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Korkalo, Pasi, Boosting the usefulness of hybrid aspen. From tailored biomass to a
versatile feedstock for use in the chemical industry
University of Oulu Graduate School; University of Oulu, Faculty of Technology; Natural
Resources Institute Finland 
Acta Univ. Oul. A 783, 2023
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The hybrid aspen tree (Populus tremula L. × P. tremuloides Michx.) is a fast-growing tree species
with the potential to produce biomass in an enhanced manner for industrial needs. Research has
shown that by breeding hybrid aspen clones, tree properties (e.g., growth ability, resistance to
disease, energy density and cellulosic pulp properties) can be influenced. However, there is a gap
in the research on how clonal breeding affects the chemical composition of bark and whether this
information can be used in the production of added value according to the cascading use principle.

In this dissertation, chemical determinations were used to calculate variations in the chemical
composition of the barks of different clonal trees and to evaluate the possibilities of clonal
selection to produce added value to the bark. The results were also used to select the highest
potential bark biomass for cascade use studies. Cascade use was investigated by linking the
methods of extraction of bark and the torrefaction of extraction residue. The added value of the
extract was evaluated experimentally by producing rigid foam and activated carbon. Applicability
of pyroligneous acid was tested in herbicidal and fungicidal applications.

This current study produced three key results: 1) clonal variation in the chemical composition
of bark indicated that bark quality varies between clone types, and this has an impact on the added-
value potential of bark-derived raw material, 2) by using hot water extraction, it is possible to
separate an extract suitable as a precursor for producing rigid foam and activated carbon, and 3)
hemicellulose of hybrid aspen bark can be converted into herbicidal and fungicidal active
pyroligneous acid by torrefaction.

In summary, clone selection can affect the bark quality of hybrid aspen in a situation in which
bark pulp is collected from trees grown in certain growth areas. This information has value when
the goal is to produce added value for hybrid aspen in the chemical industry via the cascading use
of bark.

Keywords: activated carbon, bark, extract, fungicide, herbicide, hybrid aspen,
pyroligneous acid, rigid foam, torrefaction, tremula, tremuloides





Korkalo, Pasi, Lisäarvoa hybridihaapapuusta. Räätälöidystä biomassasta moni-
puoliseksi kemianteollisuuden raaka-aineeksi
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta; Luonnonvarakeskus 
Acta Univ. Oul. A 783, 2023
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Hybridihaapa (Populus tremula L. × P. tremuloides Michx.) on nopeasti kasvava puulaji, josta on
mahdollista muodostaa tehostetusti biomassaa teollisuuden raaka-aineeksi. Hybridihaapakloo-
nien jalostuksella tiedetään olevan vaikutusta puun ominaisuuksiin, kuten kasvukykyyn, taudin-
kestävyyteen, energiatiheyteen ja selluloosamassan latuun. Ei ole kuitenkaan tutkittu sitä, miten
kloonijalostus vaikuttaa puun kuoren kemialliseen koostumukseen, ja voidaanko koostumuksel-
lisia kloonivariaatioita hyödyntää kuoren käyttöarvon parannuksessa noudattaessa biojalostuk-
sen kaskadikäyttöperiaatteita.

Tässä väitöskirjassa määritetään erilaisten kloonipuiden kuorien koostumuksellisia vaihtelu-
ja ja arvioidaan kloonityyppien valinnan tuomia mahdollisuuksia tuottaa kuorelle uutta käyttöar-
voa. Kloonivaihtelujen perusteella valitaan kiinnostavin kuorimassa biojalostustutkimuksiin,
jonka jälkeen kuoren hyödyntämistä tarkastellaan ketjuttamalla kuoriuutteiden erotusmenetel-
mät sekä kuoren uuttojäännöksen termokemiallinen konversio, torrefiointi. Kuoriuutteen käyttö-
arvoa selvitetään valmistamalla uutteista hiilivaahtoa ja aktiivihiiltä, sekä tutkimalla torrefikaati-
olla tuotettavan konversiotisleen käyttöä rikkakasvien ja sienitautien torjunta-ainekemikaalina.

Tutkimuksen keskeisimmät tulokset ovat: 1) kuoren koostumuksellinen laatu vaihtelee kloo-
nityypeittäin, ja tällä arvioidaan olevan merkitystä arvopotentiaaliin, 2) kuoriuute soveltuu hiili-
vaahdon ja aktiivihiilen valmistukseen, ja 3) kuoren uuttojäännöksen konversiotisleellä on herbi-
sidi- ja fungisidiaktiivisuutta.

Yhteenvetona todetaan, että kloonivalinnalla voidaan vaikuttaa hybridihaapapuun kuoren
koostumukselliseen laatuun tilanteessa, jossa kuorimassa kerätään tietyllä kasvualueella kasva-
neista kloonipuista. Tuloksilla nähdään olevan arvoa, kun tavoitteena on tuottaa kuoribiomassal-
le lisäarvoa kemianteollisuuden käyttöön ketjuttamalla menetelmiä kaskadikäyttöperiaatteen
mukaisesti.

Asiasanat: aktiivihiili, fungisidi, herbisidi, hiilivaahto, hybridihaapa, konversiotisle,
kuori, torrefiointi, tremula, tremuloides, uute
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1 Introduction 

1.1 Background 

Clonal breed hybrid aspen (Populus tremula L. × P. tremuloides Michx.) is a wood 

species currently utilised only in low-value applications of biorefining, such as 

energy fuel or, at best, as a source of fibers for paper making (Hytönen, 2018; 

Hytönen et al., 2018; Niemczyk et al., 2019). However, the hybrid aspen species, 

thanks to its rapid growth, has much more versatile potential to be part of a 

commercially important tree species in Borealis regions and to produce biomass in 

an enhanced manner.  

In the scientific research on clonal breeds hybrid aspen trees, the effects of 

clone breeding on the calorific value, density and cellulose of the wood have been 

examined (Beuker et al., 2016; Hytönen et al., 2018; Niemczyk et al., 2019; 

Turunen et al., 2021), but there is a lack of knowledge about the clonal variation of 

the chemical composition of the hybrid aspen-tree bark and its potential in the 

production of added value. This dissertation aims to identify the possibilities for 

the clonal selection of hybrid aspens to produce tailored bark biomass for cascade 

utilisation, identify the added-value potential of bark, and experimentally verify the 

applicability of bark and its extracts as a feedstock in selected applications: 

functional materials (i.e., rigid foam and activated rigid carbon foam) and the 

production of pesticide-active chemicals for herbicidal and fungicidal applications. 

This research context is related to the need to produce rapidly renewable 

lignocellulose-based biomass, which can function as an alternative forest-derived 

resource alongside traditional, commercially valuable wood species. This topic is 

also related to the need to examine ways to utilise lignocellulosic-based biomasses, 

such as bark, at a higher biorefining level instead of directing unused biomass into 

being wasted or incinerated. This can be approached by studying the chemical 

composition of bark and by researching the applications where bark-based 

feedstock can be utilised in an enhanced manner according to the cascading use 

principle. 

Cascade utilisation is a context-dependent term and there is no commonly 

agreed definition for it, but it can be described in several terms: cascade 

exploitation, multiproduct exploitation, sequential exploitation, or resource 

cascading. Cascading is a process in which the degree of biorefining of a feedstock 

is increased by producing several valuable products as well as by preventing the 
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formation of unusable material and, at best, by generating large savings in the use 

of primary resources (Fraanje, 1997). In this current research, the cascading use 

concept is approached by describing hybrid aspen bark as its own side stream of 

feedstock formed in the wood industry, separating the bark extractives into its own 

value side stream, and converting the macromolecular substances of bark extraction 

residue into a liquid fraction, which can be separated as a value product from the 

rest of the main product stream (see Fig. 1). 

 

Fig. 1. A roadmap for cascading processing from cultivated biomass to different 

products. 

Hybrid aspen is an interesting forest resource option, as it has great potential to 

serve as an additional biomass feedstock for the growing needs of lignocellulosic 

feedstock for chemical production. Also, the cultivation of fast-growing hybrid 

aspen may aid forestry in adapting to climate change, which will compromise the 

availability of forest resources in the future (Brecka et al., 2018; Keenan, 2015; 

Lutter et al., 2021). In the discussion related to the adaptation of forestry to climate 

change, the following actions have been highlighted: control of storm damage at 

forest edges, forest fire prevention, pest prevention, pine and spruce transplant 

programmes to better growing areas, support for mixed forests, afforestation of 

abandoned farmland, shortening the length of a growing cycle, cultivation of exotic 

and fast-growing forest species, breeding programmes for resistant species, 

managing a growth rhythm, increasing forest production by utilising genetically 

improved species, and integrating adaptation aspects with industries that utilise 

forest resources (Keskitalo et al., 2016).  
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In response to some of these goals, hybrid aspen can be considered a viable 

option as a biomass source: it can be cultivated on forest borders as protective belts 

to reduce storm damage (Isebrands & Karnosky, 2001), is one of the fastest growing 

tree species in Northern Europe and has the potential to contribute to increasing 

demand for renewable energy sources, fibre wood and building materials. This tree 

has better resistance to certain pests and diseases. It grows quickly on nutrient-rich 

soil (e.g., abandoned farmland), and breeding programmes have produced clones 

with a great biomass production rate (Beuker et al., 2016; Tullus et al., 2012).  

Tree bark is a lignocellulose-based biomass that has the potential to be used in 

versatile ways. What makes bark special woody biomass is its rich extract content, 

which allows it to produce added value for forest-derived biomass (Ajao et al., 2021; 

Pásztory et al., 2016). Accordingly, the bark of poplar is very versatile and rich in 

extracts (Devappa et al., 2015), and its bark contains similar structural 

macromolecular compounds of lignin, cellulose, and hemicellulose like wood 

(Sjöström, 1993), which have the potential to be converted into bulk chemicals 

(Gómez Millán et al., 2019). Bark-based biomass was chosen as a potential value-

producing material because, in addition to its versatile composition, using the bark 

can improve the overall cascade use of the tree and connect the products obtained 

from the bark to a larger process chain (see Fig. 1). 

A challenge with the hybrid aspen tree is that this species is not seen as valuable 

by forest farmers or in an industry that utilises wood resources, whilst scientific 

multidisciplinary research (Tullus et al., 2012) on hybrid aspen is still quite narrow 

in terms of the wood’s potential to act as a biomass source. Based on Web of 

Science Core Collection diagnostics (made in 2022), the study of hybrid aspen has 

been published in journals dealing with, for example, plant sciences, forest sciences, 

cellulose utilisation, and bioenergy. However, a clear research gap on hybrid aspen 

trees can be found in the field of applied chemistry and bulk chemical production 

in that discipline. Completing this knowledge gap is essential when the goal of 

multidisciplinary cooperation is to increase the attractiveness of wood in the eyes 

of the forest industry, which will probably be reflected in the market value of aspen 

as well as farmers’ motivation to start cultivating cloned hybrid aspens.  

To fill the verified research gap on the effects of clonal breeding hybrid aspen 

bark compositions, two hypotheses were formulated and tested to answer the 

following two central research questions: 

1. Can the chemical composition of hybrid aspen-derived bark mass be tailored 

to the specific needs of chemical production by clonal selection? 
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2. Can methods of biomass preextraction and thermochemical conversion by 

torrefaction be used to produce valuable chemicals from the bark of hybrid 

aspen by following the principles of cascading use? 

These research questions were answered by forming and testing the following 

hypotheses:  

1) Since clonal breeding can affect wood properties, such as growth properties, 

cellulosic pulp properties and energy density (Beuker et al., 2016; Hytönen, 2018; 

Hytönen et al., 2018; Niemczyk et al., 2019; Turunen et al., 2021), research 

question was approached by hypothesising that the bark bulk mass obtained from 

hybrid aspen clones can be tailored to the needs of the chemical industry via clone 

selection during biomass production. This hypothesis was tested by examining the 

chemical composition of the bark of different clones, and based on possible clonal 

variation, it was assessed whether breeding affects the availability of value products 

in the bark as well as whether a variation is so significant that clone choices matter 

from the viewpoint of added-value production.  

2) The second research question was advanced by setting a hypothesis that bark 

extractives can be separated as a value product and that the bark-derived extraction 

residue is still usable in the production of bulk chemicals and other valuables. This 

was tested by first separating the extracts from the bark and examining the usability 

of the extract in the production of rigid foam and activated rigid carbon foam. The 

utilisation of the extraction residue was verified by applying a mild temperature 

thermochemical conversion method (i.e., torrefaction) in which the hemicellulose 

of the bark was converted into pesticide-active pyroligneous acid.  

The applicability of cascade use was assessed by linking both process steps of 

extraction and thermochemical conversion, evaluating the usability of the 

generated products in the selected applications and studying the effect the pre-

extraction of the bark has on the herbicidal and fungicidal performance of the 

pyroligneous acid produced by torrefaction. The selected applications are based on 

studies that have succeeded in producing foam products from bark extracts (Varila, 

2020; Varila et al., 2019, 2020) as well as pesticide-active chemicals converted 

from lignocellulosic biomass (Hagner et al., 2015; Tiilikkala et al., 2010). 

This study contributes to hybrid aspen research from the perspective of applied 

chemistry by looking at the customisation of forest-derived biomass for certain 

applications in the field of chemistry and the utilisation of identified additional 

value-producing substances. New information related to the value potential of 

hybrid aspen bark is formed by practical studies from which verified results can 
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have real-world benefits that the chemical industry can evaluate when considering 

the use of an alternative wood species. The limitation of bark value-add research is 

the scope of only a few utilisation applications, which may not necessarily have 

commercial value in the future. However, rigid foam replacing polyurethane, 

activated carbon in general and pesticides have clear market opportunities, and the 

need is presumably growing. In this case, the applications selected for this study 

were deemed justified.  

In clonal variation research, conclusions have to be drawn from a limited 

number of different clone types in which case some interesting variations may go 

unnoticed. Also, clonal variations are examined from clone types grown in a 

relatively small forest trial area; thus, it is not possible to draw a direct conclusion 

as to whether differences between clone types grown in a studied region apply to 

clones grown in some other medium or climate. It can also be seen as a shortcoming 

that the study could not determine the effect of annual variation on the chemical 

composition of the bark, which can vary in different ways for each clone type. 

