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The purpose of the master’s thesis was to fractionate polyphenolic compounds from Norway
spruce hot water extracts. The literature reviewed and tested methods included membrane
filtration, adsorption with polymeric resins, acid precipitation and liquid-liquid extraction.
The hot water extractions provided average yield of 9.6% with temperature under 100 °C
and extraction time of 60 minutes. Acid precipitation and liquid-liquid extraction with ethyl
acetate did not provide sufficient yield of polyphenols. Membrane separation with 4 kDa
UHO004 and 30 kDa UHO030 ultrafiltration membranes and one NPO10 nanofiltration
membrane provided yield of 70% to nearly 100% of polyphenols.

Five different adsorption resins were tested for adsorption of polyphenols. The polyphenols
were desorbed with ethanol. The XAD16N resin was chosen to be continued with testing in
larger scale and in combination with enzymes. The larger scale fractionation of polyphenols
with XAD16N resin without enzymes provided a yield of approximately 70%.

The dried fractionated polyphenol products were tested for total phenolic content, Stiasny
number, antioxidant capacity with FRAP and carbohydrate content. The highest phenolic
content and Stiasny number were 526 mg GAE/g and 81, respectively, with XAD16N
purified product. The highest antioxidant capacity was 478 mg AAE/g with UHO030 purified
product. The lowest carbohydrate content of 282 mg/g was measured for XAD16N purified
product.
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Diplomityon tarkoituksena oli fraktioida polyfenoliset yhdisteet metsdkuusen kuoren
kuumavesiuutteista. Tyossd kaytetyt ja kirjallisuudesta katselmoidut metodit olivat
kalvosuodatus, adsorptio polymeerisilld hartseilla, happosakkaus ja neste-neste uutto. Tyon
yhteydessi tehdyt kuumavesiuutot kuoresta tuottivat keskimédrin 9,6 % saannon ldmpétilan
ollessa uutossa alle 100 °C uuttoajalla 60 minuuttia. Happosakkaus ja neste-neste uutto
kdyttden etyyliasetaattia eivit tuottaneet riittdvid saantoja polyfenolisille yhdisteille.
Kalvosuodatus kiayttden 4 kDa UH004 ja 30 kDa UHO030 ultrasuodatus kalvoja sekd yhta
nanosuodatuskalvoa NPO10 tuottivat saannon, joka oli 70 %:sta ldhes 100 %:iin
polyfenoleja.
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mittakaavan adsorptio puhdistuksella saatiin noin 70 % saanto polyfenolisille yhdisteille.

Kuivatuista polyfenolisista tuoteista mitattiin kokonaisfenolipitoisuus, antioksidanttinen
aktiivisuus FRAP menetelmilld, Stiasnyn Iuku ja hiilihydraattipitoisuus. Korkein
kokonaisfenolipitoisuus ja Stiasnyn luku olivat 526 mg GAE/g ja 81, vastaavasti, XAD16N
puhdistetulla tuotteella. Korkein antioksidanttinen aktiivisuus 478 mg AAE/g mitattiin
UHO030 puhdistetulle tuotteelle. Matalin hiilihydraattipitoisuus oli 282 mg/g XADI6N
puhdistetulla tuotteella.
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Roman characters

A Area m?

c Concentration g/L
J Flux kg/m*h
m Mass g

p pressure bar
P Power W
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Abbreviations
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1 Introduction

Forestry industry consumes vast amounts of wood resources annually and the Finnish
forestry industry consumed 65.2 million m* of wood resources in 2022 (Official statistics of
Finland, 2023a). The use of wood resources creates substantial side streams, such as bark
that was burned 6.7 million m? in 2022 (Official statistics of Finland, 2023b). Norway spruce
(Picea abies) is among the two most common tree species in Finland making it an
economically remarkable species. Around 10% to 15% of the wood consists of bark, which
is usually debarked before further treatments. (Kemppainen, 2015) Bark is generated mainly
through sawmilling operations and in pulp and paper industry, and the main use of bark is
currently burning it to produce heat and power, i.e. as a solid fuel. However, bark contains a
lot more extractives than stemwood, up to 6 times more, which makes it a lucrative source
of wood extractives. Extracting the valuable compounds from bark before burning it can
generate a stream of raw material to value added products. The extractives include, for
example, phenols, terpenoids, fats, waxes and suberin. (Routa et al., 2017) This thesis
focuses on recovery and fractionating phenolic compounds from Norway spruce bark hot
water extracts. The phenolic compounds are known to have antioxidant capabilities that
could be used in medical and pharmaceutical applications, and they could be used instead of
fossil-based phenols in applications such as adhesives and resins (Cosarca et al., 2019; Pizzi,

2008).

Tannins belong to the group of phenolic compounds, and they are extracted commonly by
solid-liquid extraction. The industrial extraction of tannins prefers the use of hot water
extraction (HWE) since it has lower volatile organic compounds emissions and costs than
using organic solvents. The wood species located in southern hemisphere are usually the
source of tannins. (Lochab, Shukla, & Varma, 2014) Production of condensed tannins, a
subgroup of tannins, is 200 000 tons annually and it accounts for over 90% of all tannin
production worldwide. (Pizzi, 2008) Norway spruce bark is known to contain 4% to 15%

tannins, which are virtually all condensed tannins (Kemppainen, 2015; Krogell et al., 2012).

The extraction method used in this thesis was HWE, a well known technology for extracting
phenolic compounds from Norway spruce bark. (Kemppainen, 2015; Kilpeldinen et al.,

2023; Le Normand et al., 2012) It is considered as a safe, inexpensive and environmentally
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friendly option to extract hydrophilic extractives (Kemppainen, 2015; Kilpeldinen et al.,
2014; Royer et al., 2012). The extraction method and its parameters are predefined, and

optimising or developing extraction parameters is not in the scope of the thesis.

The main objective of the thesis is to study and test different purification methods for
recovering phenolic compounds from bark hot water extracts with high yield. The separation
with size exclusion chromatography was excluded from the tested methods as it produces
multiple fractions based on the size of the compounds. The multiple fractions would require
more in detail analysis about the compounds and the detailed separation was not desired in
the scope of the thesis. The desired product should have high phenolic content and low
carbohydrates content, and the economic feasibility of the process is evaluated for possible
scale up. The reduction of carbohydrates is essential for increasing the desired reactivity of
the extract. The carbohydrate fraction is not desired in the potential applications that focus
on the reactivity of phenolic compounds, such as adhesives in formaldehyde-based resins

(Kilpeldinen, Liski, & Saranpii, 2023).
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2 Chemical structure of Norway spruce bark

Norway spruce is a coniferous tree growing in temperate and boreal forests (Neiva, 2020).
The industrially important Norway spruce bark, that is generated through debarking
processes in forestry industry, is considered an underutilized source of potentially
economically interesting chemicals and materials. (Krogell et al., 2012; Le Normand et al.,
2012) Norway spruce bark consists of approximately 49% polysaccharides, 33% lignin, 21%
extractives and 3% ash. The composition of Norway spruce bark according to various studies

is presented in Table 1 below.

Table 1. Study results of various Norway spruce bark composition.

Carbohydrates Lignin Extractives Ash Reference
47.9% 26.9% 20.3% 3.9% (Neiva et al., 2018)
51.3% 33.8% - 3.1% (Kemppainen et al., 2014) Winter bark*
47.6% 36.8% - 3.1% (Kemppainen et al., 2014) Summer bark*
- 27.9% 21.6% 3.3% (Miranda et al., 2012)
- 37.8% 21.0% 2.1% (Fengel & Wegener, 1983)

The exact composition of bark is affected by the age of the tree, felling time of the year and
location of the bark in the tree. (Cabalova et al., 2021; Kemppainen et al., 2014) In literature,
inner and outer bark composition is commonly studied separately as there are major
differences in the composition. (Routa et al., 2017) The industrial bark produced by
debarking includes approximately 20% of wood mixed with bark. (Neiva et al., 2018;
Kemppainen et al., 2014) Hence, industrial bark has slightly different composition than pure
bark.

2.1 Carbohydrates in bark

Woody biomass include usually cellulose, hemicelluloses, starch and pectins, out of which
the non-cellulosic carbohydrates account for 20% to 30% of the raw material. (Le Normand
et al., 2012) According to studies of Kemppainen 2015, Norway spruce bark carbohydrates

are mainly cellulose, pectin, xyloglucan, xylan and arabinogalactan (Kemppainen, 2015).
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The carbohydrates can be mono-, oligo- or polysaccharides. The bond created between two
monomers is called a glycosidic bond. The monomer can be also linked to other molecule,
for example flavonoids, with glycosidic bonds. These compounds are called glycosides.
(Kontogiorgos, 2024) The monomers can be divided into groups by structure; pentoses,
hexoses, hexuronic acid and deoxy-hexoses. The monomers are presented in the Figure 1

below. (Fengel & Wegener, 1983)

[Hexuronic acids | [ Deoxy -hexoses |

CH,0H COOH
0. JOH 0. JOH HO 0, OH
@
HO
OH OH
[I-D-Xylos& -D-Glm:ou -D-Glucuronic acid oc-L-Rhamnose
20H COOH
HO 0. OH 0 0. OH
\@/ HaCO OH HO
H OH OH
or-L-Arabinopyranose }-D-Mannose oc-D-4 -0-Methylglucuronic acid a-L-Fucose
0. OH HZOH 00H
0
OH
OH OH

x-L-Arabinofuranose n—U-Galutou -0 -Galacturonic acid

Figure 1. Monosaccharides that form polymers in woody biomass. (Fengel & Wegener,
1983).

Cellulose is a linear polymer consisting of glucose units bound with B-(1—4)-glycosidic
linkages. The molecular weight, depending on the origin, of cellulose molecule is between
50 000 — 2.5 million. It gives the basic structure to a plant. (Fengel & Wegener, 1983)
Cellulose is water-insoluble and therefore it cannot be extracted with hot water. The Norway

spruce bark contains approximately 15% cellulose. (Le Normand et al., 2012)

Hemicelluloses are polysaccharides. Their chains are much shorted than cellulose, they can
be heteropolymers and they can be branched. Classification of hemicelluloses based on the

main unit of the structure can be used. (Fengel & Wegener, 1983)

The hemicelluloses found in Norway spruce bark include xyloglucan, xylan and

arabinogalactan (Kemppainen, 2015). Xylans have a xylose homopolymer backbone.
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Softwood xylans have less acetyl groups than hardwood xylans, and they have
arabinofuranoses and 4-O-methylglucuronic acids linked to the xylan backbone. Glucans
have a glucose backbone. Starch consists of glucans that are called amyloses and
amylopectin. Amyloses are linear and amylopectins are branched polymers formed from
glucose. Xyloglucans are glucans having xylose units attached. Galactans are highly
branched polymers with galactose backbone. The composition of side chains varies

depending on species. (Fengel & Wegener, 1983)

Pectins are polysaccharides that are composed mainly from galacturonic acid and remarkable
amounts of galactose, arabinose and rhamnose. Norway spruce bark can have up to 13%

pectins that can be extracted using pressurized hot water. (Normand et al., 2021)

The amount of carbohydrates that are found in bark of Norway spruce are listed in Table 2
below. The amounts are described as percentages of dry weight of industrial bark. The study

also revealed small amounts of acetylated groups present. (Neiva et al., 2018)

Table 2. Carbohydrate content as weight of total mass of dry Norway spruce bark.
Reported from the study of Neiva et al. (2018).

Monosaccharide wt.%
Glucose 29.49%
Xylose 4.97%
Arabinose 4.56%
Galacturonic acid 4.48%
Mannose 4.42%
Galactose 1.96%
Rhamnose 0.48%
Glucuronic acid 0.22%

Besides polysaccharides, Norway spruce bark contains water extractable free mono- and
disaccharides, mainly glucose, sucrose and fructose. They account for 7% to 12% of the bark
dry mass. (Kemppainen, 2015) The molecular mass of monosaccharides glucose and
fructose are 180 g/mol. Sucrose is a disaccharide composed of glucose and fructose with

molecular mass of 342 g/mol. (Kontogiorgos, 2024)
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2.2 Lignin in bark

Lignin is composed of three different monomeric precursor units: p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohols. Structures of the monomeric units are presented in
Figure 2 below. The monomeric units polymerize through various routes randomly and form
lignin polymers, that are irregular and is highly cross-linked. Therefore, the exact structure
of lignin varies, but it can be described as a polyphenolic compound. (Fengel & Wegener,
1983) In the studies of Krogell et al. (2012) the results suggest that the lignin found in the
bark is very similar to the one in wood, based on pyrolysis-GC-MS analysis. (Krogell et al.,
2012) The role of lignin is to fortify the structure, and it gives, together with polysaccharides,
the characteristics of swelling, strength and density to the wood cell walls. (Fengel &
Wegener, 1983) The true lignin is not soluble in water under 100 °C and at normal pressure.

