ABSTRACT
LESKINEN, TIMO ENSIO. Analytical Approaches to Understanding the Role of Non-

carbohydrate Components in Wood Biorefinery. (Under the direction of Dimitris S.
Argyropoulos and Stephen S. Kelley).

This dissertation describes the production and analysis of wood subjected to a novel
electron beam-steam explosion pretreatment (EB-SE) pretreatment with the aim to evaluate
its suitability for the production of bioethanol. The goal of these studies was to: 1) develop
analytical methods for the investigation of depolymerization of wood components under
pretreatments, 2) analyze the effects of EB-SE pretreatment on the pretreated biomass, 3)
define how lignin and extractive components affect the action of enzymes on cellulosic
substrates, and 4) examine how changes in lignin structure impact its isolation and potential
conversion into value added chemicals.

The first section of the work describes the development of a size-exclusion
chromatography (SEC) methodology for molecular weight analysis for native and pretreated
wood. The selective analysis of carbohydrates and lignin from native wood was made
possible by the combination of two selective derivatization methods, ionic liquid assisted
benzoylation of the carbohydrate fraction and acetobromination of the lignin in acetic acid
media. This method was then used to examine changes in softwood samples after the EB-SE
pretreatment. The methodology was shown to be effective for monitoring changes in the
molecular weight profiles of the pretreated wood.

The second section of the work investigates synergistic effects of the EB-SE
pretreatment on the molecular level structures of wood components and the significance of
these alterations in terms of enzymatic digestibility. The two pretreatment steps

depolymerized cell wall components in different fashion, while showing synergistic effects.



Hardwood and softwood species responded differently to similar treatment conditions, which
was attributed to the well-known differences in the structure of their lignin and hemicellulose
fractions. The relatively crosslinked lignin in softwood appeared to limit swelling and
subsequent depolymerization in comparison to hardwood. Additional studies revealed that an
insoluble, likely crosslinked, lignin fraction induced enzyme inhibition, while soluble lower
molecular weight fractions were slightly beneficial for the enzymatic hydrolysis of cellulose.

The third section of the work addresses the influence of hydrophobic wood
extractives and representative model compounds on the cellulolytic hydrolysis of cellulosic
substrates. Deposition of specific fractions of isolated wood extractives on cellulose was
found either to enhance or inhibit the action of cellulase enzymes, depending on the chemical
nature of the fraction. Using model compounds this effect was found to be correlated with the
compounds chemical structure, and underlying mechanisms could be rationalized by Hansen
solubility parameter considerations. The amphiphilic and hydrophobic nature of the model
extractives was found to influence the deposition of extractives on the cellulose surfaces, and
the adsorption of cellulolytic enzymes, as measured with Quartz Crystal Microgravimetry.
Beneficial effects of the extractives were likely related to reduction in the irreversible
binding of the enzymes on the cellulose substrate.

The fourth section of the work deals with the recovery of lignin using extraction
methods based on aqueous alkali or aqueous ethanol. The objective of this study was to
understand how the yield, MW and structure of lignin recovered from the process residue
was impacted by the different isolation methods. Mild extraction conditions allowed for
recovery of approximately 40 wt.% of the lignin present in the process residues. Base or acid

catalyzed hydrolysis of the lignin could increase the recovery lignin yield to about 76 wt.%.



The recovered lignins were characterized in terms of their functional groups, molecular
weights and thermal properties. The lignins from mild alkali and ethanol extractions showed
similarities in their chemical profiles while, as expected, the hydrolyzed lignins were
different and depended on the hydrolysis conditions. The molecular weight and thermal

properties of the lignin products were affected by the applied isolation process.
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CHAPTER 1

1. Introduction

1.1 Rationale for the transition to second generation biofuels

The global biofuel production in 2013 was over 65 million tons when converted to oil
equivalents, but corresponds to less than 2 % of the global oil consumption (BP Statistical
Review of World Energy 2014). Ethanol remains the main product of the biofuel industry,
mainly derived from corn starch and sugar cane based production. However, legislation has
been introduced so as to increase the cellulose based bioethanol production from
lignocellulosic feedstocks such as wood, cultured bioenergy crops, and other types of
agricultural residues (Energy Independence and Security Act of 2007). Lignocellulosic
biomass contains 60 to 90 % of polysaccharidic components in the form of cellulose and
hemicelluloses, 15 to 30 % of polyaromatic lignin, and minor amounts of extractive
compounds (Klemm et al., 2005).

The use of lignified plants as feedstocks for fermentable sugars is technically more
challenging in comparison to starch, but the following socioeconomic driving forces call for
this transition: (1) The cellulosic ethanol can reduce the greenhouse gas (GHG) emissions in
comparison to current biofuel grades. Although all biofuels represent more sustainable
options to petroleum products, modern product life cycle analyses have revealed significant
overestimations in the past about the green characteristics of corn based biofuels (Murphy

and Kendall, 2014). (2) The production of ethanol and any other commodities from the



inedible parts of the plants (or purely inedible crops and wood) reduces the direct
competition with food production. (3) Lignocellulosic biofuels can boost up the biofuel based
economy and provide energy security in the Northern hemisphere (especially in the US and
Europe), where bioethanol production has experienced only minimal growth during recent

years (BP Statistical Review of World Energy 2014).

1.2 Structure and composition of wood, an abundant lignocellulosic feedstock

The macroscale structure of wood is made up of wood cells, where the fundamental
polymeric building blocks, the cellulose, hemicellulose, and lignin, form a heterogeneous
composite like ultrastructure of the cell wall (see Figure 1.1) (Salmén and Burgert, 2009). A
layered structure can be distinguished (see Figure 1.2), where the parts of the cell wall differ
in terms of their relative composition, orientation, and the physical form of the polymeric
components. At this level the physical and chemical characteristics of the cell wall, in terms
of the polymer interactions and physical linkages, become very relevant for the chemical
processing of plant biomass.

Efforts towards a detailed prescription of the cell wall structures have been a
continuous in the area of wood science. The mechanisms that apply during cell wall
formation are relatively well known (Ralph et al. 2007; Klemm et al., 2005; Atalla, 2005),
but building a comprehensive model of the organization together with the prevailing
interactions between the plant biopolymers in a fully developed cell wall is still a work in
progress. The following sections summarize our knowledge about compositional and

structural features of the cell wall.
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Figure 1.1 A characteristic view of the composite structure of the wood cell wall (Salmén
and Burgert, 2009).



Figure 1.2 (Left) Microscopic cross sectional image of the corner of four wood cells (Koch
and Schmitt, 2013) (Right) Schematic representations of the wood fiber, distinct layers of the
cell wall, and the organization of the fibrillar structures (Klemm et al., 2005). CC = Cell
corner; CML = compound middle lamella; P = primary cell wall S1, S2, S3 = structural

layers of the secondary cell wall; W = warty layer.



Cellulose

Cellulose is a uniform linear polysaccharide formed from glycosidically linked D-
anhydroglucopyranose units, with a degree of polymerization ranging between 2000 and
15,000 units. (Klemm et al., 2005) Controlled biosynthetic pathways allow the cellulose
polymers to arrange via hydrogen bonding and weaker electrostatic interactions into
molecular bundles of 1.5 to 5 nm diameter (Klemm et al., 2005; Ding et al., 2012). These are
called elementary fibrils or microfibrils somewhat interchangeably. Inside the fibril, the
physical form of the cellulose is highly ordered and several crystalline polymorphs can be
distinguished from the native cellulose. The fibrils also consist amorphous regions in source
dependent proportions. Chemical treatments of cellulose can create alternative morphologies
in it that are not found naturally (Klemm et al, 2005).

The crystalline character of cellulose imparts to it a somewhat chemically inert
character, whereas the amorphous segments are more susceptible to reactions with reactive
agents (Klemm et al., 2005). Hydrogen bonding has long been known to contribute strongly
to the physical and chemical properties of cellulose, but recently other types of electrostatic
interactions and their spatial distributions within the cellulose fibrils have drawn attention
(Glasser et al. 2012). The orientation of the hydroxyl groups in the equatorial plane of the
cellulose crystalline domains may cause the hydrophobic nature of the cellulose fibrils in the
plane of the crystal that corresponds to the axial direction of the glucose rings (Nimlos et al.,
2012). The amphiphilic nature of the cellulose and its affiliated solubility parameters
(Hansen and Bjorkman, 1998) are significant regarding its interactions with compounds of

hydrophobic nature.



Cellulose accounts to approximately 35 - 70 wt. % of the weight of plants (Klemm et
al., 2005; Menon and Rao, 2012), since it is the skeleton structure in the plant cell wall. The
microfibrils bundle into larger aggregated structures, as shown in Figure 1.1. In these larger
structures, denoted as the macrofibrils, the cellulose is closely integrated with the other cell
wall polymers, the hemicelluloses and lignin. (Donaldson, 2007) The detailed structures and

interactions at a molecular level within these composite fibrils are still not fully understood.

Hemicelluloses

The term hemicelluloses describes a variety of structurally diverse polysaccharides
that correspond to 15 - 35 wt. % of the plant biomass (Klemm et al., 2005; Menon and Rao,
2012). Hemicelluloses are heteropolysaccharides with varying monomer composition
between the plant species. In general hardwoods and grasses consist mainly of xylose based
hemicelluloses and softwoods contain a major proportion of glucomannans in addition to
minor xylose based components (Lawoko, 2005).

In the composite structure of the cell wall, the hemicelluloses do not play the same
structural role like cellulose. They are in fact covalently associated with the lignin, forming
lignin-carbohydrate complexes (LCC) (Lawoko, 2005). This is why a regulatory role of
hemicelluloses has been suggested during the lignification of the cell wall (Atalla, 2005).
Hemicelluloses have also been described to act as surfactant agents that increase the
compatibility between lignin and cellulose (Hansen and Bjorkman, 1998) Their role as a
compatibilizer, or a stress transfer agent, is further supported by the observed integration of
hemicelluloses to the surfaces of cellulose fibrils and their integration inside the

macrofibrillar arrangements (Donaldson, 2007).



Lignin

Lignin is the third main component in plants that corresponds to 15 - 30 wt.% in
woods, depending on the species, and lower fractions in annual plants (Klemm et al., 2005;
Menon and Rao, 2012). Lignin is an aromatic polymer of coniferyl -, sinapyl, or p-coumaryl
alcohol units, bound by various ether and carbon-carbon bonds. Generally softwoods consist
of guaiacyl lignin (G; coniferyl based), whereas hardwoods consist of various proportions of
syringyl (S; sinapyl based) and guaiacyl lignin structures. Additionally, some wood species
contain very small proportions of p-hydroxyphenyl lignin (H; p-coumaryl based), that in turn
is the main component in grass species (Ralph et al., 2007). The polymeric structure of lignin
is thus heterogeneous and due to this attribute its structure is generally expressed as relative
proportions of different bond types and the ratios between G, S, and H type subunits.

The lignin component is deposited within the plant cell wall after the polysaccharides
(Atalla, 2005; Koch and Schmitt, 2013), and apparently plays a role in the bundling of the
cellulose microfibrils into the larger macrofibril structures. (Donaldson, 2007). The lignin is
also the major component filling the spaces in between the wood cells, in the middle lamella
and the cell corner (Argyropoulos and Menachem (1997)) (see Figure 1.2). These attributes
have led to the common perception of lignin as the “glue” of the cell wall.

The chemistry of lignin reactions and thus the pathway from its native form to isolated
technical lignins, is controlled by the nature of the inter unit linkage types and their variable
reactivity. The physical properties and solubility of isolated lignins are influenced by the
variety of functionalities, such as phenols, hydroxyls, carboxylic acids, and carbonyls, and

their molecular weights (Doherty et al., 2010; Laurichesse and Avérous, 2014). The isolation



method affects greatly the aforementioned characteristics. Amongst the most common
isolated forms of lignin are the lignosulfonates and kraft lignin. In these cases the natural
polymer has undergone a chemical degradation process and no longer represents the original
polymeric architecture (Laurichesse and Avérous, 2014). Relatively unaltered lignins can be
isolated (Guerra et al., 2006), but the isolation and analysis of the native lignin structure in
the plant cell wall is difficult. The lignin structure and biosynthesis have been described in

more detailed reviews by Argyropoulos and Menachem (1997) and Ralph et al. (2007).

1.3 Conversion of wood to bioethanol in a biorefinery

The biorefinery concept, where plant biomass is converted to multiple products, has
become a topic of interest in the field of energy, chemical and materials production
(FitzPatrick et al., 2010; Menon and Rao, 2012; Ragauskas et al., 2014). In practice, with
today’s technology and markets large scale biorefinery operations are still rather limited, but
several well established operations exist (Rgdsrud et al., 2012; Larsen et al., 2012; Menon
and Rao, 2012) At the early stage of development, the plant polysaccharides are converted
mainly to ethanol, while the lignin fraction serves as a source of process energy and revenue
from the electricity sold (Larsen et al., 2008; Larsen et al., 2012). The following sections
cover the basic principles of lignocellulosic bioethanol production and address some of the
existing challenges that hinder the full scale commercialization of the lignocellulosic

biofuels.



1.3.1 Key steps from cellulosic biomass to ethanol

The complete conversion of wood polysaccharides into fuel grade ethanol involves
several fundamental processing steps that are common among the variations of the bioethanol
processes. Figure 1.3 represents the typical unit processes in a schematic presentation offered
by the National Renewable Energy Laboratory.

The first step required is the pretreatment of the biomass, especially in case of the
lignocellulosic materials (Balat, 2011; Menon and Rao, 2012). The pretreatment is applied in
order to impart in the biomass, its physical form, and a chemical composition that is suitable
for biocatalytic processing. More details about the fundamentals of this operation are
provided in section 1.4.

The hydrolysis of the pretreated substrates into fermentable sugars is typically done
by an enzymatic process (Balat, 2011; Menon and Rao, 2012), as described in section 1.6.
The final conversion step in the typical process pathway is the fermentation of the produced
sugars into ethanol by other class of biocatalysts, commonly yeasts (Balat, 2011; Menon and
Rao, 2012). The produced ethanol is purified from the produced dilute solutions via
distillation or membrane separation techniques. Two of the latter unit operations have not
been covered in this dissertation, and further information can be found from the reviews by

Balat (2011), Menon and Rao (2012) and Huang et al. (2008).
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Figure 1.3 Schematic diagram of a bioethanol process based on the dilute acid pretreatment,
developed by  the National Renewable  Energy  Laboratory = (NREL).
(https://aiche.confex.com/aiche/2009/webprogram/Paper157345.html)

1.3.2 Challenges related to the industrial conversion of lignocellulosic biomass

A key challenge for the biofuels industry is to establish environmentally and
economically sustainable processes. The limited use of lignocellulosic feedstocks in today’s
bioethanol industry is a results of several fundamental drawbacks, which are summarized in
this section. Finding solutions to these challenges via the development of new pretreatment

strategies has been the primary framework of this dissertation.
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Recalcitrance of the lignocellulosic biomass

The term recalcitrance describes resistance of the substrates towards the pretreatments
and enzymatic hydrolysis. Quantifying parameters have been developed to provide a basis
for comparison between the different types of substrates, and the required energy of the
pretreatments (Zhu et al., 2010). For example the recalcitrance is low for corn kernels, but
extremely high for softwood.

Recalcitrance can be partly attributed as the natural mechanism of higher plants to
resists attacks from microorganisms (Zhao et al. 2012). This, evolution based interpretation,
is valid since the industrially used hydrolytic enzymes originate from micro-organisms that
exist in nature. (Lynd et al., 2002). However, it is evident that the pretreatment process itself
can generate  certain  recalcitrance  effects while removing others (e.g.
depolymerization/condensation of lignin) (Zhao et al., 2012). Nevertheless the recalcitrance
phenomenon should be looked from the point of view of the enzymes as functional proteins
and how these proteins will respond to the characteristics of the altered biomass. The current
knowledge about enzyme-substrate interactions will be further discussed in section 1.6.

A multitude of structural/functional origins have been discovered and proposed to be
responsible for the reduced activity of cellulolytic enzymes on the lignocellulosic biomass
(Zhang and Lynd, 2004; Zhao et al., 2012). As such, it is likely that there may not be any
single fundamental way to eliminate the recalcitrance. For this reason, pretreatment strategies
that rely on a stepwise disintegration of the cell wall may turn out to be beneficial. Several

sections of this dissertation are dealing with the topic of understanding the polymer matrix
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inside the cell wall and its degradation process, aimed towards more effective pretreatment

strategies.

Energy intensive pretreatmemtqquiredto overcome the recalcitrance

A low energy demand is logically an important attribute for a pretreatment process
(Zhu et al., 2010). Unfortunately the highly recalcitrant woody biomass requires energy
intensive pretreatments (Zhu et al., 2010; Balat, 2011; Menon and Rao, 2012). In the case of
the hydrothermal pretreatment processes, a significant energy input in the form of elevated
temperature and pressure is required as the driving force for chemical reactions that alter
biomass structure (see section 1.4).

From a research point of view the key question is, that what are the most fundamental
pretreatment effects, and the most efficient ways to induce these effects? In other words, how
can one eliminate unnecessary routes in the reaction pathway by optimizing the pretreatment
methods? Solutions could be found by focusing on specific targets during a pretreatment and
towards specific components in the biomass, or even selected types of covalent linkages. As
such it is likely that such tasks could be actualized by the development of novel catalytic
strategies and multi stage pretreatments. The latter approach is an inherent feature of this

work.

By-product formation during high temperature pretreatments

The required high temperatures (ranging from 170 to 220 °C) in the case of
hydrothermal pretreatments result in the formation of unwanted by-products that add

excessive costs to the process. These include furfural compounds arising from carbohydrate
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dehydration, a variety of phenolic compounds, and solid unspecified materials, commonly
known as pseudo lignins (Palmgvist and Hahn-H&gerdahl, 2000; Kim et al., 2011; Sannigrahi
et al., 2011). In addition to the direct yield loss of the polysaccharides to the formation of
unwanted components, the formed by-products are detrimental to the performance of the
biocatalysts (Palmqvist and Hahn-Hégerdahl, 2000; Kim et al., 2011).

By-product formation can be reduced by milder treatment conditions, with significant
effects on the pretreatment efficiency. Similar strategies could help overcome this challenge
by applying reduced amount of energy in combination with the use of catalytic and multi
stage pretreatment strategies. Such targeted pretreatments are anticipated to favor the most

beneficial reaction pathways.

Enzyme efficiency during the biomass hydrolysis

Enzyme costs are a significant expenditure of the bioethanol process, and there is an
ever continuing demand for improving the enzyme performance (Menon, 2012). The
following topics that offer beneficial effects to the enzyme efficiency have been covered in
this dissertation; 1) Reduction of the substrate recalcitrance by improved pretreatment
strategies. 2) Understanding the substrate related factors behind lowered enzyme activity, i.e.
the unproductive binding (Zhao, 2012), and accordingly optimizing the processing
conditions. 3) Use of additives that can enhance enzyme performance (Eckard, 2013), and

understanding the underlying mechanisms.
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Need for ceproducts to boost the economy

Producing lignin co-products can significantly improve the fundamental economics of
a lignocellulose based bioethanol biorefinery. However, there are several fundamental
challenges to be overcome (Ragauskas, 2014); 1) Establishing competitive products
especially based on the lignin fraction of the biomass. 2) Consideration of the lignin co-
products in the design of the pretreatment techniques, since many of the present strategies are
detrimental to the quality of the obtainable lignin products. 3) Development of integrable and
especially economically feasible processes to recover the lignin co-products from the ethanol

biorefineries.

1.4 Pretreatments

The target of the biomass pretreatments is to alter the composition and structure of the
cell wall in a way that reduces the recalcitrance to enzymatic hydrolysis, as demonstrated in
Figure 1.4. A variety of pretreatment techniques developed for the described task have been
reviewed extensively in the literature (Mosier et al., 2005; Zhu et al., 2010; Balat, 2011,
Menon and Rao, 2012), and thus been left of from this context. In the following section we
describe some of the common mechanisms as to how pretreatments alter the woody biomass,
and focus on the two pretreatment methods that form the framework for this dissertation,

namely the steam explosion (SE) and electron beam irradiation (EB).
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Figure 1.4 A schematic representation of the influence of the hydrothermal pretreatment to
the macrofibrillar structures of plant cell wall. The cellulose (blue) retains its crystalline
form, while its amorphous segment are being deteriorated. The hemicelluloses (green) and

lignin (brown) are depolymerized and partially solubilized to the surrounding medium.

1.4.1 Common mechanisms of lignocellulose pretreatments

Physical factors

Particle size reduction improves the mass transfer into the plant matrix and intensive
milling and grinding to micron scale can eventually overcome the recalcitrance. Yet the
energy demand of the milling process increases as a function of particle size reduction, and is

not economically viable. (Balat, 2011; Menon and Rao, 2012)
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Certain thermochemical (or thermo-mechano-chemical) pretreatments are also known
to reduce the particle size and cause fibrillation of the substrates, but their particle level
influence is considered minor when compared to the molecular level changes they induce
(Mosier et al., 2005). Refining (fibrillation and partial degradation of the fiber structure), has
still been found to be a viable post-hydrothermal treatment step (Han, 2014). During this
work, particle size differences at a sub-millimeter scale were found to influence to the
enzymatic hydrolysis (see Appendix A).

Besides the particle size (the external surface area), the available spaces and surface
within the fibers (porosity) are important for substrate digestibility. More specifically, this
means that the formation of nanoscale cavities as a result of physical forces, swelling, and
removal of some proportion of the structural polymers that allow for higher accessibility to

hydrolytic enzymes are important (Lynd et al., 2002; Zhang and Lynd 2004).

Delignification and lignin modification

The delignification, with complete or partial lignin removal from the substrate, is
common for many pretreatment techniques (organic solvents, alkaline or acidic aqueous
treatments, ammonia explosion) but not a necessity (Mosier et al., 2005; Zhao et al., 2012).
Certain pretreatments can alter the lignin structure, but do not remove this component from
the substrate (Mosier et al., 2005).

The fundamental benefits of delignification for the enzymatic hydrolysis are evident.
Yet the importance of lignin removal over structural modification/degradation can be

questioned, as a profound alteration of the native lignins structure is typically a prerequisite
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for delignification. In fact the lignin structure, instead of its compositional characteristics, has
been found to be extremely influential to the success of a given enzymatic hydrolysis step
(Zhao et al., 2012). Lignin nature and structure are factors that may account for the especially
strong recalcitrance of softwoods. Recent work by Yu et al. (2014) has made connection
between the recalcitrance of softwood lignin and its high degree of condensation. The altered
lignin structures (e.g. increased condensation) may in some cases negatively affect other
beneficial effects of the pretreatments, as demonstrated in Chapter 3 of this dissertation. The

enzyme-lignin interactions (unproductive binding) are further covered in the section 1.6.

Hemicellulose hydrolysis/removal

Hydrolysis of the hemicelluloses to oligomeric size during the pretreatment results in
their solubilization and removal from the substrate, which is found highly influential for
increasing the substrate digestibility (Mosier et al., 2005; Balat, 2011; Menon and Rao;
2012). Hemicelluloses are known to be bound with lignin in an amorphous matrix that
surrounds the cellulose fibrils (Lawoko, 2005; Donaldson, 2007), and thus their degradation
could be expected to result in more loose conformations of the cellulose fibrils, leading to
higher cellulose surface area. The presence of hemicellulase enzymes during the biomass
hydrolysis has proven to increase the cellulose conversion (Zhao et al., 2012), pointing to the

importance of the cellulose accessibility by removal of the hemicelluloses.
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Changes in the cellulose stiture

Amorphous cellulose typically offers faster enzymatic digestibility in comparison to
crystalline substrates, and this also applies to the corresponding morphological regions within
the same fibril (Zhang and Lynd, 2004; Teeri, 1997). Therefore, the target of many
pretreatments and especially those involving cellulose solvents, is to influence and reduce the
crystalline structure of cellulose (Mosier et al., 2005; Menon and Rao, 2012). Furthermore,
reduction in the degree of polymerization (DP) of cellulose is highly beneficial for the
enzymatic hydrolysis, as caused by certain pretreatments (Zhang and Lynd 2004, Menon and
Rao, 2012). The topic of crystallinity and DP effects to the enzymatic hydrolysis is further

covered in section 1.6 of this dissertation.

1.4.2 Pretreatment severity factor

The severity factor (Ro) is a parameter that has been used to quantify the intensity (i.e.
severity) of a given hydrothermal pretreatment (Overend et al., 1987). The R, describes the
interaction between the treatment time and temperature and can be used as a measure to
compare the effects of different conditions. The equation for calculation of the R, is given

below (Equation 1.1):

Equation 1.1) Ro=te(T-100)/14.75)

Ro is the severity factor, t retention time, and T temperature.
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1.4.3 Steam explosion

The steam explosion (SE) process involves impregnation of wood with water under
high pressure at temperatures up to 240 °C (Ramos, 2003). Once the pressure is released
rapidly, the impregnated water inside the fibers explodes to vapor, causing the destruction of
the fiber structures. Yet the operational molecular level effects of steam explosion are the
main influential factors behind the pretreatment action (Ramos, 2003; Mosier et al., 2005).

During the pressurization step of the process an autohydrolytic depolymerization
reaction occurs (Garrote et al., 2001; Ramos, 2003). The auto-protolysis of water at high
temperatures increases the concentrations of hydronium and hydroxyl ions, allowing initial
hydrolysis of hemicelluloses and initiation of acetic acid formation from the acetyl
functionalities present on the hemicelluloses, which further catalyze the polysaccharide
hydrolysis reactions (Garrote et al., 2001; Li et al., 2005; Mosier et al., 2005). Several other
acidic moieties of the biomass also catalyze these hydrolytic reactions, especially formic acid
that is formed as a pretreatment by-product (Ramos, 2003; Li et al., 2005). The temperature
and retention time of the pressurization stage are the influential parameters that determine the
degree of the autohydrolysis (see section 1.4.2 for description of a severity parameter Ro),
and thus the magnitude of the depolymerization reactions within the plant cell wall.

The affected components of the biomass during the SE treatment are the
hemicelluloses and lignin. (Ibrahim and Glasser, 1999; Li et al., 2005) Linkages between the
lignin and the hemicelluloses are also prone to hydrolytic cleavage (Lawoko, 2005).

Cellulose is relatively resistant to the steam explosion treatment, likely due to its crystallinity
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which inhibits the water penetration inside the fibrils, but undergoes depolymerization under
severe treatments (Josefsson et al., 2001; Li et al., 2005).

Lignin reactions during steam explosion are complicated and the behavior of the
lignin polymer during a SE treatment is still not fully understood. One of the main reactions
is depolymerization via cleavage of aryl ether f-O-4 bonds (Ramos, 2003; Sun et al., 2004;
Li et al., 2007). Simultaneously, new bonds are formed via condensation reactions, which
eventually cause the formation of higher molecular weight structures, higher than the original
lignin (Li et al., 2007).

A serious drawback from the prevailing acidic conditions is the formation of
dehydration products from the monomeric sugars (e.g. furfural) (Ramos, 2003). Such
reactions are strongly correlated with the severity factor of the pretreatment (Ibrahim and
Glasser, 1999; Li et al., 2005). Formation of low molecular weight lignin by-products also

occurs under severe conditions, albeit to low extent. (Sun et al., 2004)
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1.4.4 Electron beam irradiation

High energy radiation can create highly reactive intermediates, free radicals and ions
in the polymeric materials. The electron beam (EB) irradiation treatment of cellulose is
known to cause depolymerization, and induce carbonyl groups as a result of oxidation
reactions (Bouchard et al., 2006). The primary reaction in the glucose chain has been found
to take place in the C-H bonds in positions 1 and 4 of the glucopyranose ring. The subsequent
depolymerization of cellulose is then suggested to happen via secondary reactions of the
formed radical species (Ershov, 1998; Kholodkova and Ponomarev, 2011), as described in
the Scheme 1.1.

