituents of P. Because the transition from
ML to P is not always clear, ML including P and cell corners of two adjacent cells is
referred to as compound middle lamella (CML). CML has the highest lignin density
of all cell wall layers [82]. In the secondary wall 1 (S1), cellulose fibrils are arranged
with a slightly helical slope, whereas in the secondary wall 2 (S2) fibrils are arranged
in a steep angle to provide axial strength. The secondary wall mainly consists of
cellulose with only little lignin. In all types of wood, S2 has the highest portion of
the cell wall. The tertiary wall (T), sometimes also referred to as secondary wall 3, is
the last fibrillar layer towards the cell lumen where fibrils are arranged rather loosely
with a minor slope. Here, a higher concentration of nonstructural components results
in a more or less smooth appearance of the surface. In general, the content of cellu-
lose, hemicellulose and lignin in the individual cell wall layers differs from the overall
average composition [81]. Besides the variation in composition, the distribution of mi-
cropores varies with cell wall layers. The number of pores increases from ML towards
the lumen whereas the pore width decreases [83]. Thus, the highly lignified cell wall
layers ML and T appear less porous than the S2 layer [84]. As a result, the reduced
porosity in ML and T in combination with the hydrophobic nature of lignin act as a
barrier to water movement in both soft- and hardwood [81, 84].

The main macromolecular cell wall components—cellulose, hemicelluloses (also re-
ferred to as polyoses) and lignin—are present in all wood species and account for
90 wt % or more of the wood material. Other macromolecular components such as
pectins and starch occur in small quantities only. Low molecular weight components
such as extractives (i.e., organic matter) and mineral substances (i.e., inorganic mat-
ter, ash) usually depend on the type of wood (see Tab. 2.2).[81]
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Table 2.2: Composition of lignocellulosic biomass [81].

Biomass component (wt %) Softwood Hardwood

cellulose 40 - 61 37 — 56
hemicellulose 21 - 34 27 — 41
lignin 25 -39 17-31
extractives 2-24 1-12
ash 0.1-14 0.1-1

2.2.1.3 Molecular Composition of Wood Components

On a molecular level, cellulose is a homopolymer composed of 3-D-glucose with a high
degree of polymerization, which makes cellulose insoluble in water. The linear glucan
chains have an affinity to form strong intra- and intermolecular hydrogen bonds. The
latter lead to the association of several chains into microfibrils (see Fig. 2.2). Further-
more, the hydrogen bonds cause the formation of crystalline structures in cellulose,
which make cellulose and thus lignocellulosic biomass resistant against degradation.
Cellulose is the major wood component in both soft- and hardwood with a share of
sometimes more than 50 wt %.[81]

Hemicellulose is a heteropolymer consisting of pentoses (e.g., xylose and arabi-
nose), hexoses (e.g., glucose, mannose, and galactose) and sometimes additionally
uronic acids. The molecular chains are much shorter than in cellulose and they are
usually branched with side groups (see Fig. 2.2). Generally, in hardwoods the portion
of hemicelluloses is higher than in softwoods and composition is different. Softwood
hemicellulose has a high fraction of mannose and contains more galactose than hard-
wood, whereas hardwood hemicellulose has a high fraction of xylose and contains
more acetyl groups. The latter can account for up to 4 wt % of wood.[81]

Lignin, the characteristic component of wooden biomass, is an aromatic polymer
mainly composed of the phenylpropane derivatives coniferyl alcohol, sinapyl alcohol
and p-coumaryl alcohol. During the formation of a cell, these precursors are linked
with ether and carbon—carbon bonds, forming a heterogeneous, amorphous network
(see Fig.2.2). Besides giving mechanical strength, lignin acts as an immune defense
by inhibiting biomass-degrading pathogens thus making lignocellulosic biomass highly
recalcitrant [85]. Generally, softwoods contain more lignin than hardwoods and more-
over structural variations between soft- and hardwood lignin exist. Softwood lignin is
mainly composed of coniferyl alcohol-derived units with a guaiacyl residue and hence

15



Chapter 2 Solvents and Ions for Pretreatment in Lignocellulosic Biorefineries

it is also referred to as guaiacyl lignin. In contrast, hardwood lignin (also referred
to as guaiacyl-syringyl lignin) contains mainly coniferyl alcohol- and sinapyl alcohol-
derived units with syringyl and guaiacyl residues in varying amounts [81, 86]. After
extraction of lignin from wood, several types of bonds connecting lignin and carbohy-
drates have been observed, forming so-called lignin—carbohydrate complexes (LCC)
[87]. However, their existence in native wood together with their possible contribution
to recalcitrance are still under debate [88]. Upon heating, lignin undergoes chemical
changes and as for all amorphous polymers, a glass transition temperature 7, can be
observed in thermogravimetric analysis. T, depends on the isolation technique as well
as on the molecular size and water content of the sample [81, 86].

2.2.2 Modification of Lignocellulosic Biomass During
Pretreatment

Biomass pretreatment includes macroscopic modifications of the biomass as well as
changes in terms of composition and structural components. These are reviewed in
the following to identify the main phenomena of effective pretreatment strategies.
Furthermore, we discuss how compounds that are solubilized during pretreatment
influence hydrolysis and fermentation yields.

2.2.2.1 Accessible Surface Area

For the hydrolysis of hemicellulose and cellulose to sugars, enzymes bind to those
polysaccharides that are accessible at the biomass surface. Thus, an effective pretreat-
ment of biomass increases the surface area that is accessible to enzymes in comparison
to untreated biomass.

Without pretreatment, smaller particles of different types of biomass are hydrolyzed
more easily (i.e., higher sugar yields) than larger particles (in pm, mm and c¢m range),
whereas hydrolysis rates and yields of differently sized particles are comparable after
pretreatment [89, 90]. Similarly, an extensive mechanical size reduction by milling of
spruce wood prior to acid pretreatment does not increase sugar yields in comparison
to wood chips [91]. Moreover, the energy required for size reduction of biomass prior
to pretreatment increases with decreasing particle size (i.e., milling is an energy-
intensive process step) [92, 93], which causes additional costs. Therefore, it seems
sufficient to use wood chips (of a few cm length) directly for pretreatment without
further comminution.
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As a first step of pretreatment, the pretreatment liquid has to impregnate the ligno-
cellulosic biomass. This refers to a penetration of the liquid through the lumina of cells
due to external hydrostatic pressure as well as internal capillary forces together with
a rather slow diffusion through cell wall layers due to concentration gradients. Ideally,
a uniform distribution of the pretreatment liquid into the wood matrix is achieved to
reach equally distributed pretreatment effects [72]. However, penetration varies with
the size of the wood chip, the structure of wood and the type of pretreatment liquid
[72, 94]. In case of OS pretreatment, penetration of soft- and hardwood structures is
fast and uniform [95] whereas penetration is rather slow for pretreatment with more
viscous ILs [96]. In comparison, acidic media penetrate faster than alkaline media at
similar viscosity [72].

Like impregnation, swelling of wood varies with the type of wood and pretreatment
liquid. In comparison, hardwoods swell to a greater extent than softwoods, which
probably relates to the higher density of hardwoods [94]. Alkaline media induce a
swelling of cell walls higher than water [72] that decreases further transport whereas
in organic solvents, wood swells more or less than in water. More specifically, the
larger the molecular size of the solvent, the higher the maximum swelling but the lower
the rate of initial swelling or impregnation for several types of soft- and hardwood
[94]. Furthermore, not only the type of organic solvent but also the water content
influences swelling as observed for pinewood [97]. Overall, swelling of wood in ILs and
organic solvents reaches an apparent maximum of 20% swelling in tangential direction
[94, 98]. Hence, the increase in surface area by pure swelling is limited. However, a
partial deconstruction of CML and outer cell wall layers is observable during swelling
of pinewood in mixtures of organic solvents and water [97]. Similarly, after a certain
extent of swelling in IL has been reached, parts of carbohydrates are removed from all
cell wall layers and lignin preferentially from S1, S2 and S3 [96]. These observations
show that swelling is closely related to the removal of wood components and thus acts
as a prerequisite for the separation of wood fibers [96, 97, 99].

In the literature, several terms are used to describe the phenomenon of fiber sep-
aration during pretreatment: disintegration [19, 95|, defibrillation [100], dissociation
[99], deconstruction [57, 101] or fiber liberation [102, 103]. In this thesis, we refer to
disintegration of lignocellulosic biomass. Disintegration of rice straw pretreated with
cholinium-based ILs comes along with an up to 6-fold increase in surface area, while
disintegration of pine wood pretreated with 1-ethyl-3-methylimidazolium (EMIM)-
based ILs increases the accessible surface area up to 9-fold. In both studies, glucose
yields increase correspondingly in a more or less linear manner reaching almost com-
plete conversion [101, 104]. This shows that disintegration is closely linked to an
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increase in accessible surface area, which is beneficial for high sugar yields. Never-
theless, extensive disintegration beyond the point of fiber separation could negatively
influence sugar yields [105]. Furthermore, wood does not necessarily disintegrate uni-
formly during pretreatment. Macroscopically visible disintegration depends on the
type of pretreatment, impregnation and ultrastructure [19]. Varying extents of dis-
integration of beech wood are illustrated in Fig.2.3. However, the varying extent of
disintegration has rarely been analyzed and there is no common protocol available. On
an ultrastructural level, latewood cells of softwood pretreated with an EMIM-based
IL disintegrate during pretreatment, whereas earlywood structures stay intact due to
different recalcitrance and swelling characteristics [99, 106]. In contrast to softwood
spruce, hardwood beech disintegrates faster and both early- and latewood cells are
separated in EMIM Acetate (Ac) [106] with beech wood also showing higher sugar
yields than spruce [107]. Disintegration of both soft- and hardwood in ethanol OS
pretreatment is likely related to the removal of lignin and hemicellulose, loosening of
ML and swelling of secondary cell walls [95]. Furthermore, chemical changes of lignin
and cellulose can occur during disintegration [96, 99]. In comparison, the molecu-
lar causes leading to macroscopic disintegration seemingly differ, while the complete
mechanism is unknown.

An increase in accessible surface area after pretreatment also relates to the accessible
pore volume in biomass [101]. In untreated wood, less than 20% of the pore volume is
accessible to cellulases (i.e., accessible to a solute of 5.1 nm as an indicator for the size
of cellulases). Dilute acid pretreatment of mixed hardwood, poplar and pine increases
the pore volume up to 10 times and the thus resulting accessible surface area correlates
linearly to initial hydrolysis rates [108]. LHW pretreatment of corn stover leads to
formation of pores in the pm-range as well as cell wall alterations that increase the
accessibility of the inner cell parts towards the lumen after pretreatment [89]. Kraft
pulping of spruce wood leads to a uniform distribution of pores throughout the fiber
wall and a doubling of pore size in comparison to untreated wood. Furthermore,
cellulose fibrils swell [83]. Similarly, after penetration of beech wood with EMIMAC,
voids are formed along the longitudinal fibrils in wood and lastly cellulose fibrils swell
and coalesce, corresponding to the macroscopic disintegration of wood [23].

Furthermore, increasing biomass-water interactions after pretreatment (i.e., in-
creasing water retention value) correlate to a reduced recalcitrance, for example for
acid pretreated spruce. In this context, physical characteristics such as particle size
and pores are as important as the chemical composition of the pretreated biomass
[109]. More specifically, the potential of cell wall components to inhibit enzymatic
hydrolysis increases the more water these polymers constrain [110]. After LHW and
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2.2 Mechanisms of Biomass Pretreatment

(b) d)

Figure 2.3: Examples of disintegration of beech wood after pretreatment: (a) un-
treated chips of beech wood veneer (2mmx10mm) (b) spongelike dis-
integration after pretreatment with EMIMAc (a small water content of
xp,0 = 0.047 is due to the hygroscopic nature of EMIMAc) (c) in-
complete disintegration after pretreatment with EMIMAc-water mix-
ture (xgmmvae = 0.4403, xp,0 = 0.5597) (d) cotton-wool-like disin-
tegration after pretreatment with acetic acid (AA) and H3PO, cat-
alyst (xaa = 0.7716, xp,po, = 0.1165, xg,0 = 0.1119) (e) incom-
plete disintegration after pretreatment with acetic acid and HCI cata-
lyst (xaa = 0.9894, xpc = 0.0024, y,0 = 0.0082). Note also the varying
change in color of the pretreated wood. All experiments carried out with
5wt% biomass loading for 2h at 115°C.

alkaline pretreatment of switchgrass and corn stover, a linear correlation between an
increased water retention value and increased glucose yields can be observed [111].
Furthermore, water retention linearly correlates with the accessibility of hydroxyl
groups in wood [112]. Upon drying, hydrogen bonds between hydroxyl groups of ad-
jacent cellulose fibrils form, which leads to a collapse of pores and hence, reduced
accessibility [112, 113]. This mostly irreversible pore collapse is also referred to as
hornification [113]. Hornification comes along with covalent bonds between carboxylic
acid groups in neighbouring hemicellulose chains and it is more pronounced with in-
creasing temperature [113, 114]. Thus, sugar yields could be negatively affected due to
a reduced accessibility if pretreated biomass is dried before enzymatic hydrolysis (cf.
Selig et al. [115]). For a realistic evaluation of new pretreatment strategies for biore-
fineries, biomass samples should therefore not be dried between harvest, pretreatment
and enzymatic hydrolysis.

In conclusion, mechanical comminution does not seem sufficient to increase the
accessible surface area for enhanced sugar yields, whereas various liquid-based pre-
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treatment concepts successfully increase the accessible surface area. Macroscopically,
this relates to a disintegration of biomass after pretreatment. However, disintegra-
tion is not uniform but changes with pretreatment liquid and type of wood, which
makes it difficult to classify the extent of disintegration. On an ultrastructural level,
effective pretreatment strategies increase the number of pores that are accessible to
enzymes. Furthermore, a reduced recalcitrance of pretreated biomass is reflected in an
increased water retention value due to more accessible hydroxyl groups. All aspects
of an increased accessible surface area after pretreatment are connected to changes in
biomass composition.

2.2.2.2 Changes in Biomass Composition

Changes of wood ultrastructure during pretreatment are accompanied by changes
in biomass composition due to the partial removal of components. This removal of
components in combination with disintegration of biomass is sometimes discussed as
dissolution of biomass especially with neoteric solvents like ILs [116-118]. However,
it is questionable whether biomass as a composite material really is dissolved, that
is, whether biomass (the solute) is stabilized in the pretreatment liquid (the solvent)
due to intermolecular interactions between both. For example, several types of wood
solubilize only partially in the IL 1-butyl-3-methylimidazolium chloride (BMIMCI)
and a complete dissolution of lignocellulosic biomass during pretreatment is assumed
to be unlikely [57, 119]. There is a general misunderstanding that solvents which
dissolve cellulose also dissolve wood and moreover extraction can be misunderstood as
dissolution as pointed out by Kyllonen et al. [120]. In this section, we therefore discuss
the removal of lignin and hemicellulose from the cellulose pulp during pretreatment
as well as the relocation of lignin within the cell compound.

In untreated cell walls, the lignin content negatively correlates with enzyme acces-
sibility and even an increased enzyme concentration as well as longer hydrolysis times
cannot balance this lignin-related inaccessibility [121]. Conversely, selective removal
of lignin from poplar with peracetic acid pretreatment significantly improves enzy-
matic digestibility albeit after long hydrolysis times [122, 123]. Similarly, enzymatic
hydrolysis yields increase with removal of lignin after pretreatment of aspen wood
with alkali metal hydroxide solutions [124]. More specifically, removal of lignin dur-
ing pretreatment facilitates enzymatic digestibility of the pretreated biomass because
lignin acts both as a physical barrier preventing access of cellulases to cellulose fibrils
and as a direct inhibitor of cellulases [121, 125]. Enzyme activity decreases due to
reversible and irreversible binding of cellulases to lignin for example in OS-type pre-
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treated beech wood. Considering that the relative lignin content of the cellulose-rich
pulp fraction increases in the progress of hydrolysis due to the release of sugars, this
effect becomes more pronounced in time [126]. This increase in irreversible binding
not only complicates recycling of the enzymes but also limits sugar yields. How-
ever, the highest glucose yield is not necessarily connected to samples with the lowest
lignin content as in the case of OS-pretreated eucalyptus and bagasse [127]. Even
with less than 50 wt % delignification and no delignification after EMIMAc pretreat-
ment of beech and pine wood, respectively, sugar yields exceed 80 wt % but the IL
pretreatment induced changes in functional groups of the beech wood lignin [19, 104].
Therefore, structural features of lignin influence enzymatic digestibility as well as the
lignin content[128, 129].

Most commonly, the lignin content of (untreated and pretreated) biomass is deter-
mined by treating the biomass sample in concentrated sulfuric acid to hydrolyze the
polysaccharides into soluble monosaccharides [130, 131]. The acid-insoluble residue
(often termed Klason lignin) makes up for the majority of lignin. However, the acid-
insoluble residue as a share of total lignin is not necessarily the same for samples from
different types of biomass because the composition and structure of lignin vary with
the type of biomass and are also influenced during pretreatment [64, 81]. As a result,
the true fraction of lignin can only be approximated when determining the content
of acid-insoluble lignin and it remains unclear to what extent the structure of lignin
influences hydrolyzability.

Depending on the location of lignin within the wood structure, composition and
bonds of lignin can vary and thus influence the hydrolysis outcome. In alkaline pre-
treatment of spruce, delignification starts around the pit canals and proceeds evenly
across S2 and CML so that after pretreatment, the remaining lignin is mostly con-
centrated in cell corners [132]. Generally, pretreatments above the glass transition
temperature of lignin (e.g., aqueous pretreatments above 120 °C) solubilize lignin from
the cell compound. However, a further increase in pretreatment temperature and/or
residence time can result in too strong pretreatment conditions (see Section2.2.3.1)
that lead to coalescence and redeposition of removed lignin on the pretreated biomass,
primarily in pits, cell corners and delamination layers [133]. This redeposition of re-
moved lignin on the pretreated biomass (i.e., an increased surface lignin content)
reduces glucose yields for example after acid pretreatment of poplar wood [134, 135].
In some cases, the lignin droplets cannot be removed by a simple washing step prior
to enzymatic hydrolysis because they are bound on the surface [136].

Lignin yields above 30 wt % correlate with high molecular weights of the extracted
lignin of OS-pretreated pine sawdust. This means that first a fraction of lignin compo-
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nents of small molecular weight is removed before larger lignin molecules are separated
or recondensed [137]. Recondensation reactions during acidic pretreatment of lignocel-
lulosic biomass can additionally lead to the formation of psuedo-lignin. Pseudo-lignin
is an aromatic material that gives a positive value for the Klason lignin fraction but
originates from degradation and condensation reactions of the cellulose and hemicel-
lulose fraction with only partial incorporation of lignin. Similar to the redepostion of
lignin droplets mentioned above, pseudo-lignin can hinder enzymatic hydrolysis due to
unproductive binding to enzymes. One strategy to overcome this problem is to apply
less severe pretreatment conditions such as reduced acid concentrations [138, 139].
Moreover, removal of extractives or partial delignficiation before pretreatment can
reduce formation of pseudo-lignin (see [140] for an example with sugarcane).

For acetosolv-pretreated (OS with acetic acid) Miscanthus sinensis with less than
15wt % lignin in pulp, the residual lignin content linearly correlates with pulp yield.
In this study, the removal of lignin is accompanied by the removal of almost equal
amounts of non-lignin components from wood [141] and it is hypothesized that lignin
controls xylan accessibility which in turn controls cellulose accessibility [142]. Ap-
parently, lignin and hemicellulose content are closely linked when evaluating their
influence on digestibility after pretreatment [129, 143, 144]. At comparable lignin
contents, a further removal of hemicelluloses during pretreatment is beneficial for hy-
drolysis yields [129, 144]. Thus, the removal of both lignin and hemicellulose leads
to the formation of pores that facilitate access of enzymes to cellulose. Nevertheless,
digestibility cannot be correlated to hemicellulose removal alone [101, 143] and the
removal of hemicellulose appears less important than the removal of lignin [129, 145].

With regard to the solvent, lignin needs to be soluble in the pretreatment liquid to
allow for high lignin removal. However, good solubility of lignin does not necessarily
imply a high pretreatment effectiveness as is the case for deep eutectic solvents (DES)
and similar solvent systems that show good lignin solubility [146] but mostly bad
pretreatment effectiveness [147]. For OS pretreatment, aqueous organic acids (acetic
and formic acid) more effectively delignify biomass than aqueous organic solvents
because the acids show higher lignin solubility.

In conclusion, a high lignin solubility of the pretreatment liquid is essential for an
effective removal of lignin. This is important because a reduced lignin content after
pretreatment correlates with increased sugar yields after enzymatic hydrolysis. Nev-
ertheless, the same overall lignin content may lead to different sugar yields, depending
on the location of lignin within the biomass complex. Mild pretreatment conditions
should be chosen so that solubilized lignin is not redeposited on the biomass sur-
face. However, only few techniques are available to measure lignin distribution within
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cell walls (e.g., UV microspectrophotometry [82, 132]) and therefore it is currently
not common to analyze the location of lignin within the plant cells before and after
pretreatment as a means to describe pretreatment effectiveness. Considering that in
some cases high sugar yields are obtained without considerable removal of lignin dur-
ing pretreatment, other mechanisms in combination with disintegration and changes
of biomass composition are important for an effective pretreatment.

2.2.2.3 Structural Changes

In addition to changes in biomass composition, structural changes of biomass dur-
ing pretreatment such as modifications of crystallinity and variation of acetyl group
content influence enzyme digestibility.

Microcrystalline cellulose pretreated with varying concentrations of phosphoric acid
shows a linear correlation between initial hydrolysis rate and reduction in crystallinity,
but during enzymatic hydrolysis of untreated microcrystalline cellulose, the crys-
tallinity index (Crl, i.e., the relative amount of crystalline cellulose in the cellulose
fraction) does not change [148]. It therefore seems that cellulose crystallinity mostly
influences the initial rates of hydrolysis. High initial hydrolysis rates are important
to achieve high glucose yields in rather short hydrolysis times and thus reduce costs
for the enzymatic hydrolysis step in a biorefinery.

Similar to the observations with cellulose, a reduced crystallinity in poplar wood
after ball milling leads to high initial enzymatic hydrolysis rates as well as high sugar
yields [122, 123]. In one study, the positive effect of decrystallization could be leveled
off after long hydrolysis times of 72 h if the lignin content of the pretreated biomass was
below 15wt % (corresponding to more than 50 wt % delignification) [122]. In another
study, poplar wood with low crystallinity showed high digestibility regardless of lignin
content [123]. Thus, the interplay between removal of lignin and biomass crystallinity
remains ambiguous. In contrast to ball milling of poplar wood, cholinium-based IL
pretreatment of rice straw facilitates enzymatic digestibility although biomass crys-
tallinity increases (i.e., a positive correlation between crystallinity and hydrolysis
yields). Presumably, removal of lignin during the IL pretreatment causes an over-
all increase in biomass crystallinity due to the increased cellulose content but at the
same time facilitates digestibility [101]. Furthermore, changes in Crl possibly corre-
late with changes in other morphological characteristics of cellulose [149]. This means
that besides crystallinity, for example the accessible surface area, the formation of
pores or the amount of productive binding sites influence hydrolysis yields more than
the measured crystallinity and thus accessible surface area and lignin content show
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stronger correlations to biomass digestibility than crystallinity [101, 150-153]. When
evaluating the influence of crystallinity, it has to be taken into consideration that
the magnitude of Crl is influenced by the measurement technique and that standards
for calibration have not yet been established [149]. Thus, standardized measurement
techniques for cellulose and biomass crystallinity should be developed (analogously to
the determination of Klason lignin).

Overall, a low crystallinity of cellulose enhances enzymatic hydrolysis rates espe-
cially at the beginning of hydrolysis, which is beneficial for effective pretreatment
strategies. The crystallinity of biomass, however, is affected by morphological char-
acteristics of cellulose as well as the presence of lignin and hemicellulose. To quantify
the relation between biomass crystallinity and sugar yields, a standardization of crys-
tallinity measurements is required.

The acetyl group content in pretreated biomass is another important feature that
influences enzymatic hydrolysis yields. For several types of wood in combination
with different pretreatment concepts, the acetyl content of the pretreated biomass
negatively correlates with sugar yields after hydrolysis [19, 124, 154-156]. Removal of
the remaining xylan backbone after deacetylation did not further increase sugar yields
of aspen wood pretreated with alkali metal hydroxide solutions. Thus, the acetyl
groups attached to hemicelluloses affect enzymatic hydrolysis more than the presence
of hemicellulose itself [124]. However, the benefit of removing acetyl groups is limited
as has been shown for wheat straw and aspen wood: above 75% deacetylation, other
inhibiting factors such as a high lignin content dominate [155]. It has to be noted that
pretreatment does not necessarily reduce acetyl groups. In spite of a low lignin content,
acetosolv-pretreated Douglas fir shows moderate sugar yields due to an acetylation of
cellulose during pretreatment. Nevertheless, this acetylation of cellulose is reversible
and sugar yields increase significantly after an additional deacetylation step [157]. A
positive side-effect of deacetylation is a reduced toxicity of the fermentation medium
after hydrolysis resulting from a lower acetate concentration [156].

By and large, pretreatment mostly reduces the acetyl content of biomass due to
removal of acetyl groups from hemicellulose but sometimes increases the acetyl content
due to acetylation of cellulose. In this context, a low acetyl content has a positive but
limited influence on sugar yields after enzymatic hydrolysis.

2.2.2.4 Soluble Components

While insoluble components are tolerable during hydrolysis and fermentation in high
concentrations of up to 20 wt %, soluble components and products of carbohydrate
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degradation sometimes act as inhibitors downstream even at low concentrations [158].
This has to be taken into consideration during process design of biorefinery processes:
if compounds are released during pretreatment in inhibiting concentrations, they ei-
ther have to be removed in situ or an extra washing step has to be included between
pretreatment and hydrolysis or fermentation to keep concentrations low.

Xylo-oligomers and monomeric sugars especially at concentrations higher than
130g L~ significantly inhibit enzyme activity [158, 159] (see Tab.2.3 for details).
Acetic acid and furan derivatives have only slight to no effect on hydrolysis rate [158-
160], whereas formic acid inactivates enzymes [160]. In contrast, both formic and
acetic acid negatively influence ethanol production of microorganisms during fermen-
tation [160]. The role of phenols is rather unclear because they have been observed
to either strongly inhibit enzymatic hydrolysis and fermentation [159, 160] or only
slightly impact enzyme activity [158, 160].

In conclusion, there seems to be a component-specific threshold value above which
soluble sugars, furan derivatives, organic acids or phenolic compounds have a toxic
effect on enzymes and microorganisms, while it remains unclear which components
act most inhibitory.

2.2.3 Solvents and Ions in Pretreatment Liquids:
(Non-)Reacting Species?

As discussed above, different pretreatment phenomena influence the hydrolyzability
of pretreated biomass. With regard to the pretreatment liquid, it can be observed
that acidic pretreatments preferably remove hemicelluloses and possibly depolymerize
cellulose whereas alkaline pretreatments preferably delignify biomass due to hydrolysis
of carbohydrates and solubilization of lignin, respectively. Both acidic and alkaline
pretreatments reduce cellulose crystallinity and remove lignin from the biomass surface
[46, 47]. Accordingly, a single source of biomass pretreated with a variety of well-
developed (acidic and alkaline) aqueous pretreatment strategies does not result in one
value for total sugar yield but the yield varies as much as 30 wt % for corn stover [46]
and 40 wt % for poplar wood [47]. This shows that besides the type of biomass, which
determines the maximum available amount of sugars, especially differences between
the specific pretreatment liquids and process conditions influence the outcome of a
pretreatment and hydrolysis strategy (i.e., sugar yield). Hence, one pretreatment
strategy might be more suited for a specific type of biomass than another due to
varying interactions with the pretreatment liquid. In this section, we therefore review
the role of solvents and ions in the pretreatment liquid.
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Table 2.3: Influence of different concentrations ¢ of soluble biomass components
(lignin derivatives, organic acids, sugars) and products of carbohydrate
degradation (furan derivatives, organic acids) on enzymatic hydrolysis
and simultaneous saccharification and fermentation (SSF).

