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Abstract
This study investigates the coproduction of willow bark sclerenchyma ﬁber bundles and extracts
in order to increase the potential added-value from short-rotation willow biomass. Willow is a fast
growing biomass source that is grown mainly for heat and power generation, especially in the
Northern Hemisphere on marginal lands. On afforested peatland, willow can be grown to prevent
erosion and to remove excess nutrients from the soil. A few sporadic studies investigating useful
bioactive phenolic compounds from willow bark have been conducted, but burning bark for energy
purposes is prevalent.
The novel introduced bioreﬁnery concept aims to use 1) the bark fraction for the production of
ﬁbers and extractives and 2) the wood fraction is hydrolyzed for sugars and lignin recovered for
chemical industry. The morphology and chemical constitution of the inner bark is characterized
as the ﬁrst step towards complete willow valorization. The distinguishing features of inner bark
are its high ash and extractive content and bundles of relatively long and thick-walled sclerenchyma
ﬁbers. We discovered that picein, triandrin and catechin could be extracted at an approximate 14%
overall yield rate from bark by hot water (20 min at 80 ºC). 2D–HSQC NMR spectroscopy and wet
chemical analyses demonstrate that guaiacyl is the predominant unit in bark lignin over syringyl
and p-hydroxyphenyl. Therefore, the bark lignin structure is the key for developing a novel strategy
for separating ﬁber bundles by judiciously using a mild alkali treatment, followed by fabrication
of a composite from the ﬁber bundle layer and polylactic acid (PLA). Effective routes for separating
such ﬁber bundles require a much lower amount of energy and chemicals than does the separation
of individual ﬁbers by conventional methods. Moreover, the ﬁber bundles exhibited the best
compatibility (ﬁber surface lignin up to 40%) with the matrix PLA compared to other
reinforcements. This strategy expands novel composite applications of bark ﬁber bundles,
indicating considerable promise for utilizing this otherwise burned bark material. Additionally,
bark lignocellulose nanoﬁ brils exhibit higher hydrophobic properties, and its ﬁ lms display higher
tensile strength in comparison with wood, which again provides another example of the superior
properties of the bark compared to the wood.
This thesis carried out a general, integrative study regarding the morphological structural and
chemical characterization of bark and wood, their fractionation, as well as a review of the literature
in order to achieve full utilization of ﬁ bers and extractives from bark. Gaps in our current
knowledge and potentially interesting research approaches are identiﬁ ed and discussed.
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1. Introduction
Competition over lignocellulosic natural resources has been one of the megatrends towards
a second-generation bio economy to replace today’s fossil-carbon based economy. In
addition to its positive effect on climate change, this transformation is offering new
platforms for forest industries to produce high-value chemicals and materials (Vennestrøm
et al. 2011, Nikolau et al. 2008, Sanders et al. 2007). Besides the utilization of forest or
agricultural residues, the cultivated crops with superior characteristics (i.e. high
productivity and short rotation times) are an emerging trend, and are being considered as a
newly sustainable biomass (Volk et al. 2006).
In this regard, short-rotation willow (Salix sp.) has been studied mainly as an energy crop
for combined heat and power generation, liquid fuel production .U]\ĪDQLDNHWDO ,
as well as for treatment of landfill leachate (Aronsson et al. 2010). The benefits of willow
plantations include willow’s high productivity, its ability to grow on marginal land areas,
and its use in water purification. It can also be cultivated on peatlands, where it largely
prevents harmful excess nutrient flow into water after peat harvesting. Several willow
species and hybrids can be grown in Finland, and new hybrids can be developed in order
to improve the growth rate, much in the same way as eucalyptus trees in Brazil.
In Finland, 6 out of 26 million ha (total land area of forest) is of low productivity (0.38 dry
tons/ha/a) (Natural Resources Institute Finland 2015). However, the willow growth on lowproductivity forestry land can be up to 20 times (6–8 dry tons/ha/a) higher than the growth
of natural forests on similar land (Mola-Yudego 2010). In commercial short-rotation
plantations, willow hybrids are initially planted as approximately 20 cm long cuts of willow
URGVZLWKDGHQVLW\RIFXWVKD7KHFURSLVW\SLFDOO\Karvested in cutting cycles of
2–4 years. Well-managed plantations have an average biomass productivity of 10 odt/ha/a
or more. In Southern Sweden annual willow biomass productivity up to > 30 odt/ha has
been reported. Reaching the high productivity requires use of fertilizers (nitrogen), e.g. in
the form of municipal wastewater or sludge (Verwijst et al. 2013).
The forest industry has used debarked wood for the production of timber, veneer and pulp
while the bark is used for heat and power generation. Some studies on possible alternative
uses of willow bark (WB) have been conducted, but the burning of bark for energy use is
prevalent (Djomo et al. 2011).
In contrast to willow xylem, bark has an almost tenfold ash and extractive content and its
sclerenchyma fibers are much stiffer and longer. These findings led us to propose a novel
willow biorefinery concept shown in Figure 1, in which the bark is utilized for producing
fibers and extractives, while the debarked wood can be converted into sugars or their
products (e.g. ethanol) (Publication I). The proposed biorefinery scheme for willow
biomass could potentially add significant benefits by providing high-quality sclerenchyma
fibers to produce advanced composites, depolymerizing the hydrolysis residue (mostly
lignin) into low-molecular-weight aromatics, and obtaining specific bioactive phenols.
There is very little knowledge about the chemical composition and morphology of willow
bark, the basics of its lignin chemistry, and the characteristics of its extractives and further
applications of its fibers. We believe willow biomass could be utilized in a more
productively way. As a first step, we need to understand its fundamental aspects. The
present dissertation provides a fundamental and systematic study of willow bark as a
potential source of fibers and chemicals. From our preliminary research plan, we speculated
that the most valuable fractions of willow biomass might be located in the bark instead of
the wood fraction. In addition, as only scattered literature was available on this topic, we
decided to methodically characterize willow bark. Publication I focuses on the
morphology and chemical characteristics of willow inner bark (WIB) and wood.
1

Observations are made on the cell wall structure and fiber properties of willow fiber as well
as on the chemical composition of WIB in comparison to willow wood (WW). Publication
II is designed to present a rationalized and simple way of extracting willow bark’s noncell-wall components for high value applications. Additionally, understanding the
formation of recalcitrant precipitate is crucial to prevent such a formation from occurring
during steam explosion pretreatment for bio-ethanol production from willow biomass.
Publication III investigates the inhomogeneous lignin structure of bark, which is an
indispensable step towards separating its sclerenchyma fiber bundles (SBs) from willow
biomass. The new knowledge gained about the S/G (syringyl to guaiacyl) ratio and major
inter-unit linkage substructures allows maximal exploitation of the willow biorefinery
process. Publication IV focuses on a novel approach for the separation and utilization of
WB SBs for composite application. Surprisingly, effective routes for separating such SBs
require a much smaller amount of energy and chemicals than are required for the separation
of individual fibers by conventional methods. An unconventional strategy for separating
SB by judiciously using mild alkali approach was elaborated, followed by fabrication of
the SB layer with polylactic acid (PLA) to make an SB composite. Importantly, this
SB/PLA composite demonstrated advantageous tensile properties as well. This strategy
expands the potential novel composite applications of WB SBs, indicating considerable
promise for utilizing this otherwise discarded material. Publication V investigates the first
detailed exploration of lignin-containing cellulose nanofibril (LCNF) films from WB and
WW using a highly recyclable acid hydrotrope, p-toluenesulfonic acid (p-TsOH), as a
sustainable means for isolating LCNFs. Such an approach is not useful in papermaking but
the unprecedented hydrophobicity of the LCNFs with a high contact angle of > 100 º makes
the WB LCNF films highly resistant to water vapor without any further surface chemical
modification. This significantly broadens the technical knowledge and potential
applications of the sclerenchyma fibers from willow bark.
In conclusion, this dissertation provides novel ideas on how willow biomass may be utilized
in a willow biorefinery production line. The products obtained were shown to be of higher
quality than those obtained from traditional processes: WB fibers are longer and stiffer than
wood fibers, and willow phenolic extractives are valuable. The biorefinery concept is
envisioned to benefit peatland owners (more efficient use of land), pulp producers (high
quality sclerenchyma fibers for special applications, like automobile or food-container
composite components), sugar/bioethanol producers and chemical manufacturers
(bioactive phenolic extractives, lignin and its aromatic products). Moreover, this thesis
contributes to the understanding of the morphology and the chemistry of the bark and lignin
structure of willow.

Figure 1. Controlled deconstruction of willow biomass (CODE). (Publication I)
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2. Background
2.1 Bark in general
Bark, the outermost covering layer of a tree, is its second most important tissue after wood
(xylem) and morphologically and chemically much more complex than wood. In general,
bark contains the living inner bark (phloem) and essentially dead outer bark (rhytidome).
The secondary growth of the tree, both xylem and phloem, through cell division in the
vascular cambium layer squeezes of the phloem’s outer layer. Continuous division during
growth periods fosters the growing of the periderm, which thereafter becomes the boundary
between the inner and outer bark. (Chang 1954)

2.1.1 Structure
The inner bark is principally composed of parenchyma and sclerenchyma cells and sieve
elements. The sieve elements can be subdivided into sieve cells and tubes, which are
longitudinally arranged throughout the sieve area for transportation of liquids and nutrients.
Thick walled and heavily lignified sclerenchyma cells serve as a support of the bark, i.e.
prevent the soft, living inner bark tissue damage during stress. Such cells occur in two main
types: fibers and sclereids. Fatty substances (waxes and suberin) of the outer bark and its
cells isolate the inner bark from the environment and provide protection against varying
weather conditions and other external threats. (Chang 1954)
As with other plant structures, the walls of bark cells are layered, consisting of a thin
primary wall and a variable number of secondary wall layers as well as a middle lamella,
which functions to bind neighboring cells together. The cell walls are formed of cellulose
microfibrils that are embedded in a matrix of pectins, hemicelluloses and lignin depending
on the cell wall layer. The fibril angle varies between the layers, largely defining the
mechanical properties of the cells (Chang 1954).

Figure 2. Three-dimensional section of inner bark (left) and outer bark (right) (adapted
from Darling 2018).

2.1.2 Chemical composition
Table 1 shows the approximate composition of wood and bark. It is very common that the
content of polysaccharides in bark is at least 20% lower than their content in wood. A
standard Klason lignin analysis, originally designed for wood (Sluiter et al. 2010), showed
quite misleading results for bark as Klason lignin might contain other components
originating from ash, fat, protein residues (Kim et al. 2017), recalcitrant precipitate
(Publication II) as well as suberin substances (Dönmez et al. 2016), that account for the
reported lignin content of the bark. Therefore, saponification of the bark tissue is seen as a
way to minimize the contribution from lignin-type and polyester-type suberin polymers to
Klason lignin content (Marques et al. 2006).
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Quite regularly, the extractive content of bark shown at Table 1 is significantly higher than
that obtained from wood. Bark extractives (lipophilic and hydrophilic fractions) are more
abundant and complex than in wood. Moreover, the amount of hydrophilic components
(tannins, polyphenols, and glycosides) extracted by polar solvents (acetone, ethanol) are
roughly five times higher than lipophilic constituents (fats, waxes, etc) extracted by
nonpolar solvents (ethyl ether, etc.) (Sjöström 1981).
Table 1. Approximate chemical composition of wood and bark (percentage) (adapted from
Harkin and Rowe 1971).
Softwoods

Hardwoods

wood

bark

wood

bark

Lignin

25–30

40–55

18–25

40–50

Polysaccharides*

66–72

30–48

74–80

32–45

Extractives

2–9

2–25

2–5

5–10

Ash*

0.2–0.6

up to 20

0.2–0.6

up to 20

* based on extractive free material

2.1.2.1 Cellulose
Cellulose is the most abundant natural polymer in the world and represents approximately
45% in most wood species. It is composed of the repetitive D-anhydroglucose units that
are chemically bonded by ȕ-(1,4)-glycosidic linkages (Figure 3). Few solvents can dissolve
cellulose because of its high degree of polymerization (9,000-15,000) and crystallinity.
Cellulose can be mostly dissolved by the viscose or lyocell methods, certain ionic liquids,
and cold aqueous alkali (Klemm 1998).