However, thanks to small trial fields, clonal variation can be examined whilst 

minimising the influence of growing conditions on the composition of barks. This 

approach can be applied in further studies on hybrid aspen clones in which local 

wood resources within short transport distances are of interest, and the 

customisation of these wood – and bark – resources as raw material is the core 

question of such research. The experimental work has been done on a laboratory 

scale, but the results of this dissertation can be used to pave the direction for 

industrial-scale studies on the possibilities of producing added value for hybrid 

aspen. 
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2 Literature review 

2.1 Populus tremula L. × P. tremuloides Michx. 

2.1.1 Description of the tree species 

This study investigated the applicability of the bark of hybrid species of European 

aspen (Populus tremula) and American aspen (Populus tremuloides): Populus 

tremula L. × P. tremuloides Michx. as a raw material for chemical production. 

Tullus et al. (2012) described this tree species as follows: Both these parent tree 

species belong to the Salicaceae, genus Populus and section Populus family. They 

are widely distributed in the northern hemisphere and are genetically similar. These 

trees can grow up to 40 metres at best and have a circumference of one metre, 

measured at breast height.  

Appearance-wise, the hybrid species differs from its parent species, mainly in 

the shape of the leaf. The leaf of P. tremula is round and serrated, and the leaf of P. 

tremuloides is more flat-edged and has a pointed end. The leaf of the hybrid is a 

mixture of these, being narrow-ended and serrated. This species is fast growing at 

a young age compared to other tree species in northern forests, such as local aspens, 

due to a longer growth period (Tullus et al., 2012). 

It has been possible to increase the growth yield of hybrid aspen via genetic 

breeding. In the 1950s and 1960s, the yield for hybrid aspen was 16 m3 ha-1 year-1. 

In the 1980s, it was 20 m3 ha-1 year-1, and in the 21st century, with the help of clone 

selection, the production potential has already reached 25 m3 ha-1 year-1 in a 20–

30-year rotation. According to calculations made from 1980–2000, hybrid aspen is 

estimated to be competitive with spruce and silver birch, but due to the constantly 

changing wood market, its current competitiveness with commercially important 

tree species is unclear. Nevertheless, hybrid aspen can be considered an alternative 

tree species for producing biomass for industrial needs. The purpose of short-

rotation aspen plantations has changed in the last 50–60 years from being the raw 

material for the match industry to supplying material for pulp and paper mills. 

Nowadays, hybrid aspen is mainly used as biomass for energy production (Tullus 

et al., 2012). 
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2.1.2 A brief history of hybrid aspen in Finland 

In the 1950s and 1960s, aspen was cultivated in Finland as material for making 

matches. The value of aspen wood seems to be on the rise; therefore, this wood 

species has received growing interest. In Sweden, it was discovered that a cross 

between the European aspen (Populus tremula) and the American aspen (Populus 

tremuloides) could efficiently produce wood biomass, thanks to its rapid growth. 

Interest in hybrid aspen spread to Finland. This led to the Finnish Forestry Research 

Institute, currently the Natural Resources Institute Finland (Luke), which started a 

large-scale hybrid aspen breeding programme. Consequently, in the 1950s and 

1960s, a large number of experimental plantations were established to study hybrid 

aspen. During these decades, half a million trees were grown from seeds produced 

by controlled cross-breeding. The produced trees were mainly cultivated in 670 

commercial plantations located in southern Finland. In the early 1970s, the growth 

of 300 stands containing 170 families was intensively monitored. Nineteen 

different quality characteristics were determined from 60,000 trees, which were 

used for the comparison and monitoring of tree growth (Beuker, 1998, 2000). 

When the match industry collapsed, so did forest owners’ interest in hybrid 

aspen. The trees were seen as worthless, which meant they were cut down to make 

cultivation space for valuable tree species. However, some of the forest areas 

established in the 1950s and 1960s were preserved, which later enabled the 

continuation of research on aspen-derived materials (Beuker, 1998, 2000). 

In the 1990s, interest in aspen material grew again when the former Metsä-

Serla company (currently Metsä Board Oyj) invested in paper grade called Galerie 

Queen. From 1996 onwards, this company started using naturally grown aspen as 

a raw material for the production of a fine-quality paper called Galerie Fine. At that 

time, the annual need for aspen material was 300,000 m3 and, according to the 

forecast, was going to grow. About half of the aspen material came from Finland 

and the rest was imported from abroad. However, the problem of naturally growing 

aspen was uneven quality, which could have been solved by hybrid aspen clones of 

more uniform quality and tailored as raw material (Beuker, 1998, 2000). 

The hybrid aspen groves preserved from the 1950s and 1960s and a new market 

outlook also created the basis for a selection and propagation programme started in 

1995 by the Forest Tree Breeding Foundation in cooperation with the former 

Finnish Forestry Research Institute (now, Luke). From 1995 onwards, about 1,000 

hybrid aspen trees have been selected based on growth and shape characteristics 

for chemical composition determinations, which narrowly include only soluble 
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lignin and fibre dimensions. Based on these tests, the best specimens were selected 

for micropropagation tests. However, micropropagation success varied 

considerably between trees. From these micropropagation experiments, individuals 

were selected that, based on the tests, had the best conditions for large-scale 

production. Out of 300 trees, 27 (including two native aspens) ended up in mass 

production. Even in 2000, there were only 12 clones with the best reproduction 

ability in mass production; however, by 2001, new propagation material from 60 

new clones was available for research plots (Beuker, 1998, 2000). 

The large-scale production of seedlings started to take off in 1997 when 7,000 

commercially produced seedlings had been grown and planted. During the 

following year, this number rose to 140,000; of these, 23,000 were planted for 

additional research trials. At the end of 1998, the production of 300,000 tree 

seedlings began. The market’s growth outlook was so promising that Metsäliitto’s 

goal at that time was the production of 1 million saplings (Beuker, 1998, 2000). 

For the mass production of hybrid aspens, forest owners were attracted by a 

guaranteed price, where the promise was to buy the planted aspens after 25 years 

at 75–80 percent of the price of spruce fibre at the time. At the end of 1998, 50 

forest owners signed a cultivation contract, and contracts were ready to be made 

with all those willing if the tree cultivation areas were within a maximum radius of 

150 km from the paper mill (Korpimo, 1998).  

Despite good starting points, the aspen market, and the cultivation of forest 

owners did not take off. In 2012, it was reported that the amount of cultivation did 

not become widespread enough and that biomass was not produced to meet the 

needs of industry (Palomaa, 2012). Since then, the wood market has changed 

significantly, and the future of hybrid aspen again seems uncertain. Cultivated 

hybrid aspen, however, still has value for wood farmers when sold as energy wood; 

alternatively, Metsä Group still redeems hybrid aspen cultivated 20 years ago at a 

price tied to spruce (Lautala, 2019; Lensu, 2020). 

2.2 The basic composition of lignocellulosic biomass 

As aspen hybrids and their bark utilisation in chemical production are at the centre 

of this dissertation, the literature review focuses on the compositions of hardwood-

based lignocellulosic biomass. The basic chemical composition of wood and bark 

can be divided into two basic groups: structural (macromolecular) and 

nonstructural (low-molecular-weight) substances and their subgroups, as shown in 

Fig. 2 (Fengel & Wegener, 1983). This Ph.D. dissertation focuses on the conversion 
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of the hemicellulose of hardwood species and the utilisation of water-soluble 

extractives. Therefore, the chemical composition of these substances, their 

potential for recovery, and added value will be examined in detail. Other 

macromolecular substances, including those other than hydrophilic low-molecular-

weight substances, are discussed at a general level. 

 

Fig. 2. The main groups of macromolecular (structural) and low-molecular-weight (non-

structural) substances in wood and bark (Fengel & Wegener, 1983). The quantitative 

ratios of the main groups to each other differ between the wood and the bark, but in 

addition, the compositional chemistry of the bark also includes insoluble compounds, 

such as suberin derived fatty acids (see chapter: 3.2.1. Extraction methods, Alkaline 

alcohol extraction) (Sjöström, 1993). 

2.2.1 Structural substances 

Lignin 

Lignin is one of the most common organic substances (Calvo-Flores & Dobado, 

2010). Lignin mechanically strengthens the fibrous structures of plants (Fengel & 

Wegener, 1983). The quality and quantity of lignin vary between hardwood and 

softwood species as well as in different parts of a tree (Fengel & Wegener, 1983). 
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In hardwood species, the amounts are typically 20–25% (dry weight, d.w.) in wood 

(Sjöström, 1993). Lignin is a hydrophobic polymeric substance that consists of p-

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Fengel & Wegener, 1983; 

Sjöström, 1993). Lignin can be separated from lignocellulosic biomass by 

hydrolysis of polysaccharides from extract-free wood material (Corderi et al., 2021; 

R. B. Santos et al., 2012; Sjöström, 1993).  

In hydrolytic separation, polysaccharides are broken down under acidic 

conditions into water-soluble sugars in which case the residual material is acid-

insoluble lignin (Corderi et al., 2021; R. B. Santos et al., 2012; Sjöström, 1993). 

This kind of lignin is called Klason lignin, which is probably the best-known type 

of isolated lignin. Klason lignin extraction is typically carried out with 72% 

sulphuric acid. This can also be done with other strong acids, but lignin’s structure 

can change significantly during separation process (Sjöström, 1993). Determining 

the exact concentration or chemical structure of lignin is challenging, and analysis 

results can vary depending on the analysis methods used and a sample’s chemical 

and structural qualities (Calvo-Flores & Dobado, 2010; Grabber, 2019; Hatfield & 

Fukushima, 2005; Lapierre, 1993; Sette et al., 2011).  

A Klason lignin assay is useful for determining concentration but is not 

particularly well suited for chemical characterisation or studies of biological 

transformation and degradation. Klason lignin content determination also has 

shortcomings because it alone is not sufficient to describe the lignin content of 

hardwood species. The total content should also take into account acid-soluble 

lignin, which is extracted during acid hydrolysis when polysaccharides are 

separated (Sjöström, 1993). 

Acid-soluble lignin is determined using UV-spectrophotometry and added to 

Klason lignin content (Sjöström, 1993). For the chemical characterisation of lignin, 

Björkman lignin, also known as Björkman ground wood lignin or milled wood 

lignin, is used (Obst & Kirk, 1988). Ground wood lignin is separated, for example, 

by separating extractives with toluene-ethanol extraction, after which the sample is 

ground into a fine powder that is extracted in a strong dioxane (aq) solution. The 

filtrate separated by filtration is concentrated and purified to recover milled wood 

lignin, and the residue from filtration contains residual enzyme lignin (Zhang et al., 

2016). 

According to Bajwa et al. (2019), the pulp industry can be considered a 

traditional source of lignin, where sulphur-containing lignin has been formed as a 

side stream and is mainly exploited as fuel in heat production. Of these, the most 

typical lignin materials are kraft, sulphite and hydrolysed lignin, of which sulphite 
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lignin is the most available. In connection with current biorefining, sulphite-free 

lignin is also obtained as a side stream, which has the potential for further 

processing. Most sulphur-free lignin originates from biomass conversion, solvent 

pulping and the soda pulping process.  

Bajwa et al., (2019) stated that the current utilisations of lignin are heat and 

power energy, as pyrolysis and syngas products, and as a binder and cement. 

According to Bajwa et al., (2019), lignin’s current future applications are for 

carbon-based materials and chemicals such as: oxidised products (high-value 

chemicals), phenolic compounds, hydrocarbon compounds, urethanes and epoxy 

resins, biomedical applications, fire retardants, antioxidants, sequestering agents, 

and lignin-based nanomaterials. These uses include many types of applications, so 

lignin is a particularly interesting precursor for a wide range of uses. Lignin can 

also be converted to value products such as renewable chemicals and fuels by using 

a high temperature thermochemical conversion method (Collard & Blin, 2014; 

Naron et al., 2019). But in a low-temperature conversion, such as torrefaction, the 

effects on lignin are minor, and therefore not central to the scope of this dissertation 

regarding the formation of conversion distillate chemicals. At temperatures 

characteristic of torrefaction (150–300°C) low-molecular-weight compounds e.g., 

water, formaldehyde, phenolic compounds, and unsaturated chains are formed and 

released from lignin structures (Dufour, 2016). 

Cellulose 

Cellulose is a very important plant macromolecular substance that binds an 

estimated 40% of plant carbon in the biosphere. The typical concentration in wood 

is 40–50% and 20–30% in the bark. In the composition of wood, cellulose is not an 

independent component that can be easily separated but is closely linked to both 

hemicellulose and lignin (Fengel & Wegener, 1983; Sjöström, 1993).  

Cellulose separation, especially through cleaning, is a demanding chemical 

process. For concentration determination or productisation, cellulose can be 

separated into a less pure precursor in which case the resulting substance is called 

alpha cellulose. Wood cellulose can be separated and analysed either by separating 

hemicellulose and lignin from holocellulose (hemicellulose and cellulose 

combined), by direct separation and purification from wood, or by determining 

cellulose content by using wood hydrolysis. Many methods are suitable mostly 

when used on a laboratory scale; in industrial solutions, separation methods are 

highly optimised for the raw materials used and cost efficiency. The major 
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challenge of chemical pulping is preserving the macromolecular structure of 

cellulose as much as possible and avoiding the separation of the more easily 

hydrolysed hemicellulose (Fengel & Wegener, 1983; Sjöström, 1993). 

Cellulose is a monomolecular polymer that consists of β-D-glucopyranose (i.e., 

glucose) units (Fengel & Wegener, 1983; O’Sullivan, 1997; Sjöström, 1993). The 

glucose units are in the chair conformer, linked to each other by (1→4) glucosidic 

bonds, and the molecular weight of the polymer can range from 20,000 to 2.5 

million grams per mole depending on the source of the cellulose fibre. Glucose 

units are planarly aligned with each other. The functional groups of 

homopolysaccharides are hydroxyl groups, which makes them capable of forming 

intra- and intermolecular hydrogen bonds. Hydrogen bonds determine the 

orientation of cellulose structures relative to each other, determine chemical 

properties and modify fibre structures in native, crystalline, or liquid cellulose 

(Fengel & Wegener, 1983). The chemical structure of a macromolecule is known 

in great detail, but cellulose still has unresolved issues. For example, the exact 

molecular weight of native cellulose, the dispersion of the degree of polymerisation 

(Stepto, (2009): distribution of the different lengths of polymer chains), and the 

dimensions of the microfibers of cellulose are still unknown (Sjöström, 1993). 