The chain scission of the cellulose seems to be directly related to the amount of
electrons that collide with the sample, somewhat irrespective of their energy content. This
conclusion is based on the results of Bouchard et al. (2006) where high energy irradiation
provided less scission to cellulose than in comparison to the similar radiation dosages of
lower energy electrons. This is a good attribute that may be beneficial for the use as a

lignocellulose pretreatment.
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Scheme 1.1 (above) Mechanisms of secondary reactions followed from electron beam

radiation of cellulose. (below) Dehydration of the radical species that are formed as products

of cellulose depolymerization. (Ershov, 1998)
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Common characteristics of irradiated lignins are their increased contents of
carboxylic acid groups and biphenyl structures and their reduced methoxyl contents
(Skvortsov, 1990). At the same time the solubility of the lignin polymer increases in both
alkaline media and organic solvents. At low irradiation dosages (below approximately 70
kGy), bond cleavage reactions may occur to a lower extent than radical coupling reactions,
causing crosslinking (Skvortsov, 1990). This is proposed to originate from the formation of
phenoxyl radicals, hydrogen elimination from the B-position adjacent to a-carbonyls, or from
the cleavage of double bonds. The present moisture and oxygen in the system has also been
claimed to be radical initiators to the radical driven chain degradation of lignin. The hydroxyl
radical is a major species formed from water under irradiation, and can initiate addition,
elimination, depolymerization and condensation reactions as described in Scheme 1.2

(Lanzaluga and Pietti, 2000).
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Irradiation pretreatments of lignocellulosic biomass have been shown to increase their
hygroscopicity and swelling. Under these conditions the substrate also ruptures and
defibrates under a mild mechanical treatment (Kumakura et al., 1982; Khan et al., 1986;
Bouchard et al., 2006). The degradation of lignin and hemicelluloses are apparent from the
increased extractable proportions of these cell wall polymers (Khan et al., 1986). Supporting
observations related to the destructive effects of irradiation to the LCC network in wood were
made by dissolving irradiated wood in ionic liquids, followed by molecular weight analyses

as a part of this dissertation work (see Chapter 3).

1.45 Anticipated synergy from the use of combined steam explosion and irradiation
pretreatments

Combining irradiation with thermochemical or mechanical treatments may show
potential as pretreatment for lignocellulose processing, but the topic has been covered in only
a couple of studies. Clear synergistic effects of an electron beam treatment, combined with
mineral acid hydrolysis have been reported as beneficial to the enzymatic hydrolysis of chaff
(Kumakura and Kaetsu, 1984). When it comes to mechanical crushing as a secondary step,
an initial irradiation step was found to reduce the time required for the mechanical treatment
(Kumakura et al., 1982).

Based on the previous discussion the sequential two step pretreatment used in this
dissertation namely; electron beam irradiation (EB) and steam explosion (SE), was
anticipated to show synergistic effects. Synergism could be manifested as enhanced removal
of hemicelluloses, decrease in the molecular weights of the lignin and the cellulose, and also

in form of enhanced autohydrolysis due to the initial concentrations of acetic acid released by
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the irradiation (Khan et al., 1987). These attributes could conceivably reduce the required
severity factor (Ro) of the SE pretreatment. The lower SE treatment severity in turn would
allow for lower energy consumption during the treatment and reduce the conversion of the
hemicellulose and lignin into harmful by-products. Additionally, irradiation can be expected
to positively influence the degradation of the cellulose in more effective ways than steam
explosion alone. The possible synergistic effects of the EB-SE sequence provide an

interesting topic that has not been investigated before.

1.5 The role of molecular weight analysis in biofuel research

Depolymerization is a fundamental transformation of plant biopolymers during
bioethanol production. The reduction in molecular weights and the hemicellulose removal
and delignification reactions are major factors that affect a lignocellulose pretreatment stage
(Mosier et al., 2005; Zhu et al., 2010; Menon and Rao, 2012; Zhao et al., 2012). Substantial
depolymerization takes place during both pretreatment induced and enzymatic hydrolysis
where the highly polymerized cellulose and other polysaccharides are eventually cleaved to
monomeric sugars (Zhang and Lynd, 2004; Kleman-Leyer et al., 1996). Considering the
essential role of the altered molecular structures of the plant biopolymers in the biomass
conversion (mainly via depolymerization and crosslinking/condensation), the analysis of the
molecular weights from the pretreated or hydrolyzed lignocellulosic substrates requires
significant attention.

Typically the polymeric components of any processed biomass are being analyzed in

their isolated forms, which may be influenced by the laborious sample preparation steps. In

26



situ molecular weight determination of the polymeric components could offer the most facile
and most likely the most accurate approach. In any event, the composite structure of the plant
cell wall imposes serious practical challenges to the in situ analysis of its components, even
after various pretreatments. As such, novel methodologies are needed for this task, and this is
one of the main objectives of this dissertation.

In addition to efforts aimed at understanding the molecular aspects of biomass
conversion, there is a need for accurate and facile methods for analyzing the final products of
the biorefining operations with substantial commercial relevance. As the following sections
will demonstrate, the current methodologies used to analyze the molecular weight of
cellulose have certain limitations. Thus another objective of this dissertation was to provide

such a method free of the existing limitations.

1.5.1 Methods for molecular weight analyses of plant biopolymers

Molecular weight analysis of the plant biopolymers is technically straight forward
when they are available as isolated/purified forms (Sjéholm, 2003; Hallac and Ragauskas,
2011; Tolbert et al., 2014). The determined average molecular weights (or DP) typically
show variance between the applied methods, largely due to the fact that the techniques rely
on different physical phenomena (Hallac and Ragauskas, 2011; Tolbert et al., 2014). The
weaknesses and strengths between techniques in terms of their practicality and accuracy
should be acknowledged and therefore the most suitable method should be selected based on
the desired application/objectives of the particular study. In this study we have used a
technique based on chemical derivatizations coupled to size-exclusion chromatography

(SEC) analyses.
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15.1.1 Sizeexclusion chromatography (SEC)

Size-exclusion chromatography (SEC) is one of the most commonly used methods in
the polymer field, suitable for the analysis of cell wall polymers. SEC analyses can be carried
out using a variety of mobile phases from aqueous to organic solvents, and recently even
ionic liquids (Sjoholm, 2003; Baumberger et al. 2007; Hallac and Ragauskas, 2011; Tolbert
et al., 2014; Kuroda et al., 2013). Derivatization of the analytes by suitable functionalities is a
common way to enhance the solubility in traditional organic solvent based eluents and also to
prevent some of the aggregation phenomena that can interfere with the analysis (Sjoholm,
2003; Baumberger et al., 2007). However, certain (typically ionic) mobile phases do not
require derivatization of the analytes. More about the principles and details of the SEC
techniques in the biopolymer field can be found in articles by Sjéholm (2003), Kostanski et
al. (2004) and Baumberger et al. (2007).

The SEC analysis itself does not provide absolute MW information and is commonly
based on concentration sensitive detection methods such as UV or RI. For these reasons the
MW calculations are typically based on calibration curves prepared with known standards
(Kostanski et al., 2004). In general, the conformation and thus the hydrodynamic radius of a
solvated polymer are governed by the solvent-solute interactions (Flory-Huggins x-
parameter). As such, the ideal situation is that the analyzed polymer and the standard should
have identical composition and polymer structure. (Kostanski et al., 2004). There are
practically no standards for cellulose, hemicelluloses or lignin available commercially.
Pullulan standards are likely the closest match for cellulose (Sjoholm, 2003), but the price of

such standards is extremely high. In this work dextrans were used as standards. More details
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related to the calibration affiliated in this work is discussed in Appendix B. Polystyrenes are
a common choice for calibration in lignin SEC analyses, but their accuracy is related to the
mobile phase used in the SEC analysis (Baumberger et al., 2007) (See Appendix B). Issues
with calibration of a SEC system can become serious deficiencies, unless absolute detection
methods such as light scattering (Kostanski et al., 2004) are available. Tandem methods
combining SEC with light scattering and/or viscometric detection have proven to be effective
for analyzing multiple wood components in a simultaneous manner (Lawoko and Heiningen,

2011), but unfortunately such instrumentation is not readily available.

1.5.1.2 Challenges related to the analysis of lignocellulosic samples

The heterogeneous and crosslinked structure of lignocellulosic biomass creates a
serious challenge to the analytical techniques that rely on getting the analyte in a well
solvated state. Isolation and purification of a specific component by mechanical and chemical
means has been commonly used to obtain samples that are better suited to the application of
common analytical techniques (Sjoholm, 2003; Baumberger et al., 2007; Lawoko and
Heiningen, 2011). As a drawback, common sample preparation steps can alter the molecular
weight of the analyzed component. Examples can be found from the widely utilized acid
chlorite delignification prior to cellulose analysis (Hubbell and Ragauskas, 2010), or the
preparative ball milling steps that are typically a fundamental part of lignin isolation
protocols (Guerra et al., 2006; Tolbert et al., 2014). Structure altering sample preparations
can become problematic especially in cases where pretreatment effects to the cell wall
polymers are being studied. This is because it is not possible to differentiate the actual

pretreatment effects from the detrimental effects of sample preparation steps.
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1.5.2 Characteristic molecular weights in pretreated lignocellulosic biomass

Studies have been carried out especially with isolated cellulose and lignin fractions
after pretreatments of varying types and severities. These efforts have shown that significant
changes occur in the molecular weights by such pretreatments (Josefsson et al., 2001; Li et
al., 2007; Baumberger et al., 2007; Hallac and Ragauskas, 2011; Cao et al., 2012; Tolbert et
al., 2014). The determined molecular weights for all three main cell wall polymers have
shown large variation depending on the origin of the sample, preparation process (such as
delignification, derivatization and/or dissolution) and the analysis method. Table 1.1 presents
some characteristic examples of molecular weights for the three main biomass components,

determined by SEC techniques.
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Table 1.1 Examples of the typical molecular weight ranges determined for commercially

available celluloses, pulps, hemicelluloses, and lignins.

Biopolymer Analysis method Molecular Ref.
Substrate/Pretreatment weight Mw
(Da)
Cellulose
Avicel CTC-SEC 49,000 Pala et al.,
2007
Sigmacell 101 CTC-SEC 258,000
Pulp, Birch, high kappa Kraft pulp DMA/LICI - SEC 1,250,000 Berggren
etal., 2003
Pulp, Birch, low kappa Kraft pulp DMA/LICI - SEC 190,000
Untreated Poplar CTC -SEC 1,250,000 Caoetal.,
2012
Dilute acid pretreated Poplar CTC -SEC 162,000
Hemicelluloses
Untreated Poplar Ag. NaOH - SEC 34,000 Caoetal.,
2012
Dilute acid pretreated Poplar Ag. NaOH - SEC 9,000
Lignin
Untreated Poplar, MWL Acet. - SEC 13,000 - 9,000 Tolbert et
al., 2014
Acet. - SEC 8,000 — 2,000

Pretreated Poplar, MWL

Kappa number = Measure of lignin content, typically used in pulping industry.

DMA = Dimethylacetamide
CTC = Cellulose tricarbanilate
Acet. = Acetate
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1.5.3 Molecular weight analysis as a tool for understanding the recalcitrance of lignocellulosic
substrates

Many of the macroscopic characteristics of pretreated biomass are directly related to
the depolymerization of the cell wall components (see section 1.4.1). In this section we
summarize plausible cause-effect relations behind the lignocellulose recalcitrance and where

the use of molecular weight analysis as part of future studies is seen beneficial.

Causeeffect relationship between cellulose DP and the enzymatic hydrolysis

The beneficial influence of cellulose DP reduction on the enzymatic hydrolysis is
evident. Besides determination of simple depolymerization after pretreatments and or
enzymes, the SEC analyses can reveal details about the specific enzyme species responsible
for the depolymerizing action. Different types of enzymatic activity can be distinguished
from the resulting molecular weight distributions (Kleman-Leyer et al., 1996). Furthermore,
such analyses are useful for efforts that aim to optimize the endo- and exocellulase activities

in enzyme cocktails.

Molecular weight of lignin witlregards to delignificationbarrier properties and lignin
enzyme interactions

Since lignin is known to depolymerize during pretreatment processes, it is likely that
low molecular weight lignin fragments can re-distribute on pretreated substrates in a different
fashion than larger lignin fragments, causing differences in the barrier characteristics the
lignin imposes on the enzyme. Overall, polymeric structural aspects of the lignin and their

role in imposing barriers on enzymes are still poorly understood (see section 1.6.5).
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Therefore, better cause-effect relationships between the molecular weights of lignin and

substrate recalcitrance need to be established.

Relationship between depolymerization, swelling and accessibility

The swelling of pretreated cell wall matrices is related to the depolymerization of its
components, which in turn results in an alteration on its ultrastructure. Methods such as water
retention can be used to evaluate the substrate accessibility and swelling (Luo, 2011).
Swelling data when coupled to molecular weight measurements could offer a way to better
understand the relationships between the degradation of the lignin-hemicellulose matrix and

substrate accessibility to enzymes.

1.6 Cellulosic biomass conversion by hydrolytic enzymes

Previous sections of this thesis have focused on the changes in the biomass that
facilitate the accessibility of hydrolytic enzymes towards solid lignocellulosic substrates. In
this section a closer examination of the actions of cellulase enzymes on cellulose surfaces
will be offered. First we introduce the terminology and operational mechanisms of the
enzymes and then concentrate on the substrate related factors that are known to influence the
hydrolytic action. In many areas our knowledge is still incomplete especially regarding the

surface phenomena that operate during enzymatic hydrolysis and enzyme inactivation.
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1.6.1 Principal features of cellulolytic enzymes

Various types of hydrolase enzymes are being used in biomass processing that
commonly originate from plant degrading fungi and bacteria (Lynd et al., 2002). The
cellulolytic enzymes are divided into groups by their function during the saccharification
process (Teeri, 1997; Lynd et al., 2002). The endocellulases (e.g. endoglucanase, EG) cleave
bonds from a random site along the cellulose chains, whereas the exocellulases (e.g.
cellobiohydrolase, CBH) processively cleave cellobiose dimers from the chain ends, having
subtypes with preferences towards reducing and non-reducing ends of the polysaccharide.
The cellobiases (e.g. betaglucanase, BG) then produce the final monomeric sugars from the
solubilized cellobiose dimers. The combined action of the cellulases is described in Figure

1.5.
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Figure 1.5 Schematics of the different hydrolytic actions of cellulase enzymes on a cellulosic

substrate. (Figure rearranged from its original source Lynd et al. (2002))
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Cellulase enzymes typically possess two protein domains, the catalytic domain and
the cellulose binding module (CBM). The structures of the catalytic domains in the main
cellulase types have evolved towards their specific tasks. Endocellulases have a catalytic
cleft optimal for the adsorption/desorption mechanism, while exocellulases have a tunnel like
catalytic domain, suitable to its processive hydrolytic action along the polysaccharide chain
(Teeri, 1997).

The binding module that binds to cellulose surfaces is an external protein domain
possessing a specific conformation created by aromatic amino acids. The main interactions
between this module and cellulose have been determined to be hydrophobic, with minor
contributions from hydrogen bonding (Georgelis et al., 2012) The majority of cellulase
enzymes that originate from Trichoderma reesei (Hypocrea jecorina) have similar binding
modules (Linder and Teeri, 1997), pointing to the significant role of the catalytic domains in
the observed differences of the endo- and exocellulose adsorption to the cellulose. Although
some of the cellulase enzymes do not have an external binding module, these can still adsorb
to cellulosic surfaces (Varnai et al., 2013).

Hemicelluloses are being hydrolysed by hemicellulase enzymes, which have similar
endo/exo functions than cellulases but in addition they also contain a group of auxiliary
enzymes, needed to cleave off the various substituents present on hemicelluloses (Van Dyk

and Pletschke, 2012).
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1.6.2 Mechanism and Kinetics of the enzymatic hydrolysis of cellulose

The initial step in the enzymatic hydrolysis process of cellulose is the adsorption of
the enzyme to the surface of the substrate. This step does not directly lead to successful
catalytic action since the enzyme needs to orient itself in relation to the hydrolyzed chain.
This process is termed complexation. Once the enzyme has complexed with the cellulose
chain, it may perform its catalytic task. Endocellulases will perform only one hydrolytic
cycle, whereas exocellulases will continue to stay complexed with the polymer and will
progressively continue the hydrolysis of the polymer. Once the hydrolysis has been
completed, the enzyme will decomplex and desorb from the substrate. (Levine et al., 2010;
Shang et al., 2013)

Each of the steps in the total hydrolysis process can be described by their own Kinetic
parameters as described in Figure 1.6 for the CBH enzyme. Mechanistic modeling for the
multitude of enzyme systems that exist is challenging. Simple kinetic descriptions based on
the Langmuir adsorption model and Michaelis-Menten kinetics are not accurate for all cases
despite the fact that they provide for some agreement with the data in some cases (Zhang
and Lynd, 2004). Computer based models have provided valuable information about the
complex kinetics related to the adsorption-hydrolysis-desorption cycle of the enzymes

(Shang et al., 2013).
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Figure 1.6 The equilibrium states and examples of the associated kinetic terms involved to
the adsorption-hydrolysis-desorption cycle of the cellulose hydrolysis by CBH enzyme.
Figure from Shang et al. (2013)

1.6.3 Synergistic effects between the various cellulase enzymes

As demonstrated in Figure 1.5, the hydrolysis of the crystalline (or partly crystalline)
substrates is most efficient when the different cellulase species are processing the substrate
simultaneously. The synergistic effect results a saccharification activity that is higher than
the combined activities of the individual enzymes (as illustrated by the data of Table 1.2).
These known synergistic interactions have been described by Lynd et al. (2002) and Van
Dyk and Pletschke (2012) in their reviews. Interestingly, the synergism also applies between

cellulolytic enzymes and non-catalytic proteins (Van Dyk and Pletschke, 2012).
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Table 1.2 A quantitative example of the synergistic action of different cellulolytic enzymes

on cotton substrate. Table adapted from Enari and Niku-Paavola (1987)

Enzyme (produced by F. Solani) % Cotton solubilization

Cellobiohydrolase (CBH) 7
Endoglucanase (EG) 12
B-Glucosidase (BG) 3

CBH + EG 50

CBH + BG 22

CBH + EG + BG 59
Original culture filtrate 63

1.6.4 Enzymes on cellulosic surfaces

The efficiency of the enzymatic hydrolysis is influenced by the factors related to the
enzyme concentration on a given surface, its binding energy, surface morphology,
accessibility of cellulose polymers, and the presence of non-carbohydrate components on the

substrate. These effects are discussed in more detail in the following sections.

1.6.4.1 The competitive adsorption between enrdod exocellulases

The main types of the cellulase enzymes (CBH’s and EG’s) can operate on the same
surface of cellulose but show higher relative activities either on crystalline (CBH) or
amorphous (EG) substrates (Teeri, 1997). Since the enzymes in nature operate on highly
crystalline substrates with few chain ends, the preferential adsorption of endoglucanases
(EG) onto the crystalline sites of the fibril would seem justified. Yet CBH’s show higher

affinity towards the cellulose surface over EG’s. Maurer et al. (2013) have determined that
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the highest rate of hydrolysis of cellulolytic enzymes occurs when the ratio of CBH:EG was
2:1 in the bulk solution leading to a surface concentration of 4:1. A decrease or increase in
the concentration of either enzyme species led to a lowered conversion rate.

The unproductive binding of CBH’s onto a cellulose surface may produce higher
surface concentrations over EG. The majority of the CBH has been found to become
irreversibly bound and inactive on the cellulose within a fraction of the reaction time that is
typically used for enzymatic processing (Maurer et al., 2012; Jung et al., 2013). The presence
of inactive CBH’s evidently increases the enzyme concentration on the surfaces and likely
hinders the action EG’s to produce chain ends. Changes to the adsorption thermodynamics of
the CBH’s (for example by additives in the system) may provide a way to alter the overall

hydrolysis kinetics, by gaining higher access for the EG’s to the cellulose surface.

1.6.4.2 Crowding

An abundance of enzymes on a cellulose surface can eventually have a negative
effect on the overall conversion rate and this effect has been denoted as “crowding” (lgarashi
et al., 2006). The crowding effect can reduce the action of a single enzymatic type (lgarashi
et al., 2006), but may also arise from the competitive adsorption between CBH and EG
enzymes (Levine et al., 2010). The inactivated enzymes on the surface may contribute to the
crowding effect since they are present in a measurable surface concentration yet resulting in

low hydrolytic activity.
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1.6.4.3 Effects of surface morphology and degree of polymerization

Amorphous cellulose has been found to hydrolyze 3 to 30 times faster in comparison
to its crystalline counterpart (Lynd et al. 2002). De-crystallizing treatments have been
documented also to increase the area of available cellulose chains, complicating the
interpretations about the direct effects of cellulose chain packing (Zhang and Lynd 2004).
Cellobiohydrolases are capable of operating on crystalline cellulose due to their endwise
action, but this form of hydrolysis has been determined to be extremely slow (Teeri, 1997).
The EG on the other hand shows faster hydrolysis for amorphous cellulose (Lynd et al.,
2002).

Enzyme adsorption has been suggested to be favored toward the hydrophobic regions
present within crystalline cellulose (Nimlos et al., 2012). Imaging technique has revealed the
CBH1 binds to cellulose fibrils along its length, showing no specific selectivity for the
crystalline surfaces or the fibril ends where chain ends are in greater abundance. (Jung et al.,
2013). CBH shows lower absorption affinity towards cellulose polymorph I, than Ig, yet the
cellulose I, hydrolyzes faster than cellulose Ig. Crowding effect on the surface of Ig has been
proposed to result in lower hydrolysis rate (Igarashi et al., 2006).

The degree of polymerization of the substrate has been documented to be a major
factor affecting the hydrolysis rate (Zhang and Lynd 2004). CBH’s are known to act on the
crystalline bulk of the cellulose by “peeling it” layer by layer. This is based on SEC analyses
of hydrolyzed substrates where no significant reduction in the average DP was observed. The
DP of a cellulose substrate treated with EG is however, more dramatically reduced as a

function of the hydrolysis time. (Kleman-Leyer et al., 1996) These finding provide good

40



evidence of the synergistic activities of CBH and the EG on cellulose. Although CBH can
slowly process crystalline cellulose, the DP decreasing action of EG is crucial for an efficient

hydrolysis.

1.6.4.4 Amphiphilicity of the cellulose substrates in relation to enzyme adsorption

Crystalline cellulose consists of faces of different chemical character; hydrophilic
(with surface —OH) or hydrophobic (exposing the planar face the anhydroglucose units)
(Nimlos et al., 2012). The cellulose binding module (CBM1) that is common for the
Trichoderma reesei cellulases tends to bind on the hydrophobic 110 face of crystalline
cellulose. This, however, does not completely rule out its binding on the hydrophilic planes
that cover a higher proportion of the fibril surface (Nimlos et al., 2012).

The interactions between CBM’s and cellulose are governed by the group of aromatic
amino acids present on the binding region of the CBM. The prevailing interactions have been
proposed to be of a hydrophobic nature, CH-r interactions that occur between the aromatic
residues of the enzyme and the cellulose, as well as hydrogen bonding interactions (Creagh et
al.; 1996; Georgelis et al., 2012). Notably, the temperature dependence of the CBM binding,
points to a notable enthalpic contribution (Linder and Teeri, 1996).

The aqueous medium is participating to the enzyme adsorption regardless of the type
of substrate, and the hydrophobic effects need to be considered in regards the enzyme
adsorption onto any given surface within lignocellulosic substrates. The presence of
hydrophobic components within biomass (such as lignin and extractives) evidently play a

major role in the adsorption balance of the enzymes among the productive and unproductive
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adsorption sites. Consequently, during this dissertation we present efforts aimed to clarify the
effect of hydrophobic and/or amphiphilic compounds on the enzymatic hydrolysis of
cellulose. Overall our work in this realm points to the fact that little is known about the

hydrophobic adsorption mechanisms of enzymes on cellulose.

1.6.5 Effect of lignin on the enzymatic hydrolysis of cellulose

The recalcitrance of the native lignified cell wall is largely associated with the barrier
properties imposed by the lignin (or lignin-hemicellulose) matrix that surrounds the micro-
and macrofibrillar cellulose assemblies (Ding, et al. 2012; Zhao et al., 2012). Less is
understood about the non-barrier effects of the lignin during enzymatic hydrolysis. Overall,
there is agreement that the lignin can inhibit the enzymatic action by unproductively binding
to the enzymes (Zhao et al., 2012), but the fundamental driving forces towards the
unproductive binding on lignin are not clear.

Factors that cause this lignin related recalcitrance have been suggested to be:
hydrophobic interactions (Berlin et al., 2006), phenolic groups (Zhao et al., 2012), aliphatic
hydroxyls, and condensed structures (Yu et al. 2014). A given lignin preparation has been
documented to display different effects when in contact with various types of enzymes
(Berlin et al., 2006). This points to specific interactions with a certain group of amino acids
or tertiary structures that vary between the various enzyme families.

The effects of chemical characteristics and the physical form of the lignin on the
hydrolysis are hard to address. This is because during typical experiments aimed at
examining the lignin related recalcitrance, the lignin is mixed with the cellulose as large

aggregates, leading to low coverage of the cellulose fibrils. As such in the absence of an
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efficient deposition of lignin, on the cellulose surface, the observed recalcitrance arises
mainly from the unproductive adsorption of the enzymes onto the lignin aggregates. Yu et al.
(2014) have reported that the recalcitrance from lignin was highly intensified once the lignin
was deposited as evenly as possible onto the cellulose substrate. The barrier effect here is
evident, yet relatively higher surface area of finely distributed lignin may also influence the
magnitude of the observed recalcitrance effect.

Computer simulations support the notion that lignin favorably adsorbs to the cellulose
fibrils, on the same hydrophobic faces where the enzymes favorably adsorb (Lindner et al.,
2013). The reversibility of lignin adsorption onto cellulose fibrils remains unclear, and is
relevant for interpretation of the recalcitrance phenomena. In our study it was found that the
lignins of relatively low molecular weight did not inhibit the enzyme activity, regardless of
them being finely deposited on cellulosic substrates. The relationships between the molecular
weight of the surface deposited lignin, its barrier properties and influence to unproductive
enzyme adsorption needs to be addressed. In Chapter 3 of this dissertation we present our
preliminary findings regarding this topic.In its native form lignin is likely crosslinked with
the hemicelluloses, and/or via lignin-lignin network structures. The classic view is that the
lignin exists as a covalently bound layer around the cellulose fibrils binding them into tight
assemblies. The role of lignin in the formation of macrofibril assemblies of cellulose
microfibrils is supported by several studies (Donaldson, 2007), and recently Ding et al.
(2012) used microscopic techniques to collect convincing data about shrinkage of the
macrofibrillar assemblies upon delignification. Some observations about “swelling” of the

macrofibrils after lignin removal (Donaldson, 2007; Ding et al., 2012) point to presence of

43



lignin moieties that surround and bind the cellulose fibrils into less accessible macrofibrils,
and form an impenetrable barrier towards enzymes.

Once the original lignin network has been disintegrated the adsorption of lignin back
onto the cellulose fibrils is of a reversible nature. This is relevant in view of reports that state
that the addition of lignin (or lignin derivatives) onto the hydrolyzed substrate actually results
in higher saccharification efficiency. Such observations point to a low inhibition by the
barrier effects and the low influence of the unproductive binding between lignin and the
enzymes. Positive hydrolysis effects have been reported in the presence of lignosulfonates
(Zhou et al. 2013), PEG derivatized lignins (Cheng et al., 2014), and hardwood organosolv
lignins (Lai et al., 2014), while the opposite was true in the presence of softwood lignin.
These results are in agreement with our work involving low molecular weight lignin
deposition on cellulosic substrates (Chapters 3 and 4).

Overall the vast number of studies that are related to lignin associated recalcitrance
have shown that the effects are complex in nature. Further studies are needed for a deeper
understanding of the effects of lignin functionalities, molecular weights, physical form, and
the deposition of lignin on the polysaccharidic substrate. As a part of this dissertation we
have discovered evidence that such lignin induced recalcitrance may have its origins within

the polymer architecture of the lignin.
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1.6.6 Effects of plant extractive compounds on enzymatic hydrolysis

The role of extractives toward imparting resistance of plants against micro-organisms
has been known for a long time since such compounds offer defense mechanisms in wood.
More specifically, various classes of phenolic extractives (flavonoids, tannins, tropolones and
stilbenes) (Scheffer, 1966) and diterpene acids (Harju et al., 2002) have been found to
prevent bacterial growth and wood rotting by fungi. It is therefore likely that similar
mechanisms may operate when phenolic by-products that originate from biomass
pretreatments show detrimental effects on the action of cellulase enzymes and yeasts (Kim et
al., 2011; Palmqvist and Hahn-Hégerdahl, 2000)

The role of natural plant extractives on biofuel related research has seen little
attention most likely due to the complex chemical composition and the low weight fraction of
these compounds in biomass. Nevertheless, notable beneficial effects of saponins
(glycosylated sterols) on the enzymatic hydrolysis of cellulose have been reported (Feng et
a., 2013). Similarly during this dissertation we have discovered that specific compounds
present in plant extractives can beneficially affect the hydrolysis (see Chapter 4). More
specifically we have found that the presence of minute amounts of extractives, or other
hydrophobic/amphiphilic compounds, has a notable influence (positive or negative) on the
enzymatic action on pure cellulose substrates. Consequently, it is surprising how little is
known and as such, efforts in this dissertation have embarked at increasing this knowledge

(see Chapter 4).
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1.6.7 Enhancement of cellulolytic action on lignocellulosic substrates using various additives
The presence of various additives has been documented to positively influence the
sugar yields obtained by enzymatic hydrolysis (Zheng et al., 2010; Eckard et al., 2013),
including surfactants (mainly non-ionic), various proteins (without hydrolase activity), and
certain natural products such as saponins (Feng et al., 2013). These additive effects have
been studied using lignified substrates but similar findings have also been reported using
pure cellulosic substrates (Mizutani et al., 2002; Zheng, 2010; Eckard et al., 2013). It is likely
that different classes of additives affect the progress of hydrolysis via different mechansims.
A variety of postulated mechanisms is listed below with more details being present in

relevant reviews by Zheng (2010) and Eckard et al. (2013).