(Kemppainen et al., 2014)

CHOH CH20H CHaOH
CH CH CH

] |l Il
CH CH CH
1. 2 3.
OCHy  H4CO OCH;4
OH OH CH

Figure 2. Lignin monomeric precursor units; 1. p-coumaryl alcohol, 2. coniferyl alcohol, 3.
sinapyl alcohol. Modified from (Fengel & Wegener, 1983).

2.3 Extractives

Extractives are a group of substances that are not related each other by structure, but by being
able to be extracted from the feedstock with polar or non-polar solvent (Fengel & Wegener,
1983). The amount of extractives in Norway spruce bark is remarkably higher than in
stemwood and there are compounds that are not present in stemwood, such as condensed
tannins (Routa et al., 2017). These extractives in Norway spruce bark can be divided to

hydrophilic and lipophilic extractives. The hydrophilic extractives are composed mainly of
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stilbene glucosides and flavonoids and include mono-and disaccharides. Also, the majority
of the tannins can be found in the water extracts. (Krogell et al., 2012) Part of the extractives
are labile, and the concentration of extractives starts to decrease after felling of the tree. The
amount of degrading components is highest with the hydrophilic extractives and for example
stilbenes are sensitive to storage and light. The rate of degradation is higher right after the
tree has been fell and the compounds are better preserved when the bark is still intact with

the trunk. (Cabalové et al., 2021; Routa et al., 2017)

2.3.1 Polyphenols

Compounds that are categorized as phenols have a benzene ring, that has hydroxyl group or
groups directly attached, in their core structure. The structure of phenols varies from
monomers to polymers, and the hydroxyl groups might be linked to other functional groups.
The phenols possess desired properties and based on their structure, they might for example
work as an inhibitors of enzymatic activity, have good antioxidant activities or chemical
reactivity. (Royer et al., 2012) The compounds that belong to the group of phenolics and are
found in Norway spruce bark include stilbenes, tannins and flavonoids. The stilbenes are

mainly in glycosidic form and the tannins found are condensed tannins. (Krogell et al., 2012)

Flavonoids consist of a wide range of different of polyphenolics that have a backbone,
consisting of A and B ring with six carbon atoms and C ring with three carbon atoms, Figure
3 below. They can be divided into subgroups out of which the most important six are
flavonols, flavones, flavanols, anthocyanidins, flavanones and isoflavones. Over 8000
different flavonoids are known, and they can have derivatives that are conjugated with
mono- or disaccharides. (Bels¢ak-Cvitanovi¢ et al., 2018) The subgroups are divided based

on the structure and properties of the ring C (Panche, Diwan, & Chandra, 2016).
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Figure 3. Basic structure of flavonoids. Modified from (Panche, Diwan, & Chandra, 2016).

Condensed tannins are a subgroup of tannins. They are water-soluble polyphenolic
compounds that have a molecular weight of 500 to 3000 Da. Other tannin subgroups include
hydrolysable tannins, phlorotannins and complex tannins.(Serrano et al., 2009) The reported
tannin content of Norway spruce is between 4% and 15% (Kemppainen, 2015). Condensed
tannins, or proanthocyanidins by another name, are formed from flavanol monomers and are
polyhydroxyflavan oligomers or polymers. The monomers have different hydroxylation
pattern in their benzene ring and have stereoisomerism in the middle ring with three carbon
molecules. The most common pairs of monomers are (+)-catechin/(—)-epicatechin, (—)-
gallocatechin/(—)-epigallocatechin and (+)-afzelechin/(-)-epiafzelechin. The monomer
structures are described in Figure 4 below. The degree of polymerization varies, and, in some
cases, they might esterify with gallic acid and in rare cases with sugars. When the condensed
tannins react with acid, they form water insoluble phlobaphenes, and anthocyanidins that

have red color. (Serrano et al., 2009)
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g Ay
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{
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Figure 4. Structures of the most common flavanol monomers of condensed tannins.
Modified from (Serrano et al., 2009)

Stilbenes are phenolic compounds that have a base structure of 1,2 diarylethene with a
backbone of two benzene rings connected with a chain of two carbon atoms, example in
Figure 5 below. The side chains differ based on the exact substance and there might be a
glucose molecule attached. (Vauzour, Vafeiadou, & Spencer, 2012) Stilbenes found in
spruce bark mainly consist of glycosides of piceatannol, isorhapontigenin and resveratrol
(Routa et al., 2017; Krogell et al., 2012). These stilbenes are monomeric stilbenes making
their molecular weight under 1000 Da. The stilbenes exist in cis- and trans-isomeric forms,
where the direction of the double bond between the aromatic rings is orientated. The trans-
stilbene isomer is sterically hindered and more stable, where the cis-stilbene is not sterically
hindered. The trans-isomer is sensitive to light and will isomerize to cis-isomer when
exposed to light. However, heat and light might isomerize the cis-isomer back to trans-

isomer. (Teka et al., 2022)
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Ry

Figure 5. Example of trans-stilbene structure. For example, resveratrol has hydroxyl
groups in Ry and Ro. Modified from (Vauzour et al., 2012.)

Even though the polyphenols are widely studied, their macromolecular structure might vary
from the exactly defined form. For example, flavonoids are known to form complexes with
oligosaccharides, lipids, carboxylic acids and organic acids (Bels¢ak-Cvitanovi¢ et al.,
2018). In water-acetone extracts of spruce bark, a presence of stilbene polymers and stilbene-
procyanidin complexes were reported (Zhang, 2011). It was also estimated that every second
flavonoid monomer in condensed tannins had a covalently bound glucose (Zhang &

Gellerstedt, 2008).

2.3.2 Other extractives

Besides polyphenols, the extractives include terpenoids, suberin, fats and waxes (Routa et
al., 2017; Krogell et al., 2012). These compounds are mainly water insoluble, lipophilic
compounds and are also known as wood resins (Holmbom, 2011). Suberin is a lipophilic
polymer that consists of glycerol and long fatty acid chains that are linked together with
phenolic acids (Graca, 2015). Terpenoids are oleoresins composed of resin acids,
monoterpene hydrocarbons and minor amounts of sesquiterpenoids aldehydes and alcohols
(Holmbom, 2011). Other lipophilic extractives include fatty acids, sterols, steryl esters,
triglyserides and aliphatic alcohols. (Krogell et al., 2012; Holmbom, 2011).
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3 Potential applications for polyphenolic compounds extracted

from spruce bark

The market of polyphenols was estimated to be 2.2 billion USD in 2023, and it is estimated
to grow 4.5% annually. The use of polyphenols currently includes flavourings, health
ingredients and preservatives. Tannins are traditionally used for leather tanning, but the use
of tannins for other applications have been investigated. The antioxidant activity and anti-
inflammatory properties of polyphenols are known. (Muilu-Mékela et al., 2024) In the study
of Cosarca et al. (2019), it was found out that Norway spruce bark polyphenol extracts had
a decreasing effect on melanoma cell line viability, with selectivity towards tumour cells.
(Cosarca et al., 2019) Also, anthocyanidins are a natural source of pigments molecules, that

might serve as a colouring agent (Muilu-Maikeli et al., 2024).

3.1 Tannins

Vegetable tannin production is focused on species that contain high amounts of tannin and
therefore make it economically feasible to industrially extract tannins from them. The
production sites of these industrially remarkable species; mimosa, quebracho, mangrove and
cube gambier tannins, are located at species growth areas in South America, Africa and Asia.
In Europe, Italy and Slovenia are producing chestnut tannins. (Pizzi, 2008) Utilization of the
side stream of forestry industry, Norway spruce bark, in more local production of tannins

would be beneficial from the economic and environmental point of view.

Besides leather manufacturing, tannins are used at least in wood adhesives, flocculants,
coagulants, plasticizers, medical and pharmaceutical applications, animal feeds and
winemaking (Muilu-Mikeld et al., 2024; Pizzi, 2008). In leather tanning, the objective of the
chemical is to make the leather more resistant towards mechanical wearing and biological
degradation. The chemical in use fixes the hide collagens to dimensionally more stable form
by making them insoluble. Vegetable tannins are usually used in products that are exposed
to intensive wearing such as shoe soles, belts and saddles that require heavy, rigid and hard
leather. (Pizzi, 2008) The use of tannins in wood adhesives could replace or decrease the use

of synthetic phenols in phenol-formaldehyde resins. Good results utilizing tannins instead of
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synthetic phenols have been reported. (Tondi et al., 2009; Pizzi, 2006) Also, the reduction
in formaldehyde emissions by using substitutes and tannin in adhesive manufacturing has
been reported. In cement manufacturing, plasticizers are additives used to increase the
strength development and workability without the need for additional water addition.
Superplasticizers are additives that in small amounts can fluidify the cement mixture without
decreasing its settling properties, which is usually the problem with plasticizers. Currently,
the only known superplasticizers besides tannins are sulphonated melamine-formaldehyde
resins in cement technology. (Pizzi, 2006) Tannins are known to have protein binding
properties, metal ion complexation properties and antioxidant and radical scavenging
abilities. In the study of Serrano et al. (2009), the biological effects of tannins were reviewed
widely, where in the studies show the tannins having antimicrobial, antiviral and
antimutagenic activity, aids with cardiovascular diseases and diabetes and enzyme inhibiting

characteristics. (Serrano et al., 2009)

3.2 Stilbenes

Stilbenes could be used as antioxidants, antimicrobial agents, preservatives, in cosmetics or
pharmaceuticals (Muilu-Mékeld et al., 2024). The pharmacological activities of stilbenes
were widely reviewed by Teka et al., 2022 where at least anticancer, antioxidant,
antimicrobial and anti-inflammatory activities were reported. The use of stilbenes and
stilbene derivatives in therapeutic applications have shown potential in studies. (Teka et al.,
2022) Stilbenes have UV irradiation absorbing capabilities and it could be used in sunscreens
as UV blockers (Dou et al., 2022). UV irradiation also increased the antioxidant capabilities
and maintained the antimicrobial activity. These properties show potential for products to be

used in for example in cosmetics and preservatives. (Vilimaa et al., 2020)

Because of the availability, low cost and wide range of potential applications, resveratrol,
that is one of the most common stilbenes in Norway spruce bark, is seen as an attractive
component to study for further uses and they are already used in more than 400 commercial

applications (Teka et al., 2022).
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3.3 Flavonoids

Flavonoids are reported to have anti-cholinesterase, anti-inflammatory, antimicrobe,
antiviral anti-aging, anti-allergenic disease-combating activity and antibiotic resistance
countering activity. Radical scavenging antioxidant activity, biological activity and enzyme
inhibition seems to be the most potential mechanisms to achieve these properties. The
properties have raised interests in the use of flavonoids in pesticides pharmaceuticals,
medicinal applications and in cosmetics. Flavonoids are used already in nutrients, food
safety and health, because of antimicrobial, antiviral and antifungal properties. Flavonoids
are a wide variety of compounds with heterogeneity in their structure, which hinders the
research. However, there are in vifro and in silico studies, and applications utilizing
flavonoids exist. In medical and pharmaceutical applications, research is done to replace

harmful synthetic medicines with flavonoids. (Panche, Diwan, & Chandra, 2016)
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4 Extraction of polyphenols from bark

The water-soluble extractives in bark, including polyphenols, can be solubilized with hot
water. The extraction is not selective and other compounds besides polyphenols are extracted
simultaneously from the bark. (XU et al., 2017; Kemppainen, 2015) The water-soluble,
hydrophilic extractives from Norway spruce bark includes mainly flavonoids, tannins,
stilbenes and mono- and disaccharides. Krogell et al. (2012) reported that besides phenolic
compounds, water-acetone extraction of Norway spruce bark at 100 °C extracted sucrose
15.7 mg/g and 13.9 mg/g, fructose 9.5 mg/g and 7.6 mg/g, glucose 6.3 mg/g and 6.4 mg/g
and 3.0 mg/g and 1.3 mg/g galactose from dry inner and outer bark, respectively. (Krogell
et al., 2012) However, cellulose or lignin are not extracted when the extraction temperature

is under 100 °C at normal pressure (Kemppainen et al., 2014; Le Normand et al., 2012).

Water is widely available in the biomass treating facilities and it can be recycled with
adequate post treatment (Kilpeldinen et al., 2023). The use of hot water as solvent to extract
phenolic compounds is safe, cost-efficient and environmentally friendly option.
(Kemppainen, 2015; Kilpeldinen et al., 2014; Royer et al., 2012) Instead of pure hot water,
aqueous solvent, organic solvent or ionic liquids can be used in extraction. Also, the used
water can be sub-critical, supercritical or pressurized. The extraction can be assisted by
ultrasound or microwaves. (de Hoyos-Martinez et al.,, 2019) The solvent used in the
extraction affects to the yield and properties of the extracted compounds (Venkatesan, Choi,
& Kim, 2019). The extraction of polyphenols from biomass is widely reported in the
literature. However, the group of polyphenols contain various subgroups of compounds as
described in the chapter 2.3.1 and the reported literature might be focused on extraction on

one specific group of compounds, e.g tannins. (de Hoyos-Martinez et al., 2019)

4.1 The use of solvents in extraction

Norway spruce contains more hydrophilic extractives, that are considered to have polar
nature (Krogell et al., 2012). The polarity of the solvent used in extraction plays an important
role in the extraction yield. Non-polar solvents extract non-polar compounds, and polar

solvents extract polar compounds. (Rodrigues et al., 2018) For example, in tannin extraction
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the highest yields have been reported with using water or methanol as solvent. Hexane has
provided the lowest yields (de Hoyos-Martinez et al., 2019). In the study of Krogell et al.
(2012) spruce bark was extracted with 90% acetone and hexane, and the extracted masses
were 212 mg/g and 36 mg/g of dry bark, respectively. Therefore, when high yield of
hydrophilic and polar extractives is desired to extract, a polar solvent such as water should

be used in the extraction.

