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Summary

The bark of softwood species is a major by-product of the wood and pulp industry. The
considerable presence in softwood bark of phenolic extractives and, in particular, of
condensed tannins represents a potential for its valorization.

Condensed tannins are oligomers made of flavan-3-ol units. Besides their traditional
use as tanning agents in the leather industry, they are regarded as natural sourced
substituents of phenols in thermosetting resins (e.g. wood adhesives, foamed materials,
composites), aldehyde scavengers, heavy-metal chelators, antioxidants and as bioactive
additives. Nowadays, condensed tannins are mostly extracted from Black wattle bark (Acacia
mearnsii [De Wild.]) and quebracho heartwood (Schinopsis lorentzii [Engl.] and balansae
[Engl.]), both growing in the tropical or sub-tropical regions.

Extraction with hot water is the most common methodology for the recovery of
tannins. When the process is applied to softwood bark was presented with two
disadvantages in comparison to Quebracho and Black wattle extraction: the lower yield of
extraction and the co-extraction of non-tannin compounds, mainly carbohydrates. The
presence of such compounds impairs the extracts’ properties (e.g. condensation rate with
formaldehyde, viscosity of extract solutions). Furthermore, tannin chemical and physical
properties are considerably influenced by the hydroxylation pattern of the flavan-3-ol units
and their degree of polymerization. A detailed knowledge of the tannins molecular structure,
the composition of the extracts and the influence of extraction parameters on the extract
characteristics is important to identify potentials and limitations of European softwood bark
as a source of condensed tannins.

The bark of Silver fir (Abies alba [Mill.]), European larch (Larix decidua [Mill.]), Norway
spruce (Picea abies [Karst.]), Douglas fir (Pseudotsuga menziesii [Mirb.]) and Scots pine (Pinus
sylvestris [L.]) were extracted with water at 60°C. The extracts were characterized according
to their content of phenolic monomers, phenolic oligomers, condensed tannins,
carbohydrates (mono-, oligo-, polysaccharides) and inorganic compounds (ashes).
Condensed tannin structures were analyzed by MALDI-TOF MS and HPLC-UV after acid
thiolysis. Composition of extracted carbohydrates was investigated by HPAEC after acid
hydrolysis. Topochemistry of Norway spruce bark was analyzed by UV-microspectrometry.
Total bark extractives and non-extractable tannins were determined by extraction with
solvents of increasing polarities and HPLC-UV after direct thiolysis, respectively. Furthermore
the changes in extract yield and extract composition during prolonged outdoor storage of
Norway spruce logs and at the variation of the extraction process parameters were analyzed.

Total yields of hot water bark extractions were between 25.9 and 120.2 g/kg dry bark,
which corresponded to about one third of total bark extractives. All extracts showed the



presence of phenolic monomers (5-24%), oligomers (16-45%), mono-/oligosaccharides
(4-24%), polysaccharides (10-41%) and inorganic compounds (2-5%). The relative ratio
between the different compound classes varied distinctively among the species. The highest
phenolic oligomer concentration was detected in European larch, and the lowest in Scots
pine. The extracted tannins were identified as procyanidins and prodelphinidins with an
average polymerization degree between 3.5 and 6.7 units. Glycosylation and presence of
stilbene monomeric units in the tannin oligomers were detected. Monosaccharides were
mainly represented by glucose and fructose. Extracted polysaccharides were attributed to
pectin such as arabinans, arabinogalactans, galacturonans and glucans. The constant
presence of non-extractable condensed tannins in the bark was recognized. Their amount
was 3 to 9 times higher than the extracted tannins, with the highest ratio corresponding to
Scots pine. Prolonged storage of Norway spruce bark results in the leaching (or degradation)
of phenolic monomers, mono-/oligosaccharides and a part of the tannins. The separation of
tannins from mono-/oligosaccharides and phenolic monomers could be partially achieved
through successive extractions at increasing temperatures from 30 to 90°C. Higher
temperatures favored the extraction of pectins and the oxidation of tannins. The
co-extraction of tannins and pectins could not be avoided within any temperature range.

The study highlighted that bark extracts from European softwoods species are
characterized by a heterogeneous composition and complex condensed tannin structures,
which clearly differentiate them from the currently used wattle and quebracho extracts.Their
physical and chemical properties, e.g. condensation rate with aldehydes, are therefore
expected to differ as well. The use of such extracts in tannin-based resins requires the
tailoring of the existing formulations or the development of alternative solutions. The
purification of softwood bark tannins from the large amount of co-extracted carbohydrates,
of which additional costs will deter the commercial attractiveness of the product, should be
carefully considered on a case-by-case basis. Alternatively, the exploitation of possible
synhergies between tannin and carbohydrates, e.g. co-reactions among them, are worth
further investigations.
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Zusammenfassung

Die Rinde von Nadelholzern ist ein wichtiges Nebenprodukt der Holz- und
Papierindustrie. Die in der Rinde enthaltenen phenolischen Extraktstoffe, insbesondere die
kondensierten Tannine, besitzen ein Potential fiir eine stoffliche Verwertung mir erhdhter
Wertschopfung.

Kondensierte Tannine sind aus Flavan-3-ol-Einheiten aufgebaute Oligomere. Neben der
traditionellen Nutzung als Gerbstoff in der Lederherstellung werden kondensierte Tannine
als auf nachwachsenden Rohstoffen basierte Substitute von Phenolen in warmehartbaren
Harzen (z.B. in Holzklebstoffen, geschaumten Materialien und Verbundwerkstoffen) oder als
Aldehyd-Fanger, Schwermetall-Chelatbildner, Antioxidantien und bioaktive Additive
eingesetzt. Die momentan kommerziell erhaltlichen kondensierten Tannine werden primar
aus Rinde der Schwarzholz-Akazie (Acacia mearnsii [De Wild.], Black wattle, Mimosa) und
Kernholz von Quebracho (Schinopsis lorentzii [Engl.] und Schinopsis balansae [Engl.])
gewonnen, mit Verbreitungsgebieten in den Tropen und Subtropen.

Die HeiBRwasserextraktion ist dabei die am weitesten verbreitete Gewinnungsmethode
fur kondensierte Tannine aus Rinden. Die HeiBwasserextraktion von Nadelholzrinden
beinhaltet jedoch zwei Nachteile gegeniliber der bei Schwarzholz-Akazie und Quebracho:
eine niedrigere Extraktionsausbeute wund die Co-Extraktion weiterer chemischer
Verbindungen, vor allem von Kohlenhydraten. Diese zusatzlich extrahierten Verbindungen
beeintrachtigen anwendungsrelevante Eigenschaften der Extrakte (z.B. Kondensation mit
Formaldehyd, Viskositdat von Lésungen). Die chemischen und physikalischen Eigenschaften
der kondensierten Tannine werden hauptsdchlich lber das Hydroxylierungsmuster der
Flavan-3-ol-Einheiten und den Polymerisationsgrad bestimmt. Eine genaue Kenntnis der
molekularen Struktur der Tannine, der stofflichen Zusammensetzung der Extrakte und des
Einflusses der Extraktionsparameter auf die Eigenschaften der Extrakte ist wichtig, um
sowohl das Potential als auch die Einschrankungen der heimischen Nadelholzrinden als
Rohstoff zur Gewinnung kondensierter Tannine beurteilen zu kénnen.

Rinden der Weiltanne (Abies alba [Mill.]), Larche (Larix decidua [Mill.]), Fichte (Picea
abies [Karst.]), Douglasie (Pseudotsuga menziesii [Mirb.]) und Kiefer (Pinus sylvestris [L.])
wurden wassrig bei einer Temperatur von 60°C extrahiert. Die Extrakte wurden auf ihren
Gehalt an phenolischen Monomeren, phenolischen Oligomeren, kondensierten Tanninen,
Kohlenhydraten (Mono-, Oligo-, Polysacchariden) und anorganischen Verbindungen

(Aschegehalt) untersucht. Die chemische Struktur der kondensierten Tannine wurde mittels
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MALDI-TOF-MS und HPLC-UV nach saurer Hydrolyse untersucht. Die Zusammensetzung der
extrahierten Kohlenhydrate wurde mittels HPAEC nach saurer Hydrolyse bestimmt.
Topochemische Untersuchungen an Fichtenrinde  wurden mittels Universal-
mikrospektralphotometrie (UMSP) durchgefiihrt. Der Gesamtextraktstoffgehalt sowie der
Gehalt an nicht-extrahierbaren Tanninen in den Rinden wurde durch stufenweise Extraktion
mit Losemitteln aufsteigender Polaritit und anschlieRender HPLC-UV nach saurer Hydrolyse
bestimmt. Zudem wurden die Extraktionsausbeute und Zusammensetzung der Extrakte an
Rindenproben von frei bewitterten Fichtenstammen bei ldngerer Lagerdauer und die
Einflisse der Extraktionsparameter untersucht.

Die Ausbeute bei HeiRwasserextraktion lag zwischen 25.9 und 120.2 g/kg Rindeatro,
etwa ein Drittel der insgesamt in der Rinde vorliegenden Extraktstoffe. In allen Extrakten
konnten phenolische Monomere (5-24%), phenolische Oligomere (16-45%), Mono- und
Oligosaccharide (4-24%), Polysaccharide (10-41 %) und anorganische Verbindungen (2-5%)
nachgewiesen werden. Das Mengenverhiltnis der Stoffgruppen variierte zwischen den
Baumarten erheblich. Die hochste Konzentration an phenolischen Oligomeren wurde fiir
Rinde der Larche, die niedrigste fir Kiefernrinde gemessen. Die extrahierten Tannine
konnten als Procyanidine und Prodelphinidine mit einem durchschnittlichen
Polymerisationsgrad zwischen 3.5 und 6.7 charakterisiert werden. Auch Glycosylierungen
und das Vorkommen von Stilben-Einheiten in den Tannin-Oligomeren konnten nachgewiesen
werden. Glucose und Fructose waren die mengenmdRig am hdchsten konzentrierten
Monosaccharide. Bei den extrahierten Polysacchariden handelte es sich primdar um Pektine,
insbesondere Arabinane, Arabinogalaktane, Galakturonane und Glukane. Ein groRer Teil der
kondensierten Tannine im Rindengewebe konnte nicht extrahiert werden. Dieser Anteil lag
drei- bis neunmal hdéher als der Anteil der extrahierbaren Tannine, mit den hdchsten
mengenmaRigen Unterschieden bei der Kiefernrinde. Die fortlaufende Lagerung frei
bewitterter Fichtenstimme fiihrte zum Auswaschen oder Abbau der phenolischen
Monomere, Mono-/Oligosaccharide und eines Teils der Tannine in der Rinde. Die
schrittweise Extraktion bei steigenden Extraktionstemperaturen von 30 bis 90°C erwies sich
als Moglichkeit, Tannine von Mono-/Oligosacchariden und phenolischen Monomeren
ansatzweise zu trennen. Noch hohere Extraktionstemperaturen fiihrten zu verstarkter
Extraktion von Pektinen und zur Oxidation der Tannine. Eine zeitgleiche Extraktion von
Tanninen und Pektinen fand allerdings bei jeder Extraktionstemperatur statt.

Im Rahmen der Arbeit konnte belegt werden, dass sich die Rindenextrakte
europdischer Nadelholzer in ihrer Zusammensetzung und der Komplexitat der Struktur der
kondensierten Tannine deutlich von den kommerziell erhdltlichen Extrakten der

Schwarzholz-Akazie und von Quebracho unterscheiden. Entsprechend kénnen Unterschiede
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in den chemischen und physikalischen Eigenschaften erwartet werden, z.B. fir die
Kondensationsrate mit Formaldehyd. Fiir Anwendungen in tanninbasierten Harzen erscheint
deshalb eine Anpassung der Formulierungen oder die Entwicklung alternativer Losungen als
erforderlich. Eine mit hohen Zusatzkosten verbundene Aufreinigung der Tannine aus
Nadelholzrinden durch Abtrennung der im groRen Umfang mitextrahierten Kohlenhydrate
dirfte eher nur in Einzelfillen in Frage kommen. Alternativ sollte eine gezielte Nutzung
moglicher Synergien zwischen Tanninen und Kohlenhydraten, z.B. durch Co-Reaktion, weiter

untersucht werden.
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1. Introduction

1.1 Background

Bark represents between 10 and 20% of the total volume of wood plants. The annual
bark yield from pulp and sawmills in North America and Europe is approximately 20 and 12
million tons, respectively (Feng et al. 2013; EUROSTAT 2015). Worldwide, the disposal of
bark from the wood industry is estimated to be 160 million m* (about 60 million tons),
mostly derived from softwood species (Xing et al. 2006). Therefore, softwood bark
represents a largely available biomass. The current consumption of bark is limited to energy
production, through direct combustion in wood processing plants, and compost substrate in
horticulture. Both solutions provide a limited added value to bark. Its poor mechanical
properties and heterogeneous anatomical structure does not permit its efficient use for
manufacturing of particleboards and fiberboards. A feasible option might be represented by
the production of low-density insulation boards (Kain et al. 2014).

The considerable presence of extractives in bark tissues might represent an
opportunity for the improvement of the bark value chain (Feng et al. 2013). In particular,
softwood bark extracts have been shown to be rich in phenolic compounds, and especially in
condensed tannins (Haslam 1989a; Porter 1989). The interest in plant extracts rich in
tannins goes beyond their traditional use in the leather industry as tanning agents. The
ability of condensed tannins to quickly condense with aldehydes and isocyanates (Pizzi
2008) to form chemically stable molecular networks has made them a suitable naturally
sourced substitute for resin thermosetting formulations.

Wood adhesive thermosetting formulations based on the crosslinking between
phenolic compounds and formaldehyde that have the phenolic part partially or completely
substituted by bark extracts were developed in the 70s (Pizzi 1982a). The possibility of
adhesive formulations using non-toxic aldehydes, formaldehyde-free crosslinkers
(e.g. hexamethylentetramine), or that exploit the autocondensation of tannins without the
need of any added crosslinker, further focused the attention on bark extracts (Meikleham et
al. 1994; Pizzi et al. 1995; Pizzi and Tekely 1995; Pichelin et al. 1999; Trosa and Pizzi 2001;
Ballerini et al. 2005). Wood boards bonded with such tannin-based formulations showed
lower formaldehyde emissions than the equivalent products containing standard
urea-formaldehyde adhesives (Heinrich et al. 1996; Kim and Kim 2004; Pichelin et al. 2006).
The suitability of tannin-rich bark extracts as natural substitutes in thermosetting resins is
not limited to wood adhesives. Foamed material based on a mixture of condensed tannins

and furfuryl alcohol were widely investigated and characterized (Tondi and Pizzi 2009;



Lacoste et al. 2015). These products showed noteworthy insulation and fire-resistance
properties comparable to synthetic phenolic foams. Phenolic resins enriched with tannins
were used as a matrix in composite materials containing sisal, flax or bagasse fibers
(Barbosa et al. 2010; Sauget et al. 2013).

Besides thermosetting resins, condensed tannins resulted suitable compounds in
several other applications. Their heavy metal chelation ability permits the use of softwood
bark extracts as flocculants in wastewater treatments. Tannin-gels or microporous crumbs,
produced through the reaction of the extracts with aldehydes, demonstrated metal removal
efficiencies in contaminated waters close to or higher than activated carbons (Yamaguchi et
al. 1992; Sanchez-Martin et al. 2011). Similar performances were observed in the direct use
of milled softwood bark soaked in water, in some cases after pre-treatment with
formaldehyde (Seki et al. 1997; Gaballah and Kilbertus 1998; Martin-Dupont et al. 2011;
Liang et al. 2014). Corrosion inhibition properties were also observed in steel samples pre-
treated with products based on softwood bark extracts (Ross and Francis 1978; Matamala et
al. 2000). Biological antioxidant properties of phenolic monomers and oligomers extracted
from softwood bark have been widely documented (Kdhkonen et al. 1999; Packer et al.
1999; Pietarinen et al. 2006; Diouf et al. 2009). Pharmacological effects of condensed
tannins such as antibacterial, antiviral, enzyme inhibitor, antimutagenic and antitumoral,
next to some specific interactions with vascular and cardiac systems, were also reported (De
Bruyne et al. 1999).

The suitability of the bark extracts in the various reported applications strongly
depends on their actual composition and the molecular structure of the contained
condensed tannins. For example, in the development of wood adhesives based on tannins,
most of the formulations were originally developed using the extracts from Black wattle
bark. The possibility to substitute Black wattle extracts in the formulations with softwood
bark extracts was investigated (Dix and Marutzky 1987; Zhiqun et al. 1994; Yazaki and
Collins 1994; Roffael et al. 2000; Valenzuela et al. 2012). Lower yields of condensation with
formaldehyde, higher viscosities and shorter pot-life were observed. The dissimilar
behaviors were assigned to the difference between the tannins extracted from the two
botanical sources in the hydroxylation patterns and polymerization degree, as well as to the
higher concentration of non-tannin compounds, and especially carbohydrates, in the
softwood bark extracts (Pizzi 1982b; Yazaki 1985; Weissmann 1985b; Garnier et al. 2001).
Similarly, while Black wattle and Turkish pine crude bark extracts could be efficiently used in
the manufacturing of foamed materials, Norway spruce bark extracts had to be partially
purified from the co-extracted carbohydrates in order to achieve comparable performances
(Cop et al. 2015). The heavy metal chelating and corrosion inhibition properties also
significantly differed among bark extracts from different species (Yoneda and Naktsubo

1998; Matamala et al. 2000). Tannins characterized from different chemical structures also



showed different selectivity in the precipitation of proteins, most likely due to the need for
stereospecificity between tannin and protein molecules (Zucker 1983).

A detailed characterization of the composition of the softwood bark extracts and of
the chemical structure of the extracted bark tannins is thus important to better understand

the actual possibility of bark as a source of condensed tannins.

1.2 Objectives

With the partial exception of Norway spruce, no systematic study has so far been
performed on the characterization of hot water extracts from the bark of Northern-Central
European softwoods.

The main objectives of this research were therefore the characterization of the hot
water bark extracts from European softwood species and the analysis of the extraction
process through which they were obtained. For the study, the following five species were
considered, which represent approximately 90% of the Northern-Central European softwood
forest: Silver fir (Abies alba [Mill.]), European larch (Larix Decidua [Mill.]), Norway spruce
(Picea abies [Karst.]), Douglas fir (Pseudotsuga menziesii [Mirb.]) and Scots pine (Pinus

sylvestris [L.]).

Individual project aims were:
e Development of an analysis protocol for the determination of the composition of hot
water extracts from the bark of softwood species, with a focus on condensed tannins

and carbohydrates

» Evaluation of the influence of extraction parameters (e.g. temperature, time, particle
size) and bark aging on the yield and extract composition, with a particular focus on

the tannin to non-tannin compound ratio

« Identification of simple extraction strategies and likely applications of softwood bark
extracts, also in comparison with currently used tannin-rich extracts (e.g. Black

wattle)






2. Current state of knowledge

The term “extractives”, or secondary metabolites, is commonly used to label all the
non-structural components of plant tissues. Several classes of compounds, with the common
feature that they can all be extracted with a solvent from the biological matrix, are included
in this expression, e.g. polyphenols, terpenoids, fats, waxes, organic acids, mono-, oligo-
and polysaccharides, proteins, inorganic ions. The polyphenol class itself includes different
compounds, e.g. phenolic acids, stilbenoids, lignans, coumarins, flavonoids and their
respective glycosides and oligomers.

Tannins represent a group of polyphenolics almost ubiquitous in plant tissues. The
actual composition of vegetable tannins has always been considered a problematic point in
extractives chemistry, mostly due to their polymeric structure, the trickiness of their efficient
isolation from other extractives, and the dispersity in their properties (Haslam 1989a). Two
classes of chemical compounds are embraced under the same name “tannin”: hydrolysable
tannins and condensed tannins. Their only shared property is the ability to form complexes
with proteins and polysaccharides, which represents the chemistry behind the traditional silk
dyeing and the leather tanning processes and contributes to tannin-containing foods and
beverages having a typical astringent taste (Porter 1989; Haslam 1989a). Hydrolysable and
condensed tannins are indeed two different chemical compounds, most likely with different

functions in the plant metabolisms (Zucker 1983).

2.1 Hydrolysable tannins

The expression hydrolysable tannins covers a broad range of gallic acid esters that can
be extracted from the bark, heartwood, leaves, fruits and galls of various plant species. The
main sources are chestnut (Castanea spp.), myrabolans (Terminalia spp.), oak (Quercus
spp.), sumac (Rhus spp.) and tara (Caesalpinia spp.) (Haslam 1989b; Pizzi 2008).

The most reported hydrolysable tannin is the penta-O-galloyl glucose (Figure 1a).
Mono- and polygalloyl glucose esters with 2 to 12 galloyl units were also identified.
Galloylester chains between 2 and 4 units linked to the central glucose are also common,
like in the case of tannic acid (Figure 1b). The occurrence of a central quinic acid core in
place of glucose was reported, in particular for tara and galls tannins (Clifford et al. 2007).
All these compounds are generally labelled as gallotannins and are characterized by a

disc-like molecular conformation (Zucker 1983; Haslam 1989a).



The oxidative coupling of vicinal galloyl ester groups, often followed by the opening of
the pyranose ring and further coupling between galloyl groups, leads to the formation of
ellagitannins, whose most known members are tellimagrandin, casuarictin (Figure 1c),
potentillin, pedunculagin, castalin, castalagin (Figure 1d) and relative isomers. Different to
gallotannins, ellagitannin molecules are nearly spherical in shape (Zucker 1983; Haslam
1989a). Oxidative coupling can also interest distinct pentagalloyl glucose units with the
formation of dimers and trimers (Haslam 1989a). Pasch and Pizzi (2002) proposed that the
major fraction of the hydrolysable tannin in living tissue is actually of a polymeric nature,
and the extracted compounds are merely cleaved degradation products of in situ large

molecules made of polygalloylglucose units.

Figure 1:  Schematic molecular structure of some compounds classified as hydrolysable tannins:
a) pentagalloylglucose; b) tannic acid; c) casuarictin; d) castalagin.

2.2 Condensed tannins

2.2.1 Molecular structure

Condensed tannins, also known as proanthocyanidins, are oligomers made of
polyhydroxyflavan-3-ol units, which can differ in their hydroxylation pattern (Figure 2). Their
most common monomeric units are fisitinidol, robinetinidol, catechin, gallocatechin and
their epimers, epicatechin and epigallocatechin (Porter 1992). The oligomers are generally
made of homogenous monomeric units with the exception of the terminal monomer, which

frequently show different hydroxylation and/or stereochemistry (Porter 1992; Pasch et al.