Cellulose substrate associated effects
A Disruption of the cellulose surface (by the aid of the enzyme), increasing accessibility
A Increased swelling of the cellulose
A Enhanced desorption of the enzymes from the cellulose surface (by altering surface

structure)

Lignin and inhibitor associated effects
A Reduction of the unproductive binding of the enzymes onto lignin surface
A Removal of lignin from the substrate surface, increasing accessibility
A Binding/removal of hydrophobic inhibitor compounds
A

Reduced re-deposition of the solubilized lignin onto the cellulose surface
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Enzyme associated effects
A Decreased temperature or agitation driven denaturation
Decreased denaturation on the cellulose surface
Reduced surface excess of the enzymes (similar to increased desorption)
Changed adsorption balance between endo- and exocellulases

Reduced aggregation of enzyme proteins

> > > > >

Surface coverage of the enzyme, altering the nature of its surface

A probable additive effect may be the modification of the surface interactions
between the enzyme and the cellulose, possibly affecting the adsorption balance between the
endo- and exocellulases. Mizutani et al. (2002) found that the relative enhancement by
Tween 20 additions using an EG rich cellulase mixture had a linear correlation with the
crystallinity of the substrate. It is anticipated that an enhanced adsorption of EG onto
crystalline cellulose would create more chain ends and accelerate the hydrolysis that would
otherwise proceed via a peeling mechanism dominated by an excess of CBH on the surface.
An alternative way to produce a similar effect would be to weaken the binding interactions of
CBH, resulting in accelerated desorption, lower surface concentration leading to lower
crowding and higher accessibility by EG.

Overall the additives have been pointed to have significant effect especially at the
aqueous interface of the solid cellulose substrates. The solution phase reactions of soluble
oligosaccharides are not significantly affected by the additives, as shown by Seo et al.

(2011). The focus should be set on mechanistic studies how the additives influence the
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adsorption-desorption equilibrium of enzymes, and the importance of hydrophobic driving

forces which are implied by the amphiphilic nature of commonly utilized additives.

1.7 Hansen solubility parameter considerations aimed at understanding the
various interactions occurring during enzymatic hydrolysis

1.7.1 Fundamentals of Hansen solubility parameters (HSP)

The concept of solubility parameter was originally introduced by Scott and
Hildebrandt (1950). The principle idea of the parameter is to describe the cohesion energy
density within the molecule, which in turn affects its physical properties and ability to solvate
other molecules (Scott and Hildebrandt, 1950). Later on the single Hildebrand solubility
parameter (8t) was divided by Hansen (1967) into three parameters describing specific type
of interactions that together contribute to the total cohesion energy of the compound. These
interactions include the dispersion forces between nonpolar molecular structures (8q),
interactions between permanent dipoles (8p), and hydrogen bonding (&m,). The three
parameters contribute to the total Hildebrand parameter (dt) as described in Equation 1.2

(Hansen, 2007).
Equation 1.2) 62 =G63+6; +67,

The most widely used application for the solubility parameters is their ability to
predict whether a given solvent can effectively dissolve a specific molecule or not.
Calculations based on a geometric distance of two species within the three dimensional HSP

coordinate space (Equation 1.3) provides the distance parameter Ra, which in itself acts as a
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quantity defining the similarity between two molecular species. The actual parameter to
estimate the favorability of solvation is the relative energy distance number (RED) (Equation
1.4) which takes into account the maximum tolerable radius (Ro) of interaction within a

coordinate space that is specific for different compounds. (Hansen, 2007)

Equation 1.3) R2=4(04 —04)" + (Gp1 — 5p2]2 + (Gnp1 — Orpa)’
) Rg
Equation 1.4) RED = —
Ry

Traditionally the HSP have been determined experimentally using solvent assays, by
observing the solubility/insolubility of a specific solute. Modern methods include the use of
computational methods. More details about the experimental determination or computational
calculations of the parameters can be found in the extensive handbook by Hansen (2007).
Databases have been established that contain the HSP for a great number of solvents, other
chemical compounds, and polymers.

The method used in this dissertation for establishing the HSP for compounds of
interest is based on the so called group contribution method. This approach, introduced by
Stefanis and Panayiotou (2008 and 2012) relies on estimating the HSP by additivity of each
segment in the molecule that has a known contribution to the cohesion energy density.
Ultimately the HSP parameters of any known structure can be estimated by a combination of
established table values for its substructures (Stefanis and Panayiotou, 2008, Stefanis and

Panayiotou, 2012).
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1.7.2 Limitations related to the HSP and group contribution

The use of HSP has some limitations regarding their accuracy on describing hydrogen
bonding. The hydrogen bond formation requires presence of both donor and acceptor species,
and no H-bonding will take place between the moieties possessing solely acceptor character,
such as esters. The HSP approach provides only a single 6n, parameter regardless of the
donor/acceptor nature of the compound. Improved models for establishing parameters similar
to the HSP has been developed that take into account the specific H-bonding nature of
compounds (Stefanis and Panayiotou, 2012). However, these sophisticated models have not
yet been applied to cellulose based systems that are investigated in this dissertation.

Another area where HSP may fail to describe the reality within a given system is the
non-existing parameters to describe distribution of strongly interacting functional groups
present along a backbone structure. This applies especially to surfactants that have distinct
head-tail characteristics. Thus it has been proposed that two different sets of HSP should be
used to describe the head-tail structures in the case of surfactant applications (Hansen, 2007).
More complex issues may arise in case of intramolecular interactions, such as hydrogen
bonding, that may result in lower actual cohesion energy of a molecule in comparison to the

estimations based on group contribution (Konstam and Feairheller, 1970).

1.7.3  Application of HSP to surface phenomena

Besides the homogeneous solvent systems, the ability of solubility parameters to
describe adsorption phenomena at the interfaces of heterogeneous systems was already
discussed in the original publication by Hansen (1967). The approach of using distance

between the Hansen parameter coordinates (Ra) also applies to liquid-solid interfaces to
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describe which compounds are likely to adsorb from solution phase onto a surface having
specific HSP parameters. Existing studies related to the field of coating applications have
shown this to be a valid model for the estimation of preferable adsorption (Hansen, 2007).
The HSP concept has also been used to describe the prevailing interactions between the wood
cell wall polymers, which is close to the area of this dissertation (Hansen and Bjorkman,
1998). Use of the HSP within the field of biological macromolecules, such as proteins, is still
extremely limited. Application of the HSP to describe interactions between cellulolytic
enzymes and cellulose has not been investigated so far. In Chapter 4 of this dissertation we
present our current work regarding the application of the HSP approach to describe the
influence of wood extractives to the adsorption of enzymes during the hydrolysis of

cellulosic substrates.

1.8 Production of lignin as a secondary product of the biorefinery

Utilization of lignin as a source of co-products has potential to improve the economics
of biofuel production from lignocellulosic feedstocks (Doherty et al., 2011; Macfarlane et al.,
2014; Laurichesse and Avérous, 2014; Ragauskas et al., 2014). There are many technical
aspects related to lignin recovery and processing that require the establishment of
environmentally sustainable and economically viable practices. The following sections
provide a brief outlook of the current status of utilizing lignin as a resource for the production

of value added commodities.

51



1.8.1 Methods to recover lignin from an ethanol biorefinery

The lignin fraction present in biomass has potential for further use. The precise
details, however, of the lignin depend on the applied pretreatment and recovery processes.
More specifically, as result of pretreatments that rely on delignification (such as alkali,
organosolv, and ionic liquids) a major proportion of the lignin is removed from the biomass
and becomes available for recovery (Doherty et al., 2011; Laurichesse and Avérous, 2014;
Macfarlane et al., 2014). Alternatively, sequential processes involving hydrothermal
pretreatments and a subsequent alkali or organic solvent extraction have been applied for
lignin recovery prior to biocatalytic conversion of the polysaccharides (Ibrahim and Glasser,
1999; Sun et al., 2004; Li et al., 2009; Macfarlane et al., 2014).

Another group of pretreatments (such as steam explosion, SE) result in severe
alteration of the lignin structure, but do not remove it efficiently from the substrate due to the
fact that under the acidic aqueous conditions used the lignin is not adequately solvated. As
such, the majority of the lignin remains in biomass during enzymatic conversion of the
polysaccharides. After the enzymatic hydrolysis and fermentation processes the lignin can be
isolated from the residual solids by similar extraction systems to those listed above
(Poursorkhabi et al., 2013; Cotana et al., 2014). Chapter 5 of this dissertation describes our
efforts in this realm where the applied pretreatment was the combination of E-beam and SE,

and lignin extraction was carried out from the solid residue after enzymatic hydrolysis.
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1.8.2 Characteristics of lignin as a raw material

Lignins obtained from various pulping processes are commonly called technical
lignins containing inorganic and organic impurities, inconsistent functionality profiles, and
complex polymeric structures (Doherty et al., 2011; Macfarlane et al., 2014), with lignins
from ethanol biorefineries being of no exception (Li et al., 2009; Poursorkhabi et al., 2013;
Cotana et al., 2014). The large abundancy of technical lignins makes them an ideal low cost
raw material, however, high quality streams of such lignins will come at a cost as defined by
the value of the target products (Baker and Rials, 2013; Ragauskas et al., 2014). The high
degree of structural and functional variability present in technical lignins creates large
challenges for their eventual utilization. This issue however, offers distinct possibilities since
a multitude of properties could be realized once such lignins are refined. This calls for
sophisticated recovery/refining techniques that are aimed at controlling and modulating the
properties of various lignin streams in accordance with the sought application.

The typical polydisperse nature of technical lignins creates unfavorable conditions for
high quality applications (Baker and Rials, 2013; Laurichesse and Avérous, 2014; Ragauskas
et al., 2014). This is because low molecular weight fractions present in them such as
oligomers ranging all the way to dimers severely and irreproducibly alter the physical
properties of these materials. Different amounts of various molecular weight fractions present
in a given lignin have been shown to impart tremendous variance in the thermal properties of
the lignins such as glass transition and thermal decomposition temperatures (Yoshida et al.,

1987). Such molecular weight related issues have been addressed in several studies by using
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fractionation techniques that offer narrow polydispersity fractions and eliminate the
oligomers (Wang and Chen, 2013; Cui et al. 2014).

Another major contributor to the variability in the properties of technical lignins is the
large variations observed amongst its functional groups. Aliphatic and phenolic hydroxyls are
the most abundant in technical lignins followed by limited quantities of carbonyls and
carboxylic acids (Lora and Glasser, 2002). The average number of reactive sites within an
aromatic ring of a given lignin depends on the plant species, the actual process used for
delignification and its severity. This large variability in functionalities can severely affect the
thermal stability of lignins (Cui et al., 2013) as well as other properties. Derivatization has
been one way of creating controlled and modulated alterations within the lignin structure

(Argyropoulos, 2012; Sadeghifar et al., 2012; Laurichesse and Avérous, 2014).

1.8.3 Value addition pathways for lignin

One important aspect of developing value addition pathways to lignin (and biomass in
general) involves considerations of direct and/or indirect product substitution (FizPatrick et
al., 2010). Direct substitution, implies the production of existing bulk chemicals from a lignin
source. This path is met with challenges that are related to the cost of the conversion process.
During the past decades lignin markets for products like phenolic and epoxy resins,
polyurethane foams, biodispersants etc. have been identified (Lora and Glasser, 2002). Yet
these have not achieved wide commercial utilization. Regardless of the affiliated costs
biopolymer based materials have a more environmentally sustainable product life cycle in

comparison to the synthetic polymers (Bernier et al., 2013). Today’s environmentally aware
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political and commercial atmosphere is likely to advance the utilization of biopolymer
materials. Yet major developments in the area of indirect synthetic product substitution by
biomaterials requires a great deal of fundamental research and engineering. In more short
term, the applications related to drop in type direct product substitution of low performance

bulk commodities and use as additives may provide more straight forward markets for lignin.

Energy production

Biocatalytic ethanol processes have typically lower demands for recycling of the used
chemicals, than for example the kraft pulping process. Having said this, however, there is
always a need for process steam, typically produced from the lignin fraction of the biomass
(Larsen et al., 2008; Larsen et al., 2012). Fortunately the energy content of the lignin
fraction in biomass exceeds the power requirements of common biofuel production
operations (Larsen et al., 2008; Larsen et al., 2012). As such it is justifiable to focus our
attention towards upgrading a certain fraction of these lignin streams to higher value

products.

Material applications

The use of lignin in thermoplastics and thermoset materials has been studied for
several decades (Wang et al., 1992). Recently the field has further expanded as the interest
towards biomaterials has increased (Laurichesse and Avérous, 2014; Sen et al., 2015). Lignin
can be used as a component in co-polymers and polymer blends, or be applied as a solid filler
in a polymer matrix (Belgacem and Gandini, 2011; Sen et al., 2015). Typically compatibility

and thermal properties issues of the raw lignin need be addressed and improved by
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fractionation and/or chemical modification (Laurichesse and Avérous, 2014; Cui et al., 2014;
Sen et al., 2015). Lignin itself offers some thermoplastic characteristics, since it shows a
glass transition temperature ranging from 70 to 170 °C. It does not show, however, any
melting characteristics, and once exposed to elevated temperatures, unprotected lignins tend
to irreversibly crosslink (Cui et al., 2013). Another drawback of lignins is that they are
thermally stable only up to 200 °C (Laurichesse and Avérous, 2014) but recent advances has
offered potential avenues for significantly augmenting these temperatures (Argyropoulos et
al., 2013).

Favorable attributes of lignin are its tendency to stabilize polymer blends towards
thermal and UV-irradiation induced degradation (Canetti et al., 2006; Silva et al., 2011) and
its good compatibility in the production of resins and polyurethanes. Both of these effects are
largely due to its polyphenolic nature. The commercial use of lignin has been established
especially in the field of epoxy- and phenolic resins, and improvements to product
performance have been reported (Lora and Glasser, 2002; Macfarlane, 2014). In the field of
polyurethane and resin manufacturing lignin has been used to improve thermal properties,
strength, and curing rates (Doherty et al., 2011; Laurichesse and Avérous, 2014). In this
realm, the molecular weight distribution of a lignin and its reactivity toward crosslinking
have been found as being the most important variables offering positive attributes for its
utilization in these fields (Macfarlane et al., 2014; Doherty et al., 2011)

Finally, a high value application for lignin that involves the production of carbon fibers
has been envisaged (Baker and Rials, 2013). The greatest challenge regarding the use of

lignin as a precursor to carbon fibers is the essential need for narrow polydispersity and high
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purity (Baker and Rials, 2013). This imposes great significance to the advances in refining

and fractionation techniques, while keeping all associated costs low.

1.9 Obijectives of this study

The experimental framework of this dissertation is built around a novel pretreatment
technique that is based on the sequential use of electron beam (EB) and steam explosion
(SE). The materials thus produced provided the framework for this dissertation sequentially

addressed in the following manner:

Chapter 2:

Undersanding the changesoccurring within thepolymeric compients of woodduring its
processing

To address the objective of this segment of the thesis an efficient methodology had
to be developed for directly visualizing the molecular weight distributions of wood polymers

in their native and processed forms.

Chapter 3:

Understanding the synergistic effects of-EBpretreatmerg and thefactors that affect the
efficiency of cellulolytidqiydrolyss in softwood and hardwood

This chapter is focused on establishing an understanding of the operational
mechanisms behind the pretreatment action of electron beam — steam explosion (EB-SE).
The observed effects on component molecular weights, their solubility and their interactions

with cellulase enzymes were then used to evaluate the factors responsible for the observed
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synergy between the two pretreatment methods and the molecular origin behind for the

recalcitrant nature of softwood.

Chapter 4:

Enhancing or inhibiting influences of the hydrophobic wood extracawesrelated model
compounds on enzyme activity on cellulose

The work in Chapter 4 explored the complex influence of hydrophobic/amphiphilic
extractive compounds present in biomass, toward cellulase enzyme activity. Initial
understanding behind the observed sugar yield enhancing or inhibiting effects was the main
focus of this segment of the dissertation. This work provides the basis for investigating the
use of wood extractives as yield enhancing additives during the enzymatic hydrolysis of

lignocellulosic substrates.

Chapter 5:

Refining of lignin rich residues from an ethanol biorefinery to value added raw materials
The primary objective of this chapter was to refine the lignin rich solid residues

remaining after the bioethanol process into purified and well-characterized lignin raw

materials using various extraction techniques. The secondary objective was to characterize

the chemical and thermal properties of the resulting lignin fractions and to establish a

rationale for the design of more effective refining methods.
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CHAPTER 2

2. Determination of Molecular Weight Distributions in Native and
Pretreated Wood

Timo Leskinen, Stephen S. Kelley, & Dimitris S. Argyropoulos

This chapter has been corrected from the original article published in Carbohydrate
polymers 2015, 119, 44-52.

2.1 Introduction

Wood and other lignocellulosic feedstocks are an abundant source of polymeric raw
materials, amenable to modification into value-added chemical and biofuel applications
(Ragauskas et al.,2006; FitzPatrick et al., 2010; Belgacem and Gandini, 2011; Menon and
Rao, 2012; Ragauskas et al., 2014). Their effective utilization requires a clear understanding
of their polymeric structure and the implication of alteration caused by various pretreatment
or isolation processes. It is also important to understand how these changes affect the
subsequent utilization of the biomass and its individual components.

The molecular weight (MW) determination of lignocellulosic materials tends to be
laborious and time consuming. Isolated preparations of wood components are typically
needed for good solubility of samples and a selective analysis (Sjéholm, 2003; Hortling et
al., 2003; Hallac and Ragauskas, 2011; Tolbert et al., 2014). Overall, the literature
demonstrates that the compositional and structural heterogeneity of the intact cell wall
imposes significant limitations for analysis of the molecular weights directly from wood. The

selective and controlled alteration of the cell wall components in situ, and the application of
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two complementing solvent systems, may provide an effective route to the analysis of wood
in its native form. Our aim here is to demonstrate that it is possible to use distinct
dissolution/reaction chemistries on lignin and carbohydrates to produce soluble derivatives
that represent the native components.

lonic liquids (ILs) provide a new analytical tool in the field of cellulose molecular
weight analysis (Hallac and Ragauskas, 2011). Recently IL’s have been successfully applied
for the size-exclusion chromatography (SEC) as the mobile phase for chromatographic
analyses (Kuroda et al., 2013). ILs also have the unique capacity to be used as solvents for
the analysis of cellulosic substrates when derivatization is needed to obtain readily soluble
samples (El Seoud et al., 2007).

Zoia et al. (2011) have introduced a novel derivatization method based on
benzoylation of ball milled wood in 1-allyl-3-methylimidazolium chloride ([amim]ClI).
Salanti et al. (2012) have modified the procedure and added acetylation as a secondary step
aimed toward the selective analysis of lignin. Ball milling was used in these studies to
enhance the overall solubility of wood in IL, but there is evidence that the MW of wood
components may be altered during such preparative treatment (Howsmon, and Marchessault,
1959; Fujimoto et al., 2005). For this reason the ball milling may limit the usefulness of
utilizing IL as tool for component selective MW analyses. Recent studies have concluded
that the dissolution of non-milled wood sawdust in certain ILs proceeds via an extraction
type mechanism where the cellulose is the primarily dissolved component (Leskinen et al.,
2013; Casas et al., 2013). On this basis an effective method to directly dissolve cellulose for

MW determination can be developed. The poor solubility of the lignin from non-milled wood
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and the uncertainties related to the use of ball milled wood for lignin MW analyses highlights
the need for other solvent systems.

Instead of the derivatization in IL, an alternative approach for lignin acetylation is the
acetobromination procedure that has been used to dissolve and analyze wood (liyama and
Wallis, 1990). Recently this approach has been successfully applied for the analysis of
isolated lignin preparations (Asikkala et al., 2012). Both the acidic reaction media and the
strongly acidic HBr by-product from the acetyl bromide, can degrade the carbohydrates in
wood. At the same time, the native structure of lignin is retained and it becomes soluble with
the introduction of acetyl and bromide functionalities.

The objective of this study was to create a facile methodology for the determination
of molecular weight distribution (MWD) of native and pre-treated woods. To do this we have
examined and adjust the analytical procedure and investigated the effects of preparative
milling and possible side reactions known to occur during the various derivatization steps.
The work, detailed below, has led to the development of an efficient protocol for such

analyses.

2.2 Experimental

2.2.1 Materials
The solvents were purchased from Sigma-Aldrich and Fischer scientific and used
without purification, except allyl chloride and 1-methylimidazole that were distilled prior to
use. The fibrous cellulose powder was received from Whatman International Ltd. (grade
CF1). Enzymatic Mild Acidolysis Lignin (EMAL) was prepared from ball-milled Norwegian

Pine sawdust following the original procedure by Wu and Argyropoulos (2003). Enzymatic
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hydrolysis (48h, 40 FPU of Viscozyme® enzyme cocktail from Novozymes, USA) was
followed by mild hydrolysis in dioxane-water (85:15 v/v) containing 0.01 M HCI. The
product was collected by precipitation from pH 2 HCI solution, and washed with deionized
water.

Thermomechanical pulp (TMP) was obtained from a pulp mill located in Sweden.
Material was extracted with acetone for 18 hours, Wiley milled using 0.85 mm screen, and
then a fraction below 0.40 mm size fraction was sieved off. Planetary ball milling of the
resulting material was performed using a 250 mL zirconium bowl, loaded with eight
zirconium balls (10 mm in diameter) and 2 grams of TMP using a Microwolf planetary mill
(Torrey Hills Technologies, USA) at 400 rpm. The milling sequences were set to 20 min
milling and 20 min break times, totaling 1, 10 and 20 hours. Samples of pretreated and native
Norwegian Pine sawdust were received from BioOil AS (Norway), extracted with
dichloromethane for 24 hours, and sieved to particle size fractions of 0.85 — 0.25 mm and
<0.25 mm. Two SE pretreatment conditions were used; severe at 200 °C and mild at 170 °C,
with hold time of 6 min in both cases (See Chapter 3 for more information about SE
pretreatments). Bleached softwood pulp was received from a pulp mill located in the USA.
Green liquor pulp from Pine (lignin content approx. 20 wt.%) was produced in-house
according to the procedure described elsewhere (Wu et al., 2010). Hydrolysis was done in
acetate buffer at 50 °C during 72 h in presence of 40 FPU of cellulolytic enzymes.

Synthesis of 1-allyl-3-methyl-imidazolium chloride ([amim]Cl) was performed as
described elsewhere (Leskinen et al., 2011), with the exceptions that synthesis was carried

out with 1.05 molar equiv. of 1-methylimidazole in relation to allyl chloride, and the charcoal
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purification was done using acetonitrile as solvent during 24 h stirring at room temperature.

Purity of the final product was confirmed by *H-NMR.

2.2.2 Benzoylation

For the dissolution of wood prior to reaction, 1 g of ionic liquid was first weighed
into an 8 mL screw cap vial with a magnetic stirring bar. Then 200 pL of 1-
methylimidazole/pyridine 3:1 co-solvent mixture was added and the solvent was
homogenized with vortex mixing. Vacuum-oven dried (24 h, RT) wood sawdust (particle
size < 0.25 mm) was added in 10 mg portion and mixed well using a vortex mixer. The
sample was then placed in an oil bath at 60 °C (or 80 °C as specified in the text), and allowed
to dissolve using stirring speed of 200 rpm. After an incubation time of 66 h (or specified
times reported in the text), the viscous solution still containing some solids was taken out of
the bath and cooled for a few minutes, and then 112 pL of benzoyl chloride was added. The
reagent was mixed with the wood solution on the vortex mixer (~5 s), and then the sample
was left to react for 4 h at room temperature using slow magnetic stirring. The reaction was
stopped by the addition of 4 mL of 75 % ethanol, and again mixed on the vortex mixer for
one minute. The precipitated mixture then was transferred into a centrifuge tube using the 75
% ethanol solution and finally the solvent volume was adjusted to 20 mL. The washing
solvent was removed using centrifuge, and the resulting solids were washed twice with 20
mL of ethanol by shaking and centrifuging the solvent. The solid product was left to dry
under low vacuum overnight, and further dried in a room temperature vacuum oven. The
experiments where benzoylation procedure was carried out without co-solvent, were done as

described by in the original publication (Zoia et al. 2011). The dextran standards were

63



benzoylated similarly as the wood samples, but the dissolution step was done at 40 °C

temperature. The samples were fully dissolved after 66 h, and then benzoylated.

2.2.3 Acetobromination

The procedure from Asikkala et al. (2012) was adjusted for this work. A dried 10 mg
wood sample (particle size 0.85 — 0.25 mm) was weighed into an 8 mL screw cap vial and
then dispersed to 2 mL of glacial acetic acid. The reaction was started by adding 218 pL of
acetyl bromide. The sample was protected from light and left to stir at room temperature,
maintaining 300 rpm magnetic mixing. Reaction time of 42 h was used for all samples, if not
specified otherwise. After the specified reaction time, the dissolved sample was transferred to
a 50 mL round bottom flask, and the solvent was evaporated using a high vacuum rotary
evaporator. When the solvent had evaporated completely, the solid sample was dissolved in

30 mL of dimethylformamide (DMF) for the SEC analysis.

2.2.4 UV-spectroscopy
UV-absorption was measured from the same sample solutions of benzoylated and
acetobrominated samples that were used for SEC analysis after 1/5 dilution with DMF. Exact
concentrations of 0.5 mg/mL were used for benzoylated CF1 cellulose and lignin. Absorption

spectra were recorded with a Beckman DU 640 spectrophotometer using quartz cuvettes.

2.2.5 Size-exclusion chromatography (SEC)
The samples were dissolved directly after derivatization and solvent removal in 20
mL (benzoylated) or 30 mL (acetobrominated) of DMF. Concentrations were empirically

optimized based on the average soluble fractions of the samples and corresponding strength
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of the UV signal. Samples were allowed to dissolve for one hour for benzoylated samples
and 15 minutes for acetobrominated samples prior to filtration through a 0.45 pm PTFE
filter. Injection volume of 50 pL was used with the manual injection. The SEC system
consisted of a HP G1312A pump connected to Waters HT6E and HT2 styragel columns in
series with a Waters 484 UV-absorbance detector. Detection wavelengths were 275 and 285
nm for benzoylated and acetobrominated samples, respectively. The mobile phase used was
DMF with 0.05 M of lithium bromide (LiBr) as an additive. Calibration was done using
either narrow polystyrene standards ranging from 1,860 kDa to 0.82 kDa, or benzoylated
dextran and model saccharides from 1,360 to 0.18 kDa (see Figure A5 in Appendix B).
Empower software was used for controlling the system operation and preparation of the
calibration curve.

Due to the multimodal nature of the chromatograms we use retention times instead of
the average molecular weights. Further details about calibration and approximate peak MW
values of cellulose, hemicellulose, and lignin in a typical wood chromatogram are provided

in Figure A6 of Appendix B.