The common solvents to extract polyphenols from biomass include water, ethanol, methanol
and acetone (de Hoyos-Martinez et al., 2019; Rodrigues et al., 2018; XU et al., 2017). The
use of organic solvents may increase the yield of desired compounds. Ethanol is considered
as a good option as it is environmentally friendly and recyclable. For Eucalyptus Globulus,
the optimal reported ethanol concentration for the extraction is around 50%. While it may
decrease the total yield extracted from bark, it decreases also the carbohydrates extracted
and increases the total phenolic compounds (TPC) and tannins extracted. (Rodrigues et al.,

2018)

4.2 Parameters affecting the extraction

Various parameters affect the outcome of the extraction, including temperature, time of
extraction, solid-liquid ratio in extraction and the addition of chemicals to adjust pH (de
Hoyos-Martinez et al., 2019; Rodrigues et al., 2018; XU et al., 2017; Kemppainen, 2015).
When water is used as a solvent in tannin extraction, the pH decreases due to the
consequence of acidic compounds extracted. This lowers the yield of tannins. The lowered
yield may be due to condensation of tannins in acidic environment leading to tannin
precipitation hindering the extraction. (de Hoyos-Martinez et al., 2019) The use of alkaline,
for example NaOH, is likely to increase the extraction yield due to the possibility to break
down the pyranose ring in polyphenols. However, the alkaline conditions may not increase
the yield of TPC, but the yield of other compounds might be increased. The lower selectivity
and increased concentration of salts and alkaline in the extracts are not desired. (de Hoyos-

Martinez et al., 2019; Rodrigues et al., 2018)

The extraction chemicals such as Na,CO3, NaHSOs3, urea or sodium benzoate may increase
the extraction yield. Extraction chemicals may increase the viscosity of the extracts and alter

the pH, which could be the reason of the improved extraction yield. (de Hoyos-Martinez et
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al., 2019; Kilpeldinen et al., 2023) According to the study of Kemppainen (2015), the use of
NaHSO3 and Na,COs simultaneously helped to reduce the relative content of free sugars
extracted from the Norway spruce bark, however it did not increase the yield of polyphenols
(Kemppainen, 2015). In the study of Kilpeldinen et al. (2023), the use of extraction
chemicals in Norway spruce bark extraction increased the extraction yield (Kilpeldinen et

al., 2023).

In general, temperature increases the mass transfer coefficient, hence increasing the
extraction yield. It also increases the solubility and diffusion, decreasing the viscosity of
solvent further improving the yield. Temperature increases the TPC yield in extractions but
also makes the extraction less specific to polyphenols. (de Hoyos-Martinez et al., 2019;
Rodrigues et al., 2018) Also, high temperatures can degrade the thermo-sensitive
polyphenols (Rodrigues et al., 2018). It has been shown that the reactivity of the extracts
decreases towards formaldehyde when the temperature of the extraction is high. The effect
may be a consequence of condensation reactions and lowered solubility of extracts in water.

(Kemppainen, 2015)

Extraction time and solid-liquid ratio are also parameters that can be altered. Generally, the
longer time used in extraction, the higher the yield is. However, at some point the equilibrium
of the extraction is acquired and the extraction rate slows down. (Rodrigues et al., 2018) In
the study of Kemppainen et al. (2014), tannin concentrations were measured from hot water
extracts at different time points. The highest increase in the tannin water extract
concentration was obtained in the beginning of the extraction, especially with higher
extraction temperatures. The extraction yield was in the range of 7% to 8% with extraction
temperature of 90 °C during the first 60 minutes of extraction. The tannin concentration did
not increase significantly after 60 minutes of extraction without extraction chemicals as the
extraction yield increase was from 1 to 2 percentage points with extraction at90 °C between
60 minutes and 120 minutes. (Kemppainen et al., 2014) Instead of extending the extraction

time subsequent extractions can also be applied (XU et al., 2017).

The ratio of dry bark and solvent used will affect the extraction yield. (Rodrigues et al., 2018;
Kemppainen, 2015) In the study of Kemppainen (2015), the effect of temperature between
60 °C to 90 °C and solid-liquid ratio between 5% to 15% (w/w) in Norway spruce bark
extraction was investigated. The higher temperature increased extraction yield and yield of

tannins. Decreasing the amount of solids in the extraction improved the yield of tannins from
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7% to 9% with 90 °C extraction temperature, but it did not have a major effect in total

extraction yield. (Kemppainen, 2015)

4.3 Extraction yields of Norway spruce bark hot water extracts in literature

According to the literature, the total yields of solid-liquid extractions are in the range of 3.3%
—20.9% of dry bark, Table 3 below. In these extractions only water was used as a solvent

and no extraction chemicals were used.

Table 3. Water-based extraction yields from Norway spruce bark.

Solid-liquid ratio Time Temperature Total yield of extraction Reference
1:10 120 min 90 °C 20.9% (Kemppainen, 2015)
1:8.6 60 min 67 °C 8.8% * (Tienaho et al., 2025)
1:9 5 min 60 °C 3.3% (Bianchi et al., 2014)
1:20 120 min 100 °C 10.6% (Zeppetzauer et al., 2023)

* The yield of the extraction was calculated separately by dividing the amount of total

dissolved solids in the extraction solution with the bark dry weight.

In the study of Kemppainen (2015), 20.9% of Norway spruce bark was solubilized using
water at 90 °C for 120 minutes. This was the best extraction result in the series where effect
of time, temperature, extraction chemicals and solid-liquid ratio was estimated. In larger
tests, 75 °C was used with extraction chemicals. The initial small size tests for this setup
provided 19.0% yield, but when tested in larger scale, the yield was lowered to 11.8%.
(Kemppainen, 2015) The 11.8% is in concordance with the other results mentioned above
than Bianchi et al. (2014). The low yield of Bianchi et al. (2014) was suspected to relate into
the particle size, bark age and differences in inner and outer bark (Bianchi et al., 2014). The
extraction time was also significantly shorter than in the other extractions mentioned above.
Based on the results, the use of HWE slightly below 100 °C should provide around 10% total

yield with extraction time between 60-120 minutes.
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5 Selection of fractionation methods to separate phenolics from

extraction solution

The previous chapter 4 discussed the extraction to solubilize the extractives from bark. The
extraction is not selective, thus there will be other compounds besides polyphenolics present.
The extraction also leads to dilute extracts, which must be concentrated for further utilization
(Tienaho et al., 2025; Kyllonen et al., 2023). This chapter focuses on methods to fractionate
and concentrate the polyphenols in the hot water extracts. The potential applications that
focus on the utilization of polyphenols reactivity, such as formaldehyde-based adhesives, are
hindered by the presence of carbohydrates (Kilpeldinen et al., 2023). Therefore, a

concentrated and carbohydrate free fraction is desired.

The methods chosen to be tested in the thesis were methods that should produce two
fractions, one rich in phenol compounds and one without phenol compounds. The size
exclusion chromatography method has been excluded from this work as it produces fractions
based on the size of the molecules. The purpose of the study was not to separate the phenolic
compounds from each other and would require further examination of the fractions to
understand the composition of the fractions. The composition of the fractions should be

understood throughout for the utilization of the fractions properly.

5.1 Adsorption process

Adsorption is a process, where substances from a fluid is removed by adsorption onto surface
of an adsorbent. The phase transfer of a certain substance, or adsorbate, is achieved by
interaction with the adsorbent, that has specific electronic and spatial properties. The
adsorbate can be released from the adsorbent by changing the conditions, for example pH.
This is called desorption. As the adsorption is a process occurring on the surface of the
adsorbent, the surface area of the adsorbent is an important parameter that estimates the
adsorption capacity. Typically, the surface area of the engineered adsorbents is between 100

to 1000 m*/g. (Worch, 2021)
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The adsorption process is usually carried out in a slurry reactor or a fixed-bed adsorber,
Figure 6 below. The slurry reactor adsorber is more commonly used with powdered
adsorbent whereas the fixed-bed adsorber is used with granular adsorbents. (Worch, 2021)
In a slurry reactor, the constant mixing in the reactor causes interaction and velocity between
adsorbate and adsorbent, whereas in the fixed-bed the interaction and velocity are caused by
the flow of the feed. In an adsorption process, the adsorbate must transport through the
adsorbent’s hydrodynamic boundary layer, external boundary layer in external diffusion and
into the internal pore in internal diffusion, before the actual adsorption onto the surface of
adsorbent. Velocity affects the thickness of the external boundary layer, increasing the
external diffusion with higher speeds. In fixed-bed adsorption, the flow velocity can be
affected by the design of the adsorber. Besides the design of the adsorber and flow velocity,
concentration of the adsorbate, temperature, mass of the adsorbent and the characteristics of

the adsorbent affect the adsorption process. (Worch, 2021)
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Figure 6. A) Slurry reactor. B) Fixed-bed adsorber system with I) adsorption column, II)
flow meter, III) pump and IV) sample reservoir. Modified from (Worch, 2021).

The engineered adsorbent types include activated carbons, polymeric adsorbents, oxidic
adsorbents and synthetic zeolites. Polymeric adsorbents, also known as polymeric resins, are
usually copolymers of styrene, cross-linked with divinylbenzene (DVB) and they have only
few or no functional groups present. Also, acrylic acid esters can be used as backbone.
Therefore, they are non-polar or weakly polar. Alcohols can be used efficiently to desorb the

adsorbate from polymeric resins. During desorption, the solvent having higher solubility
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with the adsorbate than with water desorbs the adsorbate from the resin. The polymeric resins
can be tailored to specific applications by modifying the concentration of polar molecules,
fraction of DVB, the inert compound and the solvent in use. The surface of polymeric resins
is usually homogenous, having uniform size pores. Increased level of cross-linking can
decrease the size of pores, hence increase the surface area. Also, the size of the adsorbent
particles is proportional to the speed of acquiring the adsorption equilibrium: the smaller the
size of the particle, the faster the equilibrium is obtained. (Worch, 2021) The polymeric
adsorbents can be used to separate compounds based on their difference in polarity (Zagklis

& Paraskeva, 2015).

The adsorption process can be modelled by adsorption kinetics, isotherms and
thermodynamics. The adsorption kinetics describe the level of adsorption at the certain point
of time and the commonly used models are called pseudo-first and pseudo-second order
models. (Cao et al., 2024; Kodjapashis et al., 2023) The adsorption isotherms describe the
type of the adsorption occurring, Langmuir and Freundlich models are commonly used. The
Langmuir model describes the adsorption that occurs on a monolayer on the surface of the
adsorbent and without interactions between adsorbates. The Freundlich model describes that
the adsorption occurs on multipoint surfaces and the adsorbates may interact with each other.

(Cao et al., 2024)

The use of polymeric resins in purification of polyphenols has been studied for other biomass
extracts (Wang et al., 2024; Cao et al., 2024; Kodjapashis et al., 2023; Pinto et al., 2017;
Zagklis & Paraskeva, 2015). In the studies of Pinto et al. (2017), Kodjapashis et al. (2023)
and Zagklis & Paraskeva (2015), the extracts were first washed and concentrated with by a
membrane filtration process (Kodjapashis et al., 2023; Pinto et al., 2017; Zagklis &
Paraskeva, 2015). The fixed-bed adsorption tests conducted included the adsorption phase
of the phenol containing sample, washing of the adsorbent with water to remove the unbound
impurities and the desorption phase, where the bound phenolics were removed to the
desorption solvent, commonly ethanol. The used resins and their TPC adsorption capacity
from certain studies are presented in the Table 4 below. (Wang et al., 2024; Cao et al., 2024;
Kodjapashis et al., 2023; Pinto et al., 2017; Zagklis & Paraskeva, 2015)
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Table 4. Adsorption capacities of various polymeric resins in adsorption of phenolics from

biomass water extracts.