2001). In relation to the dominant units in the molecules, different types of condensed
tannins are defined: profisetinidins, prorobinetinidins, procyanidins and prodelphinidins,
which are oligomers mainly composed of fisitinidol, robinetinidol, catechin (or epicatechin)
and gallocatechin (or epigallocatechin) units, respectively (Figure 2). A further classification
of the condensed tannins is based on the hydroxylation pattern of the phenolic A-ring, which
strongly influences their chemical properties (e.g. condensation rate with aldehydes,
autocondensation, internal rearrangement). Procyanidins and prodelphinidins, which have a
5,7-dihydroxylated A-ring, are labelled as phloroglucinol tannins. Profisetinidins and
prodelphinidins, which have a 7-monohydroxylated A-ring, are instead defined as resorcinol
or 5-dehydroxylated tannins (Figure 2). Acylation and glycosylation of the flavan-3-ol units
with mono- and oligosaccharides were reported, in particular for phloroglucinol tannins
(Porter 1989; Ishimaru et al. 1991).

R1 R2 monomer unit oligomer class
H fisetinidol profisetinidin ;
3 resorcinol tannin
N Y H OH  robinetinidol prorobinetinidin
l\ . | OH H (epi)catechin procyanidin

phloroglucinol tannin
OH OH (epi)gallocatechin prodelphinidin

Figure 2:  Schematic molecular structure of condensed tannins

The link between the monomers is mostly constructed through C4-C8 bonds (Figure 2)
forming linear structures in a helical conformation. Right- or left-hand helixes are both likely,
as a function of the stereochemistry in position C3 of the heterogeneous ring (Zucker 1983).
Side-branching through C4-C6 bonds were observed (Porter 1989). In particular, resorcinol
tannins typically show the presence of a phloroglucinol unit bonded at both the C8 and C6
positions with other resorcinol units forming “angular’ tannins (Figure 2) as they were

named after Botha et al. (1978). The occurrence of dimers having, in addition to the C4-C8



bond, a C2-0O-C7 ether link (A-type proanthocyanidins) was also reported mainly in relation
to auto-oxidative processes (Porter 1992).

The number-average degree of polymerization (X) of condensed tannins can be
actually measured only on the extracted compounds, and therefore it varies, not only
according to the botanical source, but also with the wused extraction procedure.
Phloroglucinol tannins showed X between 6 and 15 (Porter 1992). Resorcinol tannins are
generally shorter, with X between 3 and 10 (Porter 1992, Venter et al. 2012a). High
dispersity (D)) of the extracted tannins was generally detected. Trimers and tetramers are
considered the majority of the extractable oligomers, and the occurrence of longer
oligomers rapidly decreases as their degree of polymerization increases (Porter 1992). The
likelihood of tannin molecules made of several hundred units was nevertheless suggested.
The existence of two distinct maxima in the polymerization degree distribution curve was
also reported and attributed to the presence of two different metabolic classes of phenolic
oligomers (Porter 1989).

In their basic structure of pure flavan-3-ol oligomers, condensed tannins are colorless
with a maximum absorption wavelength between 270 and 280 nm as a result of the
dominant degree of hydroxylation of the phenolic B-ring (Himmer and Schreier 2008).
Oxidation during aging of the plant tissues might develop conjugated carboxyl and
carbon-carbon double bonds, which also absorb in the visible range between 400 and 600
nm (Stafford 1988; Porter 1992).

2.2.2 Distribution in the plant kingdom

Condensed tannins are widely distributed in the plant kingdom and have been
detected in a large variety of tissues, e.g. xylem, bark, fruits, seeds, leaves, roots and galls.
A chemiotaxonomy of plant species based on the presence and typology of condensed
tannins was suggested by Bate-Smith (Haslam 1989a). The ability to synthetize tannins is
predominantly confined to woody families. Herbaceous families scarcely present such
capacity, or at a considerably lower yield. Since woody families are more primitive than
herbaceous, the loss in tannin biosynthesis capability can be regarded as a trend in the
botanical evolution. Another evolutionary trend was observed in the elimination or loss in
functionality (e.g. through methylation) of the hydroxyl groups in flavonoids (Harborne
1977). Phloroglucinol tannins are almost ubiquitous in woody plants, but are the only
tannins detected in the evolutionary primitive softwood species. Resorcinol tannins, which
show a 5-deoxy A-ring, are almost confined to the relatively advanced Leguminosae and
Anarcadiaceae species (Porter 1992). Propelargonidins, which are phloroglucinol tannins
having a 4’-monohydroxylated B-ring, are absent from some of the most primitive species

such as Magnoliidae, Caryophylladae and Hamamelidae (Porter 1989).



2.2.3 Anatomical localization

It is generally assumed that polyphenolic extractives are deposited in the protoplast of
cells and practically absent from the cell walls (Parameswaran et al. 1976; Zucker 1983;
Nunes et al. 1999; Krekling et al. 2000). Their synthesis takes place in specialized cells
(polyphenolic cells) that have been developed by differentiation of standard parenchyma
cells (Krekling et al. 2000). The polyphenols appear in the endoplasm of polyphenolic cells
as small vesicles that coalesce forming larger vacuoles (Figure 3). Eventually, these could
grow until to fill up the whole inner volume of the cells (Toscano Underwood and Pearce
1991).

Figure 3:  Parenchyma cells (4 years old) in the secondary phloem of Norway spruce. The dark deposits in their
protoplast indicate the presence of polyphenolics (courtesy of Krekling et al. 2000). Bar = 50 pm.

The penetration in the cell walls of phenolic monomers and small oligomers is
considered likely, but limited to dead tissues (e.g. heartwood, outer bark) after destruction
of the lipid membrane (tonoplast) that enclosed the polyphenolic vacuole (Hillis 1985). The
presence of phenolic oligomers infiltrated in the inner surface of cell walls was observed
close to fungal checks (Stafford 1988) and in phellem of beech bark (Prislan et al. 2012).

Within a homogeneous tissue, polyphenolic cells are generally randomly distributed
(Stafford 1988). In the secondary phloem of Norway spruce and Stone pine multiple
circumferential layers of polyphenolic cells were observed, suggesting the development of a
polyphenolic cell layer at the beginning of each growing season (Krekling et al. 2000; Nunes
et al. 1999). Enhanced production of polyphenolic deposits was observed in the area
surrounding necrotic spots after fungal or insect attack (Stafford 1988). The leakage of
polyphenolic deposits from polyphenolic cells to the lumen of adjacent non-polyphenolic

death-cells was detected after development of tyloses (Hillis 1985).



2.2.4 Complexation with other plant constituents

The complexation with proteins and carbohydrates is the most known feature of both
hydrolysable and condensed tannins (Haslam 1989a). The principal binding mechanisms are
hydrogen and hydrophobic interactions, while covalent and ionic bonds are doubtful (Zucker
1983; Porter 1989).

The quick development of tannin-protein complexes is the cause of the astringent
taste of tannin-rich foods and beverages (e.g. tea, wine). Once formed, the complexes
become generally insoluble and precipitate in aqueous solutions (Hagerman 1989). The
presence of a polyhydroxylated aromatic ring having an ortho-conformation, e.g. the galloyl
groups in hydrolysable tannins and the flavanol B-ring in condensed tannin, facilitates
complexation with proteins (Zucker 1983).

Complexes between condensed tannins and polysaccharides rapidly develop as well.
During thin-layer chromatography, condensed tannins originally dissolved in methanol could
not be released after being applied on the cellulose-based substrate (Stafford 1988).
However, this behavior wasn’t observed with hydrolysable tannins, suggesting their reduced
ability to form complexes with cellulose (Zucker 1983).

Tannin-polysaccharide complexes can be very strong and stable. Unsuccessful efforts
in the chromatographic separation of tannins and polysaccharides extracted from Spotted
mangrove leaves and Dahurian larch bark, initially led to a misinterpretation of these
complexes as covalently bonded copolymers (Porter 1989). The molecular conformation of
the polysaccharides is a key factor for the stability of the complex, which are more likely
formed in the presence of crevices, bowls and hollows with size comparable to that of a
phenolic ring (Ya et al. 1989). The presence of in situ complexes between tannins and
polysaccharides or proteins is considered among the main causes for the presence of
non-extractable compounds in plant tissues (Stafford 1988; Porter 1989).

An alternative interpretation of the limited solubility of tannins is the presence of
complexes with metal ions (e.g. Fe**, Ca*) that are formed by ortho-configured polyphenols.
The metal ions act as a bridge among tannin oligomers resulting in high molecular weight
sets of molecules with limited solubility. The complexes could be formed both in situ and
during extraction, forming a precipitate that can be re-dissolved only if the pH of the extract
is reduced (Yazaki 1987).

Matthews et al. (1997a) proposed that the non-extractable fraction of tannins isn’t
merely related to complexes with other plant constituents but also to the development of
weak chemical linkages (e.g. hydrogen bonds, n-n interactions) among tannin oligomers. In a
study on the interaction between salivary proline-rich proteins and tannins, Murray et al.
(1994) demonstrated that tannin-tannin complexes are stronger than tannin-peptide

complexes.
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2.2.5 Biological functions

The biological roles of tannins in plants predominantly concern protection against
herbivores and parasites and the inhibition of litter degradation. Both functions have been
attributed to the strong and almost irreversible complexation of tannins with cellulose,
pectins and proteins (Porter 1989; Haslam 1989a). The sequestration of iron ions through
complexation might also be a complementary mechanism in the protection function of
tannins (Scalbert et al. 1999). After complexation, the ions remain unavailable to the
herbivore that ingested the plant tissue, which is then regarded as an unattractive food
source. Zucker (1983) suggested differences in the biological roles of hydrolysable and
condensed tannins, with condensed tannins being more specifically “designed” against
microbes and pathogens, thus blocking or strongly inhibiting the accessibility of degrading
enzymes to starch, cellulose, pectins and structural proteins. Hydrolysable tannins, however,
are more active against herbivorous insects and vertebrates, blocking the digestive proteins
in their gastric and intestinal systems.

The slower decay of bark than wood tissue in litter was attributed to the higher
concentration of tannins and other polyphenols in bark than in wood (Ganjegunte et al.
2004; Vane et al. 2006). Slowly degradable tannin-protein complexes play an important role
in the rate regulation of the nitrogen release in soil.

A structural role of tannins was suggested by Stafford (1988) in the case of decayed
cells. The infiltration of high molecular weight phenolics in the cell walls might partially
counteract the lost bearing ability of the degraded cell. Tannins have also been associated
with allelopathy. The release of tannins in the soil from foliage litter inhibits the seed
germination of antagonist species, or likewise controls the excessive proliferation of new

sprouts of the same species (Porter 1989).

2.2.6 Seasonal variations and aging

Changes in the tannin concentration and molecular structure were reported during
both the annual growing cycle and the tissue aging. The total phenolic extraction yield
showed in general a minimum in the early spring and a maximum in autumn (Porter 1989;
Tiarks et al. 1992). The decrease of extractable phenolics during the winter dormancy was
mainly related to their leaching or transformation without replacement of new deposits
(Tiarks et al. 1992). The extraction yield of stilbene glucosides from Norway spruce bark
throughout the year followed a comparable path (Solhaug 1990). Seasonal changes in the
phenolic deposits of Norway spruce inner bark were observed by light microscopy (Krekling
et al. 2000). From August to January, the deposits in the vacuoles showed a progressive
increase in the opacity and the development of a dense grainy structure. At the beginning of

the new growing season (April/May), the phenolic density was considerably lower and
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remained almost constant throughout the summer. Since this tissue had not been
extensively exposed to the rain, leaching could have only had a minor role, thus, intrinsic
biological and chemical modifications of the deposited phenolics were supposed.

The biological decay of condensed tannins is considered a slow process, unlike
hydrolysable tannins, which are readily decomposed in glucose and gallic acid by the
tannase enzyme (Field and Lettinga 1992). A partial degradation of condensed tannins was
observed only after an abundant supply of sugars, but limited to the smallest tannin
oligomers. After being cleaved, flavanol monomers are mostly transformed in phenolic
acids, e.g. protocatechuic acid. The formation of carboxycyclohexane was also considered
likely (Field and Lettinga 1992). In needle or leaf litter a quick leaching of the shorter
oligomers (less than 4 units) was reported, followed, during prolonged outdoor storage, by a
slower and progressive decrease of the observable polymerization degree and an increase of
glycosylation (Schofield 1998; Maie et al. 2003; Zhou et al. 2012).

The most common reactions during aging of condensed tannins are oxidative coupling
and internal isomerization. The coupling of flavan-3-ol monomers through native oxidase
enzymes was observed in oak bark (Porter 1989). The same reaction was also considered
likely between the flavan-3-ol units of condensed tannins (Porter 1992). The rearrangement
of profisetinidins and procyanidins with the formation of A-type procyanidins, phlobatannins
and catechinic acid (Figure 4) was observed in alkaline media (Steenkampf et al. 1985;
Burger et al. 1990; Bae et al. 1994; Hashida et al. 2003). These isomerizations are thought
to also occur naturally in situ with the facilitation of specific enzymes. The consequence of
the progressive rearrangement and coupling of the tannins is the development of water
insoluble compounds called phlobaphenes (Foo and Karchesy 1989a). The actual nature of
phlobaphenes is not yet clear. Their chemical structure is most probably related to those of
condensed tannins, however evidence of additional functional groups was reported. The
proposed structure of phlobaphenes in Douglas fir bark was a composite polymer made of
procyanidins, flavonoid monomers (e.g. taxifolin), lignans, and mono-/oligosaccharides,

most likely as glycosyls (Foo and Karchesy 1989a).

2.2.7 Structure and properties relationships

The chemical and physical properties of condensed tannins are strongly dependent on
the type of monomeric units and the degree of polymerization. The hydroxylation pattern of
the A-ring in the flavan-3-ol units influences the reactivity of tannins towards aldehydes, the
most exploited reaction in the formulation of tannin-based resins. Phloroglucinol tannin
solutions showed gelling times in presence of formaldehyde almost 10 times shorter than
solution with resorcinol tannins (Pizzi and Stephanou 1994b). Differences in the

condensation rate with formaldehyde have been identified between the stereoisomers
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catechin and epicatechin (Takagaki et al. 2000). The hydroxylation at the B-ring is more
important in correlation to the metal chelating properties. Tannins with trihydroxylated
B-rings showed almost double the scavenging capacity than those with a dihydroxylated
pattern (Yoneda and Nakatusbo 1998).
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Figure 4:  Most typical pyran ring rearrangements of a procyanidin dimer leading to the formation of a) A-type
procyanidins, b) catechinic acid dimer, c,d) phlobatannins (modified from Burger et al. 1990 and
Hashida et al. 2003).

With increasing degree of tannin polymerization, higher viscosities, enhanced heavy
metal chelation and better antioxidant properties were observed (Weissmann 1981; Yazaki
and Hillis 1980; Yoneda and Nakatsubo 1998; Garnier et al. 2001; Jerez et al. 2007b). The
length and flexibility of the oligomers were identified as the main factors that control the
complexation of tannins with carbohydrates and proteins (Ya et al. 1989).

The need for a mutual molecular structural affinity between tannin and proteins or
tannin and carbohydrates was proposed by Zucker (1983) as a key condition for the
formation of complexes, but contradictory results have so far been reported. Hagerman
(1989) reported an enhancement in the protein precipitation capability at increasing degree
of hydroxylation and in the presence of flavan-3-O-galloyl esters. However, in more recent
works, tannins that differed in the stereoconfiguration of the monomeric units,
hydroxylation and polymerization degree showed only elusive differences in the protein
binding ability (Kraus et al. 2003; Norris et al. 2011).

The different responses of various tannins to standard chemical assays such as

Folin-Ciocalteu, vanillin and acid butanol, was related to their different chemical structures
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(Appel et al. 2001; Schofield et al. 2001; Kraus et al. 2003; Norris et al. 2011). However, a
clear dependence of the assay resulting from the tannin conformational characteristics has
not yet been defined. For example, Kraus et al. (2003) showed higher Folin-Ciocalteu assay
yields in proportion to increasing tryhydroxylated B-rings and cis-configurations
(e.g. epicatechin, epigallocatechin) in the monomeric units, but Norris et al. (2011) didn’t
confirm such dependencies.

The stability of the interflavonoid bond is dependent on the hydroxylation of the
A-ring of the monomeric unit. Phloroglucinol tannins can be easily depolymerized by acid
cleavage in the presence of nucleophiles such as cysteamine, phenylmethanthiol,
phloroglucinol or sulfite anions (Hemingway 1989). Resorcinol-tannins can be depolymerized
only by hydrogenolysis at very low temperatures (Steynberg et al. 1994). Linkages between
monomeric units different from flavan-3-ols are also resistant to acid cleavage: the breakage
of the covalent bond between flavanols and stilbene units detected in Sitka spruce bark
tannins was possible only through catalytic hydrogenation (Matthews et al. 1997b). Linear
C4-C8 interflavanoid linkages are more easily cleaved than C4-C6 bonds of the branched
oligomers, and slight differences were detected between equatorial (e.g. C4a-C8) and axial
(e.g. C45-C8) linkages (Hemingway and McGraw 1983).

A higher susceptibility to in situ oxidative degradation of prodelphinidins than
procyanidins was suggested from observations on Radiata pine bark (Porter 1989). Younger
bark tissues contained similar amounts of uncolored procyanidins and prodelphinidins,
while older tissues were clearly reddish (most likely due to the presence of oxidized

products) and contained only procyanidins.

2.2.8 Commercial tannins

The most traded condensed tannins are extracted from the bark of Black wattle and
the heartwood of quebracho. Their combined yearly production is about 200,000 tons,
mainly located in Argentina, Brazil, India, South Africa, Tanzania and Zimbabwe (Porter
1989; Pizzi 2008). Both extracts contain resorcinol tannins and, more specifically,
fisetinidins for quebracho and robinetinidins for wattle (Pizzi and Stephanou 1994b; Pasch et
al. 2001; Venter et al. 2012a, 2012b). Their X was reported between 3.2 and 6.7 (Garnier et
al. 2001; Venter et al., 2012a), but the existence of oligomers with polymerization degree up
to 10 units was shown by MALDI-TOF mass spectrometry (Pasch et al. 2001).

Phloroglucinol tannins were industrially extracted from the bark of Radiata pine in
Chile and New Zealand during the 90s, but production has since ended. They were mostly
used in adhesive formulations for particleboards and fiberboards (Valenzuela et al. 2012).
Highly purified extracts from the bark of Maritime pine, mostly composed of procyanidins,

are traded under the name Pycnogenol® for pharmaceutical preparations.
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Extracts from Eastern hemlock, Pecan nut, Peanut and Gambier leaves, rich in
phloroglucinol tannins, were traded in the past, but their availability on the current market is

almost completely lacking.

2.3 Softwood bark

2.3.1 Anatomy

The bark is the lignocellulosic tissue situated externally and peripherally to the
vascular cambium of woody plants. Its anatomical structure presents clear peculiarities
compared to wood. Two distinct regions can be recognized: inner bark (or secondary
phloem) and outer bark (or primary phloem).

The inner bark develops from the same cambial tissue of xylem and its thickness
ranges from 0.5 to 15 mm, depending on the plant species. Thin walled parenchyma cells
represent the majority of inner bark, of which only the most internal (newer) layers are
active. Annual growth rings are difficult to recognize because of the irregular and often
collapsed arrangement of the parenchyma cells. Specific cell types, not existing in wood, can
be observed in the inner bark, namely sieve cells and sclereids (or stone cells). Sieve cells are
longitudinally elongated elements that serve as lanes for the downward transportation of
sap. Sclereids are thick, irregularly shaped and highly lignified cells, which occur in isolation
or in clusters among parenchyma cells (Howard 1971).

The outer bark is the most external tissue of a stem and can be over 100 mm in
thickness. It is generated by the phellogen, a tangential oriented layer of meristematic cells,
which have been developed by differentiation of the inner bark parenchyma cells (Figure 5c).
Distinctive cell types are produced radiating inward and outward of the phellogen. The
ingoing tissue is called phelloderm and it is made of parenchyma cells (Figure 5a,d). Within
the phelloderm, the cells closer to the phellogen show an almost regular shape, thick walls,
and are evenly arranged. At increasing distance from the phellogen, towards the inner bark,
the cells become irregular, greatly expanded and with thinner walls (Howard 1971). At the
outside of the phellogen a clearly recognizable tissue called phellem develops. The phellem
is mostly made of thick walled and highly lignified cells arranged in multiple layers (Figure
5b). Parameswaran et al. (1976), highlighting the similarity of these cells with the inner bark
sclereids, proposed the term “sclerotic phelloid” to describe this tissue. External to the
sclerotic phelloid, a few layers of highly suberized, thin walled and flattened cork cells are
usually observed. The combination of phelloderm, phellogen and phellem represent the
periderm (Howard 1971). As the tree stem grows and expands, the initial periderm fractures

and the inner bark produces a new phellogen. This, in turn, forms a new, innermost
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periderm. Successive and discontinuous periderm bands, corresponding to the successive
tissue development phases, are observable in the older bark tissues, producing the known

scaled pattern of softwood bark (Nunes et al. 1999).
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Figure 5:  Schematic structure of softwood outer bark. Along the radial direction are the recognizable different
periderm layers: a) older phelloderm; b) phellem; c) phellogen; d) younger phelloderm (modified from
Howard 1971).

2.3.2 Structural components of softwood bark

The main components of bark, similar to wood, are polysaccharides and lignin.
Cellulose (as glucose residue after hydrolysis of the bark) represents between 20% to
37% w/w of softwood bark (Timell 1961; Dietrich 1978; Fradinho et al. 2002; Valentin et al.
2010; Krogell et al. 2012). The cellulose concentration generally decreases moving from the
inner towards the outer tissues (Fengel and Wegener 1983b; Krogell et al. 2012). Compared
to the wood cellulose, the bark cellulose shows a lower polymerization degree and higher
dispersity (Fengel and Wegener 1983b).