2.3 Results and discussion

2.3.1 Targeting the benzoylation and acetobromination methods toward carbohydrates and
lignin

When whole wood is being analyzed, it is useful for the analysis to distinguish the
individual components. In this work this attribute is termed as “component selectivity”. The
proposed methodology is based on selective solubilization, derivatization, and selective UV

detection of the two major wood components measured with SEC.
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The two solvent systems used have different mechanisms of dissolving components,
and this can be used to gain component selectivity. For the benzoylation reaction we use an
ionic liquid reaction system that can extract and preserve both the cellulose component of
wood, while the lignin rich fraction with majority of the hemicelluloses remains undissolved.
The preferential solubility of the cellulose, over the less soluble hemicelluloses and lignin
(Leskinen et al., 2013), was found to be related to the type of the wood preparation and the
dissolution temperature. In the case of native sawdust, the non-benzoylated cellulose and
hemicelluloses were found to have limited solubility in IL, yet the individual components
could be resolved from the chromatograms (see Figure 3.2 in Chapter 3 for chromatogram of
native wood). Pretreatment (such as steam explosion) of the wood samples enhanced the
solubility of the cellulose and hemicellulose in IL relative to lignin. Therefore, a greater
proportion of the carbohydrates from wood in relation to lignin could be benzoylated,
resulting better resolved chromatograms.

The acetic acid/acetyl bromide 9:1 solvent system used for acetobromination is
known to dissolve wood under mild conditions. Unlike what is seen with non-derivatizing
ILs, the dissolution of wood is a result of partial hydrolysis and acetylation, and subsequent
solubilization of the carbohydrate, while the relatively resistant lignin moieties slowly
become solubilized by the acetylation of the hydroxyl groups, and the resulting elimination
of association and hydrogen bonding. Sequential acetobromination and benzoylation analyses
(Figure A7 in Appendix C) revealed that the carbohydrates are not fully converted to low
molecular weight products under the proposed ambient temperature conditions, unlike

reported by liyama et al. under 70 °C (liyama and Wallis, 1990). Interestingly, the
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incomplete depolymerization of the carbohydrates allows for detection of the lignin-
carbohydrate complexes (LCC) in the SEC chromatograms of acetobrominated wood. This
issue will be discussed in more detail in the sections 2.3.2 and 2.3.5.

The second factor that enables component selectivity is the presence of different UV-
active functionalities in the soluble fractions of the samples that allow their selective
detection over the UV-inactive components. Selectivity of the UV detection is the result of
selecting different wavelengths and by derivatization by either UV active (benzoate) or
inactive (acetate) substituents in the benzoylation and the acetobromination procedures,
respectively. The poor solubility of the lignin from benzoylated pretreated wood excludes
majority of the lignin from showing in the resulting chromatograms, while the benzoylated
carbohydrates offer a strong signal. Still small quantities of soluble lignin are unavoidably
detected in benzoylated samples. In acetobrominated wood only the aromatic backbone in
lignin has a UV signal at 285 nm, while the carbohydrate acetate fragments do not have a
strong UV signal.

For demonstration purposes, benzoylated and acetobrominated samples of steam
exploded wood and model system of cellulose (pulp, CF1 cellulose) and lignin (EMAL)
preparations were analyzed by UV/VIS spectrometry (see Figure 2.1 A and B). The
negligible absorbance, at 285 nm, of the acetylated cellulose pulp supports selectivity of the
methodology. In addition the UV absorbance, at 285 nm, of the isolated, model lignin and the
lignin isolated directly from wood are similar. In the case of the benzoylated systems (Figure
2.1B) the UV absorbance, at 275 nm, of the benzolyated DMF soluble carbohydrate fraction

from pine wood is similar to the benzoylated cellulose pulp. Distinct absorption maxima at
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275 nm and low absorption above 290 nm indicate to high cellulose concentration over
lignin. Some interference from soluble lignin is observed with the benzoylated wood
samples, but these interfering lignin moieties can be usually distinguished in SEC analyses as

separate peaks.
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Figure 2.1 Normalized UV-spectra of derivatized SE pretreated (170°C) Pine wood and its
components in DMF solutions. (A) Acetobrominated materials; Derivatized bleached pulp,
lignin, and wood were diluted in 1/5 ratio from the solutions used in subsequent SEC
analyses; (B) Benzoylated materials. Concentrations for CF1 cellulose and lignin are 0.5
mg/mL DMF. Solutions of benzoylated wood used without further dilution for subsequent

SEC analyses.

2.3.2 Controlling side reactions during the derivatization procedures
Dissolution of wood using this methodology requires long incubation times, raising
concerns about the stability of the targeted fraction. Recent reports highlight the potential for
certain ionic liquid systems to cause depolymerization of cellulose under relatively mild (80

°C) dissolution conditions (Gazit and Katz, 2012). In order to use IL solvents in the proposed
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methodology, the possible depolymerization reactions needed to be eliminated. According to
Gazit and Katz (2012) an addition of 1-methylimidazole (NMI) to the IL during the cellulose

dissolution can prevent the depolymerization, which offers a solution to the stability issue.
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Figure 2.2 Chromatograms used to examine the cellulose (Whatman CF1) stability during
dissolution in ionic liquid and ionic liquid/co-solvent mixtures. The dissolution step was
performed prior the benzoylation reaction. (A) 80 °C dissolution in neat ionic liquid for 3 and
72 h; (B) 72 h dissolution at 80 °C with various co-solvents; (C) 72 h dissolution at various
temperatures with 20 % NMI-Pyr 3:1 co-solvent. (All samples dissolved completely between
2t048h.)
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The potential of [amim]CI to cause unwanted depolymerization of wood components
was carefully examined. A significant decrease in the molecular weight of fibrous cellulose
was observed in [amim]Cl between 3 and 72 h of dissolution times at 80 °C (Figure 2.2A).
We examined the addition of NMI to [amim]Cl at 5 and 20 vol % to eliminate hydrolysis of
the cellulose. Both concentrations of NMI seemed to prevent the majority of the
depolymerization, but the 20 vol % addition offered solutions of significantly lower viscosity
of the IL media which is advantageous for performing reactions with dissolved cellulose. The
protective action of pyridine (Pyr) was also examined, and found to be better than with NMI
(Figure 2.2B). As a drawback, the pyridine tended to precipitate out the formed cellulose
benzoate early on during the reaction, resulting in an inhomogeneous product. Therefore, as a
compromise, we arrived at the use of 20 vol % NMI-Pyr 3:1-mixture since this offered
suitable hydrolysis prevention and good solvation characteristics. Addition of a co-solvent
also allowed a successful benzoylation of cellulose after a slow (>48 h) dissolution at
ambient temperature (Figure 2.2C). Still, incubation at 60 °C offered a more practical
dissolution rate (~ 2 h), without cellulose hydrolysis.

While hydrolysis of the carbohydrates can be completely eliminated during the
benzoylation, the depolymerization of lignin is acceptable or even beneficial for the analysis.

Based on our observations, the lignin in native and pretreated wood has limited
solubility in [amim]Cl under mild conditions, while isolated preparations, such as EMAL, are
readily soluble. The insolubility of the native lignin seems to also hinder the solubility of the
carbohydrates from wood in the IL. Thus some limited lignin depolymerization may actually

enhance the solubility of the cellulose, while solubility of the hemicelluloses is more
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dependent on the wood preparation. As a drawback, the use of too drastic dissolution
conditons will create soluble low molecular weight lignin fragments, which correspondingly
induce SEC signals that interfere with the carbohydrate analysis.

Since several ILs have been reported to depolymerize lignin (George et al., 2011), we
examined whether lignin depolymerization can be limited to a beneficial level during a
typical benzoylation procedure in [amim]Cl by adjustment of the dissolution conditions. In
practice this means a limited disintegration, while avoiding formation of low MW fragments
that would complicate the SEC profile. Figure 2.3A shows a fairly stable MW distribution of
Pine EMAL lignin at 60 °C between 2 and 66 h of dissolution, whereas noticeable
depolymerization was seen at 80 °C. The data is consistent with the observations of low
lignin solubility from wood at 60 °C, whereas the use of 80 °C seemingly enhances the
solubility of both lignin and the carbohydrates. The increased solubility of these components,
triggered by lignin depolymerization, can be seen as stronger intensities of the detected UV-

signals during the SEC analysis of wood.
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Figure 2.3 Observed differences in stability of Pine EMAL lignin during short and long
reaction times. (A) Dissolution in IL-NMI-Pyr prior to benzoylation; (B) Acetobromination
in acetic acid.

Analysis of the lignin fraction by acetobromination also includes a risk of unfavorable
side reactions. This is because the acetobromination by-product HBr can be detrimental to
the alfa and beta ether bonds of lignin (liyama and Wallis, 1990). This has been confirmed by
Asikkala et al., (2012), who observed partial depolymerization of MWL lignin at high HBr
concentrations. During lignin acetobromination, the primary reaction of the HBr is the
bromination of benzylic a-carbons of the lignin side chains (liyama and Wallis, 1990; Lu and
Ralph, 1996). The cleavage of f-O-4 may also occur and lead to lignin depolymerization, but
this requires more severe conditions compared to the aforementioned a-bromination (liyama
and Wallis, 1990). According to Lu and Ralph (1996) the B-O-4 cleavage does not occur at
ambient conditions.

To confirm potential changes to lignin the derivatization conditions used in this study
where examined using Pine lignin (EMAL). Noticeable depolymerization took place when
the acetobromination reaction for EMAL lignin was prolonged from 2 to 42 h (Figure 2.3B).

The MW changes observed are limited to the high end of the distribution, without any
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noticeable signal from low molecular weight fragments. It is expected that a random cleavage
of the B-O-4 rich backbone should create more low MW fragments than was detected. The
observed changes resemble more the degradation patterns seen with branched polymers
(Striegel, 2003). This suggests a more severe cleavage of the less frequent non-cyclic a-aryl
ethers that represent only around 1 % of the bonds between the lignin units (Capanema et al.,
2004), thus creating only relatively larger fragments. Further evidence about the role of a-
ethers to these changes in the lignin distributions will be provided in section 2.3.5.

While the depolymerization of the isolated lignin preparations by a-bromination
during the acetobromination cannot be completely ruled out, this degradation process in
wood samples seems to be much slower based on the slow initial dissolution of the native
lignin and minor changes in the chromatograms between 42 and 90 h reactions. (See Figure
2.4). This may be due to the different solubility of the native lignin compared to the EMAL
preparation and the prominent presence of the wood carbohydrates that are also capable of a
competing reaction with the formed HBr (Kartha and Jennings, 1990). Also the presence of
the covalently attached carbohydrates and their hydrolysis may affect to the high MW region
of the lignin chromatograms (see section 2.3.5). Fast hydrolysis of the carbohydrate moieties
is expected especially from the readily soluble EMAL lignin preparations directly after the
initiation of the reaction, whereas their hydrolysis in the wood samples is at first limited by
diffusion and eventually by the complete consumption of the required trace quantities of

water from the solvent medium.

73



2.3.3 Adjustment of reaction times for fibrous wood.

Adapting our methodology for wood sawdust required adjustments of the original
benzoylation and acetobromination procedures in terms of dissolution and reaction times.
Suitable conditions for representative analyses were adjusted using sieved fractions of steam
exploded Pine sawdust (mild pretreatment at 170°C). The resulting chromatograms from a
series of applied dissolution/reaction times for both derivatization reactions are shown in

Figure 2.4 A and B.
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Figure 2.4 SEC chromatograms from a series of reaction/dissolution times in order to find
suitable reaction times for the benzoylation and acetobromination procedures, using sieved
fractions of steam exploded Pine sawdust (SE at 170 °C). (A) Benzoylation (particle size

below 0.25 mm); (B) Acetobromination (particle size 0.85 - 0.25 mm).

A suitable dissolution time prior to the benzoylation reaction was estimated to be
around 66 h (Figure 2.4A). Prolonging the dissolution time to 90 h did not offer noticeable
changes in the observed MW distribution. As seen from Figure 2.4, pretreated wood has slow
solubility in IL, and in the case of native wood the observed signal from cellulose was

significantly weaker in comparison to pretreated samples (see Chapter 3 for more details).
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The limited cellulose solubility from native wood indicates the existence of physical barriers
such as insoluble moieties or gels of lignin and hemicelluloses rather than simply slow
dissolution of the cellulose. The larger sized (0.85 — 0.25 mm) fraction also resulted in a
somewhat poor solubility within the same time frame, supporting this conclusion.

The reaction time had a large effect on the data obtained for acetobromination
analyses (Figure 2.4B), causing the SEC profile to evolve in two ways. First, a significant
increase of the high molecular weights (below retention volume of 15 mL) was observed,
which slowed down after 42 h. This may be related to the observed incomplete solubility of
wood in the reaction mixture during the 12 and 24 h reactions. Second, a new peak appeared
around a retention volume of 16 mL with growing intensity as a function of time. This may
be due to the cleavage of non-cyclic a-ethers or other minor lignin interunit linkages. Based
on these data a 42 h reaction time is suggested as optimum. These conditions provide
complete dissolution of the sample, and appear to limit depolymerization reactions.

In conclusion, the fibrous wood materials showed significantly slower dissolution and
reaction kinetics than ball milled wood or isolated wood component preparations (Zoia et al.,
2011; Asikkala et al., 2012). Still, the long reaction times (up to 66 h) needed for the
proposed methodology are comparable to the time demands of other SEC methods that have

been applied to wood pulps (Sjoholm et al., 2000; Josefsson et al., 2001).

2.3.4 Milling as a preparation step to improve wood solubility
Ball milling was examined as a means to enhance the slow and incomplete solubility
of wood in the IL in a manner similar to the original procedure (Zoia et al., 2011). The

benzoylation and acetobromination reactions were carried out on fibrous Spruce TMP pulp
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(Wiley milled and sieved to particle size between 0.85 and 0.40 mm) and the same material
after 1, 10, and 20 h of planetary ball-milling (micron scale powders). As anticipated, the
pulverization gradually enhanced the overall solubility of wood, resulting chromatograms of
varying intensities. Chromatograms of the benzoylated products show (Figure 2.5A) that the
1 hour milling resulted only in minor effects, whereas after 10 h of ball milling a shift of the
main peak towards the lower molecular weight was discernible. After 20 h of milling, a
convoluted distribution of different components, with a peak at the middle range of the whole
wood distribution, was obtained. Reduction in the proportion of high molecular weight
carbohydrates could also expected (Howsmon, and Marchessault, 1959), and signs of such
effect were observed in chromatograms of milled TMP. Deconvolution of the chromatograms
would need to be applied after milling procedures in order to differentiate cellulose form
other components.

Acetobromination analyses (Figure 2.5B) revealed that only a slight decrease in the
high MW region of the lignin distribution after ball milling. The mild effects of ball milling
to the lignin are somewhat surprising in light of the work of Fujimoto et al. (2005), who saw
degradation of the p-O-4 as a function of the milling severity. The less apparent lignin

degradation in this study may be due to the use of lower milling frequency.
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Figure 2.5 Effects of ball milling on the molecular weight distribution of Spruce TMP pulp.
(A) Benzoylated TMP spruce after 66 h hours in IL at 60 C. (Chromatograms with the
original signal intensity are shown for quantitative comparison); (B) Acetobrominated
products after 42 h room temperature reaction (Normalized chromatograms are shown for
qualitative comparison).

As such, it is concluded that preparative ball milling steps, with the resulting negative
impacts on the original sample’s MW distribution, should be avoided whenever possible. If
the average particle size of coarse particles (e.g. wood chips) needs to be reduced for
solubility purposes, initial size reduction by Wiley milling followed by a short ball milling (<

1 h) is a relatively fast and non-destructive alternative step. Further milling reduces the

accuracy of the MW determination.

2.3.5 Resolving the multimodal chromatograms of wood
To further understand the nature of the chromatograms obtained by the proposed
methodology, isolated wood components were examined. SEC chromatograms from
benzoylated isolated wood components (bleached softwood pulp, softwood
galactoglucomannan (GGM), and softwood EMAL lignin) were recorded separately and as a

physical mixture containing 46, 26, and 28 mass % respectively.
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Figure 2.6 Resolving the wood chromatogram using model components and physical
mixtures. (A) Isolated and benzoylated wood components (bleached softwood pulp, Spruce
galactoglucomannan, and Pine EMAL lignin); (B) Model physical mixture of benzoylated
components in the ratio of 46:26:28 mass %, and its comparison to the distribution of

benzoylated steam exploded Pine sawdust.

The data of Figure 2.6A shows that the three components are well resolved according
to their molecular weights. The physical mixture of the three components (Figure 2.6B)
showed a trimodal distribution, similar to that observed from native wood (Figure 2.6B and
Figure 3.2 in Chapter 3). While the elution times of the isolated components are identical to
wood, the differences in the relative intensities of the physical mixture confirms that the
cellulose is enriched in the examined DMF soluble fraction of pretreated and benzoylated
wood. This is due to favorable dissolution of cellulose in IL prior to derivatization in the case
where lignin-hemicellulose matrix around cellulose has been disrupted by the pretreatment
(see Chapter 3 for further discussion).

Further investigations were focused on the bimodal distributions of lignin seen
especially in acetobrominated wood, but also to some extent in isolated EMAL preparations.

The presence of benzyl ether bonded lignin-carbohydrate complexes (LCC) has been
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detected in considerable quantities in Pine lignin preparations (Balakshin et al., 2011). The
limited quantity of water in the acetobromination system is not expected to facilitate
complete hydrolysis of the LCC moieties apart from lignin, leaving them potentially
affecting the lignin elution time. Thus, selective oxidation of the benzylic ether bonds using
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (Watanabe et al., 1989) was applied in
order to evaluate the presence of benzyl ether LCC’s in the chromatograms of

acetobrominated wood.
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Figure 2.7 Elimination of lignin-carbohydrate complexes by DDQ oxidation and the
resulting changes to the molecular weight distributions of acetobrominated wood. (A) Spruce
TMP pulp, 42 h reaction in dichloromethane-water 50:1 at 40 °C; (B) Pine sawdust, 54 h
reaction in dioxane-water 40:1 at 60 °C.

The DDQ oxidation was examined using two alternative wood sources and reaction
solvents, and in both cases this DDQ treatment resulted in a significant reduction in the
intensity of the high MW peak (Figure 2.7 A and B). The lignin distribution in DDQ treated

wood resembles somewhat the EMAL lignin from Pine (Figure 2.3A). Despite some

uncertainty remaining in relation to whether the bimodality arises from the cleavage of the
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LCC or intra-lignin bonds, the data offers compelling evidence pointing to the significance of
the benzyl ether linkages in the molecular architecture of native softwood lignin.

Supporting the preceding conclusion about the presence of LCC, the benzoylated
EMAL lignin showed more intense UV-response for the high MW region than observed in
the acetobrominated sample (Figure 2.3 A and B). This difference between the two
derivatized lignins may arise from benzoate ester rich moieties such as LCC, having larger
MW than the lignin without an attached carbohydrate. Sequential acetobromination and
benzoylation reactions for bleached pulp and Pine sawdust offered further insight about the
occurrence of LCC in the mid MW region in the wood chromatograms (see Figure A7 in
Appendix C).

Bimodal elution profiles for lignin are apparent in several reports ascribed to non-
covalent lignin association effects (Cathala et al. 2003; Connors, et al. 1980). The presence of
such association phenomena is probably related to the nature of the mobile phase used and its
additives (Connors et al. 1980). The SEC acquisition conditions used in this work are
selected to eliminate such associations. Therefore, the present data point out to the
conclusion that the bimodality of lignin in Pine sawdust is due to covalently linked structures

in either the higher MW lignin or the presence of LCC.

2.3.6 Analysis of wood after pretreatments
Finally, the developed benzoylation-acetobromination methodology was applied to
examine wood materials resulting from two different pretreatment processes, specifically
steam explosion (SE) and green liquor pulping (GLP). As anticipated the severe SE

pretreatment resulted in an increase in the proportion of low molecular weight moieties. The
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altered MW distribution shown in Figure 2.8A is evidently associated with the hydrolytic
depolymerization of the hemicelluloses, and plausibly affected also by an increased solubility
of the lignin after severe pretreatment conditions. Comparison between native and pretreated
woods is presented in Chapter 3 of this dissertation.

Lignin distribution was also observed to be significantly altered by the severe SE
pretreatment (Figure 2.8B). Increases in the SE lignin polydispersity are consistent with
cleavage of LCC bonds, and simultaneous depolymerization and re-polymerization reactions.

The depolymerization and re-polymerization of lignin under SE has been reported (Li et al.
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Figure 2.8 Molecular weight distributions in the Pine sawdust after mild and severe steam
explosion pretreatments. (A) Benzoylated samples (Varying sample preparations were used
for mild and severe SE samples. Reactions after dissolution for 42h at 80°C and 66h at 60°C,
respectively. Dissolution for SEC in 10 and 20 mL of DMF, respectively); (B)

Acetobrominated samples.
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Figure 2.9 Molecular weight distributions of carbohydrates and lignin in Pine wood after
green liquor pulping to lignin content of 20 %, and subsequent enzymatic hydrolysis. (A)
Benzoylated products; (B) Acetobrominated products.

The effects of GLP pretreatment and GLP followed by enzymatic hydrolysis are
shown in Figure 2.9 A and B. In Figure 2.9A the effects GLP pretreatment on the SEC
profiles of the Pine wood show a loss in lower molecular weight sugars and some associated
lignin as reported by Wu et al. (2010). This is followed by further consumption of the
cellulose and the hemicelluloses by the enzymatic hydrolysis, which shows as weaker
intensity of the carbohydrates in comparison to the lignin signal. The presence of a high MW
cellulose component is consistent with the recalcitrant nature of the cellulose in softwoods,
leading to incomplete hydrolysis.

The lignin distribution after the GLP pretreatment revealed notably higher MW
structures than those present in mild SE wood (Figure 2.8B), which points to the occurrence
of condensation reactions during the significantly longer hold time at 170 °C GLP
pretreatment. The lignin distribution of hydrolyzed material showed a reduced high
molecular weight region and an intensified low molecular weight region (Figure 2.9B). As

the cellulolytic enzymes cannot depolymerize lignin, the changes in the detected lignin
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distribution during the enzymatic hydrolysis can be attributed to cleavage of carbohydrate

attached to LCC.

2.4 Conclusions

Facile analytical methods are essential for the detection of the MWD of the native
biomass components, and for observing changes in the MWD of individual components that
occur during biomass pretreatments. A novel methodology was developed for the analysis of
the MWD of the main wood components in both native and pretreated wood.

Derivatization by benzoylation provided well-resolved chromatograms of the
carbohydrate moieties due to the incomplete solubility of wood in the IL. In the case of
native wood, such high selectivity of cellulose dissolution could not be achieved than in the
case of pretreated materials, evidently due to hindering lignin matrix in native cell wall.
Nevertheless, qualitative information about the cellulose molecular weight in native wood
could be obtained. A lignin targeted acetobromination procedure resulted in complete
dissolution and evaluation of lignin present in all wood samples.

Occurrence of the known side reactions related to the used derivatization systems
were investigated, and their effects to the accuracy of the MW analysis was found minimal.
Preparative ball milling was not found beneficial as this altered dramatically the observed
MW distributions. The use of relatively coarse sawdust for the analyses allowed analysis of
the wood components in close to unaltered state.

The three main wood components could be identified from the multimodal

chromatograms obtained. Covalent bonds between the lignin and the carbohydrates (LCC)
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made a noticeable contribution to the observed MWD. DDQ oxidation experiments provided
strong evidence for the presence and the role of benzyl ether linkages in the bimodal lignin
MWD in softwood. Analysis of enzymatically hydrolyzed pretreated softwood supported the
observations related to the role of LCC structures in creating a high MW molecular
architecture. The presented results have demonstrated the potential of the current
methodology when applied in understanding wood pretreatment and processing (Additional

example presenting analysis of enzymatically hydrolyzed SE Birch in Appendix D).
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CHAPTER 3

3. Effects of e-beam irradiation and steam explosion on wood biomass
pretreatment, and the role of lignin on enzyme efficiency

Timo Leskinen, Stephen S. Kelley, & Dimitris S. Argyropoulos

3.1Introduction

The replacement of starch based bioethanol with second generation lignocellulosic
materials is driven by legislation (Energy Independence and Security Act of 2007), and a
desire to lower fuels costs while increasing the sustainability of domestic fuel sources.
Woody biomass feedstocks, are an abundant resource, they also possess formidable technical
challenges (Zhu et al, 2010). The major challenge with the utilization of lignocellulosic
feedstocks is the difficultly of converting structural polysaccharides into fermentable sugars.
This phenomenon is general termed recalcitrance, although it originates from several
physical and chemical attributes of the biomass (Foston and Ragauskas, 2012; Zhao et al.,
2012; Meng and Ragauskas, 2014).

Different pretreatment techniques have been developed to overcome the plant
recalcitrance, including chemical, mechanical, solvent based, and hydrothermal treatments.
Technical details and techno-economical evaluations of these pretreatments have been
covered widely in the literature (Zhao et al., 2012; Menon and Rao, 2012). Process efficiency
and low energy consumption and low enzyme costs are all essential requirements for

economically viable and environmental sustainability pretreatments.
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Steam explosion (SE) is a well-established biomass pretreatment technique that has
been developed for bioethanol processes, and also biomass composite production (Larsen et
al.,, 2012). Mechanistically SE can be classified as belonging to the hydrothermal
pretreatment processes that uses hydrolysis reactions to degrade both the lignin and
carbohydrate fractions of biomass. In many hardwoods and perennials the hydrolysis
reactions are enhanced by the generation of acetic acid from hydrolysis acetyl groups present
in the biomass. At the same time SE also promotes the physical disintegration of the biomass
(Zhao et al., 2012). During common SE operating conditions extensive hydrolysis of
hemicelluloses occurs, however there is only limited depolymerization of cellulose (Zhao et
al., 2012; Josefsson et al., 2001). In contrast, the effects of SE on lignin is complex, and both
depolymerization and condensation reactions are known to occur (Li et al., 2007). Alteration
of the lignin structure and its re-deposition on the pretreated biomass has been suggested
(Zhao et al., 2012). These complex interactions are dependent on the biomass source, and the
detailed heat and mass transfer reactions that take place within the reactor; many of these
details require further research.

Electron beam (EB) irradiation is a pretreatment that relies on completely different
mechanisms than SE since it uses high energy electrons to form reactive radical species
within the biomass. The secondary reactions of these radicals typically lead to scission of
bonds within cell wall polymers (Ershov, 1998; Skvortsov, 1990). EB irradiation has also
been found to efficiently be reducing the degree of polymerization (DP) of cellulose (Ershov,
1998; Bouchard et al., 2006) while also causing the alteration of the lignin-hemicellulose

matrix (Khan et al., 1986). Overall, EB has been shown to have a beneficial effect on
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subsequent treatments such as acid hydrolysis or mechanical crushing (Kumakura et al.,
1982; Kumakura and Kaetsu, 1984). EB has the potential for complimenting the effects of
SE, and together providing a synergistic effect.

In the present study we have examined the application of EB and SE pretreatments
separately and in combination, with special attention being paid to the underlying molecular
factors responsible for the synergistic effects and operational differences between softwoods
and hardwoods. More specifically we applied a recently developed size-exclusion
chromatographic (SEC) methodology (see Chapter 2) to probe the molecular weight (MW)
changes caused within the carbohydrates and lignin together with quantitative analyses of
these components after they became soluble by these pretreatments. Finally, we also
examined the influence of lignin and its structural features on cellulase enzyme activity by
depositing isolated lignin fractions onto model cellulose substrates prior to enzymatic

hydrolysis.

3.2 Materials and methods

3.2.1 Materials
The solvents were purchased from Sigma-Aldrich and Fisher scientific and used
without purification, except for 1-allyl-3-methylimidazolium chloride ([amim]Cl) that was
prepared in house as described elsewhere (see Chapter 2). The Norwegian Pine and Birch
wood samples were supplied by BioOil AS (Norway). The EB irradiation of the wood was
conducted by a commercial partner and the SE was performed at the Norwegian University
of Life Sciences (UMB), Norway. Details of the SE facility are provided elsewhere (Horn et

al, 2011). The actual conditions of the applied pretreatments are summarized in Table 3.1. a-
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Cellulose (C8002 Sigma) was purchased from Sigma-Aldrich. The enzyme cocktail used was

Ctec2 supplied by Novozymes (USA), with a determined activity of 107 FPU/mL.

Table 3.1 Conditions of the electron beam and steam explosion pretreatments used in this

study. All conditions were applied to Birch and Pine wood.

Electron Beam Steam explosion
irradiation (6 min retention)
None None
100 kGy None
None 170 °C
100 kGy 170 °C
None 200 °C
100 kGy 200 °C

All extractions were carried out in a Soxhlet extractor. An extraction time of 18 h was
used for all dichloromethane (DCM) extractions and 24 h for water. The DCM extracts were
recovered by evaporation of the solvent followed by drying in a desiccator to constant
weight. All aqueous extracts were frozen prior to further analyses.

