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Abstract 
The energy consumption in the world is increasing at the same time as the fossil fuel 

resources are limited. This is causing a rising interest in renewable energy sources 

over the world. To reduce dependency on fossil fuel sources biomass is an excellent 

alternative.  

SCA Östrand pulp mill in Timrå is having one of the largest industrial 

investments made in Sweden. The production capacity will double, resulting in the 

largest production line for bleached softwood kraft pulp in the world. This level will 

be reached in 2020. The large expansion has given an interest for a possible localization 

of a biorefinery in connection with the existing pulp mill. This project was one of the 

first investigations towards building a biorefinery at SCA Östrand pulp mill. 

The aim of this project was to investigate liquefaction of bark from spruce from 

SCA Ortviken paper mill by solvent solubilization of lignin. It was desirable to 

hydrolyze all cellulose in the media used, with or without the use of solid catalyst. 

Many different catalysts together with solvents were investigated with the goal to find 

the best suitable combination to be used in a biorefinery of softwood bark. The 

investigated solvents were para-toluenesulfonic acid and methanol. Today bark is 

usually burned for heat recovery at the pulp and paper mill.  

Analysis of extractives, ash metals and carbohydrates of the bark were 

performed before any trials. Reactions took place in a 0.3 L stainless steel Parr reactor 

with high temperature and pressure. Several trials (21 in total) were made with or 

without catalyst and most of them with methanol as solvent. Two catalysts were 

studied in more detail, zeolite ZSM-5 and zeolite Beta_250. For ZSM-5 mainly methyl 

esters and steroid hydrocarbons were formed. Reactions with Beta_250 resulted in 

monolignols, shorter methyl esters and shorter organic acids compared with ZSM-5. 

The result showed most liquid product and lowest bark and coke residue from 

zeolite ZSM-5 and Ni/C-catalyst with 0.16 g respectively 0.21 g bio-oil, both from 1 g 

of softwood bark.  
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Sammanfattning 
Energikonsumtionen i världen ökar samtidigt som resursen av fossilt bränsle är 

begränsad. Detta har orsakat ett ökat intresse för förnybara energiresurser världen 

över. En utmärkt lösning för att minska världens beroende av fossila bränslen är 

biomassa.  

SCA Östrands massabruk i Timrå går just nu igenom en av de största 

industriinvesteringarna i Sverige genom tiderna. Produktionskapaciteten kommer 

fördubblas till år 2020 vilket resulterar i att produktionslinjen för blekt 

barrsulfatmassa blir den största i världen. Expansionen har medfört att man nu 

undersöker förutsättningar för en möjlig lokalisering av ett bioraffinaderi i anslutning 

till Östrands massabruk. Detta projekt utfördes som ett av de första stegen i 

utredningen av ett nytt bioraffinaderi.   

Syftet med projektet var att undersöka förvätskning av granbark från SCA 

Ortvikens pappersbruk genom solubilisering av lignin med hjälp av lösningsmedel. 

Det var önskvärt att hydrolysera all cellulosa i mediet med eller utan användandet av 

en fast katalysator. Många olika katalysatorer och lösningsmedel undersöktes med 

målet att hitta den bästa lämpliga kombinationen för raffinering av barken. De 

lösningsmedel som undersöktes var para-toluensulfonsyra och metanol. Idag bränns 

vanligtvis barken för energiutvinning på massa- och pappersbruken.  

Analyser av extraktivämnen, aska, metaller och kolhydrater gjordes på barken 

innan försök kunde påbörjas. Försöken utfördes i en Parr reaktor av rostfritt stål vid 

hög temperatur och tryck. Totalt sett gjordes 21 stycken försök både med och utan 

katalysator där de flesta hade metanol som lösningsmedel. Två av katalysatorerna, 

zeoliterna ZSM-5 och Beta_250, studerades närmare. Produkten från ZSM-5 innehöll 

mestadels metylestrar och steroider medan Beta_250 resulterade i kortare metylestrar 

och organiska syror.  

Resultatet visade att zeolit ZSM-5 och Ni/C-katalysatorn gav högst produkt och 

lägst barkrester. Från 1 g granbark gav ZSM-5 0.16 g bioolja respektive 0.21 g bioolja 

från Ni/C-katalysatorn.  
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1. Introduction 
The world’s energy consumption is increasing at the same time as there are limited 

fossil fuel resources. This is causing a rising interest in renewable energy sources over 

the world. To reduce dependency on fossil fuel sources biomass is an alternative and 

additive way for energy and fuel production (Eksioglu et al., 2015). In this project the 

biomass source was bark from spruce which is a softwood species. The chemical 

structure of wood is mainly carbon, hydrogen and oxygen, forming cellulose, 

hemicellulose and lignin. The three main types of products that biomass can be 

converted into are energy, biofuels and fine-chemicals. This project was focused 

mainly on production of biofuels and biochemicals from softwood bark.  

1.1  Background and objectives 

The expansion of SCA Östrand pulp mill in Timrå is one of the largest industrial 

investments made in Sweden with the goal to double its production capacity from 

430.000 tonnes to 900.000 tonnes. This level will be reached in 2020. Östrand will be 

the largest production line for bleached softwood kraft pulp in the world. Due to the 

large expansion, a possible localization of a biorefinery in connection with the existing 

pulp mill is investigated. In this way energy and tributaries from pulp production can 

be utilized and by-products from other manufacturing processes can be used. The 

bark obtained during debarking of logs could be used as raw material in the 

biorefinery. The produced biofuel could replace both fossil fuel and diesel, resulting 

in reduced greenhouse gas emissions.  

Today, bark from spruce is mostly incinerated to produce heat for pulp and 

paper mills. It is important to find new ways of utilizing all components of wood and 

wood residues for the growing bioeconomy.  From this perspective it would be useful 

if a by-product could be used as raw material for liquid biofuel. In this thesis the aim 

was to liquefy bark with different media and catalysts.  

Previous research utilizing a hydrotropic acid for pulp production inspired the 

topic for this master thesis. Addition of a hydrotrope means the aqueous solubility of 

the lignin in the bark increases. Unfortunately, there is very little work published on 

combining a hydrotrope with a solid catalyst to liquefy biomass. Other approaches 

utilize supercritical methanol instead. 

According to Gabov (2018) hydrotropic process was never developed in full scale 

due to its shortcoming of delignifying softwoods. In this project, another hydrotropic 

acid was used in combination with higher temperature and pressure than in previous 

research.  
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There are many difficulties associated with the production of renewable fuels; i) 

the raw material for the fuel cannot compete with food production, (ii) the 

manufacturing must be sufficiently efficient so the energy needed to produce the fuel 

is lower than what the fuel itself can supply, and (iii) the fuel must also function 

technically in the intended vehicles.  

The aim of this project was to investigate liquefaction of bark from spruce by 

solvent solubilization and cracking of lignin. This project is one of the first 

investigations towards building a biorefinery at SCA Östrand pulp mill. It was 

desirable to hydrolyze all cellulose in the media used which could be done with or 

without a solid catalyst. Many different catalysts together with solvent were 

investigated with the goal to find the best suitable combination for biorefinery of bark 

as raw material. The investigated solvents were hydrotropic acid and methanol. 

Earlier research with hydrotropic process has been made by Gabov et al. (2014) with 

the goal to obtain a pulp suitable for tissue or papermaking. In this project, no 

consideration regarding the pulp quality was required. The best scenario would be to 

dissolve all biomass with high liquid yields.    
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2. Literature review 
This section covers the literature of the topics involved in this project. First a general 

description of wood structure and construction is presented followed by theory about 

bark and its composition. Chemical and hydrotropic pulping is compared using 

examples of previous trials of hydrotropic biorefinery.  

2.1 Structure and composition of wood 

Wood is a material with large variety due to its anatomical, physical and chemical 

properties. It consists of different types of cells handling water transport, metabolism 

and mechanical support. Roughly half of the mass of a living tree consists of water.  

Wood cells consist mainly of cellulose, hemicellulose and lignin. Cellulose forms 

a skeleton, hemicellulose surrounds the cellulose and lignin binds the fiber together. 