Type Component c (gL™1) Effect
lignin derivatives syringaldehyde + 0.5 + no effect on glucose formation, 16%
4-hydroxybenzaldehyde + 1+ less reducing sugars [160]
vanillin 2
phenolics 1.3 removal of phenolics increases sugar
yield by 20wt % (abs) [159]
9 minor influence on cellulose conver-
sion [158]
vanillin 0.5 elongation of lag phase and 26.5%
lower ethanol yield after SSF [160]
furan derivatives HMF + furfural 4 (total)  no effect on cellulases [159]
44 3.9  slight inhibition of cellulases [158]
5-HMF + furfural 2+ 2 no effect on glucose formation, 15%
less reducing sugars [160]
5-HMF 0.5 elongation of lag phase and 16%
lower ethanol yield after SSF [160]
organic acids formic acid 11.5 strong reduction of cellulose conver-
sion, inactivation of enzymes [160]
1 48% lower ethanol yield after SSF
[160]
acetic acid 13 no effect on cellulases [159]
15 up to 10wt % (abs) lower cellulose

conversion [158]

2 no effect on cellulases, elongation
of lag phase and 15% lower ethanol
yield after SSF [160]

levulinic acid 29 27% lower cellulose conversion [160]
1 38% lower ethanol yield after SSF
[160]
sugars xylose 21 10wt % (abs) lower glucose yield,
10% lower initial hydrolysis rate
[159]
xylo-oligomers 8 20wt % (abs) lower glucose yield,
40% lower initial hydrolysis rate
[159]
soluble sugars 140 up to 20wt % (abs) lower cellulose

conversion [158]
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2.2.3.1 Parameters for the Description of Pretreatment Liquids

Liquid-based pretreatment strategies rely on dilute or concentrated electrolyte solu-
tions that can be aqueous or organic solvent-based. Several parameters have been
suggested to correlate pretreatment effectiveness with characteristics of the pretreat-
ment strategy including the pretreatment liquid (see Tab.2.4).

Severity factors Taking pretreatment as a chemical reaction, a first attempt to
characterize pretreatment is the severity factor SF = log Ry with reaction ordinate R,
(first termed H-factor [161] or prehydrolysis factor [162]). Originally, it was developed
to characterize the kraft pulping process and it has since been used in many studies
to describe pretreatment kinetics. Ry, and thus SF, accounts for the residence time
of a pretreatment process 7 at temperature 71"

T —T;
R(]:Texp( R>.

2.1
14.75 (2.1)

SF' is based on the assumption that reaction kinetics follow first-order reactions
and that rate constants have an Arrhenius-type dependence on temperature (i.e., an
increase in relative reaction rates with an increase in temperature) [161, 162]. Usually,
the reference temperature Ty is arbitrarily set to 100 °C with a relative reaction rate
of unity. Furthermore, the value 14.75 in Eq. (2.1) is an empirical value accounting for
an approximate doubling of reaction rates with an increase in temperature of 10°C.
Strictly speaking, a correlation between SF and pulp characteristics is only valid for a
certain set of experimental conditions. A change of, for example, wood species, liquor
composition or equipment requires the determination of a new SF—pulp characteristics
correlation [161, 162]. Nevertheless, SF calculated from Eq.(2.1) is often used for
different pretreatment strategies without further re-evaluation. Overend et al. [163]
were the first to review correlations between SF and removal of cellulose, hemicellulose,
and lignin after steam- and aqueous pretreatment of mainly northern hardwood. The
authors concluded that the yield and composition of removed and recovered fraction
after pretreatment can be correlated to SF.
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Another study shows that correlations between SF and residual xylan content after
hydrothermal pretreatment can be generalized independent of the type of feedstock
and specific experimental conditions (for 13 evaluated experimental series), whereas
correlations between SF and residual acetyl content can only be combined for eucalyp-
tus, corncob and poplar [174]. In spite of the observed correlations, the applicability
of SF is limited because it only includes residence time and temperature as variables
and no information about the composition of the pretreatment liquid.

The combined severity factor (CSF) was developed to account for the influence of
catalyst in OS pretreatment of aspen wood by including the proton concentration cy+
in the form of pH (pH = —log ¢;y+) [164]:

CSF = log(Ry) — pH. (2.2)

The kinetic analysis that SF and CSF are based on has been further detailed with
fitting of parameters related to activation energy and structural accessibility. In this
way, good agreement was achieved between model and experiment of acid-catalyzed
hemicellulose solubilization for four types of biomass for low to moderate severities.
More specifically, SF of the individual experiment series correlates with hemicellulose
removal up to 70 wt %, whereas at higher severities (that are specific for each exper-
iment series) the model overestimates hemicellulose removal [165]. The application
of CSF is not restricted to hemicellulose removal. In several types of OS-pretreated
biomass, lignin removal correlates with CSF [127, 175]. In contrast, sugar yields of
multiple aqueous pretreatment strategies cannot be linked to SF or CSF, even when
only one type of biomass is considered [176]. For OS pretreatment of empty palm fruit
bunch with sulfuric acid catalyst, sugar yields correlate with CSF, whereas glucose
yield after ethanol pretreatment with acetic acid catalyst of eucalyptus and bagasse
flour does not correlate with CSF [127, 175]. Thus, the possibility of linking CSF to
sugar yields remains unclear and likely limited to specific processes but fails even for
simple aqueous pretreatments. Moreover, the extension of CSF to nonaqueous pre-
treatments is limited because the optimal CSF depends on the type of biomass and
the influence of changing the type of solvent or solvent concentration is not covered

by CSF [56].

In conclusion, SF and CSF can be helpful to improve process conditions for a spe-
cific pretreatment concept. A generalization seems doubtful, because the few existing
correlations between SF/CSF and pretreatment results are mostly confined to a spe-
cific study and correlations are limited to biomass composition, whereas glucose yield
is mainly determined by a mechanism not covered by CSF. Clearly, pH has a pre-
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dominant influence, but pH is usually taken as measured at room temperature and
not corrected for the influence of solvent, high ionic strengths and high temperatures
of pretreatment (cf. Yawalata and Paszner [103], Teramoto et al. [127], Goh et al.
[175]). Thus, CSF does not take into account the true proton concentration, which
might blur correlations between CSF and pretreatment results.

Indicator-based solvent parameters As far as the influence of acidity is con-
cerned, the simplified correlation between proton concentration and pH only holds
for dilute aqueous solutions (cy+ < 0.1molL™!). To account for the influence of
high ionic strengths due to high acid or salt concentrations, activity corrections are
required. Furthermore, there is no common methodology to transfer the concept of
pH to nonaqueous solvents. To describe acidity in concentrated and nonaqueous sys-
tems, which are often used for pretreatment, several solvent parameters have been
developed.

The Hammett acidity H, extends the pH scale towards strong acidic solutions
by measuring the extent of protonation of a weak, monoprotic indicator base (e.g.,
anilines):

B

The ratio of protonated to unprotonated base cpy+/cg can be measured by colorime-
try, NMR or UV-vis spectroscopy. The latter is restricted to measurements of trans-
parent solutions to not interfere with the color of the indicator [166, 177]. The Ham-
mett acidity function relies on the assumption that the relative strength of two bases
of the same charge type is independent of the solvent in which they are measured and
that activity corrections are negligible [166]. Thus, when the base dissociation con-
stant pKpy+ is known, Hj is measurable also in nonaqueous solutions and acidities
of two solutions with similar properties can be compared with the same or closely
related indicators. Problems during determination of Hj can arise due to interaction
of the acid anion with the protonated indicator base [177].

Hj has rarely been applied in the context of biomass pretreatment. In one study, the
maximum sugar release of hydrolysis subsequent to pretreatment of macroalgae in IL
mixtures relates to Hy of the IL mixtures [178]. In contrast, correlations between H
of IL mixtures and cleavage of lignin model compounds in these mixtures are weak or
not observable and reactivity is more associated to hydrogen bonding characteristics

of the IL [179, 180].

Hydrogen bonds not only influence the properties of a solvent or solvent mixture
that is applied as pretreatment liquid but also affect the interaction between biomass
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and pretreatment liquid. Hence, some parameters refer to hydrogen bonding charac-
teristics. Hydrogen-bond donating ability (acidity), hydrogen-bond accepting ability
(basicity) and polarity/polarizability of a solvent can be described by the Kamlet—
Taft (KT) parameters o, 8 and 7%, respectively [167]. In form of a linear solvation
energy relationship, the KT parameters relate to a range of solvent-dependent physic-
ochemical properties XY Z such as reaction rates, solubilities or spectral frequencies:

XYZ=XYZy+a-a+b-f+s(n"+dd)+h-oup+e-& (2.4)

with XY Z, measured in a reference system. The parameters a,b, s are solvent-
independent correlation coefficients that are specific for the regarded property and
the remaining terms account for example for influences of specific compounds on
polarizability and basicity [168]. Like Hy, the solvatochromic KT parameters are de-
termined spectroscopically. They can be derived from the wavelength of maximum
absorption Ap.x of a variety of dyes added to the respective solvent (i.e., Apax is the
physicochemical property XY Z in Eq. (2.4)). Using reference solvents (methanol for
«, hexamethylphosphoric triamide for § and dimethyl sulfoxide for 7*), each param-
eter is normalized to a value of 1, although this does not represent an upper limit of
the parameters [168, 181]. The usage of several dyes for the determination of KT pa-
rameters often results in inconsistent data reported in the literature, which make the
values not directly comparable [181]. In binary solvent solutions, preferential solvation
of the indicator dye can lead to nonideal relations between molar composition and KT
parameters [182]. Moreover, KT parameters vary with temperature [183, 184]. For
example, m* of several ILs decreases up to 0.15 with an increase in temperature from
20°C to 100°C [184]. Due to the variations with temperature or upon addition of a
second solvent (e.g., water to an IL) it is very laborious to determine all parameter
sets that are of interest, when comparing the influence of changing process conditions
on the dissolution of cellulose or the effectiveness of biomass pretreatment.

KT parameters are often used for the characterization of IL mixtures. For example,
the ability of BMIM-based ILs to swell and dissolve wood or cellulose increases with
increasing basicity 8 of the anion [98, 185]. Similarly, the hydrolysis rate of cellulose
pretreated with pure BMIM-based ILs positively correlates with 3, whereas after the
addition of water to the tested ILs this correlation becomes invalid [186]. While
it is plausible that the addition of even small amounts of water influences the KT
parameters of ILs or other solvents such as DES [183, 184], the application of only
[ for the correlation of cellulose dissolution and biomass pretreatment is limited.
For several ILs and some classical solvents with cellulose dissolution ability, the net
basicity f — « seems to be more meaningful than 5 only [184]. Additionally, the
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combination of 8 and density of ILs was shown to influence the ability to dissolve
cellulose [187], while 8 divided by the mole fraction of water added to an IL relates to
the extraction of low-molecular-mass hemicellulose polymers during IL pretreatment
of birch wood [188].

The separate determination of polarizability and dipolarity, which are combined in
the KT parameter 7*, is realized in the Cataldn solvent scale [189]. Cataldn solvent
parameters have been determined for several ILs [190] but these values have not yet
been linked to biomass pretreatment.

Altogether, these multiparameter approaches do not consider real mechanisms that
are obviously based on particular interactions of local environments in the solvent. A
further drawback of all solvent parameter concepts relying on dyes for spectroscopic
determination is that the parameter values cannot be measured online, which would
be useful for process monitoring in a biorefinery.

Solubility parameters The Hildebrand solubility parameter § refers to the square
root of cohesive energy density as an estimate of the energy that is required to separate
molecules in a liquid from one another and can thus be used as an indicator for the
solubility of a solute in a solvent (two substances with similar d-values likely gain
sufficient energy on mutual dispersion to allow for mixing) [169, 170]:

—-F AH, — RT
=y — = T 2.
§ =14/ v \/ v (2.5)

0 is often used for the characterization of polymers and there are several methods
for its estimation [169]. Usually, the energy of vaporization to gas at zero pressure
E is determined from the molar enthalpy of vaporization H,. H,, molar volume
Vin = M/p or density p as well as J-values for a range of typical solvents can be
obtained from the literature. If necessary, the molar properties can be corrected for
the influence of a changing temperature [169, 170]. Unknown V;, can for example
be estimated with group contribution methods [170, 171] and p can be determined
experimentally. Originally, the Hildebrand parameter was intended for nonpolar, non-
hydrogen-bonding solvents [169], but its use has been extended to other types of
solvents as well [170].

In the context of biomass pretreatment, mostly djignin is estimated to approximately
23-26 MPa!/? [137, 191, 192] as the parameter of a biomass component and it is
typically used to evaluate the solubility of lignin in a certain pretreatment liquid (cf.
Zhao et al. [56], Barton [170] for a list of § for OS solvents). More specifically, the
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lignin yield after OS extraction with different organic solvents varies with dgo1vent and
a higher expected solubility of lignin in solvents is beneficial for the removal of up to
80 wt % lignin [137]. Similar observations have been made for lignin solubilization in
EMIMAc: by adding solvents to EMIMAC, Omixture can be tuned to be close to diignin
for enhanced lignin solubility [192]. Furthermore, the swelling of OS pulp fibers in
ethanol-water solutions positively correlates with the d-value of these mixtures with
highest swelling observed close to the estimated dp, [193].

The determination of cohesive energy density (i.e., 6%) has been refined by Hansen
in form of the Hansen solubility parameters (HSP), which represent a point in three-
dimensional space accounting for three different types of intermolecular interactions:

6% = 6 + 6p + 05 (2.6)

with contribution of dispersive/nonpolar interactions dp, polar interactions dp and
hydrogen bonds ¢y, which are determined experimentally [170, 172]. Analogously to
the Hildebrand parameter of a mixture, the HSP of a solvent mixture can be estimated
with a volume-based mixing rule. Solutes (e.g., a polymer such as lignin) are described
by a sphere with radius R from the center of the respective solubility parameters. For
solubility of a polymer in a solvent, the vector of the solvent’s HSP must terminate
within the solubility sphere of the polymer. With changing temperature, the solvent’s
HSP can move in or out of the solubility sphere and hence they require temperature
correction [173].

According to Hansen’s theory, the differing solubility parameters of cellulose and
lignin result in these two components not being oriented towards each other, whereas
hemicellulose can interact with both, stabilizing the wood structure. Therefore, wood
as a composite material cannot be dissolved (in the classical definition) [194]. Never-
theless, some solvents alter the ultrastructure of lignocellulosic biomass in accordance
with HSP. BMIMBr—ethanol-water mixtures have successfully been prepared based
on HSP to selectively fractionate cellulose and lignin from pine wood with a purity
of more than 90 wt % each [195]. Furthermore, for a range of organic solvents and
lignin, the solvent—solute distance of HSP correlates with the degree of delignification
after OS pretreatment of sugarcane bagasse and rice straw [196, 197]. However, the
applicability of HSP is thus restricted to the removal of lignin and HSP can only
indirectly be used for the prediction of sugar yields after enzymatic hydrolysis in case
the relation between lignin removal and hydrolysis yields is known. With regard to
cellulose, HSP are ambiguous and prediction of cellulose solubility with HSP is not
reliable [198].
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In conclusion, there are both studies that show limitations of the applicability of
these parameters as well as studies that successfully correlate the above discussed
parameters for the characterization of pretreatment liquids with pretreatment effects.
Nevertheless, in most cases the evaluation of parameters with regard to pretreatment
effects is qualitative and there is only a limited number of studies that provide quan-
titative relationships. Furthermore, the currently available data do not provide one
range of general descriptors that is beneficial for pretreatment. Thus, more stud-
ies are needed that can be combined for a universally applicable regression between
parameters for the description of pretreatment liquids and pretreatment effects.

In one review comparing a variety of solvent parameters (including the above men-
tioned), four independent solvent properties were identified: (1) hydrogen bond dona-
tion ability, (2) hydrogen bond acceptance/electron pair donation ability, (3) polarity
and polarizability, and (4) solvent stiffness (i.e., cohesive energy density) [199]. How-
ever, none of the parameter concepts discussed above considers all four independent
solvent properties and hence we suggest that more than one parameter concept should
be looked at to comprehensively describe the solvation ability of a pretreatment liquid.
This could, for example, be the Hildebrand or Hansen solubility parameters in com-
bination with the KT parameters to evaluate the potential for solution of extracted
biomass components in the pretreatment liquid. Furthermore, in our opinion more
research should be carried out to investigate not only the solution potential but also
quantitative relationships between the reviewed parameters and enzymatic hydrolysis
after pretreatment. Nevertheless, catalytic reactions that lead to cleavage of biomass
components which are then soluble in the pretreatment liquid are not covered by the
reviewed parameters.

2.2.3.2 Biomass Interaction with Solvents and Ions in Pretreatment
Liquids

As indicated above, wood itself is insoluble and at the current status, solubility pa-
rameters alone cannot explain the effects of swelling and pretreatment of wood [194].
Besides solubility of extracted components in the pretreatment liquid, (reactive) in-
teractions between biomass and solvents and ions of pretreatment liquids play a role
during pretreatment. So far, these interactions have not been described quantitatively
but a quantitative description should include the components and conditions of the
reactions (solvents, ions, concentrations etc.).

The type of solvent does not only influence the amount of lignin that is potentially
soluble in the pretreatment liquid (see Section2.2.2.2) but also the composition of
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the extracted lignin. For OS pretreatment, this results in lignin extracted with or-
ganic solvents having a higher purity than that extracted with acidic solutions due
to additional cleavage of hemicellulose and oxidation as well as acetylation reactions
of the acidic lignin [200]. Nevertheless, organic solvents such as the linear alcohols
methanol, ethanol and 1-propanol also react with lignin and are thus incorporated
into the extracted lignin [137].

The role of ions has been well studied for biomass pretreatment and cellulose disso-
lution in ILs. In this context, cations [201, 202] and anions [185] both determine the
ability of an IL to dissolve cellulose. Likewise, some anions are not suited for swelling
and disintegrating biomass (e.g., dicyanamide) [98], whereas other anions lead to
higher sugar yields after enzymatic hydrolysis (e.g., acetate) [104]. Sugars that are
released during pretreatment can even react and covalently bind to the C(2)-carbon
of the imidazolium cation in EMIMAc [203], while BMIM-based ILs react with the
reducing end of cellulose [204]. Thus, depending on the combination of cation and
anion, ILs may not only be solvents in the classical definition but also react with
components of biomass and hence influence the outcome of a pretreatment.

The importance of ions is further reflected in depolymerization and dissolution of
cellulose where charged species effectively disrupt the hydrogen-bond network of cellu-
lose. Therefore, the addition of salts to ammonium-based solvents enhances cellulose
dissolution [205, 206] or aids auto-catalytic [207] as well as acid-catalyzed [208, 209]
depolymerization of cellulose in aqueous solutions.

Ions also play a role as catalysts determining the acidity of neutral OS pretreat-
ment liquids, which in turn controls pretreatment selectivity and disintegration of
biomass [105]. More specifically, during OS pretreatment of spruce, the extent of
disintegration depends on the type of anion, whether the anion is in salt or acid
form and the concentration of the catalyst. Additionally, divalent cations of chloride
salts effectively disintegrate softwood, whereas mono- and trivalent cations are too
weak and too aggressive, respectively. Aggressive disintegration with trivalent cations
stands for a complete destruction of fibers by unselective cleavage of both lignin and
carbohydrates. Furthermore, disintegration correlates with pH of the pretreatment
liquid after pretreatment, which is influenced by acetic acid formed due to the release
of acetyl groups from wood. In an optimal pH range between 3.5 and 4.2, biomass
is disintegrated, whereas at higher and lower pH, biomass is not disintegrated and
fibers are completely destructed, respectively [103, 210]. Analogously, acid-catalyzed
depolymerization of hemicellulose from beech wood in a biphasic solvent system con-
sisting of water and 2-methyltetrahydrofuran remains effective if the pH of the aque-
ous phase is below 2 [211]. Besides pH, the acid strength of the catalyst (i.e., pK,)
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is important when describing ions of a pretreatment liquid: For OS pretreatment of
Japanese cedar, the sugar yield after enzymatic hydrolysis linearly correlates with
the (aqueous) pK, of most employed catalysts, with a pK, < 0 being most effective
to increase digestibility [212]. Similarly, for acid-catalyzed conversion of the biomass
model compounds xylose and cellobiose in the organic solvent «-valerolactone and the
IL EMIMCI, respectively, reactivities and selectivities increase below a pK, of the
acid catalyst of 0 and -2 [213, 214].

Unlike in acidic pretreatment liquids, the extent of both deacetylation and deligni-
fication is independent of concentration and type of cation for pretreatment of aspen
wood in alkali metal hydroxide solutions. In contrast, the stoichiometric ratio be-
tween base in the pretreatment liquid and the amount of acetyl groups in added
wood linearly correlates with the amount of removed acetyl groups after pretreatment
[124]. In studies on acetosolv OS pretreatment, however, the process variables cook-
ing time, temperature, and liquid-to-wood ratio have less influence on pulp yield and
pulp composition than the concentrations of acetic acid (i.e., the solvent) and catalyst
[141, 215]. Furthermore, there is a threshold value for catalyst concentration, above
which lignin condensation reactions occur [215].

Besides the concentration of the individual components in the pretreatment liquid,
the water content impacts pretreatment effectiveness especially in concentrated pre-
treatment liquids. While water is tolerable in high concentrations for OS pretreatment
(typically up to 50wt % [56]), pretreatment with ILs is more sensitive to the water
content. An increasing water content significantly impacts the solubility of spruce and
pine wood in ILs [98, 117] and above 10.7 wt %, water limits disintegration of beech
wood in EMIMACc [19].

In conclusion, pretreatment liquids act as more than classical solvents for extracted
biomass components, because reactive interactions between biomass and active species
in the pretreatment liquid can significantly influence the outcome of a pretreatment
strategy. Hence, ions added to the pretreatment liquid as salts or acids mostly support
disintegration of biomass or catalyze decrystallization of cellulose, while the type of
solvent influences the extent of lignin removal as well as lignin composition. The
overall composition, especially the water content of the pretreatment liquid, further
determines the outcome of pretreatment, sometimes in very narrow ranges.
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2.3 Summary and Conclusion

Economic and carbon-efficient production of biofuels and bioproducts in lignocellu-
losic biorefineries relies on effective pretreatment and hydrolysis strategies that achieve
high sugar yields for further conversion. In this context, a variety of pretreatment
phenomena on several scales are essential for high sugar yields. An effective pre-
treatment increases the surface area that is accessible to enzymes in the hydrolysis
step. Typically, this is connected to a macroscopic disintegration of the biomass in
combination with formation of pores on an ultrastructural level. Furthermore, lignin
should be removed from the composite biomass so that the overall lignin content is
reduced while redeposition of the solubilized lignin is avoided to make the cellulose
fraction more accessible. On the molecular level, a reduced crystallinity of pure cellu-
lose clearly correlates with an increased enzymatic digestibility while pretreatment of
lignocellulosic biomass often leads to an increased biomass crystallinity together with
an increased digestibility. However, this does not necessarily imply a correlation be-
tween biomass crystallinity and digestibility because changes in biomass crystallinity
after pretreatment are often affected by other factors (e.g., accessible surface area
or removal of lignin) that may have more influence on digestibility than the crys-
tallinity itself. Deacetylation of the hemicellulose fraction during pretreatment can
additionally enhance digestibility of the pretreated biomass albeit in a limited extent.
Moreover, it is important that the carbohydrate fractions in lignocellulosic biomass are
not degraded due to severe pretreatment conditions because degradation products as
well as components that are solubilized during pretreatment can negatively influence
hydrolysis and fermentation. To avoid severe pretreatment with undesired outcomes,
the influence of process conditions as well as solvents and ions of the pretreatment
liquid on the occurrence of pretreatment phenomena should be known.

Overall, the composition of the pretreatment liquid plays a decisive role in deter-
mining the outcome of pretreatment. The complete mechanism of effective biomass
pretreatment is unknown due to the complex structure of lignocellulosic biomass, but
clearly pretreatment phenomena are connected to the molecular composition of pre-
treatment liquids. Cations and anions of salt or acid catalysts significantly influence
the extent of disintegration and facilitate cellulose depolymerization, thus allowing
for high sugar yields. Moreover, the type and concentration of solvent on the one
hand influence the maximum removal of lignin as a result of lignin solubility and
on the other hand influence lignin composition due to reactive interactions between
lignin and solvent molecules. Hence, a solvent can turn into a catalyst due to reac-
tions with biomass components. By and large, the composition of the pretreatment
liquid affects pretreatment results more than process variables, although a compre-
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hensive analysis across studies is only meaningful if the ratio of biomass to liquid is
also considered. In the past, several parameters have been evaluated with regard to
the correlation between pretreatment phenomena and characteristics of the pretreat-
ment strategy. These include the severity factor and further derived factors mostly for
aqueous pretreatments, solvent parameters (Hammett, Kamlet—Taft) to describe acid—
base characteristics of electrolyte solutions such as ILs and OS pretreatment liquids,
and solubility parameters (Hildebrand, Hansen) to, for example, evaluate solubility
of lignin in a pretreatment liquid. However, these lumped parameters are mostly not
sufficient to cover all observed phenomena, while the large variety of hitherto tested
pretreatment liquids makes it difficult to define one common parameter to character-
ize them. Additionally, reactive interactions of solvents and ions with biomass have
been observed but have not yet been quantified and parameterized. With regard to
the catalytic activity in acidic pretreatments, a low pH of the aqueous phase or an
(aqueous) pK, of the catalyst below approximately 0 to -2 appears beneficial for an
effective pretreatment. However, this has neither been systematically compared for
varying pretreatment liquids nor been extended towards alkaline pretreatment.

In general, phenomenological changes across scales that occur during pretreatment
should be comprehensively correlated taking account of changes in biomass structure
and composition as well as the role of components in a pretreatment liquid. One
promising option would be to develop more advanced multivariate analyses that con-
sider solubility of biomass components and determine how interactions between pre-
treatment liquid and lignocellulosic biomass lead to an effective pretreatment (e.g., as
a combination of the reviewed parameters). Additionally, advanced analytical tools
should be employed to allow for a standardized evaluation of pretreatment experi-
ments and hence improved comparability of research results of different disciplines.
For example, changed swelling characteristics of biomass resulting from changed par-
ticle size, porosity and/or chemical composition after pretreatment should be explored
as an indicator of accessibility. At the process level, an increased sugar yield resulting
from increased accessibility after pretreatment is connected to changed costs. Thus,
an integrated perspective considering yields as well as costs for the solvent and equip-
ment is required for the design of novel, cheap and effective pretreatment liquids.

