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Abstract 

The use and research of renewable fuels has become more important due to the 

connection between climate changes and the use of fossil fuels. With risks of decline in 

petroleum production derived from fossil fuels due to limitation of resources in the 

future, the renewable fuels are even more important in the transport sector. 

 

Research regarding gasification of biomass to create a syngas that can be upgraded to 

a biodiesel for cars is one of the approaches. By gasifying black liquor, it is possible to 

create a 100 % green fuel diesel. However, as this black liquor might be in limited 

quantities the idea to create a synthetic black liquor was sparked. The pulp industry 

where the black liquor originated from also has quantities of wastewater, containing a 

biomass sludge. Otherwise containing water in so large quantities that it is not possible 

to combust it without ending up with a negative energy output.  

 

One of the paths could be to recover the biomass from the sludge and convert it to a 

liquid similar to black liquor. Catalytic hydrothermal liquefaction has been recognized 

as a potential method. While biocrude is usually the target in hydrothermal 

liquefaction for direct upgrade to biofuel, the aqueous product could prove to be used 

for the gasification process. This would create a combined liquefaction-gasification 

process. 

 

Using model compounds possibly existing in the waste sludge, hydrothermal 

liquefaction was performed at different temperatures, together with varied alkali loads 

(K2CO3) and water the content to see how the different compounds reacted. Model 

compounds included cellulose and lignin as major compounds. 

 

Although the temperature was increased from 240 °C to 340 ° the lignin conversion 

was lower at 340 °C than at 240 °C. Re-polymerization took place and around 40 % of 

resulted in solid residue, while the remaining 60 % was partially converted to aqueous 

phase, oil phase or gas in the process. By not performing the hydrothermal liquefaction 

it is however possible to dissolve Kraft lignin directly in water and alkali.  

 

Cellulose showed an almost full conversion at 290 °C with similar results at 340 °C, 

with 4 – 5 % remaining as solid. At the higher temperature more gas was produced, 

which is not optimal for this process where liquid product is wanted. This suggest that 

290 °C is enough for cellulose conversion in this process. Using an alkali load of 0.3 

times the cellulose mass in the solution the final aqueous product contained about 26 % 

alkali, which is similar to black liquor. Increase the alkali to 0.9 times however 

increased the sought aqueous product, in both terms of energy and carbon content. 

 

Fiber sludge from a pulp mill, containing mainly cellulose, could therefore most likely 

be converted to a liquid product that is similar to black liquor for further upgrade.  
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1. Introduction 

The ongoing interest in renewable fuels are increasing all over the world for several 

reasons. One of the major is the growing concern for climate change, in part caused by 

the fossil fuels for transportation. Another is the fact that oil reserves are limited, and 

when peak oil is reached, petroleum prizes will increase. One of the renewable 

alternatives to the traditional fossil fuels are fuels derived from biomass. 

 

A renewable fuel made from biomass will not lower the CO2 emissions from a car but 

will stop the process of taking carbon from the ground and releasing it into the air. For 

example, a fuel made from wood will only release the carbon that the trees collected 

while growing. In this way, a renewable fuel has the potential to be close to net zero 

carbon footprint.  Therefore, research with various biomass resources has been 

conducted to find suitable renewable fuels. 

 

One of the methods that has been suggested is to perform gasification of wood or other 

biomass to produce a syngas fuel, a method used from 19th century to the first half of 

the 20th century in Europe. When petrol was limited during the second world war, 

small gasifiers was mounted on the back of the cars in Sweden to produce a wood gas, 

which was used as fuel [1]. This technique was not refined at the time and todays 

gasification is different in application method. Instead of producing a gas for cars, the 

goal is to produce a liquid fuel.   

 

1.1 Background 
 

Luleå University of Technology (LTU) has a history of research on gasification and has 

gathered knowledge and know-how about various techniques at the Division of Energy 

Science. By applying some of this knowledge to action, a co-operated research project 

was started in 2011 with Chemrec and Haldor Topsö among many industrial partners 

and LTU Green Fuels was formed in Piteå, Sweden. The goal was to demonstrate the 

operation of a pilot plant for gasification and fuel synthesis 

 

The plant site in Piteå currently operate two gasifiers, both of which are entrained flow 

gasifier (EFG) types, but use different feedstock. One of the gasifiers has been used to 

gasify a part of black liquor from the nearby paper mill, and has successfully upgraded 

it to dimethyl ether (DME) using a Chemrec gasification reactor. Close to 1 000 tons of 

BioDME has been produced and used as fuel by ten Volvo trucks, which has covered 

more than one million kilometers during two years [2, 3]. With the construction of 20 

plants, it would be enough to produce fuel for a fossil fuel free transportation system 

in Sweden by 2030 [2]. The black liquor has been gasified at temperatures of 1 000 to 

1 100 °C, lower than other similar processes by several hundred degrees, while still 

maintain a low amount of tar and a high char conversion. This is because of the 

catalytic effect of the alkali in the black liquor such as sodium carbonate (Na2CO3) and 

sodium sulfate (Na2SO4). 

 

However, using black liquor from the pulp and paper industry has drawbacks, since it 

requires that the gasification facility either be integrated in an already existing pulp 

or paper mill, or that it depends on continuous delivery of black liquor.  Since the 

possibility of investment in gasification process by pulp industry is uncertain, and 

dependency on delivery can be negative in other aspects, alternatives for black liquor 

are of interest. 

 

Other alternative has been investigated, e.g. impregnating wood with alkali salt to 

create the same type of reactions that occurs when gasifying black liquor [4]. It has 

been suggested that it is possible to create a liquid similar to black liquor, a synthetic 
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black liquor, by liquefying wood residues, paper rejects and sludge, and adding an 

alkali salts like potassium carbonate (K2CO3) to the process, similar to the Na2CO3. 

 

Sewage sludge, paper reject and pulp sludge from the same industry where the black 

liquor is originated from are unutilized. They can be considered low cost biomass. 

However, they can contain so large amounts of water that it would require more energy 

to dry, than what would later be gained from combustion. This would give an overall 

negative energy output. A process where water act as a solvent, such as a hydrothermal 

treatment, would thus be suitable for a feedstock with high moisture content as water 

already exist from the beginning. 

 

1.2 Waste Biomass 
 
1.2.1 Pulp Sludge and Paper Reject 

 

During the production of pulp and paper, water is used in various processes and the 

quantities of sludge generated after purifying the wastewater is roughly 40-50 kg dry 

sludge from 1 000 kg produced paper [5]. As mentioned, this is a wet biomass, which 

contain water but also other various components depending on the process at the pulp 

or paper mill. For example, the pulp industry sludge can contain rejects as bark and 

wood residues as well as sludge from the chemical processes, while the paper industry 

has paper rejects that can contain staples, binders, plastic and various chemicals [5]. 

There are also different kinds of sludge from the main processes such as fibers, ink 

particles, coatings and various additives.  

 

The organic components made from wood are identified as recoverable and usable as a 

feedstock. A process to sort all materials completely might not be feasible, so occasional 

plastic might occur in the paper reject. The pulp and paper sludge can therefore be 

divided into the organic fiber part and a plastic part, where the plastic is generally 

small compared to the organic fiber.  

 

The fiber contains cellulose and lignin to various amounts, but other compounds such 

as hemicellulose, starch and protein can also exist. The major compounds to simulate 

the organic pulp and paper sludge should however be limited to cellulose and lignin. 

 

Polyethylene (PE) and polystyrene (PS) are two major types of plastic that could be 

expected to occur among paper reject due to their large abundance in modern society 

[6, 7].  

 
1.2.2 Sewage sludge 

 

Sewage sludge exist as long as a town or city have a sewage system. The larger city or 

town, the more sludge there will be, and as long as there are people around there is no 

real limit to it meaning that sewage sludge is abundant in many parts of the world. It 

is no unusual to landfill instead of drying and burning it [8]. 

 

The composition of sewage sludge is high of protein, about 40 %  [9], and lignin exist 

to some extent in the sludge, along with lipids and various carbon hydrates such as 

starch. It is therefore of interest to investigate the compounds of protein, some sort of 

lipid and starch. 

 

Starch is a common carbohydrate and contained in for example potatoes, rice, corn and 

other staple food. Therefore, it is also common in waste food sludge, about 35 % [10], 

and by investigating a major compound of starch it is also possible to cover larger area 

of waste than just sewage sludge.  
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1.3 Model Compounds 
 
1.3.1 Cellulose 

 

Cellulose (C6H10O5)n is most likely the most common organic component due to being 

the main substance in plants cell walls together with hemicellulose [11, 12]. The 

synthesis of cellulose occurs in vascular plants, and in most groups of algae. In other 

words, almost every plant contains cellulose. In dry wood the content is about 40 % to 

45 % [13]. 

 

Cellulose consists of a complex carbohydrate polymer as seen in Figure 1.1, where the 

glucose residues are linked by β-(1→4)-glycosidic bonds [14] in a linear chain with 

every second residue rotated approximately 180 ° [15]. The components are the same 

as the starch but with a different structure as the chains are straight. This enables 

formation strong hydrogen bonds, both intra-molecular and inter-molecular [14]. 

Because of its structure, cellulose is not soluble in water.  

 

 
Figure 1.1  Single cellulose polymer residue. 

 

Since cellulose is so common biomass, hydrothermal treatment using cellulose has 

been intensively studied [14, 16, 17]. The main reaction taking place during the 

hydrolysis is the formation of glucose, which is then further degraded. It has been 

shown that in the case of cellulose the polymers depolymerize quickly. For example, a 

100 % hydrolysis conversion took place within 2 min at 280 °C [14].  

 

However, hydrolysis of cellulose act differently depending on whether the media is acid 

or alkaline [16]. For example, in an alkaline media the cellulose is converted to organic 

acids, while in an acid media it can convert to acid and furfural byproducts. 

 

The pathway reactions are known, e.g. for the presence of Na2CO3, which is one of the 

alkali salts in green liquor [16]. With the sodium, the liquid product will be of an oily 

phase, while without a catalyst it will more resemble a coke. This could suggest that 

in presence of an alkali solution, more of a liquid product can be obtained than a solid. 