Hemicellulose represents between 9% and 26% w/w of softwood bark and, conversely
to cellulose, its concentration increases moving from the inner towards the more peripheral
tissues (Fengel and Wegener 1983; Krogell et al. 2012). The composition of bark
hemicellulose consists of both structural (non-soluble) polysaccharides and extractable
pectins. Structural polysaccharides have been identified in galactoglucomannans,
glucomannans and arabino-4-O-methylglucuronoxylans. Their monomeric composition
slightly differs across softwood species (Timell 1961; Dietrich et al. 1978; Valentin et al.
2010; Krogell et al. 2012).
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Pectins represent probably the largest fraction of the softwood bark hemicellulose
(Krogell et al. 2012; Miranda et al. 2012; Le Normand et al. 2014). In xylem tissues pectins
were mostly localized in the middle lamella, in the primary cell walls and in the innermost S3
cell wall layers (Evert 2006; Altaner et al. 2010). Since the concentration of pectin in bark is
more than three times greater than in xylem (Krogell et al. 2012), a broader diffusion of
them throughout the cells is expected. Pectins, as bark extractives, will be further discussed
in section 2.3.3D.

Lignin, determined by the Klason method after removal of the phenolic extractives,
ranges between 13% to 33% w/w of the softwood bark (Dietrichs et al. 1978; Weissman
1985a; Fradinho et al. 2002; Valentin et al. 2010; Miranda et al. 2012). In Norway spruce,
the increase of the lignin concentration moving from the inner to the outer bark was
detected (Krogell et al. 2012). Guaiacylpropane and, to a more limited extent,
p-hydroxyphenylpropane units were detected as the main monomeric units (Fengel and
Wegener 1983; Fradinho et al. 2002). Zhang and Gellersted (2008), on the basis of 2D-NMR
analysis, suggested that the actual amount of pure lignin in Norway spruce bark is limited to
merely 3% w/w in the inner bark and 10% w/w in the outer bark. Klason-lignin might include
in fact compounds characterized by a hybrid tannin-lignin structure that could be extracted

through prolonged rinsing with aqueous acetone.

2.3.3 Non-structural components of softwood bark (extractives)

Softwood bark contains a considerable amount of extractives of various types.
Successive extractions at increasing solvent polarity are usually performed to assess the
total amount and the types of extractives. Non-polar compounds are firstly extracted using
petroleum ether, diethylether, hexane or benzene. Ethanol, methanol, acetone (or an
aqueous solution of them) are effective in the recovery of phenolic monomers, oligomers
(e.g. tannins) and, partially, pectins. A fractionation between phenolic monomers and
oligomers could be performed using first ethylacetate, in which the oligomers are less
soluble than the monomers, and subsequently aqueous methanol or acetone. A following
hot water extraction enables the recovery of the longest phenolic oligomers, but together
with a considerable amount of pectins. A final treatment in hot alkaline water can extract the
less soluble pectins (Fengel and Wegener 1983; Porter 1989).

The total yield of extraction and the relative composition of the bark extracts (Table 1)
noticeably varied across softwood species, but also among analyses on the same bark
performed by different researchers. This evidence highlights that a comparison of the
extractive composition between different species can only be performed if consistent

extraction and analysis protocols are used.
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A. Non-polar extractives

Nonpolar extractives are mostly represented by waxes, fatty acids, lipids, resin acids,
phytosterols, and terpenes. With few exceptions, they generally account for less than
50 g/kg of dry bark (g/kg ) (Table 1). Fatty and resin acids (e.g. oleic acid, linoleic acid,
behenic acid, isopimaric acid, dehydroabietic acid) have been reported as the main non-polar
extractives in softwood bark, with substantial variations in their relative amounts across

species (Fengel and Wegener 1983; Sakai 2001; Krogell et al. 2012; Valentin et al. 2010).

B. Phenolic monomers

Phenolic monomer extractives include a large variety of compounds, e.g. flavonoids,
stilbenes, lignans and their glycosides.

The flavanonol taxifolin (Figure 6a), or dihydroquercetin, is the most frequently
detected in softwood bark. The abundance of taxifolin in Douglas fir bark has been
documented (Barton and Gartner 1958) and its occurrence in Norway spruce and various
pine species has also been recently reported (Yazaki and Hillis 1977; Weissmann 1981; Pan
1995; Karonen et al. 2004; Yesil-Celitkas et al. 2009a/b; Jerez et al. 2009a; Ucar et al.
2013). In combination with taxifolin, taxifolin-3’-glucoside (Figure 6b) was usually detected.
Taxifolin 4- and 7-glucosides (Figure 6¢) were detected in traces in Norway spruce, Douglas
fir and Scots pine (Hergert 1958; Foo and Karchesy 1989b; Pan 1995).

The flavonols kaempferol and quercetin (Figure 6d) are common softwood bark
extractives that generally exist in combination with their glycosides. In particular,
kaempferol-7-glucoside (Figure 6e) and kaempferol-3-rhamnoside (Figure 6f) were reported
for Douglas fir bark (Yazaki and Hillis 1977; Foo and Karchesy 1989b; Pan 1995).

Free flavanols like catechin and gallocatechin and, less frequently, their epimers
epicatechin and epigallocatechin occur in most of the softwood bark in small amounts, most
likely as by-products of condensed tannin biosynthesis (Sakai 2001; Yesil-Celitkas 20093;
Karonen et al. 2004). Glucosyls of catechin and epicatechin in position 7 (Figure 6g), 3’ and
4’ were found in Douglas fir, Norway spruce and some pine species (Foo and Karchesy
1989b; Pan 1995; Ucar et al. 2013). 3’-methylcatechin and its 7-glucoside were identified in
Scots pine, Norway spruce and Douglas fir (Pan 1995; Foo and Karchesy 1989b). The
presence of catechin-3-gallate (Figure 6h) and catechin-3-ferulate (Figure 6i) was reported for
Austrian pine bark (Yesil-Celitkas 2009b).

The stilbene-3-glucosides astringin, isorhapontin and piceid (Figure 6j,k,l) are typical
phenolic extractives from the bark of spruce species (Weissmann 1981; Solhaug 1990;
Toscano Underwood and Pearce 1991; Mannila and Talvitie 1992; Pan 1995; Zhang and
Gellerstedt, 2009; Krogell et al. 2012; Latva-Mdenpdd et al. 2013). Their respective
aglycones piceatannol, isorhapontingenin and resveratrol were also identified in spruce bark

at smaller amounts. Piceatannol was found in Radiata pine bark, together with its
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4’-glucoside, which differ from astringin by the glucosylation position (Yazaki and Hillis
1977; Jerez et al. 2009a). Similarly, a resveratrol-4’-glucoside was detected in Scots pine,
together with its monomethyl derivative (Pan 1995). Pinosylvin monomethylether was
identified in the acetone extract of Scots pine (Valentin et al. 2010). Stilbene glucoside
dimers, double linked through a C-C and a C-O-C bond, were detected in Norway spruce bark
extracts (Li et al. 2008; Zhang and Gellerstedt 2008).

Table 1 Extraction yields (g/ngB) of successive extractions of softwood barks with solvents at increasing
polarity. The symbol “+“ indicates that no extraction was performed with the correspondent solvent
(data from Dietrich et al. 1978; Labosky 1979; Weissmann 1981, 1983, 1985a; Laks 1991; Vazquez
Penas et al. 1992; Sakai 2001; Fradinho et al. 2002; Valentin et al. 2010; Miranda et al. 2012).

Extraction solvent

Species Total
Hexane Benzene Ether Ethanol Acetone Hot water

Aleppo pine . . 25 100-208 ¢ 8698 211-331
Austrian pine 4 4 26 31 4 39 96
Balsam fir . 132 . 33 4 27 192
Douglas fir . . 54-90 112-169 ¢ 30-46 196-305
Eastern hemlock ¢ 28 ¢ 219 4 33 280
Engelmann spruce . 52 . 259 ¢ 109 420
European larch 4 4 45 149 4 90 284
Jack pine . 80 . 124 ¢ 30 234
Japanese larch 4 4 37 284 4 180 501
Loblolly pine 17 13 13 20 ¢ 19 82
Lodgepole pine . 287 . 109 ¢ 56 452
. . 31 103 ¢ 32 166

Maritime pine
. 22-34 8-10 105-126 ¢ 20-66 155-236
Mexican yellow pine . . 30 163 ¢ 71 264
4 66 05 29 ¢ 140 240
Norway spruce . . 47-93 56-198 ¢ 112-151 216-403
. . 24-78 ¢ 70-176 119-150 265-343
27 10 29 ¢ 238 63 366
Radiata pine . . 41 120 ¢ 53 214
15 15 40 50 ¢ 130 250
. . 42-46 12-52 ¢ 48-92 106-188
Scots pine . 63 10 18 ¢ 129 220
. . . ¢ 56 137 193
Shortleaf pine 26 12 11 44 ¢ 20 113
Slash pine 21 20 12 73 ¢ 33 159
Sumatra pine . . 17 42 ¢ 73 132
Turkish pine 4 50 4 257 4 178 485
Virginia pine 15 10 10 35 4 19 89
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Total stilbenes’ concentrations in Norway spruce bark were reported between 5 and
100 g/kg_, (Solhaug 1990; Mannila and Talvitie 1992; Krogell et al. 2012). This wide range is
related to the noteworthy variations in the stilbenes’ extraction yields observed both within
the bark thickness and along the stem. A radial increase of stilbene concentration from the
cambium to the living periderm was detected (Toscano Underwood and Pearce 1991), but
diminished almost completely in the outer bark layers (Zhang and Gellerstedt 2008; Krogell
et al. 2012). Yazaki and Hillis (1977) reported similar observations for the distribution of the
piceatannol-4’-glucoside in Radiata pine bark, while its aglycone was found only in the
outermost bark. Along the stem, higher concentrations of stilbenes were detected in
proximity of the first branches than at the stump (Toscano Underwood and Pearce 1991).
These data suggest that stilbenes are mostly located in young tissues and practically absent

in the oldest bark, most likely because of degradation or modification during aging.
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Figure 6:  Molecular structure of some of the most common phenolic monomers detected in softwood barks.
a) taxifolin, b) taxifolin-3’-glucoside, c) taxifolin-3-glucoside, d) kaempferol, e) kaempferol-7-glucoside,
f) kaempferol-3-rhamnoside, g) catechin-4-glucoside, h) catechin-3-gallate, i) catechin-3-ferulate,
Jj) piceid, k) astringin, ) isorhapontin.
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A variation of the concentration of taxifolin within the bark was also detected (Yazaki
and Hillis 1977). The compound was in fact detected only in the most external layers of the
outer bark but it was completely missing in the inner tissues.

Lignans like taxiresinol, secoisolariciresinol, lariciresinol, pinobatol were identified in
the bark of Scots pine and Silver fir (Pan 1995; Benkovic et al. 2014; Sinkkonen et al. 2006).
Phenolic acids (e.g. protocatechuic, p-hydroxybenzoic, vanillic, p-coumaric acids) were also
dectected in Silver fir, Maritime pine, Radiata pine and Scots pine (Mun and Ku 2006; Jerez et
al. 2009a; Benkovic et al. 2014).

C. Condensed tannins

The condensed tannins extracted from the softwood bark have been mostly identified
in procyanidins (Porter 1989; Matthew et al. 1997a). Prodelphinidins have been detected in
only a few species (e.g Momi fir, Sakhalin fir, Slash pine and Lodgepole pine) and always in
the presence of procyanidins (Porter 1989). Peculiar cases are Radiata and Patual pine. The
inner (younger) periderm of these species contains a mixture of procyanidins and
prodelphinidins, while outer (older) periderm have almost exclusively procyanidins (Porter
1989). This observation contrasts with the analysis of Longleaf pine bark extracts, for which
an increased concentration of prodelphinidins was observed moving outward through the
bark thickness (Porter 1989).

The monomeric units have predominantly a cis-configuration at the position C2
(epicatechin and epigallocatechin) (Porter 1989; Matthews et al. 1997a). An exception is
represented by Radiata pine procyanidins, which presented a majority of trans-configured
units (catechin and gallocatechin) (Porter 1989; Matthews et al. 1997a; Jerez et al. 2009a).

Extracted softwood bark tannins showed X between 3 and 10 (Weissman 1981; Porter
1989; Matthews et al. 1997a). Dispersity D, ranged from 2 to 7, indicating a broad
distribution of the molecular size (Weissman 1981; Matthews et al. 1997a). Scots pine bark
extracts analyzed by normal phase high performance liquid chromatography (HPLC) and
electrospray ionization (ESI) mass spectroscopy showed the presence of procyanidins from
dimers through to decamers and higher oligomers. Procyanidins longer than 10 units
appeared to represent the larger weight fraction of the extracted tannins (Karonen et al.
2004; Hellstrom and Mattila 2008). Foo and Karchesy finely characterized procyanidins
extracted from Douglas fir bark using "*C- and 'H-NMR (Foo and Karchesy 1989c, 1989d,
1991). Linear oligomers with C4-C8 interflavanol bonds were generally identified, but the
occurrence of branching through C4-C6 bonds was observed at a relatively high frequency.
Extension units were almost exclusively represented by epicatechin, while both catechin and
epicatechin were identified as terminal units. Maritime and Radiata pine tannins were
analyzed through thiolysis, ESI and MALDI-TOF mass spectrometry by Jerez and co-workers
(Jerez et al. 2007a, 2007b, 2009a, 2009b). Maritime pine bark water extract showed to
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contain procyanidins with X = 5.3, but the presence of oligomers up to 22 units was
detected. Procyanidins in Radiata pine showed a higher average polymerization (X = 7.6),
but the longest observed oligomer had 15 units. Navarrete et al. (2010) analyzed Maritime
pine bark extracts by MALDI-TOF mass spectrometry and detected a frequent occurrence of
gallate esters along the procyanidins backbone, which is not evident in the mass spectra
recorded by Jerez et al. (2009b).

The presence of monomeric units different from flavan-3-ols in softwood bark tannins
has been occasionally reported. Tannin oligomers extracted from the bark of Norway spruce
were analyzed using 2D-NMR by Zhang and Gellerstedt (2008), which estimated that
procyanidin units represented merely 53% of the tannins. The remaining units were
represented by stilbene-derived structures (33%) and methoxylated lignin-related blocks
(14%). The presence of stilbene glucosides in the molecular structure of Sitka spruce tannins
was also detected by Matthews et al. (1997b) after hydrogenolysis. Tannins extracted from
Turkish pine bark were identified as procyanidins with occurrences of glucosides and
dihydroxybenzoate esters of flavanol units (Porter, 1989; Ucar et al. 201 3).

The total amount of tannins in softwood barks is estimated between 50 and 370 g/kg__
(Fengel and Wegener 1983). However, the determination of the actual amount of tannins in
bark is tricky. The results are dependent on the extraction process and the analytical
method used for the estimation of the tannins. An explicatory case is the quantification of
tannins in Norway spruce bark presented in different studies that used different analytical
protocols: total tannin amount ranged between 17 and 107 g/kg_  (Matthews et al. 1997a;
Zhang and Gellerstedt 2008; Krogell et al. 2012; Kempainnen et al. 2014). A possible
explanation of the dispersion of the results is the presence of condensed tannins in the bark
tissues that can be extracted, and thus quantified, only in particular conditions (Stafford
1988). These compounds have been attributed to tannins blocked in plant tissues due to
their large size (e.g. after the oxidative coupling of tannin oligomers) and the development
of secondary bonds with other plant constituents or among themselves. The native chemical
structure of tannins might also be responsible for their limited solubility, as was shown for
tannins formed in pure protoplast cell culture preparations of Douglas fir (Stafford and
Cheng 1980). Matthews et al. (1997a) performed acid thiolysis on softwood bark residuals
after aqueous methanol extraction and detected a considerable further release of flavanol
units that were attributed to non-extractable tannins. In Scots pine the amount of non-
extractable compounds was almost comparable to the amount of those extracted. Using
milder thiolysis conditions, Hellstrom and Mattila (2008) determined that the amount of
non-extractable tannins in Scots pine bark was merely 5% of those extracted. Zhang and
Gellerstedt (2008) performed prolonged extraction with acetone on Norway spruce outer
bark that had already been extracted with a series of solvents at increasing polarity (total

extraction yield = 225 g/kg_). A further 68 g/kg  of extractives were obtained with this
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procedure. The extracted compounds were identified in procyanidins and were determined
to be largely copolymerized with stilbenes and lignin-related blocks.

Higher amounts of tannins have been generally reported for the outer bark (Yazaki and
Hillis 1977; Fengel and Wegener 1983; Zhang and Gellerstedt 2008). Krogell et al. (2012)
reported the opposite trend in Norway spruce. The same trend was observed by Matthews et
al. (1997a) for Scots pine and Austrian pine bark. The decrease in the extractable tannins
moving from the inner to the outer bark was correlated with an increase of the non-
extractable tannins in the same direction, suggesting a transition from extractable to non-
extractable compounds during tissue aging. Likewise, an increase of the tannin
polymerization degree from the inner towards the outer layers of Radiata pine bark was
reported (Yazaki and Hillis 1977).

D. Carbohydrates

Mono-/oligosaccharides, starch and pectins represent an important fraction of
softwood bark extractives. Sucrose, fructose, glucose and galactose (in descending order of
concentration) were detected in hot water extracts of Norway spruce bark (Weissman 1984;
Krogell et al. 2012). Their total concentration was between 30 and 48 g/kg__.

Pectins could be extracted with neutral or mild alkaline water. Extraction yields from
14 to 235 g/kg_, were reported, mostly as a result of the temperature of extraction (Krogell
et al. 2012; Le Normand et al. 2012). They are mainly associated with arabinans,
arabinogalactans, glucans (callose), galactoxyloglucans, and polygalacturonans (Fu et al.
1972; Fu and Timell 1972a; Valentin et al. 2010; Krogell et al. 2012; Le Normand et al.
2012; Kempainnen et al. 2014). Softwood bark arabinans were described as highly branched
polymers with number-average molecular weight (MW ) higher than 10" Da (Figure 7 - Fu and
Timell 1972a; Le Normand et al. 2012). The presence of rhamnogalacturonans branched
with large arabinans in Norway spruce inner bark was proposed by Le Normand et al. (2014).
In plant tissues, arabinogalactans occur often as arabinogalactan-protein (AGP) complexes,
which are very soluble, diffusible and distributed in both the cell walls and the intercellular
spaces (Evert 2006).

Starch (1.1 -17.3 g/kg ) was determined and observed as granular bodies in the
lumen of bark parenchyma cells at the end of the growing season (Dietrich 1978; Krekling et
al. 2000; Kempainnen et al. 2014; Le Normand et al. 2012).

E. Inorganic compounds

Inorganic ions such as calcium, potassium and, at minor concentrations, magnesium,
manganese and phosphorous are common constituents of softwood barks (20 - 40 g/kg_)
(Saarela 2005; Krogell et al. 2012; Miranda et al. 2012; Kempainnen et al. 2014). Calcium,

the most abundant ion, generally exists as insoluble calcium oxalate crystals. Their presence
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within bark parenchyma cells was evidenced by electronic microscopy (Parameswaran et al.
1976; Nunes et al. 1999).

A seasonal variation in the concentration of potassium ions was observed, with a
maximum and a minimum occurring during summer and at the beginning of winter,
respectively (Krizaj 1996). Other elements like iron, boron, zinc, aluminum, barium and

sodium were also detected at concentrations lower than 0.1 g/kg_..

Figure 7:  Schematic structure of a softwood bark arabinan (based on Fu and Timell, 1972a).

F. Other extractives

The storage of proteins in the bark of several softwoods, up to a concentration of
7.4 g/kg_, for the case of Scots pine, was reported (Dietrich 1978; Wetzel and Greenwood
1989). Formic and acetic acids (21 g/kg ) were detected in Norway spruce bark extracts
(Krogell et al. 2012), but their provenience was unsure and likely associated to in vivo
degradation of the sample. Yazaki and Aung (1988) peculiarly reported the presence of
aliphatic dicarboxylic acids in alkaline extracts from Radiata pine. These data are yet to be

confirmed or disproved by other studies.

2.4 Hot water extraction of softwood bark

2.4.1 Hot water extract composition

The more efficient media for the extraction of tannins from softwood bark are
acetone:water solutions between 70:30 and 90:10 v/v (Foo and Porter 1980; Stafford 1988).
An organic solvent extraction is however considered unsuitable for a large-scale industrial
process, and the use of hot water is generally preferred. The main disadvantage of hot water
extractions is the low selectivity, with the consequent simultaneous extraction of both

phenolic and non-phenolic compounds. The result is therefore a dilution of the actual
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concentration of tannins in the extracts. The presence of polysaccharides in bark extract is
of concern. They have been associated with the high viscosity of extract solutions (Weissman
1985b; Garnier at al. 2001) and waning bonding performance of tannin-based adhesives
(Pizzi 1982a). Colloidal or other second order interactions between tannin oligomers and
polysaccharides have been supposed.

Water extractions at 100°C of European larch bark showed a total extraction equal to
160 g/kg , (Weissman 1985a). Carbohydrates represented 35%w/w of the extracts.
Methanolysis of the carbohydrate fraction showed a monomeric composition dominated by
galactose, arabinose and polygalacturonic acid. The presence of pectic polysaccharides (e.g.
arabinans, galactan, arabinogalactan and galacturonans) in the extracts was thus indicated.
Size exclusion chromatography (SEC) of the phenolic fraction indicated the presence of
oligomers from 2 to 20 units and the peculiar presence of four local maxima. The
concurrent presence of different classes of phenolic oligomers, each of them with a distinct
weight distribution curve, was therefore supposed.

Radiata pine bark extracted in the same conditions (Weissmann 1985b) resulted in a
lower amount of carbohydrates (15% w/w). The monomeric composition of the extracted
polysaccharides further indicated the presence of pectins, but with a noticeable lower
fraction of arabinans. Size fractionation of the Radiata pine extracts by ultrafiltration showed
that compounds with molecular weight lower than 10° between 10° and 10°% and above
10° Da (as Dextran equivalents) represent 37.6%, 49.0% and 13.4% w/w of the extracts,
respectively (Yazaki and Hillis 1985). The middle range fraction gave the maximum amount
of precipitates when treated with formaldehyde (Stiasny number), indicating that most of the
phenolic compounds were in this weight interval. In the lowest and highest mass fractions
monosacchrides and gums were respectively collected.