This overview shows that liquid-based pretreatment of lignocellulosic biomass is a
process step with mechanisms on multiple levels of scale that are not yet completely
understood. Presumably, the pretreatment mechanisms are often connected to the
composition of the pretreatment liquid. This thesis therefore includes a multi-scale
analysis of pretreatment of lignocellulosic biomass paying special attention to the role
of the pretreatment liquid.
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CHAPTER 3

Materials and Methods

The outcome of biomass pretreatment is influenced by the composition of the pre-
treatment liquid as well as molecular interactions of species therein. In this thesis,
EMIMAc, an IL well-known for effective biomass pretreatment, is investigated with
low-field NMR spectroscopy to resolve molecular interactions with water and acetic
acid. Furthermore, experiments are presented for pretreatment of beech wood with
mixtures of EMIMAc and an OS process based on acetic acid (i.e., acetosolv). To
evaluate the impact of pretreatment effectiveness on the process performance of bio-
fuel production, a screening of several alternative pretreatment strategies at an early
design stage is carried out. The experimental and methodical details of aspects related
to pretreatment from molecular interaction in the pretreatment liquid (Section 3.2),
via biomass pretreatment experiments on lab scale (Section3.1) to the process per-
spective (Section 3.3) are illustrated in this chapter.

3.1 Pretreatment of Beech Wood

First, in Subsection 3.1.1, the experimental procedure for pretreatment of beech wood
with ILs and acetosolv liquids is described. Then, Subsection 3.1.2 gives details on
the compositional analysis of the recovered fraction and presents methods relying on
low-field NMR spectroscopy that were developed for the analysis of acetyl content in
the recovered fraction as well as the qualitative and quantitative analysis of dissolved
components.

3.1.1 Pretreatment Experiments

For the pretreatment with ILs, EMIMAc (Iolitec, purity grade > 95%, impurities
not further specified by manufacturer; our own NMR analyses show > 97.5wt %
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purity) was used without further processing or purification. Mixtures of EMIMAc
and deionized water (AQUADEM DL) or acetic acid (Merck, 100%) were prepared
by weight to cover the range from concentrated EMIMAc down to dilute solutions
in steps of approximately 10mol %. The water content in EMIMAc was determined
with coulometric Karl Fischer titration (Metrohm 831 KF with Hydranal-Coulomat
E, reproducibility < 0.3%) and accounted for in the calculation of weight and mole
fractions. The determination of water content was repeated regularly to check whether
the water content remained constant during the measurement series.

The employed acetosolv pretreatment liquids consisted of acetic acid (VWR, 100%)
with a variety of catalyst acids of different pK, (the organic acids formic acid (Merck,
99%) and oxalic acid (Merck, dihydrate form) as well as the inorganic acids phos-
phoric acid (Acros organics, 95%; Applichem, 85%), sulfuric acid (Merck, 95%; Ap-
plichem, 72%; Carl Roth, 1 mol L), hydrochloric acid (Kruse, 30%; Merck, 1 mol L™};
Carl Roth, 37%) and hydroiodic acid (VWR, 57%)). All employed catalyst acids are
stronger acids than acetic acid (i.e., lower pK,). The pretreatment liquids were pre-
pared by weight and the water content was not further adjusted but resulted from the
purity of the employed catalyst acids (i.e., the water content increased with increasing
catalyst molarity). All chemicals were used as received without further purification.

Two main sets of acetosolv pretreatment liquids were investigated. For the first
set, pretreatment liquids of all above-mentioned catalysts were prepared at similar
molalities to evaluate the influence of the acid strength of the catalyst. These ace-
tosolv experiments were carried out at an approximate ratio of catalyst to acetic
acid of 0.25 mmol.at ggi. The second set consisted of acetic acid in combination with
hydrochloric, sulfuric or phosphoric acid as three representative catalyst acids to eval-
uate the influence of varying catalyst molarities (i.e., one type of catalyst at different
molar concentrations). The mineral acids sulfuric and hydrochloric acid were cho-
sen because both have been employed for acetosolv pretreatment (cf. Kin [216], Shui
et al. [217]). Regarding less strong catalyst acids, the applicability of oxalic acid as
a catalyst acid is limited by solubility of oxalic acid in acetic acid—water mixtures
[218]. Hence, oxalic acid was not selected for the experiments with varying catalyst
molarities but we chose phosphoric acid as the third catalyst acid complementing the
other two mineral acids.

Additionally, a few experiments with a higher water content of up to 50 mol %
were carried out by adding deionized water (inhouse, conductivity approximately
0.81Scm™1) to adjust the water content. Pure acetic acid was used as a reference pre-
treatment liquid without catalyst to distinguish between the influence of acetic acid
as main solvent and catalyst acids. Furthermore, reference experiments containing
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only water with catalyst acids were carried out to evaluate the interplay of acetic acid
and catalyst acid.

By and large, the experimental procedure for IL and acetosolv pretreatment fol-
lowed the same protocol. When indicated, slight modifications were made between IL
and acetosolv experiments; otherwise, conditions were the same. Beech veneer chips
(10 mmx2 mm, stored at ambient temperature, average moisture content of 4.5 wt %)
at 5wt % biomass loading were used for all pretreatment experiments. 100 mg and
500 mg beech were used for the IL and acetosolv experiments, respectively (acetosolv
experiments carried out in duplicate). Experiments were conducted in 50ml cen-
trifuge tubes that were heated for 2h in an aluminum heating block at 115°C and
atmospheric pressure (typical IL and acetosolv pretreatment conditions; cf. Brandt
et al. [57], Viell et al. [107], Ligero et al. [141], Vila et al. [215], Parajé et al. [219]).
The samples were stirred at 200 rpm (IL) or 250 rpm (acetosolv) with a magnetic stir
bar (15 mm length, 9mm diameter). Full submersion of the beech chips was checked
periodically. After pretreatment, the samples were cooled down with tap water. 20 mL
of deionized water was added to the IL experiments and stirred for 5min at 300 rpm
to remove IL attached to the biomass. The IL samples were centrifuged at 10,000 rpm
for 10 min, the supernatant decanted (no further analysis) and the washing step re-
peated. After cooling, the acetosolv samples were directly centrifuged at 10,000 rpm
for 10 min and the supernatant was separated for the analysis of the dissolved fraction
with low-field NMR. The remaining pretreated, wet biomass (IL and acetosolv) was
filtered by vacuum with filter crucible POR4 (pore size 10-16 pm) and washed at least
3 times with deionized water. The filter crucibles with the recovered biomass were
dried for at least 16h at 105°C in a drying oven. The procedure of experiments is
sketched in Fig. 3.1.

In the following, recovered fraction w, refers to the recovered, dry mass after pre-
treatment m, as a fraction of the initial amount of beech wood Mmyeoq taking into
account the moisture content w,, of the wood:

my
Mwood (1 — W)

The term non-recovered fraction w,,, refers to the mass fraction that was not recovered

(3.1)

Wy =

(i.e., solubilized in the pretreatment liquid, not recovered in filter crucible due to small
particle size etc.) and is calculated from the closure constraint of wood mass balance:

Wy = 1 — wy. (3.2)

The recovered fraction was stored at ambient temperature until further analysis (com-
position, acetylation, enzymatic hydrolysis).
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pretreatment
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Figure 3.1: Scheme of the experimental procedure for pretreatment of beech wood.
The focus is on the main steps where samples are taken. The color and
size of the sketched wood chips do not reflect the actual changes during
pretreatment.

3.1.2 Analysis of Recovered and Dissolved Fraction

Prior to component analysis and enzymatic hydrolysis, the dried biomass samples
were milled in a centrifugal grinding mill (ZM 200 Fritsch, 0.5 mm mesh size).

Acid hydrolysis to determine the composition of native and pretreated beech wood
was carried out according to the NREL protocol Determination of Structural Car-
bohydrates and Lignin in Biomass [130]. Native beech had an average composition
of 41.8wt % cellulose (measured as glucose), 26.2wt % hemicellulose (measured as
19.8 wt % xylose and 6.4 wt % mannose) and 17.3 wt % acid-insoluble lignin.

Enzymatic hydrolysis of pretreated beech wood was carried out in an enzyme-—
buffer solution containing 0.1 mol L™! sodium acetate at pH 4.8 for 72h. It should
be noted that hydrolysis conditions slightly differed between IL and acetosolv exper-
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iments. Enzymatic hydrolysis of IL-pretreated beech was carried out with 84 mgg~!
protein (cellulase from Celluclast (Novozymes)) per biomass at a biomass loading of
20mgmL~" in 2mL Eppendorf tubes. The IL samples were hydrolyzed in a ther-
momixer at 900 rpm and 45°C. Enzymatic hydrolysis of acetosolv-pretreated beech
was carried out in a solution containing 14.05 pL mL~! Celluclast with a biomass load-
ing of 1wt % in 1.5 mL Eppendorf tubes. The acetosolv samples were hydrolyzed in a
thermomixer at a stirring rate of 1000 rpm and a temperature of 50°C. Assuming a
protein concentration of 122 g L~! in Celluclast [126], the hydrolysis conditions for the
IL experiments result in 13.77 pL. mL~" Celluclast (i.e., similar to acetosolv hydrolysis)
while for the acetosolv experiments approximately 171.4mgg~! protein per biomass
was available (i.e., approximately twice as much as for the IL experiments due to the
different biomass loadings). Whether the sugar yield after hydrolysis is influenced by
the different ratios of protein to biomass is not further investigated in this thesis but
sugar yields are taken as is. For the evaluation of hydrolysis effectiveness, the amounts
of cellobiose and glucose released during hydrolysis were taken for the calculation of
the sugar yield from the cellulose fraction.

For the determination of acetyl content, 200 mg of dry wood were added to 10g
of 1molL™! sodium hydroxide solution and heated at 80°C for 1h. After heating,
the samples were centrifuged at 10,000 rpm for 10 min. A sample of the supernatant
was taken for NMR analysis to determine the concentration of acetic acid and further
calculate the acetyl content. The solid fraction after deacetylation was filtered and
dried in the same manner as the recovered fraction of the pretreated samples.

'H NMR spectra for the analysis of supernatants of acetosolv pretreatment and
deacetylation liquids were recorded on a Magritek Spinsolve Carbon benchtop NMR
(42.5MHz). For each spectrum, 64 scans were collected (6.4s acquisition time, 15s
repetition time, 90° excitation pulse). Phase and baseline correction as well as refer-
encing of peak positions was done with MestReNova software (version 9.1.0 Mestrelab
Research S.L.). For the evaluation of spectra, the methyl peak of acetic acid was ref-
erenced to 2.04 ppm and 2.084 ppm in concentrated acetosolv solutions and in dilute
deacetylation liquids, respectively. Peak areas for the quantitative evaluation of com-

ponents were integrated with PEAXACT (version 4.5 S-PACT GmbH).

The low concentration of dissolved wood components and degradation products
together with the reduced resolution of the low-field NMR spectrometer hamper a
quantification of individual components. Nevertheless, the total area of a spectrum
Ayor 1s proportional to the amount of hydrogen atoms in the sample ny o which
comprises signals of dissolved components. Therefore, in this thesis, a method is
developed to estimate the amount of dissolved protons from the spectral area of the
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supernatant after pretreatment (see Fig.3.1) as a fraction of the protons in the wood
sample. The amount of hydrogen atoms originating from solubilized components 7y ¢
can be estimated as the difference between the total amount of hydrogen atoms in a
sample ny 4ot and the amount of hydrogen atoms originating from the pretreatment
liquid 1 p-iq

NH,s = NH tot — TH,p-liq- (33)

Here, ny s does not differentiate where the protons originate from (i.e., sugars dis-
solved during pretreatment, acetic acid formed due to deacetylation etc.). ny piq can
be calculated from the molar composition of pretreatment liquids considering the num-
ber of hydrogen atoms in one component ny; for all components in the pretreatment
liquid

Tip-liq

N p-liq = Z nnm; 1€ {AA, cat, w}. (3.4)

=1

The total amount of protons ny o in a sample equals the total area of a spectrum
Aot divided by a conversion factor fa_,, that relates area and amount of protons

NH tot = Atot/fAan- (35)

This conversion factor can be calculated from the peak area of the methyl group
Acn, and the known amount of acetic acid in the pretreatment liquid naa

ACHg Cint
fa—ny = T (3.6)
with the factor 3 accounting for 3 hydrogen atoms that contribute to the signal of the
methyl group and a further constant ¢, that accounts for the incomplete integration
of the peak (it cannot be integrated completely due to partial superposition with
signals of solubilized components). Details on integration ranges and determination
of ¢yt are given in Appendix B.

The total amount of protons in the wood sample 7 wooa that is used for the exper-
iments is estimated with

NH,wood = Mwood (WH,wood (1 — W) + W, H,0Wm ) /M. (3.7)
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The hydrogen weight fraction of wood Wy wooa is taken as 0.06 from the aver-
age elemental composition of wood [81] and the hydrogen weight fraction of water
wi,p,0 = 0.112. Lastly, the fraction of wood protons dissolved in the pretreatment
liquid 2y s is estimated with

THs = nH,S/nH,Wood~ (38)

3.2 Proton Exchange Experiments

The analysis of H/D exchange reactions can serve to elucidate the acid-base charac-
teristics of an IL—solvent mixture and determine precise composition ranges of inter-
action patterns. This thesis describes the changes of the kinetics of H/D exchange
at C(2)-position between EMIMAc and solvents. Two different protic solvents were
chosen to determine the influence of varying acid strengths added to EMIMAc: water
and acetic acid. For the composition range from pure IL to pure solvent, we monitored
the H/D exchange with low-field NMR, spectroscopy. From spectral information, the
amount of C(2)-deuterated cation was estimated for the discussion of reaction order.
Details on equipment and experimental procedure for the investigation of EMIMAc-
based mixtures are given in Subsection3.2.1 and Subsection 3.2.2, respectively. In
Subsection 3.2.3 we explain the modeling of the proton exchange kinetics considering
pseudo-first-order and second-order reaction mechanisms as well as the influence of
solvent content and dissociation of the solvent in the case of water.

3.2.1 Chemicals, Devices and Data Analysis

EMIMACc, deionized water and acetic acid were used as described in Subsection 3.1.1.
Mixtures of IL and deionized water or acetic acid and the respective deuterated sol-
vents (D20, Sigma Aldrich 99.9% D and acetic acid-dy, VWR 99.5% D) were prepared
by weight.

'H NMR spectra were recorded on a Magritek Spinsolve Carbon benchtop NMR
(42.5 MHz). The measuring temperature was 28 °C inside the device and the sam-
ples were prepared at ambient temperature. The approximate total volume for each
measurement was 0.5 mL in standard NMR tubes. Standard scan measurements were
done for chemical shift and peak area analysis (4 scans, 90° excitation pulse, 7 ps pulse
width, 200 ps dwell time, 6.554 s acquisition time, 15s repetition time). Phase and
baseline correction of all spectra as well as the analysis of chemical shifts were done
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with MestReNova software (version 9.1.0 Mestrelab Research S.L.). The peak areas
were calculated with PEAXACT (version 4.2 S-PACT GmbH).

For the presented experiments, temperature was not measured. However, the tem-
perature control inside the NMR spectrometer results in fast equilibrium due to small
sample size and a large surface to volume ratio of the NMR tubes. Reference ex-
periments with an ethylene glycol sample heated to 80°C and a methanol sample
heated to 50°C show a decrease to 28°C inside the NMR device within less than
ten minutes with the most significant decrease occurring in less than four minutes
(see Fig. A.2 in appendix), which is faster by an order of magnitude compared to the
fastest experiment in this work.

pH measurements of the mixtures were carried out with a standard pH meter (WTW
multi 3420 Set C, 4-point calibration, £0.004 pH) at ambient temperature.

3.2.2 Experimental Procedure

After thoroughly mixing of the two components (making sure that no air bubbles
interfere and disturb the signal), the NMR tube was immediately placed into the
NMR device and repeated measurements were started. The intervals for the repeated
measurements ranged from 15s to 1h depending on the total experiment duration,
which was between 0.5 and 48 hours. The intervals were selected so as to have a
sufficient amount of data points over time during the decrease of the C(2)-H peak,
allowing for accurate fitting of the exchange kinetics. The parameters for repeated
measurements were the same as for standard scans with just one scan per spectrum.

In the experiments with deuterated solvents, an exchange only at the C(2)-H po-
sition with hydroxyl groups of the deuterated solvents was observed (i.e., a decrease
in C(2)-H peak area with a simultaneous increase in water or acetic acid hydroxyl
peak). All other peaks remained constant during the investigated time frame. To fur-
ther check that exchange only occurs with the C(2)-position, the sum of the hydroxyl
and C(2)-H peak was monitored and was found to be constant during the experiments.
The total area of the spectra was also constant. Distorted C(2)-H peaks, especially at
the beginning of repeated measurements, indicated inhomogeneities in solvent content
due to incomplete mixing and therefore those mixtures were excluded for the calcu-
lation of the proton exchange rate constants. The evaluation of peak areas and the
calculation of relative numbers of hydrogen atoms require a reference proton. Here,
the C(4,5)-H signals were chosen as a reference. Because the peaks of the two ring
protons are mostly overlapped in the low-field NMR spectrum, they were counted as
the equal of two hydrogen atoms.
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The progress of the exchange was characterized by analyzing the C(2)-H peak area
which showed an exponential decrease during exchange and reached a constant value
in equilibrium. For most experiments, the equilibrium was reached quickly and mea-
sured completely. The exceptions are samples with either very high or very low solvent
content. At very high solvent contents, exchange took more than several days and
was not measured completely. Therefore, these mixtures were excluded from the
evaluation of proton exchange. On the other hand, at low solvent contents, an in-
creased viscosity due to the high amount of EMIMAc caused problems with mixing
and larger variances occurred. Thus, mixtures containing less than 30 mol % of water
as well as those with less than 10 mol % acetic acid were not evaluated in terms of
proton exchange.

The deuteration of the solvents has no significant effect on reaction rate constants
as can be seen from a comparison with partially deuterated solvents (see Fig. A.3 (a)
in appendix). Therefore, we assume that the results of the exchange experiments are
directly comparable to the results with non-deuterated solvents.

3.2.3 Modeling of Proton Exchange

The hydrogen deuterium exchange was modeled on two different levels of detail to
study the reaction characteristics in terms of reaction order and reaction partners,
generally assuming a second-order mechanism. First, a pseudo-first-order analysis
was carried out to determine the second-order reaction rate constants for the exchange
reaction between IL and water. This is a common approach when determining rate
constants of H/D exchange reactions [220-222]. In a second step, we used a more
detailed modeling approach to estimate second-order reaction rate constants in the
system of EMIMAc and dissociated water.

3.2.3.1 Pseudo-First-Order Analysis

To calculate the observed exchange rate constants, for each experiment the areas of
the C(2)-H peak of the EMIM™ cation were normalized as follows

A(t) — ming(A(1))

Anorm (t) = Ara(t = 0) - max;(A(t)) — min,(A(t))

(3.9)

The prefactor A, (t = 0) refers to the relative amount of hydrogen at the C(2)-position
in the first recorded spectrum of one experiment. It accounts for the fact that at
the beginning of the measurements (¢ = 0), the exchange has already progressed
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to a certain extent. The maximum and minimum values were determined for each
experiment individually and were only used for the calculation of normalized areas
of the respective experiment. In total, the area was normalized between 0 and 1
in accordance with Amyes and Richard [223]. A pseudo-first-order exchange rate
constant was calculated from the natural logarithm of normalized area against time

lrl(*Anorm(t» - _kobs - 1. (310)

Second-order rate constants were obtained from the slope of plotting the observed
rate constants k.,s over the mole fraction of solvent assuming that

kops = ko - [solvent]. (3.11)

3.2.3.2 Detailed Dissociation Mechanism

The detailed modeling study focuses on the system of EMIMAc and water, in which
the water fraction is composed of normal water introduced into the system as the basic
water content of the IL, and deuterated water that was added to visualize the H/D
exchange. Here, dissociation equilibria of all water species as well as the kinetically-
limited exchange reaction have to be considered simultaneously. Modeling chemical
systems with reactions in different time scales, namely fast equilibrium reactions and
slow kinetically-limited reaction steps, can be challenging especially if the species par-
ticipate in reactions on both time scales. A model accounting for the different time
scales was set up following the systematic procedure described by Walz et al. [21].

The overall kinetically-limited H/D exchange is modeled as a reaction between
EMIMAc and the hydroxide ion of water as proposed by Allen et al. [224] and is
assumed to be an elementary reaction

EMIMAcy + OD™ == EMIMAcp + OH". (3.12)

EMIMAcy refers to the normal cation and EMIMAcp to the cation which is deuter-
ated at C(2)-position. In diluted solutions of DyO, the assumption that an abstracted
hydrogen atom would always be replaced by a deuterium atom is valid since D,O
is in large excess. However, when also analyzing solutions with a higher electrolyte
concentration, this assumption is no longer valid as the ratio of H to D increases more
and more, considering the water content of EMIMAc which introduces non-deuterated
water into the system. Hence, for the dissociation of water, the two dissociation equi-
libria of H,O and D,O as well as two further dissociation equilibria for the formation
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of HDO have to be included to fully model the dissociation

H,0 === Ht + OH~ (3.13)
D,0 22 D+ 4+ OD" (3.14)
KW,4
HDO == H* + 0D~ (3.15)
Ky
HDO —= Dt + OH". (3.16)

The rate of reaction (1 in Eq. (3.12)) can be explicitly described with

71 = Kr1CEMMMAcy Cop— — Kr,1CEMIMAch COH - (3.17)

with forward and reverse reaction rate constants k¢; and k,;, respectively. Here,
the absolute amounts of IL species cpymviacy and cpvivace, can be calculated from
spectral information and weighed-in components. Assuming ideal solutions, the dis-
sociation equilibria can be described with the respective dissociation constants and
concentrations of the individual species

K, = CutCon- (3.18)
CH,0

Ky = “2270D° (3.19)
CD,0

}(WA’I:EHifzﬂll (3.20)
CHDO

Kys = ‘o*Con- (3.21)
CHDO

Strictly speaking, the assumption of ideal conditions is valid only for diluted sys-
tems where the activity coefficients of the individual species are close to one (i.e.,
considering concentrations instead of activities). The investigated composition range,
however, covers all mole fractions from diluted solutions to concentrated electrolytic
mixtures. Thus, the model equations require an activity correction. The activity
coefficient of water in several ILs has been determined [225]. In another approach
the ILs were assumed to be either completely dissociated or paired and the respective
activity coefficients were determined [226]. Furthermore, changing values of K, have
been observed in mixtures of water and imidazolium-based ILs [227]. However, neither
the activity values for the system of EMIMAc and dissociated water considering both
hydrogen and deuterium nor the composition-dependent water dissociation constants
are available in the literature. Therefore, the simplification of assuming ideal solu-
tions with constant K, is inevitable. This simplification is also performed in other
publications dealing with H/D exchange kinetics in concentrated ILs [228].
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The common dissociation constant of water K, = cy+coy- was modified taking into
consideration the concentration of water cy,o to obtain the constant required for equi-
librium (3.18). Dividing the self-dissociation constant of water K, = 107 mol* L2
by cm,0 = 55.51mol L~ leads to a dissociation constant of 1.8 x 107%mol L ™! for
the equilibrium (3.18). Analogously, the dissociation constant for the heavy water
equilibrium (3.19) was calculated to be 2 x 107" mol L=!. The dissociation constant
for HDO in the equilibria (3.20) and (3.21) is not available in the literature and thus
has to be estimated. K, 4 and K, 5 were assumed to have the same value and to lie
between the dissociation constants of normal and heavy water. Exact determination
of the dissociation constants K 4 and K, 5 would require separate experiments that
go beyond the scope of this thesis.

Fitting of the model equations to the experimentally observed values allows an
estimation of forward and reverse reaction rate constants. To estimate rate constants,
which are valid over a certain composition range, the conducted experiments have to

be fitted simultaneously. Detailed simulations and respective parameter estimations
were done with gPROMS 4.2.0.

3.3 Screening of Processing Pathways for Biofuel
Production

Alternative pathways in biofuel production can be evaluated with RNFA [229, 230].
In RNFA, a reaction network of various (intermediate) components with possible con-
version steps serves as a basis for finding the optimal production pathway of biofuels
under consideration of economic and environmental criteria. This optimization of
biofuel production by minimizing carbon loss and specific fuel cost is described in
Subsection 3.3.1. We choose two representative biofuel products, ethanol and ethyl
levulinate, that feature biotechnological and chemocatalytic conversion and are qual-
ified as fuel components for spark-ignition engines [231].

In this thesis, we focus on the impact of pretreatment and hydrolysis yields as well as
biomass composition on different conversion pathways with regard to the pretreatment
strategy, focusing on liquid-based pretreatment. Hence, we compile various pathways
for pretreatment and enzymatic hydrolysis from the literature in an existing reaction
network for the production of ethanol and ethyl levulinate from lignocellulosic biomass
[230], as described in Subsection 3.3.2.
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3.3.1 Biofuel Production in RNFA

RNFA is a screening tool based on a reaction network of various components and
conversion steps. It enables to find the optimal process pathway at an early stage
of process design. RNFA comprises a mass-based analysis and does not include an
energetic evaluation. A process pathway screening with RNFA is beneficial if the
choice of production pathways is not straightforward (as in the case of ethanol),
but, rather there are several alternative, partially interlinked production pathways
without an obvious optimal pathway (as in the case of ethyl levulinate). Figure 3.2
shows the reaction network for the production of ethanol and ethyl levulinate from
biomass, where each arrow represents a reaction from one component, depicted as
node, to another component. The network is a sub-network of the one published
by Ulonska et al. [230] and comprises only those reactions that are relevant for the
production of ethanol and ethyl levulinate via enzymatic hydrolysis. Furthermore, the
yields for fermentation of sugars and subsequent downstream processing reactions are
kept as in the original publication whereas the yields of reactions R1-R5 for biomass
pretreatment and enzymatic hydrolysis as well as the biomass composition are varied.

In particular, reactions R1, R2 and R3 refer to biomass pretreatment for the frac-
tionation of cellulose, hemicellulose and lignin, respectively. Reactions R1-R3 are not
varied independently, since they belong to one specific pretreatment experiment and
thus they are coupled via mass balances. Nevertheless, we consider the fractionation
of the three main components as three separate reactions because each component has
individual fractionation yields. Reaction R4 refers to the conversion of hemicellulose
to xylose and reaction R5 describes the enzymatic hydrolysis of cellulose to glucose.

Stoichiometry and yield data of the individual reactions serve as input for the cal-
culation of stationary mole balances. The output of the biofuel production network
is fixed to an energy equivalent of 100,000t ethanol per year to ensure comparability
of the solutions in terms of capacity. Furthermore, RNFA gives cost estimates for
the realization of individual pathway designs. For the comparison of biofuels, specific
fuel production cost is chosen as economic criterion and carbon loss as environmen-
tal criterion. To find the optimal fuel production pathway, both criteria should be
minimized:

Fuel cost
i 3.22
mln{ Carbon loss } ( )

s.t.  Stoichiometry & yield constraints

Fuel cost (feedstock, invest, waste).
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Figure 3.2: Reaction network for the production of the biofuels ethanol and ethyl
levulinate including biomass fractionation (R1, R2 and R3), and hydrol-
ysis of cellulose (R5) and hemicellulose (R4) adapted from Ulonska et
al. [230].

Unless otherwise stated, reaction yields as well as the mathematical formulation of
the optimization problem were chosen as in the publication by Voll and Marquardt
[229] with the modifications by Ulonska et al. [230] and Konig et al. [32]. The op-
timization problem is formulated as a mixed-integer nonlinear program and solved
in GAMS (version number 25.1.1 [232]) with the deterministic global solver BARON
(version number 18.5.8 [233, 234]). The multi-objective optimization problem is con-
verted into a single-objective problem using the e-constraint method.

The specific fuel production costs Cgypec are calculated from the total annualized
cost in relation to the heating value AHcomp el Of the fuel stream bpye:

TIC + C(raLW + Cwaste
AI_[comb,fuel : bfuel .