Figure 3. The structure of cellulose (adapted from Klemm 1998).
2.1.2.2 Hemicelluloses and pectins
Hemicelluloses form the second most abundant group of polysaccharides besides cellulose
in the plant cell walls. Hemicelluloses consist of rather diverse heteropolysaccharides with
a lower degree of polymerization (100-200 glucose units) in comparison to cellulose.
Xyloglucans, xylans, mannans and glucomannans represent the major hemicelluloses,
whose biological function is to contribute to the structure and material properties of the cell
wall (Scheller and Ulvskov 2010), as visualized in Figure 4.
Pectins, a group of complex polysaccharides of the primary wall, consist mainly of linear
segments of (1,4)-D-D-galacturonans and regions of rhamnogalacturonans that are
substituted with arabinan, galactan and arabinogalactan chains. In general, the galacturonic
acid rich pectins are found in relatively higher quantities from soft plant tissues that have
high growth rates, high moisture content and thin walled cells. Similarly, the proportion of
pectic substances in the bark (4.4-18%), rich in thin walled parenchyma cells, is
substantially higher than that in the wood tissue (0.3-1%) (Thornber et al. 1961). Pectin has
been isolated also from WB (Toman et al. 1975). It is worth mentioning that pectins have
wide applications in pharmaceutical industry (Thakur et al. 1997).
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Figure 4. Schematic model of the plant cell wall structure (A) consists of three main layers:
the middle lamella, the primary wall (B) and the secondary wall (C). (adapted from Rytioja
et al. 2014).
Ϯ͘ϭ͘Ϯ͘ϯ>ŝŐŶŝŶ
Although the bark’s lignin structure is much less studied in comparison to wood lignin,
previous investigations suggest distinct biosynthetic routes for lignin from these two
morphological regions (bark and wood tissue). One finding shows the ȕ-O-4 type linkages
mainly in kenaf (Hibiscus cannabinus) bark’s milled wood lignin (MWL) while kenaf core
lignin is richer in ȕ-ȕ and ȕ-5 linkages (Seca et al. 1998). The lignin from the bark of teak
(Tectona grandis) consisted mostly of guaiacyl (G, 53.3%) and syringyl (S, 42.1%) units
and less p-hydroxyphenyl units (H, 4.6%) (Lourenco et al. 2015). The lignin from the
phellem of cork oak (Quercus suber) was also found to be rich in G units (G:H:S molar
ratio 85:2:13) determined by Py-GC/MS and 2D NMR spectroscopy (Lourenço et al. 2016).
Similar studies also confirmed the prevalence of G lignin from bark of cork but also from
the bark of silver birch (Betula pendula) and Turkey oak (Quercus cerris) (Marques and
Pereira 2013). The bark of Douglas fir contained almost solely G lignin (G:H:S ratio 97:2:1)
(Marques et al. 2006). 31P NMR spectroscopy showed MWL from the bark of Loblolly pine
comprised of more C-5 substituted phenolic and fewer aliphatic hydroxyl groups than
MWL from the wood and the harvesting residues of the same species (Huang et al. 2011).
This might explain why the bark lignin has a higher weight-average molecular weight (Mw)
and polydispersity index than the wood lignin. In summary, all these previous studies
describe the structure of bark lignin with the predominance of G units, which contributes
to the durability and mechanical resistance of the bark tissue (Lourenço et al. 2015).
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Ϯ͘ϭ͘Ϯ͘ϰǆƚƌĂĐƚŝǀĞƐ
Bark is known to contain a plethora of interesting and potentially valuable bioactive
phenolic compounds (Feng et al. 2013, Jablonsky et al. 2017). For instance, only hot water
can isolate ca. 50% tannin compounds from spruce bark (Kemppainen et al. 2014, Bianchi
et al. 2015).
Table 2 shows a variety of secondary metabolites compounds found in the bark of
Salicaceae. The composition varied widely depending on the species, age, growing season,
and the solvent used in the extraction (Minakhmetov et al. 2002, Heiska et al. 2008,
Kammerer et al. 2005, Enayat and Banerjee 2009, Kubo et al. 2013, Pearl and Darling
1970).
Table 2. Secondary metabolites detected in bark extracts of Salix species.
Detected compounds
Triandrin, salicin

Analysis method
Reversed-Phase
HPLC1

Saligenin, salicylic acid, salicin, isosalicin,
picein, salidroside, triandrin,
HPLC-MS/MS (PAD
salicoylsalicin, salicortin,
detector)
sisosalipurposide, salipurposide,
naringenin-7-O-glucoside, tremulacin
Salicin, salicortin, salicortin, picein,
triandrin, gallocatechin, (+)-catechin,
HPLC
luteolin-7-glucoside, hyperin, condensed
tannins, nitrogen
Gallic acid, caffeic acid, vanillin, pcoumaric acid, myricetin, catechin,
HPLC
epigallocatechin gallate, rutin, quercetin,
salicin
Salicin, (+)-catechin, p-hydroxybenzoic
HPLC-SPE-ttNMR
acid, syringin, triandrin, ampelopsin,
(HPLC -solid phase
taxifolin, 7-O-methyltaxifolin-3'-Oextraction-nuclear
glucoside, 7-O-methyltaxifolin, ethyl 1magnetic resonance
hydroxy-6-oxocyclohex-2spectroscopy) and
enecarboxylate, p-hydroxycinnamic acid,
high-resolution
benzoic acid, p-methoxybenzoic acid,
radical scavenging
trans-p-methoxycinnamic acid, cis-passay
methoxycinnamic acid, cinnamic acid
Picein, (+)-ampelopsin, phydroxyacetophenone, 3-(4hydroxyphenyl)-2-propenyl ɴ-DHPLC
glucopyranoside, 3-(4-methoxyphenyl)2-propenyl ɴ-D-glucopyranoside
(+)-Catechin, isoquercitrin, salicin,
salicortin, saicyloylsalicin,
salicyloylsalicin-2-benzoate, salireposide, Polyamide column
chromatography
naringenin, 5-ɴ-D-glucosides of (+)- and
(–)-naringenin, isosalipurposide,
purpurein
1
HPLC-High-Performance Liquid Chromatography

Used solvent

Species

Reference

Ethanol-water

Salix viminalis L

Minakhmetov
et al. 2002

Methanol

Salix
daphnoides

Kammerer et
al. 2005

Methanol

Salix
myrsinifolia

Heiska et al.
2008

Cyclohexane,
butanol, ethanol,
water

Salix aegyptiaca

Enayat and
Banerjee
2009

Methanol

Salix alba, Salix
alba cortex

Agnolet et al.
2012

Hexane, diethyl
ether, acetone,
methanol, water

Salix
psammophila,
Salix
sachalinensis,
Salix petsusu

Kubo et al.
2013

Ethanol

Salix Purpurea

Pearl et al.
1970

Ϯ͘ϭ͘Ϯ͘ϱ^ƵďĞƌŝŶ
The prevailing model of suberin is a polyester macromolecule built mainly by
polyfunctional long-chain fatty acids, ferulic acid and glycerol (Figure 5). Suberin has been
found to be present in specialized plant cell walls (Graça and Pereira 1997), including cork
cells of outer bark, e.g. in salix (Trockenbrodt 1994) and beech (Perra et al. 1993). The
suberized cells are strongly hydrophobic and they have a significant role in the insulating
and protecting the tree from the surrounding environment (Schreiber 2010).
Isolation of suberin from cork typically require harsh chemical conditions like
methanolysis with sodium methoxide or calcium oxide (Graça and Pereira 1997). Any
advances in isolation of suberin under milder conditions would definitely enlarge its
potential applications. For instance, the ionic liquid solvent cholinium hexanoate could lead
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to more efficient extraction of suberin through hydrolysis of its ester bonds (Ferreira et al.
2014).

Figure 5. Simplified view of suberin formed mainly by polyfunctional long-chain fatty acids,
ferulic acid and glycerol (adapted from Ferreira et al. 2014).

2.1.3 Utilization
Several studies have considered raising the added value from bark residues for the wood
industries. Bark can be utilized as an origin of unconventional chemicals apart from textile
applications, including extractives for pharmaceutics, adhesive applications and fuel
applications (Feng et al. 2013, Jablonsky et al. 2017).
2.1.3.1 Adhesives
Using tannins from the bark for the bark-based foam application has high economic and
environmental benefits. For instance, bark extract from Acacia mearnsii can be utilized in
the application of adhesives and tanning agents (Venter et al. 2012, Fechtal and Riedl 1993).
2.1.3.2 Energy utilization
Solid fuel application is seen as a low-grade utilization of bark. In general, dried bark has
a great heating value (23 MJ kg-1), more than heartwood (21 MJ kg-1) (Feng et al. 2013).
Pellets made from bark have advantages in physical and mechanical properties over wood
pellets (Lehtikangas 2001). However, its high ash content makes the bark not an ideal fuel
for energy use. Beyond that, the combustion furnace would require high investment,
especially for controlling the environmental emissions.
2.1.3.3 Medicine
The bark of several tree species has been used as medicine for thousands of years.
Especially from willow bark, the discovery of aspirin (acetylsalicylic acid) has been used
as for anti-inflammatory, antipyretic, and analgesic purposes that demonstrate few side
effects in contrast to other anti-inflammatory agents. Similarly, salicin is well known for
treating symptoms, e.g. fever, headache and pain (Mahdi 2010, Agnolet et al. 2012,
Chrubasik et al. 2000).
Three new diarylheptanoid glycosides together with twenty known compounds were
identified from the bark of Chinese Myrica rubra and Acer nikoense (Matsuda et al. 2002,
Morikawa et al. 2003), which exhibit the inhibitory effects for antiallergic activity. Bark
medicines have also been traditionally used in healthcare in South Africa (Grace et al.
2003). The phytochemical compounds, e.g. terpenoids, flavonoids, and tannins, extracted
from the bark of Careya arborea protect the liver and function as an in vivo antioxidant
(Kiran and Chandrakant 2009).
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2.2 Structure of lignin
2.2.1 Isolation methods
Lignin dissolved in a mixture of sodium hydroxide and sodium sulfide is called kraft lignin
which is by far the most important type of technical lignin, formed as a byproduct of the
kraft pulping process. The chemical structure of this type of lignin is heavily modified
under the harsh alkali conditions. This technical lignin is usually burned without isolating
it as part of the cooking chemical recovery to generate heat and power. Some kraft pulp
mills separate the lignin as a powder and there is huge interest in converting it into various
products, such as aromatic monomers by thermochemical technology (Azadi et al. 2013).
Isolation of intact lignin without any chemical conversion is unrealistic because all lignin
structures are linked with polysaccharides. As a first step, ball milling is indispensable for
degradation of the cell wall structure, then the lignin or lignin-carbohydrate complexes
(LCC) can be extracted by suitable solvents. Milled wood lignin (MWL) (Björkman 1956)
is produced by the extraction of the ball-milled wood with 96% dioxane. Similarly, the
cellulolytic enzyme lignin (CEL) is isolated by enzymatic hydrolysis of milled wood after
a sequence of extractions with water, ethanol and acetone (Chang et al. 1975). Although
MWL and CEL are quite tedious to prepare, they are well known for representing mostly
the original structure of lignin.

2.2.2 Structural analysis
Classical degradative methods, such as the alkaline nitrobenzene oxidation (NBO) (Liyama
and Lam 1990), derivatization followed by reductive cleavage (DFRC) (Lu and Ralph
2014), and analytical thioacidolysis (Lapierre et al. 1986), allow qualitative and
quantitative analysis of the monolignol units from which lignin derives, and its composition
(e.g. the S/G ratio and side chain groups). Furthermore, NMR spectroscopy of whole cell
wall (WCW) material provides powerful profiling information to support other analytical
data, and can allow the detection of new lignin substructures, as visualized at Figure 6
(Kim et al. 2010, Yelle et al. 2008).
Figure 6. a) Ball-milled plant cell wall gels; b) 1Hí13C NMR spectrum of aspen whole cell
wall gels in DMSO-d6/ pyridine-d5 (4:1) using a 750 Mhz cryoprobe-equipped NMR
(adapted from Kim and Ralph 2010).
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The determined S/G ratio also has a great impact on the pulping efficiency, e.g. wood
containing lignin with a high S/G ratio is less condensed and forms fewer lignincarbohydrate complexes (LCC) than lignin with a lower S/G ratio. Therefore, wood with a
higher S/G ratio is easier to delignify and provides a higher pulping yield (Ventorim et al.
2014).