The composition of the DCM extractives was examined by *H-NMR and further
fractionation techniques as described elsewhere (see Chapter 4 and Figure A9 in Appendix
E). The standard deviations for DCM extractives yields were determined by triplicate

determinations of SE wood carried out at 200 °C (Birch) determined to be 18.5 mg/g.
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Carbohydrates and lignin content of the DCM extractives were determined using
standard methods. The lignin concentration was determined by first diluting 1 mL of extract
into 50 mL using 1.0 M NaOH followed by recording the UV-absorbance of the solutions at
240 nm. A Beckman DU 640 spectrophotometer and a quartz cuvette were used for the
analyses. Lignin concentration was determined using a 6 point calibration curve prepared
from EB-SE lignin as described elsewhere (see Chapter 5). Sugar composition of the
extractives was determined by acid hydrolysis (Sluiter, 2007). The actual hydrolysis was
carried out by adding 700 pL of 72 % sulfuric acid into 20 mL of the extractive followed by
hydrolysis of the solution in an autoclave at 120 °C for 1.5 h. A sample of the resulting liquor
was filtered prior to HPLC analyses (see Chapter 5 for technical details). Standard deviations
for these analyses were determined from triplicate determinations and were found to be 20

mg/g for hemicelluloses and 4 mg/g for lignin.

3.2.2 Water retention value (WRV)

Prior to the WRYV determination, all soluble hemicelluloses and lignin were removed
by sequential extractions with DCM, water, acetone, and dioxane-water 85:15 v:v (yields
shown in Table Al of Appendix F). The WRV was determined in a manner similar to that
described by Kumar et al. (2012), with the exception that a medium grade sinter glass filter
was used to drain a 1.0 g sample during centrifugation. The standard deviation of these

determinations was 3 %.
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3.2.3 Size-exclusion chromatography

The procedures used for the benzoylation and acetobromination of all samples and all
relevant equipment details have been described elsewhere (Leskinen, 2015a) with minor
alterations to the benzoylation procedure which were as follows. The dissolution of a 10 mg
sample was initiated using 1 g of 1-allyl-3-methylimidazolium chloride ([amim]Cl) ionic
liquid, in the presence of 200 pL of pyridine. After 48 h of incubation at 80 °C, 300 uL of 1-
methylimidazole was added and the incubation was continued at 60 °C for 72 h. Reaction
and washing steps were then carried out as described in the original procedure.

In general, the calculated molecular weight averages are not discussed in the context
of this study for the following reason. Such average values do not apply well in describing
multimodal distributions that were observed in this study. As quantitative approaches were
not taken to describe the effects of MWD, the qualitative discussion of the MWD profiles is

seen sufficient for this study.

3.2.4 Deposition of lignin on cellulose

The preparation and characterization of the soluble and insoluble lignin fractions have
been reported elsewhere (see Chapter 5) and were denoted in this work as LSA and E lignins,
and their insoluble residues, respectively. Initially, 0.5 g of cellulose was weighed in a crimp
seal bottle and 100 mg of a lignin preparation was added as a powder. To dissolve/disperse
the lignin, 5 mL of acetone-water 85:15 v:v was added. The sample was then swirled
occasionally until all lignin was dissolved (or simply finely dispersed in the case of residues)
followed by an overnight refrigerated storage. After 24 h the solvent was allowed to

evaporate at atmospheric pressure from the paper covered bottle over a period of 18 h, while
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continuously agitating the mixture in an orbital shaker. The remaining water was removed by
freeze drying. The dried samples were subjected to enzymatic hydrolysis as described below.
All depositions were done in triplicate offering a 6 mg/g average standard deviation for

glucose release.

3.2.5 Enzymatic hydrolysis

Analysis of the enzymatic hydrolysis of the pretreated Pine and Birch samples was
conducted on DCM extracted samples as described above, and the samples were then dried
and sieved to create a homogenized particle size ranging between 0.85 — 0.25 mm.
Enzymatic hydrolyses were carried out at pH 4.9 in acetate buffer at 5 wt. % consistency, by
using 10 FPU/g of Ctec2 cellulase enzyme. The mixture was incubated in an orbital shaker at
50 °C for 72 h. The hydrolysis reactions were quenched by cooling the mixture to
approximately 10 °C. An aliquot of the resulting liquor was withdrawn and filtered for HPLC
analyses as described elsewhere (Chapter 5).

The same hydrolysis procedure was used for the lignin-cellulose model systems
where the lignin was ‘deposited’ on commercial a-cellulose fibers. Standard deviations of
triplicate analyses of pretreated materials were below 1 %, and error bars are not included in

Figure 3.1. Figure 3.6 contains error bars due to larger determined variation.
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3.3 Results and discussion
3.3.1 Enzymatic digestibility of pretreated hardwood and softwood
The amount of sugars released from the pretreated substrates was determined (72 h
hydrolysis time) by using 10 FPU/g of cellulolytic enzymes. The data of Figure 3.1 shows
that the 100 kGy irradiation pretreatment alone or 6 min steam explosion at 170 °C did not
result in significant increases in the enzymatic digestibility relative to the untreated control.
A combination of EB and SE (170 °C), showed a significant increases in sugar release. In
particular, the combination of EB-SE (170 °C) provided a three-fold improvement in sugar
release for Birch compared to SE alone (from 70 to 190 mg/g). More severe SE conditions
were then applied to reach higher levels of sugar release that are required for commercial
applicability. SE at 200 °C produced sugar release of 660 mg/g from Birch. With this
relatively high sugar release the combination of EB-SE only marginally improved sugar

release (690 mg/qg).
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Figure 3.1 Enzymatic sugar release from Pine and Birch substrates after various pretreatment

conditions. (All SE hold times were fixed at 6 min.)

It’s clear that the high levels of sugar release for SE (200 °C) alone did not leave
space for significant improvement for the EB-SE combination. Anyhow, further work
optimization work performed in our laboratory has shown significant benefits of EB in
combination to SE treatments while using shorter 2 min retention times or intermediate
temperature (to be published elsewhere by Aizpurua et al.). These shorter SE reaction times
will also enhance the overall process economics. This current work is focused on the
chemical and structural changes of EB and SE pretreatments as defined in Table 3.1.

Another distinct feature of the data in Figure 3.1 was the effect of the woody biomass
source after similar pretreatments. Specifically, sugar release from pine is consistently about
half the sugar release of Birch. The recalcitrant nature of softwoods has been extensively
documented in the literature (Zhu et al., 2010; Yu et al., 2014) and as such it was one of the

key targets of the subsequent chemical analysis work. The following sections delve into the
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chemical and structural effects of the EB-SE pretreatment, and highlight factors that

differentiate the impacts of EB-SE pretreatments on the sugar release from Pine and Birch.

3.3.2 Depolymerization of cellulose

Reducing the degree polymerization (DP) of cellulose during pretreatment is known
to increase sugar release although the cause-effect relationships is very complex (Zhao et al.,
2012). In the context of this study the SE pretreatment is known to cause very limited
changes in the DP of cellulose while EB has been shown to be effective in depolymering
cellulose (Josefsson et al., 2001; Bouchard et al., 2006). Consequently, synergistic effects
caused by the EB-SE sequence on cellulose depolymerization were anticipated.

Changes in the molecular weight (MW) distributions of cellulose and hemicelluloses
from the different pretreated biomass were investigated using an ionic liquid assisted

benzoylation analyses (Leskinen, 2015). These data are shown in Figure 3.2.
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Figure 3.2 SEC chromatograms of pretreated substrates and starting materials after
benzoylation. A) Birch no EB B) Birch with EB C) Pine no EB D) Pine with EB.
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On the basis of our recent work, the multimodal molecular weight distributions
(MWD) displayed in Figures 3.2 A and C represent the main cell wall components cellulose
(21 mL retention volume), hemicelluloses (24 mL), and lignin (28 mL) (see Chapter 2). This
results confirm the prior work that suggests that SE does not significantly depolymerize
cellulose at temperature between 170 °C and 200 °C.

The middle peak (24 mL) that corresponds to the hemicelluloses clearly diminishes
after 200 °C SE, as reported in literature (Garrote et al., 2001). Interestingly the
depolymerization of hemicelluloses at 200 °C was qualitatively similar between the two
wood species (Figures 3.2 A and C) and in agreement with the amounts of soluble sugars and
oligomers released as quantified by water extractions (see following section).

The MWD following EB irradiated and EB-SE pretreatments (Figure 3.2 B and D)
showed significant differences compared to the non-irradiated samples. The highest MW
peak that corresponds to original cellulose (21 mL) was eliminated after EB, i.e. shifted
towards lower MW (approx. 24 mL retention), which resulted a highly convoluted unimodal
elution profile. For the EB-SE 200 °C pretreated samples, a new peak emerged at 28 mL,
most likely originating from hemicellulose oligomers.

Surprisingly, the application of EB-SE didn’t seem to induce any further reduction in
the cellulose molecular weight as the main peak of each irradiated appeared between 23 and
24 mL. The EB-SE combination did not appear to produce real synergistic effects in terms of
reducing the cellulose DP. The initial EB induced depolymerization of cellulose seems to be

“additive” to the pretreatment action provided by SE.

98



Based on comparison with the enzymatic hydrolysis data of Figure 3.1, the reduction
in cellulose molecular weight of the wood subjected to EB irradiation alone was not effective
in enhancing digestibility of the biomass. The addition of the SE pretreatment was effective
for increasing the hydrolysis of hemicelluloses. This is logical when considering a view of
the cell wall as a composite matrix, where cellulose fibrils are being surrounded by matrix of
hemicelluloses and lignin (Salmén and Burgert, 2009). This cell wall matrix includes lignin-
hemicellulose complexes (LCC) with different specific covalent linkages (Lawoko, 2005;
Balakshin et al., 2011). Disintegration of these LCC structures is important for the enzyme

access and cellulose digestibility.

3.3.3 Hydrolysis and solubilization of hemicellulose-lignin matrix

The MWD data shown above provides qualitative information about
depolymerization of hemicelluloses by SE. Efforts to quantify the degree of the LCC matrix
disintegration during EB-SE pretreatments were carried out by measuring the release of
water soluble oligomeric fragments of hemicelluloses and lignin from pretreated materials.
The ability to solubilization of LCC structures from wood following depolymerizing
pretreatments has been discussed in our earlier work (Leskinen et al., 2013). Extraction of the
pretreated substrates with hot water allowed us to quantify the conversion of hemicelluloses
and lignin into soluble oligomeric fragments that is known to enhance the enzymatic
digestibility (Foston and Ragauskas, 2012; Zhao et al., 2012; Meng and Ragauskas, 2014),

and to compare the effects of these pretreatments with one another.
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Figure 3.3 Proportions of hemicelluloses and lignin that could be extracted by an aqueous

treatment.

The data of Figure 3.3 is consistent with the SEC analyses discussed above that
shows extensive depolymerization of the hemicelluloses did not take place during the EB
irradiation or even during the 170 °C SE pretreatment. Although the combination EB-SE
seem to provide synergistic effects for producing water soluble hemicellulose fragments even
at 170 °C. Overall, the majority of hemicelluloses in both Birch and Pine species became
water soluble after SE 200 °C pretreatment.

The effects of 200 °C SE pretreatment can be rationalized based on the kinetics of
autohydrolysis reactions that occur during hydrothermal treatments. Garrote et al. (2001)
report nearly complete deacetylation of Eucalyptus at 200 °C during 6 minute retention,
whereas at 170 °C the autohydrolysis reaction did not occur within this time frame.

The EB pretreatment is reported to be capable of generating low concentrations of
acetic acid (Khan et al., 1986), which may account for the higher hemicellulose hydrolysis at

170 °C SE. It was found that the EB-SE water extracts had typically slightly lower pH in

100



comparison to SE extracts (data not shown), although a systematic study of the pH of the
soluble fraction was not carrier out. Overall, creation of low pH conditions that facilitate
hydrolysis of hemicellulose glycosidic bonds during the SE step clearly impacts the
pretreatment efficiency (Garrote et al., 2001; Zhao et al., 2012).

Lignin has low solubility in water under the moderately acidic conditions used for
these extractions, and so a second extraction method was applied to better quantify the lignin
fraction created during the pretreatments (Figure 3.4). The DCM extraction selectively
removes the low molecular weight lignin oligomers and hydrophobic extractives, while
retaining carbohydrates in the solid substrate. The DCM extracted materials from the EB or
170 °C SE were composed mainly of natural extractive compounds of wood (Figure A9 of
Appendix E). The 200 °C SE pretreatment lead to significant fragmentation of lignin,
producing up to 95 mg/g of DCM soluble material from EB-SE Birch. The higher
temperature pretreatment also showed a significant increase in DCM extractives of Pine,
albeit at a reduced level of 40 mg/g. These differences can be attributed to the well-known
differences in the lignin and their susceptibility to hydrolysis reactions. The naturally lower
lignin content in Birch, relative to Pine, couple with the more extensive degradation and
extraction suggest that the Birch residues should be more easily hydrolyzed by cellulose

enzymes.
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Figure 3.4 Proportions of oligomeric lignin and extractive compounds that could be

extracted by DCM after pretreatments.

Removal of hemicelluloses and lignin from pretreated substrate that is discussed
above is known to increase the enzyme accessibility to the cellulosic surfaces of the
substrate, as the removal of these components is proposed to create voids within the substrate
(i.e. nanoporosity) (Zhao et al., 2012; Meng and Ragauskas, 2014). The mass of water
soluble hemicelluloses removed from the pretreated samples showed a positive linear
correlation with their enzymatic digestibility (see Figure A10 in Appendix E). This
correlation was clearly stronger in the case of Birch, implying that the removal of
hemicelluloses was an important pretreatment factor for this species. On the other hand, such
correlation was weaker for Pine, suggesting that other factors also play a significant role in

the recalcitrance of Pine.
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To better understand the effects of nanoporosity and substrate composition on sugar
release the water retention value (WRV) of SE pretreated Birch and Pine was measured. The
WRYV is known to correlate with the substrate porosity and degree of delignification (Luo and
Zhu, 2011; Kumar et al., 2012).

The WRYV analyses confirmed the differences in the porosity, or swelling capability,
between the two species. Under the same pretreatment conditions Birch had a WRV of 149
% while the WRYV for Pine as only 96 %. These results imply to greater enzyme accessibility
on Birch, in agreement with the digestibility data of Figure 3.1.

As mentioned above, the between species differences in the mass of hemicelluloses
and lignin extracted from pretreated samples (Figure 3.3) are modest relative to the 53%
difference in WRV. This raises questions about subtle differences in the macrofibrillar
ultrastructure of the cell wall between the two species, or the well-known differences in
lignin structure. Crosslinking of lignin during heat treatment, and the consequent reduced
swelling of heat treated wood is one example that suggests lignin play a major role in these
differences in WRYV (Esteves and Pereira, 2008). If differences in WRYV of these samples was
related to differences in the degree of lignin condensation, analysis of the lignin MWD

should provide further insight to this question.

3.3.4 Molecular weight changes in lignin during the pretreatments
The MWD of lignin in native and EB/SE pretreated samples was examined directly
from woody samples by acetobromination derivatization followed by SEC analysis (see
Chapter 2). This protocol has been shown to allow for direct observation of the MWD of the

lignin within the woody substrate with minimal side reactions (Figure 3.5).
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Figure 3.5 Molecular weight distributions of lignin in the pretreated substrates, analyzed by
SEC after acetobromination. A) Birch samples without irradiation B) Irradiated Birch

samples C) Pine samples without irradiation D) Irradiated Pine samples.
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The MWD profiles of the lignin correlated with the trends observed for the
differences in sugar release between the softwood and hardwood, and can help explain the
greater recalcitrance of Pine.

The types and frequencies of covalent linkages of lignin (e.g. C-C type) are known to
differ between hardwoods and softwoods (Argyropoulos and Menachem, 1997; Ralph et al.,
2007), and these differences can be expected to result different lignin architectures between
the species. The literature also suggests that hardwood lignin is more linear that softwood
lignin (Ralph et al., 2007). In this study, the SEC analyses of native wood samples could
confirm such anticipated differences, which are apparent from MWD’s of lignin in the two
analyzed species (Figure 3.5 A and C).

Multimodal MWD profiles indicate to extreme heterogeneity within the polymer
structures of analyzed materials. Multimodal MWD are known to exist as a result of cross-
linking prior to and immediately after and formation of sol and gel fractions gelation
(Striegel, 2003; Gao et al., 2008, Argyropoulos et al., 1987; Argyropoulos et al., 1987;
Argyropoulos et al., 1987). Similar trends in the MWD data could be seen in this study in the
case of Pine samples. In our analyses Pine shows a bimodal, higher MWD, (with two peaks
at 24 and 26 mL retention volume, Figure 3.5A), while Birch showed a lower, unimodal
MWD (with a peak at 27 mL, Figure 3.5C). The calculated apparent Mw in Pine showed a
nearly four-fold higher value in comparison to Birch for the untreated samples. This
difference grew to 20-fold increase after severe EB-SE treatments (for determined average
molecular weights see Table A2 in Appendix H).Lignin polymers are known to undergo

various reaction pathways under the acidic conditions present during SE affecting its MWD
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(Li et al., 2007). In agreement with the work of Li et al. (2007),the observed MW profiles
imply the presence of condensation and branch within the Pine lignin subjected to the SE
treatment at 2000C (Figure 3.5C). The high MW peak eluting at 22 mL for the 200 °C SE
sample is consistent with acid condensation due to the SE treatment. The simultaneous
formation of a lower MW peak at an elution volume of 28-29 mL points to the formation of a
very low MW fraction, which is in agreement with the extraction data of Figures 3.3 and 3.4.
The condensation reactions seem less apparent in Birch lignin (Figure 3.5A), while
depolymerization reactions did occur. The aforementioned differences between the species
are seen very potential to influence enzymatic hydrolysis (see section 3.2.5 for further
discussion).

An equilibrium of depolymerization and condensation of lignin is reported to occur
under irradiation (Skvortsov, 1990), and for this reason, effects of EB to the lignin MWD
were also addressed in this study. The described equilibrium between depolymerization and
condensation seemed to apply to the 100 kGy irradiation dosage used in this work. Anyhow,
compared to SE, EB irradiation had less impact on the MWD of lignin (Figures 3.5 B and D).
As discussed above, EB causes a significant reduction on the MW of cellulose, (Figures 3.2
B and D) but it did not lead to a significant level of lignin fragmentation. The MW profiles

suggest a subtle increase in MW due to condensation reactions for the EB treated samples.

3.3.5 Relationship between lignin structure and cellulose enzyme inhibition
Lignin is well known to limit accessibility of enzymes to biomass substrates, reduce
the swelling of the substrate and contribute to unproductive binding with the enzymes (Zhao

et al., 2012). Lignin’s structural features such as phenolic hydroxyls and condensed
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structures, in addition to its overall hydrophobicity, have been shown to limit sugar release
(Zhao et al., 2012; Yu et al., 2014).

To better understand the relationship between lignins macromolecular structure and
unproductive enzyme binding two lignin fractions were isolated from the residue of
enzymatically hydrolyzed EB-SE Birch and re-deposited on clean a-cellulose fibers. The first
fraction contained lignin that was readily soluble in ethanol-water (7:3 w:w) or aqueous 1.0
M sodium hydroxide (NaOH). The second fraction consisted of a lignin fraction that was
insoluble in the aforementioned solvents, apparently due to more complex macromolecular
structure. This latter fraction also contained minor proportions of non-hydrolyzed cellulose
and hemicelluloses as determined by FT-IR. Further details about the isolation and
characterization of these fractions have been provided elsewhere (see Chapter 5).

These four lignin fractions have structural and MW differences. It is anticipated that
the soluble lignin fractions will effectively “coat” fresh cellulose fibers. The insoluble
fraction should be dispersed among the fibers as larger aggregates. These anticipated
differences were in fact observed, with the low MW, soluble lignin fractions producing a
very uniform cellulose fiber, and the high MW lignin suspensions producing a visibly
heterogeneous mixture of individual lignin particles and incompletely coated cellulose fibers.
In both cases the addition of lignin was expected to reduce sugar release, with the soluble
lignin acting as a barrier on the fibers, and the insoluble lignin creating unproductive binding
of the enzymes and reducing hydrolysis. However, the sugar release data shown in Figure 3.6

showed some surprising results.
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Figure 3.6 Influence of deposited lignin fractions on enzymatic hydrolysis of a-cellulose.
Fractions were isolated from solid lignin rich residue of EB-SE 200 °C pretreated Birch after
enzymatic hydrolysis. The residue was divided into two fractions based on solubility in either
ethanol-water (7:3 w:w) or 1.0 M NaOH solution, resulting two fractions of different
macromolecular structures for both extraction systems.

As expected the addition of the insoluble, high MW lignin suspension acted to reduce
the sugar release. This can be attributed both to the effect of lignin. To a small degree acting
as a physical barrier (Kumar et al., 2012), but more importantly, by causing non-productive
binding the cellulose enzymes (Yu et al., 2014).

Unexpectedly, the addition of the soluble, lower MW lignin fraction provided a small
but reproducible increase in sugar release. This is consistent with our recent work that

showed that wood extractives and selected hydrophobic model compounds deposited on

fresh cellulose fibers could increase sugar release (see Chapter 4). In this work the increase in
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sugar release following the deposition of selected hydrophobic model compounds was
attributed to a decrease in irreversible binding between the enzyme and cellulose. The
differential effects of selected model compounds could be explained using the Hanson
Solubility Parameter to provide a semi-quantitative measure of ternary interactions between
the cellulose, enzyme and model compound. These same ternary interactions are most likely

operational for the cellulose, enzyme and soluble lignin system shown in Figure 3.6.

3.4 Conclusions

An EB/SE pretreatment for woody biomass was studied with a focus on the chemical
changes occurring in the individual wood components. The EB treatment was found to lower
the MW of cellulose while SE had a minimal impact, and no true synergism was observed
under these conditions. Reducing cellulose DP increased enzyme digestibility, but these
benefits were only apparent after SE also reduced the presences of the hemicelluloses. EB
induced depolymerization of cellulose alone showed no changes in sugar release. These
results also suggest that the presence of LCC structures are a source of wood recalcitrance.

Based on the MW distributions of benzoylated samples EB or SE at 170 °C did not
significantly alter the LCC structures. Significant rates of cellulose hydrolysis were only seen
after extensive autohydrolysis of the hemicelluloses and lignin from the SE 200 °C
pretreatments. Introduction of the EB prior SE 200 °C could enhance the depolymerization
process of the LCC matrix.

Lignin condensation reactions at 200 °C SE created a high MW lignin fraction which

was most obvious for Pine. EB only showed minor synergistic influence on lignin
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depolymerization. The presence of residual high MW lignin reduced both swelling capacity
of the treated biomass and increased unproductive binding of the enzymes, which decreased
sugar release.

This work highlights a series of detrimental effects on sugar release that can be
attributed to the presence of high MW residual lignin, including acting as a physical barrier
to the biomass surface, limiting the swelling of the biomass substrate, and non-productive
binding of the enzyme. Conversely, under the same conditions a low MW lignin fraction
could enhance sugar release. This observation was attributed to a reduction in non-productive

binding between the cellulose and enzyme.
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CHAPTER 4

4. Wood Extractives Promote Cellulase Enzyme Activity on Cellulosic
Substrates

Timo Leskinen, Carlos Salas, Stephen S. Kelley, & Dimitris S. Argyropoulos
4.1 Introduction

Low molecular weight terpenes, polyphenolic and hydrocarbon compounds,
commonly denoted as extractives, may contribute up to several percent of the dry mass of
wood. Despite their relatively minor abundance the presence of extractives is known to
contribute to undesirable effects during the wood pulping and papermaking processes (Rowe,
1989). These extractives also influence the enzymatic hydrolysis of biomass which is a key
step in biofuels production processes, although their effects have drawn little attention.
Specific wood extractives have structural elements similar to non-ionic surfactants (Rowe,
1989), which are known to increase the effectiveness of cellulolytic enzymatic used in
cellulose hydrolysis (Zhen, 2010; Eckard et al., 2013). Similarly, Feng et al. (2013), have
recently reported that saponins, (glycosylated extractive like compounds) enhance the
cellulolytic enzymatic degradation of biomass.

Recovery of extractives from the bioethanol process for subsequent production of
chemicals has been proposed as an additional source of revenue (Rowe, 1989; Belgacem and
Gandini, 2011; Lindsey et al., 2013). Using the biomass extractives to boost the enzymatic

saccharification process may also be a commercially attractive idea. However, given the
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mixed results on the impact of extractives reported in the literature there is a need to
understand the underlying mechanisms on how extractives can impact enzymatic activity.

A cursory examination of the common wood extractives suggests that their
hydrophobic character offers very limited potential for interaction with the more hydrophilic
cellulose surface. Nevertheless, deposition of colloidal extractives (i.e. pitch) from aqueous
dispersions onto the cellulose surfaces is known to take place (Tammelin et al., 2007). The
deposition of oleic acid on cellulose has been modeled using computational approaches and
interactions have been found. This modeling work found specific interactions between oleic
acid and the chemically inequivalent faces of the cellulose crystal (Quddus et al., 2014).
Similar modeling and experimental work found interactions between aromatic compounds
and cellulose (Da Silva Perez et al., 2004). These kind of detailed analyses of the interactions
between wood extractives and cellulose surfaces have not been undertaken.

Group contribution approaches provide a semi quantitative means to examine the
interactions between solvents, or solvents and solutes (Barton, 1991; Hansen, 2007). One
common methodology is the Hansen solubility parameters (HSP) which provides an
empirical but quantitative method for expressing the hydrophobicity/hydrophilicity of
different compounds (solvents or solutes), and can be used to predict interactions such as
adsorption (Hansen, 1967; Hansen, 2007). Specifically, this approach to understanding
surface phenomena (e.g. adsorption) has been used successfully for coatings and pigments
(Hansen, 2007). Even without a means to predict some specific solution properties, e.g., zeta
potential or pH effects, the HSP may be useful in understanding the interactions between

cellulolytic enzymes and cellulose in the presence of hydrophobic compounds such as
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extractives. To the best of our knowledge the HSP methodology has not been applied to
complex enzymatic systems, and the HSP’s for enzymes are not available.

The HSP provides a framework for estimating interactions but experimental
verification is required. In this work we focused on understanding the adsorption of cellulase
enzymes on a series of wood extractive model compounds. Quartz Crystal Microgravimetry
(QCM) with dissipation monitoring (QCM-D) is commonly wused to study
adsorption/desorption processes for low molecular weight solutes and enzymes, and
hydrolytic reactions on cellulose thin films (Ahola et al., 2008; Kumagai et al., 2013; Martin-
Sampedro et al., 2013; Song et al., 2015). QCM is an excellent tool for observing and
quantifying the initial stages of enzyme adsorption that cannot be emulated by macroscopic
scale experiments that involve biomass hydrolysis.

The primary goal of this work is to document and rationalize our observations of the
interactions between wood extractive model compounds, cellulase enzymes and cellulose
substrates, which involve a series of complex surface phenomena. Model compounds were
used to simplify and control the interactions in these complex systems. The secondary goal
was to establish a better understanding that may offer some insights on the practical impacts
of extractives on biomass pretreatment and hydrolysis systems. The HSP framework was
used to explain the results obtained with macroscopic scale hydrolysis and QCM. The HSP
framework was used to quantify the different structural characteristics of
extractive/cellulose/cellulose systems and to relate these differences to the observed

beneficial/inhibitory effects on cellulose hydrolysis. Overall, the models and analytical
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methods applied are aimed at improving the enzymatic saccharification technologies for

lignocellulosic biomass in the presence of readily available additives.

4.2 Materials and methods

4.2.1 Materials

The cellulosic substrate used for the bulk hydrolyses was microcrystalline cellulose
(MCC; Avicel PH-105) purchased from FMC BioPolymer (USA). Wood extractives were
isolated from steam exploded (200 °C; 6 min) Norwegian Pine and Birch sawdust (BioQil
AS, Norway) by Soxhlet extraction with dichloromethane for 24 h. The crude extractives
were then fractionated using an acetone-pentane partitioning procedure. Lignin oligomers
were first precipitated by adjusting the acetone to pentane ratio to 2:1. A second precipitation
containing lower molecular weight lignin fragments and phenolic compounds was generated
using a 1:10 acetone: pentane mixture. The most hydrophobic extractive fraction was
recovered from the remaining supernatant by evaporation. Each precipitation step was
repeated three times to ensure complete fractionation.