 
1.3.2 Lignin 

 

Lignin is a structural material which does not exist in non-vascular plants. It provides 

protection against various attacks from microbial and external agents. In dry wood the 

bark contains about 40 % of lignin [18] while the stemwood of softwood contains 25 % 

to 30 % lignin and hardwood 20 % to 25 % [13]. Lignin are slightly different depending 

on the type of wood and if it is bark or stem wood.  

 

The lignin is made up of amorphous polyphenolic polymer chains, which are 

interconnected by polysaccharides, and help to bind cellulose matrixes that can make 

the lignin structure complex. An example of suggested lignin structure is shown in 

Figure 1.2, where the complex structure can be seen. These polymer chains are mainly 

consisting of guiacylopropane (G), syringylapropane (S) and p-hydroxyphenylpropane 

(H) [19]. 

 



4 

 

 
Figure 1.2 An example of lignin structure. Structure of lignin can be varied 

depending on type of plant. 

 

Based on experiment with hydrothermal treatment of lignin performed in 2014, 

Erdocia et al. [19] concluded that by varying the reaction time while keeping the other 

parameters constant, the solid phase was minimized at the maximum reaction time. 

The maximum time used was 80 minute. This could suggest that a longer reaction time 

give a larger quantity of the liquid product, which includes both the aqueous product 

and oil.  

 

However, it has been observed that re-polymerization of longer chains takes place 

rather than de-polymerization during hydrodeoxygenation of a model substance for 

lignin [16]. This seems to be due to the oxygen preventing the thermal conversion into 

products of shorter chains. Absence of hydrogen also leads to re-polymerization [16]. 

This could suggest that liquefying lignin using hydrothermal treatment could prove 

difficult. The interaction of formed radicals is re-polymerizing the lignin [20]. It has 

been suggested that hydrogen can stabilize the radicals, thus stop the re-

polymerization [21]. 

 

Lignin can be acquired by extraction from black liquor, removing the alkali salts and 

washing it. This process results in Kraft lignin, which has been altered in the pulp mill 

process. Therefore, the results may not be directly transferred to lignin in wood. The 

characteristics of lignin also vary between different on types of wood. Results from 

experiments using Kraft lignin should therefore be interpreted with this in mind. 

 
1.3.3 Polyethylene 

 

Polyethylene (PE), C2H4, is the most common plastic today because of its properties as 

a flexible material [6]. Its use varies from plastic bags to fuel tanks and to toys. The 

raw material is petroleum extracted from crude oil, which is then cracked to release 

the ethylene as a gas that can be polymerized [6]. The solid transparent small 

polyethylene hail is called granules which is the raw material for plastic industries. 

The chain that make up the polyethylene is shown in Figure 1.3, and it can be seen 

that the chain is not as complex as the cellulose and lignin.  

 

There are three main types of polyethylene depending on density, which are the low-

density (LDPE), high-density (HDPE) and a mix of both. There exist subcategories 

within these type, for example ultra-high-density polyethylene. The melting point 

varies with density but is between 110 °C to 126 °C [22].  
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Figure 1.3  The polyethylene polymer structure with ethylene bonds. 

 

Xingzhong Yuan et al. [23] conducted research about co-liquefaction of biomass and 

HDPE. During the experiments sole liquefaction of each feedstock was tested showing 

that pure HDPE would not decompose easily at the temperatures of 360 °C to 380 °C. 

Their conclusion was that co-liquefaction of HDPE and biomass, in their case saw dust 

from camphor wood and rice straw, resulted in a higher yield of oil than sole feedstock. 

At 360 ° C the oil yield was zero. Although oil is not sought for in this research it would 

suggest that hydrothermal treatment of HDPE at lower temperature than 300 ° will 

not decompose the plastic at all. 

 

Motoyuki Sugano et al. [24] however tried a different approach with a two-step 

experiment by first using a hydrothermal treatment for plastics at lower temperature 

where steam explosion occurs, and then dry the samples before the liquefaction. By 

preforming a pretreatment, a high oil yield was obtained at 300 °C. However, the 

untreated HDPE did not decompose below 400 °C during liquefaction. This further 

shows that it is not possible to convert the HDPE to a liquid at the lower temperatures 

(< 400 °C). 

 

In case of higher temperature and transition to supercritical conditions, it is possible 

to thermally crack the bonds and produce oil. At the lower temperature (< 400 °C) an 

added catalyst to the process could make a difference in the HTL to the PE. Also mixing 

the plastic with some biomass could make the biomass facilitate liquefaction, where 

the release of H2 in the gas might help to crack the long plastic chains and convert it 

to a liquid.  

 
1.3.4 Polystyrene 

 

Most people are used to polystyrene (PS) as a packing material. Apart from a span of 

packing for food, medical supplies, electronics and other daily life commodities it has 

also been used for decorative purposes and home insulation [7]. For each purpose, the 

form of the polystyrene vary, and the amount of forms and methods to enhance the 

plastic from the very basic polymer is a wide span. The polymer is similar to the PE 

but contain a benzene ring, which can be seen in Figure 1.4. These include resistance 

to various chemicals or fire, as well as stress, cracking and impact. 

 

 
Figure 1.4 Basic polystyrene polymer structure with the benzene ring. 

 

The decomposition temperature of polystyrene has been studied, and it has been 

concluded that no degradation of pure polystyrene will occur below 227 °C when using 

a furnace with hot air [7]. Degradation starts at 270 °C [25], and complete 

decomposition of the plastic takes place at 332 °C. In a liquefaction experiment by 



6 

 

Sugano et al. [24], sole PS was tested. They stated that PS does not decompose at 

temperature below 364 °C, although by using the two-step treatment it was possible to 

achieve oil around 350 °C. This suggest that decomposition of polystyrene is not 

possible in pure hydrothermal liquefaction (< 350 °C) without catalyst. Usage of a 

catalytic hydrothermal treatment might have different reaction to the PS than a pure 

water solvent. 

 

If full thermal decomposition takes place during pyrolysis it has been found that the 

major components are styrene monomer as a volatile component, along with 

benzaldehyde oligomers of styrene, toluene, benzene and other chemicals [7, 25]. 

Although these processes should require a higher temperature than a hydrothermal 

liquefaction. 

 

Polystyrene can be completely dissolved together with acetone [26, 27], which would 

cause a problem during separation of a heavy oil phase formed during the liquefaction, 

as acetone is suggested to be used to extract heavy oil from residues which has been 

performed in other studies [28, 29]. Using pure hexane with plastic should however 

not dissolve the plastic but still be able to extract the heavy oils, which has also been 

studied by Sugano et al. [24].  

 
1.3.5 Protein 

 

Protein is one of the most common biomass components since it is found in animals. 

Protein are mainly amino acids chains such as alanine, leucine and serine among 

others [30]. These make up peptide chains, which are cracked during the hydrolysis, 

and the amino acids are released. If deamination occurs, which is when the amine 

group is separated, the amine will be converted to ammonia. 

 

As mentioned potassium carbonate has been suggested to be added in the liquefaction 

process where carbon monoxide might be created. These two compounds together with 

ammonia has been used to create potassium cyanide, however, the temperature in 

hydrothermal liquefaction should not be enough to accidently create something toxic. 

Caution should however be applied. The possibility to create hydro cyanide is unlikely. 

Organosulfur compounds are however more likely created when the amino acid bonds 

are cut. This will not be dangerous but instead have a foul odor. 

 

One of the more common types of protein is the so called globular proteins, whereas 

types of albumins is part of those proteins. Albumin can be found in egg white and 

blood, in the latter case called serum albumin, and is therefore one of the more common 

proteins. Various studies have been performed using albumin, but also other types of 

protein such as soy protein. 

 

Study performed on HTL of soy protein showed that the amount of solid product is low, 

approximately 4 wt % after 30 min at a temperature of 350 °C [31]. During this 

experiment the residence time was varied at constant temperature, and based on 

results it is suggested that key reactions during HTL takes place within the first 10 

min, meaning longer (> one hour) residence time for protein is not necessary. These 

reactions would imply hydrolysis and degrading. 

 
1.3.6 Lipid 

 

Lipids are mainly so called fatty acids, but also to some extent oils and waxes [32]. 

These fatty acids occur naturally, and can be divided into saturated and unsaturated 

acids [13], and can be acids such as lauric, myristic, palmitic, stearic, oleic and linoleic 

acids [32]. Because of the long-chain fatty acids, the lipids are of interest for the 

production of bio-oils. 
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Since potassium carbonate is used in the solvent to add the potassium to the desired 

product, it can be expected that the aqueous product will be soap. Fatty acids and 

potassium are used in saponification to create soft soap. Lipids as a sole compound 

should however be investigated. 

 
1.3.7 Starch 

 

There are two major polymorphic forms of starch which are simply called A-starch and 

B-starch, but a combination of these two also exist namely C-starch [33]. The difference 

between the two major ones are that A-starch have shorter branch chain lengths 

compared to B-starch’s amylopectins of long branch chains. A-starch can be found in 

smaller plants such as cereals and grains, while B-starch in larger such as roots and 

tubers, while the combination has been found in beans and bananas [33]. 

 

Amylopectin is together with amylose the two components [34], both soluble 

polysaccharides, where the former represent about 70 – 80 % of the starch. It is 

therefore suitable to further investigate amylopectin, which has the same elemental 

compound as cellulose, C6H10O5, but a different structure. The structure has a so called 

α-(1→ 4)-bonds between the glucose, compared to the cellulose’s β(1 → 4)-bonds. 

Amylopectin has a branched structure and is readily hydrolyzed [14]. 

 

Although the elemental component is the same as cellulose the HTL of amylopectin 

should not be similar due to not having a crystallinity structure which will lead to a 

faster decomposition. It can however be assumed that HTL of amylopectin will have 

similar or better conversion than that of cellulose.  

 

1.4 Hydrothermal Treatment 
 

Hydrothermal treatment (HTT) is a terminology used for the method when using water 

or a liquid as a reaction medium, and sometimes a catalyst simultaneously, at high 

temperature in a pressurized atmosphere [14]. Here high temperature means a span 

from 100 °C to several hundred degrees Celsius depending on what is sought. The 

reason for HTT taking place at elevated temperatures and pressure is that waters 

properties as a solvent increase and is able to dissolve organic compounds. Any organic 

compound, in other words biomass, can be dissolved and upgraded to a bio-oil or bio-

crude, theoretically.  