The most well-known and traditional use of chemical pulps is probably the 

production of paper. However, the biorefinery of forest resources is in a transition 

phase, so the wood pulp and paper industries are expected to have the vision, ability, 

and interest in transitioning to a versatile bioeconomy (Toppinen et al., 2017) in 

which case the utilisation of cellulose will also presumably be more versatile in the 

near future. Forest-derived cellulose can be used in the production of platform 

chemicals, which happens through conversion methods. The structural sugar of 

cellulose (i.e., glucose) is converted into platform chemicals, such as 5-

hydroxymethylfurfural (Artz & Palkovits, 2018), among a variety of other 

chemicals. These platform chemicals can be used to produce other valuable 

chemicals to replace petrochemicals (Artz & Palkovits, 2018; Kobayashi & 

Fukuoka, 2013; Sheldon, 2018; Takkellapati et al., 2018; T. Wang et al., 2014).  

Cellulose can be converted into volatile matter by thermochemical conversion 

methods, such as pyrolysis (S. Wang et al., 2017). The temperature range for the 

decomposition and conversion of cellulose is 300–400°C, where water, furans, and 

methylglyoxal, as well as the low-molecular-weight gases CO and CO2, are formed 

(Dufour, 2016). As cellulose is most reactive only above 300°C; thus, cellulose is 

not the most central macromolecular substance for distillates produced by 

torrefaction under a temperature of 270°C. 
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Hemicelluloses 

When the thermochemical conversion of wood biomass is performed at mild 

temperatures, such as in torrefaction processes, hemicellulose (i.e., non-cellulosic 

polysaccharides and polyols) is the most important structural compound considered 

(Basu, 2013). The hemicellulose of hardwood and softwood species differs (Fengel 

& Wegener, 1983; Laine, 2005; Sjöström, 1993), but this current study focused only 

on the examination of hardwood hemicellulose in so far as it is relevant for the 

study of thermochemical conversion by torrefaction. The structural sugars of 

hardwood hemicellulose are largely xylose and contain more acetyl groups than 

mannose-containing softwood hemicellulose (Fengel & Wegener, 1983). In 

torrefaction, the xylose chains of hemicellulose and their acetyl groups are 

fundamental chemical structures in the conversion to acidic distillates carried out 

by torrefaction (Basu, 2013). The xylose and O-acetyl contents of Populus 

tremuloides are high (21.4% by weight yield of isolated 4-O-methylglucuronoxylan 

with Me-GluU ratio of 9:1) (Fengel & Wegener, 1983), which is why the distillates 

produced by torrefaction of hybrid aspen can also be expected to have a high acid 

content. 

The polymeric structures of hemicellulose consist of sugar units subdivided 

into groups of pentoses (β-D-xylose, α-L-arabinopyranose and α-L-

arabinofuranose), hexoses (β-D-glucose, β-D-mannose, and α-D-galactose), 

hexuronic acids (β-D-glucuronic acid, α-D-4-O-methylglucuronic acid and α-D-

galacturonic acid) and deoxy-hexoses (α-L-rhamnose and α- L-fucose) (Fengel & 

Wegener, 1983). In this study’s analyses, the total content of hemicellulose and 

pectin were determined from sugar units of arabinose (Ara), glucose (Glc), 

glucuronic acid (GlcA), galactose (Gal), galacturonic acid (GalA), mannose (Man), 

rhamnose (Rha), 4-O-methylglucuronic acid (4-O-Me-GlcA), and xylose (Xyl), 

according to Sundberq et al. (1996). 

Unlike cellulose, the polymeric structure of hemicellulose consists of different 

sugar units, but its chemical structure is also shorter-chained and branched. The 

main chain of this polymer structure can consist of only one (homopolymer) or 

several (heteropolymer) sugar units. The other sugar units in this structure are side 

groups of the chain (Fengel & Wegener, 1983). 

The hemicellulose of hardwood species is rich in xylan (O-acetyl-4-O-

methylglucuronoxylan). Xylan is typically a homopolymer in which the main chain 

consists of xylose units linked to each other by β-(1→4) glycosidic bonds 

(Ebringerová & Heinze, 2000). In contrast to the celluloses’ straight and regular 
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arrangement of the glucose units, the xylan chains fold irregularly. 4-O-

methylglucuronic acid side groups (4-O-Me-GlcA) are attached to the xylan chain 

by α-(1→2) -glycosidic bonds. Part of hydroxyl groups at C2 and C3 are acetylated. 

In the xylan backbone structure, the ratio of side groups of 4-O-Me-GlcA to Xyl 

units is typically 1:4–16 (Ebringerová & Heinze, 2000), and the molar ratio of O-

acetyl side groups is 1:0.5–0.6 (Xyl:O-acetyl). The proportion of O-acetyl groups 

can be calculated based on xylose content, as the side groups are evenly distributed 

in the C2 or C3 positions of the xylose units (Fengel & Wegener, 1983; Sjöström, 

1993). The typical xylan content in hardwood species is 25–35 wt.% (Ebringerová 

& Heinze, 2000); compared to this, a slightly lower xylan content of 21.4 wt.% 

(total yield) has been observed in Populus tremuloides (Fengel & Wegener, 1983).  

In addition to 4-O-Me-GlcA, xylan also contains some rhamnose and 

galacturonic acid (GalA) (Fengel & Wegener, 1983). The hemicellulose of 

hardwood species also contains heteropolymer glucomannan, which, in its simplest 

form, consists of only mannose and glucose units in a ratio of 1.5-2:1 (Populus 

tremula) linked to each other by β-(1→4) bonds. The amount of mannans in relation 

to xylan is only a couple percent. Hemicellulose also includes pectins: 

galacturonans, galactans and arabinans (Fengel & Wegener, 1983). However, the 

concentration of these in the hemicellulose of hardwood is particularly small and 

not so interesting as far as the torrefaction of hemicellulose into distillate 

production is concerned. 

Like cellulose, xylan is an interesting macromolecular substance that can be 

utilised as a precursor for the production of platform chemicals (Takkellapati et al., 

2018); however, as xylan is a polymeric and viscous in solution, it is also usable as 

an additive and binder chemical in various coating applications (Ebringerová & 

Heinze, 2000; Farhat et al., 2017; Norström et al., 2015). Separating xylan from 

lignocellulosic biomass is challenging, as lignin and its lignin–carbohydrate bonds 

prevent hemicellulose release. Due to its difficult separation, industrial-scale 

methods for the extraction and purification of xylan are still being investigated and 

sought after (Ebringerová & Heinze, 2000). In the development of separation 

methods, it is particularly important to specify what kind of use the xylan is 

separated for, as the approaches used have an effect on the properties of final xylan 

products.  

Biomass extractions also affect biomass extraction residue, which also 

contributes to its further use possibilities  (Ebringerová & Heinze, 2000). Typically, 

alkaline extraction solvents are used to extract xylan from woody biomass, but 

alkaline conditions are unfavourable for the preservation of O-acetyl side groups. 
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O-acetyl groups are better preserved in hot water- or steam-based extractions, but 

significant loss can also be observed in them if the temperatures used are too high 

(Ebringerová & Heinze, 2000). With hot water- or steam-based extraction methods, 

xylose structures break down and turn into a more water-soluble state, producing 

oligomeric products and low molecular mass xylan structures  (Ebringerová & 

Heinze, 2000).  

The separation of xylan often takes place as a multistep process, which is the 

case with hardwood: first delignification with acidic sodium chloride before xylan 

separation with alkaline extraction. In a pilot-scale industrial experiment, a good 

result was obtained with H2O2/NaOH delignification (removal of lignin) and 

subsequent alkaline extraction (Ebringerová & Heinze, 2000). The descriptions of 

the properties embody the chemical properties of xylan and how the substance can 

be isolated for utilisation. These solubility properties are also important factors 

when choosing ways to separate other valuable products, such as extractives from 

wood or bark, without negatively or prematurely affecting the xylose content.  

In the thermochemical conversion of lignocellulosic biomass, hemicellulose 

breaks down over a wide temperature range due to the complex polymeric structure 

of the macromolecule and sugar units with varying side groups and different 

thermal stabilities. In the range of 150–250°C, the xylan structures of hemicellulose 

release in addition to water and CO, formic acid, and acetic acid in the conversion, 

and between 250–350°C, acetone, hydroxypropane, hydroxybutanone, and furfural, 

along with water and CO. Between 250–350°C, furan and furanone compounds are 

formed (Dufour, 2016). In a mild torrefaction process (< 270°C), the distillate 

formed is acidic without significant amounts of furanic compounds. 

 As described, xylan cannot withstand alkaline extraction conditions in wood 

material or high-temperature hot water/steam extractions. This should be taken into 

account when planning the utilisation of woody biomass in a multi-product manner. 

If the goal is to utilise the chemical properties of native hemicellulose after the 

separation of value side streams, the first separation process step needs to be chosen 

so that the hemicellulose remains in its native form as much as possible through 

processing. 

2.2.2 Nonstructural substances and their extraction 

Non-structural, i.e., low-molecular-weight substances in woody biomass contain 

inorganic matter (nutrients N, P, K, Ca, Mg B, Fe, Mn, Zn, Cd and Cu, and ash) as 

well as organic compounds (extractives). The ash and nutrient content in the bark 
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of hybrid aspen is significantly higher than in the wood. Although the bark accounts 

for 27–40 wt.% of the wood’s biomass, the total amount of nutrients bound to the 

bark is higher than in debarked wood. The amounts and variations of nutrients 

depend on the growing medium of trees and its possible fertilisation (Hytönen, 

2018).  

Like the organic matter of wood, wood ash also has use value. Inorganic ash 

can be used in various ways; for example, it has value in the production of concrete 

(Siddique, 2012), as a fertiliser or as a soil conditioner (Augusto et al., 2008). The 

focus of this dissertation is on the utilisation of organic extract, so a more detailed 

examination of the wood ash is limited outside of the research scope. 

Extracts are highly heterogeneous in composition and contain a significant 

number of different compounds or compound groups. In the most basic 

determination of wood extracts, extractives are divided into groups of hydrophilic 

and lipophilic compounds. Lipophilic extracts are soluble in organic non-polar 

solvents such as ethyl ether, dichloromethane and hexane, and hydrophilic 

compounds are extractable with polar solvents such as water, acetone, and ethanol 

(Sjöström, 1993). Although the extractives are divided into the main groups 

described above, the boundaries between them are rather unclear due to the 

complexity of the extractive compositions. Both groups of compounds vary 

quantitatively and qualitatively, with a very wide range from one tree species to 

another but also in different parts of a tree, such as the bark, trunk, leaves/conifers, 

and roots. Thousands of compounds in extractives have been identified in 

hardwood species; however, when described at a general level, hardwood extracts 

consist of substances such as terpenes, terpenoids, fats, waxes, phenols, lignans, 

quinones, tannins and flavonoids (Fengel & Wegener, 1983; Sjöström, 1993). 

There are several possible uses of the extracts. Extracts are rarely the main 

product of wood biorefinery products, but the goal is to separate an extract as a 

value side stream before the main product is exploited. Valorisation of extracts can 

be used to increase the degree of processing of wood raw material as well as to 

improve the profitability of bioprocessing by producing added value for biomass 

(Azmir et al., 2013; Rasi et al., 2019; Y. Wang et al., 2011; Yazaki, 2015; 

Zwingelstein et al., 2020). The preextraction of biomass can also improve the 

quality of the main products produced in a thermochemical conversion, such as 

pyrolysis oil or torrefied solid matter (Brueckner et al., 2020; Tooyserkani et al., 

2013). 

The selection of the separation method for low molecular weight compounds 

often depends on the biomass to be extracted, the chemicals to be targeted and the 



32 

intended uses for the extracts. Conventional extraction methods (i.e., conventional 

solid-liquid extractions and classical extraction techniques) have been much 

researched and widely applied both in the laboratory and on an industrial scale. The 

methods are usually those with a long extraction time, carried out at atmospheric 

pressure with or without stirring and between room temperature and the boiling 

point of a solvent (Zwingelstein et al., 2020). Conventional extraction methods also 

include more modern approaches in which extraction efficiency is improved by 

modifying the pressure or adjusting the state of the solvent phase (M. B. Santos et 

al., 2022). In classic extraction methods, the most typical organic solvents used 

together with water are ethanol, methanol, acetone, and dichloromethane (M. B. 

Santos et al., 2022). 

Santos et al. (2022) reviewed commonly used conventional and more modern 

extraction methods for the separation of the bioactive and phenolic extracts of wood. 

According to them, the commonly used conventional methods are steam distillation 

and hydrodistillation, Soxhlet extraction, maceration, and infusion. Non-

conventional methods can further improve extraction efficiency and reduce the 

high solvent consumption typical of classical methods as well as better comply with 

green chemistry approaches (Belwal et al., 2020). Non-conventional extraction 

techniques include, for example, microwave-assisted extraction, ultrasound-

assisted extraction, pressurised liquid extraction, supercritical fluid extraction, 

ionic liquids, deep eutectic solvents and enzyme-assisted extraction (Belwal et al., 

2020; M. B. Santos et al., 2022). Often, an extraction and separation process include 

the purification of compounds of interest and their concentration steps in which 

different chromatographic methods are applied (Hagerman & Butler, 1980; 

Sepperer et al., 2019; Varila et al., 2020; Z. Zhou et al., 2016). 

The composition of the extracts of different aspen species has been defined and 

the potential added value of identified compounds has been examined. A large 

number of chemicals known to have commercial value or known uses have been 

identified from the bark extracts of the Populus tremula and Populus tremuloides 

species. Devappa et al. (2015) reviewed a large number of studies on the identified 

chemicals in poplar bark extracts and the bioactivities or industrial applications of 

identified phytochemicals. The number of identified valuable chemicals is 

extensive, and the variety of potential uses ranges from anticancer drugs to material 

chemistry applications. 

Despite their potential, utilising the individual active ingredients of a bulk 

extractive collected is not simple. This is due to the complex process requirements 

for the separation, purification, and concentration of the heterogeneous chemical 
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matrix of the extracts (Devappa et al., 2015). Therefore, the products made from 

extractives with the most market potential are polyphenol-based adhesives and 

foams. These can be produced from a heterogeneous phenolic extract, are the 

closest finished product for the market and are an excellent substitute for 

petrochemical-based products (Kuo et al., 2018a). The extracts that can be used for 

foams and adhesives are best isolated with alkaline extraction solvents (Kuo et al., 

2018a), but if the goal is to utilise the macromolecular polyols of the bark extraction 

residue in their native form, alkaline extractions are not a suitable option (see 

Chapter 2.2.1). 