2.2.3 Polymer structure
Lignin is a natural cross-linked amorphous polymer formed of three basic phenylpropanoid
units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenylpropanoid units (Figure
7). The G unit is the main constituent of softwood lignin, while hardwood lignin contains
slightly more S than G units with minor amounts of H units (Ralph et al. 2004).
Lignin has been described as a very complex polymer comprised of various linkages. The
dominating W\SHVDUHȕ–O– ȕ-HWKHU ȕ– SKHQ\OFRXPDUDQ ȕ–ȕ UHVLQRO –5 (biphenyl)
along also with 5–O–4 (biaryl ether), as illustrated in Figure 8 through the prevailing model
of lignin structure. The chemical composition of lignin, and lignin monomers yields, differ
among plant species and cell types. The composition, different linkage abundancies and
the S/G ratio, as well as the distribution of functional groups, determine the lignin’s
polymer properties, influencing the pulping yield and the difficulty of depolymerization
(Ralph and Landucci 2010).

Figure 7. Basic lignin structural components in monocots (trees): (a) guaiacyl type (blue)
units, syringyl type (red) units and p-coumarates type (green) units in lignin polymers. (b)
Main inter-unit linkages (adapted from Gall et al. 2017).

Figure 8. Prevailing model of hardwood (poplar) lignin structure (adapted from Stewart
et al. 2009).

2.2.4 Solubility
Besides aqueous alkali, several organic solvents dissolve lignin. Neutral dispersions of
lignin nanoparticles (LNPs) in water can be prepared from solutions of lignin in solvents
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like ethylene glycol (Frangville et al. 2012) and tetrahydrofuran (Lievonen et al. 2016).
Dispersions of LNPs have potential usages e.g. as bio-based adhesives, stabilizers, and
other additives. While the need to recover the solvent in production of LNPs is a major
disadvantage, using zero organic solvent for LNP preparation may solve the problem and
is worthy of further investigation (Norgren and Edlund 2014).

2.3 Fiber bundle separation
2.3.1 Conventional delignification (Kraft pulping)
Kraft cooking (using sodium hydroxide and sodium sulphide) has been traditionally known
as the most efficient biomass deconstruction method for producing paper-grade pulp from
wood for decades. Very desirable pulp strength properties, high applicability to any source
of biomass and a very mature chemical recovery system makes the position of the kraft
process unshakable and irreplaceable in the foreseeable future, notwithstanding the high
investment costs and concern of environmental impacts (Gomes et al. 2014).
When aiming for the isolation of sclerenchyma fiber bundles (SBs) instead of individual
fibers from new sources of fast growing feedstock (e.g. WB or annual crops), this kraft
process cannot be fully adopted. To be suitable for biorefinery and sustainable, the
replacement of the kraft process must meet at least four characteristics. Firstly, sulfur-free
technologies should be addressed to avoid malodorous emissions, which are expensive to
control. Secondly, the process should use a minimal amount of alkali to possibly avoid the
expenses of chemical recovery that is economic only in a very large scale production.
Additionally, the process should not require very high temperatures to avoid the use of
costly pressure vessels. Lastly, the chemicals used should solubilize lignin without
deteriorating cellulose and hemicelluloses (Gomes et al. 2014).

2.3.2 Fiber-bundle separation from grass
For obtaining cellulosic SBs from various plant biomass fractions, several methods have
been used (Table 3). The majority of the listed cases use alkali, either NaOH or Na2CO3,
typically at 100 ºC or above. Sometimes hydrogen peroxide (H2O2) is used together with
the alkali while in other cases bleaching with aqueous sodium hypochlorite (NaClO) or
H2O2 is a post-treatment (Stewart et al. 1997, Tanobe et al. 2005, Baiardo et al. 2004, Ghali
et al. 2006, Brahim and Cheikh 2007, Paiva et al. 2007, Subramanian et al. 2005, Marzoug
et al. 2010). Others consider retting with pectinase or hot water treatment (> 100 ºC) as a
mean to facilitate the separation SBs from certain raw materials (Booth et al. 2004,
Chaabouni et al. 2006). Some studies also elaborate the role of the hydrophobicity of SBs
in improving the adhesion with the matrix in composite materials, which implies that such
hydrophobic SBs could have promising applications as reinforcements for composite
materials (Doan et al. 2006, Pothan and Thomas 2003).
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Table 3. Methods of separating fiber bundles from plant biomass fractions.
Procedure
Treatment with trans-1,2-cyclohexanediamine-N,N,N',N'tetraacetic acid (CDTA) and Na2CO3 (or NaOH)
Treatment with 1% NaOH at 100 °C

Biomass source
Agave sisalana

References
Stewart et al. 1997

Brazilian spongegourds (Luffa
cylindrica)
Extraction with benzyl alcohol-water (3:1) at 90 °C for 1.5 h to Flax (Linum
usitatissimum)
remove waxes, controlled retting with pectinase for 72h,
treatment with NaClO2 solution (7 g/L) at 95–98 °C for 3 h
Treatment with H2O2 in the presence of NaOH and Na2CO3
Flax (Linum
usitatissimum)
Mechanical extraction in water, treatment with 3 M NaOH for Technical Esparto
2 hours at 100 °C, bleaching with NaClO for 1h
(Alfa)

Tanobe et al. 2005

Treatment with water at 110-130 °C
Treatment with 1.5% NaOH for 1 h at 100 °C, bleaching with
H2O2
Treatment with 1-5% NaOH and H2O2 at 120 °C
Retting treatment with water for 6 weeks

Agave americana
L.
Seed
Esparto grass
Salix spp.(triandra
x viminalis)

Booth et al. 2004

Baiardo et al. 2004
Ghali et al. 2006,
Brahim and Cheikh
2007, Paiva et al.
2007
Chaabouni et al.
2006
Subramanian et al.
2005
Marzoug et al. 2010
Oktaee et al. 2017

2.4 Fiber composites
2.4.1 Natural cellulose fiber supply
Cellulose mainly occurs in the natural world as a structural component of the plant cell
wall, and mature pulp wood, with the cellulose it contains, has been the dominant material
for paper production because of its wide distribution. Wood itself is a natural composite
material with a lot of special features, e.g. high strength, stiffness, toughness and low
density (Klemm et al. 2005). In addition to this, cotton has been seen as the second most
commonly available cellulose material with low non-cellulosic content in comparison to
wood resources (Sczostak 2009).
Despite the rapid development of pulping technologies for isolating cellulose fibers from
wood material to make paper and composites, the trend nowadays has been away from
wood as the major source and towards fast-growing trees (e.g. willow and poplar) (Ai and
Tschirner 2010), non-wood materials (rapeseed straw and pineapple leaves) (Mousavi et al.
2013, Laftah and Rahman 2016), tunicates (Zhao et al. 2015), algae (Imai and Sugiyama
1998) and bacterial cellulose (Ashjaran et al. 2013). A possible reason for this development
is that the top-end mechanical properties are no longer the primary motivation. Instead,
sustainability, including aspects of renewability and biodegradability, plays a more
important role nowadays. Secondly, deforestation in most of the world has decreased the
supply of wood for pulp production (Miettinen et al. 2011).

2.4.2 Compatibility between the reinforcement and the matrix
Cellulose fibers produced from non-wood materials have gained importance as potential
reinforcements in composite material due to their high shear modulus, high aspect ratio,
biodegradability and low cost. Generally, cellulosic reinforcements are predominantly
polar compared to the hydrophobic thermoplastic polymers and can easily absorb moisture
due to the presence of these polar groups (Pickering et al. 2016, Ndazi et al. 2006, Väisänen
et al. 2016). Therefore, achieving the compatibility between the reinforcement and the
thermoplastic matrix has been a major challenge. Grafting short-chain molecules onto fiber
surfaces or using compatibilizers, have been used to improve the accessibility of polymer
molecules by reducing the agglomeration tendency of filler particles (Saheb and Jog 1999,
Liao et al. 1997, Balasuriya et al. 2002). In addition, the utilization of sizing agents has also
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been seen as another very practical approach for modifying the natural fiber’s surface to
improve accessibility (Acha et al. 2007).

2.4.3 Polylactic acid (PLA) composites
The uniqueness of polylactic acid (PLA) stands out from other thermoplastic polymers
because PLA is derived from plant resources, like corn starch, and it is a biodegradable
substance. On the other hand, most other thermoplastic polymers are of petrochemical
origin and non-biodegradable (Murariu and Dubois 2016). Though PLA has already
demonstrated great potential in many areas, e.g. packaging, drug delivery and composites,
the application of PLA is limited by several factors, i.e. low vapor barrier, poor mechanical
properties and low melting point. Interestingly, the crystallization of PLA could improve
the barrier and mechanical properties between PLA matrix and relevant reinforcement
(Harris and Lee 2008). As shown here, the lignin-coated CNCs exhibit interaction between
lignin and PLA, and acts as a nucleating agent to improve the crystallization rates for the
PLA matrix in composites (Gupta et al. 2017). In addition, the alignment of the
reinforcement possibly improves the mechanical properties as well (Couture et al. 2016).

2.5 Production of nanocellulose
Different terminologies are used to describe various types of nanofibrillar cellulose
according to their size, shape and function. Figure 9 shows the standard terms for cellulose
nanomaterials (Mariano et al. 2014). Cellulose fiber can be degraded into nanofibrils (CNF)
if its plant cell wall is fibrillated by external mechanical disintegration either with or
without a chemical or enzymatic pre-activation. Furthermore, the isolation of cellulose
nanocrystals (CNCs) is facilitated by the acid hydrolysis of pure cellulose materials, the
procedure is said to break the non-crystalline regions to release CNCs from cellulose
samples. Various methods of producing nanosized cellulose substances are summarized in
Table 4.

Figure 9. Standardized terms for cellulose nanomaterials (adapted from TAPPI WI 3021).
According to the predominating model (Figure 10) cellulose microfibrils consist of highly
ordered crystalline regions and disordered amorphous non-crystalline regions (Börjesson
and Westman 2015, Nishiyama et al. 2003). Additionally, the various scales in the structure
of trees from wood to the characteristics of cellulose microfibrils are illustrated in Figure
11.
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Table 4. Various methods of extracting highly purified nanofibers.
Production method

References

High pressure homogenization
Microfluidization
Mechanical grinding and cryocrushing
Acid hydrolysis with mineral acids
Hydrolysis with solid acids
(Bromide-free) TEMPO-mediated oxidation

Wang et al. 2013, Wang et al. 2015, Davoudpour et al. 2015
Khalil et al. 2014
Abe et al. 2007, Wang et al. 2012, Hassan et al. 2012
Espinosa et al. 2013, Chen et al. 2015, Chen et al. 2016
Chen et al. 2017, Hamid et al. 2016, Liu et al. 2014
Saito et al. 2007, Saito et al. 2006, Pääkkönen et al. 2017

Figure 10. A schematic illustration of the crystalline and non-crystalline regions of
cellulose according to a two phase model (Börjesson et al. 2015).

Figure 11. Hierarchical construction of wood biomass and the characteristics of cellulose
microfibrils (adapted from Isogai et al. 2011).

2.5.1 Mechanical fibrillation
Production of nanofibrillated cellulose from cellulosic pulps without a chemical
pretreatment requires harsh mechanical treatments that consume large amounts of energy.
Mechanical disintegration can be applied for extracting CNF from cellulosic fibers, and
can be grouped into high pressure homogenization, microfluidization, and mechanical
grinding with a super mass colloider, as visualized in Figure 12 (Khalil et al. 2014).

13

Figure 12. Schematic illustration of (a) a high pressure homogenizer and (b) a
microfluidizer for production of nanofibrillar cellulose (adapted from Khalil et al. 2012).
In high pressure homogenization a cellulose pulp suspension is pumped through a very
small nozzle to defibrillate the fibers into nanoscale under the pressure of 50-2000 MPa.
Though this method has been one of the most efficient way for refining of cellulosic fibers
due to its efficiency, simplicity and absence of organic solvents, the nozzle clogging
problem has perplexed the manufacturing process (Davoudpour et al. 2015, Wang et al.
2013, Wang et al. 2015). Therefore, various pretreatments, such as mechanical grinding or
refining are typically applied before homogenization. These pretreatments can degrade the
cell wall structure by delaminating the outer cell wall layers (P and S1) and loosening then
the S2 layer for internal fibrillation (Hassan et al. 2012, Wang et al. 2012, Abe et al. 2007).