Extraction of Norway spruce bark in boiling water gave a total yield of 110 g/kg_..
Approximately 50% of the extract was represented by phenolic compounds (determined by
gravimetry after preparative chromatography) and 18% by carbohydrates (Liiri et al. 1982;
Tisler et al. 1986). SEC of the phenolic fraction indicated MW = 602 Da and D_=6.2. The
high D suggested that phenolic compounds were characterized by a wide range of
polymerization degrees, from monomer through to oligomers and higher polymers. More
recently, Kempainnen et al. (2014) performed a bench scale extraction of Norway spruce
bark in water at 90°C, and obtained a total yield equal to 205 g/kg_. The extract was
composed of approximately 45% tannins (determined by acid butanol assay), 30%
polysaccharides (arabinans, galactans, galacturonans) and 7.5% free monosaccharides
(prevalently glucose). The considerable differences in both the extraction yield and extract
composition between the two studies on Norway spruce, which used quite similar extraction
conditions, highlights the need for a better understanding of the influence of the extraction

parameters on the extract characteristics.

25



2.4.2 Extraction process parameters

The increase of the extraction temperature was identified as the most effective factor
to gain higher yields in the water extraction of softwood bark (Jorge et al. 1999; Vazquez et
al. 2001; Konig and Roffael 2003; Kempainnen et al. 2014). Extraction temperatures over
80°C showed an upsurge of the co-extracted carbohydrates and an increased concentration
of mannose and xylose in the monomeric composition of the carbohydrate fraction
(Fradinho et al. 2002). A degradation of the structural hemicellulose of the bark
(galactoglucomannans, glucomannans, arabino-4-O-methylglucuronxylans) at these
extraction temperatures was hinted.

The extraction time has a considerable influence up to 1 hour. However, for longer
times no actual improvements were observed, especially in the case of low liquid:bark ratios
(Yazaki 1985; Kempainnen et al. 2014).

Extractions were generally performed using liquid:bark ratios between 5:1 and 12:1,
with better extraction yields at the lowest values (Vazquez Penas et al. 1992; Jorge et al.
1999; Vazquez et al. 2001). Kempainnen et al. (2014) performed extraction of Norway
spruce bark at 20:1, 10:1 and 7:1 at different times and temperatures. For an extraction
time up to 15 minutes, higher yields at the lower liquid:bark ratios were observed, in
agreement with the other studies, however for longer extraction times (up to 2 hours), the
highest extraction yields were observed for the highest liquid:bark ratio.

Fine milling to achieve an average particle size below 0.5 mm resulted in a noteworthy
increase of the extraction yields, most likely due to diffusion limitations of the extractives
through the bark tissue (Vazquez et al. 2001). Yazaki (1985) showed that the effect of the
bark particle size is significant only for a pure water or slightly alkaline extraction. At strong
alkaline conditions no appreciable differences were observed at the reduction of the particle
size. Analysis on different size fractions of milled bark showed slightly different chemical
compositions (Vazquez et al. 2001; Miranda et al. 2012). The finest particles (< 0.2 mm)
showed less lignin and higher amounts of extractives as phenolics, carbohydrates and
inorganic compounds. These variations correlated to the heterogeneity of bark, since various

cell tissues were differently ground during milling.

2.4.3 Addition of chemicals

An increase of the total extraction yield from softwood bark was reported after
addition of sodium hydroxide, carbonate, sulfite or bisulfite to the extraction water. Sodium
hydroxide addition, which induced mild to strong alkaline conditions during the extraction,
showed total extraction yields 4 to 10 times higher than those obtained in pure water (Liiri

et al. 1982; Chen and Pan 1991). The huge increase in total yield often did not correlate to a
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significantly higher phenolic yield, but mostly to an increased concentration of non-phenolic
compounds in the extracts (Chen and Pan 1991; Yazaki 1985; Chupin et al. 201 3).

The non-phenolic fraction has two distinct sources: the favored cleavage and
extraction of hemicellulose fragments at alkaline conditions, and the residual sodium
hydroxide in the dry extract. The most efficient extractions, in terms of Stiasny number of
extracts, were performed at pH < 10, corresponding to a concentration of sodium hydroxide
in the extraction water lower than 1% w/v (Dix and Marutzky 1983; Yazaki 1985).

Addition of sodium sulfite and/or bisulfite improved the tannin extraction yield,
increased the solubility of the extracts and reduced their viscosity (Yazaki and Hillis 1980;
Foo et al. 1983; Chen and Pan 1991; Sealy-Fisher and Pizzi 1992; Bertaud et al. 2012). The
gain in the total extraction yield was less marked than in alkaline extractions, most likely
due to less severe degradation of the bark hemicellulose. Kempainnen et al. (2014) showed
an improvement of the tannin:polysaccharide ratio in Norway spruce bark extracts by adding
2.0% of sodium bisulfite and 0.5% of sodium carbonate to the extraction water. However, the
amount of ashes in the extract, mainly represented by the added salts, was equal to 26.5%.

The separation of the phenolic extracts from the inorganic salts has been performed at
the laboratory scale by ultrafiltration or dialysis. The use of such technology at the industrial
scale is unlikely, as pointed out by Jorge et al. (1999), and a careful evaluation of the most
convenient amount of chemicals to add to the extraction water, in order to avoid
disadvantageous dilution of the phenolic compound in the crude extracts, is therefore
needed.

The addition of sodium carbonate produced more minor effects than sodium
hydroxide or sulfites. Furthermore, self-gelling of Loblolly pine extracts after being stored
for 2 days at room temperature was observed (Chen and Pan 1991).

Improvement in the total extraction yield was also observed after addition of urea in
the extraction of Radiata pine and Norway spruce bark (Sealy-Fisher and Pizzi 1992; Konig
and Roffael 2003), but also in these cases the gain in total yield could mostly be related to
the presence of urea in the final dry extract.

Quite singular results were reported by Vazquez Penas et al. (1992), who performed a
three-level factorial experimental design analysis on the extraction of Maritime pine bark,
varying the liquid:bark ratio, concentration of sodium hydroxide and temperature of
extraction. This resulted in negative effects on the total yields when any of the process

variables were increased, in disagreement with most analyses published on the topic.

2.4.4 External factors

Variables not directly related to the extraction process, such as the quality of the

collected bark, showed a noteworthy influence on extract characteristics. Weissmann (1984)
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performed hot water extractions on Norway spruce bark collected from trees felled at
different times from March to October. The average total yield was 250 g/kg_, and total
carbohydrates were approximately 40% w/w in all the extracts. No seasonal trends were
detected in total carbohydrates and phenolics, but a regular increase of the
mono-/oligosaccharides fraction, in parallel to the corresponding decrease of the extracted
polysaccharides, was detected from the late spring to the end of the vegetation period.
Higher phenolic yields were observed from Norway spruce bark collected between
11 m and 35 m trunk height than in samples collected between 0 m and 11 m (Kénig and
Roffael, 2002). The different cambial age of the bark samples was attributed to this finding.
The high variability of the results within the same softwood species was observed by
Chupin et al. (2013), who performed identical alkaline water extractions on bark samples
collected from five distinct Maritime pine logs, resulting in 1.5-fold variations in total yield

and 5-fold variations in phenolic yield across the trees.

2.4.5 Modification of condensed tannins during extraction

The extraction of condensed tannins with hot water might induce a reorganization of
their structure. The most known and likely modifications are phlobatannin rearrangement,
heterocycle opening, interflavanoid link cleavage, and oligomer autocondensation (Ferreira
et al. 1992). These mechanisms compete with each other, and the predominance of a
particular reaction is a function of both the environment and the tannin type. In alkaline
conditions resorcinol tannins (e.g. wattle, quebracho) mostly show phlobaphenes
rearrangement (Ferreira et al. 1992; Pizzi and Stephanou 1994a). However, interflavonoid
link cleavage followed by quick recombination in a different configuration (e.g. from linear
to angular tannin) are characteristics of phloroglucinol tannins (pine, pecan nut) at the same
conditions (Pizzi and Stephanou 1994a). All the described rearrangements are also
considered likely in an acid environment (Hemingway and McGraw 1983; Bae et al. 1994).
The addition of sulfites favors the interflavanol bond cleavage and the heterocycle opening,
resulting in sulfite substitutions at positions C4 and C2 that enhance the tannin solubility
(Foo et al. 1983). Tannins extracted with the aid of sulfites from Radiata pine bark showed a
higher fraction of smaller oligomers (MW < 1000 Da) than those extracted with pure hot
water (Yazaki and Hillis 1980). A partial depolymerization of the extracted tannins was
indicated.

In phloroglucinol tannins the interflavonoid link cleavage and opening of the
heterocycle ring, both naturally occurring or trigged by the addition of sulfites, might result
in the autocondensation of tannin oligomers through the development of C4-C8, C4-C6,
C2-C8 interflavanol bonds (Bae et al. 1994; Pizzi and Stephanou 1994a). Stable and poorly

soluble products (phlobatannins, phlobaphenes) are thus formed during the extraction, both
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in situ and in the extraction water, in which they precipitate. The addition of stronger
nucleophiles like phloroglucinol, m-phenylen-diammine or urea might limit this effect
(Sealy-Fisher and Pizzi 1992). The nucleophile should react more quickly with the cleaved or
opened tannins than another oligomer, therefore preventing autocondensation.

The catechin acid rearrangement of procyanidins, which inhibits the tannin’s reactivity
towards formaldehyde, is less common and limited to the terminal unit for steric hindrances
(Pizzi and Stephanou 1994a). The reaction is favored in the presence of phloroglucinol
(Ferreira et al. 1992) and during long permanence of the extracts in alkaline conditions at

temperatures between 40 and 50°C (Navarrete et al. 2011).

2.4.6 Post treatments of the extracts

The high concentration of carbohydrates in softwood bark extract has been regarded
as their major shortcoming. Purification processes with the aim to remove the co-extracted
carbohydrates from the extracts have therefore been considered.

Purified Radiata pine and European larch bark extracts were obtained by Weissman
(1985b) exploiting the scarcer solubility of pectins in alcohols than phenolic compounds.
The dry crude extracts were rinsed with ethanol and the solute collected. Even if only 20% of
the total carbohydrates were removed from the extracts, the viscosities of the purified

extracts dropped significantly in comparison to the crude samples (Figure 8).

4500
—o— Radiata
4000 pine
3500 (crude)
o 3000 - - Radiata
% pine
< 2500 (purified)
=
3 2000 —©—Larch
2 1500 (crude)
>
1000
© —Larch
500 (purified)
0

35% 40% 45% 50% 55%  60%
Extract concentration

Figure 8:  Viscosity of aqueous solutions of bark extract from Radiata pine and European larch at different
concentrations. Crude and ethanol purified extracts are shown (based on the data from Weissmann
1985b).

Similar results were obtained by Yazaki and Hillis (1980) after separation of methanol
soluble and methanol insoluble compounds from Radiata pine extracts. While the viscosity

of the crude extract was equal to 85 mPa's, that of the methanol soluble fraction, which
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represented 87% of the crude extract, resulted in merely 5 mPa:s. A concomitant slight
increase in the Stiasny number of the methanol fraction was also observed. The insoluble
fraction showed a viscosity higher than the measuring range of the used equipment and a
strong decrease in the Stiasny number.

The difference in MW _between tannins and pectins was exploited by Yazaki and Hillis
(1980) to purify Radiata pine extracts by molecular filters. Ultrafiltration through a 10° Da
membrane gave a filtrate (yield = 77.6% w/w) with a viscosity 10 times lower than crude
extracts. A reduction in the Stiasny number of the filtrate suggested that the filter retained a
considerable amount of tannins. The separation of tannins from smaller compounds,
e.g. phenolic monomers and monosaccharides, was achieved by ultrafiltration with 10* Da
membranes (Yazaki 1980). The retentate was equal to 62.5% w/w of the crude extracts and

showed a higher Stiasny number.

2.4.7 Alternative extraction methods

Hot water extraction of Radiata pine bark at high pressures and temperatures
(4-10 bars, 100-180°C) were performed by Inoue et al. (1998). Decreased yields and higher
concentrations of non-phenolic compounds in the pure water extracts were observed as both
temperature and pressure increased. In alkaline conditions, both the total and phenolic yield
increased and became less dependent on temperature and pressure

Barks from various pine species were extracted using supercritical CO, (Yesil-Celiktas
et al. 2009a). Total phenolic concentrations in extracts were between 2% and 8% w/w,
suggesting poor solvability of phenolic compounds in CO, at the applied conditions.

Soxleth, microwave and ultrasound assisted extraction, showed better extraction
yields than simple maceration (Aspé and Fernandez 2011). Microscopy of bark samples
extracted with this method showed a severe disruption of the cell structure. Macerated and

stirred samples appeared much less damaged.

2.4.8 Industrial extraction

The industrial extraction of tannins is generally performed in hot water through a
multi-stage counter-current process. A schematic description of an industrial extraction
plant was reported by Li and Maplesden (1998) and used as a basis to sketch the process
flowchart in Figure 9.

Air-dried raw bark is hammer-milled and screened to between 1 and 4 mm in size. Any
smaller might result in a problematic handling of the raw material, and any larger would not
be suitable for efficient diffusion of the extractives through the tissue. The bark is loaded

into an extraction tank and percolated with the water already used in the previous extraction
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steps. The ratio between water and bark should be higher than 5:1, as the very porous
softwood bark can absorb water up to four times its own dry weight. The extraction time of
each step is usually between 30 and 60 min. After the first extraction step, the bark is again
extracted with water that has already percolated through all the extraction steps except the
last one. Four to eight successive extraction steps in separate tanks are generally
performed. In the last step the bark is extracted with clean hot water at 70-90°C. The
process permits the operation of as many parallel extractions as the number of extraction
stages. Generally no re-heating of the water is performed between the tanks. A press filter
after the discharge of the bark from the last extraction tank might be utilized to further
recover the remaining water absorbed in the bark.

At the end of the extraction process, the extraction water has a dry content between
1% and 5%, depending on the extraction yield. After filtration, it is concentrated in an
agitated evaporator to 30-40% in dry content. Eventually, the concentrated extract is dried to

a fine powder by spray-drying.

Hammer mill
and screening
Hot water (90°C)

Extraction plant

Wet bark Spent bark
T1 X A
I S (unload) Filter press

Extract
(2-5% dry content)

Extract
(30-40% dry content)
Concentration Spray-drier

Figure 9:  Flowchart of a tannin extraction plant with 4 successive extraction stages.







3. Experimental

The methods used in the bark sampling, extraction and analysis were described in
detail in the publications related to this thesis (Bianchi et al. 2014, 2015, 2016). In the
following sections, only a brief description of these experimental procedures is reported.
The methods concerning additional investigations that were not reported in the appended

publications are instead fully described.

3.1 Bark sampling

Bark flakes from Silver fir (Abies alba [Mill.]), European larch (Larix decidua [Mill.]),
Norway spruce (Picea abies [Karst.]), Douglas fir (Pseudotsuga menziesii [Mirb.]) and Scots
pine (Pinus sylvestris [L.]) were collected in the early spring from harvested logs in a forest in
the Swiss Jura close to Biel (Figure 10). The logs were felled 1 to 3 months before bark

collection and had a breast height diameter between 40 and 60 cm (Bianchi et al., 2015).

Figure 10: Sampling of Norway spruce bark flakes using a debarking iron

For the analysis of the influence of bark outdoor storage on the extracts’
characteristics, a Norway spruce log with a breast height diameter of 50 cm was felled at the
end of October in the same forest, brought the day after in a log-yard in Biel and left

exposed to natural direct weathering for 15 months. Bark flakes at different positions along
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the log length were regularly collected from the day of harvesting up to the end of storage
(Bianchi et al., 2016).

All the collected samples included both inner and outer bark. The bark flakes were
deep-frozen and stored at -20 ‘C directly after collection and protected from light and air

until further analysis or extraction.

3.2 Bark topochemistry and composition

The anatomical structure of bark was investigated by scanning electron microscopy
(SEM) of freeze-dried bark chips previously coated with gold-palladium (Bianchi et al. 2016).
The localization of the phenolic deposits within the bark tissue (topochemistry) was analyzed
by UV-microspectrometry (UMSP) (Koch and Kleist, 2001; Bianchi et al. 2016). More in detail,
semi-thin transverse sections of bark were scanned with a geometric resolution equal to
0.25 pm x 0.25 pm and the UV-absorbance at 280 mm was recorded. Point measurements
were performed at different anatomical sites on a spot of 1 um? in size and the UV-visible
absorbance spectrum between 240 and 500 nm was recorded.

The amount and monomeric composition of the bark carbohydrates were analyzed by
two-step hydrolysis, followed by high performance anion exchange chromatography with
Borat post-derivatization (Borat-HPAEC), as reported by Willfor et al. (2009).

The nature and total amount of extractives in the barks were analyzed by successive
extractions at increased solvent polarities as described in Table 2. The extractions were
performed on an accelerated solvent extraction device (ASE 200 Dionex®) equipped with
22 mL cells. About 2 g of freeze-dried bark milled with a vibratory disc mill (average particle
size = 50 um) were loaded in the cell. All extractions were repeated 3 times. Petrol ether
extracts were dried by evaporation at room temperature. Acetone extracts were vacuums-
dried at 40°C using a Biichi Syncore® device. Water extracts were freeze-dried. Eventually,

the weights of the different dry extracts were recorded.

Table 2: Scheme of the process used for the characterization of the total extractives in softwood barks.

Extraction step Solvent Temperature Heating time Extraction time Extraction cycles
(O (min) (min)
A Petrol ether 70 5 10 2
Acetone:Water
B 90:10 v/v 100 5 10 2
C Water 120 6 10 2

Total procyanidins and prodelphinidins in bark were estimated by direct thiolysis on
milled barks using cysteamine hydrochloride in acidic methanol (Bianchi et al. 2016). The

quantification of the cleaved flavanol monomeric units was performed by reverse phase high
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performance liquid chromatography with UV detection at 280 nm (HPLC-UV). Calibration was
performed using (-)-epicatechin, (+)-catechin, (-)-gallocatechin and (-)-epigallocatechin

analytical standards (Sigma Aldrich, Switzerland).

3.3 Bark extractions

Extractions of softwood bark were performed using an ASE 200 Dionex® device
(Bianchi et al., 2015). Unless reported otherwise, all the extractions were performed on 2 g
of bark in water at 60°C, 100 bar and lasted 15 min (including cell heating). In some
extractions, sodium sulfite and/or urea were added to the extraction water in concentrations
equal to 2.5 or 5 g/L (Bianchi et al., 2016). Prior to extraction the barks were freeze-dried
and ground to fine powder (= 50 pm) with a vibratory disc mill. To analyze the influence of
the bark particle size on the extraction yield, Norway spruce bark was also ground with a
hammer-mill (mesh = 2 mm) and chopped manually to chips of about 10 mm. All extractions
were repeated at least 3 times. The extracts were eventually freeze-dried (Figure 11) and

stored protected from light and air.

Figure 11: Freeze dried hot-water extracts from the bark of a) Silver fir, b) European Larch, ¢) Norway spruce,
d) Douglas fir, e) Scots pine.

3.4 Extract composition analysis

The hot water bark extracts were characterized according to phenolic monomers,
phenolic oligomers, mono- and oligosaccharides, polysaccharides and inorganic compounds
(Bianchi et al., 2015). A flow chart of the analytical scheme applied is reported in Figure 12.

Briefly, the crude extracts were separated by solid phase extraction (SPE) into three
fractions (FO, F1 and F2) following the procedure described by Sun et al. (1998) with slight
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modifications. The fractions were associated to mono-/oligosaccharides and phenolic acids
(FO), phenolic monomers and smaller oligomers (F1), and larger phenolic oligomers (F2).
Total phenolic compounds in the crude extract and the three fractions were estimated as
(-)-epicatechin equivalents (ECEg) using the Folin-Ciocalteu assay (Singelton et al., 1999).
Total phenolic compounds in fraction F2 were also estimated as quebracho tannin
equivalents (Qeg), using highly purified quebracho heartwood extracts for the calibration
(Fintan QS - Silvateam S.p.A., Italy).

UMSP Phenolic deposits
localization

Organic solven  7ota/ extractives
extraction concentration

HPLC-UV after| Total tannins
bark thiolysis | concentration and structure

Softwood HPAEC after | Total carbohydrates
bark bark hydrolysis| concentration and composition

T

Hot water SPE
extraction fractionation
Crude y
extract @
Folin-Ciocalteu Total phenolic Phenolic acid Phenolic mqn omers PherI'C larger
assay yield yield and small oligomers oligomers
yield yield
SR
HPLC-UV/MS Phenolic monomer . - -
before thiolysis identification
HPLC-UV Tannin yield . Smaller tannin (DP<4) Larger tannin (DP>3)
after thiolysis and structure yield and structure yield and structure
S
|
MALDI-TOF Tannin . . .
MS structure

| —

Thermo- Inorganic - - —

gravimetry compounds
HPAEC quo-/ol/gosaccha.n'des
yield and composition

N

HPAEC Total carbohydrate yield - Phenolic monomer Phenolic oligomer
after hydrolysis and monomeric composition glycoside residues glycoside residues
—

Figure 12: Scheme of the analytical procedure applied for the analysis of the bark and bark extracts
(DP = degree of polymerization)
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The total amount and monomeric composition of the extracted carbohydrates were
determined by acid hydrolysis of the crude extracts followed by Borat-HPAEC and HPAEC with
pulsed amperometric detection (PAD) (Willfor et al., 2009; Manns et al., 2014; Bianchi et al.,,
2015). The presence and identification of mono- and oligosaccharides in the extracts (free
carbohydrates) were analyzed with Borat-HPAEC and HPAEC-PAD on the fraction FO, without
previous hydrolysis. The amount and composition of bound carbohydrates, which include
both polysaccharides and glycosyl residues, were evaluated as the difference between total
and free carbohydrates. The presence of phenolic glycosides in F1 and F2 was examined by
Borat-HPAEC before and after acid hydrolysis of the fractions.

The amount of inorganic compound was determined as ashes after thermogravimetry
of the crude extracts up to 650°C (Bianchi et al., 2015).

The identification of some of the phenolic monomers present in the crude extracts was
performed through the analysis of HPLC-UV/MS mass spectra and MALDI-TOF mass spectra
in the range between 300 and 900 m/z (Bianchi et al., 2015).

3.5 Condensed tannin characterization

The identification of the flavan-3-ol monomeric composition of the extracted
condensed tannins was performed by matrix assisted laser desorption ionization - time of
flight mass spectrometry (MALDI-TOF MS) (Bianchi et al., 2014) and acid thiolysis followed
by reverse phase HPLC-UV (Bianchi et al., 2015).