 

During the treatment several reactions occurs where the major ones are hydrolysis, 

dehydration and decarboxylation. Hydrolysis is the reaction where the chains 

depolymerizes, which is the solvent breaking the bonds. For cellulose it means that 

glucose and saccharides are formed, which can be further degraded. During the 

dehydration and decarboxylation, H2O and CO2 are removed respectively by cracking 

the carbon molecule chains.  

 

To achieve these temperatures and pressures an autoclave is used, a pressure chamber 

where elevated temperature can be obtained. This is not to be confused with autoclaves 

with the purpose of cleaning or sterilize equipment but rather to perform a 

hydrothermal treatment to a chemical compound or other material. 

 

Depending on temperature, the treatment can be separated into carbonization at lower 

temperatures such as 100 - 200 °C, and after that into liquefaction at 200 - 350 °C and 

gasification above 350 °C [35]. Above the critical point, which for water is 374 °C, the 

treatment is called supercritical. Everything below is subcritical, which is illustrated 

in Figure 1.5 for a better overview, adapted from previous research papers regarding 

HTT [14]. Depending on the temperature range the final product phases yields will 

differ.  
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Figure 1.5 Phase diagram of water. Liquefaction depends on temperature and 

pressure. After that gasification takes place. Adapted from Toor et 

al. [14]. 

 

Water is the common fluid used for the hydrothermal treatment but a catalyst can be 

added to the solvent. With a catalyst added to the solvent the same reaction and 

procedure can be used but a higher yield of the sought product can be met. An example 

of a study where different solvents were tested was by Karagöz et al. [36], where 

K2CO3, KOH, Na2CO3 and NaOH were used separately to find which of these gave the 

highest conversion. Their conclusion was that K2CO3 gave the highest conversion at 

280 °C. 

 

The main purpose of many HTT studies has been to directly upgrade an existing 

feedstock, for example coal or biomass, to a higher grade fuel by liquefy the solid 

material and recover the biocrude, or heavy oils [16]. This oil product can for example 

be sent to a refinery for further processing to a liquid fuel. Not unusual the remaining 

liquid product, the water soluble or aqueous phase is not considered for fuel production, 

even if it is a major part of the converted phases.  

 
1.4.1 Recovery of Products after HTT 

After the hydrothermal treatment the different products as in gas, liquid and solid are 

to be recovered and analyzed. The methods of doing this can vary from experimental 

setup and aim, but the basic ideas are the same. The different phases that can be 

expected are illustrated in Figure 1.6. 

 

 

Figure 1.6 The different phases after HTT are a gas product and a slurry, 

containing a liquid and a solid phase. 

 

The approach used in previous studies within this research project was to separate the 

gaseous product to a plastic bag for separate gas analysis using a MicroGC. 

Consequently, the slurry was separated into an aqueous phase and a solid residue (SR) 

by putting the slurry on a filter paper and flushed with water. Any particles solvable 

HTT Product 

Gas Product Liquid Product 

Solid Product Slurry 
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in water and small enough to pass through the filter paper are regarded as aqueous 

product. The filter cake that remain is dried in an oven to remove any moisture left 

from the flushing to obtain the solid residue.  

 

Since the oil phase usually are of main interest, one more step is added for the slurry. 

This is to recover the oily phase, called heavy oil (HO), or biocrude. By flushing with 

acetone, HO can be extracted from the obtained slurry. Caution should however be 

applied as some materials might be dissolved by acetone and some other extraction 

method might have to be used.  

 

In case of retrieving the HO the previous method might however have flaws as the HO 

can be pushed through the filter paper while flushing with water, which would result 

in a mixture of AP and HO. Instead the whole slurry from HTL should be separated 

into an AP and slurry of SR and HO using a centrifuge. This has proven to be a safer 

approach by Christensen (2014) [37]. The HO and SR can be separated by using a filter 

and flush the remaining slurry with acetone. 

 

After the separation is completed, water in the AP has to be removed by evaporation 

in order to obtain a dry product. During this process some volatile products might 

disappear, it can however be assumed that these losses are so small that it can be 

neglected to at least give approximate results.  

 

1.5 Gasification 
 

Gasification can simply be put as an incomplete combustion of a material due to not 

have enough oxygen. The reason is to convert a carbon based fuel into a liquid fuel, but 

through the gasification convert it to a syngas, which then can be cooled down and 

converted. A complete combustion would convert all the carbon to CO2 and hydrogen 

to H2O, whereas the result of the gasification converts a fuel to combustible gases 

which contain carbon monoxide (CO), hydrogen (H2) and methane (CH4).  

 

The results depend on the amount of oxygen, often denoted as λ-value, where 𝜆 =
𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑎𝑖𝑟

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑖𝑟
 .This value can range from 10 % up to 40 % oxygen needed for full 

combustion of the fuel. Somewhere from 20 % to 30 % is considered an optimum in 

some gasification processes, for example 27 % was considered optimum in the PEBG 

reactor also located in Piteå [38], where gasification of wood powder takes place. The 

temperature is also a heavy factor as a high temperature will increase the rate the fuel 

is converted.  

 

When performing analysis in a laboratory scale of different compounds a 

thermogravimetric analysis (TGA) is a common technique to evaluate kinetics of 

gasification, e.g. how fast reaction proceed. During the TGA a sample of a feedstock is 

put into a chamber with elevated temperature, spanning from 200 °C to over 1 000 °C 

depending on purpose. Depending on setup, pyrolysis might have to be performed 

separately from the TGA.  

 
1.5.1 Current Status of Black Liquor Gasification 

 

The current black liquor gasification operation taking place in Piteå has been an 

ongoing research for several years and has proven successful [2] with more than 20 000 

h of operation time [39]. The entrained flow gasifier for liquid or sludge biomass has 

shown that it is economical feasible to scale the process from the current pilot plant to 

a full size plant.  

 

Research have covered many of the topics such as design of reactor and operation 

conditions to find the optimum for the process. The most important factor for this thesis 

is the catalytic effect of the black liquor, which is derived from the concentration of 
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alkali. The resulting products from liquefaction process of a feedstock should also 

contain concentrations of similar alkali salts to obtain similar catalytic enhancement. 

Properties for the raw black liquor that is used now is presented in Table 1.1, adapted 

from other literature covering gasification of black liquor [39].  

 

Table 1.1  Properties of raw black liquor adapted from literature [39] 

 Black liquor 

Moisture content (w.b.) [%] 27.2 

Combustible (w.b.) [%] 33.3 

Ash content (w.b.) [%] 39,5 

HHV (w.b.) [MJ/kg] 9.2 

C (d.b.) [%] 30.6 

H (d.b.) [%] 3.4 

N (d.b.) [%] 0.1 

S (d.b.) [%] 5.1 

Cl (d.b.) [mg/kg] 1600 

K (d.b.) [%] 3.2 

Na (d.b.) [%] 21.6 

O (d.b.) [%] 35.8 
 

 

Na2CO3 in the black liquor can derived from the ash smelt after gasification, whereas 

the approximately amount is 28.3 wt.% in earlier study [40], although 20 % is an 

approximation that has been used in earlier research. This concentration might not be 

necessary and could be lowered while still maintain similar reactivity. 

 

1.6 Hypothesis and Objective 
 

Hypothesis of this thesis is that biomass containing a high moisture content, otherwise 

not suitable for combustion, could be converted to a synthetic black liquor using  

catalytic hydrothermal liquefaction. The synthetic black liquor could then be upgraded 

to a syngas fuel by using gasification techniques. This would create a combined 

liquefaction-gasification process. 

 

Using the hydrothermal liquefaction, the product convert to an aqueous product, or 

water soluble, is the target for gasification. The oil phase can still be upgraded to a 

liquid fuel separately. The liquefaction will be using a solvent containing potassium 

carbonate (K2CO3). This alkali has been seen to enhance the sample during the 

gasification due to catalytic effects during experiments [39], similar to black liquor. As 

stated in the hydrothermal treatment subsection, K2CO3 has also been shown to give 

a higher conversion than other alkali salts. 

 

By performing experiments using model compounds to represent the real sludge it 

should be possible to see the effect of catalytic hydrothermal liquefaction to the 

feedstock. By comparing the liquid products after HTL with black liquor it would give 

a hint whether is possible to create a synthetic black liquor. The actions can be 

summarized in two main objectives,  

 

 to determine whether it is possible to convert sole model compounds from waste 

sludge to a synthetic black liquor using catalytic hydrothermal liquefaction, 

 and investigate the effect of reaction conditions on HTL for a few feasible and 

representative model compounds.  
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2. Method 

2.1 Feedstock 
 

The selection of feedstock was based on the literature study and availability of model 

compound. The final selection of each feedstock is presented in Table 2.1 with their 

model compounds. In total there are seven different compounds. Cellulose, polystyrene 

(PS), polyethylene (PE), albumin, amylopectin and oleic acid were bought from Sigma 

Aldrich. Lignin was from LignoBoost, precipitated from black liquor. 

 

Table 2.1 The real feedstock with their respective model compounds 

Real feedstock Component  Model compound 

Paper and pulp sludge Fiber Cellulose 

  Lignin 

 Plastic Polystyrene 

  Polyethylene 

Sewage sludge Protein Albumin 

 Starch Amylopectin 

 Lipid Oleic Acid 
 

 

All samples were used as a dry matter in smaller particles (< 0.5 mm) since by using 

the dried sample it was possible to adjust the moisture content of the simulated sludge 

when water was added to the process. 

 
2.1.1 Particle Size Distribution  

 

Before measuring any particle size, the received sample was divided using eight 

different bottles with a Sample Divider (model PT 100, Retsch), seen in Figure 2.1. 

This was to make sure an even amount was used during each measurement and that 

each sample contained same distribution of particle sizes. The feedstock was poured 

into the funnel and using vibrations the particles moved forward and dropped down 

into the divider. 