2.5.2 Chemically aided fibrillation
Cellulose nanofibrils (CNF) or cellulose nanocrystals (CNC) can be produced by
hydrolyzing cellulosic pulps with acids, such as phosphoric acid (Espinosa et al. 2013),
concentrated sulfuric acid (Chen et al. 2015), or dicarboxylic acids (Chen et al. 2016).
Moreover, the dicarboxylic acids can functionalize CNF/CNC through Fischer-Speier
esterification, as depicted at Figure 13.

Figure 13. Carboxylation of cellulose through esterification with dicarboxylic acids
(adapted from Chen et al. 2016).
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Recovery of the acid is a critical issue for all the above mentioned processes. Therefore,
the use of solid acids, such as phosphotungstic acid (Liu et al. 2014, Hamid et al. 2016),
oxalic acid and maleic acid, may lead to more sustainable or greener production of cellulose
nanomaterials with excellent thermal stability (Chen et al. 2016). The solid acids can be
recycled simply by crystallization. Another study claimed the use of p-toluenesulfonic acid
(p-TsOH) for sustainable production of cellulose nanofibrils (Chen et al. 2017). The
treatment efficiently solubilized 85% of birch and poplar wood lignin at 80 °C within 20
min.
The TEMPO catalyzed oxidation with hypochlorite has been successfully applied for
converting cellulosic pulps into CNF with very minor mechanical energy need (Saito et al.
2006). The oxidized pulps, with an adequate carboxylate content, present high dispersity
in water while the CNF gel exhibits excellent properties, e.g. high viscosity, shear stress
and transmittance of light (Saito et al. 2007). Traditionally, sodium bromide is used as a
co-catalyst with TEMPO. However, the use of bromide can be avoided with preactivation
of TEMPO and the pulp (Pääkkönen et al. 2017, Pönni et al. 2014).
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3. Experimental
3.1 Materials
3.1.1 Materials
Short-rotation willow clones are being researched throughout the study, as explicated from
Table 5. Approximately seven to eight-year old naturally growing goat willow (Salix
caprea) (Publication I, ESI) were randomly collected in springtime in Espoo, Finland.
Additionally, four clone of four-year old Salix hybrids, i.e. Salix myrsinofolia, ‘Klara’
(SalixEnergi Europa AB), Salix schwerinii (Publication I) and willow hybrids ‘Karin’
(SalixEnergi Europa AB) (Publication I, II, III, V), were harvested from the plantation of
VTT Technical Research Centre of Finland Ltd. located in Central Finland (Kyyjärvi) on
October 17, 2014 as shown at Figure 14. Moreover, one-year-old willow hybrid ‘Klara’
(Publication IV) was obtained from the plantation of Pajupojat Oy-WillowPartners that
located in Southern Finland (Kouvola, Finland) on May 18, 2017. Four clone of willow
material was classified from first to four year of growth based on visual selection. Only 3rd
year growth sections (Publication I, II, III, V) and the whole pieces of Klara sections
(Publication IV) of WB were peeled manually with a scalpel and stored at 20 °C for further
experiment.
Table 5. Willow species/hybrids used in the dissertation.
Willow hybrids
Salix caprea
Salix myrsinofolia, ‘Klara’,
Salix schwerinii
‘Karin’
‘Klara’

Age
7-8

Location
Espoo, Finland

Harvesting time
Spring, 2015

Used Publication
Publication I (ESI)

4

Kyyjärvi, Finland

October, 2014

Publication I

4
1

Kyyjärvi, Finland
Kouvola, Finland

October, 2014
May, 2017

Publication I, II, III, V
Publication IV

Figure 14. VTT’s willow plantation located in Central Finland (Kyyjärvi).

3.1.2 Chemicals
All reagents and solvents used in this study were of analytical grade and used as received
from VWR and Sigma-Aldrich unless described otherwise. All chemicals used are
described in more detail in Publications I-V.

3.2 Sample preparation
3.2.1 Hot water extraction and acid treatment (Publication II)
As illustrated in Figure 15, the extraction system was placed in a Monowave 300
microwave reactor (Anton Paar GmbH, Graz, Austria). The time to maximum temperature
was 1.5 min under 850 W power. A magnetic stirrer was used to homogenize the mixture
(20 mL deionized water mixed with 2g bark) during the reaction. Hot water extracts (HWE)
were collected in the time range of 5-150 min at 60, 80 and 100 °C. The gravimetric
extractive yield was determined after screening through a crucible (pore size of 10-16 m).
A sample (2 mg) of the dry hot water extract (HWE) was first mixed with of 72% sulfuric
DFLG ȝ/ LQDWHVWWXEHDQGWKHQP/GLVWLOOHGZDWHUZDVDGGHGWRDGMXVWWKHDFLG
concentration to 4% (NREL/TP-510-42623). Afterward this sample was autoclaved at
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121 °C for 2 h before cooling down to room temperature. Lastly, the solid hydrolysis
UHVLGXHZDVLVRODWHGRQDȝPILOWHU

Figure 15. Experimental flow of hot water extraction and acid treatment of the extract.
Photos from left to right: bark in water, the microwave reactor, hot water extract, filtered
hot water extract after acid treatment, the solid hydrolysis residue.

3.2.2 Whole cell wall powder (WCW) enzyme lignin (EL) (Publication III)
As depicted in Figure 16, WCW preparation started with pre-grinding the bark or wood in
a Retsch MM 400 mill for 2 min before a series of extractions with water (3 times), 80%
ethanol (3 times) and acetone (3 times). Ultrasonication (Branson 3510R-MT, Branson
Ultrasonics Corporation, USA) was used after each extraction to keep the sample
homogeneous. Then the extractive-free, isolated WCW was first packed inside zirconium
dioxide (ZrO2) vessels (50 mL) and further milled using a ball mill (Retsch Pulverisette 7
planetary) spinning at 600 rpm. The program used for the grinding consisted of 23 cycles,
where each cycle included 10 min grinding intervals with 5 min breaks in between. Then a
cellulase (Cellulysin, Calbiochem) was used to digest the cell wall polysaccharides in a
buffered (pH 5) medium in a shaking incubator (MAXQ 4450, Thermo Scientific, USA)
for 72 h at 40 °C to get EL. Wet chemical analyses applied for WCW and EL are explained
in detail in Publications I-V.

Figure 16. Experimental flow of whole cell wall and enzyme lignin preparation illustrating
the milling with steel and ZrO2 balls, the powders after the millings, and the enzymatic
hydrolysis of WCW.

3.2.3 Fiber bundle separation from willow bark (Publication IV)
As depicted in Figure 17, WB and willow inner bark (WIB) (L/W=20:1) were first
extracted with tap water at 80 °C for 20 min. The extracted WB and WIB were then treated
with aqueous alkali (AT) in rotating, silicon oil-heated bombs (Haatotuote, model 43427).
Alternatively, the treatments were conducted with alkaline hydrogen peroxide (AHPT) in
plastic bags immersed in a heated water bath (the detailed recipes are presented in
Publication IV). The solid residue was separated using a nylon filtration bag and washed
with distilled water under constant mixing at 1000 rpm for 10 mins to promote the
separation of sclerenchyma fiber bundles (SB) from parenchyma cells and the outer bark
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residues. This procedure resulted in successful separation of willow bark SB with minimal
usage of NaOH aW   & 7KH VSHQW OLTXRU IURP $7 RU $+37 ZDV GLDO\]HG DQG
centrifuged before freeze-drying to obtain solid powders for NMR analysis.

Figure 17. Experimental flow of separation of fiber bundles and their application in
composites. Processes with dashed lines were not conducted in this study. WB (Willow
bark); WIB (Willow innerbark); HWEWB (Hot water extracted willow bark); HWEWIB
(Hot water extracted willow innerbark) (adapted from Publication IV).

3.2.4 Composites of fiber bundles (Publication IV)
The SB fraction was screened using an IKEA filter (pore size of 2mm) to remove impurities
(i.e. outerbarks, not well cooked materials, parenchyma cells, fines etc.), as shown at
Figure 17. SB sheets were formed with a Lorentzen&Wettre (L&W) laboratory hand sheet
mold (type FI101) using dilute SB suspensions, then wet pressed with the L&W SE040
press (2 min, 490 kPa) and dried with the L&W drum dryer (type FI119) at a drum surface
temperature of 65 °C. Finally, the sheets were cut to a customized size (14 cm x 4.4 cm).
The grammage of the sheets varied in the range of ca. 100-163 g/m2 (exact values are listed
in Publication IV). Before fabrication of the composite structures, the PLA powders and
the SB sheets were stored at 20 °C to reach an equilibrium. Composite structures were
fabricated by placing the customized SB layer in the middle of two evenly distributed and
pre-weighed polylactic acid (PLA) layers. Finally, the composite structure was assembled
by heating the layered structure at 205 °C under a pressure of 9.8 bar in a hot press (Fabriks
Märke, Karlstad) for 2 mins.

3.2.5 Fractionation of LCNF, and LCNF film preparation (Publication V)
As visualized from Figure 18, manually prepared WW and WB chips were refined using
a 30.5 cm pressurized disk refiner (Sprout-Bauer, model 1210P, Muncy, PA, USA). The
samples were then hydrolyzed under 60 or 80 wt% p-TsOH with a liquid to wood ratio of
10:1 in a 80 °C glycerol bath for 20 min. After this, the filtered remaining solids were
washed several times using distilled water and collected as a water insoluble fraction for
further LCNF application using a super mass colloider (SMC). The filtrate was then further
centrifuged to collect the dissolved lignin and recycled acid.
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Figure 18. Experimental flow of fractionation of WB and WW for producing LCNF, LCNF
film and dissolved lignin (DL) using p-TsOH. Processes with dashed lines were not
conducted in this study (adapted from Publication V).

3.3 Analytical methods
The most commonly used methods are briefly outlined in this section. More detailed
procedures are explained in Publications I-V.

3.3.1 Electron microscopy (Publications I, IV and V)
Electron microscopy, i.e. scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), follows the principle of optical microscopy for sample illumination,
but using electron beams instead of light. In SEM, the scattering of electrons (30 kV) from
the sample surface can reveal its topographic features. Multiple scattering and secondary
emission of electrons or photons can result as the electrons penetrate under the surface of
the object, rendering some 3D information. On the other hand, TEM is used for imaging at
higher magnifications, where the beam of electrons are accelerated to high energies (60300 kV), and sent through an ultrathin section of the material to get a highly magnified
image. Changing the incident beam energy along with secondary signals give intrinsic
information, that can characterize the material (Zhou et al. 2007).
In Publication I, both SEM and TEM were used to reveal the morphology of WIB. The
SEM analysis was carried out by sputtering an ultrathin layer of gold onto the grid-mounted
sample using the K100X (Emitech, France) sputtering device. In order to map the lignin
content variation across the cell wall layers, the TEM imaging technique with ligninspecific KMnO4 staining was used (Bland et al. 1971). Stained WIB samples were first
embedded in epoxy resin before being trimmed and sectioned with a diamond knife using
the Leica EM UC7 ultramicrotome. These samples were carefully examined using TEM
(FEI Tecani 12) at an accelerating voltage of 120kV. In Publication IV, SEM imaging was
used to visualize the morphology of SBs after alkaline treatment, and the composites’
fracture surfaces. In Publication V, SEM imaging was used to reveal the LCNF fibril
networks after p-TsOH treatment. For TEM imaging of globular-shaped lignin particles Cu
grids were first surface treated to increase their hydrophilicity before applying 1% uranyl
acetate solution as a negative stain.