The wood cell wall is built up by several layers, middle lamella, primary wall and 

three types of secondary wall. The different layers differ from each other by their 

chemical composition and structure. Middle lamella is located between the cells and 

binds the cells together and with growth, becomes highly lignified. It has a thickness 

of 0.2-1.0 µm. The primary wall is thinnest, only 0.1-0.2 µm thick and is completely 

embedded in lignin. It consists mainly of cellulose and hemicellulose and some small 

parts of protein. The largest part of the cell wall is formed by the secondary wall which 

consists of three layers (Sjöström, 1993), as presented in Figure 1.  

 

Figure 1. Structure of cell wall showing middle lamella, primary wall and secondary wall. (Missouri 

University of Science and Technology, 2018)  

2.1.1 Cellulose and hemicellulose 

One of the most common renewable feedstock in lignocellulosic biomass is cellulose 

which is produced from carbon dioxide and water via photosynthesis. Cellulose is a 

linear polymer consisting of glucose units linked together by covalent β-1,4-glycosidic 

bonds. Strong hydrogen bonds and van der Waal’s forces keep the linear polymers to 
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each other. This results in a crystalline structure more resistant to depolymerization 

than hemicellulose (Xiao & Wang, 2018). Cellulose is a raw material for second 

generation biofuels since it does not compete with land for food production. 

Therefore, it is an ideal feedstock for synthesis of chemicals, fuels and materials. 

Hemicellulose has a randomly branched structure and is amorphous. Its composition 

is more complex than celluloses (Moulijn et al., 2013).  

2.1.2 Lignin 

Lignin has the highest carbon content compared to cellulose and hemicellulose, up to 

50 wt%, which makes lignin a good candidate for new carbon materials. Lignin 

consists of three primary fragments: p-hydroxyphenyl, guaiacyl and syringyl units. 

They are linked together by either C-O bonds or C-C bonds (Xiao and Wang 2018). Of 

the three lignocellulosic components, lignin is the most recalcitrant towards 

extraction. The chemical structure of lignin after extraction from biomass depends on 

which process is used (Pinkert et al., 2011).  

2.1.3 Bark 

Bark is the external layer of the tree which surrounds the stem, branches and roots 

and constitutes about 10-15% of the trees total weight. Today, bark is usually burned 

for heat recovery and only a small fraction of bark is used as raw material for chemical 

production (Sjöström, 1993). As bark is not suitable for pulp or papermaking, the logs 

need to be debarked before further treatment for pulp production and hence, both 

outer and inner bark are removed at the paper mill. Bark has a low fiber proportion 

and currently it is not economically motivated to use these fibers in the pulping 

process (Brännvall, 2009). The lignin content in bark varies a lot in different literatures. 

According to Harkin and Rowe (n.d.) the lignin content of softwood bark is 40-55% 

compared to 25-30% in remaining woody part.  

The structure of bark is more complicated than wood. Characteristics such as age 

and growth conditions affect the structure. Bark contains lignin, hemicellulose and a 

smaller fraction of cellulose. Bark can be divided into living inner bark (phloem) and 

dead outer bark (rhytidome). Tissues of the bark substances are either formed by 

primary or secondary growth. Primary growth means direct production of embryonal 

cells at the growing points of the stem apex for further development to primary 

tissues. Epidermis, cortex and primary phloem are primary tissues which can be seen in 

Figure 2A. Secondary growth occurs in two special meristems, vascular cambium, 

where the secondary phloem is produced and in the cork cambium where the 

periderm is generated. Cell division gives rise to several periderm layers. In mature 
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bark, the boundary between the inner and outer bark is the last periderm to form. This 

is presented in Figure 2B (Sjöström, 1993). 

 

 

Figure 2. Main bark tissue for (A) young stem and for (B) mature stem (Chang, cited in Sjöström, 1993). 

Inner bark consists mainly of sieve elements, parenchyma cells and sclerenchymatous 

cells. Sieve elements perform transportation of liquids and nutrients and can be 

divided into sieve cells and sieve tubes. Sieve cells are presented in gymnosperms and 

sieve tubes in angiosperms. Sieve elements are arranged in longitudinal cell rows 

connected through sieve areas. The structures of sieve cells are narrow with tapering 

ends while sieve tubes are thicker and cylindrical. After approximately two years, 

sieve elements are replaced by new elements since their activity ceases. Parenchyma 

cells can store nutrients and are located between the sieve elements in the inner bark 

(Sjöström, 1993).  

Outer bark mainly consists of periderm or cork layers and protects the wood 

tissues from damage, temperature variations and humidity.  For most types of wood, 

periderm replaces the epidermis within the first year of growth. The outer bark 

consists of dead cells and was once part of the inner bark. It is between the bark and 

xylem where the tree growth takes place. More cells are being produced towards the 

xylem on the inside than towards the phloem on the outside, which results in trees 

always contains more wood than bark. This results in increasing diameter of the stem, 

branches and roots and is called secondary growth. Primary growth takes place 

during the early season and is referred as longitudinal growth (Sjöström, 1993). 

Differences in species are much greater in bark than in wood, which means that 

bark has a different structure than wood. Today, bark residues are produced as 

by-product in large quantities by the forest industry during debarking. It is often used 

as an energy source in a bark-burning furnace. Bark is also being utilized as raw 

material, for example in many burning- and gasification applications. Bark could be a 
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potential raw material for vacuum pyrolysis for production of phenols and activated 

carbon. It has been used as oil adsorption, filling materials, metal-binding materials 

and odor removal in Kraft mills. The content of extractives in bark is higher than in 

wood. Bark has two chemical components, suberin and tannins, which is not found in 

wood (Alén, 2011).  

According to Alén (2011) it has been difficult to develop an economic separation 

technique for complex mixtures at an industrial scale. For this reason, it has been 

unmanageable for manufacturing of fine chemicals from bark as raw material. Also, 

absence of suitable markets makes it harder for this development. Production of solid 

fuels from biomass is becoming more and more important. Many raw biomasses can 

be burned directly to provide heat. Bark, sawdust, shavings and harvest residues etc. 

must be mechanically upgraded by grinding to reach an appropriate particle size 

distribution, alternatively pressed into briquettes or pellets. In this way their best fuel 

properties can be reached.  

 

2.1.4 Extractives 

Extractives contain a large number of diverse substances with low molecular masses 

and are either soluble in neutral organic solvents or in water. The composition of 

extractives varies depending on wood species. One conclusion that can be drawn is 

that lipophilic (organic solvent-soluble) extractives are dominant in wood feedstock 

while hydrophilic (water-soluble) extractives are dominant in non-wood feedstock. 

Total amount of extractives for a given species depends on growth conditions. 

Extractives in softwood and hardwood differs from each other, softwood contains 

generally higher amount of extractives. Extractives need to be considered in respect 

to different process techniques. Some types of extractives have an important role in 

pulping and papermaking processes while some constitute a valuable raw material 

for production of organic chemicals (Alén, 2011).  

2.1.5 Ash content 

Wood contains low amounts of inorganic components, approximately 1%. However, 

the ash content in bark can be much higher. The ash content in spruce stem wood is 

around 0.2%. For bark, the ash content is between 1.5% and 2.1% of the wood dry 

solids, this is 8-10 times higher than in the stem. The ash content is increasing with the 

height of the tree, which means that the branch and top have the highest ash content 

(Wang and Dibdiakova, 2014). There is a significant dependency of ash content and 

environmental conditions such as where the tree has grown. Ash originates most 

commonly from a variety of salts deposits in the cell walls and lumina, also from 
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inorganic moieties that are bound to the cell wall components. Usually it is various 

metal salts of carbonates, silicates, oxalates, phosphates and sulphates (Alén, 2011).  

2.2 Chemical pulping 

In chemical pulping, the aim is to liberate the fibers by delignifying the wood by 

treating the wood chips at high temperature in a solution with pulping chemicals, 

until a certain degree of delignification is reached. After this process the pulping 

chemicals are recovered (Brännvall, 2009). Sulphate- and sulphite pulp are some 

examples of chemical pulps.  

In sulphite pulping the wood lignin is made water soluble by bisulphite ions 

(Alén, 2011). Sulphite pulp contains a higher amount of extractives compared to kraft 

pulp since it is made under acidic conditions instead of alkaline, which dissolve and 

break down the wood resin (Sitholé et al., 2010). Chemical pulping accounts for 70% 

of the total production in the world and about 90% of chemical pulps are produced by 

the sulphate process, also known as the kraft process (Alén, 2011). 