Resin / polarity Adsorption capacity of TPC Reference
NKA-II / polar 78 mg/g (Cao et al., 2024)
XAD16 / non-polar 72 mg/g (Kodjapashis et al., 2023)
HPD-600 / weak polar 97 mg/g (Wang et al., 2024)
XAD-7HP / polar 99 mg/g (Gao et al., 2018)

In the studies mentioned in Table 4 above, the tested adsorption phase was carried out with
flow rate of 2 — 15 BV/h (bed volumes per hour) and the desorption flow rates 2-18 BV/h.
The ethanol concentration of the desorption solvent varied from 70% to 95%. The reduction
of carbohydrates of the grape marc in the study of Zagklis & Paraskeva (2015), was 82%
with adsorption purification (Zagklis & Paraskeva, 2015). In the study of Wang et al. (2024),
the TPC recovery of 81.72% was reported with 7 hispidus extract, and in the study of Cao et
al. (2024), the recoveries of the six measured components varied between 96.47% to
102.49% from P.depressa extract. (Wang et al., 2024; Cao et al., 2024). The phenolic content
was concentrated by the effect of adsorption purification with 2.5- to 5-fold and 4.73-fold in
the studies of Cao et al. (2024) and Gao et al. (2018), respectively (Cao et al., 2024; Gao et
al., 2018). The results may not be directly comparable with each other, as the biomass and
feed concentrations were different, but it gives the indication of the adsorption capacity level

that should be possible to obtain.

5.2 Membrane separation

Membrane filtration separation is an effective and a cost-efficient way to separate
compounds in solutions. Pressure driven membrane separations, that include microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), are based on
sieving and in case of NF and RO also to exclusion and diffusion. The membrane is used as
a barrier, that allows only certain size, shape or character to permeate it. (Uragami, 2017)
UF membranes are usually characterized by the molecular weight cut-off (MWCO), which
means the size of which 90% of the molecules it will reject. (Singh, 2015) NF membranes,

on the other hand, do not use MWCO, but use salt rejection characterization of specific
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multivalent ions. Typical MWCO of UF membranes vary from 1 kDa to 100 kDa. (Uragami,
2017)

During membrane filtration, the solutes in the feed are rejected, permeated or adhered onto
the membrane. The permeate flux is dependent mainly on the membranes pore size and
distribution, the material of the membrane, the pressure applied on the membrane,
concentration polarization and fouling. When pure water is used, the permeate flux is directly
proportional to the pressure, but when a solution is used, the solutes in the feed stream
concentrate due to the convection closer to the membrane surface hindering the permeate
flux. Therefore, the concentration of the feed solution affects the permeate flux. The effect
of concentration polarization is reversible, whereas the fouling is not. High concentration
polarization may contribute to fouling. Fouling happens, when solutes are adsorbed onto the
surface of the membrane. (Singh, 2015) Removing the foulants from the membrane is
important for the reusability of the membranes. The fouled membranes can be cleaned for

example with acids, alkali, detergents and chelatants. (Uragami, 2017)

The membranes used in UF include organic membranes, such as cellulose acetate and
polyethersulfone (PES), and inorganic membranes such as alumina and titania. In NF, the
membranes are made from thin polymer layers and inorganic materials. (Uragami, 2017)
The membrane material has great influence on the selectivity, permeability and fouling
tendency. The material should be chosen based on the application. Hydrophilic membranes
are known to be generally more resistant to fouling. (Singh, 2015) On the other hand,
generally the hydrophilicity has been suggested to increase the water fluxes of membrane

(Miao et al., 2020).

The flow of the filtration can be directly against the membrane (dead-end filtration) or
tangential, when the flow is in 90° angle towards the membrane (cross-flow filtration). The
cross-flow filtration improves the flux by reducing the filter cake formation. Cross-flow
filtration is used in recovery, purification and regeneration of process liquids. (Wang, Hung,
& Shammas, 2005) A filtration can be conducted in various modes, including concentration
mode, diafiltration mode and feed and bleed type of operation. The concentration mode and
the diafiltration modes can be executed as a batch or continuous operation. Batch
concentration mode is described in the Figure 7 below. The difference between concentration
and diafiltration mode is that in diafiltration mode new buffer is fed into the tank

simultaneously when permeate is generated. (Uragami, 2017)
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Figure 7. Concentration mode. 1) is the feed tank, II) pump, III) valve to adjust the pressure

and IV) the membrane. Modified from (Uragami, 2017).

The major disadvantages of membrane filtration separation include fouling and
concentration polarization, that limit the permeate flux decreasing the efficiency. The higher
the fouling rate is, the more frequent cleaning is needed, which further decreases the
efficiency. High fouling rate may also reduce the lifetime of a membrane, increasing the
costs when the membranes must be replaced more frequently. When the feed has high dry
matter content (DMC), the effect of concentration polarization increases, hence decreasing
the permeate flux. Also, when the separation is based most importantly on sieving, especially
in looser membranes such as UF and MF, the efficient separation of the feed with wide size
range of compounds may need sequential different membrane separations to efficiently
separate the desired compounds or the separation with high recovery might not be

economical. (Uragami, 2017)

The use of UF and NF for polyphenol purification and concentration has been reported in
several studies. (Kyllonen et al., 2023; Haponen, 2020; Pinto et al., 2017; Romero-Dondiz
et al., 2016) In all following studies, the particular material was first separated with either
open MF or with centrifuge. In the study of Pinto et al. (2017), membrane filtration was
executed prior to adsorption when separating phenolics from Eucalyptus globulus bark
extract. Pinto et al. (2017) studied the use of 30 kDa MWCO polyvinyl fluoride and 5 kDa
MWCO PES UF membranes to concentrate polyphenolics and concluded that 30 kDa
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membrane was the more suitable for concentrating due the increased productiveness and
TPC yield. (Pinto et al., 2017) Haponen (2020) studied in his master’s thesis the use of 10
kDa and 100 kDa UF membranes as pretreatment and 200-400 Da MWCO NF membrane
for concentration of tannins in Norway spruce hot water extracts. The 100 kDa membrane
was already able to retentate part of the tannins and the use of NF for the permeate of the
100 kDa UF, concentrated the remaining tannins well. However it did not increase the purity
of the tannin product. (Haponen, 2020) In the study of Kyllonen et al. (2023), the Norway
spruce bark hot water extract was first treated with enzymes to hydrolyse the carbohydrates,
then the pH of the solution was elevated to 9 to make the tannins dissolve and subsequently
membrane filtered with NF filter. Using the 600-800 MWCO NF membrane, the rejection
of tannins was 96% with good fluxes. The NF concentrate had a concentration of 85.4 g/L,
having 33.6 and 42.3 g/L tannins and carbohydrates, respectively. (Kyllonen et al., 2023)
This means that roughly 40% of the DMC were tannins and 50% carbohydrates.

5.3 Other separation methods

5.3.1 Liquid-liquid extraction

Liquid-liquid extraction (LLE) is a separation technique where a feed stream containing a
mixture of components is brought into a contact with a solvent. The compounds in the feed
stream are either dissolved well or very little in the solvent. The relative solubility difference
of the compounds in the feed into the solvent cause the separation of the compounds. The
feed stream, that has undergone extraction and is now exhausted from the target compounds,
is called raffinate. The solvent used in the extraction, rich in extracted compounds after the
extraction, is called extract. Generally, the solvent used in LLE should be at least 1) selective
towards desired compounds, ii) dissolving capacity of the solvent should be high towards
desired compounds, iii) the dissolving capacity of carrier component in feed should be low

as possible towards the solvent. (Hashemi-Moghaddam, 2024)

In LLE the feed and the solvent are introduced into a container, which is mixed in order to
increase the contact surface between the two liquids. The extracted compound will enter the
solvent phase, but a relatively little amount of the carrier component in the feed enters the

solvent. The two immiscible liquids are allowed to separate into two different phases. The
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separation speed is dependent on the difference in the densities of the liquids. Temperature
can be adjusted to modify the solubilities of the carrier component and solvent, i.e. if the
solubility of the target compound in the solvent increases faster than the solubility in the

carrier component, the extraction favours the use of higher temperatures. (Benitez, 2016)

5.3.2 Acid precipitation

As discussed in the chapter 2.3 the solubility of polyphenols decreases in low pH. By
decreasing the pH, the polyphenols could be precipitated and further separated with solid-
liquid separation process. Further separation can be executed with e.g. membrane filtration
or centrifugation. The precipitation of polyphenols with acid has been tested before and the
reported yield was 61% in pH 1.2. (Kyllénen et al., 2023) In the study of Kyllénen et al.
(2023), the enzymatically treated Norway spruce bark extract was treated with sulphuric acid
to decrease the pH to 2. Two different MF membrane filters, pore size of 0.05 um and 0.2
um, were tested to filter the pH adjusted bark extract. The rejection of phenols in the MF
was 58% and 66% for the 0.2 pm and 0.05 pm membranes, respectively. (Kyllonen et al.,
2023)

5.4 Effect of enzymatic hydrolysis

Enzymes can be used to selectively and with high speed carry out the specific enzymatic
activity with the possibility to regulate the activity. The substance that the enzyme affects is
called substrate. The activity that the enzyme catalyses can be categorized, and examples of
groups include hydrolases and lyases. The catalysing effect in hydrolases uses water to
cleave the covalent bond in the target molecule. Lyases catalyse addition and elimination
reactions, making the bond between carbon atom to break. (Likhtenshtein, 2025) The
enzymes that catalyse single reaction, are named so that the name of the enzyme indicates

what reaction the enzyme catalyses and what is the substrate in the reaction (Moss, 2024).

As described in the chapter 2.3.1 the at least part of the polyphenols are bound to
carbohydrates. The enzymatic hydrolysis could be used to liberate the covalently bound
carbohydrates from the polyphenols. The liberation would enable the separation of

carbohydrates from the polyphenols allowing the higher polyphenol concentration extracts.
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The enzymes might be inhibited by the polyphenols, as described in chapter 3 which may

hinder the effectivity of the enzymes.

In the study of Kyllonen et al. (2023), different enzymes were tested for Norway spruce
bark hot water extracts prior to membrane filtration process to concentrate and purify
tannins. They tested 13 different commercial enzymes with different enzymatic activities,
and three enzymes were picked forthe optimized enzyme cocktail. The three chosen enzymes
were B-1,3-glucanase and B-1,6-glucanase, pectinase and arabinose, and pectin lyase. The
enzymes allowed more carbohydrates to permeate the tightest NF filter, but it was unclear
whether the carbohydrates were originally bound to polyphenolics. However, this led to
higher tannin content in the extracts as more carbohydrates were removed. (Kyllonen et al.,

2023)
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This chapter present the materials, chemicals and equipment used in the thesis and the

analytical methods used in the thesis. The materials used in this thesis are listed in Table 5

below.

Table 5. List of materials used in the thesis.

Materials Purhaced from Used in
Amberlite XAD16N Sigma-aldrich
Amberlite XAD4 Alfa aesar Adsorption process
Amberlite XAD7HP Sigma
Bag filter Allied filter systems Hot water extraction
Cartridge filter Pentair Hot water extraction

GF50 glass fiber filter, 1-3 um
Resinex AD-3021
Resinex AD-3300
TriSep Turboclean® 1812-NP010-31
TriSep Turboclean® 1812-UH004
TriSep Turboclean® 1812-UH030
Whatman no. 42 filter papers

Schleicher & Schuell

Jacobi

Microdyn-Nadir

GE Healthcare

Stiasny numer analysis

Adsorption process

Membrane filtration

Enzymatic hydrolysis

The equipment used in the thesis is listed in the Table 6 below.

Table 6. List of equipment used in the thesis.

Equipment

Manufacturer

Used in

Easy UV spectrophotometer
Extraction reactor, 50 1
Freeze dryer, Modulyo

V-670 spectrophotometer
pH meter, C1010
Precisa XM 60 moisture analyser

BVP Peristaltic pump

Mettler Toledo

Royal catering

Edwards
Jasco

Consort

Precisa Gravimetrics

Ismatec

TPC analysis, UV 280 nm method
Hot water extraction
Freeze drying
TPC and FRAP analysis
pH analysis
DMC analysis

Adsorption process
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The chemicals used in the thesis is listed in the Table 7 below.

Table 7. List of chemicals used in the thesis.

Chemical Purhaced from Used in
Acetic acid VWR Chemicals FRAP analysis
Acetic acid Fisher chemical Enzymatic hydrolysis

Ascorbic acid VWR Chemicals FRAP analysis
Ethanol 94 wt% Anora Adsorption process

Ethyl acetate
Ferric chloride, hexahydrate
Folin-Ciocalteu reagent
Formaldehyde 37%
Gallic acid, anhydrous
Hydrochloric acid, 37 wt%
Natrium hydroxide, 50 wt%
Rohalase® BXL
Rohapect® MC
Rohapect® UF
Sodium acetate
Sodium carbonate

Sulphuric acid, 93 wt%

Fisher chemical
Riedel-de Haén
Sigma-aldrich
Thermo Scientific
Sigma-aldrich
VWR Chemicals

Algol chemicals
A&B Enzymes
Fisher chemical

Merck
Algol chemicals

Liquid-liquid extraction
FRAP analysis
TPC analysis
Stiasny numer analysis
TPC analysis
FRAP and Stiasny number analysis
TPC analysis

Enzymatic hydrolysis
Enzymatic hydrolysis

TPC analysis

Acidic precipitation

2,4,6-Tri(2-pyridyl)-s-triazine, TPTZ Thermo Scientific FRAP analysis

The materials and chemicals were partly bought for the thesis and partly available already.