MALDI-TOF MS of crude extract samples were prepared in aqueous acetone solutions
spiked with potassium salts to avoid any interference from already dissolved cations (e.qg.
Ca*, K, Mg") in the extracts. 2,5-dihydroxybenzoic acid was used as matrix. Mass spectra
were collected in the range between 900 and 5000 m/z.

Thiolysis was performed in acid methanol with cysteamine hydrochloride on crude
extracts and fractions F1 and F2. HPLC elution gradient of the mobile phase (acidic water
and acidic acetonitrile:water 4:1 v/v) was finely tuned to achieve good separation of the
peaks corresponding to flavan-3-ols and their thioethers. Detection was performed with a
UV-diode array at 280 nm. The quantification of the cleaved flavan-3-ol and their thioether
was performed by calibration with (-)-epicatechin, (+)-catechin, (-)-gallocatechin and
(-)-epigallocatechin analytical standards (Sigma Aldrich, Switzerland). The mean degree of
polymerization (mDP) of condensed tannins was assessed by the molar ratio between total
cleaved units and the cleaved terminal units (released as native flavan-3ols), following the
procedure described in Jerez et al. (2007a). The determined mDP can be equated to the

number-average polymerization degree (X ) of SEC measurements.
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4. Results and discussion

4.1 Softwood bark anatomy and chemistry

4.1.1 Softwood bark anatomy

Scanning electron microscopy (SEM) pictures of bark samples from Silver fir, European
larch, Norway spruce, Douglas fir and Scots pine displayed similar anatomical structures
(Figure 13). Parenchyma cells represented the large majority of inner and outer bark. Within
outer bark, successive periderm bands were clearly visible, specifying the growth
development of the bark tissues. The periderm bands were generally formed by 4 to 5 layers
of thick walled sclereids tissue (or “sclerotic phelloid”). One to two layers of thin walled cork
cells were observed outerwards the sclerotic phelloids. Exceptions to this general feature
were European larch, which showed more than 10 sclerotic phelloid layers in each periderm,
and Douglas fir, which had periderms almost completely represented by collapsed cork cells
and few sclereids. Isolated sclereids, or clusters of them, were observed within parenchyma
cells, and particularly in Silver fir, Douglas fir and European larch.

Solid deposits in the majority of the sclereids and cork cells were observed (Figure 13).
Most of the deposits almost completely filled the lumen, while others simply coated the
innermost cell walls (S3). Among parenchyma cells, deposits occurred far less frequently.
The scattered presence of bright squared granules was observed in all species and
associated to calcium oxalate salts (Paremeswaran et al. 1976).

A thorough analysis of the Norway spruce bark anatomy with additional SEM pictures is
reported in Bianchi et al. (2016).

4.1.2 Softwood bark composition

Total extractives and carbohydrates in softwood bark tissues were determined by
successive extractions at increasing solvent polarity (petrol ether, acetone:water 90:10 v/v,
water) and two-step acid hydrolysis followed by Borat-HPAEC, respectively. The estimations
of the total amount of tannins (as procyanidins and prodelphinidins) within the bark tissues
and of their mean degree of polymerization (mDP) were performed by direct thiolysis on

finely milled bark.
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General view Parenchyma tissue Periderm band

Silver fir
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Norway spruce
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Figure 13: SEM pictures of the bark of different softwood species. Periderm bands (PD), parenchyma cells (Pa),
sclereids (Sc), cork cells (Ck), solid deposits (white arrow) and calcium oxalate crystals (red circle) are
evidenced.
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Total extractives represented between 112 and 251 g/kg of the dry bark (g/kg_)
(Table 3). Scots pine and European Larch corresponded to the lowest and the highest yields,
respectively. These values were slightly lower than those reported in other studies for the
same species (Table 1), especially for Scots pine and Norway spruce. Dissimilarities in the
extraction protocols were considered as a rationale for the observed differences. The relative
trend across the species is however consistent with the literature data and, in particular, the

considerably lower amount of total extractives showed by Scots pine bark compared to other

species.
Table 3: Total extractives and condensed tannin in softwood bark (g/kg of dry bark)
Extractives obtained by successive extractions with solvents at increasing polarities
Tannin amount and mean degree of polymerization (mDP) estimated by direct thiolysis on milled bark
followed by HPLC-UV (mean * std.dev., n=3)
Silver European Norway Douglas Scots
fir larch spruce fir pine
EXTRACTIVES
Petrol ether 18+2 20+ 2 21+1 21+1 21+3
Acetone:Water 120+ 4 183+ 14 87+1 1675 49+5
Water 52+1 49 + 10 65+4 49+ 3 42 + 2
Total 190+£3 251 +13 173+3 2374 112+ 4
TANNINS
Procyanidins 9+1 56 + 6 27+3 25+3 16+2
Prodelphinidins 39+ n.d. n.d. n.d. n.d.
Total 48 +5 56+ 6 27+3 25+3 16+2
mDP 35104 50+05 7.0+0.7 4.1+04 7.8+0.8

n.d. = non detected

Non-polar compounds, extracted with petroleum ether at 70°C, were between 18 and
21 g/kg,, (Table 3). They were largely associated with fatty and resin acids (Fengel and
Wegener 1983b; Valentin et al., 2010; Krogell et al., 2012).

Polar compounds were extracted with both acetone and hot water, and represented
phenolic monomers, oligomers, monosaccharides and pectins (Timell, 1961; Dietrich et al.,
1978; Weissman, 1981; Krogell et al., 2012). The biggest variations among the different
softwood species were detected in the acetone extracts (49 - 183 g/kg_; Table 3), which
should be predominantly associated with phenolic monomers and oligomers. Hot water
extracts, mainly correlated to the larger phenolic oligomers and pectins, had more
homogeneous yields (42 - 65 g/kg_; Table 3). For Silver fir, European larch and Douglas fir
the acetone extracts clearly prevailed, while in Norway spruce and Scots pine their amounts
were comparable to the water extracts. A higher concentration of large phenolic oligomers
in the phenolic extractives of Norway spruce and Scots pine was therefore indicated.

The total amount of tannins, as sum of the cleaved procyanidin and prodelphinidin

units after bark thiolysis, ranged from 16 to 60 g/kg_ (Table 3). These values were much
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lower than the sum of acetone and water extraction yields, suggesting that procyanidins and
prodelphinidins represented a small fraction of the phenolic extractives. The measured
concentrations of total tannins could however be severely underestimated if oligomers other
than pure linear procyanidins or prodelphinidins were present. l.e. fisetinidins and
robinetinidins cannot be cleaved by thiolysis, branched tannins are less efficiently
depolymerized than linear oligomers, and the substitution of flavanol units with different
monomers might result in thiolysis-resistant bonds (Hemingway and McGraw 1983;
Steynberg et al. 1994; Matthews et al. 1997b).

Tannins were attributed to procyanidins in all softwood species except Silver fir, for
which prodelphinidins partially substituted by procyanidins units were detected. This finding
is quite unusual. Prodelphinidins have been commonly found in softwood cones and
needles, but only few pine or fir species showed their occurrence in bark (Hemingway 1989;
Porter 1989). Silver fir bark showed the shortest oligomers (mDP = 3.5), while Norway spruce
and Scots pine presented the longest (mDP = 7.0 and 7.8, respectively) (Table 3).

The total amount of bark carbohydrates considerably varied across the species (Table
4). The lowest concentrations were detected in Douglas fir (25.1%) and European larch
(26.2%), while the highest corresponded to Silver fir (41.8%). Norway spruce and Scots pine
showed intermediate values (36.7% and 32.7%, respectively). Cellulose, correlated to the
glucose residues after acid hydrolysis of the bark, varied between 14.5% and 28.2%, in
agreement with previous determinations (Timell 1961; Dietrich 1978; Fradinho et al. 2002;
Valentin et al. 2010; Krogell et al. 2012). Despite the noticeable variations in the absolute
values among the softwood species, cellulose corresponded to approximately 60% of the
total carbohydrates in all barks.

The monomeric composition of carbohydrates (Table 4) indicated the presence of
typical softwood bark polysaccharides such as galactoglucomannans, arabino-4-O-
methylgucuronoxylans, galactans, arabinogalactan and arabinans (Timell, 1961; Fu and
Timell, 1972a; Dietrich et al. 1978; Krogell et al., 2012; Le Normand et al.,, 2014). The
variations in the relative ratios among the monomeric residues suggested changes in the
bark polysaccharide composition among the softwood species, e.g. mannans were more
prevalent in Silver fir and European larch, galactans more typical for Norway spruce and
Scots pine, and arabinans less frequent in European larch.

The polysaccharide compositions detected in the bark of softwood species
substantially differed from those for the corresponding xylem. A larger prevalence than in
bark of mannose and xylose residues, associated to galactoglucomannans and arabino-
4-0O-methylglucuronoxylans, are in fact generally reported for softwood xylems, while pectic
polysaccharides such as galactans, arabinogalactan and arabinans have been detected in
minor amounts (Fengel and Wegener 1983a). A peculiar case is represented by European

larch bark, which showed a modest amount of galactose monomer residues (1.6%) in
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contrast with the known and characteristic high concentration of arabinogalactans (10-25%)

of larch xylem (Fengel and Wegener 1983a).

Table 4: Carbohydrate monomeric composition in softwood bark (% w/w on dry bark)
Monomeric carbohydrate residues determined by two-step acid hydrolysis of milled bark followed by
Borat-HPAEC (mean = std.dev., n=3).

Silver European Norway Douglas Scots

fir larch spruce fir pine
Glc 28.2% + 0.5% 16.1% + 1.2% 21.5% £ 0.7% 14.5% + 0.5% 20.1% £ 0.5%
Xyl 3.4% +0.1% 2.4% £ 0.1% 4.3% +0.1% 2.5% £ 0.1% 3.2% +0.1%
Gal 1.7% + 0.1% 1.6% £ 0.1% 4.1% +0.1% 1.9% £ 0.1% 3.6% +0.1%
Ara 2.5% £ 0.1% 1.3% £ 0.1% 3.3% + 0.2% 2.5% £ 0.1% 2.9% £ 0.1%
Man 5.6% £ 0.1% 4.4% +0.1% 2.9% £ 0.1% 3.3% +0.1% 2.5% £ 0.1%
Rha 0.4% = 0.1% 0.3% +0.1% 0.5% + 0.1% 0.3% +0.1% 0.5% + 0.1%
Total 41.8% = 0.8% 26.2% £+ 1.0% 36.7% £ 0.5% 25.1% £ 0.5% 32.7% £ 0.7%

4.1.3 Topochemistry of Norway spruce bark

The distribution and the nature of the phenolic compounds in spruce bark were
investigated by mapping the UV absorbance at 280 nm (A, ) on transversal sections (Bianchi
et al. 2016). The deposits in the lumen of sclereids and cork cells are clearly silhouetted
against the surrounding bark tissues with their distinctly higher A (Figure 14). Their
phenolic nature was then evidenced. In agreement with the SEM observations, deposits in
the sclereids occurred as a bulky material in the cell lumen (SDb) or as a layer coating the S3
cell wall (SDc) (Figure 14). In cork cells only bulky deposits were observed (CD) (Figure 14).

Point measurements of the bark cell deposits (Figure 15) showed a broad peak with a
maximum at around 285 nm and significant absorbance up to 400 nm. This type of
spectrum is characteristic of conjugated double bonds or carboxylic groups (Goldschmid,
1975). The presence of highly condensed phenolic compounds in the deposits was therefore
suggested. These substances could be attributed to condensed tannins, but the presence of
more oxidized structures such as phlobaphenes was not excluded. The deposits in the outer
sclereid (SDb outer) and cork cell (CD) showed a broader absorbance region than those in
the inner sclereids (SDb inner) (Figure 15). An increase in the degree of condensation of the
phenolic deposits towards the most external periderm cells was indicated. Differences in the
absorbance spectra between the bulky and layer deposits (SDb and SDc) were also observed
(Figure 15). Different classes or compositions of phenolic compounds were therefore
expected in the two kinds of deposits.

The S2 cell walls of Norway spruce bark were indicated by an A between 0.32 and

0.78 (Figure 14). This range is appreciably higher than the A, in Norway spruce xylem cell
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walls (0.10 - 0.41; Koch and Kleist 2001). The absorbance spectra of the walls of
parenchyma cells (PW) and sclereids (SW) (Figure 15) showed a maximum around 280 nm
and a minimum at about 260 nm, typical of guiacyl lignin (Musha and Goring, 1975). A high
lignification of these cell walls was thus indicated. Differently, cork cell walls (CW) showed a
broader absorbance spectrum (Figure 15), suggesting the presence of phenolic compounds
different from lignin incrusted in this tissue, as already described for beech bark by Prislan

etal. (2012).

Figure 14: UV-absorbance maps (280 nm) of Norway spruce bark transverse sections. Representative bark spots
are highlighted: SDb = bulky deposits in sclereid lumen; SDc = layer-shaped deposits coating the inner
S3 sclereid wall; CD = bulky deposits in cork cells; SW =S2 cell wall of sclereids; CW = S2 cell wall of
cork cells, PW = S2 cell wall of parenchyma cells (modified from Bianchi et al. 2016).
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Figure 15: Point UV-absorbance spectra (240-500 nm) of different anatomical spots in Norway spruce bark
(see Figure 14). CD = cork cell lumen deposits, SDb = bulky sclereid lumen deposits, SDc = thin layer
sclereid lumen deposits, CW = cork cell S2 walls, SW = sclereid S2 walls, PW = parenchyma S2 walls
(modified from Bianchi et al. 2016).
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4.2 Softwood bark hot water extract characterization

4.2.1 Total yield and extract composition

Hot water extracts of the analyzed softwood bark showed considerable differences in
both yield and composition among tree species (Table 5) (Bianchi et al., 2015). Total yields
of extraction performed at 60°C were between 26.9 and 120.2 g/kg_ (Table 5), the lowest
value associated to Scots pine and the highest to Silver fir. These values are in agreement
with those measured in other studies on European softwood species (Weissmann 1981,
1985; Bertaud et al. 2012; Kemppainen et al. 2014), but considerably lower than the yields
reported for the currently used tannin-rich extracts of Black wattle bark and quebracho
heartwood, which are between 150 and 425 g/kg_ (Sealy-Fisher and Pizzi 1992; Roffael et
al. 2000; Hoong et al. 2011). The total yields of hot water extraction for European larch,
Norway spruce and Douglas fir (Table 5) was about one third of the total amount of bark
extractives determined by successive extractions with petrol ether, acetone and water (Table
3). In Scots pine the efficacy of water extraction was reduced to one fourth of the total
extractives. In contrast, two thirds of the total extractives were recovered by Silver fir water

extraction. A limited efficiency of hot water extraction at 60°C was therefore indicated.

Table 5: Total yield of softwood bark extracts and their phenolic, carbohydrate and inorganic (ashes)
compositions. Phenolic compounds expressed as (-)-epicatechin equivalents (ECEQ).
(mean = std.dev., n samples)

Total yield (n = 5) Phenolics (n =3) Carbohydrates (n =1) Inorganics (n = 3)

0/kgos ECEQ/g dry extract g/g dry extract g/g dry extract

Silver fir 1202 + 24 27.9% + 0.4% 29.1% * 0.3%* 3.8% * 0.4%
European larch 91.7 * 45 45.6% = 0.2% 20.9% * 0.3%* 46% = 0.5%
Norway spruce 545 * 4.7 34.2% + 0.1% 30.3% * 0.3%* 3.1% * 0.3%
Douglas fir 75.7 + 21 30.8% = 0.2% 41.5% = 0.3%* 1.5% + 0.2%
Scots pine 269 + 19 13.0% = 0.1% 45.7% = 0.3%* 52% + 0.5%

* estimated analytical error based on previous measurements
ECEgQ = g of (-)-epicatechin equivalents
kgps = kg of dry bark

All softwood bark extracts were mainly represented by both phenolic compounds and
carbohydrates (Table 5). Inorganic compounds represented a minor component of the
extracts, between 1.5 and 5.2%, (Table 5). They were associated with inorganic compounds
like potassium, magnesium and phosphorous ions, the most common constituents of
soluble salts in barks (Saarela 2005; Rothpfeffer and Karltun 2007; Krogell et al. 2012).

The relative ratio between phenolics and carbohydrates varied between species.

European larch showed the highest concentration of phenolics (45.6%) and the lowest in
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carbohydrates (20.9%), while Scots pine showed the opposite, i.e. 13.0% of phenolics and
45.7% of carbohydrates.

The total concentration of phenolic was determined as (-)-epicatechin equivalents
(ECeg) using the Folin-Ciocalteu colorimetric assay. The method cannot allow for different
mass absorptivities among phenolic compounds (Singelton et al. 1999; Everette et al. 2010).
In particular, phenolic oligomers like the condensed tannins generally present lower
absorptivities than the sum of their monomers (Kraus et al. 2003; Everette et al. 2010).
Consequently, their actual amount might be underestimated when epicatechin is used as a
calibration standard. E.g., Folin-Ciocalteu measurements performed on 1 g/L solution of
highly purified quebracho tannins, showed an absorbance corresponding to 0.72 ECeg/L. The
total phenolic concentrations in the softwood extracts reported in Table 5 should thus be
considered as low boundary estimations of their actual values.

In comparison with the acetone bark extraction yields, which can be roughly attributed
to the totality of bark phenolic extractives and ranged between 49 and 153 g/kg__ (Table 3),
phenolic extraction vyields of hot water extractions were significantly lower
(3.5 - 42.8 eceg/kg , - Table 6). Even when taking the underestimation of the actual phenolic
yields achieved by the Folin-Ciocalteu test into consideration (as discussed above) and
recalling that acetone yields were instead gravimetrically determined, the huge differences
between the yields suggest that a considerable amount of phenolic extractives was not
recovered by the hot water extractions, and remained still available in the extracted bark.
The same situation was observed in the comparison between the tannin yields determined
by thiolysis on the crude hot water extracts (Table 6) and the total tannin amounts
determined by direct thiolysis on milled bark (Table 3). Extracted tannins merely represented
between 11% (Scots pine) and 33% (Silver fir) of the total tannins. The results indicated that
the large majority of bark tannins should be considered as non-extractable with hot water.

A guantification of the ratio between phenolic monomers and oligomers in the extracts
was performed through separation of the crude hot water extracts in three fractions by solid
phase extraction (SPE) (Bianchi et al. 2015). The fractions, according to Sun et al. (1998)

corresponded to:
FO = carbohydrates and phenolic acids
F1 = phenolic monomers and small oligomers (e.g. dimers, trimers)
F2 = phenolic oligomers

The effectiveness of the SPE fractionation was checked by HPLC-UV. The occurrence of
phenolic monomers in the crude softwood bark extracts was evidenced by the presence of
UV-absorption peaks in the HPLC chromatograms (Figure 16). After fractionation, the same
peaks were detected in the fraction F1. A few small peaks, generally located at lower

retention times, were observed in the fraction FO and ascribed to the most polar phenolic
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monomers, such as the phenolic acids. In the fraction F2 no defined peaks were visible,
instead only a very broad absorption region at the end of the chromatograms, which is
typical of a mixture of different oligomers. A similar but less intense broad absorption
region was visible in the chromatograms of the fraction F1, suggesting also the presence of

phenolic oligomers in this fraction.
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Figure 16: HPLC-UV chromatographs (A = 280 nm) before and after thiolysis of Norway spruce crude extract and
its fractions FO, F1 and F2. The numbered peaks are associated to: 1 = catechin; 2 = catechin thioether;
3 = epicatechin; 4 = epicatechin thioether; 5 = astringin; 6, 7 = taxifolin isomers; 8 = isorhapontin
(modified from Bianchi et al. 2016).

The presence of procyanidins and prodelphinidins in both F1 and F2 was confirmed by
thiolysis (Figure 16). In Scots pine, Norway spruce and Douglas fir the amount of tannins
eluted in fraction F1 was significantly lower than those observed in the corresponding
fraction F2. In contrast, European larch and Silver fir showed almost equal amounts of
tannins in the two fractions (Table 6). The mDP of the tannins eluted in F1 was between 2.7
and 4.1, while in F2 the range stretched between 3.6 and 8.4 (Table 8). The SPE fractionation
method therefore permitted only a partial separation of the phenolic oligomers from the
monomers. Practically, fraction F2 was considered as representative of the longest phenolic
oligomers, while fraction F1 of a mixture of phenolic monomers and smallest oligomers.

Folin-Ciocalteu assays on the three fractions indicated that phenolic monomers and
oligomers (F1 + F2) represented the majority of the extracted phenolics, while phenolic acids
occurred in much lower concentrations (Table 6). Fractions F1 and F2, if both estimated as
ECEg, showed comparable weights in the extracts. Considering that F2 represented the larger

phenolic oligomers, a better estimation of the relative ratio between monomers and
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oligomers could be performed expressing F1 as ECEg, and F2 as purified quebracho tannin
equivalents (Qeg) (Table 6). In accordance to this evaluation, phenolic oligomers represented
the majority of the extracted phenolics in all softwood bark extracts except Douglas fir, for
which a comparable weight between F1 and F2 was observed (Table 6). For Norway spruce
and Scots pine the weight of F2 was almost double that of F1. Even if phenolic monomers
likely occurred at lesser concentrations than phenolic oligomers, they represent a
considerable part of the extracts, particularly for Douglas fir. Besides the dilution of the
tannin concentration in the extracts, the interactions between phenolic monomers and

oligomers have not yet been clarified and should be thoroughly investigated.