2.2.1 Kraft pulping 

The kraft process has gradually become the dominant method for production of 

chemical pulps since the 1950s. The big dominance of the kraft process are explained 

by for instance pulp strength properties, low demand on wood species and wood 

quality, recovery of cooking chemicals, energy, short cooking time and useful by-

products (Alén, 2011). 

In kraft pulping white liquor is used for cooking of the wood chips. A simplified 

scheme of the liquor cycle is presented in Figure 3. White liquor contains the active 

cooking chemicals, sodium hydroxide (NaOH) and sodium sulphide (Na2S). When 

cooking is completed, the spent cooking liquor, also known as black liquor, is 

separated through washing of the pulp. The black liquor is concentrated to a solids 

content of 65-80% in multiple-effect evaporators and then combusted in a recovery 

furnace for energy generation and recovery of cooking chemicals. When black liquor 

is combusted in the recovery furnace, an inorganic smelt is produced containing 

sodium carbonate (Na2CO3) and sodium sulphide (Na2S) with small amounts of 

sodium sulphate (Na2SO4). The smelt is dissolved in water, forming green liquor. The 

green liquor is further reacted in the causticizing stage with lime (CaO) to convert 

Na2CO3 into NaOH and regenerate the white liquor. The conversion for this recovery 

cycle is about 90%, which means that the white liquor also contains Na2CO3 and 

sodium salts of oxidized sulfur-containing anions (Alén, 2011). According to 

Brännvall (2009) the temperature in the cooking zone is 160-170 °C for softwood and 

150-160 °C for hardwood.  
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Figure 3. Liquor cycle in kraft cooking. 

 

2.3 Hydrotropic pulping 

Hydrotropic treatment of biomass is carried out with concentrated aqueous solutions 

of hydrotropic agents (Gabov et al., 2014). Hydrotropic treatment uses water-soluble 

and environmentally friendly organic substances with both hydrophilic and 

hydrophobic functionalities in their structure. At high concentrations, molecular 

aggregates are formed, capable of improving the aqueous solubility of water-insoluble 

organic substances. Hydrotropic agents resemble surfactants in some ways, except 

that hydrotropes usually have a shorter hydrophobic chain than surfactants (Gabov 

et al., 2013). The structure of hydrotropic compounds is similar to surfactants. They 

are amphiphilic substances with both a hydrophilic and a hydrophobic functional 

group.  

When the concentration of hydrotropic compounds is high, the ability of 

increasing the solubility of organic compounds in water is stronger. The concentration 

where self-association is being formed is defined as the minimum hydrotrope 

concentration (MHC). The hydrophobicity of hydrotropic compounds is not sufficient 

enough to create micelles, not even above the MHC. Instead, hydrotropes form two-

dimensional layered structures (Korpinen & Fardim, 2009).  

Sodium xylenesulphonate is the most generally studied hydrotropic agent for 

recovery of lignin and cellulose from lignocellulosic material. When the material is 

extracted with 30-40% of a sodium xylenesulphonate solution, the solution can be 

recovered and used approximately six times. During extraction the solution becomes 

more and more enriched with lignin and more effective as solvent for lignin. When 

the saturation of lignin is reached, the limit for reusing is reached. After extraction, 

the pulp is washed with fresh hydrotropic solution since lignin has tendency to 
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precipitate on the fibers during washing with water. Thereafter the pulp can be 

washed with water. To recover the hydrotropic solution the concentration is reduced 

from 40% to 10% by the addition of water. The lignin is then precipitated by anti-

solvent water and separated by filtration (Korpinen & Fardim, 2009). Recovery of the 

hydrotrope is crucial and can be done by evaporation or crystallization.  

Application of hydrotropes for biomass processing was first patented by Ralph 

H. McKee in 1943 for pulping of different lignocellulosic raw materials (U.S Patent 

2.308.564). Concentrated solutions of benzene-derived hydrotropic salts were used. 

McKee describes hydrotropic pulping of poplar wood with an ionic liquid solution of 

30% sodium xylenesulphonate. The cooking was carried out during 12 hours at a 

temperature of 150 °C. According to McKee, there are several advantages of 

hydrotropic treatment compared to chemical pulping. It is possible to recover large 

quantities of lignin and the process is environmentally friendly with a lower 

consumption of cooking agent (Gabov et al., 2013). According to Gabov et al. (2014) 

another advantage is simple recovery of hydrotropic solutions, resulting in the 

possibility of using one solution for about six successive treatments. This saves energy 

that otherwise would be required for heating fresh cooking solution. The hydrotropic 

solution does not lose its efficiency after regeneration.  

During the 1950s to the 1980s, hydrotropic treatment attracted a lot of scientific 

interest as a new cooking method. Much focus was on optimizing the properties of 

the pulp by using different hydrotropic agents and other solvent media. The research 

that was done had a focus on manufacturing of paper-grade pulps (Gabov et al., 2013). 

The hydrotropic pulp has a lower brightness than sulphite pulp and lower 

mechanical strength than alkaline pulps (Gabov et al., 2013). In this project the aim 

was to dissolve the whole fiber to liquid phase and not have a pulp as product. It was 

the harsh conditions on fibers that made hydrotropic pulping not suitable for pulp 

production, but since pulp production was not a target in this project, it will not be a 

problem.  

2.3.1 Hydrotropic agents 

Hydrotropes are amphiphilic salts with aromatic anions. At high concentrations, 30-

40%, it improves the aqueous solubility of poorly soluble substances (Gabov et al., 

2014). When a hydrotropic molecule interacts with a less soluble molecule, weak van 

der Waals interactions or dipole-dipole interactions occurs (Kirchner, 2009). Some 

examples of hydrotropic agents are sodium salicylate (C7H5NaO3), sodium 

cumenesulfonate (C9H11NaO3S), sodium phenolsulfonate (C6H5NaO4S) and sodium 

xylenesulfonate (C8H9NaO3S) (Gabov et al., 2014). 
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2.3.2 Para-toluenesulfonic acid 

P-toluenesulfonic acid (C7H8O3S) is a non-oxidizing organic acid crystalline powder. 

It is soluble in water, alcohols, ethers and other polar solvents. P-toluenesulfonic acid 

is used as catalyst agent in synthesis of pharmaceuticals, pesticides, polymerization 

stabilizer, esters, paint intermediates and resin curing agent. It is also the most 

common acid catalyst in organic synthesis (Chemical Book, 2017).  

2.4 Catalysts 

Catalysts accelerate a chemical reaction without being appreciable consumed in the 

process. Bonds are formed with the reacting molecules at its active sites, allowing 

formation of product before it separates from the surface. After separation, the catalyst 

is ready for the next reaction, i.e. it is a cyclic event. Catalytic routes can often be 

designed such that the raw material is used as efficient as possible and waste 

production is minimized.  

Catalysts are involved in the production of 90% of all chemicals produced in 

industries today. The catalyst cost in oil refining is approximately 0.1% of the product 

value. The corresponding value for petrochemicals is 0.2%, indicating how cost 

effective catalysts are in industries (Hagen, 2015). 

2.4.1 Zeolite 

Zeolites consist of crystalline aluminosilicates and can be found in nature or 

synthesized artificially. It is an oxide and its framework is open with channels and 

cages (Chorkendorff and Niemantsverdriet, 2007). Zeolites are of natural or synthetic 

origin with ordered structures. The structures consist of SiO4 and AlO4- tetrahedral 

linked through oxygen atoms to give a three-dimensional network with long channels. 

The general formula of zeolites is shown below; 

𝑀𝐼𝑀𝐼𝐼
0.5[(𝐴𝑙𝑂2)𝑥 ∙ (𝑆𝑖𝑂2)𝑦 ∙ (𝐻2𝑂)𝑧]   

As the formula shows, zeolites contain some water. MI and MII are alkali and 

alkaline earth metals, x and y denote the oxide variables and z is the number of 

molecules of water. 

The most important properties of zeolites are its shape selectivity and acidity. 

The composition and type of zeolite determine the structure of the crystalline surface. 