6.1 Analytical methods for characterization of bark extract

The effect of processing the bark extract can be measured with multiple different analysis
depending on the need of information. The analysis used in this thesis are focused on the
functional tests of the fractionated phenolic compounds of bark extract. The tests used in this
study include measurement of TPC, amount of carbohydrates, antioxidant capacity,
reactivity with formaldehyde (Stiasny number test) and DMC. The tests are discussed more
in detail in the subsections. The used materials, chemicals and equipment are listed in the

Table 5, Table 6 and Table 7 above.
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6.1.1 Analysis of total phenolic compounds

The analysis to determine the TPC of the samples was conducted with two different methods.
In the first method, UV absorbance at 280 nm was measured from the samples that had been
diluted in 0.1 M NaOH to adequate concentration, however always at least with 1/20 to
ensure high pH. The method was described as a simple method to compare the phenolic
concentration by Waterhouse (2002). The samples were diluted with NaOH to keep the
phenolics in dissolved form in high pH. The same method has been used to analyse the
phenolic content in bark extract samples (Kyllonen et al., 2023; Kilpeldinen, Liski, &
Saranpdd, 2023). In this study, the method was used to evaluate the TPC in the process
samples to provide information about efficiency of purification process and it was used to
measure TPC unless otherwise stated. This method measures the concentration of phenols,
but because the absorptivity of different phenols varies at 280 nm, the method is not accurate
for a mixture of phenolics. (Waterhouse, 2002) Gallic acid reference standard samples were
used for calibration of the method and the results were expressed as GAE (Gallic acid

equivalents).

The other method for determination of the TPC was the Folin-Ciocalteu (FC) method
described by Waterhouse (2002) with modifications. 2.5 mL of FC phenol reagent diluted to
1/10 with water was mixed well with 50 puL of sample and incubated at room temperature
for 6 minutes. After incubation, 2 mL of 7.5-wt% Na,COs3 solution was added and the sample
was incubated again for 15 minutes at 45 °C and in dark environment. The sample was
measured with Jasco V-670 spectrophotometer at 765 nm. The FC method was utilized only
for the dried products to produce more accurate data about the phenolic content of the

samples of products that were treated with different techniques.

The FC method is based on a reduction of tungsten and molybdenum oxides that the FC
reagents contain. The polyphenols can act as reducing agents for the metal oxides in the FC
reagent, which produce blue colour that absorbs at 765 nm. (Gulcin, 2020; Waterhouse,
2002) At basic conditions, the phenols are oxidized to form of O»", which reduces the MoO>*
to MoO*". The MoO*" is yielding yellow colour and the reduced MoO*" is yielding blue
colour, which explain the change in the colour of the sample in the assay. The sodium
carbonate is used to create a basic environment for the phenols to oxidize. Gallic acid is

usually used as reference standard and the results are given in GAE. (Gulcin, 2020)
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6.1.2 Analysis of carbohydrates

The analysis of carbohydrate content was executed by cleaving the carbohydrates to
monomers with acid methanolysis, silylating the compounds and analysing the amount of
monomers with gas chromatography (GC). Acid methanolysis allows the quantification of
labile acidic carbohydrates, that are usually lost in conventional acid hydrolysis. For acid
methanolysis, 10 mg of dried sample was mixed with 2 mL of 2 M HCI in an anhydrous
methanol solution. The sample was incubated at 100 °C for 1 h, after which the sample was
let to cool down to room temperature and the pH was adjusted to neutral with 100 puL of
pyridine. 4 mL of methanol solution containing sorbitol as an internal standard was added.
1 mL of the sample was evaporated at 40 °C to 50 °C with a rotary evaporator. The dried
sample was dissolved with 70 pL — 100 pL pyridine prior to silylation. 150 pL
hexamethyldisilazane and 80 pL trimethylchlorosilane were added to the sample, the sample
was shaken well and incubated for at least 4 hours in room temperature. After the incubation,
1 puL of the silylated sample was injected to GC with flame ionization detector for analysis.
(Sundberg et al., 1996) The carbohydrate analysis was purchased from a commercial

analysis laboratory.

6.1.3 Antioxidant analysis

For antioxidant analysis, a ferric reducing antioxidant power (FRAP) assay was used. The
assay measures the reduction of a ferric ion in Fe(Ill)-2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ)
complex in acidic conditions. The method is a so called single electron transfer (SET)
method, which measures the capability of the mixture or substance to transfer an electron,
i.e. reduce radicals or metal ions, in order to produce more stable compounds from oxidizing
compounds. (Ismail & Nielsen, 2024) A biological antioxidant has been defined to be a
compound that in small concentrations prevent or delay the oxidation of a substrate that is
oxidisable. The potentially harmful oxidizing compounds that are being produced by normal
aerobic metabolism are controlled by the antioxidants. Therefore, the possibility to reduce
the formed reactive oxidizing species, rather than allowing the oxidizing species to react
with other substrate, is the major purpose of antioxidants. The reducing power of an

antioxidant can be measured and make proportional to the known antioxidants and their
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power. Examples of used reference standards include Ascorbic acid and Trolox. (Benzie &

Strain, 1996)

The FRAP analysis was performed according to Benzie & Strain (1996) with slight
modifications. The FRAP reagent was prepared just before analysis by mixing acetate buffer,
300 mmol/L, pH 3.6; 10 mmol TPTZ in 40 mmol/L HCI; 20 mmol/L FeCl3-6H20, in
relation of 10:1:1, respectively. 2625 ul of the FRAP reagent and 350 uL of dissolved sample
in distilled water was mixed in a tube and incubated at 37 °C for 4 minutes. The samples and
calibration curve samples were performed as duplicates, diluted adequately and measured

with Jasco V-670 spectrophotometer at 593 nm. (Benzie & Strain, 1996)

6.1.4 Stiasny number

The Stiasny number test measures the reactivity of the sample with formaldehyde. The result
is the percentage of the samples mass that reacts with formaldehyde, and it will help to
estimate the functionality of the sample as an adhesive. The minimum Stiasny number to
produce good quality adhesives is estimated to be 65, however quality adhesives have been

produced from raw materials that had Stiasny number of 46. (Chupin et al., 2013)

The Stiasny number test (Kilpeldinen, Liski, & Saranpéi, 2023; Yazaki & Hillis, 1980) was
performed with small modifications by dissolving 100 mg of the dried sample in distilled
water. 1 mL of 37% HCI and 2 mL of 37% formaldehyde was added. The sample bottles
were kept in an oven for 1 hour at 100 °C to allow the formaldehyde-phenol precipitate to
form. The formed solution was filtered with glass fibre filters while the samples were cooled
down and the precipitant was washed with 30 mL of distilled water. The precipitants were
dried in an oven at 105 °C and were let to cool down in a desiccator before measuring the
weight of the precipitation. The samples were performed as triplicates. The following

Equation 1 was used to calculate the Stiasny number:

mprecipitant

Stiasny number = X 100% (1 )

msample

Where the mprecipirans 1s the mass of formaldehyde-phenol precipitant formed in mg and msampie

is the mass of the dissolved extract in mg used in the test.
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6.1.5 Analysis of dry matter concentration

The DMC was measured by using the Precisa XM60 Moisture analyser. The DMC was
measured gravimetrically at 145 °C. When the weight of the sample was stabilised i.e. all
the moisture from the sample was evaporated, the analysis was finished. The analyser

automatically calculated the DMC from the sample as weight percentage.
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7 Hot water extractions and processing of bark extract

The extraction was carried out as HWE. The optimization of the extraction conditions and
the modification of size of the bark was not in the scope of the study. Therefore, the
extractions were made in a predefined manner. Different separation methods to
fractionatethe phenolics from the bark extract were tested. The used bark extract was taken
from the freezer or it was used right after the extraction for further fractionation. In order to
compare different methods, quick and small-scale lab tests were executed. The tested
methods included liquid-liquid extraction, acid precipitation, membrane filtration and resin
adsorption. The production of dry, phenol rich fractions, using different fractionation
methods, is described in Figure 8 below. Based on these first-round tests, the most promising
approaches were selected for further development and testing. The materials and apparatus

used in the experiments are listed in Table 5, Table 6 and Table 7 in the chapter 7.

’ Bark from sawmill ‘

l

’ Hot water extraction ‘

l

’ Microfiltration ‘

l

Possible enzymatic
treatment
Membrane Acid Liquid-liquid Adsorption
filtration precipitation extraction
Different Immiscible Different
membranes Effect of pH solvents resins

Possible drying

Figure 8. The process flow chart for production of phenol rich fraction from bark with

alternative methods.




44

7.1 Equipment and materials

The HWE was performed in a 50 L stainless steel reactor manufactured by Royal catering.
The dimensions of the reactor were 41.5 cm in height and 38.5 cm in diameter, picture of
the reactor in Figure 9 below. The reactor has a circulation pump and a 2500 W heating

element. The reactor has a stainless steel basket inside, that is used to contain the bark during

T S

the extraction.

Figure 9. Reactor used for bark extraction.

The Norway spruce bark used in the extractions was acquired from Metsd Wood Renko
sawmill during the same day as the extraction was carried out. The used bark was industrial
bark. The bark size distribution was not controlled at all and the bark used had a shape and
size formed at the debarking process in the sawmill. The industrial bark contained
approximately 25 wt.% woody material. The woody material was not separated. Picture of

the used raw material in Figure 10 below.
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Figure 10. Used bark raw material.

The MF size filters were used for removal of suspended solids after the extraction. The used
filter was either a 10 um pore size bag or a 25-1 um pore size cartridge filter. The cartridge
filter had a 25 um pore size pre filter and a 1 um pore size post filter. The bag filter was used
by pouring the raw extract through the filter bag. In the cartridge filter three batches of
extractions were pooled and filtered through the cartridge filter.

7.2 Hot water extraction

First the DMC was measured from the freshly debarked bark. The reactor was loaded with
water that was pre-heated before the bark was added into the reactor. The hot water
extraction was carried out at a temperature under 100 °C for 60 minutes. The raw extract
was removed from the reactor to containers, and they were allowed to cool down. The DMC
of the raw extract was measured. The cooled raw extract was filtered to remove larger
aggregated particles and possible residues of raw material. The bark extract was either frozen
for later use or membrane filtered. If the bark extract was membrane filtered, it was
subsequently frozen or spray dried. The following Equation 2 was used to calculate the yield

of the extraction
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Yield % _ mextractDMCextract (2 )
Mpark

Where mexiracr 1 the mass of the bark extract achieved from the extraction, DMCeyyac: 1S the
concentration of the extract in wt.% and mpa is the mass of the dry bark used during the

extraction.

7.3 Membrane filtration

Membrane filtration with different membrane filters were tested for fractionation of
phenolics from the bark extract. The tested membrane filters included UF membranes
UHO004 and UHO030 that were hydrophilic PES membranes and a NF filter NPO10 that had
PES membrane. The UH004 and UH030 had a MWCO of 4 kDa and 30 kDa, respectively.
The NPO10 had 35-75% solute rejection to Na>xSO4. However, the MWCO of the NP010 is
stated to be 1 kDa, making it closely related to the tight UF filters (Kyllonen et al., 2023).
The hydrophilic PES membranes were chosen because of the hydrophilicity of the
membrane, that allows good permeate flux with water-based mixtures. The NF filter did not
have an option of a hydrophilic PES, so the regular PES was chosen. The membranes were
spiral wound membranes that had a surface area of 0.24 m?. The system, in the Figure 11

below, had a capacity of 30 litres and minimum operating volume of 10 litres.
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Figure 11. The used membrane filtration system.

The crossflow membrane filtration was carried out in concentration mode, where the
retentate is fed back to the feeding tank. The operating pressure was adjusted to 4 bars, and
it was adjusted if the pressure changed during the membrane filtration. In order to follow
and compare the permeate flux, the amount of permeate collected was measured by weighing
the vessel that collected the permeate. The permeate flux was calculated using the following

Equation 3 below.

] — mpermeate (3)

Amembrane t
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Where J is the permeate flux, stated in kg/m?h, Mpermeare i the mass of the permeate formed,
Amembrane 15 the area of the membrane used in m? and ¢ is the time used in the filtration in

hours.

To compare the concentrating and purifying effect in membrane filtered products, a volume
reduction factor (VRF) was calculated from the filtrations. The VRF is a ratio indicating how
much of the feed volume has been reduced compared to the initial feed volume. The VRF

was calculated using the Equation 4 below.

m
VRF = . (4)

Mreeda — Mpermeate
Where the myeq 1s the mass of the initial feed and the mpermeare 1s the mass of the permeate
formed. The mass of the initial bark extract and formed permeate were used instead of the
volumes, because it is easier to measure the mass and the differences between densities were

small.