Table 6: Phenolics’ and tannins’ yields from hot water extractions of softwood barks
Fractions were obtained by SPE and corresponded approximately to FO = phenolic acids, F1 = phenolic
monomers, F2 = phenolic oligomers. Tannins were estimated by HPLC-UV as the sum of the cleaved
flavan-3-ols and relative thioethers after acid thiolysis. (mean + std.dev., n = 3)

Crude extract Fraction FO Fraction F1 Fraction F2

Phenolics Tannins Phenolics Tannins Phenolics Tannins Phenolics Tannins
ECEg/ngB g/ ngB ECEg/ngB g/ ngB ECEg/ngB g/ngB ECEg/ngB QEg/ngB g/ngB

Silver fir 335+05 156+13 20+0.1 n.d. 140+0.1 6.7+x05 174+01 24.2+0.1 9.0+0.7
European larch 42.8+0.2 11.1+08 3.6+ 0.1 n.d. 184+0.1 40+03 18601 256+0.2 6.2+04
Norway spruce  18.6 0.1 36+04 22+ 01 n.d. 58+0.1 05%0.1 99+0.1 13.8+0.1 26 +0.3
Douglas fir 23.3+0.1 46+05 04+ 01 n.d. 13.1+0.1 0.8+%0.1 9.1+0.1 126+0.1 35=%0.1
Scots pine 3.5+0.1 1.7+0.2 0.1+ 0.2 n.d. 1.3+0.1 0.2=+0.1 19+01 26+01 1401

ECEQ = g of (-)-epicatechin equivalents

QEg = g of purified quebracho tannin equivalents
kgps = kg of dry bark

n.d. = not detected

Thiolysis on fractions F2 showed a concentration of tannins much lower than the total
amount of phenolics expressed as Qeg, and especially for Norway spruce, European larch
and Douglas fir (Table 6). More extreme thiolysis conditions (e.g. higher temperatures,
longer times, higher acidity) didn’t significantly improve the thiolysis yield, but rather
enhanced the degradation of the extracts. The likelihood of thiolysis resistant structures
such as branched, substituted and oxidized tannins among the extracted phenolic oligomers
was thus expected.

Carbohydrates in all the extracts were represented by both mono-/oligosaccharides
(free carbohydrates) and bound carbohydrates, which can include both polysaccharides and
glycosyl residues. In Silver fir, European larch and Douglas fir free carbohydrate were
prevalent, while in Norway spruce and Scots pine bound carbohydrates represented the large

majority (Table 7). Bound carbohydrate yields across the species varied limitedly across the
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species (8.8 -15.1 g/kgDB - Table 7). Similar results were reported in previous studies
(Weissman 1985; Kemppainen et al. 2014).

The results for the free carbohydrate yields significantly varied between 1.4 and
19.8 g/kg_, (Table 7), a wide range that remained however below the concentration of
monosaccharides reported by Weissmann (1984) and Krogell et al. (2012) for Norway spruce
bark. A wide spread in the extraction yield was also detected in the phenolic yield of F1,
corresponding to phenolic monomers and small oligomers (1.3 - 18.4 eckg/kg_; Table 6).
The greater extent of leaching of small molecular weight extractives from the bark of logs
left exposed to atmospheric agents, as well as their easier biological degradation, more than
the respective oligomers and polymers was reported (Field and Lettinga 1992). The storage
history of the bark before collection could then be responsible for the observed variations in
phenolic monomers and free carbohydrates as well as the intrinsic characteristics of the
softwood species. This assumption is corroborated by observing that the species with lowest
yields in free carbohydrates (Norway spruce and Scots pine) also had the lowest yields in
phenolic monomers, while the highest free carbohydrates yield was measured for the
species with the highest yield in phenolic monomers (Douglas fir). The changes in the yield
and composition of bark extracts during prolonged outdoor storage of logs will be further

discussed in section 4.3.4.

Table 7: Total, free and bound carbohydrates in softwood bark extracts (mean + std.dev.; n = 1).
Free carbohydrates are associated to mono- and oligosaccharides. Bound carbohydrates are associated
to polysaccharides and glycosyl residues

Carbohydrates

Total Free Bound

9/Kgos 9/Kgos g/kgos
Silver fir 34.9 £ 0.4* 19.8 £+ 0.2* 15.1 + 0.2*
European larch 19.3 £ 0.3* 10.4 £ 0.2* 8.8 = 0.2*
Norway spruce 16.5 = 0.2* 21+0.1* 14.4 + 0.2*
Douglas fir 31.4+0.2* 17.8 +0.2* 13.6 + 0.2*
Scots pine 12.2 £ 0.1* 1.4 +0.1* 10.9 + 0.1*

* estimated analytical error based of previous measurements
kgps = kg of dry bark

The hot water extracts from European softwood bark appear therefore to be a complex
mixture of phenolic compounds and carbohydrates, which significantly vary across the
species. Linear and non-oxidized condensed tannins appeared to represent only a minor
fraction of the extracts. In contrast, the analysis on commercial samples of Black wattle and
Quebracho extracts (data not reported) showed a scarce occurrence phenolic monomers and

total carbohydrate concentrations equal to 6.8% and 9.0%, respectively, significantly lower
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than in the studied species. Different chemical and physical characteristics of the European

softwood bark extracts are therefore expected.

4.2.2 Phenolic monomers and other small molecular weight extractives

The analysis of the UV-absorption spectra (240-500 nm) and the mass spectra
(200 - 700 m/z) in correspondence of the HPLC-UV chromatographic peaks of crude bark
extracts (Figure 16) enabled identifying some of the extracted phenolic monomers. MALDI-
TOF mass spectra of the crude extracts in the small mass range (300-900 m/z) were also
examined to identify of molecular ions that matched with the molecular masses of typical
softwood bark extractives (Bianchi et al. 2014).

In Norway spruce and European larch an HPLC-UV peak was observed at the retention

[13pi]

time (RT) of 38.9 min (Figure 18 and Figure 19; compound “a”). In correspondence, the
UV-spectrum showed two absorption maxima (A, ) at around 290 and 320 nm, typical of
compounds containing hydroxycinnamic groups (Bartolomé et al. 1993). The HPLC mass
spectrum of the compound showed negative ions with mass equal to 405 m/z. The peak was
therefore attributed to the stilbene glucoside astringin (MW = 406.4 Da; Figure 6).
Accordingly, in the MALDI-TOF mass spectrum, molecular ions of 445.6 and 445.7 m/z were
detected, that match with an astringin molecule combined with a potassium ion (K*), which
was used as cationization agent in the analysis (406.4 + K* = 435.5 Da). Piceid and
isorhapontins (MW = 390.4 Da and 420.4 Da; Figure 6), two other stilbene glucosides, were
similarly detected in Norway spruce HPLC chromatogram (RT = 43.1 min) and MALDI-TOF

ui”

mass spectrum (429.7 and 459.6 m/z) (Figure 19; compounds “p” and “i”, respectively).
Stilbenes glucosides and their aglycons are typical extractives of bark and knots from
spruce species (Latva-Maenpaa et al. 2013), but were seldom identified in other softwoods.
Their presence in the bark of larch species is suggested for the first time in this study.
In all species with the exception of Silver fir two HPLC-UV peaks at RT = 39.6 and
40.6 min were detected. The peak at RT = 39.6 min in Douglas fir chromatogram was
particularly intense. Its absorption area was more than 20 times higher than in other

species. Both peaks showed A = 290 nm and no significant absorption in the range 300-

X
500 nm, which is characteristic of flavonoids lacking conjugation with the aromatic B-ring. In
correspondence, ion masses equal to 303 m/z were detected in the HPLC mass spectrum.
The results match with the flavanonol taxifolin (MW = 304.3 Da; Figure 6), most likely
occurring as two different isomers (Figure 18 to Figure 21; compounds “t’ and “t”).
However, none of the MALDI TOF mass spectra suggested the presence of taxifolin
(304.3 + K* =343.4 m/z).

The intense taxifolin peaks detected in Douglas fir chromatograms is in agreement

with the relatively high amount of total phenolic monomers measured for this species by the
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Folin-Ciocalteu assay (Table 6). Abundance of taxifolin in Douglas fir bark has been
previously reported (Barton and Gadner 1958). Its detection in Norway spruce and other pine
species has also been documented (Yazaki and Hillis 1977; Weissman 1981; Pan 1995; Yesil-
Celitkas et al. 2009b).

Very low intense UV absorption peaks in the HPLC chromatograms at RT = 21.7 and
32.6 min corresponded, by comparison with the RT of analytical standards, to catechin and

[l

epicatechin monomers, respectively (Figure 17 to Figure 21; compounds “c’ and

“

e’).
Likewise, in Silver fir HPLC chromatogram (Figure 17) additional UV absorption peaks at
RT=12.5 and 21.1 min were detected and identified with gallocatechin and
epigallocatechin, respectively. For all species, the total concentrations of these flavan-3-ol
were < 1.5% w/w of the extracts. Similar as observed for taxifolin, in the MALDI-TOF mass
spectra no peaks could be detected that correspond to the (epi)catechin (288.3 + K* =
329.4 m/z) and (epi)gallocatechin (304.3 + K* = 345.4 m/z) expected molecular ions. Mass
peaks associated to (epi)catechin dimers and trimers (578.6 + K"=617.7 m/z and
866.9 + K* = 906.0 m/z) were instead detected in the MALDI-TOF mass spectra of European
larch, Norway spruce, Douglas fir and Scots pine extracts (Figure 18 to Figure 21;
compounds “2¢” and “3c”").

Analogously, a mass peak that corresponded to a (epi)gallocatechin dimer
(610.6 + K* = 649.7 m/z) was observed in Silver fir (Figure 17; compounds “2g”). The Scots
pine mass peak at 497.8 m/z (Figure 21; compound “gg” in) was attributed to gallocatechin
gallate (MW = 458.3; Figure 6).

Some peaks detected in the MALDI-TOF mass spectra were associated to non-phenolic
extractives. Sucrose, stachyose, raffinose, pentose hexamers and hexose pentamers were
attributed to the mass peaks at about 381.4 m/z (= 342.3 + K*), 543.6 m/z (= 504.5 + K*),
705.7 m/z (= 666.6 + K*), 717.8 m/z (= 678.7 + K*) and 849.9 m/z (= 810.8 + K*) (Figure 17,
Figure 19, Figure 20 and Figure 21; compounds “s1”, “s2”, “s3”, “s4” and “s5”). The mass
peak at about 849.9 m/z was actually characterized by an ambiguous attribution, since it
could alternatively be interpreted as an astringin dimer, which has been reported among
Norway spruce bark extractives (Li et al. 2008; Zhang and Gellerstedt 2008).

Numerous HPLC and MALDI-TOF peaks remained unidentified. In particular, European
larch chromatogram showed a very intense UV absorption peak at RT =44 min,
characterized by a A, =265 nm and ionic mass equal to 284 m/z, which could not be
attributed to any known bark extractive. The MALDI-TOF spectra of all the species showed
intense peaks at 390 and 404 m/z, which also could not be attributed to any known
substances, excluding the remote possibility of piceid and astringin ions without K*. All
these non-identified compounds might be associated to lignans, less common flavonoids or,
in the case of MALDI-TOF mass peaks, other non-phenolic substances (Pan 1995;
Yesil-Celitkas et al. 2009; Jerez et al. 2009; Ucar et al. 2013).
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Figure 17: HPLC-UV chromatogram (25-50 min, left) and MALDI-TOF mass spectrum (300-900 m/z, right) of
Silver fir bark crude extracts. The labelled peaks were identified as: 2g = (epi)gallocatechin dimer;
s1 = sucrose; s2 = raffinose; s3 = stachyose.
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left) and MALDI-TOF mass spectrum (300-900 m/z - right) of

European larch bark crude extracts. The labelled peaks were identified as: a = astringin; t’ = taxifolin
isomer; 2c = (epi)catechin dimer; 3¢ = (epi)catechin trimer.
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Figure 19: HPLC-UV chromatogram (25-50 min - left) and MALDI-TOF mass spectrum (300-900 m/z - right) of
Norway spruce bark crude extracts. The labelled peaks were identified as: p = piceid; a = astringin;
i = isorhapontin; t’ and t” = taxifolin isomers; 2c = (epi)catechin dimer; 3c = (epi)catechin trimer;
s1 = sucrose; s2 = raffinose; s3 = stachyose; s4 = pentose hexamer; s5 = hexose pentamer.
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Figure 20: HPLC-UV chromatogram (25-50 min - left) and MALDI-TOF mass spectrum (300-900 m/z - right) of
Douglas fir crude bark extracts. The labelled peaks were identified as: t” = taxifolin isomer;
2c = (epi)catechin dimer; 3c = (epi)catechin trimer; s1 = sucrose; s2 = raffinose; s3 = stachyose;
s4 = pentose hexamer.
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Figure 21: HPLC-UV chromatogram (25-50 min - left) and MALDI-TOF mass spectrum (300-900 m/z - right) of
Scots pine crude bark extracts. The labelled peaks were identified as: t’ and t” = taxifolin isomers;
dgg = gallocatechin gallate; 2c = (epi)catechin dimer; 3¢ = (epi)catechin trimer; s = sucrose;
s2 = raffinose; s3 = stachyose; s4 = pentose hexamer

4.2.3 Molecular structure of the extracted condensed tannins

The presence of condensed tannins in the softwood bark extracts was shown by both
reverse phase HPLC-UV after acid thiolysis and MALDI-TOF mass spectrometry (Bianchi et al.
2014; 2015). After thiolysis of the extracts, cleaved catechin, epicatechin, gallocatechin,
epigallocatechin and their thioethers were detected in the HPLC-UV chromatograms. Norway
spruce, Douglas fir and Scots pine showed the exclusive presence of procyanidins (Table 8).
In European larch, procyanidins with a 10% substitution of prodelphinidins units were
detected. Prodelphinidins were however predominately present in Silver fir extracts, in
agreement with the thiolysis results on milled bark of the same species (Table 3). Silver fir
prodelphinidins showed 21% substitution with procyanidin units (Table 8). The higher
hydroxylation of Silver fir and European larch tannins than tannins from other species could
explain the low efficacy in SPE separation between phenolic monomers and polymers
observed for these extracts (Table 6). Changes in the tannin polarities might in fact affect
their affinities with solvents and solid phases.

In  procyanidins, cis-configuration of the monomers was predominant, and
trans-configurations almost restricted to the terminal units. In Silver fir both terminal and

extension units of prodelphinidins displayed trans-configuration (Table 8). Analogous tannin
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structures were shown in previous studies on softwood tannins (Porter 1989, Matthews et al.
1997b, Jerez et al. 2007). Thiolysis on the fraction F1 and F2 showed consistent molecular
structures between shortest and longest tannins, with the exception of European larch. For
this species in fact only the procyanidins eluted in the fraction F1 showed substitution with
prodelphinidin units. The occurrence of prodelphinidins units in European larch tannin was

therefore considered limited to the shortest oligomers.

Table 8: Structural characteristics determined by thiolysis and HPLC-UV of softwood bark condensed
tannins in crude hot water extracts and extract fractions F1 and F2

Species Crude extract Fraction F1 Fraction F2
PC:PD cis:trans mDP PC:PD cis:trans mDP PC:PD cis:trans mDP
%:% %:% %:% %:% %:% %:%
Silver fir 21:79 31:69 35 16:84 37:63 3.1 19:81 39:61 3.6
European larch 90:10 71:29 5.6 83:17 64:36 4.1 100:0 74:26 6.5
Norway spruce 100:0 76:24 6.2 100:0 67:33 35 100:0 79:21 8.2
Douglas fir 100:0 75:25 4.4 100:0 70:30 2.6 100:0 77:23 4.6
Scots pine 100:0 82:18 6.7 100:0 79:21 2.7 100:0 82:18 8.4
PC = procyanidin monomers (catechin, epicatechin)
PD = prodelphinidin monomers (gallocatechin, epigallocatechin)
cis = cis-configured monomers (epicatechin, epigallocatechin)

trans = trans-configured monomers (catechin, gallocatechin)
mDP = mean degree of polymerization

MALDI-TOF mass spectra of European larch, Norway spruce, Douglas fir and Scots pine
in the range 900 - 4000 m/z (Figure 23 to Figure 26) showed the presence of a regular
series of repeating peaks (ELT, NS1, DF1, SP1). In all these series the peaks were constantly
separated from each other by about 288.3 m/z. This distance matches the mass of a
procyanidin unit in a tannin oligomer (290.3 - 2H = 288.3 Da).

The MALDI-TOF mass spectra of Silver fir (Figure 22) showed instead a peak series
(SF1) where the distance between the peaks was approximately 304.3 m/z, which matches
the mass of a prodelphinidin unit (306.4 - 2H = 304.3 Da). These findings agreed with the
thiolysis results, confirming the presence of procyanidins in all softwood bark extracts with
the exception of Silver fir, for which prodelphinidins were detected. In Silver fir, a group of
less intense peaks adjacent to the main peaks at distances equal to 16 m/z, or a multiple of
it, was observed. This distance corresponded to the difference between a prodelphinidin and
a procyanidin unit (304.4 - 288.4 =16.0 Da). The frequent substitution of Silver fir
prodelphinidin units with less hydroxylated procyanidin units, made already apparent in the

thiolysis results (Table 8), was thus confirmed by the MALDI-TOF mass spectrum.
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Figure 22: MALDI-TOF mass spectra (900-4000 m/z) of Silver fir bark extracts. The prodelphinidin series SF1 (blue
bold) and SF2 (blue narrow) are apparent. The shift between them (= 152 m/z) is attributed to a gallate
ester group (modified from Bianchi et al. 2014).
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Figure 23: MALDI-TOF mass spectra (900-4000 m/z) of European larch bark extracts. The condensed tannin series
EL1 (blue bold) and EL2 (blue narrow) are apparent. The shift between them (=405 m/z) was associated
to an astringin monomeric unit in the tannin structures. The series ELp (red italic) is identified as a
polysaccharide made of pentose units (e.g. arabinan) (modified from Bianchi et al. 2015).
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Figure 24 MALDI-TOF mass spectra (900-4000 m/z) of Norway spruce bark extracts. The condensed tannin series
NS1 (blue bold), NS2 (blue narrow), NS3 (green narrow) and NS4 (brown narrow) are apparent. The
shift between them (= 405 m/z) is attributed to astringin monomeric units in the tannin structure
(modified from Bianchi et al. 2014).
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Figure 25: MALDI-TOF mass spectra (900-4000 m/z) of Douglas fir bark extracts. The condensed tannin series

DF1 (blue bold), DF2 (blue narrow), DF3 (green narrow) are apparent. The shift between them
(= 162 m/z) is attributed to glucoside groups. The dominant series DFp (red italic) is attributed to a
polysaccharide made of pentose units (e.g. arabinan).
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Figure 26: MALDI-TOF mass spectra (900-4000 m/z) of Scots pine bark extracts. The procyanidin series SP1 (blue
bold) is apparent. The series PSp (red italic) and PSh (purple regular) are attributed to polysaccharides
made of pentose (e.g. arabinan) and hexose (e.g. glucan) units, respectively (modified from Bianchi et
al. 2015).

Each MALDI-TOF mass peak in the series SF1, EL1, NS1, DF1, SP1 (Figure 22 to Figure
26) could be interpreted with Equation 1:

M+ K*=x-2883+ y-304.3+2.0+39.1 (1

where M is the mass of the tannin oligomer, x and y are the numbers of procyanidin and
prodelphinidin units in the oligomer, respectively, 2.0 is the mass of the two terminal
hydrogens, and 39.1 is the mass of the cationization agent (K*).

The equation permitted to estimate the maximum degree of polymerization of the
extracted tannin, which corresponded to the sum of x and y for the last observable peak in
the mass spectra. In detail, Silver fir, European larch, Norway spruce, Douglas fir and Scots
pine bark extracts showed maximum polymerization degrees equal to 10, 8, 13, 8 and 11
units, respectively.

In addition to the main procyanidin or prodelphinidin series, most of the MALDI-TOF
mass spectra displayed secondary peak series with the same repeating unit of 288.3 or
304.3 m/z, but upscale shifted from the main peaks. They were interpreted with the
occurrence of monomers other than flavan-3-ols within some tannin oligomers. More
specifically, in Silver fir a low intense prodelphinidin series shifted of about 152 m/z was
detected (SF2; Figure 22). The shift was associated to the occasional presence of a galloyl

moiety (152.1 Da) in the tannins, e.g. a gallocatechin gallate unit (Bianchi et al., 2014).
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In European larch and Norway spruce mass spectra, a procyanidins peak series shifted
of about 405 m/z was instead observed (EL2 and NS2; Figure 23 and Figure 24). The
presence within the procyanidin molecular structure of an astringin unit
(406.4 - 2H = 404.4 Da) was supposed (Bianchi et al.,, 2014; 2015). The occurrence of
stilbene units in the bark tannins of spruce species, but not for larch, has already been
suggested by different authors (Hergert, 1989; Matthews et al., 1997a; Zhang and
Gellerstedt, 2008). A detailed analysis of the Norway spruce MALDI-TOF mass spectrum even
showed the presence of peaks that could be attributed to the presence of 2 or 3 astringin
units in the tannin oligomers (series NS3 and NS4; Figure 24). The peaks at 850.4 and
1256.6 m/z could be actually identified as astringin dimers and trimers (Bianchi et al.,
2014). Astringin monomer, dimers and trimers could then be most likely regarded as
terminal units to which regular procyanidin oligomers are linked, in agreement with the
2D-NMR spectra interpretations of Zhang and Gellerstedt (2008) on isolated Norway spruce
bark tannins. The likely molecular structure of Norway spruce bark tannins is schematically

presented in Figure 27.

Flavan-3-ol units
(extension units)

Astringin dimer
(terminal unit)

Figure 27: Likely structure of a Norway spruce bark tannin containing an astringin dimer as a terminal unit.

The intensity of the mass peaks relative to tannins containing an astringin unit in
Norway spruce mass spectrum (series NS2; Figure 24) is only slightly lower than the main
peak series (NS1). In European larch, the intensity of the EL2 series is instead much lower
than the EL1 series (Figure 23). A more frequent occurrence of astringin units in Norway
spruce tannins than European larch was thus hinted. The presence of stilbene glucosides in
the tannins of European larch and Norway spruce could be correlated to the low thiolysis
yield observed for these species. The link between stilbenes and flavan-3-ols has in fact been

recognized as thiolysis resistant (Matthews et al. 1997a).
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Douglas fir MALDI-TOF spectrum showed a secondary peak series shift from the main
one of 162 m/z, or a multiple of it (DF2 and DF3; Figure 25). The likelihood of glucosylation
(180.2 - HO = 162.2 Da), e.g. occurrence of epicatechin glucoside units, along the tannin
oligomers was indicated (Bianchi et al., 2015). The low thiolysis yield also observed for this
species (Table 6) could not be clearly associated to the presence of links with monomers
other than flavan-3-ols. The occurrence of highly branched oligomers, which are more
thiolysis resistant than linear oligomers (Hemingway and McGraw 1983) and were described
by Foo and Karchesy (1989d) in Douglas fir bark extracts, was thus supposed.

The mDP of the extracted softwood tannins varied from 3.5 (Silver fir) to 6.7 (Scots
pine) (Table 8). These values were only slightly lower than those detected for total tannins
after thiolysis of the bark (Table 3). The degree of polymerization of the tannins therefore
seemed to barely influence their extractability. The presence of intermolecular bonds among
tannins and other bark constituents was consequently considered as the major extraction
constraint, as already suggested by Matthews et al. (1997a).