The shape selectivity is based on interaction of reactants and the pore system. There 

are three variants of selectivity: reactant-, product- and restricted transition state 

selectivity. Reactant selectivity means only reactants of a certain size and shape can 

pass into the zeolite pores and undergo reaction at the active sites. This means 
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molecules larger than the pores cannot react. Sometimes the term "molecular sieves" 

are used to describe reactant selectivity (Hagen, 2006). 

Product selectivity arises when only formation of products of a certain size and 

shape can exit from the pore. A disadvantage of product selectivity is that large 

molecules unable to leave the pores can be converted to undesired products or even 

deactivate the catalyst. Restricted transition state selectivity means that chemical 

reactions often proceed via intermediates. Only intermediates with right geometrical 

shape to the zeolite cavities can be formed from catalysis (Hagen, 2006). 

ZSM-5 and Beta are two different types of zeolites. Zeolite Beta is a high-silica 

zeolite with three-dimensional pore systems of 12-rings as minimum constricting 

apertures. It has large pores compared to other zeolites (Newsman et al., 1988). Its 

structure is tetragonal and maximum diameter of a sphere that can diffuse along is 

5.95 Å (International Zeolite Association, 2017). ZSM-5 has an orthorhombic 

framework consisting of 10-rings. It has high stability in acids and low stability in 

bases. The maximum diameter of a sphere that can diffuse along is 4.7 Å. Its 

concentration of acids groups of high strength is low (International Zeolite 

Association, 2017). Zeolite ZSM-5 is a shape selective catalyst with a unique channel 

structure which differs from the large-pore zeolites. It also has unusual catalytic 

properties and high thermal stability (Kokotailo et al., 1978). According to Hegde et 

al., (1986) ZSM-5 has a higher acidity than Beta.  

2.5 Supercritical methanol 

A supercritical fluid is a compressible gas which has reached its critical temperature 

and pressure. At this stage, the differences between the two phases 

disappear (C. Baskar & S. Baskar, 2012). Methanol has a boiling point of 64.7 °C and is 

supercritical at 239 °C and 80 bar. It is desirablye to reach the supercritical point of the 

methanol to ensure that the bark is impregnated as much as possible.  

2.6 Previous studies of hydrotropic biorefinery 

Some studies have been conducted previously on hydrotropic biorefinery of birch 

wood and sugarcane bagasse, but not from softwood and especially not from bark. 

From literature and by studying previous trials, some different options are to use only 

a hydrotropic agent, an organic agent or a mix of both. Also, a solution of supercritical 

methanol is an alternative. Many parameters must be taken into account, such as; 

temperature, pressure, time, concentration of media, biomass load, selection of 

catalyst and composition of the media. A lot of the previous trials have been made 

with sodium xylenesulfonate as hydrotropic agent, but in this project 
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p-toluenesulfonic acid was used instead. Two cases are listed below from previous 

studies using other wood species. 

2.6.1 Previous trial with poplar wood 

A study on delignification of wood using p-toluenesulfonic acid (p-TsOH) as a 

recyclable hydrotrope was made by Chen and several other researchers (Chen et al., 

2017). In this study, poplar wood was used which is a hardwood species and differs 

from the bark of spruce used in this project. However, it can still be used as a 

comparison. The wood chips were milled into a 20-mesh powder before trials. The 

trials in the study showed that using p-TsOH as a hydrotrope approximately 90% of 

the lignin was dissolved at 80 °C or lower after 20 min. It was stated that by increasing 

the concentration of p-TsOH, lignin solubilization was improved since the hydrotrope 

relies on aggregation to solubilize lignin. The reaction time had a minimal effect on 

lignin except for the first 20 minutes. For trials with high concentration (around 80%) 

of p-TsOH, reaction times over 35 minutes resulted in increased lignin content in 

water-insoluble solid. Solubilized lignin may have been condensed and then 

reprecipitated. MHC of p-TsOH was determined to 11.5 wt%. Below MHC, p-TsOH 

starts to lose its hydrotropic properties. Therefore, the dissolved lignin can be 

precipitated as lignin nanoparticles by diluting p-TsOH in the spent liquor to below 

MHC.  

The authors found that the used p-TsOH, as a catalyst and solvent, did not lose 

its hydrotropic activity which means it can be reused. P-toluenesulfonic acid was 

recovered due to its low solubility in water at ambient temperatures. Crystallization 

technology was used by cooling the reconcentrated diluted spent liquor after lignin 

precipitation. By comparing the p-TsOH solution of two cycles, its recyclability could 

be investigated. The dissolved lignin was separated by dilution of the spent acid liquor 

below MHC of 11.5 wt%. The amount of freshly made p-TsOH solution was calculated 

after the first cycle. It was assumed that no consumption of p-TsOH by reaction 

occurred. The freshly made solution was added to the collected spent liquor along 

with the same amount of poplar. The chemical compositions from the two cycles were 

compared and the differences were within measurement error. This suggests well 

recyclability and reusability of p-TsOH.  

2.6.2 Previous trials with birch wood 

Studies of hydrotropic treatment have been made by scientists at Åbo Akademi 

University (Gabov et al., 2014). In this study, birch wood was used which differs from 

spruce, but still a comparison can be made as a basis for this project. In the study, 

lignin was obtained from birch wood chips by using hydrotropic treatment. The size 
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of the wood chips was 4-6 mm and sodium xylenesulfonate was used as hydrotropic 

agent. Extraction occurred in a rocking digester using 36% aqueous hydrotropic 

solution. The study involved two treatments, one reference method and one were 

formic acid and hydrogen peroxide was added. The amount of hydrogen peroxide 

was 2.5% based on the wood and formic acid was added to lower pH to 3.5. The chips 

were vacuum impregnated with the hydrotropic solutions at room temperature for 30 

minutes using a water pump. The pulp after the treatments were disintegrated and 

washed. The fractions containing hydrotropic lignin were precipitated by dilution 

with 10-fold (v/v) of hot distillated water. Lignin was separated by filtration through 

a glass filter funnel and further washed with 8-fold (v/v) of hot distillated water at a 

temperature of 75-80 °C. Addition of formic acid and hydrogen peroxide to a 

hydrotropic solution resulted in a more effective lignin removal compared to the 

reference trial. The degree of lignification was 97% for the modified treatment 

compared to 91% for the reference treatment.  

2.7 Studies of alcohol production from cellulose by 

supercritical methanol 

A study on production of alcohols from cellulose has been made by Galebach et al. 

(2018) by supercritical methanol depolymerization and hydrodeoxygenation. 

Monoalcohols, diols, alcohol ethers and methyl esters were produced from cellulose 

at 300 °C. A catalyst of copper-doped hydrotalcite was used. The same amount of 

catalyst and biomass was used together with methanol in excess. The reaction was 

carried out at 300 °C between 1-480 minutes. The overall carbon yield increased from 

4.2% at 1 minute to 92.6% at 480 minutes. After the reaction was completed, the gas 

was measured and analyzed. The solution was filtered using 0.22 µm syringe filters. 

Solids were washed out of the reactor with acetone and collected. Acetone was 

removed through evaporation under vacuum to isolate the solids. The main products 

after the reaction were monoalcohols, diols, ketones, esters and ethers. The reaction 

occurred through rapid solubilization and depolymerization of cellulose followed by 

retro-aldo condensation to C2-C4, which happened within 1 hour. 

2.8  Studies on lignin depolymerization in alcohol over 

nickel-based catalyst 

A study published in the journal Energy & Environmental Science (Song et al., 2013) 

showed how birch wood lignin can be depolymerized into alcohols over a nickel 

based catalyst. To determine the lignin content the birch sawdust was treated with an 

ethanol-benzene mixture in a Soxhlet extractor for 12 hours. With this method 
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extractives were removed from the birch. The sawdust was then washed with ethanol, 

dried and mixed with 72 wt% H2SO4 solution. After filtration the filtered residue was 

washed and weighted. The weight resulted in a lignin content of 19% in the birch 

sawdust. A fragmentation-hydrogenolysis process was used for depolymerizing 

lignin into monomeric phenols in alcoholic solvents. In this process the birch wood 

lignin is first fragmented into smaller species of benzene rings. The alcohols act as 

nucleophilic reagent for cleaving C-O-C linkages. The second step is hydrogenolysis 

of the fragmented species into monomeric phenols over the nickel-based catalyst. The 

nickel catalyst can be reused four times without losing activity. In the last step the 

alcohol is the hydrogen source for the reaction.   
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3. Experimental 
In this section preparation of the bark is described followed by trials with hydrotropic 

treatment and methanol at different conditions, with and without catalyst in a reactor 

is presented. At last, analysis of extractives, ash, carbohydrates, lignin and metals are 

described.  