Fouling of the membrane was estimated by measuring the flux of pure water before the
filtration and comparing it to a pure water flux after membrane filtration. The reduction of
flux is mainly due to the concentration polarization and fouling of the membrane (Singh,
2015). The aforementioned method allowed to ignore the effects of concentration
polarization and calculate the reduction of flux based on the fouling of the membrane. The

fouling of the membrane was calculated using the following Equation 5 below.

qure water after

x 100% (5)

Fouling % = 1 —

qure water before

Where the Qpure water afier 18 the permeate flow of pure water, in g/h, after the membrane
filtration and Qpure water before 1 the permeate flow of pure water before the filtration. The

fouling % is the decline of the flow rate compared to the flow rate before the filtration.

7.4 Adsorption resin

Macroporous adsorption resins were tested in fractionation of phenolics from bark extract.
The tested resins used are listed in Table 8 below with descriptions of resins. Resinex AD-

3021 and AD-3300 were tested without knowledge of technical details. According to Jacobi
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website, the Resinex AD resins are used to remove anionic and hydrophobic compounds in

decolorisation of beverages and food (Jacobi, 2023).

Table 8. Technical details of resins.

Resin Surface area Particle diameter Polarity Material
Amberlite XAD4 880 m*/g 490-690 um Non-polar DVB
Amberlite XAD16N 940 m%/g 560-710 pm Non-polar DVB
Amberlite XAD7HP 520 m%g 430-690 um Polar Aliphatic ester

Resinex AD-3021 - - - _
Resinex AD-3300 - - - -

Out of these five resins, XAD16N and XAD7HP had been reported to be efficient in removal
of phenolics (Kodjapashis et al., 2023; Gao et al., 2018). The testing of resins was conducted
in small glass column, where 20 g of polymeric resin was weighted. The glass column in

Figure 12 was 4 cm in diameter and 14 cm in height. The formed bed had a bed volume of

32 mL.

Figure 12. Glass column used in small-scale fixed-bed adsorption tests.
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The volume of raw bark extract introduced to the column was defined to include 30 mg of
phenolics per gram of resin. The flow rate was kept constant in 5 bed volumes (BV) per hour
during the adsorption, rinse and elution phases. The flow rate was measured before the tests
and the valve was kept at same position. The column was fed constantly and steadily with a
Pasteur pipette. After the adsorption phase, the column was fed with 5 BV of water to rinse
the non-bound compounds from the column. The desorption was carried out with 3 BV of
94% ethanol. All fractions were collected and the TPC and the DMC were measured for all
fractions. Desorption fraction was collected in two parts, desorption fraction 1 was collected
until two BV of eluent had been fed into the column and the rest of the desorbed phenolics

were collected into desorption fraction 2.

Based on the results of the first tests, the two most promising resins were chosen for the next
test phase. In the second phase the capacity of the resin was tested with the same equipment
and with the same adsorption conditions. The bark raw extract fed to the column was tested
with three different phenol concentrations per gram of resin: 29 mg/g, 44,5 mg/g and 58
mg/g. The volume of the feed bark extract was increased so that the corresponding amount

of phenolics was fed.

7.4.1 Testing of the properties of XAD16 adsorption resin

The XAD16 resin was the most promising from the adsorption resins tested. The adsorption
kinetics and isotherms of the XAD16 resin was tested. The adsorption kinetics was tested
with three different phenolics per gram of resin ratios: 150 mL of bark water extract and 3 g
of resin, 100 mL of extract and 4 g of resin and 100 mL of extract and 6 g of resin resulting
in 415 mg/g, 207 mg/g and 138 mg/g of phenolics per resin, respectively. The experiments
were conducted in room temperature, + 25 °C in a sealed beaker with magnetic stirrer set to
mix 250 rpm. Samples of 100 pL were taken from the reaction vessel to define the adsorption
at certain time point. The adsorption was followed up to 19 hours. The following Equation

6 below was used to calculate the adsorption at certain time point.

g = LotV 6)

Madsorbent

Where the g;, in mg/g, is the adsorption at certain time point per gram of resin, Cy is the

initial concentration, in mg/L, of phenolics in the sample, C; is the concentration of phenolics
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in the sample at certain time point, ¥y is the initial volume, in L, of the sample in the vessel

and Madsorbens 1S the mass, in g, of the adsorbent in the vessel.

To test the isotherms of the XAD16 resin, separate tests with 1 g of resin and 30 mL of the
sample were measured in the centrifugal tube with magnetic stirrer with speed of 250 rpm,

Figure 13 below.

Figure 13. Testing of adsorption isotherms with sample and adsorbent in mixing plate.

Five different concentrations between 7.8 g/L to 3 g/L of bark water extract were used in the
test. The results were fitted with the Langmuir and Freundlich non-linear models, where

following Equations 7 and 8 were used, respectively.

_ quLCe
e =11k, (7)
q. = K¢’ (8)

Where the n, K; and Kr are constants, C. is the concentration of phenols in the equilibrium
in mg/L, g. is a value that describes the adsorption at equilibrium in mg/g and g is the

capacity of adsorption in monolayer in mg/g.
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7.4.2 Larger separations with XAD16 adsorption resin

The larger separations were executed with a 3.2 cm diameter and 47 cm bed height sized
glass column. The column (Figure 14), was packed with 270 g of XADI16 resin that had a
bed volume of 380 mL. The relation between the adsorbent particles and the column
diameter was approximately 1:5. A peristaltic pump in the Figure 14 below was used to feed

the column with stable flow of bark extract.

Figure 14. Glass column and peristaltic pump used in the larger scale separations.

The packed column was used in two batches for the separation of phenolics from the bark
water extract with little differences in the process. The used batch sizes were 2.5 L of bark
extract with flow rate of 3 and 5 BV/h, and they were eluted from the column with 3 BV and
with flow rate of 2 BV/h of 70% and 94% ethanol, respectively. The column was rinsed with

5 BV of water, with 5 BV/h flow rate between adsorption and elution to remove the unbound
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material. The eluted desorption samples were taken every half of BV, and they were analysed

for TPC.

The rest of the half BV desorption fractions were pooled from both of the larger separations
made, concentrated with rotatory evaporator to small volume and freeze dried to dry powder
for further analysis. The further analysis included FRAP antioxidant analysis, TPC
measurement with Folin-Ciocalteu method, Stiasny number test and carbohydrate analysis

with acid methanolysis and GC.

7.5 Enzymatic treatment

In order to efficiently remove carbohydrates from the bark extract, enzymatic treatment to
hydrolyse the carbohydrates in the bark extract was tested. As described in chapter 5.4
Kyllonen et al. (2023) were able to remove more carbohydrates after enzymatic treatment
and concentrate the bark extract. The hypothesis was that if the enzymes would liberate
covalently bound carbohydrates, the reactivity of the phenolics would increase and improve
the adsorption efficiency. Therefore, similar enzymes were tested in this thesis before
adsorption process. The enzymes Rohalase® BXL, Rohapect® MC and Rohapect® UF were
obtained from AB Enzymes and confirmed to be similar to those used in Kyllonen et al.
(2023) study with best results. The BXL, MC and UF consisted of B-1.3- and B-1.6-

glucanase, fungal pectinase and special pectinases and arabinanases, respectively.

The dosage of enzymes was first tested with 2.5 mg/g of dry matter (DM), 5 mg/g of DM,
10 mg/g of DM and 0 mg/g of DM concentrations. Later, the enzymatic cocktail with dosage
of 100 mg/g of DMC was tested. The enzymes were mixed and diluted with 0.1 M acetate
buffer pH 5 to 11.15 g/L enzyme concentration with 1.2 g/L, 4.95 g/L and 5 g/L of BXL, UF
and MC, respectively. The bark extract samples were incubated with slow mixing at 50 °C
for 2 hours and the samples were briefly boiled subsequently to inactivate the enzymes. The
samples were filtered with Whatman no. 42 filter papers. The volume of the samples was
measured and adjusted to equal, if needed. The initial dosage, treatment and ratio between

the enzymes in enzyme cocktail were decided based on the results reported by Kyllonen et

al. (2023).
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The enzyme treated samples were inserted into a 100 mL glass column with 4 cm diameter
and 14 cm height, that was packed with 20 g of XAD16 resin to a BV of 32 mL. In the
adsorption process, the feeding conditions were 5 BV/h flow rate and 70 mL of enzyme
treated bark extract. The resin was rinsed with 5 BV of water with flow rate of 5 BV/h, after
which the bound phenolics were desorbed from the resin with 3 BV of 94% ethanol with a
flow rate of 5 BV/h. The fractions were collected, and the DMC and TPC was analysed from

the samples.

7.6 Acid precipitation of phenolic compounds

Samples of bark extract were treated with 5% sulphuric acid to lower their pH to desired
value. The used samples were retentates of the bark extracts, concentrated with a 4 kDa
membrane filter. The tested pH levels were 3, 2 and 1, and the reference was a not pH
adjusted sample, that had pH 4.4. The tests were executed by measuring 100 mL of samples
to a beaker and measuring constantly the pH of the samples while adding 5% sulphuric acid.
After the desired pH was achieved, the samples were poured to spinning tubes and spun for

5 minutes. The masses of the pellets were weighted, and the supernatants were captured.

The DMC and TPC of supernatants were measured and compared to untreated sample. TPC
was measured and the results were compared to Gallic acid reference standard. The results
were evaluated by 1) estimating the amount of phenolics removed from the supernatant and
by ii) measuring the mass of pellets formed from the sample compared to the reference

sample as percentage.

7.7 Liquid-liquid extraction

The LLE was tested with ethyl acetate as solvent in a one step extraction. Ethyl acetate was
chosen as it is not considered as harmful or hazardous than other non-polar solvents suitable
for LLE. Ethyl acetate is also water immiscible, which was one of the requirements. The test
was executed in a 100 mL conical separation flask with 75% volume of untreated bark
extract as feed and 25% of ethyl acetate as solvent. The separation flask was mixed

vigorously for 2 minutes, and the phases were allowed to separate. The mixing and
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stabilizing cycle was repeated three times, and the separate fractions were collected from the

flask.

The volume, DMC and phenolic content were measured from the raffinate fraction. The
extraction capacity of the LLE was analysed by comparing the removed dry matter and

phenolics from the feed to the raffinate.
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8 Results

8.1 Hot water extractions

Hot water extractions were performed over the time of two months. The information about

HWEsS are defined in the Table 9 below.

Table 9. Information about bark extractions.

Date DM CCextract Yield % Filtration
07.08. 1.50% 10.7% 10 um bag
20.08. 1.28% 8.5% 10 um bag
20.08. 1.09% 8.1% 10 um bag
03.09. 1.22% 9.2% 10 um bag
03.09. 1.26% 9.2% 10 um bag
03.09. 1.17% 8.7% 10 pm bag
15.10. 1.23% 10.6% 25+1 pum cartridge
15.10. 1.26% 10.3% 25+1 pum cartridge
15.10. 1.33% 11.0% 25+1 pm cartridge

The yield of the extractions varied between 8.1%-11.0% having an average yield of 9.6%
from dry bark. The results are in concordance with results reported in literature and discussed
in chapter 4.3 The yield could have been increased by performing short subsequent
extraction that may have extracted more with more dilute solvent that favours the further
mass transfer from the bark, hence increasing the total yield. The trapped extraction solvent
containing extractives in solid fraction could also have been recovered by flushing the

extracted bark after the extraction with water or e.g. by pressing the extracted bark.

8.2 Acid precipitation

The TPC of the acid precipitated and centrifuged samples was measured. Also, the non-pH
adjusted reference sample was centrifuged. The TPC of the reference sample was 19.1 g

GAE/L and of the pH adjusted were 17.6 g GAE/L, 16.4 g GAE/L and 15.0 g GAE/L for pH
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3, 2 and 1, respectively. The masses of the formed pellets compared to the masses of the
samples were 2.28%, 2.31%, 2.30% and 2.70%, for reference, pH 3, pH 2 and pH 1 samples,

respectively.

The highest removal of phenolics from the supernatant was observed when pH was lowered
to 1, and it removed only 4.1 g GAE/L more than the non-adjusted centrifugation. It was
clear that lowering pH was not efficient way to precipitate the phenolics from the extract.
Significant portion of phenolics was still left in the supernatant of the bark extract. The

finding was in concordance with the studies of Kyllonen et al., 2023.

8.3 Liquid-liquid extraction

The TPC of the feed before LLE and the raffinate was measured. The concentration in the
feed was 8.5 g GAE/L and in the raffinate 6.2 g GAE/L. The DMC was 1.24% in the feed
and decreased to 0.79% in the raffinate after the LLE. The calculated DMC for the extract
fraction was 1.35% and TPC of 7.2 g GAE/L.

Only 27% of the phenolics and 36% of the dry matter transferred from the feed to the extract
fraction. This means that GAE phenolics/DM ratio in the 25 ml extract fraction was 53%,
whereas the ratio was 69% in the feed. Therefore, due to low extraction rate and more dilute
fraction of phenolics, the recovery of phenolics with the ethyl acetate was not a promising

option to continue with.