The identified molecular structure of the analyzed European softwood bark tannins
considerably differ from Black wattle and quebracho tannins, which are mostly represented
by fisetinidins and robinetinins with an average polymerization degree between 3 and 4
(Pizzi and Stephanou 1994b; Pasch et al. 2001; Venter et al. 2012a, 2012b). Difference
stereoconfiguration of the flavan-3-ol units were also observed in comparison with the more
investigated Radiata pine tannins (Matthews et al. 1997a; Jerez et al. 2009a), which most
likely results in an opposite orientation of the tannin oligomer helix (Zucker 1983). In
combination with the frequent substitution of flavan-3-ol units with stilbenes, recurrent
glucosylation and extensive oxidation and/or rearrangement, these characteristics most
likely influence the chemical reactivity of the European softwood bark tannins, which should

therefore be considered substantially different from the currently used products.

4.2.4 Monomeric composition of extracted carbohydrates

Glucose and fructose were the main extracted monosaccharides in all species (Table
9). Oligosaccharides were detected only in traces with the exception of Silver fir extracts, in
which sucrose was present in a comparable amount to glucose and fructose (Table 9).

Bound carbohydrates showed glucose, galactose and arabinose as main monomeric
residues. Mannose and galacturonic acid were also detected but in minor concentrations
(Table 9). This monomeric composition suggested that polysaccharides in softwood bark
extracts were mainly represented by pectins such as arabinans, arabinogalactans and
glucans (Timell 1961; Fu and Timell 1972a, 1972b; Le Normand et al. 2014). Mannose
probably derived from galactoglucomannan fragments, a typical component of softwood

bark hemicellulose (Timell 1961; Dietrichs et al. 1978). Extraction of arabinogalactan protein

60



complexes (AGP) was also considered. Elemental analysis indicated the occurrence of
nitrogen between 0.28% and 0.52% of the dry extracts. Using a conversion factor equal to
6.25, a concentration of proteins in the extracts between 1.8% and 3.4% was therefore
expected. Considering that the weight ratio between proteins and arabinogalactan in AGP is
about 10:90 (Putoczki et al. 2007), the extracted proteins would be more than sufficient for
the complexation of all the arabinogalactans in the extracts. Further and more specific

investigations are needed to confirm the presence of AGP in the extracts.

Table 9: Monomeric composition of carbohydrates in softwood bark crude extracts and extract fractions
F1 and F2. Free carbohydrates are associated to mono- and oligosaccharides. Bound carbohydrates are
associated to polysaccharides and glycosyl residues. (n = 1).

Carbohydrates (g/kgpg)

Glc Gal Fru Man Ara GalA Suc Raf Sta

Silver Fir free Total 4.00 <0.01 5.62 <0.01 <0.01 <0.01 8.08 1.06 1.25
bound Total 8.84 2.06 <0.01 0.42 1.56 0.69 - - -
F1 1.77 0.04 <0.01 <0.01 0.19 - - - -

F2 1.22 0.10 0.02 0.07 0.65 - - - -

European larch free Total 3.47 0.29 3.23 0.03 1.19 0.24 1.22 0.20 0.54
bound Total 3.88 0.44 <0.01 0.53 3.38 0.17 - - -
F1 1.24 0.04 <0.01 0.01 0.15 - - - -
F2 1.43 0.18 <0.01 0.11 2.01 - - - -

Picea abies free Total 0.63 0.06 0.68 0.01 0.16 0.11 0.38 0.07 <0.01
bound Total 8.21 1.46 <0.01 0.41 2.80 0.72 - - -
F1 2.00 0.02 <0.01 <0.01 0.09 - - - -
F2 3.04 0.13 <0.01 0.09 1.27 - - - -

Douglas fir free Total 9.95 0.15 5.23 0.03 0.84 <0.01 0.41 0.38 0.44
bound Total 4.10 2.03 <0.01 0.38 5.78 0.64 - - -
F1 1.00 0.03 <0.01 0.01 0.07 - - - -
F2 0.77 0.29 <0.01 0.08 2.84 - - - -

Scots pine free Total 0.97 0.01 0.20 <0.01 0.08 <0.01 0.08 <0.01 <0.01
bound Total 2.67 1.66 0.39 0.78 3.97 0.65 - - -
F1 0.76 0.03 <0.01 0.01 0.22 - - - -
F2 0.49 0.16 <0.01 0.09 1.52 - - - -

kgps = kg of dry bark

The hot water extraction of polysaccharides was also indicated by the MALDI-TOF mass
spectra of Douglas fir and Scots pine extracts (Figure 25 and Figure 26, respectively). In
these species the ratio between bound carbohydrates and phenolic oligomers was
considerably higher than in other species (Table 6 and Table 7). Accordingly, the dominant
mass peak series in the MALDI-TOF spectra (DFp and SPp) were not those of tannins, but a
series that had a repeating unit of about 132 m/z. This value matches with the monomeric

unit of a pentosan, e.g. arabinans. Traces of this series were also detected in the MALDI-TOF
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spectrum of European larch (ELp, Figure 23). In Scots pine spectra (Figure 26), an additional
peak series with a repeating unit equal to 162 m/z was attributed to a hexosan, e.g.
glucosan (SPh).

The contribution of phenolic glycosyls to bound carbohydrates was evaluated through
hydrolysis of fractions F1 and F2 (Table 9). The considerable presence of glucose residues in
both fractions of all species suggested the presence of glucosylated phenolic monomers and
oligomers in all softwood bark extractives. The comparison between the amounts of
extracted phenolic compounds in F1 and F2 (Table 6) and the corresponding glucose residue
yields (Table 9) suggested that between 9% and 22% of the phenolic monomers and
oligomers in Silver fir, European larch, and Douglas fir were glucosylated. A much higher
frequency of glycosylation was suggested for Norway spruce and Scots pine. In the F1
fractions, containing the phenolic monomer elution, 61% and 104% of glycosylated phenolics
were estimated for Norway spruce and Scots pine, respectively. Oligomers in the fraction F2
of the same species showed 34% and 39% of glycosylation. The presence of astringin in
Norway spruce bark extracts, both as free monomer and as monomeric units within the
condensed tannins, was associated to the high glucose to phenolic ratio for this species. In
Scots pine no evidence of phenolic glucosides was found by HPLC or MALDI-TOF mass
spectrometry. The concentration of phenolic compounds and glucose in the extracts of this
species was however very low, and the occurrence of phenolic glucosides might then have
been below the detection limit.

In the fraction F2 of all species except Silver fir a considerable amount of arabinose
residues was detected. Phenolic arabinosides are compounds scarcely detected among plant
extractives, therefore their presence in bark extracts was considered unlikely. Arabinans are
instead typical polyoses from softwood barks and quite soluble in alcohols (Fu and Timell
1972a; Hara et al. 2013). Their elution with methanol in the fraction F2 together with
phenolic oligomers was thus considered possible. Accordingly, MALDI-TOF mass spectra of
the F2 fractions of European larch, Douglas fir and Scots pine showed the presence of a

pentosan series identical to that observed in the crude extracts (data not reported).

4.3 Analysis and optimization of the softwood bark extraction
process

4.3.1 Extractions at different bark particle sizes

Water extractions at 60°C were performed on Norway spruce bark manually chopped
(5-10 mm), ground with a hammer-mill (0.5-2 mm) or reduced to a fine powder with a
vibratory disk mill (<0.05 mm). Higher extraction yields were shown at decreasing bark

particle size (Figure 28), in agreement with Yazaki (1985) and Vélazquez et al. (2001). SEM
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pictures of the different bark particles (Figure 29) indicate that the cellular structure of the
bark was only recognizable in the chopped sample. The hammer-milled bark had extensively
wrinkled and broken cell walls, while only fragments and flakes were observed in the bark
subjected to the vibratory disk mill. Increased accessibility to bark cell walls and lumens was
apparent as particle size decreased. Diffusion of extractives through the cell walls therefore

seemed to represent a critical factor in the extraction process.
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Figure 28: Total extraction yield of Norway spruce bark ground to different sizes. Extractions performed in water
at 60°C for 10 min.

Figure 29: SEM pictures of Norway spruce bark ground to different size: a) manually chopped (5-10 mm);
b) hammer-mill ground (0.5-2.0 mm); c) vibratory disk fine-milled (<0.05 mm).

To investigate the accessibility of bark deposits during extraction, UV-absorbance
spectra of phenolic deposits at different depths from the surface were measured by UMSP in
Norway spruce bark samples before and after extraction at 90°C (Bianchi et al. 2016). A
clear reduction in the UV-absorbance spectrum was only observed for cork cell deposits at
the outermost bark surface (Figure 30). The absorbance of sclereid deposits adjacent to the
cork cell layer slightly decreased, and that of sclereids at approximately 200 pm in depth

was only marginally affected by the extraction. No changes were observed in the absorbance
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of cell walls before and after the extraction. The results revealed that the efficacy of the hot
water extraction of phenolic compounds was limited to a few cell layers, as already pointed
out by Shen et al. (1986) for Dahurian larch bark. Fine milling of the bark and breaking of its
cellular structure were therefore considered important for the maximization of the

extraction yield.
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Figure 30: UV-absorbance spectra of phenolic deposits of Norway spruce bark at different depths from the surface
(average of n > 10 measurements). The indicative position of the measurements is indicated on the
above light microscope image (modified from Bianchi et al. 2016).

4.3.2 Response surfaces analysis of bark hot water extraction

The individual and combined effects of extraction temperature, extraction time,
addition of sulfites and addition of urea to the extraction water were analyzed on Norway
spruce bark applying the response surface method (Myers et al. 2009, Bianchi et al. 2016).

The extraction process factors were varied within the following ranges:

» Temperature (x) = 30-90°C
+ Time (x) = 2 - 60 min
* Sulfites, as SO,* (x)=0-5g/L
+ Urea(x) = 0-5g/L

A face centered cubic experimental design was chosen. A total of 27 extraction runs
(24 points + 3 central point repetitions) were performed in a random order. Total, phenolic,
tannin and carbohydrate yields were measured for each extraction run (Table 10). In the

presence of sulfites the standard Folin-Ciocalteu assay overestimates the concentration of
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phenolic compounds and therefore couldn’t be applied (Singelton et al. 1999). Therefore,
the phenolic yield was estimated by measuring the absorbance at 280 nm of 0.1 g/L of
aqueous solutions of extracts. Likewise, the tannin yield was estimated by applying the
methylcellulose precipitation method (Sarneckis et al. 2006). Carbohydrates were quantified
as the sum of the monomeric residues after acid hydrolysis of the extracts. The results were
processed with the software Unscrambler-X (CAMO, Norway) and fitted using a least-square

regression to a full quadratic model (Eq. 2).
Y = Bo+ Xi=1 B Xk + D=1 Bjk - Xjx (2)

For all yields, the analysis of the variance (ANOVA) showed an insignificant (p > 0.150)
lack of fit (Table 11). The full quadratic model thus proved suitable for the description of the

yield variations in the analyzed ranges.

Table 10: Experimental design performed on the hot water extraction of Norway spruce bark

Standard Random Temp. Time Sulfites Urea T_otal Phgnolic Ta_nnin Carbo_hydrate
order order yield yield yield yield
°C min g/L g/L 9/kgbs ECEQ/KQps ECEQ/KQps 9/kgpe
1 24 30 2 0 0 13.2 7.4 4.0 4.0
2 20 90 2 0 0 354 28.5 18.2 9.0
3 14 30 60 0 0 18.8 10.2 5.6 5.6
4 9 90 60 0 0 44.3 34.0 22.0 14.3
5 30 5 0 55.9 7.4 3.1 4.7
6 22 90 5 0 88.2 28.3 17.8 8.2
7 19 30 60 5 0 65.9 8.3 2.6 5.2
8 15 90 60 5 0 119.8 57.8 33.9 17.6
9 11 30 0 5 55.6 9.5 5.0 4.0
10 8 90 0 5 80.6 29.9 19.3 8.4
11 16 30 60 0 5 52.0 9.0 4.8 4.2
12 27 90 60 0 5 93.8 38.5 24.8 14.2
13 13 30 5 5 103.4 8.6 3.2 4.6
14 12 90 5 5 132.3 30.1 16.7 9.3
15 2 30 60 5 5 102.9 105 4.2 6.1
16 26 90 60 5 5 169.4 55.6 33.8 18.5
17 25 30 31 25 25 61.5 8.9 43 5.1
18 10 90 31 25 25 92.0 40.6 26.7 12.6
19 18 60 2 25 25 71.9 17.6 9.5 6.2
20 60 60 25 25 82.8 23.6 14.6 8.9
21 60 31 25 50.0 20.3 13.2 5.0
22 60 31 25 106.9 22.0 11.3 8.5
23 60 31 25 0 56.4 22.0 13.6 7.9
24 17 60 31 25 5 93.0 21.7 11.9 7.5
25 6 60 31 25 25 75.3 19.6 111 8.9
26 23 60 31 25 25 78.5 20.8 10.7 7.3
27 21 60 31 25 25 73.8 20.9 12.7 7.8

ECEgQ = g (-)-epicatechin equivalent
kgps = kg of dry bark
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Table 11: Significances (p-value) and regression coefficients (R) of the experimental design performed on
hot water extraction of Norway spruce bark

Total yield Phenolic yield Tannin yield Carbohydrate yield

p-value R p-value R p-value R p-value R
Intercept <0.007 *** 76.4 <0.001 *** 21.16  <0.007 *** 12.37 <0.0071 *** 7.64
Temperature (x,) <0.007 *** 18.1 <0.001 *** 14.63  <0.001 *** 9.79 <0.007 *** 3.81
Time (x,) <0.001 *** 6.3  <0.001 *** 4.47  <0.001 *** 2.50 <0.001 *** 2.00
Sulfites (x,) <0.001 ***  27.8 0.013* 2.28 0.321 0.55 0.003 ** 0.79
Urea (x) <0.001***  21.4 0.509 0.53 0.767 0.16 0.963 0.01
XX, <0.001 *** 5.0 <0.007 *** 4.00 <0.001 *** 2.54 <0.001 *** 1.60
XX, 0.002 ** 4.2 0.008 ** 2.65 0.021* 1.50 0.209 0.30
XX, 0.117 1.8 0.930 0.07 0.935 0.05 0.616 0.11
X, X, 0.007 ** 3.4 0.009 ** 2.59 0.025* 1.45 0.051 0.48
X, X, 0.564 -0.6 0.813 -0.20 0.782 0.16 0.993 0.00
XX, 0.640 0.5 0.783 -0.23 0.690 -0.23 0.213 0.29
X2 0.968 0.1 0.142 3.24 0.078 2.72 0.030~* 1.37
X,? 0.805 0.7 0.650 -0.96 0.607 -0.75 0.878 0.09
X2 0.504 1.8 0.849 -0.40 0.707 -0.54 0.214 -0.73
x,? 0.460 -2.0 0.867 0.35 0.976 -0.04 0.683 0.23
Lack of fit 0.241 - 0.163 - 0.177 - 0.497 -

p < 0.001 highly significant

0.001 < p <0.01 significant
0.01 < p <0.05 poorly significant
p = 0.05 not significant

Extraction temperature, time and their interactions were the most significant factors in
all yields (Table 11). The effect of the temperature was largely predominant, and particularly
in the extraction of the phenolic compounds (Figure 31). For instance, a temperature
increase from 30 to 90°C enabled, at 60 minutes extraction time and in pure water, a
five-fold increase of total phenolic and tannin yields and a three-fold increase of
carbohydrate yield. At shorter extraction times, the temperature was less effective. The
extraction time didn't show any influence at the lowest temperatures, but gradually
intensified its effect as the temperature increased (Figure 31). At 90°C, a gain of about 25%
in the phenolic and tannin extraction yields was observed as extraction time increased from
2 to 60 minutes. Similar results were observed for the carbohydrate yield. The results were
in good agreement with similar studies performed on Maritime pine and Norway spruce

extractions (Jorge et al. 1999; Vazquez et al. 2001; Kemppainen et al. 2014).
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Figure 31: Response surface plots for total, phenolic, tannin and carbohydrate yields as a function of extraction
temperature and time (sulfites = 0 g/L; urea = 0 g/L). Phenolic and tannin are expressed as epicatechin
equivalents (ECEg). All yields are referred to in kg of dry bark (kg, ) (modified from Bianchi et al. 2016).

The addition of sulfite and urea were both highly significant for the total yield (Table
11). The dramatic effect of sulfite on the total extraction yield is shown in Figure 32. A
similar surface was obtained for urea (not reported). Phenolic, tannin and carbohydrate
yields were instead slightly affected by the addition of sulfite (Figure 32), and even less by
urea. The residual presence of sodium sulfite and urea in the dry extracts was considered
the main reason for the observed total extraction yield increase, as already observed by
Jorge et al. (1999). The improvement in the recovery of actual bark extractives was very
limited. Data reported by Sealy-Fisher and Pizzi (1992) and Koénig and Roffael (2003)
concerning softwood bark extractions with and without sulfite and/or urea, resulted in
similar outcomes when a mass balance was applied on the process. Subtle positive effects of
sulfite on the phenolic and tannin yields could be detected only at the longest extraction
times and highest temperatures (Figure 32), as suggested by the significance of the
interaction factors x -x_ (p = 0.008) and x,-x, (p = 0.009) (Table 11). Such effects were not
observed for urea. The significance of sulfite addition in the carbohydrate yields was most
likely correlated to the high concentration of phenolic glucosides in Norway spruce bark
extracts. Bertaud et al. (2012) detected a much higher impact of the sulfite and urea

addition on the phenolic yield of softwood bark extraction, even if the process conditions
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were very similar to the present study. Possible differences in the preparation and storage of

the bark before extraction were supposed.
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Figure 32: Response surface plots for total, phenolic, tannin and carbohydrate yields as a function of extraction
temperature and concentration of sulfites in the extraction water (extraction time = 60 min;
urea = 0 g/L). Phenolic and tannin are expressed as epicatechin equivalents (ECeg). All yields are
referred to in kg of dry bark (kg ).

4.3.3 Successive extractions at increasing temperature

The extraction temperature triggered more intensely the yield of tannins than that of
carbohydrates (Figure 31, Figure 32). Consequently, this process parameter was considered
a suitable factor to base future investigations on, by developing a simple process able to
separate tannins from carbohydrates. Norway spruce and Scots pine bark were thus
successively extracted with water at increasing temperatures from 30 to 150°C by multiple
steps of 15°C (Bianchi et al., 2016).

For both species, the first extraction steps at 30°C showed a total extraction yield
considerably higher than the following step at 45°C. The extraction yield remained almost
constant between 45 and 105°C, and then quickly and exponentially increased towards
150°C (Figure 33). In contrast, the phenolic yield, determined by Folin-Ciocalteu assay,
remained almost constant throughout all steps (Figure 33). Accordingly, at 30°C and above

105°C the non-phenolic fraction of the extracts was higher than 70%, while in the interval
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45-105°C it was between 54% and 65%. Hydrolysis of the bark extracts at 30°C and 150°C
showed considerably higher amounts of total carbohydrates than in the extracts at 45°C and
105°C (Table 12). These differences matched with the trend observed for the non-phenolic

fractions of the extracts, which were then mostly attributed to carbohydrates.

60 60 .
Norway spruce Scots pine
= 50 = 50
- e
© ©
- 2
240 2 a0
C 3
° ° non-phenolic
© 30 84% o 30 81%
> >
_5 20 _g 20 or ® phenolic
§ 75% 80% §
= & 81%
‘ﬁ 10 65% e ﬁ 10 e
o | 549 | 60% | 65% 59%
0 0
30 45 60 75 90 105 120 135 150 30 45 60 75 90 105 120 135 150
Temperature (°C) Temperature (°C)

Figure 33: Total and phenolic extraction yield of Norway spruce and Scots pine bark in sequential extractions at
increasing temperature. Total phenolic compounds are expressed as purified quebracho tannin
equivalents (Qeg). The bars report the relative concentration (%) of phenolic and non-phenolic
compounds in the extracts (modified from Bianchi et al. 2016).

Changes concerning the composition of phenolics and carbohydrates in the extracts
were observed during the successive extractions steps. HPLC-UV chromatograms before
thiolysis of the extracts (Figure 34) showed that phenolic monomers were almost completely
extracted between 30 and 75°C. Stilbene glucosides almost completely disappeared after
45°C, while taxifolin remained detectable up to 75°C. Accordingly, in the steps above 75°C
the extracted phenolic compounds should be mostly represented by oligomers. Thiolysis of
Norway spruce extracts showed a progressive decrease of the weight ratio between
procyanidins and total phenolics as temperature increased and an abrupt drop in mDP at the
150°C step (Figure 34). Similar changes in the procyanidin structures were observed for
Scots pine extracts (data not reported). At increasing extraction temperature a more
frequent occurrence of thiolysis resistant oligomers, e.g. phlobaphenes, was thus assumed.
These compounds could be either natively developed in the bark or formed from oxidation
of procyanidins during the extraction process.

Mono- and oligosaccharides such as glucose, fructose and sucrose were mostly
extracted in the first step at 30°C (Table 12). At 45°C and 105°C they were detected only in

traces. A higher concentration of arabinose, galactose and rhamnose as free
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monosaccharides was observed in the extracts at 150°C, most likely as residues of the
thermal degradation of pectins and bark hemicellulose.

Bound carbohydrates in the extracts at 30°C were predominantly represented, in order
of decreasing incidence, by glucose, arabinose and galactose residues (Table 12). In the
following steps, the relative concentration of glucose residues decreased progressively,
likely in relation to the decreasing extraction of stilbene glucosides. At 150°C, higher
amounts of arabinose, xylose and mannose residues were detected. The results suggested
that pectins like arabinans, arabinogalactans and glucans were extracted throughout the
successive extractions. Over 105°C fragments of the bark hemicellulose, such as
galactoglucomannans and arabino-4-O-methylglucuronxylans, appeared to be increasingly

extracted, as already suggested by Fradinho et al. (2002).

HPLC-UV chromatograms of Total extracted  Total extracted Procyandins
crude bark extracts (before thiolysis) phenolics procyanidins mDP
Qeg/kgps g/kgps

7.28 1.57 57
-
- t
£ a .
E| as5c ' 3.89 0.99 6.3
8|
g ¢
c
(1] i
8 a [
5 | 75°C 3.69 0.82 7.2
n —
<
w 471 0.76 6.0

150°C ¥ 6.72 0.31 2.6
30 35 40 45 50
Retention time (min.)