The model compounds for specific classes of wood extractives, and their homologs
(detailed structures provided in Figure 4.2) were Abietic acid (Alpha Aesar, 75 %), 5-a-
cholestane-3-,5,6-p-triol (Aldrich, purity unspecified), Cholesterol (MP Biomedicals, 99
%), Cholesteryl palmitate (Aldrich, 98 %), Delta-5-Cholestene (Aldrich, purity unspecified),
7-deoxycholic acid sodium salt (Aldrich, purity unspecified), Docosane (Aldrich, 99 %), 1-
docosanol (Aldrich, 98 %), Linoleic acid (Aldrich, 99 %), 1R-(-)-myrtenol (Aldrich, 95 %),

dl-a-pinene (Aldrich, 99 %), and Triolein (Aldrich, 99 %).
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All solvents used were purchased from Fisher scientific and were of HPLC grade or
higher. The cellulolytic enzyme cocktail used was Ctec2, obtained from Novozymes (USA),

with determined activity of 107 FPU/mL.

4.2.2 Deposition of extractives and enzymatic hydrolysis

A 0.5 g portion of dried MCC (25 °C, overnight) was weighed into a 25 mL crimp
seal bottle. The desired quantity of extractives or model compounds was dissolved in 3 mL of
acetone, or if the model compound was not soluble in acetone a mixture of diethyl ether and
methanol (3:1) was used. The extractive solution was then mixed with the cellulose and the
mixture was let to stand for 1 h. The solvent was then evaporated at atmospheric pressure
from a paper covered bottle over a period of 18 h, while continuously agitating the mixture in
an orbital shaker. Complete solvent removal was ensured by keeping the samples under high
vacuum over a period of 4 hours at 25 °C.

Enzymatic hydrolyses were carried in acetate buffer (pH 4.9) at a 5 wt. % consistency
of the treated cellulose. The enzymes were added as dilute buffer solutions and the reaction
was allowed to take place in an orbital shaker at 50 °C. The reactions were quenched by
cooling the mixture to approx. 10 °C. Enzyme dosages and hydrolysis times are specified in
the text. An aliquot sample was withdrawn from the liquor, filtered through 0.22 um nylon
filter and subjected to HPLC sugar analyses. Glucose concentrations were determined using
an Agilent 1200 HPLC system equipped with a Shodex SP0810 8*300 mm column, using
Milli-Q eluent at 0.5mL/min flow rate at a temperature of 80 °C. Calibrations were carried
out with six standard solutions of glucose ranging in concentration from 0.1 to 20 mg/mL.

All analyses were carried out in duplicates or triplicates.
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4.2.3 Hansen solubility parameters and affinity calculations
The HSP of model compounds were calculated by the group contribution method

adapted from Stefanis and Panayiotou (2008 and 2012). The contributions of the carbon
backbones and secondary ring structures were calculated using the tabulated values of
hydrophobic compounds, except for quaternary carbons where general values were used. The
contributions of polar groups and double bonds, as well as other secondary contributions,
were calculated using general tabulated values. The tabulated values of the group
contributions are provided elsewhere (Stefanis and Panayiotou, 2012).

Literature values (Hansen, 2007) were used for water, cellulose and Zein protein
(used to simulate the proteins present in the cellulase). All the calculated values and literature
values can be found in Table 4.1.

Interactions between the different components were calculated using Equation 4.1.
The strength of the interactions, favorable or unfavorable, between any two components were
calculated using the relative energy distance numbers (RED) (Equation 4.2), where R is an
empirical radius of a sphere for favorable interactions (Hansen, 2007). The strength of the
interactions for the ternary hydrolysis system of extractive model, cellulase enzyme, and

cellulose can be described by a dimensionless parameter denoted as the affinity parameter (0)

(Equation 4.3).
Equation 4.1) Ri = 4(6p; — 552:]2 + (8py — 592:]2 + (01 — 5&2:]2
Equation 4.2) RED =22

Ry
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RED g _w
RED g _p=REDy _g

Equation 4.3)

4.2.4 Quartz crystal microgravimetry

A general description of the methods and instrumentation used can be found in the
following literature citations (Rodahl et al., 1995; Ahola et al., 2008; Song et al., 2015). Spin
coating of extractive model compound films was carried out from acetone solution (1.0
mg/mL) of corresponding compound. Gold sensors (Q-sense, Gothenburg, Sweden) were
pretreated as described by Song et al. (2015). Spin-coating was carried using a coater
(Laurell Technologies model WS-400A-6NPP) spinning at 3000 rpm for 20 s. The spinning
sensor was initially cleaned with pure acetone, then the extractive solution was casted, and
then dried with one additional spinning cycle. Films were stored in desiccator prior analysis.

Adsorption of enzymes onto extractive films was carried out using a model E4
instrument from Q-sense (Gothenburg, Sweden). Temperature during the experiment was
25°C, and the solvent reservoir was kept at a temperature of 5 °C higher than the analysis
chambers using an external heater. Prior to injecting the enzyme solutions (10 mFPU/mL),
the films were let to stabilize under 0.1 mL/min flow of buffer solution. Once films showed
stable baseline, the enzyme solution was injected using the same flow rate. After 20 min,
buffer was used to rinse off reversibly bound enzymes. Mass gain on films was determined

using the Sauerbrey equation as described by Rodahl et al. (1995).
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4.3 Results and discussion
4.3.1 Influence of isolated wood extractives on enzymatic hydrolysis of cellulose

In these initial experiments the effects of the wood extractives on sugars release, an
indirect measure of enzyme activity, were studied on bulk systems. These extractive fractions
isolated from each species were deposited on microcrystalline cellulose and sugar release
was measured after 72 h. Figure 4.1 clearly shows that the extractive fractions affected the
sugar release of enzymatic hydrolysis in different ways. The phenolic extractives fraction
isolated from Pine wood resulted in a 9 % reduction when compared to the untreated control,
whereas the phenolic fraction isolated from Birch wood increased the glucose yield by 7 %.
These phenolic fractions are composed mainly of lignin oligomers created by the steam
explosion pretreatment and although there are significant differences in the specific chemical
structures recovered from hardwood and softwoods (see Chapter 3 and Appendix E for more
information). Differences in enzyme inhibition behavior for mono-and dimethoxylated
phenols have been documented in the literature (Ximenes et al., 2010), and these differences
are consistent with this prior work.

In contrast, the effect of the relatively hydrophobic extractives fraction is somewhat
surprising. The results presented in Figure 4.1 show that the hydrophobic extractive fractions
from both wood species enhances sugar release, up to 29 % increase in the case of Birch. The
natural extractive compounds found in these wood species are known to differ in
composition and this may explain the observed differences. It is also important to note that
these extractives have been further modified by the initial steam explosion process (see

Chapter 3). These initial results were replicated several times and found to be highly
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reproducible. Additional studies with representative model compounds were carried out to

better understand these results.
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Figure 4.1 Glucose release from microcrystalline cellulose after deposition of wood
extractives onto the substrate. Hydrolysis was carried out using a 2 FPU/g enzyme loading
and a 72 h incubation time. (Triplicate measurements, although error bars are small and not

apparent for all systems.)

4.3.2 Structure-effect relationships as derived by the use of model compounds
Selected extractive model compounds, and their homologues containing varying
functional groups were evaluated to elucidate the structure-function relationships that impact
the cellulase enzyme activity with the addition of these extractives. The complete list of these
model compounds, with their molecular structures, is presented in Figure 4.2. Effect of these
model compounds on enzymatic hydrolysis of MCC, as measured by sugar release, is

displayed in Figure 4.3.
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Figure 4.2 Structures of examined model compounds. The colored squares indicate the codes
used to highlight trends related to functional groups within the models and to categorize the

data shown in Figure 4.3.
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Figure 4.3 Influence of examined model compounds to the enzymatic hydrolysis of
microcrystalline cellulose. The corresponding effect of commercial surfactant Tween 80 is
included for comparison. (The main functionalities in these compounds are shown as colored
bars, as described in Figure 4.2.)

Compounds found in hardwoods, such as sterols and fatty alcohols, clearly enhanced
the hydrolysis of cellulose, which is consistent with the results seen for the extractive
fractions isolated from the steam exploded wood samples (shown in Figure 4.1). Model
compounds that are representative of softwoods extractives, such as pinene and abietic acid,
inhibited the cellulose activity.

The presence or absence of hydroxyl groups on the extractive model compounds
showed a consistent and significant effect. In spite of very different base structures, e.g.,
linear hydrocarbon compounds, simple ring compounds and multi-ring compounds, these

homologous pairs such as cholesterol-cholestene, myrtenol-pinene, and docosanol-docosane
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all show an increase in sugar release with the addition of the hydroxyl group. Although the
effect was not directly proportional to the number of hydroxyls as seen by the slight decrease
in sugar release with the addition of a second and third hydroxyl, e.g., cholesterol vs.
cholestene triol.

In contrast to the enhancement seen with the addition of hydroxyl groups, other polar
groups such as carboxylic acids or esters did not enhance hydrolysis. When esters were
added, their hydrocarbon backbone seemed to dominate the influence on the cellulolytic
enzymes (see cholesteryl palmitate and triolein). The presence of a single polar carboxylic
acid group did not result in an enhancement in the case of abietic acid vs. cholestene, while
linoleic acid induced some positive effects in comparison to docosane. Carboxylic acids and
hydroxyls are known to possess different acceptor-donor characteristics in hydrogen bond
formation. °. lonization of the acids in the pH 4.9 buffer solution used during cellulolytic
enzymatic hydrolysis experiments also impacts the strength of the potential interactions
between the model compound and both the cellulase and cellulose.

In general the least polar compounds possessing highly saturated hydrocarbon
structures showed the greatest inhibiting action on the enzymes. Cholestene, quite
unexpectedly showed a minor enhancing effect during the hydrolysis. Multitude of tertiary
and quaternary carbons in the cholestene backbone promote stronger dispersive interactions
in comparison to linear hydrocarbons (Stefanis and Panayiotou, 2012), which may explain
such an anomaly. In general the interaction of the model compounds with the cellulose
through hydrogen bonding or dispersion forces seems essential for promoting the hydrolysis

enhancing effects.
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4.3.3 Mechanistic examination of cholesterol induced hydrolysis enhancement

In an effort to further understand the mechanism for the enhancement affects a series
of hydrolysis experiments were carried out with varying amounts of cholesterol, hydrolysis
time, and enzyme loadings (see Figure 4.4).

The beneficial effects for depositing cholesterol onto cellulose were seen to increase
for up to 3-5 wt. % and thereafter the effect plateaued (Figure 4.4A). All of the quantities of
cholesterol used in these experiments depicted in Figure 4.4A greatly exceeded the 1.8
ug/mL solubility of cholesterol in water (Haberland and Reynolds, 1973). As such
cholesterol was anticipated to be deposited on the cellulose surfaces most likely in the form
of aggregates and these aggregates are likely to remain during the hydrolysis experiment.
One would expect a ‘uniform’ coating of a hydrophobic material to block enzyme activity
and the data with enhanced activity suggests good access of the cellulase enzyme to the
cellulose surface. The sparingly soluble nature of cholesterol will limit ‘dissolution’ of the

cholesterol in buffer during the hydrolysis experiments.
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Figure 4.4 Enzymatic hydrolysis of microcrystalline cellulose in the presence of cholesterol,
under various conditions. (A) 72 h hydrolysis using 10 FPU/g of enzymes ranging from 0 —
10.8 wt. % of deposited cholesterol. (B) Hydrolysis with 2 FPU/g of enzymes and 5 wt. %
cholesterol with reaction times between 3 - 96 h. (C) 72 h hydrolysis with 5 wt. % of
deposited cholesterol, using enzyme loading ranging from 1 — 16 FPU/g. (While error bars

are used in the tabulation of these data they may not be visible due to the plotting scale used)
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The results depicted in Figure 4.4B show glucose release as a function of hydrolysis
time, with the common rapid initial release followed by slower, extended release at longer
time e.g., 24-96 h. While the two sugar release curves show similar trends there is a notable
difference for the cholesterol treated materials (Figure 4.4B). Even after prolonged
hydrolysis periods the sugar release continues to increase suggesting that the cholesterol has
a durable effect on the cellulase activity.

Other work has shown that cellulase enzymes interact with the cellulose surface
through a series of adsorption/desorption steps, and that over time the cellulase can become
irreversibly bound to the cellulose substrate (Ma et al., 2008). The durable effects of
cholesterol addition at longer times suggests that the cholesterol may be limiting the
irreversible binding of the cellulase enzyme and allowing for more effective enzyme activity
over an extended period. It can be seen for both curves in Figure 4.4B that the reactions did
not reach a constant release rate, which would be expected without any inhibition effects.
The decline in the initially higher hydrolysis rate can be interpreted by slow inhibition
kinetics (Morrison, 1982; Szedlacsek and Duggleby, 1994), and cholesterol seems to reduce
this inhibition. Substrate depletion and specific reactivity of different cellulose morphologies
also influence the observed progress curves, but do not explain the effects of cholesterol.

The data of Figure 4.3C shows the constant benefit of cholesterol addition to the
glucose generation (all measured at 72 h hydrolysis) over a wide range of enzyme loadings.
In terms of relative effects, the cholesterol increased the glucose generation by 90 % at 1
FPU loading, whereas the benefit was only 19 % for 16 FPU loading. This agrees with the

aforementioned view regarding the irreversible adsorption of enzymes, and highlights that in
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the case of high enzyme loadings, the sites of strong adsorption are being depleted by the
available excess of enzymes, causing lower need for cholesterol to block these sites. The
benefits of cholesterol are higher in the case of low enzyme loadings, when higher proportion
of the added enzymes can be inactivated by the strongly adsorbing sites on cellulose. Such
depletion of the inhibitory sites by high enzyme loadings fits to the description of tight
binding inhibition where stable enzyme-inhibitor complexes are being formed (Morrison,
1982; Szedlacsek and Duggleby, 1994). The accumulated data for cellulose hydrolysis in this
work suggests what is described as a slow-tight type inhibition mechanism (Morrison, 1982;
Szedlacsek and Duggleby, 1994), which clearly describes the situation that is commonly
denoted as irreversible or unproductive binding in the field of biomass conversion. It is also
worth noting that enzyme costs are a major contributor to the overall costs of the biochemical
process for making sugars and biofuels (Gonzalez et al., 2011; Gonzalez et al., 2011). Thus,
there is a strong economic incentive to work at low enzyme loading, e.g. 2-3 FPU, and this is

the range where these extractives show the greatest benefits.

4.3.4 The use of Hansen solubility parameters aimed at describing the observed adsorption
phenomena

The Hansen solubility parameter (HSP) provides an empirical framework that is
useful for characterizing solvent/solute and solvent/surface interactions, and semi-
qualitatively describe adsorption phenomena (Hansen, 2007). In this section we use the HSP
framework to describe the effects of a series of extractive model compounds on cellulase and
cellulose interactions. Specifically, the HSP methodology is used to examine the interactions

occurring within the ternary system of cellulose, cellulase, and models for biomass
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extractives. (If water is explicitly included in the analysis this becomes a quaternary system.)
Our approach was based on the use of the relative energy distance numbers (RED) between
the interacting species (see Equation 4.2 and Table 4.1), e.g. enzymes and extractives. Then
we applied the corresponding RED numbers to calculate an affinity parameter (0) that we
here introduce to describe the combined effects of multiple simultaneous adsorption
interactions. Details for this calculation are described in the experimental section (Equation
4.3). The affinity parameter approach is based on competing interactions and adsorption
phenomena within this system. The primary interaction and adsorption phenomena are

schematically represented in scheme 1.
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RED,., RED,.,

Additive

RED, , ' ‘ C-A

Enzyme <= == Cellulose
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Scheme 4.1 A schematic representation of the prevailing adhesion interactions operating
during cellulolytic enzymatic hydrolysis of cellulose. The grey arrows represent a normal
hydrolysis system, while the black arrows point to additional interactions caused by the

addition of the hydrophobic extractives/model compounds.
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In this specific case the actual deposition of hydrophobic extractives on a cellulose
surface is a prerequisite for them to affect the enzyme activity on its surface. Therefore, in
the HSP affinity model, a beneficial extractive compound should have an REDc.a number
close to or below 1. In our experiments the RED c.a factor applies also to the extractive
deposition from acetone solutions, while other RED parameters describe the aqueous
medium of hydrolysis. The RED e-a number between the additive and the enzyme (HSP data
for zein protein used to model the cellulose enzyme) should also be close to 1 in order to
prevent the treated surface from repelling the enzyme. All REDEe.a values within the data set
of Table 4.1 were larger than the RED ec value describing the interaction of between
cellulose and the cellulase enzyme. The model suggests that the enzymes adsorb on an
extractive treated surface, while the modified surface prevents the enzymes from becoming
irreversibly bound by reducing its adhesion energy. It is expected that the hydrophobic
additives are aggregated on the cellulose surface leaving a significant amount of the cellulose
surface available for the well characterized cellulase binding domain and subsequent
hydrolysis. This model does not differentiate between any specific interactions between the
extractives/model compounds and specific sites on the cellulose surface, e.g., different

crystal faces or crystalline/amorphous transitions.
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The influence of water (i.e. the hydrophobic effect) can also be taken into account in
the calculation of the affinity parameter (6). This factor acts as an additional driving force for
the enzyme binding, despite the fact that the influence of REDw.a to the value of 6 was small
compared to REDc-a and REDE.a. Interestingly, however, our experimental data (see section
4.2.5) implied that more pronounced effects may actually arise from hydrophobic
interactions. The complex hydration characteristics of cellulose fibrils may also have
importance, as the various faces of the fibrils have been shown to have different hydration
densities (Gross and Chu, 2010). Interestingly, such feature can be expected to create
variation in the site specific adsorption energies for both the extractives and enzymes, as
anticipated on the basis of the present effort. Overall, the effect of water is complex to model
and should be the subject of further studies.

The RED numbers and the affinity parameters (0) were calculated for each model
extractive system (Table 4.1) plotted against the sugar release from the enzymatic hydrolysis.

The resulting correlation shows a good correlation with an R? of 0.82 (Figure 4.5).
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Figure 4.5 Correlation between the calculated affinity parameter and the observed effects on
enzymatic hydrolysis. Cholestane triol and deoxycholic acid (shown as open diamonds) were
excluded from the regression due to known anomalies associated with the calculated HSP of

compounds bearing multiple hydroxyls (Konstam and Feairheller, 1970).
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Table 4.1 Calculated solubility parameters, RED numbers and affinity parameters for the

compounds that were used in this study. HSP values for water, cellulose, and enzymes from

Hansen (2007).

) dp OH ot
Compound (MPal®)  (MP&)  (MPa¥3)  (MPa“?) REDw.a REDc.a REDEga 0
Cholesterol 19.0 3.0 13.6 23.6 1.07 1.24 0.94 0.92
Cholestane 17.3 3.1 334 37.7 1.36 1.76 1.56 0.50%
triol
Myrtenol 17.5 5.9 124 22.3 0.87 1.14 1.06 0.72
Deoxycholic 195 2.9 24.6 31.6 1.17 1.26 0.87 1.07%
acid
Cholestene 19.2 5.2 5.8 20.7 1.12 1.59 1.32 0.58
Docosanol 16.1 51 12.9 21.3 0.88 1.26 1.25 0.55
Linoleic acid 15.9 0.3 9.1 18.3 1.19 1.75 1.60 0.42
Cholesteryl 17.5 5.7 5.8 19.3 1.04 1.60 1.45 0.48
palmitate
Abietic acid 17.6 1.2 5.9 18.6 1.24 181 1.57 0.45
Pinene 16.9 4.1 5.3 18.2 1.11 1.72 1.58 0.43
Docosane 154 3.5 6.0 16.8 1.10 1.79 1.72 0.36
Triolein 16.0 1.7 5.2 16.9 121 1.89 1.74 0.38
REDw REDc REDEe
Water 15.1 204 16.5 30.3 - 0.63 1.01 -
Cellulose 20.3 16.3 18.7 32.1 0.63 - 0.66 -
Enzymes 22.4 9.8 194 31.2 1.01 0.66 - -
(Zein model)

RED w-a = RED between compound and water

RED c.» = RED between compound and cellulose

RED e.a = RED between compound and enzyme (Zein protein used as model)
# = Compound was excluded from the plot presented in Figure 4.4 due to uncertainties in HSP values.
- =Value not applicable
The calculated values were in general agreement with the respective literature values, while values for

certain individual compounds may differ significantly from the experimental HSP.
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Consistent with our hypothesis the results in Figure 4.5 suggest that the hydrophobic
extractives are deposited on the cellulose surface and reduce the irreversible binding between
the cellulase enzymes and the cellulose substrate.

However, it should be noted that the HSP approach includes the following limitations
and assumptions;

(1) the HSP are based on group contributions which are based on an extensive series
of correlations, but like any series of correlations does not accurately predict compounds with
unique structures, e.g., diol and triols,

(2) the HSP does not consider solution properties as Zeta potential or the specific
effects of pH, e.g., ionization of carboxyl groups, and

(3) the HSP do not take into account the spatial distribution of the functionalities
along the carbon backbone of the molecules examined, which is most problematic for
compounds that can aggregate or have amphiphilic character.

More detailed modeling of the donor-acceptor characteristics of hydrogen bonding
and experimental measurements of this suite of model compounds should add more precision
to these preliminary calculations. Notably, the data of Figure 4.2, shows that the most
beneficial compounds displayed a high hydrogen bond donor character, while the inhibitory

compounds displayed acceptor character or have limited H-bonding capacity.
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4.3.5Quartz crystal microgravimetric analysis

QCM analysis was carried out to gain additional insights into the interactions between
the extractive model compounds and cellulase enzymes. Specifically, thin films were

prepared of docosanol, cholesterol, docosane, and cholestene and subjected to enzyme

adsorption studies (Figure 4.6).
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Figure 4.6 Enzyme adsorption from 10 mFPU/mL buffer solution onto extractive model

films determined by QCM. Resonance frequency Af is inversely proportional to the mass

increase on the sensor. The REDw.a values describing the compounds hydrophobicity have

been included for comparison.
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The actual enzyme masses adsorbed onto films of the model compounds from a 10
mFPU/mL solution of Ctec2 enzyme cocktail (determined by QCM) were 72, 120, 154, and
192 ng/cm? for docosanol, cholesterol, docosane, and cholestene respectively. For
comparison, adsorption of cellulase enzymes onto a nanofibrillar cellulose film is estimated
to be 195 ng/cm? (data not shown). Adsorption of the enzymes onto the extractive film was
found to be strongest for the hydrocarbon model compounds, cholestene and docosane. The
addition of the hydroxyl groups within the structure of the model substance clearly reduced
its adsorption when compared to the hydrocarbon homologues. Regardless of the extremely
low water solubility of all examined extractive models, the presence of hydroxyl groups in
their structure could influence hydration of the extractive-water interface. Further support to
such interpretation is provided by positive correlation between the REDw.a and the adsorbed
mass of enzymes (see Figure 4.6 and Table 4.1). Based on the principles of HSP, once
REDw-a becomes larger than unity, the cohesive interaction with water becomes increasingly
unfavorable, and the enzyme adsorption should increase. Theories about surface hydration
and associated effects on protein adsorption (Vogler, 1998; Janecek and Netz, 2007; Gong
and Grainger, 2007) are in agreement with our current results.

In the end, the water mediated effects should correspond only to a fraction of the total
binding energy of enzyme adsorption onto cellulose (Georgelis et al., 2012). In this respect, it
is surprising that the films prepared from the relatively hydrophobic extractive model

compounds showed enzyme adsorption behavior similar to that of cellulose.
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4.4 Conclusions

This work documents the unexpected results for specific fractions of extractives
found in native wood to enhance the activity of cellulase enzymes on cellulose substrates.
These surprising results suggest a complex interaction between the specific extractive
fraction, and the cellulase and cellulose components.

Detailed evaluations using various model compounds representative of wood
extractives confirmed the initial results and also highlighted the complexity of the system.
The amphiphilic effects created by the presence of hydroxyl groups on some of the model
compounds significantly increased the effectiveness of cellulases on cellulose when
compared to pure hydrocarbon homologues. The amphiphilic character of the model systems
also influenced their capability to interact with cellulosic surface. It was hypothesized that
the amphiphilic character of such compounds prevents a tight, nonproductive binding of the
cellulase enzymes to the cellulose surfaces.

The Hansen solubility parameter framework was used to estimate the various
interactions occurring in the ternary system that includes the cellulose substrate, the cellulase
enzyme and model extractive. These calculations showed that the adsorption of enzymes on
cellulose surfaces treated with amphiphilic hydrocarbon molecules remains favorable. These
calculations also showed that interaction between amphiphile treated cellulose and enzymes

is weaker in comparison to the case of untreated cellulose.
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It is likely that the effects seen here can be attributed to the extractives and model
compounds eliminating some high energy sites on the cellulose substrate, which in turn
reduces the irreversible, unproductive binding of cellulase enzymes to the cellulose substrate.

Quartz crystal microgravimetry measurements showed that strong binding occurs
between real enzymes and the surfaces of extractives. Films prepared from amphiphilic
compounds resulted in lower adsorption of enzymes than pure cellulose film, and films
prepared from the hydrocarbon analogs. The hydrophobic model compounds (devoid of
amphiphilic character) allow for unfavorable strong binding between extractive and enzymes
via hydrophobic interactions, and results in a decrease in the overall cellulose hydrolysis.

These initial results need to be followed by additional studies that couple detailed
studies of the nature of the cellulose surface with varying amounts and types of extractives or
models. These studies should lend insight to the interactions between the extractives/models
and the heterogeneous cellulose substrates, in particular to the dispersion or aggregation of
the extractives/models on these heterogeneous surfaces.

In conclusion, this work suggests the need for a great deal of attention to
understanding the presence and chemical nature of biomass extractives, both in native
biomass or as created in a given pretreatment process, in hydrolysis studies. It also
highlights the significant commercial potential for fractions of wood based extractives to
promote the enzymatic hydrolysis of cellulosic biomass and lower the overall economics of

the process.
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CHAPTER 5

5. Refining of Lignin Rich Residues from an Ethanol Biorefinery to
Value Added Raw Materials

Timo Leskinen, Stephen S. Kelley, & Dimitris S. Argyropoulos

This chapter has been published in ACS Sustainable Chemistry & EngineeriAgticle
ASAP, DOI: 10.1021/acssuschemeng.5b00337

5.1 Introduction

Legislation drives the biofuel industry towards the utilization of second generation
cellulosic feedstocks to replace corn feedstocks as the primary source of bioethanol (Energy
Independence and Security Act of 2007). Relative to corn ethanol the conversion of
cellulosic biomass to ethanol is a more complex process, and it does not provide co-products
with well-defined markets, such as livestock feeds (Hettinga et al., 2009). Therefore,
establishing new valuable co-products for second generation bioethanol processes will
enhance the long-term commercial viability of these processes.

Current biorefinery technologies are based on lignocellulosic feedstocks (such as crop
residues, energy crops or wood) and generate large quantities of lignin-rich solids as by-
products. This material is commonly perceived as a source of energy, either for the plant or
as pellets for sale (Wooley et al., 1999; Larsen et al., 2008; Larsen et al., 2012). Recent
techno-economic analyses have shown that with high efficiency conversion systems these
plants will be self-sufficient in terms of heat and power, or be more economically viable

using natural gas for process heat and power, and thus they may have excess lignin-rich
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residues (Treasure et al., 2012; Redsrud et al., 2012). Possible value addition pathways for
the underutilized lignin biopolymer include a large spectrum of applications from low—value
commodities to lucrative dispersants, carbon fibers, and high value polymer applications.
High-value applications inherently impose stringent specifications on lignins quality, in
terms of purity, functionality profiles, thermal performance, and molecular weight
distributions (Lora and Glasser, 2002; Laurichesse and Avérous, 2014; Cui et al., 2014,
Ragauskas et al., 2014).

The overall isolation costs remain a substantial barrier to the production of high
quality lignins. A low-cost source of lignin is not enough; a commercially viable process also
needs to be a low-cost process. Therefore, economically feasible processes need to be
developed to facilitate the commercialization of lignin based products from a lignocellulose
biorefinery.