With a fixed energy equivalent to be produced, the denominator has the same constant
value for the ethanol and ethyl levulinate screenings. Total investment costs (TIC) are

Cipoc = (3.23)
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calculated from investment costs (IC) corrected for the influence of interest rate and
assumed runtime of the biofuel production facility (see Tab. C.1 in appendix). RNFA
provides an evaluation of production pathways at an early design stage and hence does
not include a detailed estimation of IC considering for example solid loadings during
biomass pretreatment. Instead, IC correlate with the annual throughput and the
number of functional units (see Eq. C.1): For each active reaction (i.e., chosen by the
algorithm for the optimal solution) one functional unit is considered in the calculation
of IC. However, the number of functional units has been adapted for pretreatment
reactions (R1-R3) which take place in one reactor (i.e., one functional unit) as well
as hydrolysis reactions (R4, R5) which are also considered to be one functional unit.

Furthermore, costs for raw material C\,, and waste Cl.se can be calculated con-
sidering the number of feed streams n,,, (biomass, hydrogen, water and oxygen) as
well as the number of waste streams nyaste:

Nraw

C’raw - Z fraw,j Mraw,j Praw,j (324>
j=1
Nwaste
Cwaste = Z (wwaste,i + bwaste,i) Mwaste,i Pwaste (325)
i=1

with specific prices P,y ; and molar masses M,y ; for the molar input streams fiaw,;
and specific prices Pyaste and molar masses Myaste; for the waste streams of side-
product Wyagte,; and by-product byastei- As our focus is on the impact of pretreatment
and hydrolysis yields as well as biomass composition, we assume a constant price for
lignocellulosic biomass independent of the specific type that is used for biofuel pro-
duction (see Tab. C.2 in appendix).

Carbon loss (CL) is calculated from the carbon efficiency n°
CL=1-n° (3.26)

where 1° refers to the carbon atoms in the fuel stream as a fraction of the carbon
atoms in all input streams in the production process of a biofuel:

buel M
770 _ nrf::el C,fuel ' (327>
25 fraw g mc,

To estimate carbon loss and fuel cost, RNFA requires yield parameters for all reac-
tions as input (see Tab. C.3 in appendix for yields of reactions 6-32). The calculation
of yields for the pretreatment and hydrolysis steps from literature data is explained
in the following.
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3.3.2 Biomass Pretreatment in RNFA

The evaluation of fractionation effectiveness during pretreatment is usually carried out
with a mass-based analysis in the literature while RNFA is mole-based. Hence, the
weight fractions w; yaw = M raw/Mraw Of the three main components cellulose (c), hemi-
cellulose (hc) and lignin (1) for the native biomass as well as the recovered pretreated
biomass are converted to mole fractions ; vaw = (M raw/M;)/ (D 0" My vaw/M;). We
assume that the input stream of biomass m.., consists of the three main compo-
nents as well as a fraction other that closes the mass balance: My = Z?ﬁf My raw +
Mother ¢ € {¢, he, 1}. The molar masses of the monomer units are taken as: M, =
162.14 gmol ™", My, = 150.13gmol ™, M, = 180.2gmol ™. As an assumption, we use
the molar mass of lignin also for the fraction other and include zy¢ye, in the lignin mole
fraction because in the context of RNFA, neither can be utilized in further processing

steps.

Figure 3.3 gives a schematic overview of the streams that we consider for the analysis
of pretreatment effectiveness. After the pretreatment step p, the biomass is split
into a recovered (r), solid fraction and a non-recovered fraction which is assumed to
be completely solubilized (s) in the pretreatment liquid (see Fig.3.1), whereas both
fractions consist of cellulose (c), hemicellulose (hc) and lignin (1):

Mraw = My + My (328)

Mp = Mep + Mhep + M1y D E {s, 1} (3.29)

\ 4

biomass m,,, solubilized mg

Yc,s = mc,s/ Mg raw
th,s = mhc,s/ mhc,raw
Yl,s = ml,s/ ml,raw

Y

recovered m,

Yc,r = mc,r/ mc,raw
th,r = mhc,r/ mhc,raw
Yl,r = ml,r/ ml,raw

Figure 3.3: Scheme of the considered pretreatment process streams that serve as in-
put data for the RNFA. The stream of raw material (raw) is split into a
solubilized fraction (s) and a recovered fraction (r). Each biomass con-
taining stream consists of cellulose (c), hemicellulose (hc) and lignin (1).
After pretreatment, the molar fractionation yields (Y ) of the individual
compounds are calculated.
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Amount and composition of the recovered and the solubilized fraction (Egs. (3.28)
and (3.29)) are used to calculate the molar fractionation yields Y; , of the pretreatment
step p for the three main components:

Yip=—2"1 Vip i€{c hel},pe{s 1} (3.30)

For pretreatment and hydrolysis reactions, the molar- and weight-based fractionation
yields for each component are equivalent since the molar masses in Eq. (3.30) cancel
out. The composition of both recovered fraction and solubilized fraction are not
available in all evaluated references. Therefore, we consider only the highest given
yield for each component (c, he, 1) for either the solubilized or the recovered stream
and allocate this yield to reactions R1, R2 and R3: Y; = max(Y;,,Y;s). Mostly, we
used the yield of the recovered fraction of cellulose and the yield of the solubilized
fraction of hemicellulose.

Usually, the non-converted biomass components are burned for heat integration.
Therefore, they are not considered as waste streams causing additional disposal costs
in Eq.(3.25).

Hydrolysis yields Yy and Yy, are calculated for reaction R4 from the amount of
xylose (xyl) after the hydrolysis step h as a fraction of the available hemicellulose
after the pretreatment step and for reaction R5 from glucose (glu) as a fraction of the
available cellulose, respectively:

my lh/Mx 1
Y = AT XY €18, T 3.31
= pefs ) (3:31)
Megtuh/ Mgl
You= B . . 3.32
gl 7710,1)/]\4C p e {S? r} ( )

We do not account for differences in enzymatic conversion rates for glucose and xylose.

The benchmark for the comparison of different pretreatment concepts is the ideal
fractionation of biomass combined with an ideal enzymatic hydrolysis (i.e., the yields
of reaction R1-R5 are equal to 1). This means that after pretreatment and enzymatic
hydrolysis, all carbohydrates of the respective input stream of biomass are available
in form of sugars for further conversion to the selected biofuels.

The first analysis considers six different pretreatment concepts using beech wood
as feedstock: DA [235], IL [19], kraft [236], LHW [237], a one-phasic [238] as well as
a two-phasic OS (organocat (OC)) [126, 239] concept (see Appendix C for selection
of references). The composition of beech wood for the benchmark is set to the com-
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position with the minimal reported lignin fraction. Table 3.1 gives an overview of the
compositions and yields of the considered references.

Table 3.1: Molar compositions and yields considered for the screening of pretreat-
ment of beech wood. The evaluated pretreatment concepts are kraft, ionic
liquid (IL), dilute acid (DA), liquid hot water (LHW), organocat (OC)
and organosolv (OS) in comparison to the benchmark of ideal pretreat-

ment.
Ideal Kraft IL DA LHW ocC OS

Ref. [236] [19] [235] [237] [126, 239] [238]
Tepaw  0.44 0.44 0.43 0.4 0.43 0.37 0.37
Theraw  0.360 0.36 0.28 0.22 0.28 0.17 0.23
Tlraw  0.21 0.21 0.29 0.39 0.3 0.46 0.41
Y. 1 1 0.9 0.97 0.88 0.96 0.94
Yie 1 0.93 0.78 0.79 0.9 0.76 0.87
Y 1 0.91 0.69 0.77 0.78 0.58 0.79
Yyt 1 1 1 1 0.39 1 1

Yeiu 1 0.89 1 1 0.76 0.37 0.81

The second analysis focuses on OS pretreatment as one specific pretreatment con-
cept fractionating different types of biomass: sugarcane bagasse [240-242], softwoods
spruce [238, 242, 243] and pine [244-246], and hardwoods tulip tree (TT) [247], elm
[246] and beech [238]. Analogous to the first analysis, the composition for the bench-
mark is set to the composition with minimal reported lignin fraction. Table 3.2 gives
an overview of the biomass composition and yields of the considered references for OS
pretreatment.

The third analysis aims at characterizing the general influence of biomass composi-
tion and pretreatment on the production of biofuels. To this end, the input biomass
composition and yields for pretreatment and hydrolysis do not rely on literature data
but are systematically varied. The influence of a changing lignin content is investi-
gated from 0 to 0.85. Cellulose and hemicellulose content are changed accordingly
considering a fixed c/hc ratio of 1.7, corresponding to the ratio of average cellulose
content (0.4257) to average hemicellulose content (0.2526) of the investigated litera-
ture data. Furthermore, the influence of a changing cellulose to hemicellulose ratio at
a fixed lignin content of 0.3218 (average of literature data) is investigated. In both
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cases, the yields for reactions R1-R5 correspond to the average values of the investi-
gated literature: Y, = 0.8639, Y. = 0.862, Y] = 0.724, Yy = 0.9414, Yy, = 0.7903.

Table 3.2: Molar compositions and yields considered for the screening of organosolv

pretreatment based on a variety of biomasses in comparison to the bench-

mark of ideal pretreatment: (a) benchmark and softwoods (spruce and

pine), (b) sugarcane bagasse and hardwoods (tulip tree (TT), elm, and

beech).
(a) Ideal Spruce Pine
Ref. 238] A [243] A [242] A [244] A [245] A [246] A
Tepaw ~ 0.48 0.42 0.49 0.4 0.46 0.48 0.45
Theraw .28 0.19 0.23 0.25 0.24 0.27 0.30
Tiraw  0.24 0.4 0.28 0.36 0.3 0.24 0.24
Y. 1 0.69 0.9 1 0.61 0.59 0.83
Yhe 1 0.9 0.99 0.84 1 1 0.76
Y 1 0.7 0.58 0.53 0.71 0.8 0.56
Yo 1 1 1 1 1 1 1
Yoo 1 0.29 1 1 0.7 1 0.21
(b) Sugarcane bagasse TT Elm Beech
Ref. 240 & [241] ¢ [242] ¢  [247)m  [246]m  [238] O
T raw 0.42 0.43 0.45 0.42 0.48 0.37
The,raw 0.25 0.3 0.30 0.23 0.28 0.23
Tl raw 0.32 0.28 0.24 0.34 0.24 0.41
Y. 0.86 0.85 0.83 1 0.8 0.94
Yhe 0.97 0.9 0.76 0.75 0.62 0.87
Y 0.88 0.84 0.56 0.69 0.59 0.79
Y 1 1 1 1 0.56 1
Yeiu 1 0.96 0.21 0.88 0.56 0.81
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CHAPTER 4

Results and Discussion

This chapter first presents the results of biomass pretreatment in mixtures of EMIMAc
followed by the analysis of C(2)-hydrogen—deuterium exchange in these mixtures in
Section4.1. In Section4.2, a detailed analysis of acetosolv pretreatment of beech
wood is presented. Lastly, in Section 4.3, the impact of pretreatment on the process
performance of biofuel production is evaluated.

4.1 Ionic Liquid-Based Biomass Pretreatment

EMIMACc is a well-known, effective IL for the pretreatment of wood [57, 107] and
the dissolution of cellulose [118, 248]. However, in both cases, the water content
in the IL is a limiting factor. Upon addition of water, disintegration of biomass is
hindered [19, 117, 249] and the amount of cellulose dissolved is drastically reduced
[250]. Furthermore, cellulose is completely insoluble above a certain threshold mole
fraction for water [250, 251]. This poses a problem for the processing of biomass with
ILs since water is ubiquitous in biomass and hence limits pretreatment effectiveness.
In contrast, the addition of organic solvents to an IL-based pretreatment process
proves beneficial for sugar yields [252] and acetic acid added to an IL acts both as
catalyst to hydrolyze biomass components and as co-solvent for increased solubility of
biomass components [253]. It is thus important to know how water and other solvents
affect the properties of an IL-based pretreatment liquid for robust process designs.

In the following, we investigate how the addition of water and acetic acid to
EMIMACc influences pretreatment results in Subsection 4.1.1. To evaluate whether pre-
treatment results can be connected to interactions between components in EMIMAc-
based pretreatment liquids, mixtures of EMIMAc with water and acetic acid are

analyzed with low-field NMR spectroscopy thus resolving molecular interactions in
Subsection 4.1.2.
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Chapter 4 Results and Discussion

4.1.1 Biomass Pretreatment with EMIMACc

Figure 4.1 (a) depicts beech wood after pretreatment in EMIM Ac-water mixtures from
concentrated IL down to dilute electrolyte solutions. The visual appearance of pre-
treated wood samples changes with the water content of the pretreatment liquid.
Macroscopically, beech wood completely disintegrates in concentrated EMIMAc mix-
tures down to a mole fraction of rgymiac = 0.68. Upon further addition of water,
there is a transition range with reduced disintegration between 0.68 > rgymiac > 0.44.
For xgymmiae < 0.44, the beech wood chips appear macroscopically unchanged after
pretreatment. The disintegration limit of 8.5wt % water in EMIMAc observed by
Viell [249] corresponds to approximately 53 mol % EMIMAc. This is in line with the
observation of reduced disintegration in the transition range. Likewise, a change in
macroscopic pulp appearance has been observed after pretreatment of poplar wood
with EMIMAc-water mixtures between 10 and 15wt % water (corresponding to 49
and 37mol % EMIMAc, also coinciding with the transition range) [254]. Thus, the
limiting water content for biomass disintegration seems to be a characteristic of the
pretreatment liquid that is valid for different types of biomass.

Compared to EMIMAc—water mixtures, macroscopic disintegration after pretreat-
ment in EMIMAc—acetic acid mixtures shows similar effects as visible in Fig.4.1 (b).
Beech wood disintegrates completely down to a mole fraction of zgymviae = 0.78 and
the transition from complete to no disintegration lies between 0.78 > rgymiac > 0.38,
although the samples with 58 and 47 mol % EMIMAc show only minimal signs of disin-
tegration (i.e., slightly frayed edges of the wood chips). In comparison to water, acetic
acid in EMIMACc hinders complete disintegration at lower solvent contents, while the
transition to no disintegration seems to comprise a larger composition range.

The evaluation of mass balances proves difficult due to the small amount of wood
that was used for the pretreatment experiments with IL. Even small amounts of IL
that remain attached to the wood after pretreatment result in false and inconsistent
values for the recovered fraction. Furthermore, not enough material was available for
a comprehensive analysis of biomass composition after pretreatment. Nevertheless,
to evaluate pretreatment effectiveness, the samples were enzymatically hydrolyzed.

The total sugar yield after enzymatic hydrolysis is shown in Fig. 4.2 (a). Here, total
sugar yield refers to the amount of cellobiose, glucose and xylose available after enzy-
matic hydrolysis of the pretreated samples as a fraction of glucose and xylose present
in native beech (as determined from acid hydrolysis according to Sluiter et al. [130]).
The dashed line refers to the total sugar yield after enzymatic hydrolysis of untreated
beech wood as a reference. After pretreatment with pure EMIMACc, glucose and xy-
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Figure 4.1: (a) Disintegration of beech wood after pretreatment with EMIMAc
and water. (b) Disintegration of beech wood after pretreatment with
EMIMAc and acetic acid. The numbers below the vials indicate the
mole fraction of EMIMAc. The mole fraction of xgymiac = 0.96 for the
experiments to the left results from the basic water content of EMIMAc
(i.e., no additional solvent added). Hence, the mixtures of EMIMAc and
acetic acid always contain a small amount of water (zg,o < 0.04).

lose are completely released during enzymatic hydrolysis indicating a very effective
pretreatment. With increasing water and acetic acid content, sugar yields decrease in
both cases, while the effect is stronger for the addition of acetic acid. Furthermore, for
both solvents, there seems to be a limiting mole fraction below which the total sugar
yield drastically drops from around 70 wt % to below 30 wt %. This threshold lies be-
tween 44 and 49 mol % EMIMA ¢ in mixtures with water and between 67 and 78 mol %
EMIMACc in mixtures with acetic acid. These compositions correspond to the lower
and upper limit of the visually-observed transition range for reduced disintegration
in mixtures with water and acetic acid, respectively. Presumably, macroscopic disin-
tegration is connected to structural changes in the biomass that facilitate enzymatic
hydrolysis (cf. Viell et al. [19]). However, samples that are not disintegrated after
pretreatment in EMIMAc—acetic acid mixtures show sugar yields similar to untreated
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Figure 4.2: (a) Total sugar yield after pretreatment of beech wood with mixtures
of EMIMACc with water and acetic acid. The dashed line refers to sugar
yield after enzymatic hydrolysis of untreated beech wood. (b) Total
sugar yield in relation to apparent pH of the pretreatment liquids.

beech wood, while pretreatment with EMIMAc—water mixtures results in slightly in-
creased sugar yields despite the absence of disintegration. Hence, pretreatment in
mixtures of EMIMAc and water induces structural changes that increase hydrolysis
yields even before beech wood disintegrates. In comparison, the relation between total
sugar yield and mole fraction of EMIMAc in mixtures with acetic acid shows a similar
shape, but is shifted to higher EMIMAc mole fractions in the pretreatment liquid.

To further explore the relation between the drop in sugar yields and the decreasing
extent of disintegration after pretreatment in mixtures of EMIMAc with water and
acetic acid, a detailed compositional analysis should be carried out. A compositional
analysis allows to further compare whether the macroscopic disintegration in combi-
nation with high sugar yields results from the same changes during pretreatment on a
molecular scale upon the addition of water or acetic acid. Especially the role of lignin
removal with regard to disintegration should be investigated considering the differ-
ent lignin extraction abilities of pretreatment liquids ranging from concentrated IL
mixtures to both aqueous and organic acid-based solutions. For the above-mentioned
reasons, an evaluation of biomass composition was not possible for the experiments
carried out for this thesis. Therefore, possible influences of characteristics of the pre-
treatment liquids on pretreatment effectiveness are investigated in more detail in the
following.
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Since EMIMACc is an alkaline IL, the alkalinity of the mixtures reduces upon the
addition of water and acetic acid. As a simple measure for acid-base properties of
an electrolyte solution, we measured the apparent pH in mixtures of EMIMAc with
water and acetic acid (see Fig. A.1 in appendix). It should be noted that apparent
pH refers to the value measured as is (i.e., no corrections for activity and increased
ionic strength). Interestingly, pH as a function of mixture composition also appears
shifted to lower EMIMAc contents when comparing acetic acid and water similar to
the relation between sugar yields.

Figure4.2 (b) shows the total sugar yield versus the apparent pH in mixtures of
EMIMAc. Here, the curves for the addition of both solvents coincide. In strong
alkaline mixtures with pH>13, pretreatment results in high sugar yields of 67wt %
and more. Below, the overall sugar drastically drops down to less than 30 wt %.

Similarly, the effectiveness of kraft pretreatment relates to pH. The high pH in kraft
pulping liquors (11-14) allows for comparable diffusion rates of the pretreatment liquid
in longitudinal and radial directions of the wood. This leads to swelling of wood
[255]. However, pH decreases during kraft pulping because alkaline substances are
consumed for the neutralization of acids that are cleaved during pretreatment (e.g.,
due to deacetylation of hemicelluloses). As a result, the concentration of active alkali
decreases [72, 255]. Although swelling is related to disintegration of beech wood in
EMIMAc—water mixtures [19], the influence of a specific pH seems to be different
for kraft and EMIMACc pretreatment because the pH range for the transition from
high to low sugar yields is very narrow. Hence, the basicity of mixtures of EMIMAc
should be resolved in more detail to describe this change in pretreatment effectiveness.
Since phenomena during pretreatment are often too complex to be directly tangible,
characterization of pretreatment liquids in the absence of biomass serves as a starting
point to resolve molecular interactions between EMIMAc and solvents added as a
function of composition.

In the literature, properties of IL solutions have been described by several param-
eters. These include Kamlet—Taft basicity 5 [98], preferential solvation upon addi-
tion of solvents [256] and the role of the acidic C(2)-H in imidazolium cations [202].
However, Kamlet-Taft parameters do not correlate with disintegration effects after
pretreatment of beech in three different ILs and are therefore not sufficient to explain
the properties of EMIMAc—water mixtures that lead to disintegration [249].

In general, the liquid structure in a mixture of IL and solvent changes depending
on the ionic content: a concentrated ionic medium with Coulombic forces turns into a
dilute solution with co-existence of molecular and ionic domains [257]. More precisely,
the cation [201, 202] and the anion [98, 185] both interact via molecular forces that
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are changed upon addition of molecular solvents. Furthermore, the liquid structure
of an IL mixed with the conjugate acid of its anion relates to acidity in these mix-
tures due to the formation of acid-anion clusters [258]. From a molecular point of
view, the characterization of IL—solvent mixtures relates to dissociation equilibria and
hydrogen bonding. On the one hand, the dissociation of water or acids is influenced
by an increasing electrolyte concentration [259, 260]. Furthermore, in concentrated
ILs, carbenes can be formed due to abstraction of the C(2)-proton, especially with
highly basic anions such as acetate [261]. On the other hand, the length of hydrogen
bonds in EMIMAc—water mixtures changes with water content [262]. In particular
the C(2)-position is very much involved [203, 204] and also key in the formation of
hydrogen bonds. Hence, we investigate the interaction at C(2)-position in mixtures
of EMIMACc and water or acetic acid to describe molecular interactions in view of the
observed changes in pretreatment effectiveness in the following.

4.1.2 C(2)-Hydrogen—Deuterium Exchange in Mixtures of
EMIMACc

The analysis of hydrogen bonding between IL and water has been achieved by NMR
spectroscopy. Some IL—water mixtures have been described by the C(2)-H chemical
shift [185], others by deuterium exchange observed with NMR spectroscopy [263, 264].
In particular, the H/D exchange rate correlates with the hydrogen bond strength of
the anion [265]. Moreover, the exchange can be inhibited in the case where the C1~
anion is completely solvated by water molecules at low water contents [228], while acid
impurities can significantly increase the exchange rate [266]. In some systems, the
exchanged fraction in equilibrium does not linearly correlate with the water content
but rather with the pD (i.e., pH in the case of deuterated water) of the solution
[267]. In contrast, conformational changes of an imidazolium cation relate to the
H/D exchange although the pD remains neutral in solutions containing a Cl~ anion
[264]. Hydrogen exchange in EMIMAc—water mixtures even shows a discontinuity
at 43mol % water and is faster than in other 1,3-dialkylimidazolium ILs with less
basic anions [224]. The effect of additional solvents other than water on such an H/D
exchange with ILs has not yet been tested.

H/D exchange has also been used to describe the accessibility of hydroxyl groups
in cellulose [268, 269]. With this technique, structural changes of biomass after pre-
treatment and drying can be described and mechanistic understanding of salt-assisted
cellulose hydrolysis deepened [112, 207, 270]. The kinetics of H/D exchange of cel-
lulose in deuterium oxide correlate with the crystallinity of cellulose [271]. Also, the
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influence of an increasing amount of HyO in the Dy;O-based exchange medium has
been discussed [272]. However, the latter case was not modeled in detail and H/D
exchange studies with other solvents than water have not yet been carried out. For
the description of H/D exchange kinetics between biomolecules and other media, the
fundamental H/D interaction characteristics of the applied solvents need to be known.

These literature investigations show that the H/D exchange at the C(2)-position
depends both on the molecular structures of the species involved as well as the mixture
composition. Clearly, the acid—base properties of an IL solution play a major role
when characterizing H/D exchange but it is not entirely clear whether the pH of a
mixture determines the exchange kinetics or is rather a result of ionic interactions.
The analysis of exchange reactions between EMIMAc and water as well as acetic
acid in this subsection can thus serve to elucidate the acid—base characteristics of an
EMIMAc-solvent mixture and determine precise composition ranges of interaction
patterns.

4.1.2.1 Cation, Anion and Solvent Molecule Chemical Shifts

Figure 4.3 (a) shows representative '"H NMR spectra of EMIMAc, acetic acid and water
as well as mixtures thereof. Generally, the characteristics of both pure component
and mixture spectra are in accordance with published spectra of EMIMAc [258, 273].
Also, the composition-dependent changes of chemical shift in mixtures of EMIMAc
with water agree well with the literature [274, 275]. The hydroxyl groups of water and
acetic acid as well as the C(2)-H peak of EMIMAc are clearly visible and separated
from the other peaks due to the CH and NH moieties. As can be seen from Fig. 4.3 (a),
the C(2)-proton is the most deshielded proton of EMIMAc showing the largest shift.
Protons at position 4 and 5 of the cation are partly overlapping depending on solvent
content (see Fig.4.3 (c) for numbering of carbon atoms). Owing to the resolution of
the low-field NMR spectrometer, the signals of hydrogens close to the nitrogen atoms
in the cation (position 6 and 7) are overlapped in the region of 4 ppm. The CH3-groups
of the anion and ethyl side-chain (positions 8 and 10) are the most shielded protons
in the range from 1 to 2 ppm.

The mixtures of EMIMAc with water or acetic acid show certain changes in the
position as well as the shape of the peaks depending on the mole fraction of the added
solvent. These effects are most pronounced for C(2)-H and hydroxyl protons. The
protons at the C(4) and C(5) position of the EMIM™ cation show less changes upon
addition of a proton donor. The two peaks overlap for most composition ranges.
Their shape changes from a peak with two visible tips to a peak with a single tip
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(a) 'H NMR spectra of water, acetic acid, EMIMAc in mixtures with
acetic acid or water, and pure EMIMAc (from top down). The peaks at
4.8 ppm, 11.09 ppm, 14.22 ppm and 5.19 ppm in the upper four spectra
refer to the hydroxyl shift (marked by the dashed boxes). The peaks
at 9.16 ppm, 9.41 ppm and 10.52 ppm in the lower three spectra refer to
the C(2)-H in EMIMAc. The C(4,5)-H signal is right next to the C(2)-H
peak (both highlighted with gray boxes). (b) Decrease of C(2)-H peak in
spectra with time in experiments with deuterated water and normalized
peak area over time with pseudo-first-order fit. (c¢) Numbering of carbon
and respective hydrogen atoms of EMIMAc.



4.1 Ionic Liquid-Based Biomass Pretreatment

upon the addition of a solvent. The peaks of alkyl side chains of the cation and the
alkyl group in the acetate anion are largely overlapped and show the smallest changes
in peak position by variation of the mole fraction, compared to the other peaks in
the spectra. The strongly exposed C(2)-H makes it susceptible to proton—deuteron
exchange which will be studied in the following section.

4.1.2.2 Characteristics of Proton Exchange at C(2)-Position

H/D exchange at the C(2)-position of the EMIM* cation was evaluated quantita-
tively as a function of the mixture composition. This includes mixtures of EMIMAc
with deuterated water or deuterated acetic acid covering the composition range from
diluted mixtures to concentrated ionic solutions. Figure4.3 (b) shows an example of
a time series of proton exchange spectra. The zoom on the C(2)-H peak reveals that
the peak decreases with time. Also shown is the course of normalized peak area over
time and the respective fit according to Eq. (3.10) showing an exponential decrease of
C(2)-H peak area.

Description of Equilibrium Proton exchange only at the C(2)-position is in ac-
cordance with Wong and Keck [276] who reported exchange rates in 1-methylimidazole
at the C(2)-position more than 30,000 times faster than at the C(4)- or C(5)-posi-
tion. However, while it took up to 40 days to reach equilibrium for other ILs such as
BMIMBF, [277], the time to reach equilibrium after proton exchange in EMIMACc is
much faster, that is, between two hours and two days for the reported experiments
(aqueous mixtures between 5 mol % and 70 mol % EMIMAc and acidic mixtures above
25mol % EMIMAc, see Subsection 3.2.2). Figure4.4 shows the amount of IL which
is deuterated at the C(2)-position, EMIMAcp, after reaching equilibrium in the ex-
change experiments with deuterated water and deuterated acetic acid, respectively.