8.4 Membrane filtration

The membrane filtration tests for bark hot water extracts were carried out with three different
membranes. In Table 10 and Table 11 below are the details of different membrane filtration

tests and recovered products. Fluxes of the filtration tests are described in the Appendix 1.

Table 10. Membrane filtration test details.

Membrane VRF Time (h) Fouling
NPO10 1.27 6.5 -
UHO030 1.67 0.72 39%

UHO004 1.67 19.5 86%
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Table 11. Retentate analysis results of membrane filtration tests.

Membrane DMC % MGAE phenols /DM Reduction of other DM Retention of phenols
NPO010 1.44 % 64% 30% 113%
UHO030 1.44 % 84% 55% 7%

UHO004 1.96 % 78% 14% 98%

The TPC was measured with UV 280 nm method. The assay does not give definite results,
but it estimates the phenolic concentration in the sample. As discussed in the chapter 6.1.1
the method is not accurate for the mixture of phenolic compounds, therefore the result of
113% for the yield of the NPO10 filtered retentate was possible. All of the membranes were
capable to retentate phenol compounds, the NPO10 membrane with highest retention and
with the UH030 membrane the lowest retention. However, whereas the retentate of the
UHO030 contained 77% phenols from the raw feed solution, the permeate of only 4%, which
indicates that the phenol compounds were either adhered onto the membrane or the tubing,
or the measurement underestimates the concentration of the retentate. The retentate and the
permeate fraction phenol yields for the UH004 were 98% and 3%, respectively, and thus the
results are credible. The NP0O10 permeate contained 1% of the phenols, and it can be assumed
that it can reject almost all of the phenol compounds from the feed solution. The ability of
the UHO030 with 30kDa MWCO to retentate phenol compounds is in concordance with the

studies of Pinto et al. (2017) in which E. globulus bark extract was concentrated.

The permeate flux was highest with the UH030 and lowest with the NPO10, which was
anticipated as the NPO10 is the tightest and the UH030 is the loosest membrane. Fouling was
significant with the UH004 and reasonable with the UH030. Concentrating to higher VRF
with UH030 might have increased the fouling. Fouling was not measured from the NP010

membrane test filtration.

Also, all of the membranes tested were able to increase the phenols per DM ratio, hence
decreasing the other dry matter in the sample. The original phenol per DM ratio used for the
NPO10 membrane was 52% and it increased to 64%. The raw extract phenol per DM ratio
for the UH030 and the UH004 was 76% and it was increased to 84% and 78%, respectively.
The fractionating effect of the membrane was estimated by subtracting the mass of GAE
phenols from the DM mass of the samples. The UH030 performed superior over the UH004
and better than the NP010. However, if the NPO10 would been concentrated to the same
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VREF, the result may have been different. The retention with the UH004 membrane was at
high level and it had significantly higher permeate flux than the NPO10 membrane, therefore
the NPO10 membrane was not tested for the same level of VRF.

The higher productivity and the similar retention of the UH004 compared to the NPO10 made
the use and further testing of the NPO10 non-beneficial. The UH030 on the other hand had
the highest phenols to DM ratio and reduction in other than phenol compounds. The filtration
tests indicated that the UH030 and the UH004 membrane filters provided encouraging
results in the use of purification and concentration of phenol compounds found in the

Norway spruce bark hot water extracts.

8.5 Adsorption process

The results from the initial adsorption tests with all the five polymeric resins tested are
presented in the Table 12. The amount of each polymeric resin used in the test was 20 g. The

phenol concentration of the fractions was measured from non-dried samples.

Table 12. Results from initial adsorption tests with polymeric resins. The phenols lost is
the amount of phenols measured from the adsorption and rinse fractions relative to the
phenols fed to the adsorber. The yield in the table is the amount of desorbed phenols
relative to the phenols fed to the adsorber. The reduction of other DM is the reduction of
DM mass with mass of the GAE phenols subtracted.

Resin Phenols lost Yield Reduction of other DM
XADI6N 9.5% 87% 61%
XAD7HP 8.9% 84% 84%

XAD4 31% 52% 71%
AD-3300 16% 81% 82%

AD-3021 22% 73% 79%

The XADI6N and the XAD7HP performed best out of these in terms of desorption yield
desorbing 87% and 84% of the phenolics fed to the adsorber. The XAD4 had the poorest
performance. The XAD16N desorbed almost all of the desorbed components in the first BV
of ethanol inserted in the desorption phase desorbing under 1% of the inserted phenols after

the first BV. The XAD7HP desorbed 5% of the inserted phenols in the second and third BV
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of ethanol, but it could be visually observed that the desorption fraction was significantly
darker in the second BV than in the third. The AD-3300 had good yield, but the second and
the third desorption fractions were visually observed as even dark and contained 5% of the
phenols inserted. The AD-3300 also let through 16% of phenols in the adsorption and rinse
phase, whereas the XAD16N and the XAD7HP let only 9.5% and 8.9% phenols through,
respectively. This indicated that the capacity to adsorb phenols was lower with the AD-3300
and the desorption capabilities were not as good as with the other two well performing
polymeric resins. The AD-3021 and the XAD4 were not able to desorb the adsorbed phenols.
Both required several cycles of washing with NaOH to clean the resin and the XAD4 was
still left with brown/purple colour after NaOH washes.

The purifying effect of adsorption was estimated by subtracting the GAE mass from the total
mass of dry matter in the fractions. From the well performing polymeric resins, the XAD7HP
had the highest reduction of other dry matter of 84%. The other well performing resin
XADI16N had surprisingly low reduction of 61%.

High desorption capabilities of the XAD16N led also to higher concentration of phenols than
the XAD7HP as the phenols were desorbed into a smaller volume. The XAD7HP and the
XADI16N were chosen to be further tested with higher feeding volumes to see the differences
in the capacity of the polymeric resins. The results from higher feeding volumes introduced

in Table 13 below.

Table 13. Results of XAD16N and XAD7HP with higher feed concentrations. The phenols
lost is the amount of phenols measured from the adsorption and rinse fractions relative to
the phenols fed to the adsorber. The yield in the table is the amount of desorbed phenols
relative to the phenols fed to the adsorber. The reduction of the other DM is the reduction

of DM mass with mass of the GAE phenols subtracted.

Feed mg/g 29 mg GAE /g 44 mg GAE /g 58 mg GAE /g
Resin XADI6N  XADTHP XADI6N XAD7HP XADI6N XAD7HP
Yield 93% 80% 105% 82% 98% 76%
Reduction of other DM 90% 97% 113% 102% 107% 81%
Phenols lost 10% 10% 11% 12% 9% 14%

The testing of XAD16N and XAD7HP polymeric resins with higher feed of phenols

indicated high yield of phenols with both resins, however the results were better with the
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XADI16N. This verified the hypothesis that the XAD16N had higher capacity to adsorb the
phenols, which is in concordance with the fact that it has higher surface area than the
XAD7HP. The phenols found in adsorption and rinse fractions were close to each other in
the lower two feed rates, but at the highest feed rate a difference was observed. The XAD16N
sustained the similar level of adsorption with every level of feed, but the XAD7HP started
leaking phenols through. Both produced high level of reduction in other DM than phenols,
indicating high purity. The XADI6N was chosen to be continued with, as it had higher
adsorption capacity than the XAD7HP.

8.5.1 Results from XADI16N resin properties testing

The adsorption kinetics results with three different concentrations are described in the Figure

15 below. The phenol concentrations were measured with UV 280 nm method.
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Figure 15. Adsorption rate of the XAD16N with three different feed concentrations.

As assumed, the highest feed produced the highest adsorption rate. The last time point of
measurements was 19 h, in which the Q; was 102 mg/g and 88 mg/g for 207 mg/g and 138
mg/g feed, respectively. The mixing was set to 250 rpm that might have been to slow to

decrease the thickness external boundary layer. As discussed in the chapter 5.1 increasing
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the particle velocity towards the adsorbent increases the adsorption by increasing the

diffusion of external boundary layer.

The adsorption isotherms were evaluated by fitting them to non-linear Langmuir and
Freundlich models. The fitted curves in the Figure 16 and Figure 17 below. The calculations
are presented in the Appendix 2.

Langmuir

160,00

140,00

120,00 e

g 100,00 °

— 80,00 ® Experimental

60,00 ° ® Non-linear

40,00

20,00
1,000 1,500 2,000 2,500 3,000 3,500 4,000

Ce (mg/L)

Figure 16. The measured data fitted to Langmuir isotherms model.
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Figure 17. The measured data fitted in Freundlich isotherms model.
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Both of the fitted isotherm models provided good 12 values, 0.9940 and 0.9964 for Langmuir
and Freundlich, respectively. The ¢ of the calculated Langmuir model was 407 mg/g and
K was 0.1486 L/mg. In the Freundlich model, the constants were 1.2554 and 52.90 for n
and Ky, respectively. The g, value for Langmuir is model is too high compared to the
experimental data observed, making the model probably not a good realistic fit. The high Kr
value indicates that the adsorbent has high capacity and the n value over 1 indicates that the
surface of the adsorbent is relatively uniform (Abin-Bazaine, Campos Trujillo, & Olmos-

Marquez, 2022; Worch, 2021).

The reason why there is no difference might be the too small difference in the initial
concentration of the samples used. Higher concentration of sample was not available during
the works, as the highest concentration used in the test was the concentration that was
obtained from the extraction. According to Worch (2021), the Freundlich isotherm is not a
good model to describe the low or high concentrations at linear range, but in the medium
range it fits usually well (Worch, 2021). As the n in the Freundlich model is high and the
Langmuir model usually fits to uniform and homogenous surfaces of adsorbents, it could be
estimated that if the testing would be done with higher and lower concentrations, it would

likely to rather fit Langmuir model better than Freundlich.

8.5.2 Enzymatic hydrolysis

Before the larger scale separations, the effect of enzymatic hydrolysis of carbohydrates in
the bark extract was tested with the XADI6N polymeric resin. The use of the enzymatic
hydrolysis was tested to see if it would be beneficial to be used in the larger scale separations.
The results of three different concentrations and non-treated reference are described in Table

14. The TPC measurements were made from non-dried fractions.

Table 14. Change in the ratio GAE phenols/DM with enzymatic treatment.

Enzyme concentration mg/g of DM GAE phenols/DM Change vs reference
10 mg/g 97% +2%
5 mg/g 96% +1%
2,5 mg/g 99% +4%

0 mg/g 95% -
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The enzymes did not provide significant increase in the proportion of phenol compounds in
the total dry mass of the sample. The enzymes were tested once again with 100 mg/g of DM
dose to see if it has effect. The phenol to DM ratio was 112% in the desorption fraction. The
dose of 100 mg/g DM is not productionally possible, as the consumption of enzymes would
be too high and expensive. The high purity is achieved already without the use of enzymes.

Therefore, the testing with enzymatic hydrolysis was not continued.

8.5.3 Larger separation with XAD16N resin

The results from the larger scale XAD16N separation adsorption phase in the Figure 18
below. The initial concentration of the GAE phenols in the feed solution was 9.1 g/L. The
percentage of leaked phenols described in Table 15 below. Concentration determined with

UV 280 nm method.
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Figure 18. Leakage curves with 3 BV/h and 5 BV/h feed rates.
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Table 15. Leakage in the adsorption phase of phenol compounds fed into the column with
5 BV/h and 3 BV/h feed rates. The effluent was collected every half BV, the phenol

concentration was measured and compared to the initial phenol concentration.

BV feed 5 BV/h feed 3 BV/h feed
0.5 1% 0%
1.0 3% 2%
1.5 5% 3%
2.0 7% 4%
2.5 &% 5%
3.0 10 % 6 %
3.5 15 % 7%
4.0 16 % 8%
4.5 18 % 9%
5.0 22 % 10 %
5.5 23 % 11 %
6.0 25 % 12 %

The 3 BV/h feed was able to adsorb more phenols than with the feed rate of 5 BV/h. The
total adsorption rate of the phenols fed into the column with 3 BV/h and 5 BV/h in this
experiment was 93% and 87%, respectively. This means 77 mg/g and 72 mg/g of resin with
3 BV/h and 5 BV/h, respectively. This is in the same level with the literature referred
examples in the chapter 5.1 However, it must be noted that the phenols from different sources
are not the same, and this might play a role in the capacity. If the capacity is defined by the
leakage of the of phenols, the limit would be at 1.5 and 2.5 BV of feed when the limit would
be 5% with 5 BV/h and 3 BV/h, and at 3.0 and 5.0 BV with 5 BV/h and 3 BV/h when the

limit would be 10%, respectively.

The desorption test with 94% and 70% ethanol with flow rate of 2 BV/h. The 94% ethanol
was used in the above mentioned 3 BV/h adsorption and 70% ethanol in 5 BV/h adsorption.

Results are presented in Table 16.
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Table 16. The cumulative desorption of the total phenols adsorbed onto the polymeric resin

every half BV with 70% ethanol and 94% ethanol.