2.2.3 Bark and its added value  

Bark, like other wood biomasses, can be utilised in many ways. At its best, bark 

biomass offers compositional advantages that other wood biomass does not have. 

The most important of these is the abundant and versatile extractive content, which 

has many possibilities for use as a raw material for chemical production (Devappa 

et al., 2015; Pásztory et al., 2016). However, there are many challenges associated 

with the utilisation of bark due to which bark biomass cannot be used to its full 

value potential. Attempts to solve this are being made through research. Possible 

applications are being actively sought with the help of which bark can be used to 

produce added value for wood, or possible ways to utilise bark-derived biomass 

accumulated as waste, as can be seen from references such as: Ajao et al., 2021; 

Busquets-Ferrer et al., 2021; Dalahmeh et al., 2012; Diouf et al., 2009; Feng et al., 

2013; Harkin & Rowe, 1971; Jablonsky et al., 2017; Jansone et al., 2017; Kuo et 

al., 2018; Matsumae et al., 2019.; Ogunwusi, 2013; Pásztory et al., 2016; Pietarinen 

et al., 2006; and Yazaki, 2015. 

The utilisation of bark biomass, despite its challenges, is particularly attractive 

because of its abundant availability, as considerable amounts of bark biomass are 

produced as side streams of the wood industry, such as sawmills and the pulp 

industry. The bark consists of the same basic components of cellulose, 

hemicellulose, lignin, and extractives as other wood material (Fig. 2). From the 

viewpoint of the quality of the raw material, the differences between wood and bark 

are due to the concentrations of basic components, such as, for example, the bark 

has a significantly higher total extractive content, a higher lignin content and 

generally a lower holocellulose content than the wood (as will be presented later in 

the chapter: 4.1 Clonal variation in hybrid Aspen bark and added-value potential). 

The compositions of the extracts of both biomasses partly consist of similar 
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substances, but they also have significant differences, such as tannins, which are 

only characteristic of the bark (Pásztory et al., 2016). 

In connection with the use of wood resources, the utilisation of biomass, which 

is excessively formed as a side stream, has positive effects from an environmental 

viewpoint, but the enhanced utilisation of bark has also been estimated to have 

social and economic effects (Kuo et al., 2018). Kuo et al. (2018) described the 

social benefits of reducing dependence on foreign oil producers, reducing local CO2 

emissions and mitigating climate change. Economic benefits arise from curbing 

petrochemical prices, utilising waste materials, and increasing employment. The 

mentioned advantages of utilising the bark largely refer to consumption it as a fuel, 

but Kuo et al. (2018) see the potential of bark-derived biomass also as a raw 

material for the use of chemical industry. 

Bark is lignocellulosic biomass, like wood; however, despite this, the 

utilisation of the material is at an inferior level. The bark is often treated as a side 

stream of waste, so the material ends up in waste incineration, in a landfill or 

composted. Bark material is often burned as an energy fuel, which is supported by 

the following factors: the high availability of bark, no sulphur or nitrogen emissions 

and a greater burning value than wood due to higher fixed carbon and resin content 

(Harkin & Rowe, 1971; Jansone et al., 2017; Lunguleasa & Spirchez, 2017; 

Ogunwusi, 2013; Pásztory et al., 2016).  

When consumed as fuel, bark resin also has a positive effect on the composition 

of fuel pellets. Bark burning for energy is often used locally in wood industry 

infrastructures, where a bark side stream is formed. This is advantageous in that no 

new emissions are created from the transfer of fuel, and this can locally reduce the 

need for fossil fuel energy. However, in terms of the properties mentioned in favour 

of its use as an energy fuel, bark is not an excellent energy source. Although bark 

has a higher calorific value than wood, it contains a significant amount of ash, 

which also has a lower sintering point than wood ash. When burning, the bark forms 

a large amount of ash waste, which, upon sintering, produces a solid substance, 

causing harm to incinerator systems (Lunguleasa & Spirchez, 2017; Pásztory et al., 

2016).  

The bark also has a high moisture content, which in part lowers the calorific 

value, but even though the bark is compared to coal as a dry material, 10 tonnes of 

dry bark is equivalent to seven tonnes of coal. In addition to high ash content, the 

calorific value is reduced by the high oxygen content in the chemical structures of 

the bark composition. When burning bark, the energy is often only used locally in 

the infrastructure of the wood industry, where bark waste is generated. Bark is not 
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a green option as fuel if wet energy-poor bark mass has to be transported over long 

distances (Lunguleasa & Spirchez, 2017; Pásztory et al., 2016). Based on the above, 

it can be stated that in energy production, bark is not considered a sensible 

alternative to coal as part of energy crisis management; thus, biomass cannot be 

considered a highly valuable biomass in this respect. Nevertheless, the material has 

great potential as a feedstock for the chemical industry. Currently, the most 

interesting substances obtained from bark biomass are tannins and lignin. Both 

have properties that act as precursors of foam polymers, which are considered in 

the next chapter. 

2.3 Rigid carbon foam and activated carbon 

2.3.1 Rigid carbon foam 

Bark extracts can be used to produce numerous different bioproducts, but foams 

are one of the most potential applications in the chemical industry (Kuo et al., 2018). 

These foams are commonly called ‘biofoams’, but when they are made from tannin-

rich bark extracts, especially softwood, they are mainly called tannin-based foams 

(Pizzi, 2019). Biofoams are being studied to replace polyurethane-based foams 

produced from synthetic polyols and isocyanate. In current partially bio-based 

foam products, polyols come from natural renewable sources, but isocyanate is still 

a synthetic precursor.  

The purpose of biofoams is to use completely renewable starting materials to 

produce an equivalent to synthetic foams. A tannin-based foam can be produced in 

a few ways. It can be produced with or without a blowing agent, by heat production 

generated by a reaction or external heating or by foams produced by mechanical 

stirring (Pizzi, 2019). Tannin- and phenolic-rich extract can be separated from bark 

using conventional extraction methods but also with alkaline solvent extractions. 

In this case, alkaline tannin-based carbon foam can be produced from the extract 

(Basso et al., 2014). 

Tannin-based foam products also include tannin-based carbon foams. This 

differs in terms of chemical processing in that carbon foam is heated to a high 

temperature, which causes carbonisation of the organic matter; therefore, the 

material obtains fire- and heat-resistant properties. The porous structure of carbon 

foam can be either open- or close-celled, with varying pore sizes and densities 

(Varila, 2020). 
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Rigid biofoams have the potential to be used in many industrial solutions. This 

substance has absorbent properties even without carbon activation in which case 

the material works, for example, for the separation of metals or other substances 

from wastewater (Bacelo et al., 2016; Sánchez-Martín et al., 2013; Tondi & Pizzi, 

2009). Rigid carbon foam is also suitable for material applications, such as acoustic 

materials (Lacoste et al., 2015), filler for seasonal thermal storage (Jana et al., 2014) 

or use in low-density sandwich panel structures (Zhou et al., 2013). 

Varila (2020) conducted a comprehensive study of rigid carbon foams derived 

from bark extracts, in which he described the following: Synthetic polyols used as 

foam precursors can be replaced with biomass-derived sugars, but the properties of 

the foam product formed from these, such as strength, are not particularly good 

enough for industrial applications. As an alternative to the sugar precursor, tannins 

and polymeric carbon foams formed from furfural alcohol or furfural alcohol–

formaldehyde, used as their crosslinks, have been studied. A reagent with a low 

boiling point, such as the aliphatic organic solvent pentane, is also required for the 

formation of foaming bubbles. To ensure the porosity and quality of the resulting 

foam, a surfactant is added according to the foam reagents, which lowers the 

surface tension of the preparatory solutions and strengthens the films of the formed 

gas bubbles. Foaming reactions are started with the help of the catalyst para-

toluenesulfonic acid monohydrate. In polymerisation reactions, such as the self-

polymerisation of furfural alcohol, heat is generated, which is used to evaporate the 

pentane or other volatile matter needed for bubbling.  

Both hydrolysable and condensable tannins can be used in foaming, but 

condensed tannins are more effective in foams aimed at industrial needs. Tannin is 

not the only foaming starting material in a complex extract; lignin and sugars also 

have properties that act as a part of foam structures. The quality of tannin-based 

foams can be modified with lignin, whereby the strength and density of the material 

change when the tannin–lignin ratio is adjusted appropriately (Varila, 2020). 

Varila (2020) used furfural alcohol as a polymer reagent in his research, but 

tannin-based carbon foams can also be produced without it, such as in alkaline 

tannin-based carbon foam, where foams have been successfully produced by using 

an aldehyde hardener without the presence of furfural alcohol (Basso et al., 2014). 

When the aim is to reduce the use of petrochemical products, furfural alcohol can 

also be produced from renewable resources. This chemical is a derivative of 

furfural, which can be produced from the hemicellulose of plants (Brydson, 1999; 

Machado et al., 2016). Whilst both furfural alcohol and polyols are from renewable 
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natural resources, rigid carbon foam is almost entirely produced from renewable 

biomasses. 

2.3.2 Activated carbon foam 

Activated carbon is produced from carbonaceous materials by using various 

physical, chemical, or physicochemical methods. These methods produce porous 

carbon material with a large adsorption surface area (Nor et al., 2013). Alternatives 

for the production of activated carbon are sought from renewable natural resources, 

such as wood biomass and agricultural waste (Alslaibi et al., 2013; Danish & 

Ahmad, 2018; González-García, 2018; Ioannidou & Zabaniotou, 2007; Mohamad 

Nor et al., 2013; Yahya et al., 2015). The rigid carbon foam produced from bark 

extracts also acts as a precursor of activated carbon. Rigid carbon foam already has 

absorption capacity, but the porosity and surface area of the substance can be 

increased with activation methods, which also improves the absorption properties 

of rigid carbon foam and increases its possible uses (Bergna et al., 2018; Tondi et 

al., 2010). 

The activation of carbon can be carried out using several methods, but in this 

dissertation, chemical activation was applied. Chemical activation utilises 

activation reagents, which are usually ZnCl2, KOH, NaOH and H3PO4 (Bergna, 

2019; Lillo-Ródenas et al., 2003; Mohammad-Khah & Ansari, 2009; Varila et al., 

2017; Yorgun et al., 2009). Chemical reagents alone are not enough to modify the 

physicochemical properties of the surface of carbon-based material, but activation 

is carried out in three steps. In the first step, the carbon material is impregnated 

with an activation reagent, whereby the surface of the material opens to receive the 

reagent and lets it into the carbon material during oven drying. In the second step, 

the infused carbon material is activated in an annealing furnace in an inert gas 

environment.  

In the last step, the impregnating agent in the activated carbon is refluxed away 

with the help of mineral acid, washed with the help of filtration until a neutral pH 

is reached and finally dried in an oven. Activation can also be carried out entirely 

by physical methods, but the pore size produced by chemical methods is 

significantly better, and the yield of the final carbon product is higher and can be 

carried out at lower temperatures (i.e., with lower energy consumption) 

(Ahmadpour & Do, 1996; Benaddi et al., 1998; Hayashi et al., 1995). However, 

chemical activation has the disadvantage of the environmental loads of the required 
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reagents as well as possible corrosion damage to processing equipment (Teng & 

Lin, 1998; Yorgun & Yıldız, 2015). 

2.4 Producing pesticides from biomass by torrefaction 

2.4.1 Torrefaction 

Like pyrolysis, torrefaction is a method of thermochemical conversion that can 

produce gas, liquid, and solid products from lignocellulosic biomass. Torrefaction 

is often characterised as a pretreatment or stabilisation method for wood, which is 

applied to produce a stable, water-repellent, bone-dry, easily transportable, and 

storable product for further processing (Basu, 2013). There is no commonly agreed-

upon definition of torrefaction; however, Basu (2013, p. 87) defined this method as  

“a thermochemical process in an inert or limited oxygen environment where 

biomass is slowly heated to within a specified temperature range and retained 

there for a stipulated time such that it results in near complete degradation of 

its hemicellulose content whilst maximising mass and energy yield of solid 

product.” 

In the literature, the torrefaction process is mostly described from the viewpoint of 

upgraded solid matter production, as solid matter is typically the desired product. 

Liquid and gas are counted as by-products and are typically not considered highly 

valuable products. Due to the above, the torrefaction process in the production of 

liquids is a little-researched application, so next, the description of the torrefaction 

process is presented according to the production of solids. The point of view is 

valid, as the liquid fraction is formed exactly according to the same process 

description, but the liquid is collected through a condenser to be recovered for 

production. 

In the torrefaction process, the aim is to chemically break down the 

hemicellulose of lignocellulosic biomass whilst minimising losses of cellulose and 

lignin, increasing the substance’s carbon content and reducing its oxygen and 

hydrogen content. Of the hemicellulose structures, 4-O-methylglucuronoxylan 

(xylan) is the most reactive at torrefaction temperatures and breaks down first and 

converts into volatile matter. In this case, the mass loss of biomass during 

conversion in lower temperature areas is primarily affected by the xylan content of 

the raw material but not the total content of hemicellulose (polyols). On a general 
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level, hemicellulose, cellulose, and lignin structures can be assumed to break down 

independently without any synergistic effects arising from each other. 

Hemicellulose is the primary substance converted at torrefaction temperatures, but 

some cellulose and lignin decompose at the upper end of the process temperatures 

(Basu, 2013). 

According to Basu (2013, p. 107), torrefaction processes can be carried out at 

different temperature ranges: 

1. Light torrefaction 200–240°C, where only hemicellulose breaks down without 

notable mass loss of cellulose or lignin  

2. Mild torrefaction 240–260°C, where the first reactive activities are observed in 

the cellulose 

3. Severe torrefaction at 260–300°C is characterised not only by the 

decomposition of hemicellulose but also by the partial decomposition of 

cellulose and lignin. 

A torrefied solid consists of organic compounds such as sugars, the remains of 

degraded fibrous polymer structures or new small polymers re-formed in reactions, 

carbon, and ash. The degradation and conversion of hemicellulose is an exothermic 

reaction that produces condensable and noncondensable chemical compounds 

through dehydration and decarboxylation. Noncondensable compounds of low 

molecular weight are CO, CO2, and CH4. Condensable volatiles contain lipids 

(terpenes and waxes), water, alcohols and furans formed by thermal decomposition. 

Distillates also contain carbonated water, carbon dioxide, carbon monoxide, acetic 

acid, methanol, and formic acid. Acetic acid is formed from the reaction products 

of acetyl side groups of macromolecular polymers (e.g., xylan), CO2 is formed 

through decarboxylation, and CO comes from reactions between CO2 and steam 

with the porous carbon surface of biomass (Basu, 2013). 