The bark in this project was from spruce obtained from SCA Ortviken paper mill. 

Some preparations of the bark such as milling, washing and drying needed to be done 

before any trials could begin. The size of the original bark was too large to use in the 

reactor and salts in the bark needed to be removed. Analysis of samples was 

performed with assistance from Inger Nygren and Marianne Jonsson-Hall at SCA 

R&D Centre. The bark water used in the project was also from Ortviken paper mill 

and obtained during debarking of the logs when water is pressed out from the bark 

before burning. 

3.1 Preparation of the bark 

The bark was dried in room temperature and thereafter milled in a RETSCH cutting 

mill SM 100 to a fraction of ≤ 5 mm. The bark water from SCA Ortviken contained 

some wood fibers and needed to be filtered under vacuum. This was done with a 

Buchner funnel and Munktell 00R filter paper and the wash water was saved for 

analysis.  

Before reactor trials could be made the bark needed to be washed to remove 

salts. Approximately two liters of the bark was washed with excess deionized water 

in a beaker under stirring at 75 °C during two hours. An IKA RCT heating plate was 

used together with an Ebro GFX 393 contact thermometer. More than two hours were 

required to reach the operating temperature which means that the bark was in water 

for approximately four hours. The bark and water solution was vacuum filtrated using 

a large Buchner funnel and Munktell 00R filter paper. The bark was then dried in an 

oven at 110 °C to enable analysis of extractives, ash, carbohydrates, lignin and metals. 

3.2 Bark degradation 

A total of 21 trials were made whereof 20 used methanol as solvent and one had 

para-toluenesulfonic acid. All 21 trials were made in a 0.3 L stainless steel Parr reactor 

enabling high temperature and pressure, see Figure 4. In Table 1 all catalysts for each 

trial during the study is presented. The first trial used p-toluenesulfonic acid and then 

two trials with methanol and without any catalyst followed by all catalysts used 

during the study.  
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Table 1. All different trials done during the study, with and without catalyst.  

 Catalyst 

Test 1 para-toluenesulfonic acid 

Trial 1 No catalyst 

Trial 2 No catalyst 

Trial 3 Ni/C 

Trial 4 Ni/C + H2 

Trial 5 ZSM-5 

Trial 6 Y 

Trial 7 Y_60 

Trial 8 Beta_750 

Trial 9 Beta_250 

Trial 10 ZSM-23 

Trial 11 ZSM-5 (2) 

Trial 12 Fe-ZSM-23_40 

Trial 13 Natural zeolite 

Trial 14 Hydroxyapatite 

Trial 15 ZSM-5 

Trial 16 ZSM-5 

Trial 17 Beta_250 

Trial 18 ZSM-5 + Calcium Hydroxyapatite 

Trial 19 ZSM-5 + Calcium Hydroxyapatite 

Trial 20 Beta_250 + Calcium 
Hydroxyapatite 

 

 

Figure 4. Stainless steel Parr reactor used during the trials. 



17 

 

 

3.2.1 Usage of hydrotropic acid as solvent 

The first trial, Test 1, was performed with para-toluenesulfonic acid to test if it could 

liquefy the bark as previous described by Chen et al. (2017). A solution of 50 ml 80 

wt% p-toluenesulfonic acid was mixed with 5 g washed bark in a beaker under stirring 

at 200 rpm. The solid acid was dissolved in deionized water under stirring and 

heating. The temperature for the reaction was kept at 80 °C with a heating plate. After 

60 minutes the reactor was left to cool down over night. It turned out that the acid 

made the temperature sensor corrode. Filtration occurred the day after with a Buchner 

funnel and filter paper 00M under vacuum. Deionized water was used as washing 

solution during filtration. Since the acid did not show the desirable result and was too 

strong to use in the stainless steel Parr reactor, methanol was investigated instead. 

3.2.2 Usage of methanol as solvent 

For trials with methanol, 1 g of washed bark and 1 g of catalyst was mixed with 60 ml 

methanol. The amount of methanol was either 30 or 60 ml depending if a supercritical 

condition was desired or not. By using 60 ml of methanol a pressure above its 

supercritical point was obtained while 30 ml resulted in a subcritical liquid. For most 

of the trials, the heating was on for 8 hours with approximately 6 hours at the 

maximum temperature 250 °C. A magnet was used in the reactor to stir at 300 rpm. 

The reactor was flushed with nitrogen gas to remove oxygen from the ambient air in 

the reactor. Some trials were tested with a shorter reaction time to see if 6 hours was 

really necessary. The reactor was left overnight under stirring to cool down. The bark 

solution was vacuum filtrated the following day with a Buchner funnel and Munktell 

filter paper 00M. Methanol was used as washing solution during filtration. The bark 

residue and eventual catalyst was dried in an oven at 110 °C and weighed.  

The liquid sample for each trial was evaporated in a rotary evaporator to 

separate methanol from the product. This is presented in Figure 5. 
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Figure 5. Remaining products after evaporation of methanol. 

The product was dissolved in acetone and saved in small containers for further 

analysis with gas chromatography-mass spectrometry (GC-MS). For some of the 

samples containing a lot of liquid after evaporation, the liquid and solid phases were 

separated in different containers. This is shown in Figure 6 for trial 11.  

 

Figure 6. Containers with bio-oil from trial 11 to 14. 

3.2.2.1 Trials with methanol without catalyst 

Trial 1 and 2 were tested in the stainless steel Parr reactor. Trial 1 hade 30 ml methanol 

together with 1 g of bark resulting in a subcritical reaction. Trial 2 had 60 ml methanol 

and 1 g bark giving a supercritical reaction. Both trials occurred during 6 hours with 

the method described earlier.   



19 

 

3.2.2.2 Methanol in combination with Ni/C-catalyst 

Trial 3 and 4 were tested with a catalyst of nickel coated graphite powder with 60 wt% 

nickel and 40 wt% carbon. In trial 4 the reactor was pressurized with 20 bar of 

hydrogen to see if that could affect the production of bio-oil. The higher pressure in 

the reactor at the start would give higher pressure after the reaction and therefore the 

methanol was supercritical for a longer time. Also, the hydrogen is necessary in the 

formation of bio-oil.  

The catalyst was magnetic which made it stick to the magnetic stirrer. The 

contact surface of the catalyst was assumed to be sufficient and not reduced too much, 

despite the fact that it was stuck to the magnetic stirrer. It is an advantage if the catalyst 

is magnetic from a separation point of view. According to Song et al. (2013) the catalyst 

could be used at least four times. Approximately 40% of the bark was remaining after 

Ni/C-catalyst therefore zeolite catalysts were studied instead.  

3.2.2.3 Methanol in combination with zeolite and apatite 

The same reactor and conditions were used as in previous trials. Eight different 

zeolites were used to find the best suitable for liquefaction of softwood bark. A trial 

with methanol and hydroxyapatite was also studied, trial 5 to 14. For ZSM-5, gas 

production was indicated after the reaction. This could be seen in the reactor since gas 

was produced in the solution in room temperature after reaction. It was producing 

gas even without any pressure, unfortunately the gas could not be analysed and was 

released instead. The zeolite and bark residue was burned at 525 °C to remove organic 

components and measure the ash content. In this way the ZSM-5 zeolite from trial 5 

was used again in the reactor in trial 11 to see if the zeolite gave the same result. After 

filtration the weight of the bark was noted.  

3.2.2.4 Investigation of a shorter reaction time 

The two zeolites, ZSM-5 and Beta_250, resulted in the lowest bark residue were 

investigated further with a shorter reaction time. There was a leakage in the reactor 

during trial 15 with ZSM-5 resulting in a reaction time of only one hour. Surprisingly 

a lot of bark was already liquefied. Therefore, a reaction time of three hours was tester 

for ZSM-5 in trial 16. Beta_250 was also tested with a reaction time of three hours in 

trial 17. 