Even at high solvent contents with an excess of deuterons available, incomplete H/D
exchange at the C(2)-position was reached for experiments with D,O. The maximum
exchange limit seems to be at approximately 85% EMIMAcp. Likewise, at lower
solvent contents no complete exchange is achieved. Maximum possible exchange is
marked by the dashed line considering that water has two deuterons for exchange.
The fact that there is only incomplete exchange suggests that the back reaction from
the deuterated to the non-deuterated cation takes place to a certain extent. Moreover,
the exchanged fraction in equilibrium does not seem to be a completely linear function
of the water content but levels off for low IL contents below approximately 30 mol %.
In addition, the profile of equilibrium exchange does not follow the dashed line. Thus,
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Figure 4.4: Fraction of IL deuterated at the C(2)-position in equilibrium after
proton—deuteron exchange between deuterated solvent and EMIMAc.
The lines refer to the maximum exchange possible with water (dashed
line, two deuterons available for exchange) and acetic acid (dotted line,
one deuteron available for exchange).

the exchange mechanism does not only depend on the number of available protons
but is rather limited by the H/D exchange rates.

In mixtures with deuterated acetic acid, the exchanged fraction in equilibrium shows
similar effects. Again, there is incomplete deuteration at the C(2)-position for any
mole fraction because the equilibrium value of EMIMAcp lies below the maximum
possible exchange (in this case marked by the dotted line considering that acetic acid
offers one proton for exchange). Furthermore, the general equilibrium value is lower
than in aqueous solutions and the maximum observed exchanged fraction for low IL
contents lies around 65%.

Overall, the extent of deuteration in any of the investigated mixtures seems to be a
function of the underlying H/D exchange equilibrium constant as determined by the
ratio of forward and reverse exchange reaction rate constants.
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Exchange Kinetics To resolve the composition ranges in view of the intrinsic inter-
action pattern, a closer look at the exchange kinetics is taken in the following section.
For a first analysis, the experiments were evaluated according to the so-called pseudo-
first-order principle in order to deduce second-order rate constants. For this purpose,
the observed reaction rate constant ks was calculated for each experiment according
to Eq. (3.10). Moreover, differences in reaction behavior of the two solvents can be
analyzed by comparing the individual rate constants.

To improve the understanding of the correlation of exchange kinetics and acid—
base properties of the investigated solutions, the observed exchange rate constant kgpg
as a function of pH value of the mixtures is analyzed as described in the following.
Figure 4.5 shows the observed proton exchange rate constants plotted over apparent
pH of a solution of EMIMAc with normal water or acetic acid of the same composition
as was investigated for the exchange experiments. As above (see Fig. 4.2 (b)), apparent
pH refers to the value as was measured with the pH meter (i.e., the influence of
increasing electrolyte concentration or activity correction was not accounted for). If
the H/D exchange was a second-order reaction catalyzed by H* or OH™ and the
respective deuterated ions, then a linear correlation between observed exchange rate
constant and pH would be observed.

In aqueous solutions, the correlation is linear up to pH = 12. At higher pH values,
a slight downward deviation from the linear correlation can be seen in the graph. This
means that the observed exchange rate constant ks is lower than expected from a
linear correlation with pH. Thus, at increasing pH, additional factors influence the
exchange.

The three experiments with acetic acid below a pH of 8.5 agree well with the
linear trend given by the exchange rate constants in aqueous mixtures. This implies
that the exchange follows the same pH-dependent kinetics as observed with water
in diluted solutions. In experiments with acetic acid and a pH above 8.5 (thus more
concentrated solutions), a deviation from the linear correlation is visible. The observed
rate constants are lower than expected from a linear relationship as indicated by the
line, similar to the exchange experiments with water.

Towards high pH values, the observed exchange rate constants approximate an
upper limit and the two curves approach and coincide in the strong alkaline regime
with pH >13. This is the same pH regime of mixtures of EMIMAc with acetic
acid and water that allow for high sugar yields (see Fig.4.2). Although it remains
unclear to what extent the proton exchange can directly be connected to pretreatment
mechanisms, exchange kinetics as well as sugar yield are similar in the high pH regime
for both types of EMIMAc-based mixtures.
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Figure 4.5: Observed proton exchange rate constants plotted versus the apparent pH
(as measured) of EMIMAc mixed with deuterated water and deuterated
acetic acid. The line serves as a guide to the eye.

In summary, the correlation of observed reaction rate constants and pH seems
applicable for diluted solutions of EMIMAc for both investigated solvents. With an
increasing EMIMAc content, and likewise increasing pH, the correlation does not
hold. The pH value above which a deviation from the linear relationship occurs is
specific for the added solvent. However, the mole fraction of EMIMAc above which a
deviation from the linear relationship occurs is similar (approx. 35mol % EMIMAc in
aqueous mixtures and approx. 32mol % EMIMACc in acidic solutions). Therefore, the
correlation between mole fraction of IL and observed rate constants was evaluated.
The calculation of second-order rate constants relies on the slope of pseudo-first-order
constants over the mole fraction of solvent (see Eq. (3.11)), which is to be determined
next.

Figure 4.6 shows the observed exchange rate constants, calculated for each exper-
iment individually from Eq.(3.10), over mole fraction of EMIMAc. The observed
proton exchange rate constants in EMIMAc with water decrease slightly from their
highest value at high IL contents, having one outlier at approximately equimolar com-
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position. The rate constants show a second, larger slope with decreasing EMIMAc
content below 20-30mol % EMIMAc. There is no overall linear dependence of the
observed rate constants on the mole fraction of IL. In other words, the reaction be-
tween the IL and water does not follow a general second-order dependence that can
be deduced from a pseudo-first-order evaluation.

With acetic acid, the observed exchange rate constants are generally lower than with
water as a proton donor at the same molar composition. The slope in the concentrated
EMIMAc samples is lower, too. The observed exchange rate constants with acetic
acid show a small decrease in slope with increasing concentration of EMIMAc but the
transition is not as distinguished as with water in EMIMAc.

100
:.(; EMIMAC — deuterated acetic acid
fo 107 EMIMAG — deuterated water
& O
2. \ R ©
3 107 DEF‘
@ O ]
o S -
S 103 | D@
5 O
5 []
5 04l O N
§ 10 [
% []

10-5 ] D ] ] ]

0 0.2 04 0.6 0.8 1

mole fraction of ionic liquid (mol mol,, ™)

Figure 4.6: Observed proton exchange rate constants calculated from the pseudo-

first-order exchange reaction at C(2)-H versus the mole fraction of
EMIMACc.

In principle, several factors can influence an H/D exchange reaction and can thus
lead to a deviation from an overall second-order reaction scheme (i.e., a linear corre-
lation between observed rate constants and composition) and also determine whether
the exchange increases or decreases with the mole fraction of the IL, which is discussed
in the following.
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Notably, the observed behavior seems to depend on the combination of ions. The
H/D exchange in mixtures of BMIMCI and DO shows opposing characteristics to
the experiments presented here. Yasaka et al. [228] detected a significant reduction of
observed exchange rate constants in the concentrated regime with decreasing amount
of deuterated water and a rather steady exchange rate constant in the aqueous regime.
They connected this to a deactivation of water molecules bound to the chloride anion
in concentrated ionic systems. In the systems of EMIMAc with water or acetic acid,
however, the more concentrated IL solutions show a much stronger attraction of anion
and cation that also facilitates proton exchange with the solvent, whereas the freely
moving ion pairs in the dilute regime seem to have reduced interaction with the solvent,
which results in slow and not measurable H/D exchange. It has to be examined
whether the exchange kinetics of BMIMCI and EMIMAc can be connected via pH of
the IL solutions. The pH was not measured in the cited study so that the reported
data cannot be directly compared to our results.

Another factor that could limit the H/D exchange reaction is diffusion of the species
participating in the reaction. Hall et al. [274] determined the self-diffusion coefficient
of water to be higher than the one of the EMIM™ cation throughout the whole con-
centration range of EMIMAc-water mixtures. Therefore, it can be assumed that the
H and D species of water are equally distributed and do not limit the exchange.

Additionally, mass transfer as a result of viscosity could influence the exchange
kinetics so that in highly viscous systems the exchange rate is reduced. However, for
an increased viscosity at high EMIMAc contents (see Fig. A.3 (b) in appendix), fast
exchange reactions are observed. This appears counter intuitive as for an increased
viscosity a reduced reaction potential would be expected. Thus, it can be concluded
that on the one hand the strong attraction between anion and cation in concentrated
EMIMACc influences the exchange rate constant and not mass transfer or diffusion,
but on the other hand the attractive forces between the charged species also increase
the viscosity.

Besides aspects concerning convection, an increasing temperature can lead to higher
exchange rate constants [224, 266]. Nevertheless, a reference sample heated to a
temperature higher than the highest expected temperature increase due to mixing of
EMIMAc and water cools down faster than the observed exchange (see Section 3.2.1
and Hall et al. [274]). Thus, an influence of temperature on the exchange is ruled out.

To sum up, neither temperature nor convection or diffusion of ions are the main
causes for the deviation of a linear relation between observed rate constant and mole
fraction of IL, thus yielding an overall second-order H/D-exchange.
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From a comparison of chemical shifts of aqueous EMIMACc solutions, Chen et al.
[278] classified three regions of interaction. The ions are associated in a network in
concentrated mixtures. With the addition of water, the network is disrupted into
a cluster structure and with further dilution, the cation—anion pairs change their
association from C(2) hydrogen bonds to van der Waals attracting forces between the
methyl groups in cation and anion (position 6 and 10) [273]. This changing association
of ions could be one factor leading to the reduced H/D exchange in dilute solutions.

Therefore, two ranges with a different second-order mechanism are suggested: one
that belongs to the cluster and network regime of high IL contents and one that
belongs to the dilute ion-pair regime. The second-order rate constants thus have to
be estimated with a more detailed model.

Modeling of Dissociation Equilibria and H/D Exchange Reaction in Mix-
tures of EMIMAc and Water The detailed model of the H/D exchange at the
C(2)-position now takes into account both the stoichiometry and the dissociation equi-
libria of water. Figure 4.7 sketches the modeled exchange reaction between EMIMAcy
and OD~ to form EMIMAcp and OH™ (see Eq. (3.12)). For reasons of clarity, only the
dissociated DO molecule is shown and not the other species of water that were con-
sidered in the model Egs. (3.18)—(3.21). kg1 and k,; refer to the forward and reverse
reaction rate constants for the exchange from H to D and back.
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Figure 4.7: Modeled exchange mechanisms for H/D exchange in EMIMAc and water.
For clarity, dissociated (normal) water as well as the undissociated water
molecules H,O, D>,O and HDO are not shown.

The model predictions were fitted to the experimentally observed values of EMIMAcp
for the estimation of rate constants. The amount of free OH™/OD™ cannot be reliably
determined from pH and their respective pD measurements, since this study includes
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Chapter 4 Results and Discussion

highly ionic systems beyond the limit of established pH standards. Therefore, the
amount of hydroxide ions is calculated from the water dissociation equilibria using
the detailed modeling approach. At the same time, the dissociation constant for the
water species HDO (Egs. (3.20) and (3.21)) is estimated.

The applicability of the model and the assumptions were checked by simultaneous
regression using systematically more and more data points to identify the composition
range of identical kinetic interaction, hence fixed exchange rate constants.

Figure4.8 shows the results of the parameter estimation of forward and reverse
reaction rate constants, k¢; and k,;, as well as the estimated dissociation constants
of HDO, K, 4 and Ky, 5, as a function of the mole fraction of IL. The 95% confidence
intervals for all estimated reaction rate constants are between one and two orders of
magnitude smaller than the estimated values, which indicates a good fit.
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Figure 4.8: Estimated forward (blue diamonds, left axis) and reverse (blue triangles,
left axis) reaction rate constants for proton exchange between EMIMAc
and water versus the mole fraction of EMIMAc. Estimated dissociation
constants for water species HDO (green circles, right axis).

Simultaneous fitting of experiments was possible for two composition ranges includ-
ing a transition regime above a mole fraction of EMIMAc of 30 mol %. The transition
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4.1 Ionic Liquid-Based Biomass Pretreatment

from IL-based solutions to concentrated aqueous solutions lies in a narrow span around
the equimolar composition where only three experiments can be grouped together for
simultaneous parameter estimation. Two of these experiments have almost the same
composition and are therefore hard to differentiate in the graph. In contrast to the
above presented results, this analysis with the detailed model shows that also in the
concentrated regime a change in mechanism occurs when considering the dissociation
of water.

In the dilute, ionic pair regime below 30mol % EMIMAc, each data point had to
be fitted individually. Similar to the rate constants for pseudo-first-order reactions
(see Fig.4.6), the rate constants decrease with decreasing IL content. The individual
rate constants indicate that the depicted model can represent the concentrated regime
with two different sets of parameters while the dilute regime has to be investigated in
more detail.

The estimated dissociation constant for HDO is constant in the aqueous regime.
Overall, the dissociation constants Ky, 4 and Ky, 5 decrease from the value of normal
water dissociation K, to the value of heavy water dissociation Ky, in two steps
with increasing IL content. The second decrease of HDO dissociation constant also
corresponds with a change in the estimated rate constants at approximately equimolar
composition.

In principle, the parameter estimation can be carried out assuming other values of
the dissociation constants of water. We tested three other possibilities next to the
presented variant (see Fig. A.4 in appendix for results). In comparison, the estimated
forward and reverse reaction rate constants have different absolute values in all four
investigated possibilities. Nevertheless, in all four cases, the rate constants are in
the same order of magnitude and increase towards higher IL content. In addition,
the experiments in the aqueous regime (below 30 mol % EMIMAc) have to be fitted
individually in all cases to obtain reasonable fitting results. Moreover, in none of
the tested variants could all experiments in the concentrated regime be fitted simul-
taneously. At least two sets of experiments had to be grouped for the parameter
estimation, but the transition between the simultaneously fitted experiments appears
not as sharp as the limit of the aqueous regime. In the concentrated regime, the
transition lies somewhere around the point of equimolar composition (more precisely
between 47 and 54 mol % EMIMAc). Hence, the detailed model shows that there are
two regimes of interaction in the IL-dominated concentration range which were not
differentiated with the pseudo-first-order approach.

The detection of two major changes in the interaction pattern of H/D exchange in
EMIMACc corresponds to the observations by Chen et al. [273, 278]. As mentioned
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above, they suggest that the network-based association of EMIMACc ions in the con-
centrated IL regime changes to a cluster structure upon addition of water and further
on leads to a different association of ions in the dilute ionic pair regime.

This parameter estimation indicates that a second-order exchange mechanism ini-
tiated by the hydroxide ion is not valid over the entire composition range with the
given model assumptions. Higher reaction orders were not evaluated, because in the
literature H/D exchange is commonly assumed to be of second order (cf. Amyes and
Richard [223], Yasaka et al. [228], Ohta et al. [267]). For further verification of the
hypotheses, more detailed thermodynamic models, considering for example activities,
are required. The need for further research on thermodynamic data on equilibria in
ILs and IL-solvent mixtures has already been mentioned in the literature [279]. More-
over, a change in reaction mechanism for the aqueous regime or additional dissociation
equilibria require an adaptation of the reaction equations in the model.

Despite the variance in estimated reaction rate constants, the results of the detailed
model show that the ion interaction pattern of EMIMAc does not change with the ad-
dition of water in the concentrated IL regime between 70 mol % EMIMAc and approx-
imately equimolar composition. The results further suggest that the range of strong
ion interaction reaches far into the aqueous region up to a ratio of water molecules
to IL ions of approximately 2:1. In the aqueous regime below 30 mol % EMIMAc, the
exchange rate constant is clearly reduced when more solvent is introduced.

In summary, the results of this study identify the composition range with associ-
ated IL ions interacting via the C(2)-position to be between 30 mol % and 70 mol % of
EMIMAc. Further experiments need to be conducted to describe the effects observed
in the aqueous regime. To study more complex reaction systems such as salt—solvent
solutions containing different anions or a variety of molecular solvents, our experi-
mental and modeling approach can simply be extended with other equilibria as well
as H/D exchange reactions.

4.1.3 Conclusion

Concentrated EMIMACc effectively pretreats beech wood and allows for high sugar
yields after enzymatic hydrolysis but the addition of water and acetic acid influences
pretreatment results. Macroscopically, disintegration after pretreatment is reduced
and above a threshold mole fraction that is specific for each solvent, beech chips
appear unchanged after pretreatment. Together with the changed macroscopic disin-
tegration after the addition of solvents, sugar yields drop. While the relation between
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sugar yields and fraction of EMIMACc is specific for each solvent, the correlation be-
tween apparent pH of the mixture and sugar yield coincides for water and acetic acid,
thus allowing for a direct comparison of pretreatment liquids. More specifically, in
EMIMAc-based mixtures with pH exceeding 13, the total sugar yields exceed 67 wt %.
Nevertheless, the strongly alkaline regime is not sufficiently resolved by pH, demand-
ing for a more detailed analysis of molecular interactions in the pretreatment liquids.

Therefore, EMIMAc with the addition of water or acetic acid as proton donors was
characterized with low-field NMR spectroscopy at ambient temperature to determine
the composition ranges of ion—solvent interaction patterns in mixtures ranging from
concentrated up to very dilute EMIMAc. Deuterated solvents were used to detect
H/D exchange at the C(2)-position of the cation as the most prominent and most
sensitive ion—solvent interaction.

We modeled the kinetics of proton exchange at the C(2)-position according to a
pseudo-first-order reaction mechanism. The observed rate constants show a linear
correlation with apparent pH of the aqueous mixtures only in the dilute regime below
30mol % EMIMAc. In mixtures with acetic acid, a downward deviation from this
correlation can be observed at similar EMIMAc mole fractions. Overall, the observed
rate constants increase with increasing mole fraction of EMIMAc, both with water
and acetic acid. Nevertheless, the H/D exchange cannot be explained by a simple
second-order mechanism between solvent and EMIMAc as obvious from the nonlinear
decrease of the exchange rate constant at high EMIMAc mole fractions.

More detailed modeling considering the dissociation of water precisely identifies the
range of strong cation—anion interactions via the C(2)-position between 70 mol % and
30mol %. While one general model of the whole composition range is yet impossible
due to different and unknown molecular mechanisms, the results reveal fast H/D
exchange even at mole fractions as low as 30 mol % EMIMACc in water.

EMIMAc-based processes can thus exploit the presence of strongly associated re-
active ions down to this lower mole fraction limit. This contribution exemplifies a
first step towards the thorough description of interactions between ILs and solvents
considering both dissociation on a molecular level and the influence of ion association
and thus liquid structure on a larger scale.

Overall, a direct correlation between the observed pretreatment effects and interac-
tion of EMIMAc and solvent in terms of H/D exchange proves difficult. The correla-
tion between pH and exchange kinetics is only valid for dilute solutions comprising less
than 30 mol % EMIMAc and in the concentrated regime, the true molecular interaction
mechanism remains unknown. To find the molecular causes within the pretreatment
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liquid and in interaction with the biomass that lead to changed pretreatment results,
more research is required that goes beyond the scope of this thesis.

As stated in Subsection 2.2.3, the species present in the pretreatment liquid have
a strong impact on the outcome of pretreatment and it is therefore of interest to
know the relation between composition of pretreatment liquid and pretreatment ef-
fectiveness. To investigate relations between phenomenological changes of the biomass
during pretreatment and the composition of pretreatment liquids, we focus on a dif-
ferent pretreatment concept that shows disintegration effects and contains similar
components. Hence, in the next section, acetosolv is examined as an exemplary pre-
treatment concept for beech wood aiming at the identification of simple criteria for
the evaluation of pretreatment effectiveness.
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4.2 Acetosolv Pretreatment of Wood for
Biorefinery Applications

As a potential pretreatment concept for biorefineries, the OS process enables usage
and recovery of both the lignin and the hemicellulose fraction besides the cellulose
pulp [280, 281]. So far, several variants have been tested including OS pretreatment
relying on acetic acid as main solvent with the addition of a further catalyst acid, the
so-called acetosolv process [55, 56, 282, 283].

The advantage of acetic acid-based pretreatment liquids is an increased solubility
for lignin in comparison to alcohols, allowing for pretreatment at mild conditions (i.e.,
temperatures below 100 °C and atmospheric pressure) [55, 56, 200]. Nevertheless, pro-
cess conditions such as temperature, duration of the pretreatment and liquid-to-wood
ratio appear less important for pulp yield and delignification than the composition
of the pretreatment liquid [141, 215, 217]. In this context, a high concentration of
acetic acid is beneficial for an effective removal of lignin [141, 215, 284], while the
presence of a catalyst facilitates the removal of lignin in the first place [215, 217].
Nevertheless, the influence of water content on the removal of lignin remains unclear
[285]. With regard to biorefinery applications, the influence of varying catalyst types
and concentrations and their relation to pretreatment phenomena has not yet been
systematically analyzed.

For the analysis of acetosolv pretreatment of beech wood, we divide this section
according to the scales of the investigated pretreatment phenomena. Subsection4.2.1
focuses on the macroscopic phenomenon of disintegration and overall mass balances.
Subsection4.2.2 deals with compositional changes after pretreatment, that is, the
quantitative analysis of cellulose, hemicellulose and lignin content in the recovered
fraction, the analysis of components that are solubilized during pretreatment and the
evaluation of acetyl content of pretreated samples. In Subsection 4.2.3, pretreatment
effectiveness is evaluated by sugar yields of enzymatic hydrolysis.

4.2.1 Disintegration and Mass Balances

For a systematic analysis of disintegration, we visually classify the separation of wood
fibers after acetosolv pretreatment into five degrees of disintegration (DoD) as shown
in Fig.4.9. For the allocation of a DoD to a sample, we consider changes in shape
of the pretreated wood chips only and do not focus on changes in color. DoD 0
shows no signs of disintegration. It is indistinguishable from untreated wood except
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\ J

Figure 4.9: Classification of degrees of disintegration (DoD) after pretreatment by
visual inspection in comparison to the native wood chips (10 mmx2 mm):
DoD 0 (no disintegration), DoD 1 (moderate disintegration, slightly
frayed wood chips), DoD 2 (strong disintegration, largely disintegrated
wood), DoD 3 (complete disintegration) and DoD 4 (charred).

for a slight change in color towards a darker brown after pretreatment in some cases.
DoD 1 refers to a moderate disintegration. The wood chips are slightly frayed after
pretreatment but their original shape is still clearly visible. Furthermore, the amount
of disintegrated wood is rather small in comparison to the amount of wood, which is
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still in original shape. DoD 2 exhibits strong disintegration with largely disintegrated
wood. Nevertheless, the form of the original chips is still visible. DoD 3 refers to
complete disintegration of the wood. The original shape of the wood chips is no longer
visible because fibers have been completely disintegrated from each other. DoD 4 is
reached when the fibers are degraded after pretreatment and the wood is charred. In
the following, we refer to disintegration or disintegrated wood when a sample reaches
DoD 2 or 3 after pretreatment (i.e., DoD 1 is not sufficiently disintegrated, while DoD
4 refers to disintegrated but degraded wood samples).

For a first assessment of disintegration after acetosolv pretreatment, experiments
with mineral acid catalysts are evaluated, because mineral acids are often employed as
catalyst acids in organosolv pretreatment liquids [55]. Figure4.10 depicts (a) samples
of beech wood pretreated with hydrochloric, sulfuric and phosphoric acid in acetic acid
as well as (b) samples of beech wood pretreated with the same mineral acid catalysts
in water. With increasing catalyst concentration in acetic acid-based pretreatment
liquids, all DoDs are reached with all three mineral acid catalysts. Furthermore,
samples of a specific DoD have a similar visual appearance when pretreated with
either one of the mineral acid catalysts. Hence, the type of catalyst does not influence
the macroscopically visible disintegration. Nevertheless, it is noteworthy that the
amounts of catalyst acid required to achieve a certain DoD differ by an order of
magnitude from HySO,4 to HCI and from HCI to H3POy (see Tab. 4.1 for exact values
of catalyst acid concentration in acetic acid and water, respectively). Furthermore,
with increasing DoD and hence, with increasing catalyst concentration, the samples
become darker (cf. Kin [216]).

While for the acetosolv experiments an increasing DoD up to charred wood is
achieved with an increasing catalyst concentration, beech wood does not disintegrate
in aqueous pretreatment liquids (i.e., DoD 0). Even at high catalyst concentrations
that lead to charring of wood in acetic acid-based liquids (see Tab. 4.1), only the edges
of the wood chips are charred in aqueous liquids, especially for sulfuric and phosphoric
acid catalyst (right samples in Fig.4.10(b)). This absence of disintegration after
pretreatment in aqueous liquids shows that acetic acid plays a major role in achieving
disintegration of beech wood during acetosolv pretreatment. Supposedly, all DoDs
can be reached irrespective of the type of catalyst acid added to the acetosolv liquids
but DoD seems to depend on the acidity (i.e., proton concentration) of the respective
pretreatment liquid. For the most part, acids added to glacial acetic acid as solvent
remain undissociated, whereas the addition of even small amounts of water can lead
to significant increases in the fraction of dissociated acid species [286]. Nevertheless,
the relative order of acid dissociation constants in acetic acid appears proportional to
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Figure 4.10: Beech wood pretreated with mineral acid catalysts (a) in acetic acid
and (b) in water. From top down, catalyst acids are sorted according
to increasing pK,. Concentrations of catalyst acids increase from left
to right (see Tab.4.1 for values). The position of the vials does not
indicate the relative ratios of increasing concentration but results from

the size of the vials.
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the order of these constants in water [287]. Hence, it is of interest to know how the
acid strength of a catalyst acid influences the extent of disintegration.

Table 4.1: Concentration of catalyst acids (mol L™!) in acetic acid-based experiments
(see Fig.4.10 (a), DoD 0 — DoD 4) as well as in water-based experiments
(see Fig.4.10 (b), left and right sample).

Catalyst DoD 0 DoD1 DoD 2 DoD3 DoD4 Left right
HCI 0.0156  0.0314  0.0591 0.1416  0.2826 0.1687 0.2937
H,S0, 0.0008  0.0056  0.006  0.0228  0.2354 0.0052 0.2348
H3PO, 0.0256  0.6425 1.752 3.168 8.151 1.893  4.792

To evaluate the influence of acid strength of catalyst acids in acetosolv liquids on
the extent of disintegration, we carried out pretreatment experiments with a variety
of catalyst acids. Usually, the acidity of an aqueous solution is indicated by pH.
However, a measurement of pH in concentrated, nonaqueous solutions such as the
acetosolv liquids requires activity corrections to estimate the amount of dissociated
acid species. Because the development of models that account for these influences is
not within the scope of this thesis, we take the pK, difference between acetic acid and
the catalyst acid as an indicator for the acid strength of the catalyst acid in acetosolv
pretreatment liquids. This approach has successfully been applied in one study on
organosolv pretreatment of Japanese cedar, where sugar yield after pretreatment and
enzymatic hydrolysis could be correlated with the pK, of a range of catalyst acids
[212].