 

 
Figure 2.1 The Sample Divider PT 100 from Retsch. Feedstock is poured in the 

funnel and is automatically divided into eight different bottles [41]. 

 

Each of the solid feedstock was measured in a Camsizer (model XT, Retsch), to 

determine the particle size distribution. The Camsizer XT is capable of measuring 

particles from 1 µm to 3 mm by taking images of the particles as they pass through the 

interior. Using pulsed LED, the shadows of each particle are captured by a pair of 
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cameras [42]. Since it was unsure how the particle size would have any impact on the 

reactions, it was decided that particles of each feedstock should be smaller than 0.5 

millimeters to keep some consistency among the experiments. 

 

In case of particles larger than 0.5 millimeters the feedstock was sieved, using a 

Vibratory Sieve Shaker (model AS 200, Retch) seen in Figure 2.2. The polystyrene (PS) 

was delivered as pellets and was clearly larger than 0.5 millimeters and could not be 

sieved directly. PS was therefore crushed using a mortar, and then sieved. The sieve 

shook the particles through a 0.5 millimeters mesh at high frequency using an 

electromagnetic drive. Smaller particles were used for the experiments while the larger 

particles were stored in plastic bottles. 

 

 
Figure 2.2 Image of the Vibratory Sieve Shaker AS 200 from Retsch, here with 

eight different meshes and the bottom part to collect the particles at 

the end [43]. 

 

The particle size distribution of all the feedstocks are presented in Table 2.2 to show 

the approximate size of particles used in experiments. The table contains the mean 

value that show where most of the particles are located in the distribution. The first 

row, 10 %, indicates where 10 % of the particles are, while the third row, 90 %, indicates 

where 90 % of the particles are located in size. Although most of the lignin particles 

are within 0.00 mm and 0.05 mm, there are still a large amount of particles with a 

variation of size up to approximately 0,45 mm, leading to 90 % being below 0.4 mm. 

 

Table 2.2 Particle size distribution of the feedstock 

[mm] Cellulose Lignin Amylopectin Albumin PE PS 

10 % > 0.02  > 0.00 > 0.00 > 0.01  > 0.20 > 0.10 

Mean < 0.20 < 0.05 < 0.02 < 0.07 < 0.50 < 0.40 

90 % > 0.20 > 0.40 > 0.03 > 0.07 > 0.49 > 0.47 
 

 
2.1.2 Elemental Analysis 

 

In case of a pure feedstock it is possible to calculate the elemental composition in 

weight percent of each compound with the mass of moles and known the formula for 

the feedstock. For the plastics PE and PS and the oleic acid the carbon, hydrogen and 

oxygen can be calculated as 

 

 𝑎𝑖  𝑀𝑖

∑ 𝑥𝑖  𝑀𝑖

= 𝑤𝑖 (1) 
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where 𝑎𝑖 the is the number of mole of element I in the chemical formula, 𝑀𝑖the molar 

mass (g/mole), 𝑥𝑖 the weight fraction and the subscript 𝑖 the element carbon, hydrogen 

or oxygen. 

 

Oleic acid has the linear formula CH3(CH2)7CH=CH(CH2)7COOH, which can be 

rewritten to C18H34O2. Both cellulose and amylopectin has the same composition, 

C6H10O5, but with a different structure. This mean that the elemental composition of 

both cellulose and amylopectin are the same. The general elemental composition of 

oleic acid, cellulose and amylopectin were calculated using equation (1). The same 

procedure was done for the plastics, first polyethylene with the linear formula 

H(CH2CH2)nH, or rewritten as (C2H4)n, and for polystyrene with the formula 

[CH2CH(C6H5)]n, or (C8H8)n. The albumin and lignin could not be calculated because 

the composition was unknown. These were sent to University of Vienna, Division of 

Chemistry, where the samples were analyzed. The elemental composition of all the 

model compounds are presented in Table 2.3. 

 

Table 2.3 Elemental composition the model compounds used 

Compound 
Element,  % 

C H N S O 

Cellulose 44.5 6.2 49.3 N/A N/A 

Amylopectin 44.5 6.2 49.3 N/A N/A 

Oleic Acid 76.5 12.1 11.3 N/A N/A 

Albumin 46.1 7.0 13.2 1.2 32.5 

Lignin 63.4 5.6 0.1 1.7 29.2 

PE 85.6 14.4 N/A N/A N/A 

PS 92.3 7.7 N/A N/A N/A 

 
2.1.3 Heating Value and Energy 

 

The heating value of each feedstock was measured using an Oxygen Bomb 

Calorimeters (model C200, IKA) seen in Figure 2.3, with calorimeter (a) and the 

combustion chamber (b). A dry sample of each feedstock was put in a basket, which 

was lowered into a circular metal container.  

 

(a) (b) 

  

Figure 2.3 The Oxygen Bomb Calorimeters (a). Sample is put in a small metal 

basket inside of a circular chamber (b) [44, 45]. 

 

The container was pressurized to 30 bars pure oxygen with the purpose to easily ignite 

the sample using an electric spark. The calorimeter equipment, (a) in the Figure 2.3, 

was filled with water and the combustion chamber (b) was lowered inside. By igniting 

the sample in pure oxygen, full combustion occurs at such high rate that it is similar 

to a small bomb. The heat released from the sample transfers through the container 

walls to the surrounding water and the temperature difference can be measured. The 
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calorimeter then calculates the higher heating value of the sample in J. Since the 

amount of sample was known in grams, the heating value was calculated (J/g). 

 

The heating values for each feedstock are presented in Table 2.4 where the value is the 

average higher heating value (MJ/kg) from three attempts of each feedstock in the 

Oxygen Bomb Calorimeter. Each sample was dried prior to measurement. 

 

Table 2.4 Average Higher Heating Value (MJ/kg) results from the Oxygen Bomb 

Calorimeter for each feedstock 

 Cellulose  Lignin Albumin Amylopectin PS PE 
Oleic 

Acid 

HHV 
17.3 22.4 21.5 16.0 41.6 46.5 39.5 

[MJ/kg] 

 

During the albumin tests ash was noticed in the container after each test. The weight 

was noted and the ash content was calculated based on the amount of mass left, which 

gave an average of 3.1 % ash in the albumin. 

 

2.2 Hydrothermal Liquefaction 
 
2.2.1 Preparation for HTL 

 

Before the experiment the sample was set to dry overnight (14 hours approximately) 

to remove moisture so that when water was added to the autoclave the amount of water 

in each experiment was known. Lignin, albumin and amylopectin were vacuum dried 

in a desiccator (model Thermo Scientific Nalgene™ Desiccator), seen in Figure 2.4. 

This was due to potential undesired reactions that could occur in the feedstock at 

higher temperature (> 100 °C). Silica gel was placed at the bottom of the container. 

Using a vacuum pump, the container was vacuumed in 60 minutes. Vacuum was kept 

overnight so that moisture was removed from the sample and gathered by the silica 

gel.  

 

(a) (b) 

  
Figure 2.4 Product image of the Thermo Scientific Nalgene™ Desiccator (a) with 

example of samples on the plate (b) [46]. 

 

The cellulose was considered to withstand temperatures of the drying oven and was 

therefore dried in an oven overnight (14 hours approximately), to completely remove 

any eventual moisture.  The glass tray was covered with aluminum foil as seen in 

Figure 2.5 to avoid contamination of something falling on the petri dish. 
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Figure 2.5 Petri dish with cellulose, covered with aluminum foil 

 
2.2.2 Autoclave 

 

The hydrothermal liquefaction was carried out by using an autoclave of Limbo model 

(Büchiglasuter, Switzerland). A product image of the autoclave with controller can be 

seen in Figure 2.6. The reactor volume was 200 ml and can reach temperature of 

approximately 350 °C while maintain a pressure of 350+ bar. The sample was kept in 

a vessel while the heater was elevated to cover the vessel.  

 

 
Figure 2.6 The Limbo autoclave (Büchiglasuter, Switzerland) to the left with 

controls to the right. The cylinder with triangle is the heater with the 

actual reactor is located inside heater [47]. 

 
2.2.3 Experimental Conditions 

 

By setting up a matrix of the different conditions, it is possible to create a three-

dimensional matrix, which is illustrate in Figure 2.7. The three variables A, B and C, 

and three levels as 1, 2 and 3 form the box with dots, with a center point dot in the 

middle. The amount experiments can be reduced while still test a span of condition, by 

using the conditions at the corners and the center of the box. It is also possible to 

approximate a behavior at other points as well, under the assumptions of linear 

responses to each parameter. 
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Figure 2.7 Three variables with A as z-axis, B as x-axis and C as the y-axis, with 

three conditions that forms a box. 

 

The number of independent variables in this thesis was four, which were temperature, 

reaction time, amount of solvent and amount of catalyst (K2CO3) in the solvent. The 

mass of the feedstock could be seen as a variable but by changing the amount of solvent 

and catalyst it can be kept constant while still acquire different types of simulated 

sludge.  

 

Reaction time was considered to be the variable which had the least impact on the final 

product. By changing the K2CO3 concentration in the solution different amount of 

catalyst in the final products was expected. Amount of water and temperature was also 

considered to have a large impact on the product. These three were chosen to be varied 

while reaction time and amount of feedstock kept the same throughout all the 

experiments. 

 

The temperature in experiments was set to span from 240 °C to 340 °C, with 290 °C as 

a center point. The amount of catalyst should not be larger than the amount of 

feedstock as it would not be reasonable in a real case, and was therefore set to span 

from 0.3 to 0.9 times the weight of feedstock. This made it possible to still test a high 

catalyst load, while 0.3 theoretically should be what black liquor hold (20 – 25 %), 

assuming all the catalyst end up in the aqueous product. This ratio was called C/F 

ratio, abbreviation of catalyst to feedstock mass ratio. 

 

The third variable, amount of water, called W/F ratio, water to feedstock ratio, was set 

to vary between 2.4 and 8.0 as minimum and maximum respectively. The 8.0 ratio was 

considered similar to real sludge with dry substance of 10-20 g/L. Center point at 5.2. 

The conditions are summarized in Table 2.5 for a better overview of conditions at each 

temperature. 