Figure 34: Phenolic composition of Norway spruce bark extracts from successive extractions at increasing
temperature. Extracted phenolic monomers are shown in HPLC-UV chromatograms: a = astringin,
t’/t" = taxifolin isomers, i = isorhapontin. Phenolic ratio estimated by Folin-Ciocalteu assay as purified
quebracho tannins equivalents (Qeg). Total procyanidins amount and their mean degree of
polymerization (mDP) estimated by acid thiolysis.

Changes in the composition of Norway spruce extracts during the successive
extraction steps were also detected by MALDI-TOF mass spectrometry (Figure 35). In the

mass spectra of the extracts at 30°C and 45°C a series of mass peaks attributed to
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procyanidins was dominant, showing the presence of oligomers up to 11 units. Low-intensity
mass peaks that fitted to pentosans (e.g. arabinans) were also detected. At 105°C the mass
spectra considerably changed: the peak series associated to procyanidins was less intense,
while the pentosan series became more important and overlaid with that of procyanidins. At
150°C the procyanidins’ peaks could be barely recognized and the pentosan series was
clearly dominant. The progressive disappearance of procyanidins and the increasing
concentration of polysaccharides during successive extractions at increasing temperature

were then confirmed.

Table 12: Composition of total, free and bound carbohydrates in Norway spruce and Scots pine bark
extracts by successive extractions at increasing temperatures (n = 1).
Free carbohydrates are associated to mono- and oligosaccharides
Bound carbohydrates are associated to polysaccharides and glycosyl residuals

Extraction Carbohydrates (g/kgps)

step Glc Gal Fru Xyl Man Ara Rha Suc Raf TOTAL

Total 3.79 1.40 0.50 0.35 0.29 1.64 0.32 - - 8.29

30°C Free 0.56 <0.01 059 <0.01 <0.01 0.20 0.02 0.53 0.07 2.60

Bound 2.93 1.38 <0.01 0.35 0.29 1.44 0.30 - - 6.69

Total 0.86 0.42 <0.01 0.11 0.12 0.45 0.07 - - 2.02

g 45 °C Free 0.05 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.08
>

% Bound 0.81 0.42 <0.01 0.11 0.12 0.45 0.06 - - 1.96
>

g Total 1.00 0.69 <0.01 0.18 0.29 1.39 0.10 - - 3.66

§ 105 °C Free 0.01 <0.01 <0.01 <0.01 <0.01 0.22 0.01 <0.01 <0.01 0.25

Bound 0.99 0.69 <0.01 0.18 0.29 1.17 0.09 - - 3.41

Total 2.65 485 <0.01 2.56 2.07 9.37 0.73 - - 22.24

150 °C Free 0.12 0.30 <0.01 0.14 <0.01 2.40 0.20 <0.01 <0.01 3.16

Bound 2.53 455 <0.01 2.42 2.07 6.98 0.53 - - 19.08

Total 3.57 1.15 0.71 0.36 0.37 2.56 0.43 - - 9.14

30°C Free 0.35 0.03 0.61 0.01 <0.01 0.33 0.02 0.13 0.03 1.72

Bound 3.13 1.12 0.01 0.34 0.37 2.23 0.40 - - 7.61

Total 0.61 0.53 <0.01 0.18 0.20 1.11 0.12 - - 2.74

o 45 °C Free 0.04 0.01 0.01 <0.01 <0.01 0.01 0.01 0.01 <0.01 <0.09

g_ Bound 0.57 051 <0.01 0.18 0.20 1.11 0.11 - - 2.67
[2]

S Total 0.81 055 <0.01 0.21 0.11 2.27 0.23 - - 4.18
n

105 °C Free 0.01 0.02 <0.10 0.01 0.02 0.36 <0.01 <0.01 <0.01 0.42

Bound 0.80 0.53 <0.01 0.20 0.09 1.90 0.23 - - 3.75

Total 3.32 6.74 <0.01 4.00 2.89 8.91 0.93 - - 26.79

150 °C Free 0.28 1.00 <0.01 052 <0.01 4.18 0.36 <0.01 <0.01 6.34

Bound 3.04 5.75 <0.01 3.48 2.89 4.72 0.57 - - 20.45

kgps = kg of dry bark
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The analysis of Norway spruce bark extracts during successive extractions highlighted
the existence of three extraction temperature ranges. The first appeared in the initial
extraction step (<45°C), where native mono-/oligosaccharides, a large fraction of the
phenolic monomers and part of the tannins were extracted. The second temperature range
appeared between 45 and 105°C. Within these temperatures the extracts were much richer
in procyanidins, and pectins like arabinans, arabinogalactans and glucans mainly
represented the non-phenolic fraction. The third range was above 105°C, where pectins
represented the majority of the extract and the extracted phenolics were most likely highly
oxydized oligomers (e.g phlobaphenes). The composition of the extracts in these three
ranges roughly resembled those obtain by ultrafiltration of the Radiata pine extracts through

molecular membranes of 10%® and 10° Da in size (Yazaki and Hillis 1985).

X100 30°C Tx10| 45°C 3
E 08 E 04 - .
£ -
" = g -
06 § 03 »§
. P
e p.
H £
04 §§ 1 0.2 | 3
s o | %
8 2 g g3 3
g o - AL b4 - |
02 LL ( £ I = | g 3 . ) o1 if lH | 'I 3 3 “
S g -3 ) & g k
u?,n l i 5 I uKH " L . 5
= t .. ‘LUL . .L .' hLU ¢ ‘\'ll E“ ¥ l_k'. el %’L"&"t "’."‘:"“:“".“-':“r*. 0 Wl "l ‘ b “l\’ hk“ MI‘-‘«‘“—:«l\rm-ﬂu»w"
1000 1500 2500 3000 3500 1000 1500 2600 zsoo 3000 3500
m/z m/z
3x10'| 105°C 3x10'] 150°C
e 04 f 0.4
2 8
E £

0.3 0.3 3

02 S 02 %

0.1 0.1 ~ 3 S B O
’ | ERERR ‘ 2
]lf‘lh L ‘:,' lll‘||||

o BRIV TR A M\ A At Sl b AL L L

1000 1500 2000 2500 3000 3500 moo 1500 2000 2500 3()00 35()0

miz m/z

Figure 35: MALDI-TOF mass spectra of Norway spruce bark extracts obtained from successive extractions at
increasing temperature. In each spectrum, a peak series associated to procyanidins (blue bold) and
pentosans (red italic) are labelled.

4.3.4 Prolonged storage of bark exposed to natural weathering

A 15 m long Norway spruce log was left exposed for 469 days (approximately 15
months) to natural weathering starting from the day of tree felling. Samples were collected

at 1 m and 10 m from the stump and different storage times and the variations in the
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phenolic deposits and total tannins within the bark were investigated by UMSP and direct
thiolysis, respectively (Bianchi et al.,, 2016). Between 1 and 210 days, A, of bark samples
collected at 10 m slightly decreased from 0.609 to 0.565. Similarly, in the samples collected
at 1 m a slight decrease of A from 0.649 to 0.612 was observed. The higher A _in
correspondence of the stump suggested a higher lignification of these samples, roughly
associated to older bark tissues. However, point UV spectra of both bark cell walls and
phenolic deposits didn’t significantly change along the log and during storage. Direct
thiolysis of fine milled bark collected at 1, 210 and 469 days indicated a decreasing trend in
total procyanidins (Table 13). The leaching and/or degradation of the bark procyanidins

during the log storage were therefore expected.

Table 13: Extracted phenolics and total, extracted and non-extractable procyanidins of Norway spruce bark
samples after different durations of storage (Mean =+ Std.Dev; n = 3)

Phenolic compounds Procyanidins
Position Storagetime Total Monomers (F1) Oligomers (F2) Total Extracted Non-extractable
ECEQ/Kgpe  ECEQ/KQps QEQ/Kgoe 9/kgps mDP  g/kgoe  mDP 9/kgps

1 day 22.1+1.1 10.3+0.6 15.7+0.7 22.8+1.2 7.2+1.1 8.6+0.9 6.3+0.9 14.2+1.5

1m 210 days 10.1+0.4 3.3+0.3 8.6x0.4 17.5+0.9 7.7#1.2 2.8+0.3 4.7+0.7 14.6+0.9
469 days 6.5+0.3 1.8+0.2 5.6+0.1 14.4+0.7 7.7¥1.2 1.3+0.3 4.8+0.7 13.0+0.8

1 day 31.5£1.5 15.3+0.9 22.4+1.1 21.6x1.0 6.3+0.9 9.9+0.9 5.5+0.8 11.0+1.0

10 m 210 days 13.3+0.7 4.5+0.3 10.8+0.4 15.2+0.7 6.7¥1.0 2.8+0.3 4.4+0.7 12.4+0.8
469 days 8.4+0.3 2.7£0.2 7.4+0.4 14.4+0.8 7.3x1.1 1.7+0.2 3.8+0.6 12.7+0.8

mDP = mean degree of polymerization

ECEQ = g of (-)-epicatechin equivalents

QEg = g of purified quebracho tannin equivalents
kgps = kg of dry bark

The bark samples collected during the storage of the log were extracted in water at
60°C and the extracts characterized in regarding the phenolic, tannin and carbohydrate
contents (Bianchi et al., 2016). Samples collected at 10 m consistently showed a higher total
extraction yield than samples collected at 1 m, in agreement with Kénig and Roffael (2002).
For both sampling positions, a progressive decrease in the total extraction yield was
observed along the log storage (Figure 36). The phenolic yield decreased proportionally to
the total yield, accordingly to the constant concentration of total phenolics in the extracts
both along the log height and during the storage (Figure 36). A slight decreasing trend in
the phenolic concentration was observed only after 200 days (Figure 36).

The change in the composition of the extracted phenolics over the storage time period
was observed. Extracts from fresh bark (from day 1) had a very comparable share of
phenolic monomers and oligomers. In samples collected at 210 days, preponderance of

phenolic oligomers was instead detected (Table 13). HPLC-UV chromatograms of the extracts
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from bark collected at 10 m confirmed these results, showing an evident reduction of the
peaks associated to astringin, taxifolin and isorhapontin during storage time (Figure 37).
The intensities of the phenolic monomer peaks for bark samples collected at 1 m (data not
reported) were significantly lower than those observed at 10 m, in agreement with the
differences in the phenolic monomer yields (fraction F1) observed between the extracts at
the two positions (Table 13). A decrease of the concentration of phenolic monomer during
in vivo aging of the bark was therefore supposed.
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Figure 36: Total extraction yield and concentration of phenolic compounds in the extracts during outdoor storage
of Norway spruce bark (samples collected at 1 and 10 m from the stump) (modified from Bianchi et al.
2016).

Changes in the structure of the extracted condensed tannins during bark storage were
observed by MALDI-TOF mass spectrometry. In the sample collected at 1 day after tree
felling, a mass peak series associated to pure procyanidins dominated the mass spectrum of
the extracts (Figure 38). In the same mass spectrum, peak series relative to procyanidins
containing one or two astringin units were observed at a considerably lower intensity. The
lower concentration of such oligomers in the extracts was thus suggested. In the MALDI-TOF
mass spectrum of extracts at 210 days (Figure 38), the intensity of the pure procyanidin

series was almost comparable to the oligomer series containing astringin units. Thus, an

74



almost equal occurrence of both tannin types in the extracts at this storage time was
indicated. At 469 days few and very low intense tannin peaks were detected in the mass
spectrum, even if the phenolic fraction should be almost completely represented by
oligomers (Table 13 and Figure 38). The extraction of oligomers with a less ordered
structure than condensed tannins was therefore considered. The progressive decrease of the
polymerization degree of condensed tannins is similar to what observed in Norway spruce
needle litter (Maie et al. 2003).
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Figure 37: HPLC-UV chromatograms of Norway spruce extracts from samples collected at different bark
weathering time. The absorption peaks were associate to: a = astringin, t’/t” = taxifolin isomers,
i = isorhapontin.

The carbohydrate composition also varied along storage. Mono- and oligosaccharides,
mainly represented by glucose, fructose and sucrose, were detected in relevant amounts
only in fresh bark extract (1 day; Table 14). Only traces of glucose were identified in the
extracts at 210 days. Bound carbohydrates (polysaccharides and glycosyl residues)
diminished as well, but remained detectable in a considerable amount in the more aged
samples (Table 14). The major contribution to their reduction was the rapid decrease of
glucose residues, which could be partially caused by the decrease in the extracted stilbene
glucosides observed by HPLC-UV (Figure 37). The sum of carbohydrate residues other than
glucose (mostly arabinose, galactose and galaturonic acid) was more stable along, both, the
log position and during storage (5.5-11.3 g/kg_). These residues were associated to
pectins, which showed thus a extraction availability during bark aging more constant than

other extractives.
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Figure 38:
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MALDI-TOF mass spectra of Norway spruce bark extracts from samples collected at 1 and 210 days of
outdoor storage. In each spectrum the following polymer series were identified: pure procyanidins
(blue bold), procyanidins substituted with astringin units (blue narrow), oligo-/polysaccharides (red
italic).

76



Table 14: Composition of total, free and bound carbohydrates in Norway spruce extracts from samples
collected at different bark weathering time. (n = 1)
Free carbohydrates are associated to mono- and oligosaccharides
Bound carbohydrates are associated to polysaccharides and glycosyl residues

Carbohydrates (g/kgos)

Glc Gal Fru Xyl Man Ara Rha GalA Suc Raf TOTAL

Total 10.80 1.90 1.86 0.50 0.45 3.19 0.41 1.17 - - 20.35

c % Free 1.22 0.03 1.72 <0.01 <0.01 0.05 <0.02 <0.01 2.13 0.10 5.40

‘ﬁ' Bound 8.41 1.83 <0.01 0.50 0.45 3.14 0.39 1.17 - - 15.98
c

Z% 0 Total 4.60 1.22 0.04 0.35 0.39 2.27 0.44 0.87 - - 10.28

& g Free 0.46 0.02 0.02 <0.01 <0.01 0.09 <0.01 0.07 0.03 0.02 0.22

& Bound 4.13 1.21 0.03 0.35 0.39 2.18 0.44 0.79 - - 9.59

Total 17.01 2.79 2.15 0.66 0.67 4.87 0.72 1.80 - - 30.77

I % Free 1.65 0.04 190 <0.01 <0.01 0.03 0.03 0.13 2.85 0.14 6.91

% Bound 13.82 271 <0.01 0.66 0.67 4.84 0.69 1.68 - - 25.16

;g 0 Total 6.51 1.91 0.06 0.56 0.87 3.15 0.60 1.29 - - 15.07

g g Free 0.46 0.01 0.12 <0.01 <0.01 0.07 <0.01 <0.01 0.07 0.01 0.74

& Bound 6.01 1.90 <0.01 0.56 0.87 3.07 0.60 1.29 - - 14.43

kgps = kg of dry bark

The prolonged storage of Norway spruce bark exposed to natural weathering was thus
accompanied by substantial changes in extraction yield and extract composition, which has
to be taken into account for the industrial exploitation of softwood barks. Compounds that
could be extracted in cold water, like mono-/oligosaccharides, phenolic monomers and a
fraction of the extractable tannins (as discussed in the section 4.3.3), were progressively
missing in the extracts during bark storage, causing a consequent decrease in the total
extraction vyield. Fresh bark samples that were freeze-dried and then stored at room
temperature in dry and dark conditions showed a negligible reduction of the total and
phenolic extraction yield over 469 days (Bianchi et al. 2016), suggesting that, in the
absence of weathering and moisture, no substantial changes in the bark occurred. The
depletion of the most extractable compounds was thus mainly attributed to leaching,
biological consumption or degradation. A reduction in the extraction yield associated to the
development of secondary bonds among phenolic oligomers during aging (Matthews et al.
1997b) seemed to represent a negligible factor. Pectins and highly condensed phenolic
oligomers (e.g. phlobatannin, phlobaphenes) were constantly present in the bark extracts
and represented their major components at the longest storage times.

Similar outcomes resulted when a comparison between bark tissues of different ages
was made. A lower recovery in the most extractable compounds was observed close to the

stump (older tissue) than 10 m from it (younger tissue). However, in this case, older tissues
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had a slightly higher amount of non-extractable procyanidins than younger tissues (Table
13), suggesting that, during in vivo aging, secondary bonds between phenolic extractives

are likely developed.
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5. Conclusions

The possibility of recovering condensed tannins from the bark of European softwood
species through hot water extractions was investigated. The barks of Silver fir, European
larch, Norway spruce, Douglas fir and Scots pine, five of the most common softwoods in
North and Central Europe, were extracted at 60°C and the chemical composition of the
extracts analyzed. The use of a consistent method in both the extraction and the chemical
characterization enabled identifying differences and similarities among the investigated
softwood species without uncertainties related to dissimilar analytical procedures.

The total yield of extraction was between 26.9 and 120.2 g/kg_, with the lowest value
corresponding to Scots pine and the highest to Silver fir. These figures were considerably
low when compared to the total extractives in softwood barks (estimated by organic solvent
extraction), which was three times higher, and the extraction yields of currently used
tannin-rich extracts from tropical species, which are generally higher than 200 g/kg_. A
further weakness concerned the composition of the softwood bark extracts. Phenolic
compounds represented only between 13% (Scots pine) and 46% (European larch) of the
extracts, and a comparable amount of carbohydrates (21%-45%) was concurrently extracted.

Phenolic compounds were represented by both monomers (e.g. stilbene glucosides,
taxifolin) and oligomers and, among these, condensed tannins. The improvement of existing
protocols for MALDI-TOF mass spectrometry and thiolysis followed by HPLC-UV provided
deep insights into the extracted condensed tannins’ molecular structure. In contrast to the
tannins from tropical species, which were described as mostly made of 5-dehydroxylated
flavan-3-ol trimers and tetramers, European softwood tannins showed more complex
structures. Along the procyanidin/prodelphinidin backbone, substitution with stilbene
glucosides, glucosylation, galloyl-esters, and most likely side-branches were identified. Their
mean degree of polymerization was between 3.5 (Silver fir) and 6.7 (Scots pine), and the
presence of oligomers up to 13 units was observed. The recurrent occurrence of oxidized
configurations and rearrangements (e.g. phlobatannins) was hinted.

These findings advised that condensed tannins extracted from European softwood
bark cannot be regarded as simple linear procyanidins or prodelphinidins as they are
commonly reported in the literature. Their convoluted molecular structure might result in
the hindrance of reactive sites and in the reduction of the already low flexibility of tannin
oligomers. This will consequentially influence the chemical and physical properties of the

bark extracts. Accordingly, the technologies and resin formulations developed for tropical
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tannins cannot simply be superimposed onto softwood bark extracts. Most likely, alternative
solutions, e.g. new resin cross-linkers, have to be developed. Differences among the
molecular structures of tannins extracted from different softwood species also suggested
distinct properties among them, and the need of specific solutions for the extracts of each
species.

Glucose, fructose and pectins were the main carbohydrates detected in extracts. In
particular, pectins, which were mainly represented by arabinans, arabinogalactans and
glucans, showed a quite homogenous yield across the species and during outdoor storage of
the bark. Wide variations were instead observed in the monosaccharide and phenolic
monomer yields. These variations were not only associated to native characteristics of the
softwood species, but also to the storage history of the bark. The concentration of small
molecular weight extractives constantly decreased in bark samples from a log left exposed
to natural weathering, most likely because of leaching, degradation or biological
consumption. The most extractable tannins also diminished during bark storage.
Accordingly, relevant changes in the extraction yield and the composition of the extracts
were detected during bark aging: an aspect seldom considered, but critical in view of the
industrial exploitation of bark extracts.

The temperature was the most influencing factor on the bark extraction process.
Successive extractions at increasing temperature enabled partial separation of the
components of bark extracts. Monosaccharides and phenolic monomers, the main
components responsible for the variations in yield and extract composition during bark
aging, could be almost completely extracted at temperatures below or equal to 45°C. The
process of successive extractions in the range 45 - 105°C was able to provide extracts richer
in phenolic oligomers and therefore more suitable to be used as phenolic substitutes in
resin formulations. However, the sizable amount of tannins already extracted in the first
steps at lower temperature, reduced the net yield of the phenolic-rich extracts. This aspect
should be carefully considered in the evaluation of the economic feasibility. An identification
of valuable applications for both of the extracts obtained at different temperatures will
benefit the overall economy of the process. Extraction at temperatures over 100°C were
discouraged, being characterized by severe tannin oxidation and/or rearrangement, and a
dramatic increase in the extraction of pectins. Addition of sulfites and/or urea was likewise
considered futile, as both didn’t provide any actual improvement in phenolic yield or
phenolic carbohydrate ratio. The concurrent extraction of tannins and pectins couldn’t be
avoided in any process conditions.

To increase the purity of water-extracted tannins a post-processing of the extracts is
needed. Possible options are represented by pectin precipitation by addition of alcohols,
ketones or calcium ions, ultrafiltration, or in situ enzymatic/biological degradation of the

polysaccharides. The implementation of such processes will strongly impact the production
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cost of the extracts, which will become less attractive, in particular for low-value
applications, e.g. tannin-based wood adhesives. Direct extraction of the phenolics from the
bark using organic solvents (e.g. ethanol, acetone) might be a cheaper alternative. The
necessary grade of tannin purification should be carefully evaluated in relation to the final
application of the extracts. A clear understanding of the influence of non-tannin compounds
on the properties of the bark extracts, besides the simple dilution effect, has not yet been
developed. Specific investigations should be considered on a case-by-case basis. Alternative
solutions are worth investigating. The coexistence of carbohydrates and phenolic oligomers
could be regarded as a distinctive characteristic of softwood bark extracts worth exploiting.
Possible co-reactions and synergies between these compound classes should be further
investigated.

Non-extractable and non-leachable phenolic deposits in the lumen of bark cells were
detected. Condensed tannins with a molecular structure similar to those extracted were
detected among these non-extractable compounds. These tannins could be regarded as
immobilized oligomers that likely maintained their chemical reactivity (e.g. condensation
with aldehydes, heavy-metal chelation ability). The extracted bark represents therefore a
substrate still rich in tannin-like compounds that is worth valorizing. Investigation of
possible uses of extracted bark (e.g. formaldehyde scavenger, wastewater flocculation, etc.)

should be considered.
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