Thermal decomposition and the formation of volatiles are complex events that 

involve a series of different chemical reactions combined with energy and mass 

transfers. Hemicellulose is chemically most active in the temperature range of 100–

260 °C, but the main reactions take place above 200 °C.  

The progress of conversion can be described in different temperature ranges 

(Basu, 2013, p. 99; Bergman et al., 2005): 

– Non-reactive drying (50–120 °C): removes physically trapped moisture; no 

chemical or irreversible physical changes in the biomass; and shrinkage of the 

substance due to drying is noticeable. 
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– Lower reactive drying state (120–150 °C): lignin structures start softening. 

– Upper reactive drying state (150–200 °C): hydrogen and carbon bond breaks 

are initiated, as well as the first stages of hemicellulose depolymerisation; in 

this temperature range, short polymer structures are formed that condense 

inside the solid structures; after this, the wood material can no longer recover. 

– Lower temperature range of torrefaction (200–250°C): partial evaporation and 

charring of the solids formed in the upper reactive drying state; most of the 

intra- and intermolecular hydrogen, carbon–carbon, and carbon–oxygen bonds 

are broken; and condensable liquids and non-condensable gases are formed. 

– Higher temperature range of torrefaction (250–300°C): hemicellulose 

completely breaks down, producing volatile and solid products; and lignin and 

cellulose undergo conversion and carbonisation only to a limited extent.  

On an industrial scale, the torrefaction process proceeds in stages: initial drying, 

final drying and preheating of biomass, lower and upper torrefaction temperature 

range, and final cooling (Basu, 2013; Chen et al., 2021). The goal of initial drying 

(20–110°C) is to preheat the biomass and evaporate moisture. The first stage is a 

very energy-intensive process that produces a dry solid product, as it requires much 

energy to evaporate a large mass of water before the biomass is dry enough to heat 

to the final drying state and torrefaction temperature. Only when the moisture has 

nearly disappeared can the biomass heat up and reach its bone-dry state. The final 

drying and preheating phase (110–200°C) remove the remaining trapped moisture 

and produces completely dry biomass. On preheating, the first fibre structures 

begin to break down, and some of the low-molecular-weight organic compounds 

evaporate. This product is a preheated dry biomass that is ready to be torrefied. In 

the actual torrefaction process (200–300°C), the aim is to depolymerise the bulk 

mass. In the lower torrefaction temperature range (200–270°C), the hemicellulose 

structures of the wood break down and convert, whereby the acetic acid, methanol, 

CO, and CO2 formed in the reactions evaporate from the biomass. Some of the 

volatile substances condense into distillate during cooling (Basu, 2013; Chen et al., 

2021). 

As a solid product, biomass torrefied at the light/mild level is produced. The 

exothermic decomposition of torrefaction takes place at upper torrefaction 

temperature (270–300°C), releasing condensable and non-condensable vapours. 

The condensing distillates are separated using a cooling system. At higher 

temperatures, the reactions are weakly exothermic, which manifests as heat release 

at 250–300°C. Due to its exothermic nature, torrefaction in the upper-temperature 
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range theoretically requires a small amount of energy. Highly torrefied biomass is 

formed from which the hemicellulose has completely broken down. The 

torrefaction ends with the cooling phase in which the product is cooled in a 

controlled manner. The cooling state is necessary, as if the heated material in inert 

atmospheric conditions comes into direct contact with oxygen, there is a risk of the 

product igniting. After cooling, the biomass is safe to store. In the final product, 

40–45 wt.% of the solid matter remains, but only 10–15% of the energy content has 

been lost (Basu, 2013; Chen et al., 2021) 

Torrefaction can produce bio-based material with 1) high hydrophobicity, 2) 

low moisture content, H/C and O/C ratios, 3) high energy content and density, 4) is 

grindable, 5) has high resistance to biological degradation and 6) is more 

homogeneous than the original biomass feed. Torrefaction has aroused interest on 

the industrial side, and plants have been updated to suit torrefaction processes. An 

improved solid product already has reasonably good application and market options. 

A solid product can be used in applications such as co-firing and combustion, 

gasification, pyrolysis, ironmaking, and adsorbent for pollutants. In the market for 

torrefaction products, applications and patents have already appeared and a clear 

interest can be observed. Based on research, a solid produced by torrefaction has 

the potential to act as an environmentally friendly fuel alternative (Basu, 2013; 

Chen et al., 2021). 

Significant interest can also be observed in the field of scientific research, as 

the topic “torrefaction” searched by the Web of Science tool brings up more than 

3,000 hits, of which about 2,000 hits are directly related to energy and fuels and 

mainly to the utilisation of solid matter (searched on 7 September 2022). Despite a 

large number of publications, there is scant research on the beneficial use of 

condensable substances. 

As described above, condensable liquid products are formed alongside a solid 

product, which is often converted into energy for the use of torrefaction plants 

(Fagernäs et al., 2015). Equivalents to fossil-derived coal can be produced from 

biomass, but the operation is often less profitable. If a value side stream with direct 

uses can be separated from the process, the production of biomass-based fuels can 

be more profitable. The condensed liquid free of PAH compounds formed in low-

temperature pyrolysis (a.k.a. wood vinegar, pyroligneous acid) has shown its 

potential in agronomic applications, for example, as a growth regulator, fungicide, 

herbicide, insect repellent, biodegradable pesticide, and plant protection agent. 

Despite the observed bioactivities and promising applicability, tracing the actual 

active chemicals from distillates is very challenging or even impossible due to the 
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heterogenic nature of liquids. However, the acid content of conversion distillates 

has been estimated to be a central factor in pesticidal applications; thus, distillates’ 

acidic nature can be used to replace the use of synthetic acids (Baimark & Niamsa, 

2009; Fagernäs et al., 2015; Fagernäs, Kuoppala, & Simell, 2012; Fagernäs, 

Kuoppala, Tiilikkala, et al., 2012; Hagner et al., 2010, 2015; Inoue et al., 2000; 

Jung, 2007; Lindqvist et al., 2010; Mu et al., 2003, 2004, 2006; Orihashi et al., 

2001; Tiilikkala et al., 2010; Velmurugan et al., 2009). 

Pyroligneous acids have properties that can be used as a pesticide-active 

chemical but productising this chemical substance and putting it on the market is 

challenging. Productisation is made difficult for a producer by expensive regulatory 

processes and other regulations related to chemical safety. Also, the safety of using 

pyroligneous acids requires further research. However, as there is an increasing 

requirement for pesticides due to the growing need for food production worldwide, 

there is a market ready for pesticide chemicals. When the active ingredients, the 

safety of use and activities are better known, it is easier to bring a bio-based product 

to the market and replace environmentally harmful or petrochemical-based 

chemical products. 

2.4.2 Pesticide chemicals and their current state of use 

Next, a pesticidal chemical is defined, and the entities related to the control and 

regulation of chemicals and the extent of the pesticide market are presented. 

Pesticides are synthetically produced organic chemicals that protect plants or plant 

products from pests and plant diseases, prevent the unwanted growth of plants or 

plant parts, affect the vital functions of a plant, and affect the preservation of plants 

(EUR-Lex, 2009). Pesticide production relies heavily on the petrochemical industry, 

utilising non-renewable natural resources. In Finland, the Finnish Safety and 

Chemicals Agency (Tukes) supervises the use and safety of pesticides and produces 

annual sales statistics on the active substances of pesticidal products. It is permitted 

to use, sell or supply only plant protection substances approved by Tukes. 

Unapproved and unregistered substances may not be imported from abroad, even 

for small-scale personal use. Plant protection chemicals intended for use in the EU 

must be approved in all EU countries where the substances are intended to be used 

or sold. The substance to be used must be found in the EU Pesticides Database of 

the EU Commission (European Commission, 2022; Tukes, 2022). 

There is a huge global demand for pesticide products, and the demand is 

expected to grow. Production and imports have been growing sharply since the 
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1940s, reaching 3.75 million tonnes of production and 11.8 billion US dollars of 

imports in the 2000s. Demand and market growth forecasts for 2050 are production 

volumes of 10.1 million tonnes and imports of 32.2 billion dollars (Tilman et al., 

2001, 2002). There is also a marketplace for pesticide chemicals in Finland, which 

is presented alongside the herbicide and fungicide consumption of both global and 

EU countries in Table 1. 

Table 1. Global, EU and Finnish consumption of herbicides and fungicides in 

agricultural use in the year 2020. Statistical figures collected and tabulated from FAO, 

(2022). 

Area Fungicides and Bactericides (tonnes) Herbicides (tonnes) 

Global 605,986 1,397,465 

EU 142,853 105,687 

Finland 3,687 1,155 

A large amount of pesticide uses, and its ever-increasing need is accompanied by 

concerns about food safety and the unsustainable chemicalisation of the 

environment as well as the consumption of fossil-based petrochemicals. It is well 

known that the use of pesticides is not completely risk-free, and chemical safety 

agencies have to make complex assessments of the risks, harms, and benefits of 

chemical use (Christos, 2009; Swanton et al., 2011). In addition to environmental 

and health risks, heavy use of pesticides also causes pesticide resistance through 

the evolution of pathogens, weeds, and insects in which case pesticide development 

requires use-management and alternative products (Corkley et al., 2022; Hawkins 

et al., 2019). 

Despite its disadvantages, the use of pesticides is still quite often justified and 

useful. With the use of pesticides, it is possible to increase cultivation yield, prevent 

unsustainable crop losses due to pests, protect structures and construction materials, 

landscape, keep areas free of undergrowth and improve driving safety in urban 

areas by keeping road surfaces clean. In general, with the responsible and correct 

use of pesticides, it is possible to guarantee safe environments and food safety for 

people (Christos, 2009).  

Alongside synthetic pesticide chemicals, biopesticides, which originate from 

natural biomaterials and organisms, are also being studied. At best, these work at 

lower concentrations than their synthetic alternatives and can be emission-free or 

less harmful as environmental emissions and residues (Damalas & Koutroubas, 

2018; Olson, 2015; Sillanpää & Ncibi, 2017). Biopesticides have many use 
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advantages, but they still require a lot of research and development work to achieve 

a strong competitive position alongside chemical pesticides. It can, therefore, be 

stated that there is still a growing demand for chemical pesticides, but from the 

viewpoint of sustainable development, biomass-based chemical equivalents should 

be investigated and the need for petrochemicals reduced. 
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3 Materials and methods 

3.1 Research material 

The hybrid aspen clones (Populus tremula L. × P. tremuloides Michx.) studied in 

this dissertation were collected from a random block-designed field trial of the 

Natural Resource Institute Finland (Luke) in Punkaharju and Lohja. The types of 

hybrid aspen clones studied as feedstock are registered in The National List of 

Approved Basic Forest Reproductive Material, kept by the Finnish Food Authority 

(Finnish Food Authority, 2021). At the start of this study, the trees were 18 years 

old. 

The aim of Publication I was to map the potential of hybrid aspen clones as a 

raw material for chemical applications as well as the possibility of tailoring the raw 

material through clonal selection to designated applications. For this study, three 

different types of clones were selected randomly from the Punkaharju field trial. 

The wood clones compared in the study are presented in Table 2. Based on the 

results of Publication I, the type of clone (No. 5; Id C05-99-14) with the highest 

bark extract content was selected for subsequent Publications II and III, which were 

conducted on the very same wood samples collected from Lohja (Table 2). The 

extract separated from the bark by hot water extraction (Publication II) was 

transferred to research of publication III. This experimental design was used to 

investigate the utilisation of the feedstock according to the cascading use principle. 

Table 2. Growth site locations, wood sample collection time, and registry information 

of the hybrid aspen clones for this study. 

Field trial tree 

number 

National Register 

Id1 

Geographical 

location 

Tree sample 

collection time 

Research material 

2 C05-99-24 Punkaharju February 2018 (I) 

4 C05-99-34 Punkaharju February 2018 (I) 

5 C05-99-14 Punkaharju February 2018 (I) 

5 C05-99-14 Lohja February 2020 (II) and (III) 

1)The national list of approved basic forest reproductive material (Finnish Food Authority, 2021) 
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3.2 Preparative methods 

3.2.1 Extraction methods 

Hot water extraction 

The purpose of the hot water extraction of bark is to study two aspects: 1) the hot 

water extract as a value-added product and 2) the utility of extraction residue as a 

feedstock for thermochemical conversion. Hot water extraction of the bark was 

performed on undried bark masses. Hot water extraction was performed on a small 

laboratory scale; however, this work aims to scale utilisation to a pilot or industrial 

scale. The selected bark pretreatment was designed so that the bark biomass could 

be processed with the least possible energy and chemical consumption.  

The amount of solvent required for hot water extraction was calculated by 

considering the moisture content of the bark. The purpose of this was to adjust the 

solid-to-solvent ratio of the extraction conditions to a constant for the replication 

experiments. The particle size of the bark was left in such a size range that the 

situation corresponded as closely as possible to industrial applications. The 

extraction was not enhanced by elevated pressure, allowing the extraction side 

stream to be produced with simpler equipment. The extraction temperature of 90 °C 

and time of 2 h used were chosen to ensure an adequate extractant yield for further 

studies. The long extraction time and high temperature were evaluated as suitable 

in situations where extraction does not aim to utilise heat-sensitive compounds. The 

design of the hot water extraction method utilised the know-how generated by 

Luke’s previous research projects related to the utilisation of bark extracts. The 

experimental hot water extractions used are described in Publication II. 

Purification of crude bark extracts 

The crude extract separated from the bark was purified by column separation using 

an aliphatic acrylic cross-linked polymer XAD7HP as the absorbent material. The 

purpose of the extract purification study was to investigate the effect of XAD7HP 

column treatment on extract applications: 1) rigid carbon foam and 2) activated 

rigid carbon foam. This purification method has been applied to the concentration 

of tannins or other phenolics (Buran et al., 2014; Sandhu & Gu, 2013), which was 

also the purpose of this experiment. Purification of an extract can improve the 
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quality or usability of final products in desired application areas, but purification 

also causes a loss of precursor matter. In this dissertation, purification was taken 

into account when considering the need for a purification process. The method used 

in this study was modified from Varila et al. (2020) and is described in Publication 

III. 