 

Table 2.5 Three independent variables with their respective level 

Temperature [°C] W/F ratio  C/F ratio 

240 2.4 0.3 

290 5.2 0.6 

340 8.0 0.9 
 

 

At the minimum (240 °C) and maximum (340 °C) temperature, the C/F and W/F ratios 

had four different setups, which are summarized in Table 2.6 as condition 1 to 4. The 

center point was only used in the 290 °C. The experiments were therefore referred to 

as condition 1, 2, 3 and 4 depending on temperature. The center point condition was 

named 0. 

 

Table 2.6 Table of conditions 1 – 4 and center point condition 

 0.3 0.6 0.9 

2.4 1 (11.1 %) / 2 (27.3 %) 

5.2 / Center / 

8.0 3 (3.6 %) / 4 (10.1 %) 
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2.2.4 Experimental Procedure  

 

Each feedstock was tested at the center point condition to investigate the feasibility. 

Extensive testing was performed for cellulose and lignin with all the conditions for 

these two feedstocks, since cellulose and lignin was considered the main products a 

waste sludge. Any other feedstock showing results that could motivate further testing, 

was tested with one or several other conditions.  

 

Before the experiment, each sample was prepared with 12 grams of feedstock, adding 

water and K2CO3 according to desired condition setup. The autoclave was purged of air 

with nitrogen by pressurizing the chamber with nitrogen and release it. This was 

repeated at pressure of 20, 40, 60, 80 and 100 bars for 240 °C and 290 °C, while 

continuing to 160 bars for 340 °C, to make sure no air was left inside. The chamber 

was also pressurized to an initial 20 bars, using nitrogen again as it would not spark 

any undesirable reactions, such as oxygen of hydrogen from air reacting with the 

sample. It would also make it easier to determine the gaseous product composition. 

 

The reaction time was set constant to 60 minutes. Reaction time started from that 

when reaction temperature was reached, where reaction temperature was ± 3 °C of the 

target temperature. The temperature of the jacket and reactor was noted every five 

minutes during the heating, reaction time and at cooling. Eventual overshoot of 

temperature when target temperature was reached was controlled by lower the heater 

from the reactor using a lever. In case of temperature drop it was elevated back to the 

heater.  

 

2.3 Separation and Analysis 
 

After HTL was performed, the different products were separated. Reason for doing this 

was to be able to determine how much of the original solid feedstock was converted to 

each phase, including the catalyst. A flowchart of the general separation procedure is 

presented in Figure 2.8 to show the overall parts of this process.  

 

 
Figure 2.8 The separation steps after the HTL. 
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The gas was collected in a gas sampling bag after cooling the autoclave to room 

temperature, about 25 °C. This was done by unscrewing a pipe leading to the autoclave 

and instead attach the bag. By opening a valve from the autoclave all the gas could be 

collected until the pressure inside the autoclave was reduced to atmospheric pressure. 

After all gas was removed the vessel was detached from the autoclave. The stirrer was 

flushed with water so that any remaining aqueous product could be retrieved to a 

beaker. Any remaining slurry not solved by water was considered a mixture of SR and 

HO. This was retrieved by flushing with acetone and collected to a second beaker. To 

be able to separate any HO and SR from the AP, a centrifuge (model Eppendorf 

Centrifuge 5804 R) available at the Chemical Technology Division was used. The slurry 

from the vessel, along with any slurry collected with water flushing, was separated 

equally into Falcon Tubes of 50 ml, seen in Figure 2.9. The centrifuge was set to spin 

at 7 000 RPM for 10 minutes at 20 °C. This divided the AP on the top, with HO and SR 

at the bottom. 

 

 
Figure 2.9 Eight Falcon Tubes containing slurry from two different experiments, 

divided equally so the mass will be divided evenly during the 

centrifuge process. 

 

Using a pipette, the AP was then separated from the tubes and stored in a beaker, 

leaving the HO and SR stuck at the bottom. A dried filter paper with known mass was 

put in a funnel, which was put on top of a beaker, as shown in Figure 2.10. The 

remaining SR and HO slurry was put on the filter paper, and by flushing it with 

acetone while vacuum was applied in the beaker, the HO was separated into the 

beaker. The processes deemed complete when the acetone coming out of the funnel was 

transparent and liquid on the filter paper was not visible. 

 

 
Figure 2.10 Funnel with filter paper, connected to the beaker where vacuum is 

applied. By flushing the slurry with acetone the heavy oil is filtrated 

to the beaker, and the solid residues stay in the funnel. 
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2.3.1 Aqueous Product 

 

To evaporate water from the AP the beaker containing the AP was placed on a 

magnetic stirrer with heater. To not create any further reactions, the temperature of 

the heat plate was kept at 240 °C to make sure no boiling took place. As mixture was 

closer to 50 ml it was replaced to a smaller glass bottle for final evaporation of water. 

Assuming a 100 % conversion of the sample to AP, including the K2CO3, a theoretical 

dry mass could be calculated as 𝑚𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 + 𝑚𝐾2𝐶𝑂3
. This was used as an estimation as 

when the evaporation of water was completed. The bottle was then stored in an oven 

at 105 °C overnight (14 hours at least) to make sure any remaining water was 

evaporated.  

 

Before sealing the bottle and store it, 30 – 50 mg was put separately in a smaller bottle 

for elemental analysis at Mikroanalytisches Laboratorium, Universitaet Wien. 

Another 200 – 300 mg was put in a second bottle for metal analysis at ALS Scandinavia 

AB to be see the distribution of the potassium content. 

 
2.3.2 Heavy Oil Product 

 

Since acetone was used to separate any eventual HO from the slurry, a rotary 

evaporator (model Hei-VAP Value, Heidolph) was used to remove the acetone from the 

HO product. The solution was poured into a glass bottle which was then attached to 

the evaporator. The bottle was lowered into a bath of water as seen in Figure 2.11 to 

the bottom right. Using a vacuum pump, the pressure was reduced to 0.6 bars in the 

system. The water in the bath was elevated to 60 °C which would slowly evaporate the 

acetone while the bottle was rotating. Acetone fumes was cooled down in the spiral 

part seen as the cylindrical part in the figure, and then collected in a separate bottle. 

 

After the acetone was removed the remaining solution was stored in oven at 105 °C 

overnight (at least 14 hours) to remove any remaining moisture. After this any residues 

still left in the bottle was considered being the HO, and could be collected using a spoon. 

Same procedure for EA and metal analysis as AP was done for the HO. 

 

 
Figure 2.11 The rotary evaporator used to evaporate acetone. The bottle with 

heavy oil containing acetone is connected to the evaporator and 

lowered into the water bath. A pressure of 600 mbar is applied and the 

water is heated to 60 °C, making the acetone evaporate. 
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2.3.3 Solid residues 

 

The used filter paper was put on a petri dish and kept in oven overnight (at least 14 

hours) at 105 °C to evaporate any eventual moisture left. The mass of solid residue 

could be calculated by knowing the weight of the filter paper before separation. If solid 

residues could be extracted from the filter paper it was sent for elemental and metal 

analysis like the AP.  

 
2.3.4 Gaseous phase 

 

The volume of the gas bag was measured in two different ways. First it was lowered 

into water in a bucket where the new waterline was noted. By removing the gas bag 

and fill the bucket with water to the marked waterline an approximate volume could 

be measured. The second method was to extract all of the gas with a syringe of 60 ml 

until no gas remained, and then multiply the amount of times gas was extracted with 

the volume of the syringe. Gas was analyzed before it was extracted completely. 

 

The gas was analyzed with a Micro GC (model 490, Agilent). A syringe with 60 ml was 

used to pump the gas into the Micro GC where analysis was performed three times. 

This procedure was repeated two times, for reproducibility, meaning six analyses was 

performed in total. In case of numbers diverting the second time the process was 

repeated until at least three repetitions gave the same results. The analysis showed 

the volume fraction of different gas components in the injected gas. 

 

Assuming ideal gas law, the total number of mol of each component in the gas was 

calculated, which also gave the weight in grams. Subtracting the weight of N2 the 

weight of the gaseous product was calculated. The energy of the gas was calculated by 

using the combustion heat (kJ/mol) of each component multiplied with the number of 

moles. With low amount of oxygen (< 0.5 % of total gas) it could be regarded as a small 

leak during gas analysis and oxygen was discarded from the composition. With higher 

amount of oxygen, it was considered an error and gas analysis was repeated. 

 
2.3.5 Mass and Energy Balance 

 

Knowing the mass of dried AP, HO and SR, and the mass of the gas, a mass yield could 

be calculated. Taking the mass of a product over the total feedstock and K2CO3 added 

initially they yield was calculated as 

 

𝑦𝑖𝑒𝑙𝑑𝑖,𝑚 =
𝑚𝑖

𝑚𝑓𝑒𝑒𝑑𝑠𝑡𝑐𝑜𝑘 + 𝑚𝐾2𝐶𝑂3

. 

 

The 𝑚𝑖 is replaced with the mass of either AP, HO or SR from the selected sample. 

Adding the yields the mass balance was closed. 

 

Using the Oxygen Bomb Calorimetric each sample’s product was measured to find the 

energy within the certain product. The energy yield was then calculated as  

 

𝑦𝑖𝑒𝑙𝑑𝑖,𝐸 =
𝑚𝑖 ∙ 𝐻𝐻𝑉𝑖

𝑚𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 + 𝐻𝐻𝑉𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘

. 