The isolation of lignin has been investigated in conjunction with the feedstock
pretreatments as part of an integrated lignocellulose biorefinery (Li et al., 2009; Huijgen et
al., 2014). An alternative approach is the post-bioconversion recovery of lignins from the
residual materials after the enzymatic hydrolysis and fermentation processes. The recent
literature contains examples where post-bioconversion techniques have been examined;
including extraction with aqueous sodium hydroxide (NaOH) (Cotana et al., 2014) or organic
solvents such as dimethylformamide (DMF) (Poursorkhabi et al., 2013).

Notably, pre-bioconversion isolation protocols have received more attention over
their post-bioconversion counterparts. This is because lignin is a cellulase enzyme inhibiting

moiety that may hinder the hydrolytic conversion process (Zhao et al, 2012). The current
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work in our laboratory has involved the sequential application of electron beam and steam
explosion (EB-SE) pretreatments to facilitate the conversion of wood feedstocks without a
need for removal of the lignin from the substrate prior to enzymatic bioconverison.
Consequently, the enzymatic saccharification process provides lignin-rich residues relatively
free of carbohydrates, and thus amenable to post-bioconversion extractions.

The present study examines the fundamentals of lignin extraction techniques based on
aqueous alkali and organic ethanol-water media, and their potential to refine the lignin rich
residues of EB-SE bioconversion protocols. Specifically we are examining the application of
(1) mild extractions, (ii) reactive extractions and (iii) degradative acid treatments prior to
extractions; and rate their efficacy to liberate high quality lignin streams. The recovered
lignins were compared in terms of yield, purity, functionality profiles, molecular weights and
thermal properties. Consequently, this effort also offers an insight into the characteristics of

lignin products isolated by different dissolution mechanisms.

5.2 Materials and methods

5.2.1 Materials
The solvents and reagents used were purchased from Sigma-Aldrich and Fisher
scientific and used without purification. The Norwegian Birch was received from BioOil AS
(Norway). Electron beam irradiation of the wood material was conducted by a private
partner, and steam explosion was performed at Norwegian University of Life Sciences

(UMB), Norway.
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Pretreatment of Birch wood and preparationhgfdrolysis residue

The Birch sawdust (at EMC under atmospheric conditions) was irradiated by electron
beam at a total dosage of 100 kGy. The steam explosion was the carried out at 200 °C with 6
minute retention time. The moist material was frozen without washing or draining of the
hydrolysate. Before the enzymatic hydrolysis, the sample was thawed, dried, and
homogenized by passing through a 20 mesh sieve (< 2 wt.% retained).

Enzymatic hydrolysis was carried out at pH 4.9 acetate buffer at a 5 wt.%
consistency, by using 10 FPU/g of a Ctec2 enzyme cocktail (Novozymes, USA). The mixture
was incubated at 50 °C for 72 h. After filtration of the hydrolysate, the solids were washed
with deionized water (approx. 20 mL/g) and air dried. Dry material was homogenized by 40
mesh sieve (< 5 wt.% retained). The recovered powdery residue corresponded to 33.6 wt.%

of the used EB-SE Birch. The material was dried in a 25 °C vacuum oven prior use.

5.2.2 Lignin refining processes
Degradative acid treatment in agueous media
The dried residue (approx. 6 g) was weighed into a 250 mL flask and 100 mL of
aqueous 0.5 M HCI was added. The mixture was refluxed in an oil bath at 100 °C for 2 h,
limiting the access of air by an oil lock. After the reaction the hydrolysate was centrifuged.

The residue was washed using pH 3 HCI solution and freeze dried.

144



Alkali based mild and reactive extractions

The dried residue (approx. 6 g) was weighed into a 250 mL flask and 100 mL of
aqueous 1.0 M sodium hydroxide (NaOH) solution was added. The mixture was incubated in
an oil bath at 25 or 100 °C (Low Severity Alkali (LSA) and Medium Severity Alkali (MSA),
respectively), using an air lock. The solvent was replaced after centrifugation at the end of
each 1.5 h cycle, totaling 6 h of extraction (4 cycles). The combined supernatants were
titrated to pH 2 using concentrated HCI, which allowed for the dissolved lignin to precipitate.
After precipitation the mixture was stirred for 3 hours and centrifuged. The raw lignin was
washed three times with pH 3 HCI solution, and the final product was recovered after freeze
drying.

The High Severity Alkali (HSA) extraction followed similar procedures but the lignin
isolation was done in a 300 mL Parr reactor at an elevated pressure at 140 °C. The heating
ramp to the target temperature lasted 15 minutes, and the 2 h extraction time was the total
time at 140 °C.

The relative yields between the isolation cycles were determined by UV/VIS-
spectrophotometric analyses. A portion of 100 uL was withdrawn from the extraction
supernatant, diluted to 100 mL using 1.0 M NaOH and the absorbance of the solution was
measured at 280 nm, in a quartz cuvette, using a Beckman DU 640 spectrophotometer. The
lignin concentration was determined against a calibration curve prepared from MSA isolated

lignin.
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Ethanol based mild and reactive isolated lignins

The lignin isolation by the ethanol-water system (7/3 by weight) was carried out in an
analogous manner to the alkali treatments, with a few alterations. The incubation temperature
was 80 °C in all cases. In the case of the reactive Acid Catalyzed Ethanol extraction (ACE)
the 0.5 M HCI acid catalyst was added during only the first extraction cycle. The extracted
lignin was precipitated from the solution by evaporation of the extraction solvent to approx.
50 mL, and after the addition of 100 mL of pH 3 HCI solution. After centrifugation, the

washing and recovery was done as previously described.

Isolation of the Enzymatic Mild Acidolysis Lignin (EMAIs)analytical reference
Enzymatic mild acidolysis lignin (EMAL) was prepared from the residue as described
by Wu and Argyropoulos (2003), applying short ball milling and secondary enzymatic

hydrolysis to the residue prior to the acidolysis step.

5.2.3 Characterization
Compositional analyses

The contents of lignin and carbohydrates were determined by a slightly modified
analytical procedure by NREL (Sluiter et al., 2007). A Beckman DU 640 spectrophotometer
and a quartz cuvette were used for the spectrophotometric determinations of lignin at 205
nm, using the standard extinction coefficient of 110 L/g cm (Dence and Lin, 1992). For sugar
determination the filtrate was neutralized, filtered, and injected into an Agilent 1200 HPLC

system equipped with Shodex SP0810 8*300 mm column. Milli-Q water was used as the
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mobile phase with 0.5 mL/min flow at 80°C. Calibration was carried out with six standard

solutions of glucose, xylose, galactose, arabinose, and mannose (0.1 to 20 mg/mL).

FT-IR spectroscopy

The FT-IR analyses were conducted on dry samples (vacuum oven for 20 h at 50 °C)
using a Perkin Elmer Frontier spectrometer with Attenuated Total Reflection (ATR)
attachment. All spectra were collected by using 32 scans and the background was collected
prior each analysis. The spectrum was baseline corrected using the Perkin Elmer Spectrum
software.

The Principal Component Analysis (PCA) analysis was carried out using the
Unscambler 10.3 software from Camo. An average spectrum of two analyses was used,
which was then normalized and centered using the average value of each variable
(wavenumber). The spectral regions between 3700 to 2700 and 1800 to 650 cm™ were used

in the analysis. The obtained loadings of the PCA analysis are provided in the Appendix J.

Acetylation of isolatetignins
The used procedure was adapted from Gellerstedt (1992). As an additional step to the
cited procedure the final product was dissolved in dioxane and freeze dried. The average

weight gain percentage (WGP) of the acetylated product was 35 %.

NMR speabscopy
'H-NMR spectra were collected on acetylated lignins dissolved in CDCls by
acquiring 128 scans with a relaxation delay of 15 seconds. Pentafluorobenzaldehyde (PFB)

was used as an internal standard. The *C-NMR analyses was carried out with acetylated
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lignins following a similar procedure to that described by Capanema et al. (2004).
Quantification of the 3C-spectra was carried out on the basis of the phenolic acetyl signals at
168.5 and 168.1 ppm, where the integral was set to corresponding mmol/g value obtained
from the quantitative *H-analysis. Quantitative 3!P-NMR analyses were carried out with non-
derivatized lignins as described by Granata and Argyropoulos (1995) and Sadeghifar et al.
(2012).

A Bruker 300 MHz equipped with a Quad probe (3P, 13C, 1°F, and H) was used for
all *H-NMR and 3'P-NMR analyses. A Bruker 500 MHz instrument with a dual broad band
probe (*3C and H) was used for the 3C-NMR acquisitions. Processing of all NMR spectra
was done using MestReNova Lite and Spinworks software. Phase- and baseline corrections
were applied if needed before signal integration against the known quantities of added
standards. The signals were identified according to published literature by Lundquist (1979)
for *H-spectra, Ralph et al. (2004) for *C-spectra, and Wu and Argyropoulos (2003) and
Granata and Argyropoulos (1995) for 3!P-spectra. A Partial Least Squares (PLS) analysis
using the Unscrambler software from Camo was done based on the quantitative information

provided by *H and 3!P analyses, and the thermal analyses (data not shown).

Molecular weight determination by sie&clusion chromatography (SEC)

Acetylated lignins were dissolved in DMF at a concentration of 0.3 mg/mL and
filtered through a 0.22 um PTFE filter. An injection volume of 50 puL was used using a
manual injector. The SEC system consisted of a Waters 515 pump connected to Waters
HT6E, HT6 and HT2 styragel columns in series with a Waters 484 UV-absorbance detector.

Sample elution was detected using wavelength of 285 nm. The mobile phase used was DMF
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with 0.03 M of lithium bromide (LiBr). Calibrations were carried out using benzoylated
dextran and model sugars ranging in molecular weights from 1,360 to 0.18 kDa. The
Empower software was used for controlling the system operation and for the preparation of

the calibration curves.

Thermal analysis

Thermogravimetric analyses (TGA) were carried out after drying the lignin samples
in a 25 °C vacuum oven overnight. Samples of 10 £ 0.5 mg were degraded on a platinum pan
using a TA-Instrument model Q500. The temperature program and other conditions used
were as follows: The sample was equilibrated at 40 °C under a nitrogen atmosphere, ramped
to 105 °C with 10 °C/min rate, and held isothermally for 20 min. The weight loss was
recorded during a 10 °C/min ramp to 800 °C. After 800 °C was reached, the atmosphere was
changed to oxygen and the charred sample was oxidized for 10 min. Residual mass was
recorded as ash content present in the sample. The data was processed using Microsoft excel
software, where the weight after the isothermal step at 105 °C was used to correspond to 100
wt. %.

Differential scanning calorimetry (DSC) was carried out after the lignin sample was
dried in a 60°C vacuum oven for 6 hours. A sample of 5 + 0.5 mg was loaded into a hermetic
aluminum pan and the lid was punctured. The analysis was carried out using a TA-
Instrument model Q100. The temperature program used was as follows. Equilibration at 40
°C, removal of the thermal history by a heating ramp of 10 °C/min to 160 °C, and cooling
back to 40 °C at a rate of 10 °C/min. Prior actual data collection the sample was equilibrated

at 40 °C and then the thermogram was recorded while heating to 200 °C at 10 °C/min. The

149



glass transition temperature (Tg4) was determined from the thermograms by determining the

step transition using a TA Universal analysis software.

5.3 Results and discussion

5.3.1 Preparation and characteristics of the lignin rich model residue from the enzymatic
hydrolysis of EB-SE wood

A starting material for the refining work was produced by hydrolytic enzymes from
an EB-SE pretreated Birch sawdust (100 kGy irradiation + 6 min SE treatment at 200 °C).
Efficient hydrolysis of the carbohydrates in the wood substrate yielded 33 wt.% recovery as a
solid residue, having lignin content of 83 wt.%. This served as a model for a lignocellulose
fermentation process residue. About 82 wt.% of the lignin in the original wood substrate was
available for recovery as a purified lignin product.

The lignin-rich residue contained minor proportions of carbohydrates, mainly as
incompletely digested cellulose, but also as residual hemicelluloses (see Table 5.2). The
amount of protein impurities is lower in comparison to an actual process residue due to the
lack of a fermentation step in this work, and the approximately 1 wt.% enzyme loading is not

expected to have a significant influence on the lignin isolation process.
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Unlike the highly soluble analytical lignin preparations, the hydrolysis residue was
not completely soluble in common lignin solvents, including aqueous alkaline solutions (1.0
M NaOH), organic solvents (dioxane-water, ethanol-water, dimethyl sulfoxide, pyridine),
and an ionic liquid (1-allyl-3-methylimidazolium chloride). Only partial solubility of the
process residues creates a challenge for the isolation of uniform lignin materials, in high
yields. The structural features of the insoluble fractions and methods to convert them into

isolable lignin are discussed in the following sections of this article.

5.3.2 Description of the approaches examined for lignin refining
Two commercially practical isolation methods were examined in this paper; 1.0 M
aqueous NaOH and/or 70 % solutions of aqueous ethanol. These solvent systems were used
under mild temperatures (mild extractions), or under elevated temperatures in the presence of
hydrolyzing catalysts (reactive extractions), or in combination with acidic treatments
(degradative acid treatments). The experimental details and abbreviations of the various

approaches are summarized in Table 5.1 and are further described in the following sections.
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Table 5.1 Summary of conditions used for the refining treatments, and abbreviations used in

the text.
Refining methods Abbreviation Treatment conditions
Alkali based extraction
Low severity alkali extraction LSA Aqgueous 1.0 M NaOH ; 24°C ;6 h
Moderate severity alkali extraction MSA Aqueous 1.0 M NaOH ; 100 °C ;6 h
High severity alkali extraction HSA Aqueous 1.0 M NaOH ; 140°C; 2 h
Acid treatment and A-MSA Aqueous 0.5 M HCI ;100 °C; 2 h
moderate severity alkali extraction Aqueous 1.0 M NaOH ; 100 °C ;6 h
Ethanol based extraction
Ethanol extraction E 70 % EtOH ;80°C;6h
Acid treatment and A-E Aqgueous 0.5 M HCI ;100 °C; 2 h
ethanol extraction 70 % EtOH ;80°C ;6 h
Acid catalyzed ethanol extraction ACE 70 % EtOH, 0.5 M HCI ; 100°C ;2 h
70 % EtOH ; 100°C ; 4 h
Analytical reference
Ball milling
Mild acidolysis enzymatic lignin EMAL Secondary enzymatic treatment

85 % dioxane, 0.01M HCI ; 100°C ;2 h

5.3.2.1 Refining via mild extractions; alkaline or ethanol solvent systems

Initial experiments of this effort included mild extractions with aqueous base or

alcohol so as to estimate the quantity of lignin that can be readily dissolved without a

significant energy input or reactive processing. The conditions during low severity alkali

(LSA) and aqueous ethanol (E) extractions were not expected to be able to alter the

polymeric structure of lignin.
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Both isolation processes showed adequate solvation capacity to extract lignin. The
yields of the recovered lignins were 40 wt.% with alkali (LSA) and 40wt.% with ethanol-
water system (E) (see Table 5.2). In terms of the solubility limits the alkali system seemed to
extract lignin more efficiently, although the ethanol system obtained similar yields after
multiple cycles (i.e. larger applied solvent volume). The lignin solvation in the alkali system
was most prominent during the very first extraction cycle (Cycle #1 in Figure 5.1), whereas
in the ethanol system the appearance of the recovered solvent (intensity of the brown
coloration) indicated lignin to be extracted more evenly during all four cycles. These results
could be anticipated regarding the strong ionization driven solvation of under alkaline
conditions, and weaker electrostatic interactions that govern the ethanol based system

(Evstigneev, 2010).
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Table 5.2 Composition of the used pretreated wood substrate, lignin rich residue after

enzymatic hydrolysis, and the isolated lignins.

Carbohydrates” Lignin Ash
(wt. %) (wt. %) (Wt.%)
Starting
materials Glu Xyl Gal Man Total Acid Acid Total
soluble insoluble
EB-SEBirch 334 163 15 26 538 3.1 30.8 339 | nd.
Hydrolysis 9.6 24 17 24 161 2.0 81.1 831 | 11
residue
Lignin Lignin
products Glu Xyl Gal Man Total| Acid Acid Total yield*
soluble insoluble (Wt. %)
LSA 23 13 - 0.8 4.4 2.8 90.5 93.3 | 20 397
MSA 04 08 - 0.4 1.6 4.0 87.9 91.9 0 56.8
HSA 04 03 - - 0.7 3.6 91.0 946 | 14 759
A-MSA 03 05 - 0.2 1.0 3.9 90.6 949 | 0.7 405
E 04 11 - 0.4 1.9 3.5 91.7 952 | 0.3 40.1
A-E 0.1 04 - 0.3 0.8 3.1 93.1 96.2 0 21.1
ACE 05 08 - 0.3 1.6 3.7 90.4 94.1 | 0.2 455
EMAL 05 07 - 0.2 1.4 2.1 92.2 943 | 1.2 354

Average standard deviation of the determined total lignin contents is 0.5 %

Glu.= Glucose ; Xyl = Xylose ; Gal = Galactose ; Man = Mannose

#= Presented values as the weight fractions of the anhydrosugars

*= Calculated on basis of the 83.1 wt. % lignin content in the hydrolysis residue
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Figure 5.1 Concentration of the extracted lignin in the four cycles of batch wise extractions
using 1.0 NaOH solution at various temperatures. Time and the applied temperature for each
cycle were as follows: 24 °C and 1.5 h for LSA, 100 °C and 1.5 h for MSA, 140 °C and 0.5 h
for HSA.

Unexpectedly the two mild isolation processes produced lignins that were similar in
terms of the yields and chemical features (see section 5.3.3). This could be rationalized by
factors related to the lignin structure itself as present in the residue, rather than the solvating
interactions in the two media. Minor differences were observed between the LSA and E in
the molecular weight distributions and the product recovery yields (see Appendix I for more
details), but overall the total proportions of isolated lignin were similar.

The extraction yield by mild extractions could be rationalized as being limited by
both the molecular weight of the lignin and the presence of cross-linked network segments

within the lignin. This is strongly supported by the insolubility of any additional lignin from
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the residue using “more polar” solvents (see section 5.3.1). Since these macromolecular
characteristics may prevent the efficient solvation under these mild conditions, reactive

isolation processes were used to liberate the higher molecular weight fraction of lignin.

5.3.2.2 Alkaline extraction under reactive conditions

The high temperature alkaline isolation system enables base catalyzed hydrolysis of
covalent linkages of lignin (Gierer, 1985). Consequently the insoluble cross-linked fraction
and high molecular weight lignin polymers will depolymerize into more soluble form, as an
analogue to the typical pulping operations.

As anticipated, the lignin yields from the medium (MSA) and high (HSA) severity
alkali extractions were higher in comparison to the LSA treatment (24 °C). The MSA that
was carried out at atmospheric pressure and at 100 °C resulted in a yield of 57 wt.%, whereas
the HSA carried out under a 7 bar pressure at 140 °C reached up to 76 wt.% yield (the
highest yield attained in this study). The relative extraction efficiencies for the three
temperatures of alkali systems were also compared on a cycle to cycle basis (see Figure 5.1).
Application of higher extraction temperature increased the proportion of extracted lignin
especially during the first cycle, which then dropped drastically during cycles 2 to 4. This
may signify a temperature induced formation of soluble lignin fragments, over the direct
temperature driven solvation effects. Besides the targeted lignin products, additional water
soluble fractions were recovered and quantified (see Table A3 in Appendix I). At the higher
temperatures there was a significant loss of material as water-soluble, low molecular weight

by-products. The HSA treatment resulted in an 80 wt.% total recovery of the starting
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material, while in contrast 97 wt.% of the starting material was recovered from the mild
ethanol isolation process.

The positive yield influence of the MSA and HSA treatments is evidently largely due
to the base catalyzed cleavage of the aryl ether bonds between the lignin units (Gierer, 1985).
The reduced amount of the especially labile f-O-4 linkages was apparent in the NMR
analyses. Hydrolysis of lignin in alkaline media, essentially traditional “soda pulping”, seems
to be a commercially practical way to increase the yield of recovered lignin. The adverse
effects caused by excessive cleavage of f-O-4 linkages and formation of water soluble by-
products should be minimized by controlling the isolation conditions (optimization of the

temperature-reaction time ratio).

5.3.2.3 Reactive extraction in acidi ethanol media

Acid catalyzed hydrolysis in ethanol (ACE) was also investigated as a reactive
extraction method and is analogous to organosolv pulping (Hergert, 1998). In this work 0.5
M of HCI was applied as the operational catalyst during the first extraction cycle while the
following three cycles were carried out without the added acid. The ACE extraction provided
minor yield improvements in comparison to the mild E extraction, up to 46 wt.%. The
chemical functionality of the isolated lignin did not change significantly in comparison to the
non-catalyzed extraction, but there was a noticeable reduction in the average molecular
weight. These results suggest that the ACE treatment could induce minor degree of
hydrolysis to liberate part of the otherwise insoluble high molecular weight lignin moieties.

Degradative acid treatments combined with extraction
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Acid catalyzed hydrolysis in aqueous media was investigated as an alternative means
of increasing the yield of purified lignin. This pretreatment was targeted to eliminate
carbohydrate impurities, and any remaining lignin-carbohydrate complexes (Balakshin,
2011), but also to induce limited depolymerization of the lignin into more soluble fragments
(Gierer, 1985). A degradative treatment in aqueous 0.5 M hydrochloric acid (HCI) solutions
was applied as a preparative processing step prior to extraction by ethanol (E) or by medium
severity alkali (MSA).

Based on the data of Table 5.2, the acid treatment resulted in minor benefits in terms
of reduced carbohydrate impurities, although with a reduction in the yield of isolated lignin.
This was reduced to 21 wt.% after the ethanol extraction, and to 41 wt.% after the alkaline
(MSA) extraction. The reason for this reduction in yield is likely the occurrence of acid
catalyzed condensation reactions (Gierer, 1985) that bound some of the potentially soluble
lignin moieties to the insoluble component, creating larger and more insoluble structures. At
the same time the average molecular weight of the isolated soluble fraction was effectively
decreased in both A-MSA and A-E systems (see Size-exclusion chromatography section
5.3.3.3), which may point to the presence of concurrent depolymerization and condensation

reactions.
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5.3.3 Characterization

5.3.3.1 FT-IR spectroscopy

The FT-IR spectroscopic analyses of the isolated lignins (Figure 5.2A) confirmed the
predominance of the most typical lignin bands (Kubo and Kadla, 2005). No indications to
enzyme impurities were found based on absence of characteristic amide bands. Comparison
between lignins form mild extractions and EMAL lignin is provided in the Figure A13 of
Appendix J. Major differences were observed in the FT-IR spectra of the isolated lignins, and
the corresponding residual solids (Figures 5.2 and 5.3). These differences were further
investigated using principal component analysis (PCA). Although subtle differences were
found in the hydroxyl and aliphatic C-H regions between 3700 and 2700 cm™, the principal
component analysis scores were mainly caused by differences within the finger print region
between 1800 and 650 cm™.

As expected the isolated lignins were easily differentiated from the carbohydrate-rich
residues along the PC1 axis, which accounts for 54 % of the spectral variation (Figure 5.3A).
The chemical features (PCA loadings shown in Figure A12 of Appendix J) for PC1 include
bands at 1115 and 1214 cm™ associated with syringyl units in lignin (Popescu et al., 2007)
and bands at 996, 1056, 3290 and 3338 cm™ attributed to cellulose with intermolecular

hydrogen bonds, i.e. its crystalline form (Schwanninger et al., 2004).
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Figure 5.2 FTIR spectra of the isolated lignins and the solid treatment residues resulting
from mild and severe refining treatments. (A) Isolated lignin products from E, LSA and
HSA treatments. (B) Recovered residual solids from E, LSA and HSA treatments.
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Figure 5.3 Score plots from the PCA analyses. (A) PC1 as a function of PC2. (B) PC1 as a
function of PC3. The residue from HSA was not included as this was an outlier.

Differences along PC2 (28 % of the spectral variation) clearly separate the lignins
isolated with alkaline and ethanol extraction processes. The loadings (Appendix J) indicated
that this separation is attributed to hydroxyl bands at 1030 and 1124 cm™ (Schwanninger et
al., 2004). Subtle differences in these primary hydroxyl bands are to be expected since the
extraction mode, e.g., ionization of hydroxyls vs. simple dissolution, are fundamentally
different.

Separation along PC3 accounts for 9 % of the spectral variations (Figure 5.3B). The
loadings plots (Appendix J) are governed by the bands at 1720 and 1640 cm™. These are
likely arising from the carboxylic acids and confirmed by the quantitative 3'P-NMR analyses
(see the following section). The PC3 loading at 1710 cm™ is quite broad, suggesting the
presence of complex hydrogen bonding patterns. Carbonyl groups (such as ketones) may also
influence the PC3 scores. Additionally separation along PC3 can be attributed to aromatic

and methoxyl vibrations at 1595, 1508 and 1420 cm™ (Schwanninger et al., 2004).
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Cellulose enrichment was anticipated in the residual solids as a result of successful
lignin extractions and this was seen in the case of the HSA residue (Figure 5.2B).
Furthermore, for the HSA residue some deposited (or possibly esterified) hydrophobic alkyl

rich moieties could be observed (band 2915 cm™), likely originating from wood extractives.

5.3.3.2 NMR spectroscopy

Quantitative analysis of the functionalities present in the isolated lignins was carried
out using various NMR techniques. Figure 5.4 presents the abundancies of the hydroxyl
functionalities determined by quantitative 3'P-NMR. The observed reduction in the aliphatic
hydroxyl contents is dramatic between the mild LSA and E extractions and the most severe
reactive HSA extraction. Furthermore, the changes observed in the amount of phenolic
groups corresponds with the creation of new chain ends produced by depolymerization
reactions (see the following section). At the same time the formation of condensed structures,
revealed here as condensed phenolic OH, has evidently taken place especially in the case of
aqueous acidic treatments. These are expected lignin reactions in acidic environments
(Gierer, 1985). For the case of HSA lignin, the condensed functionalities may partially
originate from the original model residue. Such sparingly soluble polymer structures were
most likely converted to soluble fragments via alkaline hydrolysis of the f-O-4 linkages

during the HSA treatment.
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Figure 5.4 Hydroxyl bearing functional groups present in the isolated lignins determined
by quantitative 3P-NMR.

As expected the lignins isolated with an alkaline extraction process are rich in
carboxylic acid groups. The observed carboxylic acids in the lignins may be partially due to
the presence of fatty acid impurities (Pu et al., 2011). However, the content of saturated
aliphatic carbons and COOH functionalities do not seem to correlate. Aliphatic carbons were
seen to be abundant in the ethanol lignins (Table 5.3) while COOH groups were abundant in
the products of the reactive alkaline extractions. The specific mechanism for formation of
COOH functionalities in lignin, while yet unidentified, could be due to auto-oxidation
reactions by the initially dissolved oxygen in the media (Gierer and Imsgard, 1977). The
COOH functionalities may have also formed in the starting material during the irradiation

treatment (Skvortsov, 1990). Presumably these structures have been fragmented and
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dissolved by the HSA extraction, but remained intact in the solid residues of the mild
extractions (Figure 5.3B).

The C NMR analyses of selected lignin samples provided more evidence about the
structure altering character of the reactive extraction method. Only several discrete signals
were resolved well enough for reliable quantification. Progressively diminishing amounts of
B-O-4 linkages in lignin were evident, based on the data presented in Table 5.3, as anticipated
for the increasingly severe hydrolysis reactions. Another indicator of chemical alterations
occurring during the HSA treatment is the appearance of signals at 123.9, 127.1, 129.7, and
140.2 ppm in the *C NMR spectra of these lignins, and elimination of signals at 133.1 and
134.9 (see Figure Al4 in Appendix K). Reliable assignment of these peaks is difficult since a
variety of carbon nuclei common in altered lignins may possess similar chemical shifts
(Ralph et al., 2004), including structures with unsaturated side chains, a-carbonyls, and/or

various condensed structures (Gierer, 1985).
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Table 5.3 Quantities of different functional groups determined by 'H- and *C-NMR

analyses for acetylated lignins.

Quantity of units (mmol/g)*
Structure in acetylated Corresponding  Chemical

lignin nuclei shift
(Ppm)
BC.NMR LSA MSA HSA E A-E
B-O-4 (both a and y OH) Cp 80.1 0.9 0.7 03 11 08
a-OH Ca 74.3 0.7 0.5 02 08 05
Methoxyl -OMe 55.8 5.4 4.7 48 64 53
!H-NMR
Saturated aliphatics C-H 18-06 15 1.8 16 31 72
Syringy!l ring Arom. H (2 per unit) 6.8-6.3 2.4 2.0 22 25 22
Guaiacyl ring Arom. H (3 per unit) 6.8-7.2 0.9 0.8 1.1 10 09
S/G ratio 2.6 2.5 21 26 23

Quantification based on the integrals of the phenolic acetyl signals, where the known value from the
quantitative *H-NMR analyses was set as a standard.