3.3.2 Gas chromatography and GC-mass spectroscopy (Publications II and III)
Gas chromatography (GC) is widely known to separate, detect small volatile compounds
in the gas phase for achieving their quantitative analysis. In GC, the analytes are first
vaporized to the column for separation according to their chemical affinity to column
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coatings. Flame-ionization detection (FID) is a general detector using hydrogen/air flame
to produce electrically charged ions for detecting mixtures of known organic compounds.
For unknown compounds, mass spectrometry (MS) detection is preferred. MS applies
ionization that typically fragments the molecular ion into several smaller ions. These ions
are accelerated toward a quadrupole magnetic region to separate them based on their massto-charge ratio (m/z). The pieces are then puzzled back to a proposed structure taking into
account the origin of the sample, other parallel analyses and prior knowledge. Reference
standards are important for instrument calibration and determining the ionization efficiency
(Sparkman et al. 2011). The instrumental parameters and the trimethylsilylation procedures
(for volatizing the compounds) are explained in details in Publications II and III.
In Publication II, GC and GC-MS were used to conduct a quantitative as well as qualitative
analysis about the presence of phenolic compounds in WB HWE. Reference analytes were
applied to confirm the identification and quantitation of the main components (picein,
catechin, triandrin).
In Publication III, GC and GC-MS were used to identify and quantify the products from
wet chemical degradation of lignin by utilizing published data on their mass spectra, GC
retention times and FID response factors.

3.3.3 NMR spectroscopy (Publication II-V)
Nuclear magnetic resonance (NMR) spectroscopy covers a range of fundamental analytical
techniques that observe the behavior of atomic nuclei with a non-zero spin quantum number
in a magnetic field. The exact resonance frequencies of the nuclei, such as 1H and 13C in
organic compounds, depend mainly on their bonding to other neighboring atoms, and are
therefore characteristic of the chemical structure. The exact resonance frequency is
expressed as the chemical shift (į, ppm) relative to a reference, tetramethylsilane in the
case of 1H and 13C. The magnitude of the interaction between close nuclei in a chemical
structure, typically separated by 1-3 bonds, is expressed by a coupling constant (J, Hz) that
is independent of the strength of the external magnetic field. These paramagnetic
interactions may enable identification of complex molecular structures. Moreover, when
the experimental parameters are set properly, NMR spectroscopy provides absolute
quantitative information on the relative amounts of the nuclei in the sample.
Liquid state NMR spectroscopy provides very sharp bands and is therefore suitable for
exact structural analysis of complex samples. Solid state 13C NMR spectroscopy applies
cross polarization (CP, Pines et al. 1973) and magic angle (54.7o) spinning (MAS) at a high
rate, respectively, to increase the otherwise weak signals and sharpen the otherwise very
broad bands (Schaefer and Stejskal 1976, Bartuska et al. 1980). Even with these techniques
13
C CP/MAS NMR spectroscopy can mostly provide quantitative information on the
relative amounts of different components, such as lignin and cellulose, in the sample.
In Publication II, 2D 1Hí13C NMR spectroscopy was applied, together with GC-MS
spectroscopy, for identification of the main chemical components and the purity of WB
HWE samples. The identification was often confirmed by comparing with the spectral data
of the corresponding authentic chemical compounds. Additionally, 1H NMR spectroscopy
was applied as an absolute method of quantification of the main components of HWE by
using an internal standard addition (Liu and Hu 2007). 13C CP/MAS NMR spectroscopy
was used for structural characterization of the precipitates that were formed from HWE
during an acidic treatment.
In Publication III, 2D 1Hí13C NMR spectroscopy of solubilized WCW and EL provided
rich information on the lignin monomers and linkage types, amino acid moieties and
polysaccharides (such as S/G ratios). In Publication IV, 2D 1Hí13C NMR spectroscopy
was used to characterize the dissolved high molecular weight material from alkaline
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treatments of WB. 13C CP/MAS NMR spectroscopy was used to evaluate the chemical
composition of isolated SBs after the alkaline treatments. In Publication V, 2D 1H13C and
13
C CP/MAS NMR spectroscopy was used to analyze the dissolved and precipitated
material after p-TsOH treatment. 13C CP/MAS NMR spectroscopy was used to study the
chemical composition of the solid residue (LCNF) after the p-TsOH treatment.

3.3.4 X-ray photoelectron spectroscopy (Publication IV)
X-ray photoelectron spectroscopy (XPS) can quantify the average surface chemical
composition of a solid material to a depth of 2-5 nm. This technique can detect all elements
with an atomic number greater than 3. Dorris and Gray suggested already in 1978 that the
high resolution C 1s spectra or the atomic O/C ratio of extracted pulp sheets could be
utilized in quantifying their surface lignin and polysaccharide contents (Dorris and Gray
1978). These alternative methods have later been combined for characterizing not only
pulps but also other lignocellulosic materials as shown in Figure 19 (Johansson et al. 2004).
In Publication IV, the hydrophobicity of the WB SB was evaluated via determining the
nominal surface lignin coverage of acetone-extracted SBs with the help of the in-situ XPS
reference data.

Figure 19. Correlation the O/C atomic ratio with the percentage of aliphatic C1 carbon
on all carbon in extracted wood pulp samples analyzed by XPS. The datapoints for pure
lignin and cellulose were calculated from their elemental composition (adapted from
Johansson et al. 1999).

3.3.5 Gel permeation chromatography (Publication V)
Gel permeation chromatography (GPC), is an established technique that fractionates
dissolved molecules according to their hydrodynamic size that is related with the molecular
weight. The sample solution is passed through a column of a nanoporous solid gel using
the eluent as the mobile phase. Very large molecules elute first without penetrating inside
the nanopores, while smaller ones have longer elution times depending on to what extent
they can access the nanopores. The analyte concentration is quantified e.g. with a refractive
index detector while the molecular size can be measured with a light scattering detector.
Often, standard molecules are applied to correlate the elution time with molecular weight.
In Publication V, the molecular weight distribution of cellulose in LCNF was determined
to examine the extent of cellulose degradation. LCNF was first pre-activated by N,N22

dimethylacetamide (DMAc) in a water/ acetone mixture before dissolving the sample in 90
g L-1 lithium chloride in DMAc (Timpa 1991, Henniges et al. 2011) for further analysis by
a Dionex Ultimate 3000 system with refractive index (RI) detection (Shodex RI-101).

3.3.6 Chemical composition (Publications I, II, IV, V)
High performance anion-exchange chromatography (HPAEC) with pulsed amperometric
detection (PAD) is quite typically used for the quantification of sugars. Aqueous sodium
hydroxide that is used as the eluent to separate mono- and disaccharides (Brummer and Cui
2005) ionizes them enabling the separation of the otherwise neutral sugars on the anion
exchange resin column. Figure 20 illustrates the separation of arabinose, rhamnose,
glucose, galactose, mannose and xylose by HPAEC.
In Publications I, II, IV and V HPAEC-PAD (Dionex ICS-3000, CarboPac PA20 column,
Sunnyvale, CA, USA) was used for quantification of monosaccharides from HWE and the
hydrolyzates of WB, HWE, LCNF and SBs. The carbohydrate and Klason lignin contents
were determined according to NREL/TP-510-42618. Analytical extractions with acetone
were done in a Soxhlet setup following SCAN-CM 49:03 (2003).

Figure 20. Separation of monosaccharides by HPAEC with PAD detection.

3.3.7 Characterization of composites and LCNF films (Publications IV, V)
The mechanical properties, the tensile properties in particular, are of outmost importance
for lignocellulosic webs and films. Their stretching under tension can provide information
on the reinforcing fibers, fiber networks and/or their compatibility with the (polymer)
matrix (Eichhorn et al. 2001).
In Publications IV and V, tensile tests (ISO 527-2) were carried out employing an MTS
400/M Vertical Tensile Tester equipped with a 2 kN load cell. The tensile strength, tensile
index, breaking strain, and elastic modulus were acquired and calculated from the stressstrain curves.
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4. Results and discussion
4.1 Morphology and chemical composition of willow inner bark
The objective of Publication I was to get a deeper understanding on the morphology and
chemical composition of the willow inner bark (WIB). SEM, TEM and optical microscopy
of stained microtome sections resulted in a good overall view on the structure of WIB
which was complemented by statistical analysis of the fiber dimensions. Basic wet
chemical methods in combination with 2D 1Hí13C NMR spectroscopy (Publication III)
provided a solid view on the chemical composition of WIB which is a prerequisite for the
design of the maximum exploitation of the willow biomass as depicted in Figure 1.

4.1.1 Morphology of willow inner bark
Figure 21 illustrates the characteristic distribution of sclerenchyma fiber bundles (SB),
often called bast fibers, in the tangential and transverse sections of willow bark. Safranin
stained SB in red throughout (Figure 21 a and b) showing that the sclerenchyma fibers
and their bundles are heavily lignified and contain most of the lignin in WIB.
Phloroglucinol stained the middle lamella (ML) regions of SB in deep red indicating a high
coniferaldehyde content (Davidson et al. 1995) in ML (Figure 21 d). In a higher
magnification image (Publication I) several sublayers of the walls of the sclerenchyma
fibers with very narrow lumina were visualized. The characteristic red stain of lignin by
safranin and phloroglucinol was absent in the parenchyma. Instead, toluidine blue stained
the parenchyma cell walls in deep blue emphasizing their richness in acidic pectins that
were clearly absent in SB (Figure 21 c). Staining with both toluidine blue and
phloroglucinol gave an impression that some of the parenchyma cells were filled with
extractable substances.

Figure 21. Optical microscopy images after different staining techniques for Salix caprea
(a and b), Salix Myrsinofolia (c) and willow hybrid ‘Karin’ (d): (a) Safranin and alcian
blue stained tangential section of wood and inner bark showing the sclerenchyma fiber
bundles (SB) (red color) and also phloem rays (vertically arranged cells with small lumina),
(b) Safranin and alcian blue stained transverse section of bark and xylem showing SB (red
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color) in the inner bark, (c) Toluidine blue O stained transverse section of bark and xylem
emphasizing the parenchyma with deep blue colored cell walls; outer bark (OB), inner
bark (IB) and SB (circle), (d) Phloroglucinol stained transverse section of bark and xylem
emphasizing the middle lamella regions of SB in IB.
Concentric layers of SB in the inner bark, corresponding to the annual rings (age) in the
xylem, were present in SEM images of transverse sections of willow stems (Figure 22 a
and b). SB with their thick walled sclerenchyma fibers were surrounded by very thin
walled parenchyma cells, partly collapsed during the sample preparation. Figure 22 c
shows the sclerenchyma fibers of each SB are strongly bound together by their thick middle
lamella. Shrinkage of the fiber walls during dehydration completely closed the narrow
lumina. Quite interestingly, TEM of KMnO4 stained cross sections of WIB (Figure 22d)
showed the fiber walls were built of several (2-7) sublayers, similar to those observed in
phloroglucinol stained sections by optical microscopy (Figure 3b, Publication I). The
highest lignin content was found in the compound middle lamella and cell corner middle
lamella, similar to xylem fibers (Plomion et al. 2001). Also TEM confirmed that the lumina
of the sclerenchyma fibers were very narrow, < 1 μm in width.

Figure 22. Morphological structure of willow inner bark: (a) SEM image of transverse
section of willow stem showing xylem (Xy), inner bark (ib), outer bark (ob), and cambium
(c); (b) SEM image of the inner bark region formed of concentric layers of SB (sb1, sb2,
sb3) and parenchyma with its thin walled cells; (c) SEM image of a single SB composed of
several thick walled fibers bound firmly together; (d) TEM image of a single sclerenchyma
fiber showing the compound middle lamella (CML), cell corner middle lamella (CCML),
several cell wall sublayers (L1, L2, L3, L4, L5, L6, L7, L8), and the lumen area.
Delamination (X) between the sublayers is also visualized. (Publication I)
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4.1.2 Cellulose fiber properties
Statistical analysis of the cell dimensions of delignified WIB showed that the bark fibers
were 2-3 times as long as the wood fibers while the fiber width was similar in both cases
(Table 6). Additionally, the fibers from WIB demonstrated better characteristics (length
and aspect ratio) than other typical hardwood fibers (Kibblewhite et al. 1991).
Table 6. Basic characteristics of cellulose fibers from xylem in common hardwood species
(Kibblewhite et al. 1991) to fibers in willow inner bark and wood (average of four clone
species from this study). (Publication I)
Species

Latin name

Fiber length (mm)

Fiber width (ȝm)

Aspect ratio

Silver Birch (xylem)

Betula pendula

0.81

17.2

47

Eucalyptus (xylem)

Eucalyptus grandis

0.72

16.0

45

Aspen (xylem)

Populus tremuloides

0.88

17.6

50

Willow (xylem)

Salix sp.