Alkaline alcohol extraction 

Suberin-derived fatty acids are an aromatic-aliphatic cross-linked polyester 

structure, one of the insoluble compounds in the basic composition of the cellular 

structures of the bark (Sjöström, 1993 p. 113) and can be separated by alkaline 

alcohol extraction (AAE) (Cordeiro et al., 2002; Ekman & Eckerman, 1985; 

Korpinen et al., 2019; Kuznetsov et al., 2005; Rižikovs et al., 2014). The AAE of 

the bark can also be used to modify the density of the bark biomass. This process 

is intended to modify the composition of biomass to make it more suitable for 

further use, such as thermal insulation material (Busquets-Ferrer et al., 2021). 

Similarly, this experimental study also examined the effect of AAE on the usability 

of the bark extraction residue when the goal is to derive the residue material for 

thermochemical conversion according to the cascading use principle. One of the 

aims of Publication II is to investigate the effect of AAE on the pesticide 

performance of the pyroligneous acid produced in the conversion of the extraction 

residue, but the availability of suberin-derived fatty acids from the bark mass has 

also been evaluated as a value-added by-product (Publication I). The AAE method 

used has been adapted and modified from Ekman & Eckerman, (1985); Korpinen 

et al., (2019); and Rižikovs et al., (2014) and a description of the experimental 

method used is given in Publication II. 

3.2.2 Thermochemical conversion 

Torrefaction was chosen as the method for the thermochemical conversion of bark, 

wood, and extraction residues. The method used is a mild form of pyrolysis 

technique, in which the process is carried out with slow heating and mild 

temperatures. The experimental equipment used was bench-scale slow pyrolysis 

batch reactor equipment (Fig. 3) documented by Sohlo (2015) for the use of Luke’s 

research facilities. Fig. 3 shows the configuration of the pyrolysis equipment. At 

the top behind the insulating wool is a pyrolysis chamber where the conversion 

takes place. The chamber is heated externally so that the conversion temperature is 
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monitored as a separate measurement from inside the chamber. In such a situation, 

a temperature programme is made for the external heater, but the development of 

the process temperature requires experimental adjustment to match the target 

temperatures and heating rates. Before the actual samples, test batches were run to 

determine the actual heating programmes. In this study, the progress of biomass 

conversion was monitored through gas formation. The gas formed in the process is 

discharged through its own gas outlet line and measured with a gas flow metre. For 

the study, the most important point was to collect the distillates as much as possible, 

so the process temperatures for the heating programmes were maintained until all 

the distillates had been collected. The distillates were collected in their own sample 

vessel, which is shown at the bottom of Fig. 3 in connection with the condenser. 

Although the solid residue of the conversion products has many potential uses, its 

investigation was excluded from the scope of this dissertation. The precipitate 

formed in the distillate during cooling was separated from the pyroligneous acid 

with a centrifuge and transferred to the following herbicide and fungicide studies. 

A description of the torrefaction method, conversion process, and sample 

treatments is provided in Publication II. 
 

Fig. 3. Bench-scale slow pyrolysis batch reactor equipment (photo credit: Johanna 

Nikama) 
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3.2.3 Rigid carbon foam synthesis 

The rigid carbon foam was produced and studied in collaboration with researchers 

in the Sustainable Chemistry Research Unit at the University of Oulu. Rigid carbon 

foam was produced from both the bark crude extract and the extract purified on a 

XAD7HP polymer column. The properties of the foams synthesised from both 

extracts were examined and derived for the following carbon activation 

experiments. A method for synthesising bark extract-based rigid carbon foams is 

described in Publication III. 

3.2.4 Chemically activated rigid carbon foam 

Activation of the carbon foams produced from the shell extracts and research of the 

products was carried out in collaboration with researchers at the research unit of 

sustainable chemistry at the University of Oulu. The chemical activation method 

was chosen as the technique. The methods used were those developed and validated 

by researchers at the University of Oulu. A detailed description of the process is 

given in Publication III. 

3.3 Analytical methods 

3.3.1 Wood chemical assays 

The wood chemical compositions of hybrid aspen biomass were determined in the 

laboratory facilities of the Natural Resources Institute Finland (Luke) in Espoo. 

The assays of analysis have been developed for research use by applying the 

methods presented in peer-reviewed research publications or other procedures 

standardised for wood. This study did not include wood analysis method research 

or development, so possible inaccuracies in the analyses are accepted and the 

applicability of the methods used in the work is trusted. 

Lipophilic and hydrophilic extracts  

Wood and bark extractives are part of the basic chemical composition of 

lignocellulosic biomass. The total amount of extractives is determined 

gravimetrically, expressing the proportions of both lipophilic and hydrophilic 

compounds per dry weight of the samples. The determination of the content of the 
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extractives is part of the basic composition examination, but the wood samples are 

prepared as extract-free before the determination of the other basic composition 

parameters. This is especially crucial for bark material, where the high sugar 

content in the extractives can distort the structural carbohydrate determinations of 

lignocellulosic biomass. The separated extracts can also be used in more detailed 

composition screenings that trace, for example, potential value compounds or other 

interests. Separation and determination of the total concentrations of the extractives 

were performed using a Dionex™ ASE™-350 Accelerated Solvent Extractor with 

methods adopted from Willför et al. (2003). The method for separating lipophilic 

and hydrophilic extracts is described in detail in Publication I. 

Hemicellulose and pectin 

The hemicellulose and pectin (i.e., holocellulose) contents of the wood and bark 

fractions were determined using the modified acid methanolysis method adopted 

from Sundberq et al. (1996). Assays were performed on extract-free samples. The 

total content of hemicellulose and pectin is determined as the sum of the monomer 

units of the structural carbohydrates. The monomer units of arabinose (Ara), 

glucose (Glc), glucuronic acid (GlcA), galactose (Gal), galacturonic acid (GalA), 

mannose (Man), rhamnose (Rha), 4-O-methylglucuronic acid (4-O-MeGlcA) and 

xylose (Xyl) are identified and quantified by GC-FID. With the analysis method 

used, the total content of hemicellulose and pectin can be determined, but it is not 

convenient to clearly distinguish the different forms of hemicellulose. In this study, 

the xylan content of hemicellulose is examined based on the xylose content. A 

detailed description of the method is given in Publication I. 

Cellulose 

The cellulose content of wood and bark was determined using the acid hydrolysis 

method from extract-free samples (Krogell et al., 2012). The cellulose content was 

determined based on glucose units (Glc), so the Glc observed in the acid 

methanolysis of hemicellulose and pectin is taken into account in the results. A 

detailed description of the method is given in Publication I. 
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Suberin-derived fatty acids 

Suberinic acid concentrations are determined only from the bark fraction of hybrid 

aspen biomasses. Suberin-derived compounds are classified as insoluble 

extractives; therefore, compounds are determined from an extract-free bark sample. 

The extraction method used is not selective to the suberinic compounds alone but 

involves the extraction of some other insoluble compounds with them. The 

proportion of suberinic acids in this heterogeneous group of chemicals is 

determined by identifying the suberin-derived fatty acids by gas chromatography-

mass spectrometry and summing the concentrations of the identified compounds as 

the total content of suberinic acids. The assay used in the study was modified from 

Krogell et al. (2012). A detailed description of the method is given in Publication I. 

Lignin 

The lignin content of wood and bark was determined as acid-soluble and insoluble 

(Klason) lignin, according to Sluiter et al. (2012). In lignin analyses of wood and 

bark, the difference is the pretreatment of different fractions: the bark material 

contains insoluble extractives such as suberinic compounds; therefore, bark 

samples from which soluble and insoluble compounds have been separated are used 

for lignin determinations. Wood samples do not contain insoluble compounds; thus, 

only extract-free (lipophilic and hydrophilic extractives) samples are used as 

analytical samples, as in the case of hemicellulose and cellulose assays. A detailed 

description of the method used is given in Publication I. 

Condensed tannins 

Chemical group of tannins consist of both condensed and hydrolysable tannins, but 

in terms of the production of biobased rigid carbon foam, condensed tannins play 

a key role (Varila, 2020). therefore, the exact determination of hydrolysable tannins 

was limited outside the scope of this study. Condensed tannins are of interest, both 

from wood feedstock and from extracts proposed as value-added products. In the 

case of wood materials, only bark biomass is of interest as a source of tannin. The 

thiolysis-based research method was used in the research laboratory of Luke’s 

Jokioinen Laboratory. The method was applied to fit either extracts (Publication III) 

or bark biomass (Publication I). The method is described in detail in Publication I.  
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Total phenol content 

The total phenol contents of the bark and extract samples were determined by the 

modified Folin-Ciocalteu method (Ainsworth & Gillespie, 2007; Margraf et al., 

2015; Singleton et al., 1999; Singleton & Rossi, 1965) in the laboratory of Luke’s 

Parkano and Espoo sites. This method is described in detail in Publications I and 

II. 

3.3.2 Conversion distillates characterisation 

Water content and total organic matter 

The water content of the distillates was determined in collaboration with a group 

of researchers from the Department of Chemistry at the University of Eastern 

Finland. The water content was determined according to the standard method of 

Karl Fischer Titration (ASTM E203-08). The total organic matter content of the 

distillates was calculated directly based on the water content. A description of the 

methods is presented in Publication II. 

Organic matter compositional analysis 

In the characterisation of the organic matter of the distillate, the acid strength and 

other compositions of the solution were determined. The characterisation of the 

precipitate formed after the cooldown of the distillates was excluded from the scope 

of this dissertation. Only the distillate separated by centrifugation was collected for 

further study. The acid strength was determined titrimetrically as an acetic acid 

equivalent. The technical part of the work was carried out in collaboration with 

Luke’s laboratory in Jokioinen. Since the most important entity for practical 

application tests was to determine only the acid strength of the solutions, a finely 

detailed characterisation of the organic acids was excluded from the study. 

In addition to titrimetric acidic strength, a compositional analysis of other 

organic matter in the distillate was carried out in collaboration with researchers 

from the Department of Chemistry at the University of Eastern Finland. 

Compositional characterisation was performed using ultra-high-resolution direct 

infusion mass spectrometry. All analyses were performed using a 12-T solariX XR 

Fourier transform cyclotron resonance (FT-ICR) mass spectrometer. The method 
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for analysing the composition is described in Publication II, and a more detailed 

description of the equipment used is described in Zhao et al. (2020). 

3.3.3 Rigid carbon foam and activated carbon characteristics 

Rigid carbon foam 

The rise and density of the rigid carbon foam produced from the bark extract were 

determined using the simplest means. The strength properties of the foam are 

essential parameters when considering the properties of a rigid carbon foam directly 

in a filler or other similar application, but strength properties were excluded from 

the scope of this dissertation, as rigid carbon foam is treated as an intermediate 

rather than a final product. The effect of the purification of the extract on its 

foaming properties was examined using the selected parameters. A more detailed 

description is given in Publication III. 

Activated rigid carbon foam 

Specific surface area, total pore volume and pore size distribution were determined 

from the activated rigid carbon foam produced from the bark extracts. Selected 

parameters were determined and processed using a Micromeritics 3 Flex 

physisorption instrument, including data processing software. Specific surface 

areas were calculated from adsorption isotherms according to the Brunauer–

Emmett–Teller (BET) method. Pore size distribution and total pore volume 

estimates are based on nonlinear density functional theory (NLDFT). The pore size 

distribution was calculated from the individual volumes of micropores, mesopores 

and macropores using the NLDFT model. The characterisation methods used have 

been carried out in collaboration with researchers at the Department of Chemistry 

of the University of Oulu using their well-established analytical methods based on 

theories and assays published by (Brunauer et al., 1938; Landers et al., 2013; 

Lastoskie et al., 1993; Neimark et al., 2003; Thommes et al., 2006).  A more 

detailed description of the characterisation of activated carbon is given in 

Publication III. 
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3.4 Bioactivity tests 

Among the value-added products produced from lignocellulosic biomass, bioactive 

products and applications based on them are within the scope of this dissertation. 

In the scope of the study, antioxidant capacity was verified only by in vitro 

experiments. These examinations verified the potential of bark biomass feedstocks 

to be suitable for applications utilising antioxidant properties. Tannins (see: 

Condensed tannins) and other phenolic compounds (see: Total phenol content) in 

bark extracts are known to have bioactive properties. In this study, the applicability 

of these is considered in the applications of material chemistry science (Publication 

III). Pesticide studies were performed on a laboratory scale, but the actual 

pesticides under study were produced from biomass in forms that could be scaled 

up to a pilot scale. 

3.4.1 Antioxidative capacity 

The antioxidative activity (i.e., bioactive properties) was studied in collaboration 

with the research laboratory at Luke’s Parkano site. Bioactivity was studied only in 

bark extracts of hybrid aspen fractions as a potential value-added property of these. 

In vitro protocols for determining the bioactive properties of bark extracts were 

Ferric Reducing Antioxidant Power (FRAP) (Benzie & Strain, 1996), Oxygen 

Radical Absorbance Capacity (ORAC) (Huang et al., 2002; Prior et al., 2003), and 

H2O2 Scavenging Assay (Hazra et al., 2008; Jiang et al., 1990). The methods used 

in this dissertation are described in Publication I and were originally described by 

Vaario et al. (2020) 

3.4.2 Pesticidal tests 

The herbicidal activity of the distillate was examined with Brassica rapa according 

to OECD (2006) recommendations. The design of the laboratory experiments was 

carried out according to the method originally published by Hagner et al., (2020). 

The method used in this dissertation is described in Publication II. The efficacy of 

conversion distillates against fungal growth was tested in laboratory experiments 

against Fusarium culmorum. The experimental method used was the established 

research methods developed by the collaborating researchers, which are described 

in detail in Publication II. Both herbicidal activities against B. rapa and fungicidal 

activity against F. culmorum were tested and analysed using the statistical methods 
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described in Publication II. Experimental and analytical methods were used to 

compare the performance of bark, its extraction residues and wood conversion 

distillates relative to commercial growth control chemicals. 