Figure4.11 shows the water content of the pretreatment liquids versus the differ-
ence of pK, between acetic acid and the tested catalyst acids for the experiments at
constant ratio of catalyst acid to acetic acid. For concentrated acetosolv liquids (filled
symbols) below a pK, difference of 5, beech wood does not disintegrate (DoD 0). For
an increased pK, difference of 7.76 and 10.76 with sulfuric acid and hydrochloric acid,
respectively, the samples are either charred after pretreatment in concentrated ace-
tosolv liquids (filled symbols) or completely disintegrated with added water (striped
symbols). Similarly, pretreatment with hydroiodic acid catalyst in acetic acid—water-
based pretreatment liquids leads to complete disintegration of beech wood. As stated
above, no disintegration is observed for the reference experiments with water and cat-
alyst (checked symbols, see Fig.4.10). Hence, the presence of acetic acid is essential
to achieve disintegration, while with an increasing water content, the DoD decreases.
In addition to acetic acid, a catalyst acid is required to disintegrate the wood because
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Figure 4.11: Water content of pretreatment liquids versus pK, difference between
acetic acid and catalyst acid. All catalyst acids are stronger acids than
acetic acid. Acetosolv liquids contain approx. 0.25 mmolcagalyst g;k.
The filled symbols refer to concentrated acetosolv liquids (i.e., only
acetic acid and catalyst acid), where the water content slightly varies
due to the different purities of the employed catalyst acids. The striped
symbols refer to acetosolv experiments where additional water was
added to increase the water content and the checked symbols refer
to reference experiments with only water and catalyst acid. The shape
of the symbols indicates the DoD (see legend).

in the experiment with no catalyst (i.e., pure acetic acid as pretreatment liquid) no
disintegration was observed.

Taking the influence of water content into consideration, an evaluation of pK, only
does not seem sufficient as a single evaluation criterion for the acid strength of the
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catalyst acids with regard to disintegration effects. Furthermore, it is unclear how
the concentration of the catalyst acids influences pretreatment results. Thus, in the
following, three catalyst acids are examined in more detail by studying the influence
of their concentration on mass balances and component analysis.

The relation between the non-recovered fraction after pretreatment and the con-
centration of catalyst acids (a) hydrochloric acid, (b) sulfuric acid and (¢) phosphoric
acid is sketched in Fig.4.12. For all three catalyst acids, the non-recovered fraction of
acetic acid-based experiments (filled symbols) increases with increasing concentration.
Likewise, a positive correlation between non-recovered fraction and the concentration
of hydrochloric acid catalyst has been observed in the literature for acetosolv pretreat-
ment of eucalyptus and beech [215, 219]. Towards higher catalyst acid concentrations,
the non-recovered fraction appears limited and remains rather constant.

With increasing concentration of catalyst acid and hence, increasing non-recovered
fraction, the DoD increases successively. Thus, disintegration and non-recovered frac-
tion seem to be interconnected independent of the type of catalyst acid. More specif-
ically, DoD 0 to DoD 2 relate to a non-recovered fraction increasing from slightly
more than 0 wt % to approximately 40 wt %, whereas DoD 3 is connected to the max-
imum recovered fraction in all observed cases. For DoD 4, on the other hand, the
non-recovered fraction can decrease due to recondensation of solubilized components.
This is visible for sulfuric acid and especially for phosphoric acid.

Furthermore, our experiments show that the range of increasing non-recovered frac-
tion (i.e., the transition from DoD 0 to DoD 2) in relation to catalyst concentration
is specific for each catalyst acid. In case of sulfuric acid, a minimum concentration of
1.5-2.9mmol Lt is required to initiate the removal of a significant fraction of wood
(i.e., 10wt % mnon-recovered fraction). In this concentration range, the pretreated
samples show no signs of disintegration (DoD 0). This lower threshold for removal
of biomass components is not visible for the other two acids, possibly not resolved
due to few data points in the respective concentration ranges. For hydrochloric and
phosphoric acid, the lowest tested concentrations with significant removal of biomass
components are 0.008 and 0.47mol L™, respectively. Similarly, the transition from
increasing non-recovered fraction to the maximum non-recovered fraction is around
0.004-0.0045 mol L1, 0.06-0.142mol L=! and 0.9-1.75mol L ! for sulfuric, hydrochlo-
ric and phosphoric acid, respectively. However, this order of concentration values does
not correlate with the order of pK,, which is pK, nc1 < pKan,so, < PKan,po,-

In another study on acetosolv pretreatment of beech wood, sulfuric acid was less
effective as catalyst acid than hydrochloric acid, which matches the order of pK, [216].
In comparison, the pretreatment liquids applied by Kin [216] were not composed of
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Figure 4.12: Non-recovered fraction of beech wood versus concentration of (a) hy-
drochloric acid, (b) sulfuric acid and (c) phosphoric acid as catalyst
acid. Filled symbols refer to liquids with only acetic acid and catalyst
acid, striped symbols refer to liquids with water added to acetic acid
and catalyst acid, and checked symbols refer to reference experiments
with only water and catalyst acids. The shape of the symbols indicates
the DoD (see legend). Error bars are shown only for measurements
with standard deviation above symbol size.
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concentrated acetic acid, but contained an increased water content of 20wt %. In
contrast, the acetosolv liquids in this study contain only trace amounts of water due
to the purity of the acid added as catalyst. For hydrochloric acid, the water content
is slightly higher than for sulfuric acid due to the higher purity of the latter. How-
ever, the exact relation between disintegration and water content as well as catalyst
concentration cannot be resolved by a simple comparison to literature.

As a first step towards the quantification of the influence of catalyst concentration,
the non-recovered fraction is fitted as a function of the catalyst concentration (the
dashed lines in Fig.4.12 (a)—(c)). Often, the solubilization of biomass components
during pretreatment is modeled as a first-order reaction [81, 219, 281, 288]. However,
biomass is a heterogeneous raw material that shows untypical kinetic behavior in many
cases (i.e., the assumption of a first-order reaction is not applicable due to changes in
reaction parameters during pretreatment or changing reactivities for different fractions
of the individual components). To model this untypical kinetic behavior, xylan and
lignin solubilization during formic acid pretreatment of wheat straw could be related
to an extended severity factor in combination with a logistic function [289]. Similarly,
a logistic function reflects bulk and residual solubilization of biomass components
during formic acid-based pretreatment of sugarcane bagasse [290]. Hence, we chose
a logistic function to model the relation between catalyst concentration and non-
recovered fraction. Further details on the function and fitted parameters are given in
Appendix B. Mainly, the fit supports the observation that the maximum non-recovered
fraction is independent of the type of catalyst acid but is specific for beech or for
acetosolv-pretreated beech.

As observed above, the presence of water reduces the degree of disintegration. This
is also revealed in the analysis of the non-recovered fraction for all three catalyst
acids. In aqueous liquids (checked symbols), catalyst acid concentrations that lead to
charring of wood in concentrated acetosolv liquids (i.e., DoD 4) only lead to DoD 0
with slightly charred edges (see also Fig.4.10). Moreover, for these reference experi-
ments, the non-recovered fraction amounts to approximately 20 wt %, which is lower
than the maximum non-recovered fraction for disintegrated samples but higher than
the non-recovered fraction for DoD 0 observed with acetic acid-based pretreatment
liquids. Similarly, a limited non-recovered fraction of up to 20 wt % was observed for
pretreatment of beech wood in aqueous oxalic acid [291].

In experiments with an acetic acid—water mixture as solvent (striped symbols), the
non-recovered fraction reaches the upper limit of approximately 40 wt % but with DoD
3 at catalyst concentrations that lead to charring of wood (i.e., DoD 4) in concentrated
acetosolv liquids. Hence, besides enabling disintegration, the presence of acetic acid
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in the pretreatment liquid allows for increased solubilization of removed components.
As a result, a rather high maximum non-recovered fraction of 40 wt % is achieved due
to disintegration in combination with high solubility for biomass components.
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Figure 4.13: Non-recovered fraction versus degree of disintegration after acetosolv
pretreatment. Points are average values for all above shown experi-
ments with sulfuric, hydrochloric and phosphoric acid catalysts. The
shape of the symbols corresponds to the DoD.

Figure 4.13 shows the average non-recovered fraction of all experiments with min-
eral acid catalysts for DoDs 0 to 3 of beech wood after pretreatment (i.e., the average
of all experiments with filled symbols shown in Fig.4.12). It is visible that also for
the average points, the non-recovered fraction increases with increasing DoD (i.e., the
recovered fraction is reduced with increasing disintegration). On average, a removed
fraction of approximately 30wt % seems to be the threshold to even slight disinte-
gration (DoD 1). Analogously, Nitsos et al. [237] observed formation of degradation
products after hydrothermal pretreatment of beech wood only above 30 wt % removed
fraction. These observations indicate that the compounds of beech wood are removed
consecutively so that only above this limit disintegration is initiated and at the same
time degradation products are formed. Therefore, it is of interest to know which fac-
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tors exactly lead to the disintegration of beech wood. A first step is the component
analysis of the recovered fraction to determine whether the removal of certain compo-
nents correlates with disintegration. Hence, in the next section, we analyze changes
in the composition of the samples after pretreatment with the different catalyst acids.

4.2.2 Compositional Changes after Pretreatment

First, we quantitatively analyze the pretreated beech wood samples in terms of cellu-
lose, hemicellulose and lignin removed during pretreatment in relation to the overall
non-recovered fraction. Second, we qualitatively analyze the components that are dis-
solved during pretreatment and can thus be determined via NMR spectroscopy of the
pretreatment liquids after pretreatment. Third, we estimate the fraction of dissolved
components from NMR spectra. Fourth, changes in acetyl content of selected sam-
ples after pretreatment are discussed with regard to the influence of the pretreatment
liquid composition.

4.2.2.1 Analysis of Recovered Material

The fraction of removed components is calculated from the composition and amount
of the recovered fraction in comparison to the composition and initial amount of native
beech wood.

For pretreatment concepts relying on enzymatic hydrolysis for the release of sug-
ars, it is desirable that a large fraction of cellulose remains in the pretreated sample.
This means that glucose is not removed or degraded during pretreatment. For many
of our experiments, the standard deviation of removed glucose is high (see Fig. B.1
in appendix) and therefore, it is unclear how much cellulose actually remains in the
pretreated samples. These fluctuations could be caused by an inhomogeneous dis-
tribution of sugars in disintegrated samples or by a wrong weight of the recovered
fraction due to acetic acid or catalyst acid still being attached to the wood. Further-
more, an underestimation of the glucose content of native beech could lead to negative
values of removed glucose. Some experiments show a rather high fraction of glucose
removed during pretreatment in combination with a high DoD. Here, aggressive cata-
lyst acids at high concentrations (see Tab. B.2 in appendix) probably hydrolyze and/or
degrade sugars as has been observed for spruce, which was extensively disintegrated
after organosolv pretreatment [105]. Nevertheless, it seems that for most experimen-
tal conditions, glucose (i.e., cellulose) stays in the recovered fraction.
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Figure 4.14: Fraction of (a) mannose and xylose, and (b) lignin removed during
pretreatment with acetic acid-based liquids (filled symbols) and acetic
acid—water-based liquids (striped symbols) versus non-recovered frac-
tion. The content of hemicellulose as xylose + mannose and the content
of lignin in native beech is 26.2wt % and 17.3 wt %, respectively. The
area delineated by the dashed curve includes experiments with an ex-
traordinary high fraction of lignin remaining in the pretreated material
and at the same time a high amount of glucose removed during pre-
treatment. Shape and color of the symbols indicate the DoD and the
employed catalyst acid, respectively (see legend). Error bars are shown
only for measurements with standard deviation above symbol size.

The sum of removed xylose and mannose as mostly detected sugars of the hemi-
cellulose fraction versus the non-recovered fraction is depicted in Fig.4.14 (a). In
most cases, the standard deviation is low and the graph shows a clear linear corre-
lation between the fraction of hemicellulose sugars removed and the non-recovered
fraction. Furthermore, both the samples with concentrated acetic acid-based pre-
treatment liquids (filled symbols) and the samples with an increased water content
in the pretreatment liquids (striped symbols) apparently follow the same correlation.
For each catalyst acid, the fraction of removed hemicellulose sugars increases with
increasing acid concentration (see Tab.B.2 in appendix). For the presented experi-
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ments, hemicellulose sugars amount to the highest share of the removed components.
Nevertheless, especially for the experiments with a high quantity of removed hemicel-
lulose sugars (i.e., complete disintegration with a high non-recovered fraction), other
components are removed as well. Moreover, for all (but one) of the disintegrated sam-
ples, at least half of the hemicellulose sugars are removed during pretreatment. Thus,
the removal of a major fraction of hemicellulose is a prerequisite for disintegration,
though this is rather a necessary condition and not sufficient to achieve disintegration.

Figure4.14 (b) shows the fraction of (acid-insoluble) lignin removed during aceto-
solv pretreatment versus the non-recovered fraction. Generally, lignin has the low-
est standard deviations among the quantified components. Similar to hemicellulose,
lignin shows a mostly linear correlation between the fraction of lignin removed and
the non-recovered fraction, which is in agreement with other studies on organosolv
and acetosolv pretreatment [102, 141]. Unlike the removal of hemicellulose sugars, the
removal of lignin shows an offset and is only initiated between a non-recovered frac-
tion of 10 to 20 wt %. This means that first a part of hemicelluloses is removed before
the lignin content is significantly reduced during pretreatment (i.e., hemicellulose and
lignin are removed successively). Similarly, for acetosolv pretreatment of eucalyptus
wood, high delignification is reached when at the same time the pentose concentration
in pulping liquors is high (i.e., a large fraction of hemicellulose removed) [219].

For disintegrated samples (DoD 2 and 3), the extent of disintegration in relation to
the lignin content is partly ambiguous. More specifically, the visual classification of
strong and complete disintegration includes samples with both a high and low fraction
of lignin removed. This refers to the samples with an increased water content in the
pretreatment liquid (striped symbols) and those that show a rather high amount of
glucose removed after pretreatment (highlighted by the dashed curve as in Fig. B.1).
On the one hand, the strongly acidic conditions which lead to degradation of the
cellulose fraction during pretreatment at the same time inhibit an effective removal
of lignin. On the other hand, acetic acid—water-based pretreatment allows for an ef-
fective removal of lignin with the majority of lignin being removed irrespective of the
type of catalyst acid. Thus, in this study, a rather high water content seems to be
beneficial to achieve removal of lignin due to a higher solubility for lignin fragments
and/or due to a more effective cleavage of lignin in comparison to pretreatment lig-
uids composed of concentrated acetic acid and high catalyst acid concentrations. An
increase or reduction in lignin solubility due to different water contents in (acetosolv)
pretreatment liquids can have a significant impact on pretreatment effectiveness and
hence process performance. However, more experiments are needed to determine the
ratio of acetic acid and water with optimal lignin solubility.
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As a first, simple evaluation of acetosolv pretreatment liquids with high and very low
water content, lignin solubility can be estimated. Often, estimates for the solubility of
(bio)polymers in a solvent rely on Hildebrand parameters. According to Hildebrand,
solvents allow for solubility of a solute, if their parameters are similar. The Hilde-
brand parameter value for lignin ranges between 23 and 26 MPal/? [137, 191, 192],
while the values for acetic acid and water are determined to 20.7 and 47.9 MPa!/?
(25°C), respectively [292] (note the differently higher reported value for acetic acid
in the compilation of Zhao et al. [56]). Hence, lignin solubility should be maximal
in liquids containing a high volume fraction of acetic acid as a result of the volume-
based mixing rule to estimate Hildebrand parameters of a mixture (cf. Barton [292]).
Both in concentrated acetic acid and in aqueous solutions, lignin solubility remains
below the maximum according to Hildebrand’s theory. Correspondingly, solubility of
sugarcane bagasse lignin is highest in mixtures containing around 80 vol % acetic acid
[284]. Neglecting the rather small density change in acetic acid-water solutions, a
volume fraction of around 80vol % corresponds to a mole fraction of approximately
55mol %. This is in line with our observation of facilitated lignin removal in pretreat-
ment liquids containing 50 mol % acetic acid in comparison to nearly pure acetic acid.
A quantitative relation between lignin solubility and the ratio of acetic acid to water
still has to be determined especially with regard to pretreatment process performance.

To conclude, several aspects of the magnitude of recovered material and its com-
position are linked to disintegration of beech wood after acetosolv pretreatment. For
disintegrated samples, the non-recovered fraction exceeds 25wt %. This corresponds
to the removal of approximately one half and one third of the hemicellulose and lignin
fraction, respectively. To achieve disintegration in concentrated acetic acid pretreat-
ment liquids, a minimum concentration for each catalyst acid is required: HCI 2
0.04mol ™!, HySO, = 0.005mol ™!, H3PO4 2 0.65molL~! (see Fig.4.12). Nev-

ertheless, disintegration also relates to the interplay of acid and water content and
hence, this specific threshold of catalyst concentration is probably increased with the

addition of water.

4.2.2.2 Qualitative Analysis of Dissolved Components

With the aid of NMR spectroscopy, components that are dissolved in the pretreatment
liquid after the experiments can be detected. This analysis of removed components
complements the above analysis of the recovered fraction. Nevertheless, it should
be noted that this analysis of low-field NMR spectra is limited to the detection of
dissolved components without a detailed analysis of degradation pathways. Sample
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spectra of aqueous and acetic acid-based pretreatment liquids after pretreatment are
given in Fig. B.2 in the appendix.

Spectra of the reference experiments with water and catalyst show only slight signals
of sugars and acetic acid. The latter is probably formed due to deacetylation of beech
wood during pretreatment. With the absence of disintegration and hence a high
recovered fraction in the reference experiments, it seems plausible that only a few
components are dissolved in these pretreatment liquids after pretreatment.

In the spectra of acetosolv pretreatment liquids relying on concentrated acetic acid,
dissolved wood components (lignin, sugars) and degradation products (furfural, formic
acid) show clear peaks. Both furfural and formic acid can be formed due to degrada-
tion reactions of C5- as well as C6-sugars [81, 293]. Signals of solubilized components
and degradation products do not appear similarly for all experiments (see Tab.B.3
in appendix). Nevertheless, lignin is visible for all experiments with acetic acid-based
pretreatment liquids indicating that a certain fraction of the lignin is always extracted
independent of the type and concentration of catalyst acid. Besides a very weak lignin
signal, the spectra of the reference experiment with only acetic acid and no catalyst
acid show no other components. Sugar signals are mostly observed with sulfuric acid
catalyst, corresponding to the hydrolysis of cellulose in experiments with sulfuric acid
discussed above. In addition to sugar signals, the experiments with sulfuric acid show
the strongest signals of degradation products followed by hydrochloric acid and phos-
phoric acid. This order is in line with the observation that with sulfuric acid, the
lowest acid concentrations are required to achieve a certain DoD, whereas for phos-
phoric acid, the highest concentrations are required (i.e., not in line with the order of
pK,). Mostly, the furfural peaks are more pronounced the higher the employed acid
concentration while the appearance of the formic acid peak cannot directly be linked
to catalyst acid concentration. The spectra of experiments with acetic acid—water-
based pretreatment liquids show peaks of formic acid as well as furfural. Nevertheless,
the evaluation of exact relations between catalyst concentration and the appearance
of degradation products requires a quantitative analysis of the latter.

4.2.2.3 Determination of Dissolved Fraction

As discussed above, with increasing non-recovered fraction, hemicellulose is continu-
ously removed, followed by continuous removal of lignin (see Fig.4.14). Since both
components have a hydrogen weight fraction of wgn. = wi; = 0.0671, solubilized
protons should linearly correlate with non-recovered fraction. Figure4.15 shows the
estimated fraction of wood protons dissolved in the pretreatment liquid versus the
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non-recovered fraction for the experiments with concentrated acetosolv pretreatment
liquids. The dashed line in Fig.4.15 serves as a reference for the expected amount
of removed wood protons assuming that wood moisture is solubilized completely in-
dependent of the non-recovered fraction and that the components hemicellulose and
lignin are successively solubilized as indicated by the amount of removed components
depending on non-recovered fraction (see Appendix B for detailed information).
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Figure 4.15: Estimated fraction of wood protons dissolved during pretreatment ver-
sus non-recovered fraction of wood after pretreatment for acetic acid-
based pretreatment liquids. The dashed line represents an estimation
of removed protons based on the composition of the recovered fraction.

In most cases, the fraction of dissolved protons corresponds to the non-recovered
fraction. For sulfuric and hydrochloric acid, there is a rather linear correlation between
dissolved protons and non-recovered fraction of wood while for phosphoric acid, the
data are clearly more scattered. Moreover, the reference experiment without catalyst
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shows the highest deviation between dissolved protons and the non-recovered fraction.
Nevertheless, excluding the reference experiment, a high coefficient of determination
of R? = 0.7516 signifies a relation between the non-recovered fraction and the fraction
of dissolved protons. Thus, the fraction of dissolved protons can serve as a simple
indicator of the magnitude of the non-recovered fraction.

Several factors can influence the amount of dissolved protons or their determination
with the presented method and hence cause the observed scatter of data points. This
includes factors influencing the elemental composition of pretreated samples. Changes
in O/C ratio of the biomass’ surface after a variety of pretreatments correlate to the
presence or removal of components such as lignin or acetyl groups [50, 294, 295]. How-
ever, due to the very similar hydrogen weight fraction of the three main components
of lignocellulosic biomass, a change in biomass composition after pretreatment prob-
ably has little impact on the amount of hydrogen in biomass. In contrast, thermal
treatment of beech wood not only causes weight loss but also increases the carbon
content [81] and with increasing severities of hydrothermal pretreatment (i.e., high
temperature, long reaction times, high acid concentrations), C/O and C/H ratios in-
crease, suggesting a beginning carbonization of the lignocellulosic biomass [165]. In
this way, formation of C-C bonds in strongly hydrolyzed samples would lead to a
reduction of protons due to the release of HoO. This could be a reason for the high es-
timated fraction of dissolved wood protons for the phosphoric acid sample with DoD
4 although the other two samples with DoD 4 show a similar fraction of dissolved
protons and non-recovered material. Overall, changes in the elemental composition of
biomass during pretreatment mostly do not affect the hydrogen content and therefore
this aspect rather has a minor influence on the determination of dissolved protons.

Furthermore, a discrepancy between non-recovered fraction and dissolved fraction
could arise from small particles that are neither solubilized (i.e., not visible in the
spectrum) nor hold back during filtration, probably affecting mostly the disintegrated
samples. To further quantify this aspect, detailed mass balances of recovered, solubi-
lized, and remaining (small particle) fraction should be determined for some samples.

The influencing factors arising from the developed method can be grouped into 3
main aspects. (1) A changed value of the integration constant ¢;,; results in a constant
offset of the estimated fraction of dissolved protons. More specifically, even small
changes of ¢;,; result in large variations of proton fraction and hence, this value has
to be determined carefully. (2) The spectral area Acy, and its ratio to Ay influence
the determined fraction of dissolved protons. Even small changes in peak area have
a large effect on accuracy due to the small amount of protons that can potentially
be introduced from the wood sample in comparison to the amount of protons from
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the pretreatment liquid (for the tested conditions they differ by a factor of approx.
20). Solubilized particles with peaks in the range of the methyl peak can slightly
increase Acp, and thus lead to an underestimation of dissolved protons. Moreover,
the method is highly sensitive for changes in the ratio of Acp,/Aiwor (€.g., resulting
from increased water content or high amount of phosphoric acid which contributes
threefold to the OH-peak). For this reason, samples with higher water content are
not shown due to infeasible values. Furthermore, it should be noted that a change of
measurement parameters (number of scans, repetition time etc.) results in changes
of intensity and hence changed peak area. This requires the repeated determination
of ¢y and a new correlation. (3) The amount of dissolved protons not only depends
on the total amount of protons estimated from the spectra but also on the amount
of hydrogen originating from the pretreatment liquid. Here, especially catalyst and
water content influence the result due to their small concentration in most cases. For
the concentrated acetosolv liquids, trace water in acetic acid can make up as much as
the water content from catalyst.

In conclusion, the amount of water present in the pretreatment liquids apparently
has a large impact on the accuracy of the determined fraction of dissolved protons
due to changed spectral properties and influences in the calculated composition of the
pretreatment liquid. This resembles the observation of the fit of the non-recovered
fraction depending on catalyst concentration, which seems to be valid only for one
specific water content. More experiments are required to systematically quantify the
influence of water and incorporate the water content as a further parameter into this
method (e.g., including the peak position of the OH-peak). In this way, the application
range of this method could be extended.

4.2.2.4 Acetyl Content

Figure 4.16 shows the water content of pretreatment liquids versus the acetyl content
of pretreated biomass samples. For most experiments, pretreatment liquids contain
approximately 0.25 mmolcagatyst g;i (i.e., the same experiments that were analyzed for
the influence of catalyst acid strength in Fig.4.11). Since hydrochloric and sulfuric
acid catalyst in pure acetic acid lead to undesired charring of wood at this ratio, a
lower ratio of 0.06 mmolcataryst ggi is chosen for the measurement of acetyl content for
these two acids (light and dark blue filled symbols).

The acetyl content of native beech of 4.17 wt % is in accordance with values for beech
wood mentioned in the literature, which vary between 3.8 and 4.7 wt % [215, 237, 296].
Except for the hydroiodic acid experiment with a slightly reduced acetyl content,
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Figure 4.16: Water content of pretreatment liquids versus acetyl content of pre-
treated biomass samples. Filled symbols refer to liquids with only
acetic acid and catalyst acid and striped symbols refer to liquids with
water added to acetic acid and catalyst acid. The shape and color of the
symbols indicate the DoD and the employed catalyst acid, respectively
(see legend). The dashed line indicates the acetyl content measured for
native beech wood.

all evaluated experiments exhibit an increase in acetyl content compared to native
beech. This means that cellulose and/or lignin are acetylated during pretreatment
with the employed acetosolv liquids. Similarly, in other studies, acetylation of either
cellulose or lignin has been observed after acetosolv pretreatment of different types of
biomass [157, 200, 284]. However, a low acetyl content has been identified as being
beneficial for high sugar yields after enzymatic hydrolysis. Unlike low delignification
or partial decrystallization of cellulose, the effect of a high acetyl group content cannot
be compensated for with increased hydrolysis times [122]. Therefore, a reduction of
acetyl content during pretreatment should be aimed at.

For the investigated experiments, visual disintegration does not correlate with acetyl
content, because samples with DoD 2 are spread over the range of measured acetyl
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contents. Nevertheless, the sample with the lowest acetyl content is the only one that
is completely disintegrated after pretreatment.

Regarding the composition of the pretreatment liquid, the water content as well
as the strength of the catalyst acid influence the acetyl content after pretreatment.
It is notable that the acetyl content decreases with decreasing acetic acid content
(i.e., increasing water content). Moreover, at similar water contents and comparable
catalyst concentration, the application of a stronger catalyst acid (i.e., lower pK,)
results in a lower acetyl content of the pretreated sample. Correspondingly, the lignin
content in the recovered fraction decreases with increasing water content and catalyst
acid concentration. Conversely, pretreatment in concentrated acetosolv liquids with
catalyst acids of low concentration or low strength is associated with high acetyl and
lignin contents in the recovered fraction. Thus, acetylation of lignin could hinder its
removal despite the above discussed high solubility that is expected in these liquids.

4.2.3 Enzymatic Hydrolysis

Generally, high sugar yields after enzymatic hydrolysis are desirable for economic fea-
sibility of lignocellulosic biorefineries. For most experiments though, the sugar yield
after hydrolysis is rather low with approximately 5 wt % yield referred to native beech
(i.e., in the range of the reference experiment without catalyst, see Tab.B.2 in ap-
pendix, and only minimally exceeding the value for untreated beech, see Fig. 4.2). The
current set of experiments hence does not suggest an optimal operating point for pre-
treatment but gives indications for the intrinsic differences of acetosolv pretreatment.
Several effects could cause the observed low sugar yields after hydrolysis: the absence
of disintegration (i.e., a low increase in surface area), hydrolysis and/or degradation
of the cellulose fraction in case of sulfuric acid catalyst (i.e., lower amount of cellulose
left for enzymatic hydrolysis), redeposition of solubilized lignin [215, 288, 297| or an
increase in acetyl content in comparison to native beech [157, 200, 284].