 

Here 𝐻𝐻𝑉𝑖 is the value from the Oxygen Bomb Calorimetric. Again adding the yields 

closed the energy balance. The carbon yield was calculated in similar manner as  

 

𝑦𝑖𝑒𝑙𝑑𝑖,𝐶 =
𝑚𝑖 ∙ 𝑋𝐶,𝑖

𝑚𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 + 𝑋𝐶,𝑓𝑒𝑒𝑑𝑠𝑡𝑐𝑜𝑘
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where 𝑋𝐶,𝑖  is the carbon content in each product. The potassium yield was also 

calculated so that a potassium balance could be closed, similar to the carbon as 

 

𝑦𝑖𝑒𝑙𝑑𝑖,𝐾 =
𝑚𝑖 ∙ 𝑋𝐾,𝑖

𝑚𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 + 𝑋𝐾,𝑓𝑒𝑒𝑑𝑠𝑡𝑐𝑜𝑘

 

 

where 𝑋𝐾,𝑖 is the potassium.  
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3. Results 

3.1 Feasibility of Hydrothermal Liquefaction 
 

Albumin, oleic acid, PE and PS were considered not feasible for HTL, and they were 

discontinued during experiment procedure. Liquefaction of albumin created gas 

containing organosulfur compounds which produced odor in the laboratory and made 

it difficult to work with, and was discarded for safety reasons. The oleic acid converted 

to soft soap, which was expected to be saponification with fatty acid and potassium 

carbonate. The plastics did not liquefy but instead form large lumps stuck to the 

stirrer, shown in Figure 3.1. By measuring the mass after removing any moisture, it 

showed that none of the plastic had converted into liquid. 

 

(a) (b) 

  
Figure 3.1 PE after the HTL at 290 °C with center point conditions (a) and 

at 340 °C with condition 4, high catalyst load and water (b). 

 

3.2 Comparison of Initial Sample Type 
 

The conversion of cellulose, amylopectin and the Kraft lignin to different phases are 

presented in Figure 3.2.  The similarities between cellulose and amylopectin should be 

noted, as well as the high SR (black part) for lignin.  

 

 
Figure 3.2 Mass balance of the cellulose, amylopectin and Kraft lignin at the 

center point condition and 290 °C. 

 

It can be seen that cellulose and amylopectin have similar results and almost complete 

conversion, with 3.4 % and 1.7 % respectively remaining as solid. For lignin, 37.6 % 
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remained solid and therefore had lower conversion. The low conversion for lignin is 

due to re-polymerization. This is likely due to radicals interacting and forming larger 

molecules. 

 

Looking at the energy distribution between the different phases for cellulose and 

amylopectin, it can be seen in Figure 3.3 that AP contains more than half of the energy. 

The lignin however still has most of the energy in solid residues. 

 

 
Figure 3.3 Energy balance of the cellulose, amylopectin and Kraft lignin at the 

center point condition and 290 °C, compared to the original heating 

value [MJ/kg], written next to each diagram. 

 

The Kraft lignin solid residues still hold most of the energy because of the re-

polymerization. About 23 % contained in the HO, while the rest is in the AP. The 

cellulose and amylopectin have large losses, about one third of the original content for 

amylopectin, and about 22 % for the cellulose. This is most likely due to molecules 

breaking into smaller molecules during the HTL and are then lost as volatiles during 

drying. Because of re-polymerization of the lignin the problems of volatiles do not exist. 

 

The heating value of each AP, still containing moisture to some extent, can be 

compared with the heating value of dry black liquor as received for a direct comparison 

to see if the AP has any resemblance in energy content. This result, presented in Table 

3.1, however show that the heating value is lower in the created aqueous phase than 

black liquor. 

 

Table 3.1  HHV [MJ/kg] in each AP for the center point conditions, compared 

with black liquor, as received 

Product Black Liquor Cellulose Amylopectin Lignin 

HHV [MJ/kg] 12.9 8.9 9.3 2.8 
 

 

If a liquid product is of interest instead of just the aqueous product, which would 

contain both the AP and the HO as a slurry, a second table, Table 3.2, shows that the 

HHV is increased. As can be noted the HHV of lignin increased almost three times, but 

is still low compared to black liquor as much of the energy is still contained in the SR. 

Amylopectin on the other hand has similar heating value. 

 

Table 3.2  HHV [MJ/kg] in each liquid phase for the center point conditions, 

compared with black liquor, as received 

Product Black Liquor Cellulose Amylopectin Lignin 

HHV [MJ/kg] 12.9 11.2 12.0 7.8 
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The potassium distribution in different phases, and the weight fraction of K in the AP 

are shown in Table 3.3. Here it can be seen that most of the catalyst did end up in the 

AP as expected. The final result for cellulose show that the alkali content is higher 

than N2CO3 in black liquor, around 20-25 % as stated earlier. 

 

Table 3.3.  K distribution for AP, HO and SR, and K wt.% in AP 

Distribution Cellulose Amylopectin Lignin 

Aqueous Product [%] 96.9 88.1 81.0 

Heavy Oil [%] 0.1 0.2 1.7 

Solid Residue [%] 0.0 0.0 10.7 

Loss 3.0 11.7 6.6 

Wt.% of AP [%] 32,1 29.3 43,2 
 

 

Although some smaller parts of potassium could be lost in the separation process, the 

closure of potassium is nearly full for both cellulose and lignin. This further indicate 

the loss of volatiles during the drying, resulting in losses in energy and mass balance. 

If the error were in experimental procedure the potassium balance would also have 

losses similar to energy and mass balance.  

 

Because of most of the potassium is distributed to the AP, a comparison of mass 

balances when different catalyst loads are used would be unfair. The low catalyst load 

sample will always have a smaller AP than the high catalyst load AP. Instead results 

will focus on energy and carbon balance. 

 

The compositions of the gaseous products are presented in Table 3.4. 

 

Table 3.4 Gas composition of gaseous product of cellulose, lignin and  

  amylopectin at 290 °C condition 

Sample Name Condition 
Compound, % 

CO2 H2 CO Others 

C290-0 290 °C, 5.2x water, 0.6x catalyst 85.0 13.1 1.5 0.4 

L290-0 290 °C, 5.2x water, 0.6x catalyst 12.4 68.7 0.3 18.6 

A290-0 290 °C, 5.2x water, 0.6x catalyst 84.9 13.3 1.4 0.4 

 

Cellulose and amylopectin are similar and both have high concentration of CO2, which 

further prove that results from cellulose can be applied to amylopectin. The lignin on 

the other hand has high amount of H2. 

 

No further experiments with varied conditions for the amylopectin was performed. Due 

to the similar structure of cellulose and starch, result from cellulose should be 

comparable to the amylopectin as well. 

 

3.3 Effect of Reaction Conditions 
 

Cellulose and lignin was tested separately at the other conditions at 240 °C and 340 

°C. By doing this the test matrix was closed, and by having results from cellulose and 

lignin it is possible to interpolate results for mixtures of lignin and cellulose.  

 

Mass balance will not be presented here, since a comparison between mass balance 

when the catalyst is changed between 0.3 and 0.9 times the feedstock the extra amount 

alkali would give unfair image of the mass balance.  

 
3.3.1 Cellulose 

 

In Figure 3.4 the carbon balance for cellulose with varied conditions at 240 °C (above) 

and 340 °C (below) is presented. Energy balance is then presented in Figure 3.5 and 

the potassium balance in Figure 3.6 in same manner. Interesting points to notice is the 
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carbon and energy balance for SR and AP, losses of carbon and energy between the 

temperatures and the nearly full potassium balance with major part in AP. 

 
Cellulose Carbon Balance 

 

 

 
Figure 3.4 Carbon balance for cellulose with varied conditions at 240 °C (above) 

and 340 °C (below). 
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Cellulose Energy Balance 

 

 

 
Figure 3.5 Energy balance for cellulose with varied conditions at 240 °C (above) 

and 340 °C (below). 
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Cellulose Potassium Balance 

 

 

 
Figure 3.6 Potassium balance for cellulose with varied conditions at 240 °C 

(above) and 340 °C (below). 
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As temperature is increased from 240 °C to 340 °C the carbon and energy balance for 

SR is decreasing. This support that higher temperature increases the conversion. The 

carbon and energy balance for SR at 340 °C are similar to the 290 °C SR. This suggest 

a nearly full conversion 290 °C. However, at 340 °C the losses in both carbon and 

energy balance are about one third, while the potassium balance is nearly full. These 

losses are therefore not because of experimental error as previous stated. The 

explanation is rather that the feedstock breaks down to smaller molecules at higher 

temperature, and are then lost during drying as volatiles. While at the higher 

temperature the gaseous product also increases. This because the process is 

transcending into hydrothermal gasification. The compositions of the gaseous product 

are presented in Table 3.5. 

 

Table 3.5 Gas composition of cellulose at varied conditions 

Sample Name Condition 
Compound, % 

CO2 H2 CO Others 

C240-1 240 °C, 2.4x water, 0.3x catalyst 90.3 1.4 8.0 0.3 

C240-2 240 °C, 2.4x water, 0.9x catalyst 97.3 2.5 0.2 0.0 

C240-3 240 °C, 8.0x water, 0.3x catalyst 85.8 0.7 13.3 0.1 

C240-4 240 °C, 8.0x water, 0.9x catalyst 98.1 2.7 0.4 0.7 

C340-1 340 °C, 2.4x water, 0.3x catalyst 66.5 31.3 0.7 1.0 

C340-2 340 °C, 2.4x water, 0.9x catalyst 41.1 57.7 0.5 0.7 

C340-3 340 °C, 8.0x water, 0.3x catalyst 68.9 28.1 1.2 1.0 

C340-4 340 °C, 8.0x water, 0.9x catalyst 49.0 49.7 0.3 1.1 

 

It can be see that at 240 °C, CO2 is the major compound. As temperature increase to 

340 °C, H2 production in increased. With increased C/F ratio the H2 becomes about half 

of the composition from about one third, meaning the C/F ratio also help the production 

of H2. 

 

The influence of C/F ratio can also be seen in the carbon and energy balance. With 

higher C/F ratio the carbon and energy distribution to the AP is increasing. At the 

same time the HO yield has a decrease in carbon and energy, and the gas yield a 

decrease in carbon content. This suggest that the K2CO3 is working in favor of the AP 

when increased. The W/F ratio does not show any trend pointing out any larger impact 

as C/F ratio for cellulose. 

 
3.3.2 Lignin 

 

After the liquefaction of the lignin particles similar to small pebbles in size and 

hardness was observed. This indicates that re-polymerization takes place, which has 

been seen in previous studies. Lignin was therefore difficult to extract from the 

autoclave, as it was stuck to the stirrer and its blades. Particles also got stuck to 

laboratory equipment. Results are presented in same way as cellulose in Figure 3.7 

with carbon balance, Figure 3.8 with energy balance and Figure 3.9 with potassium 

balance. 
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Lignin Carbon Balance 

 

 

 
Figure 3.7 Carbon balance for lignin with varied conditions at 240 °C (above) 

and 340 °C (below). 