0.55

19.7

28

Willow (inner bark)

Salix sp.

1.50

23.6

63

4.1.3 Chemical composition
In comparison with WW, WIB had almost tenfold ash and extractive contents (Figure 23
a and b). The extractive content of bark is known to vary depending on the salix species
and solvent (Lavoie et al. 2010, Kubo et al. 2013). The quantity of ash and extractives in
WB lowered its carbohydrate and lignin contents compared to WW.
Glucose and xylose were the main neutral monosaccharides found in the hydrolysates of
both the WIB and WW (Figure 23 c and d). However, the total amount of arabinose,
galactose and rhamnose was remarkable in the hydrolysate of WIB, which indicated the
presence of pectins in significant amounts in WIB (Toman et al. 1975). Additional proof
was obtained by 2D 1Hí13C NMR spectroscopy of WIB WCW, which showed strong
signals of both acidic (Į-D-GalpA) and neutral sugar units (Į-L-RhapĮ-L-Araf, ȕ-L-Araf,
ȕ-D-Galp) that are characteristic for pectins (Figure 24). These pectic components were
present even in the enzyme lignin preparation of WIB possibly indicating the presence of
covalent bonds between pectins and lignin in WIB (Publication III).
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Figure 23. Overall chemical composition (% of the original dry mass) and carbohydrate
composition (% of anhydrosugars in the original dry mass) of inner bark (a and c) and
wood (b and d) in the studied willow hybrids. (Publication I)

Figure 24. Anomeric UHJLRQRIJO\FRVLGHV įCįH 90-110/3.5-6.0 ppm) in HSQC spectra of
WCW and EL of bark, inner bark, and wood in DMSO-d6/pyridine-d5 (4:1). Color codes:
cellulose (blue); xylan (green); pectin (red). Abbreviations: ȕ-D-*OFS ȕ-Dglucopyranoside; Į-D-Xylp, Į-D-xylopyranoside; ȕ-D-Xylp, ȕ-D-xylopyranoside; 2-O-Acȕ-D-;\OSDFHW\ODWHGȕ-D-Xylp; 4-O-MeGlcA, 4-O-methyl-Į-D-JOXFXURQLFDFLGĮ-L-Rhap,
Į-L-rhamnopyranose; Į-D-*DOS$ Į-D-galactopyranuronic acid; ȕ-D-*DOS ȕ-DJDODFWRS\UDQRVLGH Į-L-$UDI Į-L-arabinofuranoside; ȕ-L-Araf, ȕ-L-arabinofuranoside.
(Publication III)

4.2 Hot water extracts from willow bark
An objective for this part of the study was to find a practical method of isolating potentially
valuable extractive components from WB. After considering several options, extraction
ZLWKKRWZDWHU & ZDVVHOHFWHGDVWKHDSSURDFK$PDLQFULWHULRQZDVthe high yield
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of extracts, comparable with that of the acetone extraction. Several analytical techniques,
together with authentic reference compounds, were used to confirm the structure of the
main components of the extracts. An unexpected observation was the formation of a solid
precipitate when the extract was heated under acidic conditions. Significant attention was
paid for identifying the composition and origin of the precipitate.

4.2.1 Extraction yield
Figure 25 illustrates the variation of the HWE yield of WB with extraction temperature
(60-100 °C) and time. Temperature of 80 °C was found to be sufficient to reach the
maximum extraction yield (22-24%) in a reasonable time. The extraction yield was
significantly lower at 60 °C and possibly somewhat lower at 100 °C. In further studies the
extraction time at 80 °C was set to be 20 min that already provided > 20 % extraction yield.

Figure 25. Effect of the applied temperature and time on the HWE yield from WB.
(Publication I)

4.2.2 Chemical composition of HWE
GC-MS and NMR techniques were applied for qualitative and quantitative characterization
of the extracts. Authentic compounds were additionally used to prove that the main
aromatic components of HWE were picein, (+)-catechin and triandrin (Figures 26 and 27).
The mass spectra and 1H and 13C NMR chemical shifts of the components of HWE and the
authentic compounds are listed in Publication II. Moreover, quantitation by 1H NMR
spectroscopy was applied to determine the content of the main components in HWE: picein
(286 mg/g HWE), triandrin (248 mg/g HWE) and (+)-catechin (105 mg/g HWE). Besides
these, significant amounts of glucose and fructose were present in HWE.
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Figure 26. GC-MS total-ion chromatogram (TIC) of HWE from willow bark indicating
major peaks for: Picein 1, (+)-catechin 2, and triandrin 3, along with glucose (Glc),
fructose (Fru), and internal standard (xylitol, Std). (Publication II)

Figure 27. 2D 1H–13C HSQC NMR spectrum of the HWE from willow bark in D2O: Picein
1 (black); (+)-Catechin 2 JUHHQ 7ULDQGULQ UHG Į-*OFȕ-Glc (blue). (Publication II)
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4.2.3 Chemical conversion of HWE under acid treatment
When HWE was heated in acidic conditions, fructose disappeared, UV absorbance of the
solution decreased and a black precipitate was formed. Deuterated NMR solvents did not
solubilize the precipitate which was therefore characterized as a solid powder (Figure 28).
IR and ultraviolet resonance Raman (UVRR) spectroscopy of the precipitate revealed a
strong absorption/emission band at 1605 cm-1 that can be assigned to aromatic ring (Figure
28 a and b) (Sun et al. 2003, Jääskeläinen et al. 2009). Fluorescence-suppressed, timegated Raman spectroscopy (excitation at 532 nm) of the precipitate showed emissions at
1556, 1597 and 1628 cm-1 (Figure 28 c) which are typical for aromatic and polyconjugated
structures (Castiglioni et al. 2004). 13C-CP/MAS spectrum of the precipitate showed high
signal intensities for aromatic structures (109, 131 and 156 ppm), furan ring (118 and 146
ppm), and a carbonyl signal (211 ppm) (van Zandvoort et al. 2015). Only traces of
hydroxymethylfurfural (HMF) were detected in the hydrolysate. Therefore, it was
concluded that HMF, formed from fructose, condensed with the aromatic components of
HWE and formed the black solid (Yang et al. 2011). Similar conversions at high
temperature and acid conditions, e.g. during steam explosion of unbarked willow chips,
might contribute to recalcitrance of the biomass and restrict its reactivity.

Figure 28. Structural characterization of the precipitate from HWE: (a) Infrared spectrum;
(b) UVRR spectrum; (c) Time-gated Raman spectrum; (d) Solid-state 13C CP/MAS
spectrum. (Publication II)

4.3 Lignin chemistry of willow bark
Understanding the inhomogeneous lignin polymer structure from willow bark is an
essential step to complete the willow biorefinery process, which set the objective of
Publication III. The whole cell wall (WCW), and the enzyme lignin (EL) sequentially
isolated from finely ball-milled WB, WIB and WW have been comparatively investigated
by the 2D NMR spectroscopy and three classical degradative methods, i.e. analytical
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thioacidolysis, alkaline nitrobenzene oxidation (NBO) and derivatization followed by
reductive cleavage (DFRC). These methods provided information on the type of the lignin
monomers, the linkages between them and possible associations of the lignin with other
cell wall polymers.

4.3.1 Wet chemical analysis of WB, WIB and WW
WCW and EL preparations of WB, WIB and WW were studied by aforementioned methods
for revealing their specific structural information, i.e. monomer composition, and its
UHODWLYH DEXQGDQFH RI PRQROLJQROV LQ ȕ-aryl ether substructures. These classical wet
chemistry methods also revealed major differences between wood and bark lignins
irrespective of the method used (Table 7). The dominant unit in WB lignin was G-type;
the S/G ratio fluctuations was found experimentally from 0.2 to 0.9 among all used methods.
In contrast, S appeared to be significantly more abundant in WW lignin, with the S/G ratio
varying from 1.4 to 2.1, similar to earlier references (Prado et al. 2016, Guo et al. 2016).
The monomer yields and S/G ratio increased gradually from WB to WIB and to WW. This
can explain why bark contains more condensed lignin than in other tissues of willow (Day
et al. 2005, Lourenço et al. 2016). Generally, DFRC showed lower monomer yields than
other adopted methods, but the trend in S/G ratio was the same when moving from WB to
WW, independent of analytical method.
DFRC and thioacidolysis methods are well known to determine real H units in lignin
whereas NBO can overestimate the amount of H monomers from p-hydroxybenzoates that
acylate lignin sidechains (Lu et al. 2015), and even from tyrosine (Kim et al. 2017). On the
other hand, the real H/G ratio of WB lignin is clearly higher than that of WW despite
possible sources of error. Furthermore, the systematically lower monomer yields for EL in
comparison with WCW (Table 7) might be explained that EL does not fully represent pure
lignin, similar observations also being noted earlier (Hatfield and Fukushima 2005, Min et
al. 2014).
Table 7. Yields ȝPROJOLJQLQ RIOLJQLQ-derived thioacidolysis, NBO and DFRC monomers
IURP:&:DQG(/RI:%:,%DQG::PHDVXUHGE\*&í),'and H/G and S/G ratios
calculated from these yields.

Thioacid
olysis

NBO

DFRC

a

Lignocellulosic
material
WB-WCWa
WIB-WCWa
WW-WCWa
WB-ELb
WIB-ELb
WW-ELb
WB-WCWa
WIB-WCWa
WW-WCWa
WB-ELb
WIB-ELb
WW-ELb
WB-WCWa
WIB-WCWa
WW-WCWa
WB-ELb
WIB-ELb
WW-ELb

H
2.1 (0.1)
1.4 (0.1)
7.2 (1.0)
1.2 (0.3)
0.3 (0.04)
5.4 (0.3)
51 (5)
68 (7)
54 (11)
30 (2)
24 (1)
25 (2)
0
0
4.5 (0.5)
0
0
4.0 (0.1)

monomer yieldc
G
98 (10)
169 (8)
669 (30)
40 (10)
39 (3)
400 (18)
191 (7)
287 (4)
962 (32)
94 (2)
116 (5)
681 (41)
26 (1)
48 (18)
292 (3)
10 (1)
11 (1)
157 (5)

S
90 (11)
197 (13)
1406 (68)
34 (6)
40 (3)
694 (31)
142 (6)
307 (6)
1908 (41)
70 (4)
115 (4)
1151 (52)
5.5 (0.6)
11 (2)
410 (44)
2.6 (0.1)
7.6 (0.7)
255 (11)

Total yield
190 (21)
368 (21)
2082 (99)
76 (16)
79 (6)
1100 (48)
385 (10)
662 (14)
2925 (20)
194 (2)
254 (10)
1858 (44)
31 (2)
59 (20)
706 (43)
13 (1)
19 (0)
416 (16)

monomer yieldd
H/G
S/G
0.02
0.92
0.01
1.16
0.01
2.10
0.03
0.85
0.01
1.01
0.01
1.73
0.27
0.74
0.24
1.07
0.06
1.98
0.32
0.74
0.19
0.99
0.04
1.69
0.00
0.22
0.00
0.24
0.02
1.41
0.00
0.26
0.00
0.70
0.03
1.63

ȝPROJRI.ODVRQOLJQLQ bȝPROJRIHQ]\PHOignin; cTotal yield (SD in brackets) of the
thioethylated monomers with H, G, and S structure; NBO monomers with H (Hy and HA),
G (V and VA), and S (SA and Sy) structures; DFRC monomers with H, G (cis- and transconiferyl alcohol), and S (cis- and trans-sinapyl alcohol) structures; dThe molar monomer
ratio was calculated from the monomer yields
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4.3.2 2D NMR spectroscopy of WCW and EL
The DURPDWLF XQLWV DQG PDMRU OLJQLQ VXEVWUXFWXUHV ȕ-aryl ethers, phenylcoumarans and
resinols) together with cinnamyl alcohol end-groups were quantified by 2D NMR
spectroscopy (see Figure 29). All the spectral were assigned by following published
literatures (Yelle et al. 2008, Kim and Ralph 2010).
Volume integration of the HSQC spectra contours of the EL preparations of WB, WIB and
WW yielded, respectively, S/G ratios 0.6, 0.9 and 1.9, very similar to those estimated from
the wet chemical analyses. The willow LQQHUEDUNOLJQLQZDVPRVWO\PDGHXSRIȕ-aryl ether
structures (80%), followed by resinols (17%) and lower amounts of phenylcoumarans (3%).
:%DQG::(/FRQWDLQHGPRUHȕ-aryl ether structures, accounting for 86% and 89% of
all lignin substructures, respectively. (Publication III)
Quite interestingly, three clearly present HSQC signals occurred DW į&į+ 
127.81/7.20, and 129.01/7.22 ppm. They revealed the existence of phenylalanine especially
in WB and WIB, but also believed to exist as a smaller amount in WW. Another peak at
į&į+SSPVKRZHGWKHSUHVHQFHRIW\URVLQH &2,6-H2,6) likewise in WB, WIB
and, in a lower contour levels in WW. Furthermore, these amino acid signals were also
clearly shown in the NMR spectra from the ball-milled WCW, confirming that
phenylalanine and tyrosine were naturally occurring substances at willow bark (Ruuhola
and Julkunen-Tiitto 2000), as claimed earlier also for corn cob and kenaf samples (Kim et
al. 2017). The parenchyma cells of WIB possibly act as a temporary storage of a reduced
nitrogen reserve in protein form for overwintering (Greenwood et al. 1990).