Proton and *C-NMR analyses revealed the presence of aliphatic moieties most likely
arising from extractives. These compounds could be co-precipitating with the lignin
especially in the case of the ethanol extractions. Such hydrophobic extractives can
conceivably be retained on the residual solids after the alkali extractions (as implied by the
FT-IR data of the HSA residue). The presence of these aliphatic compounds could also have

an influence on the thermal properties of the isolated lignins (see section 5.3.3.4).
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5.3.3.3 Sizeexclusion chromatography

Molecular weight distributions and the corresponding weight averages of the lignin
products were determined after acetylation (Table 5.4). The data shows that the alkali
processes (Figure 5.5A) were able to recover higher molecular weight fraction relative to the
ethanol processes (Figure 5.5B). These larger lignin structures can be distinguished as visible
shoulders in the elution profiles of the SEC analyses. The elution profiles in Figure 5.5
indicate the size of the polymers below approx. 22 mL elution volume to represent a limit
where larger structures lack the capability for a stable solvated state. The solubility of lignin
within the size range from 19 to 25 mL is favorable mainly in strongly solvating media, such
as alkali. The expectedly weaker solvation capacity of ethanol thus explains the products of
lower My, and of narrower polydispersity from the mild ethanol (E) extraction in comparison
to the alkali (LSA), while still offering very similar functionality profiles (see Figures 5.3 and
5.4, and Table 5.3). These observations suggest that the ethanol isolated lignin fraction

maybe is more linear, which could be beneficial for specific applications (Argyropoulos et

al., 2013).
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Figure 5.5 SEC chromatograms of isolated lignins. (A) Alkali based extractions (B)

Ethanol based extractions
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Table 5.4 Determined average molecular weights of the isolated lignins after acetylation.

Number average Weight average Main peak Polydispersity

Extraction (Mn) (Mw) (MP) index
conditions (Da) (Da) (Da) (Mw/Mn)
LSA 2,000 27,000 2,500 135
MSA 2,000 37,800 2,700 18.9
HSA 1,400 6,200 1,800 4.4

A-MSA 1,600 13,500 2,000 8.4

E 1,600 11,000 1,700 6.9
A-E 1,300 2,500 1,600 19
ACE 1,600 6,000 2,000 3.8
EMAL 2,800 17,000 2,100 6.1

The reactive extraction methods HSA or ACE were seen to offer lignin products of
reduced polydispersity, by depolymerizing the structures of higher degree of polymerization.
The creation of phenolic hydroxyl groups (most likely present as chain ends) is obvious from
the plot shown in Figure 5.6. Therefore, the reactive extraction procedures HSA and ACE
can be used to control the average molecular weight of the recovered lignin in order to obtain
somewhat lower polydispersities, while obtaining high yields of products. Alternatively, mild
or medium severity alkaline extraction procedures (LSA or MSA) in combination with
fractional precipitation protocols (Cui et al., 2014; Wang and Chen, 2013) could be used to

recover lignins of higher molecular weight to the detriment of yield.

167



60 T

y = 287.35x°6:1
[ R®=0.9024 B Alkali based extraction
50 + _
© i A Ethanol based extraction
O .
= 40 + - "
. i
= |
£ 30 +
) i m
¢ [
g 71
=3
E i .....‘....- .A
5] 4
= 10 i
A W
0 e
1.2 1.4 1.6 1.8 2.0 2.2

Phenolic hydroxyls (mmol/g)
Figure 5.6 Weight average molecular weight as a function of phenolic hydroxyl group
content; showing a relationship between depolymerization and the creation of phenolic
chain ends. The presented regression line corresponds to the whole sample population.

5.3.3.4 Thermal analses

The thermal properties of the isolated lignins were within the range of what is
expected for biorefinery lignins (Poursorkhabi et al., 2013) (see Table 5.5), although there
were interesting trends related to the isolation medium. On average the ethanol lignins
showed glass transition temperatures (Tg) of approximately 30 °C lower in comparison to the
alkali products. To address the chemical factors behind these observations, PLS analysis was
done using the NMR data, Ty, and the wt.% of the residue after 800 °C (data not shown). The
solvent effect was largely determined by the larger amounts of aliphatic impurities, lower
amounts of carboxylic acids and higher phenolic OH content (i.e. lower molecular weight) in

the ethanol lignins. These similar attributes have been observed with low T4 organosolv
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lignins by Huijgen et al. (2014). Illustrations of the correlations between these variables and

the T are provided in the Figure A16 of Appendix L.

Table 5.5 Thermal properties of the isolated lignins determined by the TGA and DSC

analyses.

Glass transition 5% Degradation point  Residue at

Extraction conditions (Te) weight loss (Ta) 800°C

(°C) (°C) (°C) (Wt.%)
LSA 157 230 326 39
MSA 154 228 328 45
HSA 159 239 346 46
A-MSA 156 226 335 45
E 132 240 342 32
A-E 123 234 340 31
ACE 126 223 343 32
EMAL 151 233 342 31
Hydrolysis residue 155 245 347 29

Thermogravimetric analyses carried out for all extracted lignins showed the following
trends. The temperature where a 5% weight loss occurred was practically the same for all
lignins (Table 5.5). This was in agreement with our expectations since there were no
chemical foundations to cause augmented or reduced thermal stabilities. Furthermore, the
molecular weight ranges of the isolated examined lignins were not that far apart to offer

variations in the thermal stability of the lignins.
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The amounts of charred residues remaining at 800 °C were significantly lower for the
ethanol lignins (Table 5.5). This is in agreement with the work of Garcia et al. (2012) ‘who
concluded that the char residues are influenced by the isolation medium. The PLS analysis
correlated the low carbon residues to the presence of aliphatic impurities and the abundancy
of the oxygen bearing functionalities. The extractive compounds could be expected to be
more readily volatile in comparison to the lignin, and the presence of hydroxyls (especially
phenolic OH) has been connected to thermal instability (Sadeghifar et al., 2012), and
possibly leading to volatile degradation products. The amount of inorganic residues that
remained after switching to an oxygen atmosphere were lower than 2 wt.% for all samples

(see Table 5.2).

5.4 Conclusions

Alkali and ethanol based lignin isolation processes were found to be comparable in
terms of their ability for extracting the freely soluble proportion of lignin from biorefinery
residues. The extraction yields offered by simple mild extractions (LSA and E) are mainly
limited by their capacity to dissolve the larger more complex polymeric lignin and lignin-
carbohydrate structures. Consequently, the application of reactive (higher temperature)
alkaline extraction conditions (MSA and HSA) efficiently increased the yield of the isolated
lignin since it was shown to cause the cleavage of B-O-4 ether linkages. Acid catalyzed
aqueous treatments provided lower extraction yields than the aforementioned reactive alkali
extractions. Finally, acid catalyzed reactive extractions (ACE) in ethanol provided some

yield improvements, and should be optimized further to estimate their true potential.
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The mild extraction conditions used in both alkali and ethanol media seem to offer
lignins that retained most of the structural features of native lignins. Significant structural
alterations were observed by the application of alkali or acid catalyzed reactive extractions
(MSA, HSA, and ACE) and degradative acid treatments (A-MSA and A-E) since these
treatments showed fewer hydroxyl groups, increased carboxylic acids, and lower molecular
weights.

Overall, the isolation of lignin from the solid residues of bioethanol production, using
simple low energy extraction systems, was found practical. Lignin products of relatively low
carbohydrate impurities and of good solubility in a variety of organic solvents were obtained.
Reactive conditions can be integrated into an extraction process so as to influence the
functionality and the molecular weights of the lignin products in a certain direction as per the
data obtained during this effort. The conclusions of this work point to the need of focused
future efforts that aim at minimizing solvent volumes, specifying the affiliated solvation
efficiencies of the alkali and ethanol systems, and optimizing the precipitation and recovery

protocols.
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CHAPTER 6

6. Summary and concluding remarks

6.1 General scope of the dissertation

The studies detailed in this dissertation show the complex changes that the
carbohydrates, lignin and extractives undergo with the EB-SE pretreatment. In the case of
lignin, chemical structure and macromolecular properties are heavily dependent on the EB-
SE process and the methods used to recover the lignin from the hydrolysis residues. The
literature cited in this dissertation and this work shows that lignin can have a complex
influence on enzymatic hydrolysis, and certain duality can be seen on its effects of enzyme
hydrolysis of the cellulose residue. In addition the wood extractives can also have a
significant, and unexpected beneficial impact on enzyme hydrolysis. Both of these results
highlight the need for more detailed study on the impact of lignin and extractives on enzyme
hydrolysis, and also the potential for recovering value-added co-products that could enhance
the commercial viability of the lignocellulosic biorefinery.

The experimental framework of this dissertation was built around a novel electron
beam-steam explosion pretreatment (EB-SE). More details and techno-economic analyses of
this EB-SE based bioethanol process can be found from work of Aizpurua et al. (Aizpurua et
al.). This work used an analytical approach to understand the molecular level changes in the
lignin and extractives, and how they influence enzymatic hydrolysis. The following

paragraphs summarize the key findings of these studies.
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6.2 Analysis of the molecular weight distributions in wood

Chapter 2 presents an SEC method that can be used for the facile analysis of
molecular weight distributions of carbohydrates and lignin in native and pretreated wood.
The study demonstrated the selective derivatization of the carbohydrate and lignin, with
minimal side reactions. This work also showed how the commonly used ball-milling sample
preparation step must be used with caution, as this mechanical action clearly alters the
molecular weight distributions. This work shows how careful selection of the derivatization
system, such as acetobromination, can be used to derivatize the lignin while simultaneously
depolymerizing the carbohydrates.

This study also revealed the complexity in the MWD of lignin, and how the presence
of lignin-carbohydrate complexes influence the MWD of lignin depending on the isolation
method. The role of branching and presence of LCC in isolated lignins, and their impact on
the hydrodynamic volume, and resulting SEC elution profiles, should be addressed in more
detail in the future. Understanding the alternative degradation pathways for lignin and LCC is

essential for optimizing wood pretreatment methods.

6.3 Overcoming the recalcitrance of wood via EB-SE pretreatment
As discussed in Chapter 3, the key mechanisms of the synergistic actions of EB-SE
were related to the irradiation induced depolymerization of cellulose and hemicelluloses.
With regard to lignin, the use of EB did not provide significant benefits, except for the
possibility to use lower severity conditions during the SE step thus reducing its thermos-

chemically induced crosslinking.
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Significant reductions in the molecular weight of cellulose induced by EB alone did
not increase the substrate digestibility. The enhanced cellulose hydrolysis after reduced DP
also required removal of the hemicelluloses and lignin barrier through the SE step. Lignin
was found to be a major limitation to substrate digestibility, likely by limiting the swelling of
the substrate and via unproductive binding of the enzymes. Both of these phenomena seem to
be more pronounced for the softwood, which possesses larger fractions of more detrimental
high molecular weight lignin structures.

Consistent with prior work the hardwood was consistently more susceptible to
enzymatic digestion. Surprisingly, some fractions of the hardwood lignin may boost enzyme
hydrolysis of the pretreated biomass. Conversely, the relatively high molecular weight
softwood lignin was found to inhibit enzyme hydrolysis. Pretreatment strategies relying on
alternative ways to depolymerize lignin, e.g. EB in combination with catalyzed SE or alkali
pretreatments followed by an extraction step (aimed at removing the non-carbohydrate
components), are likely to result in better digestibility of softwoods with improvements

beyond the levels attained in the current study.

6.4 Influence of wood extractives in the hydrolysis action of enzymes
In Chapter 4 the wood extractives were shown to enhance the activity of cellulase
enzymes on cellulose substrates. Experiments with various model compounds suggest a
complex interaction between the deposited extractives, cellulase enzymes and cellulose
components. Based on the functionality-effect relationships of the selected model compounds

it was concluded that “amphiphilic effects” were important for the observed enhancement
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effects. Hydrophobization of the surfaces by hydrocarbons resulted in enzyme inhibition
likely via hydrophobically driven adsorption of enzymes on the extractive surfaces.

The experimental results could be rationalized using the Hansen solubility parameter
approach, and future methods to estimate the cohesion forces that prevail during enzymatic
hydrolysis may turn out important for efforts to understand the surface phenomena of
enzymatic hydrolysis. The present data raised also questions about the role of surface
hydration. This is seen as being an important area for further study i.e. delving on issues that
pertain to the adsorption of cellulolytic enzymes of cellulosic surfaces.

6.5 Optimization of the lignin refining processes towards generation of co-
products

Chapter 5 demonstrated how alkali and ethanol based lignin isolation processes are
suitable for isolation of lignin from process residues of ethanol biorefinery. The yield in
which the lignin could be isolated was highly dependent on the original macromolecular
structures of lignin in the residue. This was also dependent on whether the residue could be
converted to soluble fragments by using depolymerizing reactive extractions. This
emphasizes the importance to understand the complex molecular architecture of lignin, in
order to develop efficient methods for its disintegration. The reactive isolation methods also
provide ways to control the functionality of the lignin products. In future, the lignin
depolymerizing catalysts could be integrated with the biomass pretreatment. In the end,
successful disintegration of macromolecular assemblies of native lignin into soluble sized
polymers and the ability to control its functionality are essential for the utilization of lignin as

a value added co-product of ethanol biorefineries.
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CHAPTER 7

7. Suggested future work

Despite the fact that much is known about the functionality profiles of isolated
pretreated lignins, there is still more to be understood about the interconnections between
functionalities (linkage types), molecular weight and branching, and enzyme inhibition by
lignin. Additionally, the current studies could only provide an initial framework to study the
complex adsorption phenomena related to the presence of extractives or other hydrophobic
components during enzymatic hydrolysis. The following experimental approaches are

suggested for future research.

7.1 Defining the branched or dendritic structure of lignin

The lignin structure was found to be highly influential to biorefining operations, as
discussed in Chapters 3 and 5. In order to overcome the wood recalcitrance and to obtain
more valuable lignin raw materials, it is fundamentally important to understand the types of
linkages that are present as branches or crosslinks in the lignin polymer. The complex
molecular weight distributions shown in Chapters 2 and 3 point to non-linear (e.g.
hyperbranched or network like) structure of lignin.

The acetobromination method may provide a good starting point for analyzing the
characteristics of complex and linear structures in native lignins. Once the lignin in wood has
been derivatized and dissolved by actobromination, this could be fractionated based on its

molecular weight in order to obtain fractions that contain mostly linear or complex structures.
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In addition to SEC analyses, analytical techniques such as NMR (Balakshin et al., 2011) and
Derivatization Followed by Reductive Cleavage (DFRC) (Lu and Ralph, 1997; Ikeda et al.
2002) could provide more information about the types and quantities of linkages that
correspond to crosslinked structures and the branching of lignin.

Analysis of the lignin branching by applying SEC in tandem with well targeted
reactive agents (similar to the DDQ experiment in Chapter 2) could provide information
about the stages of depolymerization where large changes in the molecular weight are
induced by very few scissions of critical bonds, and where the new formed functionalities
may be too few for NMR detection. The DDQ experiment in Chapter 2 already provided
preliminary indications with respect to the role of a-ethers in branching of softwood lignin. If
the a-ethers can be confirmed to be responsible of branching points in lignin, pretreatments

could be targeted more efficiently towards such linkage types.

7.2 Pretreatment with new types of catalysts combined with steam explosion

Based on studies in Chapters 2 and 3 it seems evident that the molecular architecture
of softwood lignin causes major barriers towards utilization of softwood feedstocks for
bioethanol production. As described above, the barriers related to e.g. a-ether bound high
molecular weight structures could be overcome by alternative catalysts to these rather
reactive ether bonds linkages of lignin. Catalysts that are known to aid delignification, such
as hydrogen peroxide or peracetic acid, could be also used to initiate disintegration of the
lignin macromolecules prior to the steam explosion pretreatment, while not being very

selective towards the benzylic position in lignin. As another alternative, EB irradiation is
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known to produce reactive species in water (Lanzalunga and Bietti, 2000). As such, the EB
pretreatment of water saturated feedstocks could provide more efficient delignification. In
general, an effective catalyzed treatment stage added as a preparation step prior to steam
explosion treatment could provide higher substrate digestibility, and production of lignin co-
products of high quality.
7.3Unproductive binding between enzymes and lignin — Role of protein
structures of enzymes and macromolecular architectures of lignin

Features of the enzymes themselves, and their structural features that increase their
interaction with lignin should be addressed. Similar to the study of Berlin et al. (2006),
interactions of a large group of enzymes could be studied with few characteristic lignin
samples. A lignin preparation from a specific source should also be fractionated according to
its molecular weight. Purified enzymes should be selected in a manner that their crystalline
structures are known, but having multiple enzymes of given activity. After performing the
inhibition study with all the enzymes with all the lignins, statistical analyses between the
enzyme amino acid sequences and their tendencies to interact with lignins could be carried
out.

Regardless of the state of the art preparation and characterization of the used lignin
for such study, it is still hard to rule out the influences of different functionalities from
experiments that aim to strictly address the effects of different molecular weight fractions.
There would be a need for simplified systems to study the interactions between structurally
homogeneous lignin like polymers and the enzymes. Such simplified systems would help to

understand the effects that arise mostly from the characteristic protein structures of enzymes.
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The lignin models, such as dehydrogenation polymer (DHP) (Freudenberg, 1956) or
synthetic B-O-4 polymers (Kishimoto et al., 2006), could provide useful materials to study
lignin-protein interactions. These lignin models could also help to study the direct molecular
weight effects to the enzyme binding also in the case of linear polymers.
7.4 Defining the role of hydrophobic compounds during enzymatic hydrolysis
by microscopic methods

Chapter 4 demonstrated cellulase enhancing effects of wood extractives via
hydrolysis experiments, and these results were rationalized on the basis of the Hansen
solubility parameters within the ternary hydrolysis system. What was missing from the study
were observations related to the actual deposition of the extractives on cellulose surface,
specifically the form of these layers and the way they cover the fiber surface.

Applications of microscopic techniques will be essential to address the deposition of
hydrophobic compounds on cellulose surfaces. Techniques such as confocal Raman
microscopy and AFM (Osterberg et al, 2006) could reveal details about the extractive
deposition on cellulose, and could offer semi quantitative estimations of surface
concentrations of adsorbed cellulases. Other advanced microscopic techniques have allowed
the observation of single enzymes and their movements on the cellulosic fibrils (Jung et al,
2013). If the extractive deposition can be done in this size and scale, such methods could be
used to examine the accuracy of the proposed mechanistic model that anticipates higher
mobility of enzymes on extractive treated surfaces, or reduced adsorption on specific sites of

the fibrils.
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APPENDIX A - Influence of the particle size to the enzymatic digestibility
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Figure A1l Enzymatic sugar release from SE and EB-SE pretreated wood as a function of

particle size fraction above 0.85 mm
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Figure A2 Enzymatic sugar release from SE and EB-SE pretreated wood as a function of

particle size fraction below 0.25 mm
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Particle size distribution after pretreatment
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Remarks about particles size effect:

- Positive influence of the particle size to the enzymatic digestibility was indicated by

the observed trends.

- Anyhow, differences between digestibility of similar particles sizes between Birch
and Pine indicate that molecular level structures of the cell wall are greatly more

important than particle size.

- Cause-effect relationship between the decreased particle size and digestibility are not
completely clear, as the smaller particle size has evidently influenced to the actual

degree molecular level pretreatment effects.

- A clear contradiction can be seen between severely pretreated Birch and Pine, as
smallest particle size resulted lowest conversion for Birch, but highest in the case of

Pine.
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APPENDIX B - Calibration of SEC system using polystyrene and benzoylated dextrans

Calibration curves were created using both polystyrene and benzoylated dextrans.
The calibration with benzoylated dextran seemed to be less depended of non-size-exclusion
type interactions that were especially apparent in case of low Mw polystyrenes. The obtained
calibration curve showed that the dynamic range of the HT 6E column did not offer accurate
separation for wood samples containing high molecular weight cellulose (with elution
starting approximately from 10 mL). The calibration curve C was used for molecular weight
estimations that are provided in Figure A5, as this represents best the molecular weights of
the underivatized carbohydrate starting materials. Unfortunately the weight gains differences
between the benzoylated carbohydrates and lignin causes the curves B and C to provide over-

or underestimated molecular weight values for lignin.

201



8 A W Polystyrene y=-0.0027x3+0.1477x? - 2.8977x + 24.079

N\ R?=0.999
7 TN, B 4 Dextran standards (as tribenzoates) y = -0.0085x + 0.4292x - 7.5166x + 49.432
s ]\ R?=0.9996
RGN .
6 “i C e Dextran standards (as original Mw) v =-0.0085x + 0.4292x2 - 7.5166x + 48.977
" B R?=0.9996
RN _
g 5 n = N
. lm-.
g e W eml
— 4 i ~A e .
-9 ~ Tl
: .-
- -
3 R S.a
N .
™ ..
2 . : : = : = . ! . S = . ‘* : |
10 12 14 16 18 20 22 24 26

Retention volume (ml)

Figure A5 Calibration curves created by polystyrene (1,860 kDa to 0.82 kDa) benzoylated
dextran (1,360 to 0.18 kDa) standards. (A) Polystyrene standards (B) Dextran standards
(calculated molecular weights of tribenzoate derivatives used for plotting) (C) Dextran

standards (original molecular weights of the underivatized standards used for plotting)
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Figure A6 Approximate molecular weights of the wood components, determined from
benzoylated and acetobrominated sawdust using calibration curve C (see Figure A5). (A)

Benzoylated Pine sawdust (B) Acetobrominated Pine sawdust
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APPENDIX C - Sequential acetobromination and benzoylation experiments

Benzoylation of the remaining unacetylated hydroxyl groups from acetobrominated
pulp or wood samples should convert the remaining polymeric carbohydrate moieties to be
visible in UV-detection. After the standard acetobromination procedure, the dissolved wood
was benzoylated in DMF media, using the same catalyst and reagent than for the standard
benzoylation in ionic liquid. Despite of the weak UV response of the acetate rich, only
partially benzoylated pulps, the acetobromination-benzoylation sequence provided an elution
profile (Figure A7) that confirmed a limited depolymerization of the carbohydrates during
the acetobromination procedure. The carbohydrate degradation in acetic acid/acetyl bromide
under ambient conditions is a relatively slow process. Although majority of the wood
carbohydrates are partially depolymerized and solubilized as acetylated derivatives, certain
portion of the carbohydrates remains in polymeric form throughout the acetobromination
reaction. It remains unclear whether the observed carbohydrates originate from cellulose or
hemicelluloses.

When the acetobromination-benzoylation treatment was done to Pine sawdust (Figure
AT), the benzoylated product showed intense peak that overlaps the high Mw region of the
lignin distribution. High absorptivity of the benzoylated product indicates to presence of
hydroxyl rich moieties in the high Mw region that are substituted with benzoates, and thus
having a high extinction factor. Even the carbohydrates are the likely candidate what comes
to the hydroxyl content, it’s plausible that lignin may have underivatized hydroxyls that
result from incomplete acetylation, or from hydrolysis of the brominated benzylic positions.

It’s also evident that the washing step after benzoylation has dissolved part of the low Mw
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fractions away from the sample after the benzoylation step of the sequential derivatization,

which shows as a diminished low Mw region.
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Figure A7 Comparison of cellulose rich and lignin containing materials that were

subsequently reacted by acetobromination and benzoylation, in comparison to solely

acetobrominated samples. A) Bleached pulp B) Pine sawdust
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APPENDIX D - SEC analysis of enzymatically hydrolyzed SE Birch
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Figure A8 SEC chromatograms of SE pretreated Birch after varying hydrolysis times.

Benzoylated samples.
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APPENDIX E - 'H-NMR analysis of DCM extractives from Birch

Figure A9 Analysis of DCM extractives from Birch by *H-NMR spectroscopy, showing the
presence of phenolic moieties of lignin fragments after severe pretreatments. A) Extractives
from untreated starting material B) Extractives from 200 °C steam exploded Birch.
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APPENDIX F - Yields of sequential extractions of SE Birch and Pine

Table Al Yields of extracted materials from sequential solvent extractions done prior to
WRYV determination. Carbohydrates and lignin were determined separately in case of water
extraction. In other fractions, lignin was the main component. Values are from single

experiments.

Birch Pine
Extraction solvent Steam exploded at 200 °C  Steam exploded at 200 °C
(wt. % based on pulp) (wt. % based on pulp)

Dichloromethane 6.5 3.5
Water Lignin: 2.3 Lignin: 1.8
Carbohydrates: 14.6 Carbohydrates: 11.5
Acetone 2.8 2.4
Dioxane-water 9:1 2.4 1.2
Total extracted 28.6 20.4
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APPENDIX G - Correlation between hemicellulose removal and enzymatic digestibility
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Figure A10 Correlation of hemicellulose solubility from pretreated substrates with

determined enzymatic sugar release.
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APPENDIX H - Molecular weight averages of lignin in EB-SE pretreated wood

Table A2 Calculated average molecular weight for lignin in untreated and pretreated

materials, based on SEC analysis of acetobrominated samples (Figure 3.5 of main text).

Mn Mw MP Mz PD

Pine
Untreated 2,100 15,000 19,000 98,000 7.1
EB 2,100 14,000 19,000 100,000 6.5
SE170°C 2,200 15,000 17,000 115,000 6.7
EB+ SE 170 °C 2,200 25,000 22,000 262,000 115
SE 200 °C 1,800 43,000 1,000 783,000 24.1
EB + SE 200 °C 1,900 102,000 1,000 3,593,000 54.4

Birch
Untreated 1,700 4,000 3,000 13,000 24
EB 1,600 5,000 3,000 53,000 2.8
SE 170 °C 1,600 4,000 3,000 25,000 2.6
EB + SE 170 °C 1,500 4,000 2,000 42,000 2.8
SE 200 °C 1,500 7,000 2,000 140,000 4.5
EB + SE 200 °C 1,400 5,000 2,000 70,000 3.9
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APPENDIX I - Schematic description and total mass balance of lignin extraction
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Figure A1l Scheme of the extraction and washing steps applied during alkali extraction.

Supernatant from washing :::
[ pH<3 }

Solid material remaining after extraction is designated as “solid residue”. Additionally
recovered minor soluble fractions are denoted as incompletely extracted and dispersed

lignins.
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Table A3 Mass balances of the extractions. The listed fractions are described in Figure A11.

The weight fractions are based on the mass of the residue that was used as a starting material.

Extraction Lostduring Purified  Solid Incompletely  Dispersed Total
conditions acid lignin  residue  extracted lignin recovery
treatment lignin
WE. %) (wt. %) WE.%) (. %)
(wt. %0) (wt. %)
LSA - 35.4 51.3 3.0 1.4 91.1
MSA - 51.3 27.0 5.3 2.3 85.9
HSA - 66.7 5.8 1.1 6.2 79.8
A-MSA 7.4 355 33.8 6.7 3.1 86.5
E - 35.0 60.7 n.d. 15 97.2
A-E 5.9 18.2 70.3 n.d. 1.7 96.1
ACE - 40.2 52.2 n.d. 2.2 94.6
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APPENDIX J - FT-IR spectroscopy and PCA analysis of isolated lignins
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Figure A12 Loading plots from the PCA analysis
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Figure A13 Comparison of E and LSA lignins to EMAL lignin that represented an analytical
reference.
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APPENDIX K - 3C-NMR spectroscopy of isolated lignins
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Figure A14 3C-NMR spectra of LSA, MSA, and HSA lignins. (A) The region of carbonyls
and C3 + C5 of ether bonded (152.5 ppm) and phenolic (151.7 ppm) syringyl rings. (B)
Aromatic carbon region (C) Side chain region. The poorly resolved and unidentified signals

referred in the text have been marked in the spectrum.
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APPENDIX L - Thermal analyses of isolated lignins
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Figure A15 DSC thermograms of isolated lignins. Heat flow at 100 °C is normalized to zero

for comparison.
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Figure A16 Correlation between the glass transition temperature of lignins and their
determined functional groups. (A) Molecular weight (B) Total hydroxyl content (C) Phenolic
hydroxyl content (D) Aliphatic CH content (Mainly from extractive impurities) (E)

Carboxylic acid content.
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