 

  



33 

 

Lignin Energy Balance 

 

 

 
Figure 3.8 Energy balance for lignin with varied conditions at 240 °C (above) 

and 340 °C (below). 
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Lignin Potassium Balance 

 

 

 
Figure 3.9 Potassium balance for lignin with varied conditions at 240 °C (above) 

and 340 °C (below). 
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The solid residues are still a major part in all conditions. This is due to re-

polymerization taking place. The conversion of Kraft lignin at 240 °C with the four 

different conditions has an overall similar trend to the 290 °C center point condition, 

which can be seen in the figure. At temperature 340 °C the conversion is lower than at 

240 °C, suggesting that more radicals are formed and the interaction is increased, 

which benefit the re-polymerization instead of conversion. Increased temperature is 

therefore not desired in this HTT process. 

 

The AP increases as the W/F ratio was increased throughout the conditions. It has been 

seen that hydrogen can stabilize radicals in the lignin [22], which could explain this as 

increased amount of water bring in more hydrogen. C/F ratio does not seem to have a 

major impact on the conversion. 

 

The compositions of gaseous products are presented in Table 3.6. 

 

Table 3.6 Gas composition of lignin at varied conditions 

Sample Name Condition 
Compound, % 

CO2 H2 CO Others 

L240-1 240 °C, 2.4x water, 0.3x catalyst 88.4 1.9 3.3 6.3 

L240-2 240 °C, 2.4x water, 0.9x catalyst 88,8 4.9 0.0 6.3 

L240-3 240 °C, 8.0x water, 0.3x catalyst 79,9 4.6 2.7 12.9 

L240-4 240 °C, 8.0x water, 0.9x catalyst 44.0 15.6 4.0 36.4 

L340-1 340 °C, 2.4x water, 0.3x catalyst 39.2 51.7 0.0 9.0 

L340-2 340 °C, 2.4x water, 0.9x catalyst 2.4 93.2 0.5 3.9 

L340-3 340 °C, 8.0x water, 0.3x catalyst 39.4 48.7 0.2 11.7 

L340-4 340 °C, 8.0x water, 0.9x catalyst 2.1 91,9 0.0 6.0 

 

The gas product from lignin produced higher amount of H2 compared to other gases at 

condition 2 and 4, but as only 0.5 – 0.7 % of the feedstock was converted to gas it might 

be considered as not recoverable. The C/F ratio however has an impact on the gas 

production at 340 °C, which is clearly seen when the H2 goes from about half to nearly 

full. 

 

At high catalyst load the aqueous product formed a white layer at the top during 

evaporation of moisture, resulting in a still partial liquid phase below the white layer. 

A small spoon was used to break the layer. The final product in these cases resembled 

ash. This phenomenon is shown in Figure 3.10, where a spoon has been used to break 

the top left part and the liquid phase has swelled up through the layer due to still being 

hot. The drying was solved by stir the mixture every few hours to help the evaporation 

of water. 

 

 
Figure 3.10 Glass bottle containing the aqueous product after separation. The 

white layer is hard, with black still partial liquid swelled up after a 

hole was made.  
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3.4 Summary 
 

Using these model compounds, it is possible to simulate components of animal manure, 

consisting of fiber and protein, as well as algae, consisting of protein, carbohydrates 

and lipids.  

 

As the K2CO3 is distributed among the different phases the mass balance might give a 

misleading result of the conversion. The carbon and energy balance gives a better 

understanding of the conversion as the potassium has no heating value. Energy 

balance does however have losses at higher temperature (340 °C). With a nearly full 

closure of the potassium balance, the losses of carbon and energy are explained by 

formation of volatile molecules that are lost during drying. The losses should therefore 

be considered to be either AP or HO. 

 

For the cellulose, a high C/F ratio is good for this process. The trend showing increased 

carbon and energy in the AP yield with high catalyst load, while carbon and energy 

decrease in the HO yield, and decreased carbon in the gas yield, implies a high C/F 

ratio is increasing the AP yield in this HTT. The temperature might be kept at 290 °C 

using these conditions as the conversion is nearly full at 290 °C. 

 

The gaseous product of cellulose consists mainly of carbon dioxide at lower temperature 

(240 °C). As temperature is increased to 340 °C along with a heavy catalyst load, H2 is 

about half of the component of the gas. This indicate that the potassium act as a 

catalyst not only for gasification, but also to make the hydrothermal liquefaction 

transcend into gasification area. 

 

Cellulose and amylopectin is approximately the same compound, with amylopectin due 

to its structure should be easier to break down into a liquid. The HTL results shows 

similarities and it can be expected that both feedstock follow the same trend, except 

that amylopectin might have a higher conversion.  

 

The lignin should not be used in this HTT process to achieve AP. The conversion was 

too low due to re-polymerization. Increased W/F ratio improved the conversion, as well 

as keeping the temperature low (240 °C). Decreasing the reaction time might improve 

the conversion. 

 

However, the solid residues after HTL might not possess a problem in a real plant, and 

a slurry containing all the products mixed might feasible from a technology point of 

view. In this case, an even lower temperature, 240 °C or less, might be adequate. 

 

The lignin used throughout the experiments were Kraft lignin, precipitated from black 

liquor, meaning that this lignin has already been chemically altered at a pulp mill. 

While it might simulate a pulp sludge containing lignin that has been altered with 

chemicals, it might not simulate lignin from bark or other residues.  

 

A test with putting the pure Kraft lignin in a mixture of K2CO3 and water, without 

performing the HTL, showed that the Kraft lignin was completely dissolved. This could 

imply that the HTL is unnecessary if synthetic black liquor is to be created from Kraft 

lignin. 

 

Albumin and oleic acid were judged not usable during sole HTL and were discarded 

after the liquefaction in this thesis. Using lipids with K2CO3 will produce soft soap, but 

in a real case where lipids might be part of a larger composition of materials it could 

prove to not be a problem. As fatty acids can contain higher heating values than 

cellulose, starch and lignin it would be befitting to include it in a real sludge and not 

separated. 
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As mentioned initially for the protein it could, although not likely, produce some form 

of cyanide which would be dangerous. The problem at hand is the foul smell from the 

liquefied protein. Other type of protein, such as soy protein, might not be the case. A 

mixture of these compounds could result in other products which is not covered here. 

Although sulfur compounds should be expected when working with protein. 
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4. Conclusion 

It is possible to nearly fully convert solid cellulose at 290 °C to a mainly liquid product, 

including a major part of aqueous product and some oil phase. This also apply for the 

amylopectin. 290 °C can be considered optimal temperature in these experiments. A 

low amount of K2CO3 (0.3 times the mass of the feedstock) might be enough for 

gasification, but an increased C/F ratio will help the AP yield which is positive in this 

process. No trends with changed water ratio was seen, implying that water not 

necessarily improve the process. The results from cellulose implies that it is possible 

to create a nearly synthetic black liquor from cellulose, or a pukp sludge mainly 

consisting of cellulose. This should also be applicable to starch. 

 

The pure lignin did not show any conversion towards a liquid, which was desired for 

this process. While increased water ratio show improvement towards liquefaction, pure 

lignin is not suitable for this process. The PE and PS can not be liquefied with the 

tested conditions. Albumin and oleic acid are not suitable for sole liquefaction at these 

conditions. 
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5. Future work 

Combinations of the feedstock is an interesting point as unforeseen synergetic 

reactions could take place. While cellulose and plastic separately act in a specific way 

it is difficult to determine what a co-liquefaction of them would result in. Future work 

should therefore investigate different mixtures, for example small part of plastic in 

cellulose to illustrate paper reject with part of plastic. 

 

One suggestion of such co-liquefaction with plastic and cellulose is that the hydrogen 

released from the biomass could crack the bonds in the plastic and help to break it 

down into a liquid.  

 

Co-liquefaction of lignin and cellulose to simulate real wood and waste sludge. This 

would not represent wood to 100 %, as the wood also contain hemicellulose and 

extractives, and the structure would be different since the powder does not contain 

fibers like real wood. It could still be of interest as this would be closer to a real sludge. 

An idea is that the hydrogen could stop the radicals in the lignin to re-polymerizes, 

increasing the conversion. 

 

The oleic acid turned into soap. However, as the heating value of it is high compared 

with cellulose, starch and lignin, co-liquefaction should be investigated to see if it is 

possible to achieve a liquid product richer in energy than pure cellulose or starch for 

example. 

 

Finding the temperature between 240 °C and 290 °C where almost 100 % conversion 

of cellulose takes place should be investigated to find an optimum for future 

experiments with waste sludge. 

 

Performing experiment without separating the products and instead have one slurry 

might of interest if a combined hydrothermal-gasification process is used without 

separation.  

  



42 

 

  



43 

 

References 
 

1.  Ekerholm, H. (2012). Bränsle för den moderna nationen. Etanol och gengas i 
Sverige under mellankrigstiden och andra världskriget. 

2.  Tvingas varsla samtliga vid LTU Green Fuels. (2015). Luleå University of 
Technology. Retrieved February 12, 2016, from 

http://www.ltu.se/ltu/media/news/Tvingas-varsla-samtliga-vid-LTU-Green-

Fuels-1.146781 

3.  Landalv, I., Gebart, R., Marke, B., Granberg, F., Furusjo, E., Lownertz, P., … 

Salomonsson, P. (2014). Two years experience of the BioDME project - A 

complete wood to wheel concept. Environmental Progress and Sustainable 
Energy, 33(3), 744–750. doi:10.1002/ep.11993 

4.  Axelsson, J. (2015). Catalytic Gasification of Wood Powder and Lignin with 
Physical Property Assessment on the Feedstock. Luleå. 