Figure 29. Aromatic (įCįH 96-150/6.0-8.2 ppm) (top) and side-chain (įCįH 48-92/2.0-6.0
ppm) (bottom) regions of HSQC NMR spectra of enzyme lignin from bark (left), inner bark
(middle), and wood (right).
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$GGLWLRQDO'105SHDNVEHORZį&į+SSPFRXOGRULJLQDWHIURP&+2 or CH3
groups in proteins or suberin (Marques et al. 2016), but more work is needed to confirm
this.

4.4 Fiber bundle separation and composite utilization
Even though WIB contains high quality sclerenchyma fibers (Publication I), they are
difficult to separate from each other as WIB lignin contains lots of G and H units in
comparison with WW lignin (Publication III). On the other hand, the parenchyma that
surrounds SB is built of cells with thin walls rich in pectins. Therefore a goal was set to
figure out a feasible method of isolating SB from WB under mild, industrially feasible
conditions. In Publication IV, alkali (Na2+ ZDVDSSOLHGZLWKDWDUJHWWRVHSDUDWH6%DW
100 °C without using a long reaction time. SB were tested as reinforcement of compressed
polylactic acid (PLA) films to exemplify the potential of WB SB in composite applications.

4.4.1 Fiber bundle separation
Hot water extracted WB and WIB were treated with NaOH (5-23% on dry weight of bark)
at 80-100 °C for 30-90 min. In some experiments hydrogen peroxide (4-12%) was added
together with NaOH. However, the peroxide addition did not affect the separation of SB.
At 100 °C 13 and 17% additions of NaOH were required to guarantee a good separation of
SB from WIB and WB, respectively. SB were separated from smaller particles by screening
and the screened yield of SB was typically ca. 20% for WB and up to ca. 35 % for WIB
(Table 8). The accept fraction consisted of ca. 100 mm wide SB and their aggregates while
e.g. aggregates of parenchyma and sclerenchyma cells and pieces of outer bark were
present in the reject (Figure 30).

Figure 30. SEM images of fragments of willow bark after treating it with hot alkali: a)
individual fiber bundle; b) fiber bundle association; c) parenchyma cells entangled with
sclerenchyma fibers; d) inner (right) and outer (left) layers of outer bark. (Publication IV)
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Table 8. Mass balance for alkaline treatments of WB and WIB. AT1: WB + 17 % NaOH;
AT2: WIB + 13 % NaOH; AHPT1: WB + 17 % NaOH + 4 % H2O2; AHPT2: WIB + 13 %
NaOH + 4 % H2O2.
AT1
100.0
22.5

AT2
100.0
33.2

AHPT1
100.0
20.8

AHPT2
100.0
35.4

1

0.2

0.0

0.0

0.0

2

6.9

8.5

6.2

4.3

26.1
44.3

9.5
48.8

20.9
52.0

15.2
45.1

Total mass/ g
Fiber bundles/ g
Impurity 1/ g

Impurity 2/ g
Dissolved Lignin/ g
Rest/ g3

1
Yield for Impurity 1: Outer bark, not well cooked material; 2Yield for Impurity 2 after
screening: parenchyma cells, outer barks, fines etc; 3The rest includes the dissolved outer
bark for AT1 and AHPT1

4.4.2 Chemical composition of fiber bundle
13

C CP/MAS NMR spectroscopy of SB showed that their residual lignin content was ca.
10% in comparison with 32 and 24% Klason lignin content in the original hot water
extracted WB and WIB, respectively. Otherwise SB consisted mainly of cellulose and
xylan with only traces of pectic polysaccharides. The 13C CP/MAS NMR spectra showed
that some aliphatic hydrocarbons (25-40 ppm) were present in SB, possibly of suberin
origin. The surface chemical composition of SB was evaluated as the nominal surface lignin
coverage of acetone-extracted samples by X-ray photoelectron spectroscopy (XPS). The
lowest binding energy component (CC, 285 eV) in the high-resolution C 1s spectra, curve
fitted into four Gaussian components (Koljonen et al. 2003), was used as the marker for
lignin (Figure 31). All the extracted SB samples had elevated levels of this non-cellulosic
component. The nominal lignin surface coverage ranged from 30% (AT2, AHPT1, AHPT2)
to 40% (AT1). Although part of the CC carbon may originate from other substances than
lignin, e.g. from the suberin possibly detected in the 13C CP/MAS NMR spectra, the values
are high and give an impression on quite hydrophobic SB surfaces (Publication IV).

Figure 31. a) Normalized XPS spectra of extracted willow bark fiber bundles and a pure
cellulose reference (Whatman); b) The correlation plot of the O/C atomic concentration
ratio with C-C carbon percentage on all C determined by XPS. (Publication IV)

4.4.3 Composites of fiber bundle with PLA
Mats of unoriented SB were hot pressed with PLA to prepare composite sheets. Reference
composite materials were prepared using flax and kraft pulp of hot water extracted WIB as
the reinforcement. The materials were tested for their tensile properties to breakage, and
then the fracture surfaces were imaged by SEM to understand the tensile behavior. Figure
35

32 shows the fracture surface of the SB/PLA composites together with the original SB
(100%). It is evident from Figure 32 a-d that the AT1 composite fracture has least fiber
pullouts and the fiber surfaces are uneven, which indicates better adhesion and
compatibility between PLA and SB with the highest nominal surface lignin content.
Obviously these hydrophobic SB were compatible with the PLA matrix into which they
dispersed well. Additionally, the alignment of the reinforcing fibers, as shown for flax in
Figure 32 e-g, is another factor that influences the mechanical properties of the composite
(Couture et al. 2016). Self-evidently, the unidirectional parallel to load orientation of the
fibers exhibited the best tensile properties compared to antiparallel to load and isotropical
orientations. Therefore, good dispersion of the reinforcing fibers and their parallel to load
alignment should result in the best mechanical performance of the composites (Oksman et
al. 2003). However, due to the method of preparing SB from WB, they were not tested for
the anisotropic composites in this thesis.

Figure 32. SEM images of the tensile fractured surfaces from fiber/PLA composites (mass
ratio 25:75): a) AT1; b) AT2; c) AHPT1; d) AHPT2; e) FLAX_CD (antiparallel to load);
f) FLAX_ISO (isotropical); g) FLAX_MD (parallel to load); h) 100% AT1. (Publication
IV)
As expected, SB with the highest nominal surface lignin coverage (AT1) provided the
highest tensile strength and toughness among all isotropically aligned composites,
including the ones reinforced with flax and kraft pulp of WIB (Figure 33). The tensile
strength and elastic modulus of AT1/PLA composites improved with the increase in the
percentage of SB up to ca. 20% above which the fiber bundles were obviously not any more
dispersed well with the matrix polymer.

Figure 33. Reinforcement of PLA, measured by tensile strength (left) and elastic modulus
(right), with willow bark fiber bundles (for abbreviations, see Table 7), isotropical
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(FLAX_ISO), parallel to load (FLAX_MD) and antiparallel to load (FLAX_CD) flax fibers
and kraft pulp of hot water extracted willow bark (Kraft HWEWB). (Publication IV)

4.5 Lignin containing cellulose nanofibrils (LCNF) from willow bark
The objective of Publication V was to clarify if willow bark could potentially be used as
a raw material in production of lignin containing cellulose nanofibrils (LCNF). LCNF
could be applied e.g. as reinforcement of thin polymer films. WB and WW were treated
with p-toluenesulfonic acid (p-TsOH) to fractionate the lignocellulose into LCNF and a
hydrolysate from which the dissolved lignin was precipitated with addition of water. This
lignin could potentially also find special uses why its structure was analyzed as well.

4.5.1 Fractionation of bark and wood with p-TsOH
p-TsOH partially solubilized lignin and hemicelluloses from WW and WB as shown in
Table 9. Increasing treatment severity or acid concentration, in this case for willow bark,
did not promote delignification as calculated from the Klason ‘‘lignin’’ content of the solid
residue from the p-TsOH treatment. However, the gravimetric determination of the acid
insoluble matter (Klason lignin) is not a proper measure of lignin when the sample contains
plenty of interfering substances, such as proteins, ash, and suberin (Dönmez et al. 2016).
Thus, the Klason ‘‘lignin’’ overestimated the lignin content not only in Publication V,
similar to the observation in Publication III and IV.
When water was added to the hydrolysate from the p-TsOH treatment, a solid precipitate
was formed. In the case of WW, the precipitate composed mainly of dissolved lignin (DL).
However, for WB the story was much more complex as will be discussed below.
Table 9. Glycan and lignin contents (%) of original, unextracted willow wood, willow bark
and the solid fractions obtained from them after treating with aqueous p-TsOH for 20 min
at 80°C. The yield of each solid fraction (%) was determined both gravimetrically and from
the glucan content assuming that the glucan yield was 100 %.
Biomass p-TsOH
(%)
fraction

Glu

Xyl

Man

Gal Ara Rha

Klason Lignin Gravimetric Calculated
(removed lignin)
yield
yield

Wood

0

45.1

19.2

2.3

1.0

0.6 0.5

26.8 (0)

100.0

-

Wood

60

57.2

14.1

2.8

0.6

0.1 0.3

23.0 (12.9)

60.4

78.8

Wood

80

51.4

8.9

2.5

0.4

0.1 0.3

22.5 (7.6)

85.4

87.7

Bark

0

24.2

2.7

1.1

2.8

4.3 0.9

37.3 (0)

100.0

-

Bark

60

31.6

3.5

1.7

1.3

0.1 0.3

43.0 (4.4)

76.6

76.6

Bark

80

31.5

1.7

1.6

0.6

0.2 0.0

42.0 (5.8)

75.0

76.8

4.5.2 Chemical characterization of the fractions by NMR spectroscopy
13

C CP/MAS NMR spectroscopy was applied as the main method for characterizing the
solid samples from the p-TsOH treatments. All 13C NMR peaks were assigned according
to work reported earlier (Kono et al. 2002, Idström et al. 2016, Sannigrahi et al. 2011).
Figure 34 shows the 13C CP/MAS NMR spectra of the LCNF and DL from p-TsOH
treatment of willow bark. The characteristic aromatic lignin signals were absent or
overlapped with other signals at 109, 118, 131, 146 and 156 ppm (Figure 34 a and c).
These signals were also found in the precipitate formed after treating HWE of WB with hot
sulfuric acid (Figure 34 b) (Publication II). Thus, p-TsOH converted fructose, present in
WB, into HMF and condensed it with the aromatic extractive components and possibly
with some other components present in WB. Additionally, the 13C CP/MAS NMR spectrum
of LCNF from WB had a very strong band at ca. 35 ppm that was tentatively assigned to
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suberin methylene groups (Ferreira et al. 2014). Interestingly, the corresponding abnormal
signals were completely absent in the 13C CP/MAS NMR spectra of LCNF (Figure 34 d)
and DL from WB, which confirmed that the formation of the condensation products
depends on the feedstock (van Zandvoort et al. 2013).

a
b
c
d

Figure 34. 13C CP/MAS NMR spectra of: a) Dissolved lignin from treatment of willow bark
with 60 % p-TsOH; b) Precipitate from treatment of hot water extract of willow inner bark
with sulfuric acid; c) Solid residue from treatment of willow bark with 60 % p-TsOH; d)
Solid residue from treatment of willow wood with 60 % p-TsOH.
The precipitates of the dissolved material (DL) were also characterized by 2D 1H–13C NMR
spectroscopy (Figure 35 and 36). The spectra of DL of WW were visually very similar to
the spectrum of EL from WW indicating that the lignin structure remained quite unchanged
during the p-TsOH treatment. However, the cinnamyl alcohol end-JURXSV ;ĮDQG;ȕ 
possibly reacted during the treatment. 2D 1Hí13C NMR spectra of DL of WB had very low
signal intensities, probably due to the difficulty of dissolving the condensation product of
HMW and the aromatic substances in NMR solvents (Publication II). Relatively weak
methoxyl signals (3.70/55.4 ppm) were present in the spectra (Figure 36) although the
characteristic methoxyl signal (58.5 ppm) of lignin was absent in the 13C CP/MAS NMR
spectrum of the same sample (Figure 34 a). Therefore, it looks like the lignin of WB was
not really solubilized during the p-TsOH treatment, or it was condensed with HMF and the
aromatic extractives of WB.
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Figure 35. Aromatic region (įCįH 96-152/5.5-8.0 ppm) of 2D HSQC NMR spectra of the
materials (DL) precipitated from the spent liquor after treating willow bark and wood in
aqueous p-TsOH. The spectra of lignins isolated enzymatically (EL) from the bark and
wood are also included.