The two highest sugar yields of 20 to 25wt % (see Tab. S2) are observed after pre-
treatment with approximately equimolar acetic acid—water mixtures and hydroiodic
or hydrochloric acid catalyst. Both samples are disintegrated after pretreatment. Fur-
thermore, these are two of the three experiments with the highest amount of lignin
removed (see Fig.4.14) as well as an acetyl content in the range of untreated beech
(see Fig.4.16). Hence, our findings are in line with observations from the literature
that both a low lignin and acetyl content are beneficial for enzymatic hydrolysis. As
discussed above, the exact relation between the composition of acetosolv pretreat-
ment liquids (i.e., water content as well as type and concentration of catalyst acid)
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and the investigated pretreatment phenomena is yet unclear. This requires further
research, especially to resolve the influence of a changing water content in the regime
of concentrated acetic acid with regard to lignin removal and lignin solubility.

The sugar yields obtained with the above discussed experiments correspond to a
cellulose-to-glucose conversion yield of approximately 50 wt %. This yield is clearly
higher than yields of acetosolv-pretreated pine and eucalyptus, which are in the range
of 10 and 30 to 40 wt %, respectively [157, 297]. However, in comparison to other pre-
treatment concepts such as alcohol-based OS pretreatment with cellulose conversion
exceeding 50wt % [56] or ILs with virtually complete cellulose conversion [19] (see
Subsection 4.1.1), the researched acetosolv conditions lead to rather low sugar yields
and need improvement (e.g., deacetylation, testing of improved pretreatment liquids).

4.2.4 Conclusion

Beech wood was pretreated with a variety of acetosolv liquids composed of acetic
acid, different types of catalyst acid and varying water contents as an exemplary
pretreatment concept to resolve correlations between pretreatment phenomena and
composition of pretreatment liquids. Although, for the tested conditions, the highest
sugar yields after enzymatic hydrolysis exceed other reported yields by 10 percentage
points and more, the sugar yields are rather low with a maximum yield of 25wt %.
Hence, temperature and residence time need improvement for a further increase in
sugar yields. More importantly, this study of varying acid and solvent composition en-
ables the analysis of pretreatment phenomena on several scales directly related to the
composition of pretreatment liquids. To classify the separation of wood fibers during
acetosolv pretreatment, we define five degrees of disintegration from no disintegration
to charring of wood. Our experiments show that the degree of disintegration depends
on the concentration of catalyst acid and acetic acid. The comparison to aqueous
pretreatment liquids reveals that the presence of acetic acid is required to achieve
disintegration at all. This is due to an increased catalytic activity of acetic acid in
acetosolv liquids containing at least equal amounts of acetic acid and water. In all
cases, an increasing concentration of mineral acid catalysts increases the degree of
disintegration. Likewise, the non-recovered fraction after pretreatment increases up
to a threshold of approximately 40 wt %. This maximum of non-recovered fraction
is independent of the type of catalyst acid. Further analysis of the composition re-
veals that the magnitude of the non-recovered fraction linearly correlates with the
amount of both removed hemicellulose and removed lignin. The removal of half of
the hemicelluloses followed by the removal of one third of lignin is a prerequisite for
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the disintegration of acetosolv-pretreated beech wood. As disintegration relates to
the amount and composition of the recovered fraction, the pretreatment liquids were
analyzed with NMR spectroscopy thus enabling a qualitative description of solubi-
lized components and degradation products as well as a quantitative estimation of
the dissolved fraction. With regard to the composition of pretreatment liquids, an
equimolar ratio of acetic acid and water in combination with a strong catalyst acid
allows for a high delignification and prevents an increase in acetyl content, which
proves beneficial for enzymatic hydrolysis. Consequently, disintegration in combina-
tion with a non-recovered fraction of around 40 wt % serves as a necessary condition
for effective pretreatment. Such a quick and robust analysis of DoD and first esti-
mation of dissolved fraction from NMR spectra complements a more laborious wet
chemical analysis and thus allows for an easy screening of pretreatment conditions
with regard to a competitive application in biorefineries.

As stated above, the sugar yields of the current set of experiments exceed reported
yields for acetosolv pretreatment of other types of biomass but remain below reported
yields for the pretreatment of beech wood (e.g., kraft, IL [19, 236]). Therefore, it is of
interest to know how a changed effectiveness of pretreatment and hydrolysis impacts
the process performance of biofuel production. Hence, in the next section, we exam-
ine economically and environmentally viable ranges for the amount of carbohydrates
available after pretreatment.
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4.3 Minimal Viable Sugar Yield of Biomass
Pretreatment

As discussed in Subsection 2.1, the overall effectiveness of combined pretreatment and
enzymatic hydrolysis is one of the key factors influencing environmental and economic
performance of lignocellulosic biorefineries. Since the underlying mechanisms of effec-
tive pretreatment and subsequent hydrolysis as well as the role of solvents and ions for
biomass pretreatment are not yet completely understood (see Subsections?2.2.2 and
2.2.3), it is very difficult to judge specific pretreatment conditions directly. Thus, the
conventional approach explores the viability of one pretreatment concept considering
specific biomass composition, pretreatment effectiveness, and enzymatic hydrolysis.
However, a general analysis of the effectiveness of biomass pretreatment and subse-
quent hydrolysis strategies does not exist. The determination of economically and
environmentally viable ranges for the amount of sugars available after pretreatment
and hydrolysis represents a first step towards a general understanding of pretreatment.

Early-stage evaluation based on material balances allows to assess alternative pro-
duction pathways of a biorefinery [229, 298]. Particularly, RNFA represents an estab-
lished tool for the evaluation of alternative pathways in biofuel production considering
economic and environmental criteria [229, 230]. In this section, we present the results
of RNFA to determine the impact of pretreatment and hydrolysis yields as well as
biomass composition on different conversion pathways focusing on liquid-based pre-
treatment strategies.

In Subsection 4.3.1, we first describe the influence of pretreatment and hydrolysis
effectiveness on the process performance of biofuel production for beech wood as one
specific species of biomass. Second, in Subsection4.3.2, we evaluate published data
on OS pretreatment as a well-known pretreatment concept [56, 299] to determine
the range of carbon loss and fuel cost for one representative pretreatment concept
with different species of lignocellulosic biomass. Naturally, numerous combinations of
biomass species with different pretreatment technologies are conceivable. However,
data from the literature is limited. Thus, in Subsection4.3.3, we third conduct a
generic analysis of pretreatment and hydrolysis yields in combination with changing
compositions of biomass to describe the overall relation between carbon loss and fuel
cost and to define the boundaries of economic fuel production. In Subsection4.3.4,
the results of the acetosolv pretreatment experiments (see Section4.2) are evaluated
with RNFA to assess the potential of acetosolv as a pretreatment strategy for biofuel
production from beech wood.
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4.3.1 Analysis of Pretreatment of Beech Wood

Figure 4.17 shows the results of the RNFA for beech wood. To distinguish between the
influence of pretreatment effectiveness and the influence of hydrolysis effectiveness,
we consider the reported fractionation yields in combination with (a) the reported
hydrolysis yields (i.e., yields of reactions R1-R5 as calculated from literature) and
(b) with ideal hydrolysis yields (i.e., yields of reactions R1-R3 as calculated from
literature and Yr4 = Yrs = 1). Carbon loss is plotted as a function of the specific fuel
costs for the production of ethanol and ethyl levulinate.
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Figure 4.17: Results of the ethanol (filled symbols) and ethyl levulinate (striped
symbols) production screening for beech wood as biomass feedstock (a)
considering both reported fractionation and enzymatic hydrolysis yields
and (b) considering only the reported fractionation yields combined
with ideal hydrolysis yields.

Overall, the results show a singleton Pareto front for ethanol (i.e., the minima
of carbon loss and fuel cost coincide for each analyzed pretreatment concept) due
to only one direct production route from xylose and glucose each (R6 and R7 in
Fig.3.2), which are both active for all analyses. In contrast, there is a noticeable
trade-off between minimal fuel cost and minimal carbon loss for ethyl levulinate. The
production of ethyl levulinate offers several optional production pathways that differ
in terms of overall yield and number of process steps. For the presented analyses, the
only active pathways are the production pathways R11-R12-R26 starting from glucose
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and R15-R16-R25 starting from xylose in different combinations with fermentation of
sugars (R6 and R7, see Tab. C.4 and C.5 in appendix). The minimization of fuel costs
leads to a lower number of active pathways (i.e., fewer functional units), which results
in significantly reduced investment costs (cf. Ulonska et al. [230]). For all screened
pretreatment concepts, the xylose pathway is inactive for the point of minimal ethyl
levulinate fuel costs due to lower yields than the glucose pathway. At the same time,
carbon loss is not minimal because less material is converted in comparison to the
other points. Conversely, for the minimization of carbon loss, the xylose pathway is
active leading to higher fuel costs.

From a production cost perspective, ethanol is cheaper than ethyl levulinate for all
considered pretreatment technologies mainly due to the lower number of reactions in
the production network and because, in most cases, a slightly higher amount of costly
biomass is required for the production of ethyl levulinate.

From an environmental perspective, the results are substantially different. The pro-
duction of ethanol shows higher carbon losses than the production of ethyl levulinate
for all pretreatment variants. Besides losses due to yield constraints of the individ-
ual reactions, one molecule of CO; is released (i.e., one carbon atom lost) for each
molecule of ethanol produced during fermentation. For the production of ethanol, all
available sugar molecules are fermented, whereas for the production of ethyl levulinate
only a fraction of the sugars is fermented to produce ethanol for reactions R25 and
R26. This leads to the overall higher carbon loss for ethanol in comparison to ethyl
levulinate.

Figure4.17 (b) shows the screening results considering reported fractionation yields
combined with ideal hydrolysis yields. In the context of RNFA, ideal hydrolysis means
that during the hydrolysis step, all sugars that are present after pretreatment are
made available for further processing (i.e., maximum yield) independent of the specific
reaction conditions (e.g., substrate loadings, time of hydrolysis). In comparison to the
benchmark, specific fuel costs increase only slightly when evaluating the influence of
pretreatment on the production of one type of biofuel. In contrast, the carbon loss
ranges approximately from 0.6 to 0.8 for ethanol and from slightly below 0.5 to almost
0.75 for ethyl levulinate. Kraft pretreatment has almost the same values of carbon
loss and fuel costs as the benchmark for both biofuels. The remaining investigated
pretreatment concepts exhibit increased carbon loss with a narrow ranking: LHW
> IL > DA > OS > OC. With ideal hydrolysis, the different performances of the
pretreatment concepts arise from variations in the fractionation yields for cellulose and
hemicellulose in combination with a slightly varied composition of the raw material.
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Considering reported yields for both fractionation and hydrolysis clearly influ-
ences the screening of pretreatment concepts as can be seen from a comparison of
Fig.4.17 (a) and (b). As a result, the ranking of pretreatment concepts in Fig.4.17 (a)
is as follows: kraft > IL > DA > OS > LHW > OC. Especially the results for
LHW and OC pretreatment differ. Incomplete hydrolysis leads to an increase of car-
bon loss of approximately 0.1 in both cases and an estimated fuel cost difference of
up to 10USD GJf_uil, which renders them unfavorable for realization in a biorefin-
ery compared to the other pretreatment concepts. For the remaining investigated
pretreatment technologies, inclusion of experimental hydrolysis yields leads to minor
changes of carbon loss and fuel cost. Thus, enzymatic hydrolysis is close to or at the
optimum for these references. Whether this ranking is generally true or depends on
the combination of pretreatment and type of biomass (the specific chosen references)
should be validated by a more extensive comparison including several references for
each pretreatment concept. However, such an analysis is beyond the scope of this
thesis. Furthermore, the overall costs for the pretreatment and hydrolysis step are
similar in RNFA due to the same number of functional units and disregard of sol-
vent costs, which might not be true for a more detailed process design. Generally,
the pretreatment and hydrolysis step are capital intensive [78]. In addition, solvent-
intensive pretreatment concepts such as the OS process often show a poor economic
performance due to high costs for solvent recycling [66, 67]. Thus, the estimated
price might be too low. Nevertheless, a comparison of different pretreatment concepts
shows that the costs for reactors and associated costs such as catalyst recovery often
level out. This results in little differences in projected economic performances [78].
Hence, the presented analysis allows a simple comparison of pretreatment concepts
based on the individual fractionation effectiveness and hydrolysis performance.

Additionally to the benchmark, we include a pathway screening with minimum
achievable carbon loss (min CL) in Fig.4.17 (a). Here, all yields of the reaction net-
work equal 1. Both carbon loss and fuel costs of the min CL screening are close to
the benchmark, which shows that the established yields of the downstream processing
reactions are near to the optimum. In conclusion, fractionation yields are the cru-
cial yields in most cases, whereas the effectiveness of enzymatic hydrolysis presents a
bottleneck only in two cases.

Overall, the estimated range of fuel cost for the analyzed process variants seems
reasonable when comparing to published data. The 2018 average price for bioethanol
is 27 USD GJ~! [300], which shows that RNFA rather underestimates real fuel prices.
Ethyl levulinate costs have been estimated to 12 USD GJ~! [76], which is at the lower
end of RNFA estimates. Nevertheless, not all of the screened pretreatment con-
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cepts would be realized in a biorefinery context due to economically more attractive
markets. For example, the prices for hardwood kraft pulp vary between 500 and
800 USDt~* [301]. In comparison, a fuel price of 10USD GJ;, ., corresponds to
a price of 277USDt_;. - Thus, it is more profitable to sell kraft pretreated pulp
directly instead of converting it further to a lower-priced biofuel. Combusting the
biomass would lead to a price of 0.05 USD kg~!/19.51 MJ kg~! [302] = 2.56 USD GJ !,
which marks a lower limit for profitable biofuel production. All presented concepts

surpass this lower limit.

The analysis of pretreatment concepts with beech wood verifies that pretreatment
and hydrolysis have a significant influence on the process performance of biofuel pro-
duction. Reduced sugar yields due to incomplete fractionation and hydrolysis increase
both carbon loss and fuel cost. Furthermore, an evaluation of a pretreatment concept
is only meaningful in combination with the respective hydrolysis yields but pretreat-
ment yields dominate the performance of both steps (cf. Alvira et al. [38], Ding et al.
[121]). Likewise, the composition of the biomass and the corresponding yield after
pretreatment is of particular interest.

4.3.2 Analysis of Organosolv Pretreatment

To generalize the performance of pretreatment and to further determine the influence
of varying biomass input streams, a second analysis is carried out with OS pretreat-
ment for different feedstocks. The results of the RNFA are presented in Fig. 4.18.

For the same reasons as in the first analysis, there is only one point for each con-
sidered ethanol pretreatment but a Pareto front for ethyl levulinate. Again, ethyl
levulinate shows higher specific fuel costs at a lower carbon loss when comparing the
individual experiments. The benchmark in the analysis of beech wood differs from the
benchmark in this analysis due to different compositions of biomass that were used
for the calculation of the benchmarks (see Tab. 3.1 and 3.2). The pathways, which are
active for the production of ethyl levulinate based on OS pretreatment, are similar to
the pathways, which are active for ethyl levulinate produced from beech wood (i.e.,
glucose pathway R11-R12-R26 and xylose pathway R15-R16-R25 in combination
with fermentation of sugars R6 and R7, see Tab. C.6 and C.7 in appendix). Again,
the glucose pathway is favored for the point of minimal cost with two exceptions: one
process based on spruce wood (A in Fig. 4.18) and one process based on pine wood (A
in Fig.4.18). Due to the low cellulose hydrolysis yields in these two experiments, the
xylose pathway is favorable for the production of ethyl levulinate at minimal costs.
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Figure 4.18: Screening results for the production of ethanol (filled symbols) and
ethyl levulinate (striped symbols) based on organosolv pretreatment.
Hardwood feed streams are marked with a square, softwood with a tri-
angle and non-woody biomass is marked with a diamond. The symbols
correspond to the symbols given in Tab. 3.2.

The low sugar yields after hydrolysis also result in these two experiments being ranked
last in the OS screening.

Overall, the OS screening results cover a large range of fuel cost and carbon loss,
similar to the results in Fig. 4.17 (a). A ranking of the screening results in terms of the
biomass type is not straightforward. All experiments based on sugarcane bagasse are
in the range of carbon loss around 0.7 at the same time achieving relatively low fuel
costs. This leads to the conclusion that non-woody biomass is favorable for Organo-
solv pretreatment. The results for biofuel production from hardwood show a larger
span of carbon loss from approximately 0.7 to 0.85 with a respective increase in fuel
costs. The results for softwood cover an even larger span of carbon loss and fuel cost.
Moreover, both the best and the worst results are calculated for spruce wood in this
analysis. Since the composition of the investigated spruce samples is rather similar
in both references, the main reasons for this deviation are the reported fractionation
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and hydrolysis yields presumably due to different experimental conditions (composi-
tion of pretreatment liquid, liquid-to-wood ratio, temperature or pretreatment time).
Verification of this hypothesis and consideration of these aspects would require the
comparison of further variables such as the severity of a pretreatment concept or pa-
rameters for the description of pretreatment liquids (see Subsection 2.2.3).

The correlation between carbon loss and specific fuel costs shows two regimes.
Below a carbon loss of approximately 0.8, fuel costs increase only marginally with an
increase in carbon loss. Contrary to this, the increase in fuel cost is disproportionately
high for a carbon loss above approximately 0.8. Even small increases in carbon loss
lead to a high increase in fuel cost in this second regime. This turning point is more
pronounced for ethanol than for ethyl levulinate. Thus, to avoid high fuel costs,
pretreatment strategies resulting in a carbon loss below 0.8 should be aimed at.

Based on this analysis, it is unclear if and how a certain biomass composition in
combination with individual fractionation and hydrolysis yields results in a low carbon
loss. To examine the underlying correlation between specific fuel costs and carbon loss
in more detail, an analysis based on representative biomass compositions and yields
is presented in the next section.

4.3.3 Analysis of Minimal Viable Sugar Yield

The aim of this analysis is to detect boundaries of economically favorable production
of biofuels based on the total carbohydrate yield after hydrolysis. To this end, values
for biomass composition and the yields for pretreatment and hydrolysis were varied in
plausible ranges between 0 and 1 based on the considered references. The hypothetical
data should enable to analyze the behavior observed with real biomass of different
composition.

Figure4.19 (a) shows the results for the representative analysis of varying lignin
content with a fixed cellulose/hemicellulose ratio and average pretreatment and hy-
drolysis yields. For comparison, screenings based on average lignin content are also
included for ethanol and ethyl levulinate. The points increase from 0mol % lignin to
85mol % lignin in steps of 5mol %. The results follow a clear curve from low carbon
loss with low fuel costs at low lignin contents to a carbon loss above 0.9 and high
fuel costs at high lignin contents. Moreover, the Pareto front for the ethyl levulinate
results has a similar shape for most points. Only towards a higher lignin content, the
Pareto front narrows (i.e., a lower range of carbon loss and fuel cost for the results of
a specific lignin content). The same production pathways are active for the different
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Figure 4.19: Results of the biofuel production screening with changing biomass com-
position as well as sugar yields for biofuels ethanol (filled symbols) and
ethyl levulinate (striped symbols): (a) variation of lignin content at a
fixed ratio of cellulose to hemicellulose (c¢/hc = 1.7), (b) variation of
cellulose to hemicellulose ratio at fixed lignin content (7,4 = 0.3218),
(c) results of organosolv screening as shown above with sugar yield
after hydrolysis indicated in the legend. The symbols refer to the same
experiments as in the organosolv screening (see Subsection4.3.2 and
Tab.3.2). The dashed line sketches the reciprocal correlation between
carbon loss and fuel cost for ethanol.

110



4.3 Minimal Viable Sugar Yield of Biomass Pretreatment

points of the Pareto front, due to the constant ratio of cellulose to hemicellulose. In
conclusion, a low lignin content of the feedstock biomass is clearly beneficial for a
low carbon loss and low fuel costs. This is consistent with earlier studies showing
that the production of biofuels derived from lignin is economically not feasible [63].
A low lignin content not only implies an increased fraction of carbohydrates that can
effectively be converted to biofuels, but also diminishes the inhibition potential of
enzymes during hydrolysis [121].

Figure4.19 (b) shows the screening results for a variation of c¢/hc ratio at a fixed
average lignin content with average pretreatment and hydrolysis yields. For ethanol
production with a low cellulose content (c/hc = 0.1), there is a Pareto front because
for the point with minimal costs, hydrolysis of cellulose and fermentation of glucose
is inactive. With increasing c/hc ratio, carbon loss and fuel cost decrease slightly.
Therefore, a high cellulose content is beneficial for the production of ethanol (cf.
Alvira et al. [38], Tao et al. [75]). For ethyl levulinate, the shape of the Pareto front
changes with changing c¢/hc ratio and the individual points of the different Pareto
fronts partly overlap. Due to the possibility of choosing different pathways for the
production of ethyl levulinate, a change in ¢/hc ratio can be balanced both in terms
of carbon loss and fuel cost.

Figure4.19 (c¢) shows the results of the OS screening (see Subsection4.3.2). The
points and symbols are the same as the ones used in Fig.4.18 but the legend indi-
cates the amount of sugar which is available for biofuel production after pretreat-
ment and hydrolysis. The overall sugar yield can be calculated from the composi-
tion of the biomass multiplied with the pretreatment and hydrolysis yields: wggar =
Weraw * Yo * Yglu + Wheraw * Yhe * Yxyl- Clearly, the overall ranking of the screening results
correlates with the amount of sugar that is available after hydrolysis.

To deduce the connection between carbon loss, fuel cost and the available sugars,
the RNFA equations are analyzed in more detail in the following. For the present
analysis, only the feed stream of biomass fiaw bio is relevant for the calculation of car-
bon loss from Egs. (3.26) and (3.27) since the other feed streams (hydrogen, water and
oxygen) do not contain any carbon atoms. As RNFA considers a fixed fuel produc-
tion, the nominator of Eq. (3.27) is constant for a specific type of biofuel whereas the
denominator changes depending on the magnitude of the biomass input stream. In
conclusion, the denominator can be reformulated to: Z?:{V fraw,j C,j = fraw,bioVC,bio-
For the evaluated studies, nc pi, varies marginally between 6.5 and 7.5 depending on
the individual composition and therefore, the carbon loss is mainly proportional to
the input stream of biomass according to the following relation:
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CL o (1 — const./ fraw bio)- (4.1)

When evaluating the influences on specific fuel costs, the biomass costs are at
least one order of magnitude larger than costs for auxiliaries and waste. Investment
costs are in the same order of magnitude as biomass costs but are similar for the
different pretreatment concepts due to the same production pathways. In conclusion,
changes in specific fuel costs Cypec are mainly caused by a changing quantity of biomass
that is required for the production of the specified fuel equivalent depending on the
effectiveness of the individual pretreatment concepts:

Cspec X fraw,bio~ (42)

Combining Egs. (4.1) and (4.2) results in the overall relation between carbon loss and
fuel cost:

CL o (1 — const./Cspec). (4.3)

This equation reflects the observed carbon loss and cost correlation (exemplarily
sketched for ethanol in Fig.4.19(c)). For a carbon loss approaching its upper limit
of 1, the fuel costs increase strongly. When the carbon loss approaches small values,
there is a minimum value for the specific fuel costs which is determined by the con-
stant. This constant in Eq. (4.3) is process specific and is not further determined for
this analysis.

The analysis shows that to reach a fixed fuel equivalent as output, a certain amount
of convertible carbohydrates is required depending on the yields of active production
pathways. Thus, the biomass input stream frawpio increases to reach the required
amount of sugars when either the amount of cellulose or hemicellulose in the biomass
is low or fractionation and hydrolysis yields are low. Conversely, high yields or a high
carbohydrate content in the biomass lead to a reduction of the input biomass stream.
The overall sugar yield that results from biomass composition, pretreatment and hy-
drolysis yields thus determines the quantity of the biomass input stream. Therefore,
carbon loss and fuel cost are directly connected to the overall sugar yield after hy-
drolysis. The strongly increasing fuel costs above a carbon loss of 0.8 correspond to
an overall sugar yield of approximately 400 ggugar kggiimass (approximate turning point
of sketched curve in Fig.4.19(c)) that can be regarded as a minimum overall sugar
yield for an economically beneficial production of biofuels. This value can serve as an
indicator to judge the yield of biomass pretreatment strategies in general.
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This study emphasizes that pretreatment is an integral part of the biomass con-
version process. Therefore, it should be considered with specific pretreatment and
hydrolysis yields in combination with further conversion and downstream process-
ing from the very early stages of process development for the production of biofuels.
Furthermore, only a complete analysis of raw material, solid recovery and hydroly-
sis yields from one experiment allows to correctly evaluate mass balances (cf. Dale
and Ong [77]) and determine whether a combination of pretreatment and subsequent
enzymatic hydrolysis exceeds the above suggested minimum overall sugar yield of
400 gsugar kggi})mass for a specific feedstock biomass.

Lignocellulosic biomasses with a low lignin content (i.e., high carbohydrate content)
can be pretreated with conditions that might not extract all available carbohydrates
(i.e., low yields for reactions R1-R5) but still exceed the minimum sugar yield. Con-
trarily, a high lignin content (i.e., low carbohydrate content) makes pretreatment
difficult because in this case pretreatment conditions are required that make available
most of the cellulose and hemicellulose fraction and also enable high hydrolysis yields.
This logic has to be anticipated when choosing a hypothetical site that offers only a
specific feedstock [303] as well as during process development for a specific feedstock.

Strictly speaking, the suggested minimum sugar yield for an economically bene-
ficial production of biofuels has to be validated for each individual process concept
during detailed process design. Nevertheless, this lower limit helps to quickly evalu-
ate research results and to decide whether a pretreatment concept can be feasible or
not. To evaluate the potential of the acetosolv pretreatment experiments presented
in Section4.2, the experimental results are integrated into the RNFA in the next
subsection.

4.3.4 Analysis of Acetosolv Pretreatment of Beech Wood

For the evaluation of acetosolv in RNFA, only the two points with the highest sugar
yields after enzymatic hydrolysis are considered. These correspond to pretreatment of
beech wood with approximately equimolar acetic acid—water mixtures and hydroiodic
or hydrochloric acid catalyst (see Subsection4.2.3). For the calculation of yields, we
assume that all xylose which is solubilized in the pretreatment liquid after pretreat-
ment can be recovered (i.e., Yy = 1). The yields for lignin, cellulose and glucose are
calculated from experimentally measured data (i.e., amount and composition of the
recovered fraction as well as yields of enzymatic hydrolysis). The molar composition
of the employed beech chips and the yields that serve as input for RNFA are given
in Tab. 4.2. Interestingly, Y, is at the optimum for the HCl experiment with Y}, and
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Y] fluctuating around 0.75, whereas Y, is reduced for the HI experiment, but Y} and
Y) have higher values of around 0.82. This hints towards a different fractionation
mechanism of each catalyst.

Table 4.2: Molar composition and yields considered for the screening of acetosolv
pretreatment of beech wood. The evaluated experiments are the two
with the highest sugar yield after enzymatic hydrolysis corresponding to
pretreatment of beech wood with approximately equimolar acetic acid—
water mixtures and hydrochloric (HCI) or hydroiodic acid (HI) catalyst.