3.2.2.5 Addition of a second catalyst 

A lot of gas was produced with ZSM-5, the reactor had a pressure of 5 bar in trial 5.  

An additional catalyst was added with the expectation to utilize the gas and condense 

it to form more product. In trial 18 calcium hydroxyapatite was added in a cage above 
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the liquid solution in the reactor. The bottom of the cage was covered with solid 

calcium hydroxyapatite as depicted in Figure 7.  

 

 

Figure 7. The Parr reactor next to the cage with solid calcium hydroxyapatite used for trial 18-20. 

The reaction occurred for 3 hours and under the same conditions as trial 16 in order 

to be able to compare them both. Much of the zeolite was stuck on the inside of the 

reactor, on the cage and on the calcium hydroxyapatite which made it difficult to 

weigh the remaining zeolite and bark residue. Therefore, the same cage was used 

again in trials 19 and 20 with calcium hydroxyapatite for the two best zeolites but with 

only 30 ml of methanol this time. Under these conditions the methanol was not 

supercritical and the zeolite remained in the solution. Figure 8 shows the bark residue 

and the calcium hydroxyapatite after reaction.  

 

Figure 8. Bark residue and calcium hydroxyapatite for trial 19 and 20.  
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All samples with zeolite and bark residue were burned at 525 °C to remove all organic 

material. In this way the amount of bark residue could be calculated more accurate. 

The weight was then compared to the weight noted directly after filtration.  

Analysis with GC-MS was made for ZSM-5 and Beta_250 both with and without 

calcium hydroxyapatite to see which products were formed during reaction. The 

apparatus was a Trace GC Ultra with ISQ operated with the following temperature 

program: 40 °C for 1 min; ramp at 5 °C/min up to 250 °C; ramp at 20 °C/min to 300 °C. 

The injection port was operated at 260 °C under splitless mode. Helium was used as 

carrier gas with a constant flow of 1 ml/min.  

 

Analysis were taken on the washed bark, unwashed bark, wash water and the bark 

water from Ortviken before any trials were started. Different analysis methods were 

used to determine the content of extractives, ash, carbohydrates, lignin and metal 

content.  

3.3 Extractives 

The extractives interfere the analysis of carbohydrates which means analysis of 

extractives had to occur before carbohydrates. The content of extractives in the liquids 

were measured through Solid phase extraction (SPE) according to method SCA-F W35 

using MTBE as solvent. EGC extraction was used for the solid bark, together with a 

Soxleth extractor and dichloromethane as solvent.  

The unwashed bark was dried in room temperature and the washed bark in an 

oven at 110 °C. Since the washed bark was dried at a high temperature, extractives 

that were not able to handle that temperature are not included in the analysis. 

3.4 Ash  

All four samples were burned in an oven at 525 °C to remove all organic compounds 

and calculate the ash content. The content of ash in the wash water was very small 

and therefore it needed to be refilled two times which affects the result.  

3.5 Carbohydrates and lignin 

Composition of carbohydrates was measured including Klason lignin and acid-

soluble lignin according to instruction SCA-F C 29:91. The samples were hydrolyzed 

with sulfuric acid and thereafter reduced and acetylated. Monosaccharides were 

separated with capillary gas chromatography (GC). The content of monosaccharides 

was recalculated to corresponding anhydrosugars by multiplying arabinose and 

xylose with the factor 0.88 and mannose, galactose and glucose with factor 0.9 

according to instruction SCA-F C 29:91. 
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The method included hydrolysis, neutralization and reduction of the sample. 

The hydrolysis was performed with sulfuric acid on the sample and further reduced 

with potassium borohydride. Acetylation occurred with ethanol and acetic acid 

anhydride forming ethyl acetate. According to the instruction both Klason lignin and 

acid-soluble lignin can be determined through the carbohydrate analysis.  

The acid-soluble lignin was detected with UV-spectrophotometry at 205 nm 

according to STFI AH 23-3 according to SCA-F C 29:91. The Klason lignin was 

determined by filtration according to instruction SCA-F C 29:91. Carbohydrates were 

detected by GC and a data system (EZChrom) was used for evaluation. The carrier 

gas in the chromatograph was helium with a flow rate of 0.96 ml/min. The GC injection 

port and detector were maintained at 250 °C. 1 µl of each sample was analyzed and 

the data system calculates the amount of carbohydrates in each sample. 

 

3.6 Metals 

To determine the amount of different metals, atomic absorption spectroscopy was 

used according to method SCAN-CM 38. The content of 14 different metals was 

measured for the bark and liquid samples.  
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4. Results 
The results from trials with softwood bark are presented in this section. First results 

from one trial with para-toluenesulfonic acid and then the following trials with 

methanol. The criteria for a good catalyst is a high amount of bio-oil product and as 

low amount of bark residue as possible.  

4.1 Usage of hydrotropic acid as solvent 

The bark in the trial with 80 wt% para-toluenesulfonic acid resulted in a higher weight 

after the reaction. A weight of 5 g of bark was used for liquefaction in the reactor and 

the weight after was 7.55 g. The higher bark weigh probably depends on the salt from 

the acid.  

4.2 Usage of methanol as solvent 

First focus was on trials without a catalyst followed by trials with Ni/C-catalyst and 

then different types of zeolites. The last part covers trials with an extra catalyst in a 

cage above the liquid solution. Bio-oil detected with GC-MS are also presented. For 

many trials some solution was remaining together with what seemed to be lignin. 

4.2.1 Trials with methanol without catalyst 

The first four trials with methanol in a Parr reactor are presented in Table 2. Trial 1 

with subcritical methanol resulted in 0.1 g bio-oil and 0.52 g bark residue. Trial 2 is 

presented with supercritical methanol resulted in 0.19 g bio-oil and 0.56 g bark 

residue. Trial 2 had a higher maximum pressure since the liquid was supercritical.  

4.2.2 Methanol in combination with Ni/C-catalyst 

Trial 3 and 4 were combined with Ni/C-catalyst where trial 4 was pressurized with 20 

bar of hydrogen. The pressurized trial resulted in most bio-oil product and tolerable 

amount of bark residue. The reactor had the same pressure after as before the reaction.  

Table 2. Trials with methanol with and without Ni/C-catalyst.  

 
Trial 1 Trial 2 Trial 3 Trial 4 

Temperature [°C] 250 250 250 250 

Stirrer speed [rpm] 300 300 300 300 

Time [h] 6 6 6 6 
Max. pressure [bar] 60 82 82 120 

Methanol [ml] 30 60 60 60 

Bark [g] 1 1 1 1 

Ni/C-catalyst [g] - - 1 1 

Hydrogen [bar] - - - 20 
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Bark residue [g] 0.52 0.56 0.36 0.39 

Bio-oil [g] 0.10 0.19 0.16 0.21 

 

The best result for the first four trials was obtained from trial 4 with Ni/C-catalyst and 

hydrogen. It was expected that the extra amount of hydrogen would give more 

product since it is necessary in formation of bio-oil.  

4.2.3 Methanol in combination with zeolite and apatite 

The results from trials with methanol as solvent and eight different zeolites are shown 

in Table 3. Trial 14 with hydroxyapatite was also included. 

Table 3. Trials with methanol and zeolite catalysts. 

 Trial 
5 

Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 Trial 11 Trial 12 Trial 13 Trial 14 

 
ZSM

-5 
Y Y_60 Beta_

750 
Beta_
250 

ZSM-23 ZSM-5 
(2) 

Fe-ZSM-
23_40 

Natural 
zeolite 

Hydroxya
patite 

Temperature [°C] 250 250 250 250 250 250 250 250 250 250 

Stirrer speed 
[rpm] 

300 300 300 300 300 300 300 300 300 300 

Time [h] 6 6 6 6 6 6 6 6 6 6 

Max. pressure 
[bar] 

105 90 88 84 84 83 91 83 84 83 

Pressure after 
reaction [bar] 

5 0 0 0 0 0 2 0 0 0 

Methanol [ml] 60 60 60 60 60 60 60 60 60 60 

Bark [g] 1 1 1 1 1 1 0.7 1 1 1 

Zeolite [g] 1 1 1 1 1 1 0.7 1 1 1 

Bark residue [g] 0.28 0.49 0.50 0.68 0.60 0.64 0.30 0.63 0.63 0.63 

Bio-oil [g] 0.14 0.15 0.14 0.12 0.12 0.16 0.16 0.22 0.20 0.21 

 

The filtrated ZSM-5 from trial 5 contained 30% organics leaving 0.7 g regenerated 

zeolite which was reused in the reactor in trial 11 giving 0.16 g bio-oil and 0.3 g bark 

residue. The Fe-zeolite from trial 12 gave 0.22 g bio-oil which is the highest obtained. 