Figure 36. Side-chain region (įCįH 48-92/2.0-6.0 ppm) of 2D HSQC NMR spectra of the
materials (DL) precipitated from the spent liquor after treating willow bark and wood in
aqueous p-TsOH. The spectra of lignins isolated enzymatically (EL) from the bark and
wood are also included.

4.5.3 Characteristics of LCNF and LCNF films
LCNF were prepared by mechanically refining the solid residue from the p-TsOH treatment
with a super mass colloider (SMC). When the SMC milling time was gradually increased
from 15 min to 60 min, the average fibril height, measured by AFM, decreased from ca. 60
nm to 15 nm (Figure 37). Additionally, small, globular-shaped particles were attached on
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the fibrils. These particles were probably formed of lignin and/or the condensation products
of HMF with the aromatic substances of WB.

Figure 37. Effect of SMC milling time on fibrillation of the solid residue of willow bark
from the fractionation with 60 % p-TsOH characterized by AFM images (top), along with
LCNF height distributions (bottom): a) 15 min, mean fibril thickness (MFT) = 58.6 nm; b)
30 min, MFT = 25.9 nm; c) 45 min, MFT = 16.0 nm; d) 60 min, MFT =15.1 nm.
The hydrophobicity of films made of LCNF was evaluated by measuring their water contact
angle (WCA), which might also be affected by the surface roughness of the films (Table
10). The highest WCA of 104° was reached after fractionation of WB with 60 % p-TsOH,
a treatment that resulted in 43% Klason lignin content. The same sample had a very high
aliphatic methylene group (suberin) content (Figure 34 c). Interestingly, the high WCA of
the WB LCNF is comparable with WCA (101°) of resin absorbed CNF (Sakakibara et al.
2016). The great hydrophobicity of the WB LCNF could be explained by its high suberin
content (Riley and Kolattukudy 1975, Schreiber 2010). Additionally, this hydrophobic WB
LCNF gave the strongest hot pressed films (Table 11). Therefore, lignin content or
hydrophobicity seems to have an effect on the tensile strength of LCNF films (Rojo et al.
2015).
Table 10. Water contact angle (WCA) of LCNF films produced from willow bark and wood
after their treatment with 60 or 80 % p-TsOH. All LCNF were prepared using 60 min SMC
milling time. The images below show the shape of water droplets on the LCNF films.
Origin

p-TsOH (%)
WCA (o )
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Bark

Bark

Wood

Wood

60

80

60

80

104 ± 5.0

77 ± 7.2

71 ± 7.7

65 ± 5.3

Table 11. Density and tensile properties of the LCNF films. The numbers in the parentheses
are the standard deviation. ND= not determined.
Origin

p-TsOH (%)
Density (g/cm3 )
Grammage (g/m2 )
Tensile strength (Mpa)
Tensile index (KN m kg-1)
Breaking strain (%)
Elastic modulus (Gpa)
Specific elastic modulus (MN m kg-1)

Bark

Bark

Wood

Wood

60

80

60

80

1.17 (0.04)

1.17 (0.04)
106.3 (15.75)
29.6 (15.33)
25.5 (13.19)
0.50 (0.19)
5.6 (1.26)
4.9 (1.09)

1.23 (0.05)
98.8 (2.53)
29.1 (ND)
23.7 (ND)
0.46 (ND)
6.2 (ND)
5.1 (ND)

1.18 (0.08)
84.9 (3.78)
31.9 (16.68)
27.1 (14.19)
0.48 (0.19)
6.5 (1.54)
5.5 (1.31)

124.7 (5.90)
54.7 (13.22)
46.8 (11.31)
0.94 (0.21)
6.0 (0.36)
5.2 (0.31)
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5. Concluding remarks
This dissertation summarizes a fundamental study towards a high-value utilization of
willow bark. The initial hypothesis on the potential value of the extracts and sclerenchyma
fibers of the bark has been confirmed qualitatively. This suggests that the novel biorefinery
approach presented could be studied as part of existing industrial utilization of willow
biomass.
The contribution of this dissertation is threefold. Firstly, a deeper understanding of the
morphological and chemical composition of willow bark and the lignin structure was
obtained. Similar comparative studies on the structure of lignin in (willow) wood, inner
bark and whole bark have not been published earlier. The results are also in agreement with
the literature on variation in lignin biosynthesis depending on the plant tissue. Secondly,
high value extractives from the willow bark were for the first time identified solely using
hot water. Although this hot water extraction was demonstrated here under mild conditions
(< 100 oC) with willow bark alone, similar extraction under mild conditions could possibly
be applied for extracting the bark of industrially more widely used wood species. Currently,
the debarking waters may form rather a problem with their dissolved organic matter than
an additional source of income. Therefore, the isolation of the valuable bioactive or
phenolic compounds from aqueous extracts of bark could potentially provide additional
revenues to the forest industry. Thirdly, this thesis reports on unconventional strategies for
separating fiber bundles or lignin containing fibrils from willow bark. The hydrophobicity
of these fibers and fibrils make them compatible with polymers, such as polylactic acid
(PLA), and suitable for reinforcing them in composites. Moreover, this work visualizes the
different fractions from bark, especially the fiber bundles, in a way that encourages others
to invent new uses for the bark that is otherwise underused as a source of energy only. It
should also emphasized that debarking of willow may reduce the recalcitrance of the
biomass and make the conversion of the woody part easier for production of ethanol, for
example. Fructose present in the bark is easily converted into hydroxymethylfurfural which
then condenses with the phenolic components of the biomass forming recalcitrant
substances, as shown in this thesis.
The highlights from this dissertation are highly informative and show considerable promise.
It has been shown that the significant features of willow inner bark are the high content of
extractives, up to one fourth of the dry mass, and the presence of long and stiff
sclerenchyma fibers and their bundles (ca. 40% on dry mass). Hot water extracts are easy
to separate from willow bark under mild conditions, e.g. with a 20 min treatment at 80 °C,
and the extracts may contain only few main components. For the willow hybrid studied in
this thesis, picein, triandrin and catechin formed the majority of the extract with an overall
yield of up to 14%.
The 2D-HSQC NMR and the wet chemical analyses demonstrated that guaiacyl (G) as a
unit in the willow bark lignin was predominant over the syringyl (S) and p-hydroxyphenyl
(H) units. The monomer yields, as well as the S/G ratio, rose progressively from WB to
WIB to WW, indicating the lignin may be more condensed in WB than in other tissues.
Therefore, the willow bark lignin structure, discussed above, is the key for developing the
customized methods for the separation of the unique willow bark fibers or their bundles or
fibrils for specific applications, such as automobile composites. The highly recyclable acid
hydrotrope used in this work, proved to be a viable alternative for production of
hydrophobic cellulose nanofibrils in a single step from the biomass into the product.
The completion of this project opens the door for producing a variety of high-quality and
high-value materials and chemicals (extractive-derived chemical compounds or
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intermediates) from willow bark. In combination with the efficient use of debarked willow
wood, willow bark has the potential to enhance the overall value of the production.
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6. Future outlook
The scheme of controlled deconstruction of willow biomass holds much potential for
creating greater value from willow biomass by utilizing the phenolic substances and
sclerenchyma fibers of the bark and converting the debarked biomass e.g. into bioethanol,
bio-char and energy. However, as the overall picture is far from complete in terms of
making the process economically feasible. Several topics are raised here as avenues for
future research.
The major obstacle is the development of natural crossbreeding techniques for producing
hybrids with an optimized content and profile of phenolic substances, as well as higher bioethanol yield. On the basis of the principles of biorefining, the ability to efficiently extract
and further purify the most valuable phenols is crucial in order to substitute the chemically
synthesized compounds used in the pharmaceutical and food industry. To find the best
willow hybrid, based on the screening and development of molecular markers, at least three
properties must be identified and compared: a high content of phenolic substances; a high
bioethanol yield; and a high resistance to rust. Therefore, the ability to efficiently extract
and further purify the most valuable phenols, assisted by crossbreeding, is indispensable
for the realization of the willow biorefinery scheme.
A second hurdle for completing the biorefinery scheme is the isolation and further
purification of the bark extract. Extraction of valuable aromatics (picein, catechin and
triandrin) from willow ‘Karin’ bark would be boosted if a way to separate, isolate and
purify the three main phenolic components could be discovered and tested.
The formation of a solid precipitate of hydroxymethylfurfural, which spontaneously
condenses with phenolic substances under acidic conditions, is a very interesting finding.
This suggests similar conversions might happen e.g. during steam explosion of any
lignocellulose. Further efforts are required to understand the importance of this specific
reaction depending on the biomass fraction and its processing. Advanced analytical
techniques, such as LC-MS/MS and MALDI-TOFF-MS/MS in combination with GPC and
liquid-state NMR techniques, could provide more detailed information on the structure of
the condensation products.
A fourth difficulty involves the quantification and characterization of willow bark lignin
using the Klason method, wet chemistry and 2D NMR spectroscopy, which were far more
challenging for bark. Willow bark contains a significant amount of ash, proteins and
suberin, which interfere with the analysis of the lignin structure, even from the isolated
whole cell wall and enzyme lignin. Further research is needed to develop a suitable lignin
estimation method for bark. Suberin isolation and protein composition analysis would
further boost our knowledge about the cell wall constituents of bark, which would be
helpful for degrading the recalcitrant bark towards its full valorization. On the other hand,
little evidence exist on the possible covalent bonds between bark lignin and carbohydrates
(LCC). Therefore, the non-anomeric region of the HSQC spectra should be investigated
further for precise assignment of the polysaccharide structures and their possible
connections to lignin. Detailed information on the functional groups of lignin could be
obtained e.g. by quantitative 31P NMR spectroscopy.
Method to control the alignment of the fiber bundles in making composite materials should
be developed for controlling the in-plane material properties and the dimensional stability
of the composites. Additionally, a systematic study on the morphology and chemical
composition of other, economically important wood species would be beneficial for
promoting higher value utilization of the often underestimated bark residues.
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Finally, an overall feasibility analysis of the proposed fractionation approaches, relative to
the current use of willow biomass for combined heat and power generation, is a critical step
to realize the fractionation scheme. The main criterion will be the overall value of
marketable products at economically feasible production costs. The possible integration of
the fractionation processes with existing industrial processes should be considered.
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Although several studies on its bioactive
compounds have been conducted, willow
bark, as part of willow biomass, is prevalently
burned for energy production. This
dissertation provides a general, integrative
study on the morphology and chemistry of
willow wood and bark and its fractionation
into hot water extract, ﬁ ber bundles, ﬁ bers
and ﬁ brils. Potentially interesting research
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the way towards full exploitation of the value
of the bark as a source ﬁ bers and extracts.
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