3.5 Statistical analysis 

Statistical analysis of the experimental work and other test results was performed 

in collaboration with Luke’s statisticians. The statistical results were used to draw 

conclusions about clonal variations in Publication I and the herbicidal and 

fungicidal performances of conversion distillates in Publication II. Statistical 

methods were adopted and modified from Burnham & Anderson (2002); Gbur et 

al. (2012); Kenward & Roger (2009); and Westfall (1997), The statistical analyses 

performed are described in Publications I and II. 
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4 Results 

The research question of this dissertation is two-fold: Can the chemical 

composition of the bark feedstock be tailored to the needs of chemical production 

by clonal selection, and can extraction and torrefaction methods be used to produce 

valuable chemicals from the bark of the hybrid aspen tree by following the 

principles of cascading use? The research questions were answered by studying the 

chemical composition of the bark of clonal breed hybrid aspens; compositional 

clonal variation; chemical composition, antioxidant activity and suitability of bark 

extracts for the production of rigid carbon foam and activated carbon; 

hemicellulose composition and suitability for thermochemical conversion into 

pyroligneous acids by torrefaction; performance of pyroligneous acid in herbicide 

and fungicide application; and from the perspective of cascading utilisation, the 

effect of bark preextraction on the pesticidal performance of the chemical produced 

by torrefaction. 

4.1 Clonal variation in hybrid aspen bark and added-value potential 

A study of the chemical composition of hybrid aspen barks found compositional 

variations in different clone types (Publication I). Of the cellulose, hemicellulose, 

or lignin of the barks of the clone trees, only cellulose had a statistically significant 

clonal variation. Also, a clear clonal variation was observed for the nonstructural 

low-molecular-weight substances, such as hydrophilic and lipophilic extractives, 

as well as suberin-derived fatty acids of the bark. 

The total content of the hydrophilic extracts and their total phenol content was 

found to be promising for the production of added value (Publications I and III). 

The structure and composition of the condensed tannins in the barks were found to 

be desirable for the production of tannin foams. Condensed tannins, flavan-3-ols 

(proanthocyanidins, i.e., condensed tannins + monomeric flavan-3-ols), consisted 

of (epi)catechin and (epi)gallocatechin structural units (i.e., condensed tannins in 

barks were a mixture of procyanidins and prodelphinidins). However, despite the 

high hydrophilic extractive content of 13.8–19.5 wt.% d.w. in the bark of clonal 

trees, and the number of phenolic compounds 23–34 mg, GAE(gallic acid 

equivalence)/g in the in the aqueous extract of barks, the total concentrations of 

condensed tannins in the bar were remarkably low 0.30–0.57 wt.% d.w. 

(Publication I). 
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Like wood, the bark contained the basic components cellulose, hemicellulose, 

and lignin, but the compositions differed (Publication II). As shown in Fig. 4, the 

bark had a much higher availability of extractives, which seems to be reflected in 

the bark’s lower cellulose content compared to wood. Suberin-derived fatty acids 

were also found in the bark, but their part was found too minor to be considered as 

a potential added value material in the scope of this dissertation. 

 

Fig. 4. Compositions of hybrid aspen clone (C05-99-14) sample disc (Publication II). The 

picture illustrates the compositional differences between wood and bark. In this study, 

the most interesting were the concentrations of hemicellulose and its structural sugar 

monomer xylose as well as the differences in amounts of hydrophilic extracts. 

The total hemicellulose content in the bark (300.4 mg/g, d.w., Fig. 4) was found to 

be higher than in the wood (223.3 mg/g, d.w., Fig. 4), but the composition appeared 

to be different (see Fig. 5). Based on the content of the xylan’s structural sugar 

xylose, the bark had a lower amount of xylan than the wood (101.3 mg/g in bark 

d.w., vs. 138.2 mg/g in wood, Fig. 4). From the content of hemicellulose and pectin 

monomeric sugars, large amounts of galactose (Gal), arabinose (Ara) and 

galacturonic acid (GalA) can also be observed in the bark, which also points to a 

different hemicellulose or pectin composition compared to wood. However, the 

content of xylan, which is evaluated in this study based on xylose, is essential when 
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looking at the quality of hemicellulose when thermochemically converting it into 

pesticidal active pyroligneous acid. 

 

Fig. 5. The concentrations of structural sugars in hemicellulose in relation to the dry 

weight of the bark (Publication II). 

4.2 The added value of the bark extract separated by hot water 

extraction 

Publication III states that the hot water extract of the bark is applicable as a 

precursor of rigid carbon foam and activated carbon foam. Purification of 

hydrophilic bark extract with XAD7HP polymer adsorbent was seen to have an 

advantage for the rise and porosity of rigid carbon foam products but a negative 

benefit for activated rigid carbon foam production. In the case of activated carbon, 

purification significantly decreased the yield of the product, and pretreatment of 

the extract had no advantages for improving the quality of the product. Chemical 

activation was carried out using different chemical activation methods, of which 

ZnCl2 was the best option. 
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4.3 Herbicidal and fungicidal performance of bark-converted 

pyroligneous acid 

In Publication II, it was verified that pyroligneous acid produced from bark and 

wood of hybrid aspen biomass in mild temperature thermochemical conversion (i.e., 

torrefaction) has an excellent ability to inhibit the growth of weeds and fungi. The 

pretreatment of the bark with hot water extraction before its thermochemical 

conversion to pyroligneous acid seemed to have an enhancing effect on the 

herbicidal performance of the distillate, but a negative effect on the fungicidal 

performance. Pyroligneous acid converted from fresh and untreated bark had a 

weaker herbicidal performance than the solution converted from wood. However, 

after the hot water extraction treatment of the bark, the herbicidal performances of 

the pyroligneous acids of the wood and bark were comparable, and no statistical 

difference was observed in the effectiveness of the tested solution concentrations. 

In the fungicide application, there was no corresponding advantage produced by 

pretreatment with hot water extraction of the bark. Also, the fungicide performance 

was lower; thus, higher pyroligneous acid concentrations in dilutions were needed 

against tested fungal disease than against weeds. The AAE made after hot water 

extraction of the bark negatively affected both the herbicidal and fungicidal 

performances of the pyroligneous acids. Nevertheless, the liquids were still 

effective in both applications, even in dilutions and comparable to commercial 

chemicals. 
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5 Discussion 

5.1 Hybrid aspen Bark clone variation and clonal selection 

The compositional clonal variation of hybrid aspen bark showed the potential to 

modify the chemical composition of the biomass utilizing clonal breeding via 

clonal selection (Publication I), and it is possible to produce valuable chemical 

products from the bark pulp employing preextraction (Publication III) and 

torrefaction (Publication II), in accordance with the cascading use principle. 

Previous studies have found that it is possible to improve the quality of cellulose 

pulp for papermaking by breeding and cloning the production of hybrid aspens 

(Niemczyk et al., 2019). In Publication I, a similar phenomenon was detectable in 

the barks regarding the clonal variation of cellulose content, but the most interesting 

result in terms of cascade-type utilisation according to this study was related to the 

availability and composition of hydrophilic extracts and hemicellulose. Fig 6 

illustrates the trend that the high total extract content of the bark manifests as a 

lower cellulose content when comparing clone types, but no similar trend was 

observed in hemicellulose or lignin contents when compared to extractive 

availability. The availability of hemicellulose and especially the O-acetyl content 

of xylan structures determines the acid content of the distillate obtained from the 

mild-temperature thermochemical conversion (Dufour, 2016), but since there was 

no significant variation in these quality parameters in the clone types, the most 

potential clone breed in terms of added-value production can be selected based on 

the availability of bark extracts, as done in this research. These results indicate the 

possibility of clone breeding to produce customised bark-based biomass for 

specific applications in the field of chemistry. 

From the compared clone types (Fig. 6), the hybrid aspen clone C05–99–14 

(Clone 5) was selected as the most potential clone for the added value, with the best 

extractive yield, the highest content of phenolic chemicals in the hot water extract 

(mg GAE/g), and antioxidant capacity (ORAC µmol TE/g and FRAP µmol /g Fe(II) 

eq) (Publication I). In this research, neither the antioxidant capacity nor the 

bioactivity of bark extracts was examined at the application level, but the results 

were used to help evaluate the phenolic content of the extract for the production of 

rigid foams. Nevertheless, the proven antioxidant properties give indications of 

utilisation possibilities, such as being used in medicinal products (Moroșan et al., 

2021) or as an ingredient in cosmetic products (Cherubim et al., 2020). 
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Fig. 6. Compositional clonal variations of the hybrid aspens used in this study. Dashed 

arrows are added to show the inverse correlation of cellulose versus total extract 

contents across clone types. A higher amount of extract predicts a lower cellulose 

content and vice versa. The corresponding effect was not seen in the case of 

hemicellulose or total lignin (sum of acid-soluble and insoluble lignin). 

5.2 Bark extract and added value 

The water-soluble extracts gave indications of good antioxidative properties for the 

production of added value, but in this dissertation, rigid carbon foam and activated 

carbon were selected as the utilisation applications (Publication III). In applications 

of rigid carbon foam, a high availability of condensed tannins is desired from the 

compositions of extracts (Varila, 2020), but in the bark of hybrid aspens, the 

availability of tannins was found to be very low (0.30–0.57 wt.% d.w. of the bark), 

regardless of the clone type (Publication I). However, the high availability of 

hydrophilic extractives (19.5 wt.%, Publication I) and phenolic content (34 mg 

GAE/g in the hot water extract of the bark, Publication I) predict opportunities to 

utilise hot water extract in rigid foam applications. Hot water extraction is generally 

considered an effective method for separating phenolic compounds from plant 

materials, but despite this, the concentration of phenolic compounds in the bark 

extracts was lower than expected (10.6 wt.% of the d.w. of the crude extract, Fig. 

7a). Instead, the proportion of total sugar in the raw extract is high (Fig. 7a), of 
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which glucose in particular is abundant (Fig. 7b). Also, the cleaning performed with 

the XAD7HP polymer adsorbent did not remove sugars from extracts, as expected 

(Varila, 2020), but the sugar concentration was even found to increase (sugar 

content in the Crude extract 29.4 wt.% vs. 33.0 wt.% in the XAD treated extract, 

Fig. 7a). Other unidentified compounds were also separated by water extractions 

(Fig. 7a), which were not characterised within the scope of this study. Also, it was 

not determined in detail which chemical compounds were affected by the 

purification. The basic composition of the crude and XAD7HP-treated hot water 

extract and the chemical profile of the extractive sugar fraction are shown in Fig. 

7a. 
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Fig. 7. The chemical substances of the hot water extracts (Publication III). The picture 

(a) shows the basic chemical composition of the hot water extracts before and after 

purification, and the picture (b) shows the chemical profile of the sugar fraction of the 

crude extract and the purified extract. The concentrations in the images were 

determined per the dry weight of the extract. 
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According to a study of the added value of bark extracts, the most central result 

was to state that the bark extract worked as a rigid foam precursor without extra 

treatments carried out by column techniques, such as XAD7HP polymer adsorbent 

purification. The XAD7HP treatment of the crude extract was found to have a 

strong positive effect on the increased rise and lower density of rigid carbon foam 

(Fig. 8).  

 

Fig. 8. Effect of XAD purification of bark extract on the rise of rigid foam. The image on 

the left shows the rigid foam produced from the unpurified crude bark extract, and the 

image on the right shows the rigid foam produced from the extract treated with XAD 

purification. The diameter of the cylindrical foam statues shown in the pictures is 

equivalent to each other, so the enhanced elevation in the right picture is shown as a 

greater height of the foam (photo credit: Toni Varila). 

The results correlate with published studies of rigid foams, where the goal has been 

to increase the content of phenolic compounds and reduce the concentration of 

substances that interfere with foaming (Varila, 2020). The raw material for rigid 

foams and rigid carbon foams is typically tannin-rich bark extracts. In Finland, the 

optimal bark extracts would probably be substances obtained from the bark pulp of 

softwood trees (Varila, 2020). With the help of this research, it was demonstrated 

that the extracts of the bark material of hybrid aspen species, despite their low 

tannin content, can be suitable precursors of rigid foams. The rigid foam produced 

from bark extracts is suitable for many applications to replace synthetic substances, 

such as fillers or insulating materials, but it is also possible to carbonise and activate 

the foam into activated carbon. 

This study concluded that it was possible to produce high-quality activated 

carbon from a hybrid aspen bark extract. Experimental studies conducted with 
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hybrid aspen bark extracts provide new perspectives on the possible value-added 

applications to which hybrid aspen bark extracts can be directed. The result is also 

significant, as it supports the cascade use model of the bark, where the extracts are 

separated for utilisation before the fibrous structures of the bark pulp are 

thermochemically transformed into other value-added products. The application 

research of bark extracts is linked to the hypothesis presented in Publication I about 

potential value-added products and to the rationale for choosing the clone type with 

the most abundant extract content for the multiproduct utilisation of bark. 

5.3 The effect of bark preextractions on the pesticide performance 

of distillates 

The research results of Publication II confirmed that the hemicellulose of hybrid 

aspen tree bark is suitable for forming pyroligneous acid with a high acid content 

(acid content of 16 % CH3COOH w/v percent equivalent in basic composition of 

pyroligneous acid, Publication II)  as a conversion product by torrefaction. The high 

acid content was seen as a value-added chemical property of the solution, which 

was verified in this study with herbicide tests. In the herbicide performance test, 

the effect of pyroligneous acid was examined compared to a commercial product, 

where the weed-killing effect of the solution was obtained by means of a high acidic 

strength. Acidity has also been assumed to play a role in fungicide performance, 

but this effect could not be verified in this study.  

Despite the above, pyroligneous acids were found to have, in addition to their 

herbicide effect, an inhibitory property against fungal growth. The cascade 

utilisation potential of bark was examined by choosing the bark-derived biomass 

that was left over from the hot water extractions for thermochemical conversion in 

Publication III. In terms of the cascade use of the bark, the most important result is 

that the preliminary hot water extraction of the bark had a clear positive effect on 

the herbicide performance of pyroligneous acid and not an excessively negative 

effect on the fungicidal performance. This indicates that by using hot water 

extraction, value-added products can be produced from the bark, and the quality of 

the feedstock can be improved before the bark-derived extraction residue is derived 

into torrefaction. 

Alkaline solvent extraction is an effective method for separating valuable 

suberin-derived fatty acids and phenolic compounds (Korpinen et al., 2019; Kumar 

et al., 2022), but also, alkaline extraction is known to affect the hemicellulose of 

lignocellulose-based biomasses (Ebringerová & Heinze, 2000). Thus, acid content 
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of pyroligneous acid produced by torrefaction can be expected to decrease if the 

bark biomass is pretreated under alkaline conditions prior thermochemical 

conversion. Pretreatment of the bark with alkaline solvent extraction negatively 

affected the acidity of the conversion liquid, the herbicidal performance, and the 

fungicidal performance. Based on the results, it can be estimated that hot water 

extraction can be used for the formation of value side streams of the bark if the 

extraction residue of the bark leads to torrefaction, but alkaline extraction does not 

have the corresponding beneficial effect. In line with the hypothesis, valuable 

products for chemical applications can be extracted from the bark by sequentially 

utilising both extraction techniques and torrefaction, but with certain limitations. 