Unluckily it also resulted in high bark residue. One of the catalysts with the highest 

amount of bio-oil, respectively the lowest amount of bark residue, was zeolite ZSM-5 

with only 0.3 g bark remaining and 0.16 g bio-oil. Surprisingly the Ni/C-catalyst from 

trial 4 also showed good results in bio-oil and residue. Unfortunately, the Beta_250 

zeolite was not as good as desired. The weight of bark residue for Beta_250 calculated 

from the ash content was 0.6 g compared to 0.2 g calculated directly after filtration.  

Trial 5 resulted in a pressure of 5 bar in the reactor which means gas was formed 

during the reaction. This was confirmed by the fact that the solution was producing 

gas even in room temperature after the reaction. Unfortunately, the gas could not be 

analyzed and was released instead. The trial with hydroxyapatite showed a lot of bark 
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residue and was not investigated further. Focus was instead on the two chosen 

zeolites, ZSM-5 and Beta_250. 

4.2.4 Investigation of a shorter reaction time 

Zeolite ZSM-5 was investigated with a shorter reaction time of both 1 and 3 hours and 

Beta_250 with only 3 hours. Trial 15 with ZSM-5 had a leakage after 1 hour therefore 

no pressure after the reaction is shown in Table 4. During filtration of the sample from 

trial 15 it was clear that the amount of bark residue was low due to the short reaction 

time. Almost half of the bark was liquefied within the first hour. Therefore, a reaction 

time of 3 hours was tested in trial 16. The amount of bark residue from 3 hours was 

almost as low as in trial 5. The Beta zeolite was also tested in trial 17 for 3 hours to 

compare with trial 9. The shorter reaction time for Beta_250 gave almost the same 

amount of bio-oil as 6 hours.  

Table 4. Trial with hydroxyapatite and further trials with the two best zeolites at shorter reaction time. 

 
Trial 15 Trial 16 Trial 17 

 
ZSM-5 ZSM-5 Beta_250 

Temperature [°C] 250 250 250 

Stirrer speed [rpm] 300 300 300 

Time [h] 1 3 3 

Max. pressure [bar] 87 104 84 
Pressure after reaction [bar] - 4 0 

Methanol [ml] 60 60 60 

Bark [g] 1 1 1 

Zeolite [g] 1 1 1 

Bark residue [g] 0.51 0.33 0.55 

Bio-oil [g] 0.17 0.10 0.10 

 

4.2.5 Addition of a second catalyst 

As mentioned earlier, trial 5 with ZSM-5 resulted in a pressure of 5 bar after reaction. 

When the additional catalyst was added the reactor had a pressure of 10 bar after 

reaction which means instead of utilizing the gas, more gas was formed. Table 5 

presents trials with calcium hydroxyapatite added in a cage to the two chosen zeolites. 

Trial 18 had the same conditions as trial 16, except from the added catalyst and 

reached almost the same result for bio-oil. Trial 19 and 20 had a lower amount of 

methanol making it subcritical instead of supercritical, yet a lower amount of bio-oil 

was obtained. Most of the samples had a higher weight calculated from the ash content 

than directly from the filtration since the ash content gives a more accurate value.  
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Table 5. Calcium hydroxyapatite added to trials with the two best zeolites.  

 
Trial 18 Trial 19 Trial 20  

ZSM-5 + Calcium 
Hydroxyapatite 

ZSM-5 + Calcium 
Hydroxyapatite 

Beta_250 + Calcium 
Hydroxyapatite 

Temperature [°C] 250 250 250 
Stirrer speed [rpm] 300 300 300 
Time [h] 3 3 3 
Max. pressure [bar] 105 73 66 
Pressure after reaction [bar] 10 10 0 
Methanol [ml] 60 30 30 
Bark [g] 1 1 1 
Zeolite [g] 1 1 1 
Calcium Hydroxyapatite 6.1 7.2 6.3 
Bark residue [g] 0.25 0.34 0.64 
Bio-oil [g] 0.08 0.03 0.06 

All three trials presented in this section had a lower amount of bio-oil than for the 

same trials without calcium hydroxyapatite. This indicates that the apatite was not a 

good choice for condensing the gas forming more product.  

The amount of produced bio-oil and bark residue (based on organics burnt off 

in filtrated zeolite) for each trial is presented in Figure 9.  

 

 

Figure 9. Amount of bio-oil and bark residue for each trial with methanol. 

The most optimal zeolite should give a high amount of bio-oil and as low bark residue 

as possible. Most of the trials gave an oil product with a liquid phase and a solid phase. 

The weights of both phases are counted as bio-oil in the tables and figures. From 

Figure 9 it is clear that zeolite ZSM-5 and Ni/C-catalyst gave the best result. The ZSM-5 

catalyst created more gas than the other zeolites which means it would be desirable if 

one can valorize the gas products or condense (condensation reactions) them by 

applying a second catalyst.  
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4.3 Bio-oil composition 

The results from GC-MS showed three groups of chemical compounds: monolignols, 

methyl esters of carboxylic and fatty acids together with methyl esters of resin acids 

and steroid hydrocarbons. The amount of each component was not determined due 

to the short period of time for this thesis.  

Trials 1-5 yielded mainly methyl esters of carboxylic and fatty acids, methyl 

esters of resin acids and steroid hydrocarbons. In Figure 10 the chromatogram for 

trial 5 is presented with all different product compounds.  

 

Figure 10. Chromatogram for the products produced in trial 5 with zeolite ZSM-5. Picture made by Kostiantyn 

Kulyk.  

Trial 6-10 had a various yield of monolignols. Methyl esters of resin acids were also 

found. However, fewer methyl esters of long chain fatty acids were found, instead 

shorter acids were yielded. The chromatogram for trial 9 with Beta_250 is presented 

in Figure 11. 
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Figure 11. Chromatogram for the products produced in trial 9 with zeolite Beta_250. Picture made by 

Kostiantyn Kulyk.  

Pictures of GC-MS analysis for trial 19 and 20 of ZSM-5 and Beta_250 together with 

calcium hydroxyapatite are shown in Figure 10 and Figure 11 in the Appendix. 

Trial 19 with ZSM-5 and the second catalyst contained some traces of phenolics, 

methyl esters of resin acids and steroid hydrocarbons. Trial 19 gave the highest yield 

of methyl esters of fatty acids. Some of the acids were not presented in previous tests 

such as methyl heptadecanoate, methyl stearate and methyl isostearate. Methyl 

docosanoate was the most abundant product in the sample. Trial 20 also yielded some 

phenolics and methyl esters of fatty acids. The main product here was methyl esters 

of fatty acids.  

The most useful product formed during the reactions is guaiacol. It is a yellowish 

aromatic oil commonly used medicinally as an expectorant, antiseptic and local 

anaesthetic. Guaiacol is also used in preparation of synthetic vanillin.  
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4.4 Extractives 

The content of extractives was measured for all four samples. The result for the liquid 

samples are shown in Table 6. 

Table 6. Extract content after analyzing with SPE. 

Test Extract content (mg/l) 

Wash water from bark 140 

Bark water from Ortviken 453 

The extractive content for the two bark samples are presented in Table 7. The 

unwashed bark had a dry content of 92% and the washed bark 98%. This result is due 

to the different drying methods. The extract content for the bark are around 4%.  

Table 7. Extractives and dry content for bark samples after analyzing with EGC extraction. 

Test Dry content 

(%) 

Extract content 

(%) 

Extract content 

 (mg/ml) 

Washed bark 98.4 4.1 6.5 

Unwashed bark 92.4 4.9 7.9 

It is clear that water wash is not effective for removal of extractives since only 0.8% is 

removed.  