BV 70% ethanol 94% ethanol
0.5 55% 60%
1.0 76% 73%
1.5 80% 75%
2.0 81% 76%
2.5 81% 76%
3.0 81% 76%
3.5 81% 77%
4.0 81% 77%

The desorption was more efficient with 70% ethanol than with 94% ethanol. 80% and 75%
of the total phenols adsorbed onto the resin was desorbed with 70% and 94% ethanol within
the first 1.5 BV of desorption, respectively. Good desorption kinetics is essential in
evaluating the time needed to desorb the product from the resin. The total yield of the
adsorption process including adsorption and desorption yield were 70% and 71% with 70%

ethanol and 94% ethanol desorption, respectively.

The best combination based on the results would be 3 BV/h feed rate, with lower feed
amount and desorption with 70% ethanol. By assuming the desorption would be as efficient
as it was in the test with 70% ethanol, if the adsorbed would be fed with 5 BV of feed solution
to the 10% leakage limit, the total yield of the purification process should be 76% to 77%.

Results of further characterization of the produced purified and freeze-dried product are

described in the following section 8.7

8.6 Uncertainty in the small-scale tests

The small-scale tests utilized the UV 280 nm method to estimate the TPC of the samples. It
can be used to estimate the concentration with certain limitations, as discussed in the chapter
6.1.1 Also, the used “reduction of other DM than phenols” in the results and discussions is
a value, that is not precise. The results of the UV 280 nm method are in gallic acid

equivalents, and it may not give precise concentration and calculated mass for the samples.
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The used analysis methods were most importantly used to estimate the efficiency of
fractionation methods in terms of purity and concentration. The above-mentioned methods
used were the same for all, hence comparable. The author is well aware of the limitations of
the estimations made and does not assume that they would produce exact analytical values.
Therefore, in the characterization of the products, in the following section 8.7 more suitable

analytical methods were used.

8.7 Results from comparison samples

The freeze-dried product from the larger scale purification with XAD16N and two spray
dried membrane filter retentates were characterized by TPC, antioxidant activity, Stiasny
number test and carbohydrate analysis. The spray dried products were UH004 retentate with
VREF of 0.6 and UHO030 retentate with VRF of approximately 9. The UH004 and UH030
were not prepared as part of the thesis, but they were used to compare the separation

methods.

8.7.1 TPC

The results of TPC measured with Folin-Ciocalteu method described in the Table 17 below.
Gallic acid was used to produce a calibration curve samples from 0.06-0.6 mg/mL with

7=0.9996

Table 17. The TPC of the samples measured with Folin-Ciocalteu method. The

concentrations are in GAE.

Sample Concentration mg GAE/g CV%

UHO004 392 4%

UHO030 433 2%
XADI16N 526 22%

The highest TPC was obtained from the XAD16N purified sample, which indicates that over
half of the sample is composed of phenolic compounds. The samples were prepared as
duplicates and the highest CV% was measured from the XADI16N purified sample. The
results are high compared to the results reported by Cosarca et al. (2019), Tienaho et al.
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(2025) or Zeppetzauer et al. (2023) where the reported TPC of dry bark as GAE were 113.56
mg/g, around 200 mg/g and 29.65 mg/g respectively. In the study of Tienaho et al. (2025),
hot water extraction was used in 67 °C for 60 minutes, in the study of Zeppetzauer et al.
(2023) 100 °C for 120 minutes and in the study of Cosarca et al. (2019) 90 °C for 45 minutes.
(Tienaho et al., 2025; Zeppetzauer et al., 2023; Cosarca et al., 2019)The results described

here are superior to the aforementioned literature references.

8.7.2 Antioxidant capacity

The results from the FRAP antioxidant analysis in the Table 18 below. In FRAP, L(+)-
Ascorbic acid was used to produce calibration curve samples from 0-44.1 mg/L with r? =

0.9991.

Table 18. The antioxidant capacity of UH004, UH030 and XADI16N purified products.

The units are in ascorbic acid equivalents (AAE).

Sample Antioxidant power mg AAE/g CV%
UHO004 421 0.5%
UHO030 478 3.3%
XADI16N 361 26%

The highest antioxidant power was obtained from the UH030 and lowest from the XAD16N.
The samples were prepared as duplicates and measured, CV% was calculated from the
measurements. The highest CV% was in the XAD16N sample, which was high, but with the
other two the CV% were low. The reduction in the antioxidant capacity of the XAD16N is
surprising as the total phenolic content of the sample increased with same treatment. High
TPC is usually associated with high antioxidant capacity (Tienaho et al., 2025). The lowered
antioxidant capacity may be related to the increased exposure to UV light, that is known to

degrade stilbene compounds as discussed in chapter 2.3

When comparing the results to results from other bark extracts found in literature the samples
performed very well. In the study of Vazquez et al. (2012), the best performing eucalyptus
bark water extract had highest FRAP antioxidant activity of 1 328 nmol AAE/mg extract,
which corresponds to 234 mg AAE/g (Vazquez et al., 2012). In a study of Agarwal et al.

(2021), aqueous ethanolic extracts from barks of wild cherry, the European larch and sweet



69

chestnut tree were tested with FRAP. The highest result was obtained with sweet chestnut
tree bark with result of 207 mg AAE/g, followed by the European larch bark and wild cherry
bark with results of 84 mg AAE/g and 72 mg AAE/g, respectively. (Agarwal et al., 2021)
The comparison shows that the antioxidant capacity of the purified Norway spruce bark

extracts is significantly higher than other four common tree species.

8.7.3 Stiasny number

The results from the Stiasny number test are described in the Table 19 below.

Table 19. The results from Stiasny number test.

Sample Stiasny number CV%
UHO004 70 0.4%
UHO030 77 1.9%
XADI16N 81 8.2%

The XADI16N provided the highest number in Stiasny test. The samples were performed as
triplicates and the CV% was calculated from the results. The UH004 and the UH030 showed
low variation whereas the XAD16N sample had more variation. All of the results were good,
as the benchmark to use phenols in resins was 65 as discussed in chapter 6.1.4 Compared to
Stiasny number values reported by Kilpeldinen, Liski, & Saranpdi (2023), the dried Norway
spruce bark hot water extracts had a Stiasny numbers ranging from 35 to 49. The reported
Stiasny number for e.g. gallic acid and catechin were 80 and 106, respectively. (Kilpeldinen,
Liski, & Saranpidd, 2023) The results indicate that purified extracts could be used in the

applications that utilize the reactivity towards formaldehyde.

8.7.4 Analysis of carbohydrates

The results from the carbohydrate analysis are described in the Table 20 below.
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Table 20. The carbohydrate content of the samples, reported as anhydro sugars.

UHO004 UHO030 XADI16N

Monomer mg/g of sugars % mg/g of sugars % mg/g of sugars %
Arabinose 22.9 8.0% 19.2 6.1% 12.9 4.6%
Xylose 6.1 2.1% 4.7 1.5% 4.0 1.4%
Rhamnose 6.6 2.3% 6.3 2.0% 5.0 1.8%
Glucuronic acid 4.0 1.4% 1.3 0.4% 0.0 0.0%
Galacturonic acid 46.1 16.1% 15.1 4.8% 2.5 0.9%
4-O-Me-GlcA 1.5 0.5% 1.7 0.5% 0.4 0.1%
Mannose 13.4 4.7% 8.3 2.7% 2.1 0.7%
Galactose 16.2 5.7% 20.6 6.6% 7.0 2.5%
Glucose 169.1 59.2% 235.6 753% 247.9 88.0%
Total 286 100% 313 100% 282 100%

The total amount of carbohydrates is very similar between all the samples, 28.6%, 31.3%
and 28.2% of the dry weight is composed from carbohydrates in UH004, UH030 and
XADI16N samples, respectively. However, the distribution between different monomers
varies as the relative amount of glucose is the highest, 88% of the carbohydrates in the
sample, in XAD16N, whereas the lowest value was measured from the UH004, 59.2% of
the carbohydrates. Except glucose, the amount of all monomers is lower in the XAD16N
than the membrane fractionated samples. When comparing the UH030 and the UH004, the
amount of galactose has increased, in other monomeric compounds besides glucose the

amounts have decreased.

The high amount of glucose and concentrating effect of fractionation can be explained by
the glycosides. As mentioned before in chapter 2.3.1 the literature states at half of the tannins
found in Norway spruce bark is in glycosidic form. The glycosides are retained by the

membranes and adsorbed onto the adsorbent, thus ending up to the products.

&.7.5 Economic considerations

The requirements to use polymeric resin in the fractionation are higher than using membrane
filtration, especially when the used eluent is ethanol. The use of ethanol as eluent would

require ATEX classified facilities and to reduce the costs of the ethanol, a distilling process
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to recover the used ethanol. The cost of the adsorbent is high and considering the adsorption
capacity of 70 mg/g, the initial investment would be significant. The cost of the adsorbent
and high environmental impact are dictated by whether the polymeric resin can be
regenerated 100 or 1000 times (Carlqvist et al., 2020). The membranes also have their
downsides; they foul, sometimes irreversibly, and they must be cleaned. The small footprint

and concentrating effect of membrane filtration is an asset in the manufacturing process.

Rivalling commercial products, depending on the application, would be for example
quebracho and wattle tannins. The commercial quebracho and wattle tannins are produced
by extraction followed by evaporation and spray drying (Kemppainen, 2015). Compared to
the rivalling products, the cost of additional purifications steps, which increase the product
cost, may hinder the demand, even though the raw material would be acquired from existing
side streams. Therefore, the purification step must be adequate, to fit the product need. From
the results seen in this chapter 8.7 it can be concluded that the adsorption process with the
XADI6N resin produced higher quality extract than the membrane fractionated extracts.
Only the antioxidant capacity was poorer than with the membrane fractionated extracts.
However, the use of membrane filtration with high productivity and lower cost would be the
best choice commercially to produce the extract with high polyphenol content, antioxidant

activity and reactivity towards formaldehyde.
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Conclusions

The purpose of the thesis was to fractionate Norway spruce hot water extracts to produce a
fraction that has high phenol content. Four different methods were tested including
adsorption process with microporous polymeric resins, membrane filtration, liquid-liquid
extraction and acid precipitation. Based on the small-scale test results the adsorption process
was chosen to be continued with for more specific research. The adsorption process using
Amberlite XAD16N was chosen to be used as it had highest capacity of tested polymeric
resins and high recovery of phenols, with indication of high purity. Membrane separation

gave also promising results.

The XADI6N resin kinetic properties were evaluated and the adsorption equilibrium was
achieved at 19 h time point with adsorption between 80-100 mg/g, depending on the feed
concentration. The adsorption isotherms were modelled by fitting the isotherm evaluation
data to Langmuir and Freundlich models, which both correlated well, but the results were
unrealistic. The tested concentrations were probably too close to each other to provide

adequate information.

The hot water extraction was carried out in target temperature, that was under 100 °C, for
60 minutes extracting 9.6% of the bark on average. The XAD16N adsorbent was used to
fractionate the phenols from the bark water extract with a yield of 70%. The dried extract
from the XAD16N was compared with UH030 and the UH004 purified and dried products.
The XADI6N extract had the highest TPC of 52.6% and Stiasny number value of 81,
however all the extracts performed very well compared to the literature. The high Stiasny
numbers indicate that it could be suitable to be used in formaldehyde resin products. The
antioxidant capacity was lower with the XAD16N than with the membrane filtered samples,
but compared to other reported capacities from common tree bark extracts the values were
high. The carbohydrate content of the dried extracts were at similar level, around 30%. The
distribution of the monomers indicated, together with literature, that there are high amounts
of glycosidic phenols present. From the economical point of view, the membrane filtration

fractionated products may be more lucrative.

To fully understand the product needs, more market research should be done. Testing of the

development phase extracts in the potential applications will be needed. The product needs
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define the used separation method, as it was observed that the membrane filtration had higher

antioxidant capacity, but the Stiasny number was higher with the XAD16N purified product.

The membrane filtration method would need more research with adequate analytics to
understand the yields and optimal filtration conditions for deeper understanding of the

potential.
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Appendix 1. Fluxes in the membrane filtration tests
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Appendix 2. Isotherm modelling calculations

m (g)
1,00
1,00
1,00
1,00
1,00

V= 0,03 L
Ci (mg/L) Ce (mg/L) ge (mg/g)
7,755 3,449 14351
6,430 2,859 119,02
5,216 2,207 100,31
3,741 1,502 74,64
2,974 1,185 59,64
gm 407,18
KL 0,1486
R? 0,9940

Langmuir non-linear

4. =

— QmKLCe
1+ KLC,

1/Ce
0,290
0,350
0,453
0,666
0,844

KF

2

Isotherms

1/qe
0,007
0,008
0,010
0,013
0,017

52,90
1,2554
0,9964

qe (lang)
137,998
121,424
100,573
74,316
60,975

Freudlich non-linear

qe = KCel/n

ERRSQ
30,373
5,755
0,069
0,102
1,770
38,1

ge(Freud)
141,841
122,143
99,388
73,156
60,562

ERRSQ
2,782
9,725
0,852
2,189
0,843
16,4