When choosing extraction techniques and extraction solvents, the preservation of 

hemicellulose in its native structure must be taken into account (Ebringerová & 

Heinze, 2000), so that torrefaction comes into question as a conversion method of 

hemicellulose. 

5.4 Significance of the results 

Hybrid aspen crossings and clonal breeding can affect tree properties, such as 

density, cellulose quality, growth rate, and calorific value (Tullus et al., 2012). 

Based on this, it can be hypothesised that breeding can also affect the undervalued 

biomass fractions of the tree and their compositional-to-quality parameters, such as 

the chemical composition of bark and its effect on the yield of biomass-added value. 

This information is important when planning tree breeding programmes for both 

the best biomass production and the thorough utilisation of the raw material in 

accordance with cascading use. This research produces completely new research-

based information about the effect of clone breeding on the raw material quality of 

bark in the scope of chemical production. The foaming properties of hybrid aspen 

bark extracts have not been examined before, nor have the utilisation of hybrid 

aspen bark pyroligneous acids in herbicidal and fungicidal applications. 

The good performance of pyroligneous acids in herbicidal and fungicidal 

applications is also in line with previous research in which the solutions in question 

have been proposed to be utilised as pesticides (Fagernäs et al., 2015). Despite the 

bark’s vanishingly low tannin content, the rigid foam application of bark extracts 

of the hybrid aspen tree was found to have quite a potential utility. The result can 

be considered a slightly different result than expected, as the formation of foam is 

usually explained by tannin chemistry (Pizzi, 2019), but the proportion of these in 

hybrid aspen bark extracts was minor. However, the results of rigid foam studies 
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are in line with studies in which column separation techniques can influence the 

properties of rigid carbon foams, such as rise and density (Varila et al., 2020). Thus, 

it can be estimated that rigid foam made from hybrid aspen bark can be outlined as 

a viable alternative in various insulation or filler applications where porous low-

density properties are required from the material. It is known from previous studies 

that it is possible to produce activated carbon from rigid foams produced from 

tannic bark extracts (Tondi & Pizzi, 2009), but the use of low-tannic extracts of 

hybrid aspens in the production of activated carbon brings a new perspective to the 

added value of bark.  

The application experiments provided new insight into the usefulness of 

torrefaction in the production of the added value of bark. Based on previous 

research and practical experience, it has been established that torrefaction is an 

excellent way to convert lignocellulosic biomass into a more homogeneous, 

energy-dense, easier-to-preserve and easier-to-transport biomass (Basu, 2013). 

However, torrefied biomass is primarily valued as fuel, although it is also suitable 

as a raw material for many further processes, such as the production of biochar or 

liquid fuel using the pyrolysis process as well as a raw material for gasification. It 

is likely that in the near future torrefied wood pellets will still be used mainly as 

fuel because torrefied lignocellulosic biomass is a good alternative for co-firing 

with coal or completely replacing it. But then again, the production of torrefied 

wood pellets is expensive. For torrefied wood pellets to compete with coal in terms 

of production cost, several commodities should be produced from the processing 

of lignocellulosic biomass to improve the yield of the added value of wood material 

(Fagernäs et al., 2015). With the help of this research, perspectives have been 

shown to generate added value for torrefied bark biomass and to diversify the 

utilisation of the raw material when the biomass is processed into fuel or semi-

finished products for further processes. 

5.5 Limitations of this study 

It is beyond the scope of this study to address the question of how the clone farming 

of hybrid aspen in the future will be implemented, what are the effects of clone 

farming on the biodiversity of boreal forests and what are the advantages or 

disadvantages of clone farming from the perspective of climate change. These are 

essential questions when considering alternative sources of tree biomass for the 

commercially valuable dominant species of trees; however, for alternative tree 

species to become interesting in the future, a proactive investigation is needed for 
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the utilisation of alternative biomasses. This study investigates the added value 

potential of an underutilized wood species, but the study does not take a position 

on the challenges of sustainable production of bark-derived products, nor on the 

products' actual market values and value growth prospects. Due to these 

shortcomings, it is easy to question the added value potential of the bark presented 

in the work, even though the work verifies possible products that are known to be 

used in increasing quantities in the future, as will be the case especially with the 

use of pesticides. 

Whilst this current study brought a perspective to the effects of clonal breeding 

on the composition of barks, its limitation is the small sample sizes of clone tree 

individuals for practical reasons as well as the small number of different clone types. 

Still, the sample sizes were sufficient to find statistical differences between clone 

types and to select the most potential clone type for the cascade use study. By 

extending this study to a larger set of clones, even more interesting variations could 

be found. The sample sizes of individual clone trees were also low (three replicates 

were used leading to sample size of 18 per variable, Publication I) but sufficient for 

statistical processing. If the number of sample trees was increased, clonal variations 

could be verified more reliably. The selected clone types have all grown in the 

climate of southern Finland, so clone varieties should also be considered from trees 

grown in more harsh conditions in the north. The wood samples were also not taken 

in different seasons, so the differences between the clone types related to the annual 

variation are not revealed. 

 This study was limited to investigating the chemistry of bark composition and 

its variation between clone types. However, it can be assessed as a shortcoming that 

the quality variation of other woody biomass of the same clone tree is not compared 

alongside the bark. For further studies, it is suggested that the clonal variation of 

both wood and bark be examined together, in which case the effect of clonal 

breeding on the chemical composition of the entire woody biomass can be 

demonstrated. Alongside the varying growth characteristics of clone trees, the 

effect of clone selection on the usability of the entire wood material is an essential 

factor when choosing clone types to be cultivated as feedstock for a biorefinery. 

The limitations of this study’s conclusions are also the experimental setups that 

were limited for practical reasons in the studies of pesticide performance, rigid 

foams and activated rigid carbon foam. Further research is required to establish 

whether the acid content of pyroligneous acids is a factor in pesticide performance 

and what effect this substance has on other weeds and fungi than those used in this 

research.  
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Concerning rigid foams, it is necessary to identify what kind of mechanical and 

more precise chemical properties the rigid foams of hybrid aspen bark extract have, 

as well as how good the performance of the produced activated carbon is in 

different applications. It was also not possible to definitively verify which chemical 

component of the bark extract replaces condensed tannins as the most significant 

structural substance in the formation of rigid carbon foam. The concentration of 

condensed tannins in the bark extract was found to be so minor that the entire 

structure of the rigid foam cannot be assumed to have been formed by reactions of 

tannins. 

Despite these limitations, the results of this dissertation could verify the 

potential of clonal breeding for tailoring the composition of bark biomass into a 

valuable feedstock and the bark’s cascading use model when producing bulk 

chemicals from the viewpoint of added-value generation. 

5.6 The challenges of cultivating aspens and these hybrids in 

biomass production 

Hybrid aspen is an interesting tree species that can be used to produce biomass for 

industrial needs in an enhanced manner and, at best, to refine it into a customised 

raw material, as presented in this study. However, despite the positive aspects, 

poplars and their cross-breeds still have a bad reputation related to the trees’ short 

life cycle, and high susceptibility to tree diseases, insects, and vertebrate herbivores 

(Dickmann, 2001; Mattson et al., 2001; Newcombe et al., 2001; Tullus et al., 2012). 

The problems caused by mammals increase the price of cultivation and challenge 

the establishment of larger growing areas because only fencing of the growing area 

works against those. Hybrid aspens have enhanced biomass yield due to their longer 

growing season, but in Borealis forests, the long growing season can expose trees 

to frost damage, both at the beginning and at the end of the growing season. Hybrid 

aspen is also not immune to climate change and its effects are unknown, although 

short rotation can help in adapting to changing climate conditions (Tullus et al., 

2012). Also, greater biodiversity may cause problems, such as more unwanted 

wildlife, as well as environmental risks brought by undesirable soil organisms, 

insects, lichens, and fungi. Rapid growth and frequent wood collection may have 

adverse effects on the soil, as in boreal regions, soil mineralisation is slow and 

wood collection can challenge the situation even more. Frequent wood harvesting 

can also have a neutralising effect on the carbon sink because emissions are 
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generated from forest management (Tullus et al., 2012). Also, negative impacts on 

the regional water budget are possible (Lasch et al., 2010). 

For the hybrid aspen to become an economically important tree, much larger 

aspen plantations and new innovative biorefinery applications need to be 

established. However, this is problematic, as the possible negative environmental 

effects caused by the large-scale cultivation of hybrid aspen have yet to be clarified; 

hence, the formation of massive hybrid aspen plantations cannot be recommended 

completely without further comprehensive investigations. Long-term changes in 

the biodiversity of hybrid aspen plantations, including the effects of forest 

management activities, must be considered (Tullus et al., 2012). Further studies 

should include more empirical data on large-scale commercial plantations in 

different locations, improve forest management recommendations and clarify the 

adaptability of hybrid aspen to climate change. From the point of view of mass 

production, it is problematic that studies on the relationships between the growing 

site, the stability of clones and environmental and diversity effects have only been 

carried out on small-scale experimental plots (Tullus et al., 2012). 

Establishing clonal plantations as a large-scale biomass feedstock source is 

challenging. If the purpose is to use clone breeding to develop the optimal type of 

clone for a specific use, such as, for example, as a raw material for a chemical, 

large-scale cultivation is limited by regulations and realities that result from 

genetically homogeneous cultures. Experiments carried out in Central Europe show 

that only one type of clone should be used in growth boxes to guarantee the success 

of the tree. However, this feature challenges biomass production possibilities 

because a genetically uniform group of trees is also exposed collectively to the 

same risks, such as fungi, diseases, and insects. To prevent the extent of possible 

destruction, the growing areas of one clone type must be small. The practical 

challenges of clone cultivation, the requirements for good growing media and the 

sales volumes limited by regulations give reason to assume that cultivation will be 

concentrated in small growing areas and large-scale production will be unattractive 

(Beuker, 1998; Metla, 1999). 

Based on the above, it can be estimated that cloned hybrid aspens still have a 

long way to catch up with the current wood market alongside commercially 

valuable wood species. Research on raw materials and the growing knowledge of 

the value potential of alternative wood species lead the way to new innovative 

biorefining routes that make it possible to increase the value and attractiveness of 

underutilised species, such as the hybrid aspen Populus tremula L. × P. tremuloides 

Michx. With this, the options for choosing wood resources will possibly expand in 
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the future, and at best, it will help to adapt to the challenges of climate change in 

sensitive areas of boreal forests. 
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6 Conclusions 

In this doctoral research, the potential of the cultivated clonal hybrid aspen 

(Populus tremula L. × P. tremuloides Michx.) bark as a versatile raw material for 

use in various chemical applications was investigated. The central questions of this 

study are as follows: 

1. Can the chemical composition of hybrid aspen-derived bark mass be tailored 

to the specific needs of chemical production by clonal selection? 

2. Can methods of biomass preextraction and thermochemical conversion by 

torrefaction be used to produce valuable chemicals from the bark of hybrid 

aspen by following the principles of cascading use? 

Based on the results of the chemical characterisation of different clone types, it can 

be stated that clone selection of hybrid aspens can affect the chemical composition 

of bark biomass. In this study, hydrophilic extracts and hemicellulose were selected 

as potential sources of added value. Since significant clonal variation in the bark 

was found to occur mainly in the quality parameters based on which the biorefining 

potential of the bark was examined, it can be verified that clonal breeding is a viable 

way to modify the composition of the bark towards specific chemical applications. 

The most promising bark quality in terms of added value was selected for 

biorefining studies. Hot water extraction was chosen for the separation of 

hydrophilic extractives, and torrefaction of extraction residue was chosen for 

hemicellulose utilisation. The rationality of these methods was examined by 

producing rigid foam and activated carbon from hot water extract and the 

performance of pyroligneous acid converted from hemicellulose in herbicidal and 

fungicidal applications. 

In terms of the cascading utilisation study, the most important finding was that 

valuable compounds can be separated from hybrid aspen bark by hot water 

extraction before the conversion of hemicellulose into other valuable chemicals. 

The extractives obtained are viable precursors of both rigid foam and activated rigid 

carbon foam. The quality and quantity of hemicellulose in the bark were 

appropriate for conversion into herbicidal and fungicidal active pyroligneous acid. 

The cascade utilisation potential of bark biomass is best supported by the results, 

which concluded that hot water extraction of the bark improves the herbicide 

performance of the pyroligneous acid converted from the bark extraction residue. 

Thus, by chaining the process techniques, value-added products can be separated 

from the bark of the hybrid aspen tree whilst improving the quality of the raw 
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material for the torrefaction process if the goal is to optimise the conversion product 

for weed inhibitor applications. Based on these conclusions, forestry practitioners 

should also consider the chemical composition of bark biomass when selecting 

alternative tree species as cultivated biomass sources alongside commercially 

important dominant species.  

Breeding can affect the basic composition of trees, such as the currently most 

valued cellulose, but based on the results obtained, breeding also affects bark 

quality. This can increase the interest in underutilised wood species on the industrial 

side and, as a result, make them commercially valuable. With this, alternative 

species, such as fast-growing hybrid aspen, could improve the diversity of boreal 

forests through cultivation and expand the selection of biomass sources if the 

versatile value is seen for underutilised trees. 

In an industry that produces torrefied wood either as fuel or as a semi-finished 

product for further processes, one should see the possibility of producing several 

products from wood materials to generate added value. Here, the bark is a great raw 

material to be utilised according to the cascading use principle, thanks to its 

versatile extract chemistry. At best, valuable side streams have the opportunity to 

improve the profitability of the production of torrefied wood materials so that the 

product has a better chance of competing alongside traditional fossil coal. When 

the advantages of the hybrid aspen tree as part of forestry are known and the 

industry recognises wood’s versatile value, for example, as a raw material for the 

production of chemicals, alternative tree species will have the opportunity to rise 

alongside commercially valuable traditional tree species as a source of biomass. 

The value of the cultivated hybrid aspen tree has previously been seen mainly 

as a source of cellulose or as a renewable biofuel for energy production. This study 

took part in the investigation of the added value of an alternative wood species by 

examining the use of bark in chemical production. The chemistry of the bark was 

exploited with the use of extracts and structural substances, hemicellulose. With the 

help of this research, new perspectives can be developed on the utilisation of 

undervalued wood and its added-value potential. 
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