HCI HI

Teramw 04223 0.4223
Theraw  0.2003  0.2903
Tiraw  0.2874  0.2874

Y. 1 0.9171
Yie 0.7506 0.8107
Y 0.7461 0.8251
Yin 1 1

Yau 05115 0.4837

Fig.4.20 shows the results of the RNFA of acetosolv pretreatment in the context
of the analysis of pretreatment of beech wood (see Fig.4.17). The active pathways
are similar to those of the above discussed screenings with the same characteristics
for the points of minimal cost and minimal carbon loss in the ethyl levulinate results
(see Tab.C.8 in appendix). Carbon loss and fuel cost based on acetosolv pretreat-
ment almost coincide with the points for OS-pretreated beech in RNFA. Nevertheless,
the acetosolv experiments are rather at the lower end in the fuel cost—carbon loss
correlation, when comparing with other pretreatment concepts. In comparison with
the evaluated literature data for the pretreatment of beech wood (see Tab.3.1), the
recovery of cellulose in the acetosolv experiments is good (i.e., the cellulose fraction
almost completely remains in the recovered fraction). The removal of lignin is above
the average value of the investigated literature for both acetosolv experiments. In
comparison to the specific values for pretreatment of beech wood, delignification with
HCI catalyst is rather at the lower end of the evaluated data and hence Y; should
be improved to render acetosolv pretreatment of beech wood with HCI catalyst more
effective. The fractionation of hemicellulose needs improvement in both cases as the
experimentally determined values are lower than the average yield for hemicellulose.
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Clearly, the glucose yields of enzymatic hydrolysis after acetosolv pretreatment are
lower than the majority of reported glucose yields for beech wood and hence, Y,
remains as a major bottleneck of the tested acetosolv pretreatment conditions. As ex-
pected due to the rather low sugar yields, acetosolv pretreatment needs improvement
to be competitive with effective pretreatment concepts. Nevertheless, the criterion of
400 Beugar K€ s 18 (just) met with wyygar = 0.401 for the experiment with hydroiodic
acid and wgygar = 0.4134 for the experiment with hydrochloric acid.
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Figure 4.20: Results of the RNFA for acetosolv pretreatment of beech wood in com-
parison to the results of the screening of biofuel production with beech
as feedstock (see Fig. 4.17).

4.3.5 Conclusion

Section 4.3 evaluates the influence of various biomass pretreatment concepts and en-
zymatic hydrolysis on the production process performance of the biofuels ethanol and
ethyl levulinate. Reaction Network Flux Analysis is used for the screening of pro-
cesses at early stage to minimize fuel cost and carbon loss. Fuel cost and carbon loss
strongly depend on pretreatment and hydrolysis yields as the inclusion of literature
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data for the pretreatment of beech wood and organosolv-based pretreatments of a
variety of feedstock biomass species reveals. The comparison of ethanol and ethyl
levulinate shows that there can be a trade-off between carbon loss and specific fuel
costs. In case of ethanol, the trade-off is insignificant due to the direct, short pro-
duction pathways from both xylose and glucose. In case of ethyl levulinate, different
combinations of production pathways are selected for minimal costs versus minimal
carbon loss.

Furthermore, a detailed analysis shows that carbon loss correlates with the recipro-
cal value of specific fuel costs or total sugar yield. In particular, a carbon loss below
approximately 80% corresponds to the pretreatment strategies with a high economic
potential. This threshold in carbon loss coincides with an overall sugar yield of ap-
proximately 400 g total carbohydrates per kg of lignocellulosic biomass. To classify a
pretreatment as economically beneficial, this critical sugar output should be exceeded
either by a large (accessible) carbohydrate content of the feedstock biomass or by
effective fractionation and hydrolysis.
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Conclusions and Outlook

The conversion of lignocellulosic biomass to biofuels and biochemicals requires a pre-
treatment to cleave the composite-like structure of biomass and thus facilitate further
conversion. In the case of liquid-based pretreatment, the composition of the pretreat-
ment liquid plays a crucial role for the effectiveness of pretreatment with regard to
improved sugar yields after enzymatic hydrolysis as a process step subsequent to pre-
treatment. This work investigates liquid-based pretreatment of lignocellulosic biomass
and addresses challenges of correlating properties of pretreatment liquids with changes
of biomass characteristics after pretreatment as well as the development of tools for
the evaluation of pretreatment strategies.

The efficacy of EMIMAc as pretreatment liquid is limited by the addition of sol-
vents. This relates to a reduction of both macroscopic disintegration and sugar yield
after enzymatic hydrolysis of beech wood pretreated in mixtures of EMIMAc with
acetic acid and water. To increase the understanding of molecular mechanisms that
determine the effectiveness of a pretreatment liquid, interactions between species in
mixtures of EMIMAc and deuterated solvents are visualized by simple low-field NMR,
measurements. The analysis of interaction kinetics of H/D exchange at the C(2)-po-
sition of the EMIM cation reveals that the observed pseudo-first-order rate constants
linearly correlate with pH only in the dilute regime below 30 mol % EMIMAc, which
corresponds to ineffective pretreatment liquids. More detailed modeling of the ex-
change reaction considering a second-order mechanism and dissociation of water re-
veals that even this detailed model does not suffice to describe one reaction mechanism
which is valid for the complete composition range because rate constants vary with
the content of EMIMACc in the investigated mixtures. High exchange rate constants
in concentrated mixtures indicate that cations and anions strongly interact via the
C(2)-position down to a mole fraction of 30 mol % EMIMAc. Overall, the changes in
pretreatment effectiveness cannot be directly correlated to the analyzed interactions
and hence, H/D exchange alone does not allow for an explanation of pretreatment
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results. Nevertheless, this kinetic analysis presents a first step towards a thorough de-
scription of molecular interactions between ILs and solvents considering dissociation
on a molecular level and the influence of liquid structure on a larger scale.

To resolve correlations between pretreatment phenomena and the composition of
pretreatment liquids, acetosolv pretreatment of beech wood is chosen as an exem-
plary pretreatment concept. Although sugar yields after enzymatic hydrolysis are
lower than those after pretreatment with EMIMAc, the obtained sugar yields par-
tially exceed hitherto determined sugar yields for acetosolv pretreatment. Moreover,
this study of varying composition of acetosolv liquids shows that macroscopic changes
after pretreatment are connected to mass balances as well as compositional changes
and enables their relation to the composition of pretreatment liquids. We classify the
macroscopic disintegration after pretreatment into five degrees of disintegration. The
degree of disintegration increases with increasing concentration of catalyst acid while
acetic acid is required to achieve disintegration at all. Furthermore, with increasing
disintegration, the non-recovered fraction of beech wood after acetosolv pretreatment
increases up to a maximum of 40 wt %, which is independent of the type of catalyst
acid. With regard to biomass composition, beech wood disintegrates if approximately
half of the hemicelluloses and one third of lignin are removed during pretreatment.
To further describe the removal of components, pretreatment liquids were analyzed
with NMR spectroscopy after pretreatment to qualitatively and quantitatively mea-
sure solubilized components. Concerning the composition of pretreatment liquids,
an equimolar ratio of acetic acid and water in combination with a strong catalyst
acid proves beneficial for enzymatic hydrolysis due to high delignification and no in-
crease in acetyl content. Consequently, disintegration with a non-recovered faction of
40 wt % serves as a necessary condition for effective pretreatment. Thus, the macro-
scopic criterion of disintegration in combination with a quick and simple estimation
of dissolved fraction with low-field NMR spectroscopy allows for a fast evaluation of
possibly effective pretreatment conditions to only chose promising experiments for
a detailed but laborious wet chemical analysis of recovered fraction and enzymatic
hydrolysis.

At the process level, the influence of various biomass pretreatment concepts in
combination with enzymatic hydrolysis on the production process performance of the
biofuels ethanol and ethyl levulinate is evaluated. RNFA is used for the screening of
processes at early stage to minimize fuel cost and carbon loss. Both criteria depend on
pretreatment and hydrolysis yields as revealed by the inclusion of literature data for
the pretreatment of beech wood and OS-based pretreatment of a variety of feedstock
biomass species. In some cases, carbon loss and specific fuel costs show a trade-off
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that increases with the number and length of production pathways as is the case
for ethyl levulinate in comparison to ethanol. In more detail, carbon loss correlates
with the reciprocal value of specific fuel costs or total sugar yield. In particular, a
carbon loss below approximately 80% denotes the pretreatment strategies with a high
economic potential. This threshold in carbon loss corresponds to an overall sugar
yield of approximately 400 g total carbohydrates per kg of lignocellulosic biomass. To
classify a pretreatment as economically beneficial, this critical sugar output should be
exceeded either by a large (accessible) carbohydrate content of the feedstock biomass
or by effective fractionation and hydrolysis.

Altogether, the analysis of pretreatment on multiple scales up to the process per-
spective conducted in this thesis presents a step towards mechanistic understanding of
pretreatment of biomass. Nevertheless, many aspects still remain unclear and require
more research. With regard to the topics investigated in this thesis, this includes
an extension of the kinetic analysis of molecular interactions in pretreatment liquids,
the improvement of analytical evaluation of pretreatment phenomena as well as the
assessment of pretreatment effectiveness from a process perspective.

Since the measurements of H/D exchange kinetics were carried out at slightly above
ambient temperature only, it remains unknown to what extent temperature influences
the kinetics. Therefore, spectral information from Raman and IR measurements at
pretreatment temperatures could be used to further resolve the kinetics of molecular
interactions and determine the relation of these interactions to pretreatment effects.
However, molecular interactions are specific for a certain composition of a pretreat-
ment liquid and hence the kinetic analysis cannot be used to compare different types
of pretreatment liquids, especially in terms of acid-base properties. As stated above,
the description of acid—base properties with pH is limited to dilute aqueous solutions,
which represent only a small fraction of pretreatment liquids. Therefore, sophisticated
models should be developed that account for a changed activity of species in different
types of concentrated electrolyte solutions at increased temperatures.

A further step for the development of correlations between characteristics of pre-
treatment liquids and pretreatment phenomena concerns the analysis of non-recovered
fraction after acetosolv pretreatment of beech wood as a function of catalyst concentra-
tion. More specifically, this refers to the extension of the steepness k of the logistic fit
to account for the water content in the pretreatment liquid as well as the acid strength
of the individual catalyst acid, for example based on a kinetic analysis considering the
extended severity factor or other solvent/solubility parameters in combination with
a measure of acidity of the catalyst such as pK, or Hammett acidity (see Subsec-
tion2.2.3). The inclusion of water content in the correlation requires an additional
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Chapter 5 Conclusions and Outlook

set of pretreatment experiments with consistently varied water content in acetosolv
liquids for different types of catalysts. These additional pretreatment experiments
with complete analysis of the recovered fraction will allow for a more comprehensive
evaluation of (acetosolv) pretreatment liquids instead of empirically fitted functions
that are valid for a limited set of experiments only. Besides compositional analysis, a
further characterization of the fraction of lignin removed during pretreatment as well
as the lignin in the recovered fraction (e.g., analysis of lignin molecular weights) helps
to further quantify the influence of lignin depolymerization and lignin solubility in
different acetosolv pretreatment liquids. Eventually, this could facilitate the improve-
ment of acetosolv pretreatment liquids that contain an increased water content to
keep acetic acid as disintegration agent but at the same time a reduced concentration
of catalyst acid to prevent degradation reactions.

As stated above, macroscopic disintegration in combination with estimation of over-
all mass balances from NMR spectra are simple indicators that describe necessary
conditions for effective pretreatment. To increase the robustness of the presented
method, advanced chemometric methods such as indirect hard modeling can be used
for the determination of peak areas irrespective of superposition [24, 304]. How-
ever, minimal changes in peak areas due to the low amount of protons from biomass
on the one hand as well as large peak shifts due to changing water contents in the
pretreatment liquid on the other hand, require precise model calibration to obtain
reliable results. Moreover, disintegration and overall mass balances do not suffice to
determine effectively pretreated samples because the interaction between lignin and
the pretreatment liquid is another important aspect for effective pretreatment. This
refers to the differentiation of samples, where the pretreatment liquid allows for high
lignin solubility in combination with high delignification thus facilitating enzymatic
hydrolysis. To complement the two indicators developed in this thesis, an analyti-
cal procedure for a quick estimation of lignin content in the recovered fraction after
pretreatment would be beneficial. In this way, samples with a high non-recovered
fraction and high amount of removed lignin could be differentiated from undesired
samples with a high non-recovered fraction but degraded cellulose (as was observed
for the acetosolv experiments).

In many cases, disintegration and pretreatment effectiveness appear to be related
to swelling of wood in a pretreatment liquid. However, previous investigations in the
literature focused on swelling characteristics in a limited range of pretreatment liquids
only. This demands for further investigations to determine whether the extent of
swelling in general acts as a prerequisite for effective pretreatment. Lastly, correlations
between swelling and parameters for the description of pretreatment liquids should
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be comprehensively evaluated for a variety of different pretreatment liquids.

From a process perspective, the screening for the production pathway performance
of biofuels based on RNFA can be detailed to account for further pretreatment-specific
influences. On the one hand, this refers to a more precise estimation of costs con-
sidering for example specific costs for the pretreatment liquids as well as costs for
enzymes. On the other hand, integration of process streams could discover solvents
that can preferentially be used as components of a pretreatment liquid depending on
the specific downstream processing.

Although many aspects of pretreatment of lignocellulosic biomass remain unknown,
the analyses and methods presented in this thesis improve the understanding of mech-
anisms of biomass pretreatment on several scales and thus contribute to the develop-
ment of improved pretreatment strategies for the production of fuels and chemicals in
lignocellulosic biorefineries.
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APPENDIX A

Ionic Liquids
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Figure A.1: Apparent pH in mixtures of EMIMAc with water and acetic acid. Ap-
parent pH refers to the value as was measured with the pH meter (i.e.,

the influence of increasing electrolyte concentration or activity correc-
tion was not accounted for).

123



Appendix A Ionic Liquids

65

60 >E
55 [y
50
45

40

temperature (°C)

35
30

ethylene glycol (80 °C)

25 L

10

time (min)

15

Figure A.2: Temperature decrease of methanol and ethylene glycol heated in NMR
tubes. The temperature inside the NMR tube is estimated according to
Ammann et al. [305]. Note that the temperature of the first recorded
spectrum is below the set temperature due to rapid cooling when shift-
ing the tube from the external heating block inside the NMR device.
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Figure A.3: (a) Pseudo-first-order exchange rate constants with mixtures of HyO
and DO (50/50 and 75/25 w/w) in comparison to exchange rate con-
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stants with fully deuterated solvents. (b) Viscosity of mixtures of
EMIMAc with water, data from Hall et al. [274], Fendt et al. [306].
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Figure A.4: Different variants of estimated exchange rate constants and dissociation
constants:

(a) Estimation of HDO dissociation constants K, 4 and Ky 5 as shown in the main
text. Dissociation constant of water Ky, = 1.8 x 107 %mol L=! and heavy water
Kaw =2 x 107 "mol L1,

(b) The dissociation constants of HDO, K, 4 and K, 5, are assumed to be the arith-
metic mean of the normal and heavy water dissociation constants.

(c) Ky4 and Ky 5 are calculated so that the isotopic disproportionation between
water, heavy water and HDO is considered: HDO?/( H,O - D,0) = 3.7 [307].

(d) All four dissociation constants are assumed to have the same value of normal
water dissociation Ky, = 1.8 x 107%mol L.
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APPENDIX B

Acetosolv Pretreatment

Fitting of Non-Recovered Fraction

Evaluation of the non-recovered fraction as a function of the catalyst concentration
represents a first step towards the quantification of the influence of catalyst concen-
tration. Our approach resembles the logistic function chosen by Dong et al. [289] and
Chang et al. [290] for the modeling of pretreatment phenomena during formic acid
pretreatment of wheat straw and sugarcane bagasse, respectively. Since time and
temperature were not varied for the acetosolv experiments, they are not included in
the function. Furthermore, we assume that the biomass cannot be solubilized com-
pletely during pretreatment but instead we consider a maximum limit of non-recovered
fraction after pretreatment wy, max. A similar assumption has already been made to
model incomplete lignin solubilization during acetosolv pretreatment [284, 288|. Each
fit includes all samples (i.e., DoD 0 to DoD 4) in concentrated acetosolv liquids (filled
symbols) except for the two samples with DoD 4 for phosphoric acid, which are ex-
cluded due to the high standard deviations. To correlate the non-recovered fraction
wy, with the concentration of each catalyst acid c..;, we use the following logistic
function:

wnr max
nr — : W . B.1
w (1 + e_wnr,max'k'ccat . (M — 1)) ( )

Wnr,0

The parameters Wy max and wy, o refer to the maximum value of the non-recovered
fraction and the non-recovered fraction at a catalyst concentration of 0 (i.e., pretreat-
ment without catalyst acid), respectively. k& denotes the steepness of the increase
of the non-recovered fraction with catalyst acid concentration. All parameter values
are determined individually for each catalyst acid. Overall, the logistic function of
Eq. (B.1) represents the experimental data well as indicated by the high coefficients
of determination (see Fig.4.12). The fitted values for the three parameters depending
on the type of catalyst acid are given in Tab. B.1.
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Table B.1: Fitting parameters for Eq. (B.1).

HCl H,SOy4 H;PO,

Warmax (2871 0.397 0397 0.374
k(Lmol™!) 238  158x10* 16.9
waro (g27Y)  0.0532 6.45 x 1078 0.01997

The estimated maximum non-recovered fraction is similar for all three catalyst
acids: For complete disintegration, a maximum of approximately 40 wt % of beech
wood is removed. Thus, this parameter is independent of the catalyst acid but is
specific for beech or for acetosolv-pretreated beech. A comparable overall limit has
been observed by Parajé et al. [219] with 50 wt % recovered fraction after acetosolv
pretreatment of eucalyptus wood. The fluctuation of points around the upper limit
of the non-recovered fraction might be due to the fact that especially at higher DoDs
very small particles are formed, which are not hold back uniformly during filtration.
Analogously, the estimated values for wy,o in case of hydrochloric and sulfuric acid
are in the range of the non-recovered fraction determined in the experiment without
catalyst (see Tab. B.2), while the value for sulfuric acid appears rather low. Neverthe-
less, this parameter should have a fixed value independent of the type of catalyst acid
for a general analysis. In contrast, an increasing value of k correlates with a decreas-
ing amount of catalyst acid required to achieve disintegration. Hence, this parameter
indicates the strength of the employed acetosolv liquids resulting from the acidity of
the catalyst acid and/or the influence of the water content. A generalization of this
analysis could aid to further describe acid properties of the investigated electrolyte
solutions.
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Appendix B Acetosolv Pretreatment

Compositional Changes after Pretreatment
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Figure B.1: Glucose removed during pretreatment with acetic acid-based liquids
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(filled symbols) and acetic acid-water-based liquids (striped symbols)
versus non-recovered fraction. The content of cellulose as glucose in
native beech is 41.8wt %. The area delineated by the dashed curve
highlights experiments with an extraordinary high fraction of lignin re-
maining in the pretreated material and at the same time a high amount
of glucose removed during pretreatment. The shape and color of the
symbols indicate the DoD and the employed catalyst acid, respectively
(see legend). Error bars are shown only for measurements with standard
deviation above symbol size.
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Figure B.2: NMR spectra of pretreatment liquids after pretreatment with signals of
dissolved components: (a) Pretreatment liquid consisting of water and
sulfuric acid (234.48 mmol L™!) and (b) acetosolv pretreatment liquid
consisting of acetic acid and sulfuric acid (21.78 mmol L™1).

Figure B.2 (a) shows a sample spectrum of a reference experiment with only water
and sulfuric acid catalyst. Here, only slight signals of sugars between 3ppm and
4ppm (mostly covered by the dominant water peak around 4.75ppm) and acetic acid
around 2 ppm are visible. The acetic acid peak is visible for all experiments, whereas
the sugar signals are more pronounced at higher concentrations of catalyst acid in
water.

Figure B.2 (b) shows a sample spectrum of an acetosolv pretreatment liquid after
pretreatment including signals of the dissolved biomass components. Dominant peaks
arise from the acetic acid methyl and hydroxyl group. The peak of the latter is su-
perimposed with the hydroxyl peak of other components, mainly water and catalyst
acid. Due to the low concentration of dissolved components, their signal intensities
are much smaller than the solvent peaks. The poor signal to noise ratio at these
low concentrations would lead to high errors in a quantitative analysis (e.g., via peak
integration). Nevertheless, peaks of some dissolved wood components (sugars, lignin)
and degradation products (furfural, formic acid) are clearly visible, which allows for a
qualitative analysis of dissolved components complementing the component analysis
of the recovered fraction. Owing to the low resolution of the spectrometer, all sugar
signals are superimposed between 3.8 ppm and 5.6 ppm and visual differentiation be-
tween the different types of sugars (glucose, xylose, mannose) is not possible. The
signals of the solubilized lignin are clearly visible and only partially superimposed with
the main peak of lignin arising at 3.8 ppm and further lignin peaks around 1.3 ppm.
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Appendix B Acetosolv Pretreatment

Similar signals have been observed for measurements of lignin with low-field NMR
spectroscopy [308]. Between 9.5ppm and 6.5 ppm, four peaks of furfural arise and
around 8.1 ppm is the signal of formic acid.

Integration of Spectra

Figure B.3 shows the spectrum of pure acetic acid that was used for the calculation
of the integration constant ¢y (see Eq.(3.6)). The dashed lines in the zoom on the
methyl peak represent the integration limits for the determination of Acp,. The upper
integration limit was set to 3.22 ppm to avoid superposition with signals of solubilized
biomass components and degradation products in spectra of pretreatment liquids (see
Fig. B.2 (b) in appendix). The lower integration limit was set to -0.5 ppm. The total
peak area A, was integrated between -0.5 ppm and 13 ppm. No offsets or baseline
corrections were used for the integration.

13 12 11 10 9 8 7 6 5 4 3 2 1 0 A1
chemical shift (ppm)

Figure B.3: Spectrum of acetic acid that was used for the determination of ¢;,;. The
zoom shows the area highlighted in gray with integration limits for the
methyl peak (-0.5 — 3.22 ppm).
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For an ideal spectrum of acetic acid, 3 and 4 protons contribute to the methyl
peak area and total spectral area, respectively. This results in a ratio of 0.75. ciyt
is calculated from the quotient of the ideal value and the ratio of Acp,/Asot in the
measured acetic acid spectrum:

0.75

Cint = ——— = 1.043. B.2
Sl (B2)

cint 18 valid for all spectra, while the factor fa_,, (see Eq.(3.6)) is calculated for each
spectrum individually.

To estimate the fraction of removed protons Zrem, linear regression of removed
hemicellulose My yem and lignin m e, With non-recovered fraction (see Fig. 4.14) gives
the following equations

Mierem = 0.2842w,, — 0.0166
Miem = 015561, — 0.009.

o @
o

For values of w,, < 0.05, infeasible values of negative removal result from the
regression equations. In these cases, the amount of removed hemicellulose and lignin
is set to 0. Wood moisture is assumed to be completely solubilized independent of
the non-recovered fraction. Lastly, the amount and fraction of removed protons is
estimated from the removed components considering the individual weight fractions
of hydrogen:

NH rem — (mhc,reme,hc + M remWH,1 + mwoodwme,HZO)/MH (B5)

THyrem — nH,rem/nH,Wood- (BG)
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Table B.3: Visibility of components solubilized in pretreatment liquid after acetosolv
pretreatment of beech wood: + strong signal, o signal visible, - signal
hardly visible, x component not visible in spectrum.

Catalyst acid Ccat (molL™') Lignin  Sugars Furfural Formic acid

no catalyst - - X X X
HC1 0.14161 + 0 + -
0.05906 + 0 + -
0.01561 + X X X
0.00863 + X X -
0.20253 + 0 + X
HySOy4 0.02178 + + + +
0.02408 + + + 0
0.01814 + + + -
0.00602 + + - X
0.00505 + + - -
0.22659 + 0 0 X
H3;PO, 0.27338 + X X 0
0.74114 + - - .
0.64248 + - - -
0.90216 + - - -
0.65722 + - X -
0.46882 + - X -
HI 0.20114 + 0 0 X
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APPENDIX C

Pretreatment in RNFA

Model and Reaction Parameters

Total investment costs TIC are calculated from investment costs IC corrected for the
influence of interest rate ir and assumed runtime ¢, of the biofuel production facility:
TIC = (IC-ir) /(1 — (14r)"n) [230, 309]. IC are estimated according to the following
equation

o CEPCIQ()14
~ CEPCly

with NF'U the number of functional units. The economic parameters relevant to RNFA

IC vl - (Bproduct Mproduct)™? - NFU (C.1)

investment cost calculations are given in Tab. C.1.

Table C.1: Economic Parameters for RNFA.

Parameter Unit Value Ref.
interest rate ir year™! 0.08 -

plant run time ¢, year 10 -

CEPClyp19 - 550.8 (310]
CEPClyp14 - 576.1 [310]
Inv1 - 7000 [309]
Inv2 - 0.68 [309]

Additionally, Tab. C.2 gives an overview of specific prices for raw materials and waste.
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Table C.2: Specific prices for raw material and waste. TAverage value.

Parameter Unit Value Ref. Assumption
Plignocell. biomass USD kggi(l)mass 0.05 [3 1 1] -

Py, USD kgy! 2.87 [311]  biomass gasification
Pyater USD kg, L., 0.0005  [312] -

Piaste USDkg, .. 023044 [313] -

Table C.3 shows the conditions of the reactions considered in RNFA screenings.

Due to the assumption of ideal recycles, yield Y is effectively set equal to selectivity
S; without any purges. Thus, only yield information Y; = S} is needed.

Table C.3: Input for the reaction network of RNFA.

Reaction Y, =5; Ref.
(molmol™1)
R6 0.95 [68]
R7 0.85 [68]
RS 0.70 (314]
R9 1.00 [314]
R10 0.97 [315]
R11 0.96 [316]
R12 0.99 [317]
R15 0.90 [318]
R16 0.99 (319]
R19 0.96 [320]
R25 0.95 [321]
R26 0.99 [322]
R28 0.84 (323]
R30 0.95 [324]
R32 0.60 [325]

135



Appendix C Pretreatment in RNFA

Criteria for Selection of References

For the calculation of yields from published studies, we selected references according to
the following constraints. First, we only considered references that include an analysis
of raw material, solid recovery and hydrolysis from one experiment. This means
for example that studies were not included in the analysis if they rely on estimates
for the composition of the raw material. Second, we did not explicitly take into
account the specific recalcitrant structure of different types of biomass as well as the
influence of degradation products formed during pretreatment and hydrolysis which
can both influence subsequent yields. However, since each data set of composition
and yields was taken from a single reference, influences of biomass structure and
degradation products on the specific pretreatment and hydrolysis yields are indirectly
taken into consideration for the pretreatment and hydrolysis step. Third, the yields of
further fermentation and downstream processing reactions have the same value for all
analyses [230], which means that they are not influenced by the outcome of a specific
pretreatment concept (see also Tab. C.3).

Active Fluxes

For ethanol screenings, fluxes R1-R7 are active in all cases.

Tables C.4 and C.5 present all active fluxes of RNFA screenings for the production of
ethyl levulinate from beech wood considering ideal and experimental hydrolysis yields,
respectively. Tables C.6 and C.7 present all active fluxes of RNFA screenings for the
production of ethyl levulinate from a variety of OS-pretreated biomasses. Table C.8
presents active fluxes of RNFA screenings for the production of ethyl levulinate from
acetosolv-pretreated beech wood considering the experimental results presented in
Section4.2. Fluxes R1-Rb5 are active in all ethyl levulinate screenings and are therefore
not listed in the tables.
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