4.5 Ash  

The ash content of both the bark and liquid samples are presented in Table 8. The two 

bark samples contained around 3% ash.  It could be concluded that the content of ash 

in the water solutions are around 10%. The decrease of ash in the bark was only 0.2% 

which once again indicates a poor washing method. 

Table 8. Ash content in bark and water samples. 

Test Ash content at 525 °C 

(%) 

Washed bark 3.6 

Unwashed bark 3.8  

Wash water from bark 14.3 

Bark water from Ortviken 9.8  

 

4.6 Carbohydrates and lignin 

The values for anhydrosugars as presented in Figure 9 illustrate a dominating amount 

of glucose.  
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Figure 9. Percentage amount of anhydrosugars for the washed and unwashed bark. 

The total amount of anhydrosugars was lower for the unwashed bark. In Table 9 the 

amount of Klason lignin and acid soluble lignin are presented. The washed bark 

contains a higher percentage of lignin than the unwashed bark. This could be due to 

the fact that the unwashed bark had a higher fraction of ash and metals or the variation 

in the milled bark. The washed bark contained 42 wt% of lignin compared to 40 wt% 

for the unwashed bark.  

Table 9. Lignin content in the bark and water sample.  

 Washed bark  

(wt%) 

Unwashed bark 

(wt%) 

Wash 

water 

(wt%) 

Bark 

water 

(wt%) 

Klason lignin 41.1 38.7 11.0 18.9 

Acid soluble lignin 1.00 1.3 13.8 8.1 

Total amount 42.1 39.9 24.8 27.0 

 

The lignin content of the bark residue from trial 2 with only methanol was tested. The 

bark residue contained 50 wt% lignin. Almost all of the lignin was Klason lignin. The 

bark also contained 45 wt% carbohydrates where most of it was glucose. This amount 

of glucose was higher than for both the samples of washed bark and unwashed bark.  

The bark samples contained the highest amount of calcium, potassium, 

magnesium and manganese while the liquid samples contained mostly potassium and 

calcium. The bark water from Ortviken contained over 500 mg/l of metals. The wash 

water contained approximately 10 wt% of that amount. 
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5. Discussion  
Para-toluenesulfonic acid was unfortunately not a good option for the Parr reactor 

since the temperature sensor could not handle the low pH. However, it would be 

interesting to investigate further if another reactor could be used to enable trials with 

the acid at higher temperature and pressure. 

Collecting the zeolite and bark residue from the reactor was difficult for some of 

the trials since solid residue was easily stuck at the bottom. A defined amount of 

methanol was used to rinse the reactor and used during the filtration step. Almost half 

of the methanol used during filtration was not recovered in the evaporation step, 

which means methanol must have been consumed in some way. One possible reason 

could have been formation of an azeotrope between methanol and water. However, 

this is not possible since there is no azeotrope between them. For some zeolites, a lot 

of gas was produced which could not be analyzed. It is possible that the methanol was 

consumed, producing a gas like methane as well as esterify bio-oil products and 

thereby losses were made.  

All trials were made in the same reactor with the same temperature and pressure 

sensor. The filtration was handled under similar conditions for every trial regarding 

to the Buchner funnel and filter paper. Despite this, the comparison of bark residue 

between the measured and calculated weight varied a lot for some trials. When the 

solid residue was measured the weight of bark was obtained by removing the weight 

of zeolite before the reaction. This is not an optimal method since it was clear that 

some zeolite was stuck on the reactor and was hard to remove with methanol. 

Therefore, the weight of bark residue was calculated from the ash analysis.  

For some trials water was formed during reaction which was seen during 

evaporation of the methanol. This means that some of the hydrogen from methanol 

reacted to water.  

The amount of consumed zeolite was generally higher for Beta_250 than for 

ZSM-5. Two possible explanations to this might be that the Beta zeolite was consumed 

during reaction or that more zeolite was stuck in the reactor and therefore not 

weighted correctly together with the bark residue. When zeolite ZSM-5 from trial 5 

was used again in trial 11 more zeolite was consumed than in its first trial.  

The lignin content was measured for the washed and unwashed bark before any 

trials were made and for trial 2 with only supercritical methanol. Surprisingly the 

lignin content was higher for trial 2 than for the washed bark. The bark could have 

been washed more with methanol or other solvent during filtration to be sure most of 

the lignin is removed from the bark. 
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As mentioned in the literature review, ZSM-5 has higher acidity than Beta and smaller 

pore size. These are most likely the reason why ZSM-5 gave much better result than 

Beta. As mentioned earlier almost half of the bark was liquefied during the first hour. 

The trial for ZSM-5 with reaction time 1 hour gave a higher amount of bio-oil than the 

trials during 6 respectively 3 hours. Unluckily, the short reaction time resulted in more 

bark residue than the higher reaction times. One unanticipated finding was that more 

product was formed from the trial with 3 hours than with 6 hours. The reason for this 

is not clear but it may have something to do with consumption of the product during 

reaction. Either the product is consumed forming gas after 3 hours causing a lower 

amount of bio-oil or it is a measurement error. More studies must be done on which 

time is most optimal resulting in most product formation.   

The total amount of anhydrosugars was lower for the unwashed bark than the 

washed bark. This is probably due the differences in the bark samples. The sample for 

the washed bark may have contained more cellulose and therefore a higher amount 

of sugar was obtained.  

According to the analysis this method removed carbohydrates more than lignin 

in a greater extent. Probably because carbohydrates are more easily liquefied or 

gasified than lignin in the used solvent.  

Trial 19 and 20 with an extra catalyst and subcritical methanol did not gave the 

desired amount of bio-oil. The weight of bio-oil was lower than without the extra 

catalyst and had a higher amount of bark residue.   
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6. Conclusions  
Based on the trials made during the project the following conclusions can be drawn.  

• For liquefaction of softwood bark with methanol as solvent, zeolite ZSM-5 was 

the best catalyst followed by the Ni/C-catalyst. The Ni/C-catalyst gave the 

highest amount of bio-oil and lower than 40 wt% bark residue. ZSM-5 gave less 

bio-oil than the Ni/C-catalyst but lower bark residue instead. These two 

catalysts had the best ratio between bio-oil and bark residue. 

• A reaction time of at least 3 hours was needed to receive as much bio-oil as 

possible with zeolite ZSM-5. 

• Zeolite Beta_250 is not a good option for liquefaction of softwood bark with 

methanol as solvent, since it resulted in a maximum of 0.12 g bio-oil from 1 g 

bark. 

• Addition of calcium hydroxyapatite is not optimal for converting the gas to 

more product. Instead the gas formation in the reactor increased and less 

products were formed.  

• Lignin in softwood bark can precipitate in 40 wt% para-toluenesulfonic acid 

but a better method for filtration is needed.  
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7. Further work 
Much further work can be done since this is a relatively unknown area. When it comes 

to the para-toluenesulfonic acid another reactor or temperature sensor can be tried. 

The acid was really efficient and it would be interesting to see the result if it was used 

at a higher temperature and pressure.  

It would be interesting to see the lignin content in the bark residue from trials 

with the different zeolites and compare to trial 2 without any catalyst. Another catalyst 

than calcium hydroxyapatite can be investigated for usage in the cage to optimize 

product formation and minimize gas formation.  

It would be interesting to analyze components in the bio-oil with GC-MS for 

trials without a catalyst to compare with trial 5 and 9.  It would also be interesting to 

see the amount of each component in the bio-oil due to the different catalysts.  

Further studies are needed to identify the most optimal reaction time for the best 

zeolites resulting in highest amount of bio-oil.  

Furthermore, variables such as temperature and ratio between bark and 

methanol would be interesting to study, since they were kept constant in most of the 

trials.  
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Appendix 

 

Figure 10. Chromatogram for the products produced in trial 19 with zeolite ZSM-5 and calcium hydroxyapatite. 

Picture made by Kostiantyn Kulyk.  
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Figure 11. Chromatogram for the products produced in trial 20 with zeolite Beta_250 and calcium 

hydroxyapatite. Picture made by Kostiantyn Kulyk.  

 

 