5.  Bajpai, P. (2015). Management of pulp and paper mill waste. Management of 
Pulp and Paper Mill Waste, 1–197. doi:10.1007/978-3-319-11788-1 

6.  Association of Plastics Manufacturers, Plastics Europe. (n.d.). The ABC of 

polyethylene. Retrieved February 8, 2016, from 

http://www.plasticseurope.org/information-centre/education-portal/resources-

room/abc-of-plastics/the-abc-of-polyethylene.aspx 

7.  Bird, M., & Talberth, D. J. (1987). Polystyrenes: A Review of Literature on the 

Products of Thermal Decomposition and Toxicity. Fire and Materials, 11, 109–

130. 

8.  Bird, M., & Talberth, J. (2008). Waste stream reduction and re-use in the pulp 

and paper sector, 45. 

9.  Goto, M., Nada, T., Kodama, A., & Hirose, T. (1999). Kinetic Analysis for 

Destruction of Municipal Sewage Sludge and Alcohol Distillery Wastewater by 

Supercritical Water Oxidation. Industrial & Engineering Chemistry Research, 

38(5), 1863–1865. doi:10.1021/ie980479s 

10.  Wei Ying, L. (2012). Study on Using Food Waste to Produce Lactic Acid and 
Fumaric Acid. 

11.  Science Clarified. (n.d.). Cellulose. Retrieved February 8, 2016, from 

http://www.scienceclarified.com/Ca-Ch/Cellulose.html 

12.  Saxena, I. M., & Brown, R. M. (2005). Cellulose biosynthesis: Current views and 

evolving concepts. Annals of Botany, 96(1), 9–21. doi:10.1093/aob/mci155 

13.  Stenius, P. (2000). Forest Products Chemistry (1st Editio.). Helsinki: Fapet Oy. 

14.  Toor, S. S., Rosendahl, L., & Rudolf, A. (2011). Hydrothermal liquefaction of 

biomass: A review of subcritical water technologies. Energy, 36(5), 2328–2342. 

doi:10.1016/j.energy.2011.03.013 

15.  Kudlicka, K., & Brown, R. M. (1996). Cellulose biosynthesis in higher plants. 

Acta Societatis Botanicorum Poloniae, 65(1–2), 17–24. doi:10.1016/S1360-

1385(96)80050-1 

16.  Behrendt, F., Neubauer, Y., Oevermann, M., Wilmes, B., & Zobel, N. (2008). 

Direct liquefaction of biomass. Chemical Engineering and Technology, 31(5), 

667–677. doi:10.1002/ceat.200800077 

17.  Elliott, D. C. (2007). Historical developments in hydroprocessing bio-oils. 

Energy and Fuels, 21(3), 1792–1815. doi:10.1021/ef070044u 

18.  Vane, C. H., Drage, T. C., & Snape, C. E. (2006). Bark decay by the white-rot 

fungus Lentinula edodes: Polysaccharide loss, lignin resistance and the 

unmasking of suberin. International Biodeterioration and Biodegradation, 

57(1), 14–23. doi:10.1016/j.ibiod.2005.10.004 

19.  Erdocia, X., Prado, R., Corcuera, M. Ã., & Labidi, J. (2014). Influence of Reaction 

Conditions on Lignin Hydrothermal Treatment. Frontiers in Energy Research, 

2(April), 1–7. doi:10.3389/fenrg.2014.00013 

20.  Zhang, B., Huang, H. J., & Ramaswamy, S. (2008). Reaction kinetics of the 

hydrothermal treatment of lignin. Applied Biochemistry and Biotechnology, 

147(1–3), 119–131. doi:10.1007/s12010-007-8070-6 



44 

 

21.  Oasmaa, A., Alén, R., & Meier, D. (1993). Catalytic hydrotreatment of some 

technical lignins. Bioresource Technology, 45(3), 189–194. doi:10.1016/0960-

8524(93)90111-N 

22.  D&M Plastics Inc. (n.d.). All about Plastic Moulding, Polyethylene. Retrieved 

February 8, 2016, from 

http://www.plasticmoulding.ca/polymers/polyethylene.htm 

23.  Yuan, X., Cao, H., Li, H., Zeng, G., Tong, J., & Wang, L. (2009). Quantitative 

and qualitative analysis of products formed during co-liquefaction of biomass 

and synthetic polymer mixtures in sub- and supercritical water. Fuel Processing 
Technology, 90(3), 428–434. doi:10.1016/j.fuproc.2008.11.005 

24.  Sugano, M., Komatsu, A., Yamamoto, M., Kumagai, M., Shimizu, T., Hirano, 

K., & Mashimo, K. (2009). Liquefaction process for a hydrothermally treated 

waste mixture containing plastics. Journal of Material Cycles and Waste 
Management, 11(1), 27–31. doi:10.1007/s10163-008-0215-3 

25.  Pfaffli, P., Zitting, A., & Vainio, H. (1978). Thermal degradation products of 

homopolymer polystyrene in air. Scandinavian Journal of Work, Environment 
and Health, 4(2 SUPPL.), 22–27. doi:10.5271/sjweh.2744 

26.  Tsuchiya, K., Ando, K., Shimomura, T., & Ogino, K. (2016). Synthesis and 

characterization of poly(3-hexylthiophene)-block-poly(dimethylsiloxane) for 

photovoltaic application. Polymer (United Kingdom), 92, 125–131. 

doi:10.1016/j.polymer.2016.03.092 

27.  Farias, M. A. De, & Gonçalves, C. (2016). Synthesis and applications of 

polystyrene- block - poly ( N ‑ vinyl-2-pyrrolidone ) copolymers, 26(1), 1–10. 

28.  Nazari, L., Yuan, Z., Souzanchi, S., Ray, M. B., & Xu, C. (2015). Hydrothermal 

liquefaction of woody biomass in hot-compressed water: Catalyst screening and 

comprehensive characterization of bio-crude oils. Fuel, 162, 74–83. 

doi:10.1016/j.fuel.2015.08.055 

29.  Karagöz, S., Bhaskar, T., Muto, A., & Sakata, Y. (2006). Hydrothermal 

upgrading of biomass: Effect of K2CO3 concentration and biomass/water ratio 

on products distribution. Bioresource Technology, 97(1), 90–98. 

doi:10.1016/j.biortech.2005.02.051 

30.  Nobuaki Sato, †, Armando T. Quitain, ‡, Kilyoon Kang, §, Hiroyuki Daimon, * 

and, & Fujie, K. (2004). Reaction Kinetics of Amino Acid Decomposition in High-

Temperature and High-Pressure Water, 3217–3222. doi:10.1021/IE020733N 

31.  Teri, G., Luo, L., & Savage, P. E. (2014). Hydrothermal Treatment of Protein, 

Polysaccharide, and Lipids Alone and in Mixtures. Energy & Fuels, 28(12), 

7501–7509. doi:10.1021/ef501760d 

32.  Déniel, M., Haarlemmer, G., Roubaud, A., Weiss-Hortala, E., & Fages, J. (2016). 

Energy valorisation of food processing residues and model compounds by 

hydrothermal liquefaction. Renewable and Sustainable Energy Reviews, 54, 

1632–1652. doi:10.1016/j.rser.2015.10.017 

33.  Li, F., Liu, L., An, Y., He, W., Themelis, N. J., & Li, G. (2016). Hydrothermal 

liquefaction of three kinds of starches into reducing sugars. Journal of Cleaner 
Production, 112, 1049–1054. doi:10.1016/j.jclepro.2015.08.008 

34.  Chakraborty, M., McDonald, A. G., Nindo, C., & Chen, S. (2013). An α-glucan 

isolated as a co-product of biofuel by hydrothermal liquefaction of Chlorella 

sorokiniana biomass. Algal Research, 2(3), 230–236. 

doi:10.1016/j.algal.2013.04.005 

35.  Jin, F. (2014). Application of Hydrothermal Reactions to Biomass Conversion. 

(F. Jin, Ed.) (1st ed.). Springer-Verlag Berlin Heidelberg. doi:10.1007/978-3-

642-54458-3 

36.  Karagöz, S., Bhaskar, T., Muto, A., Sakata, Y., Oshiki, T., & Kishimoto, T. 

(2005). Low-temperature catalytic hydrothermal treatment of wood biomass: 

Analysis of liquid products. Chemical Engineering Journal, 108(1–2), 127–137. 

doi:10.1016/j.cej.2005.01.007 

37.  Sigard Christensen, P. (2014). Hydrothermal Liquefaction of Waste Biomass - 

optimizing reaction parameters, (August 2014). 

38.  Weiland, F., Wiinikka, H., Hedman, H., Wennebro, J., Pettersson, E., & Gebart, 



45 

 

R. (2015). Influence of process parameters on the performance of an oxygen 

blown entrained flow biomass gasifier. Fuel, 153, 510–519. 

doi:10.1016/j.fuel.2015.03.041 

39.  Bach-Oller, A., Furusjö, E., & Umeki, K. (2014). Fuel conversion characteristics 

of black liquor and pyrolysis oil mixtures: Efficient gasification with inherent 

catalyst. Biomass and Bioenergy, 79, 155–165. 

doi:10.1016/j.biombioe.2015.04.008 

40.  Experiments, D., & Carlsson, P. (2009). Entrained Flow Black Liquor 
Gasification. 

41.  Retsch. (n.d.). Sample Divider PT 100. Retrieved February 17, 2016, from 

http://www.retsch.com/products/assisting/sample-divider/pt-100/ 

42.  Retsch. (n.d.). CAMSIZER® XT. Retrieved February 17, 2016, from 

http://www.retsch-technology.com/rt/products/dynamic-image-

analysis/camsizer-xt 

43.  Retsch. (n.d.). Vibratory Sieve Shaker AS 200 basic. Retrieved February 17, 

2016, from http://www.retsch.com/products/sieving/sieve-shakers/as-200-basic/ 

44.  IKA. (n.d.). C200 Description. Retrieved February 18, 2016, from 

http://www.ika.com/owa/ika/catalog.product_detail?iProduct=8802500 

45.  IKA. (n.d.). C5010 Description. Retrieved February 18, 2016, from 

http://www.ika.com/owa/ika/catalog.product_detail?iProduct=7114000&iProdu

ctgroup=&iSubgroup=&iCS=1 

46.  ThermoScientific. (n.d.). NalgeneTM Transparent Polycarbonate Classic Design 

Desiccator. Retrieved February 19, 2016, from 

http://www.thermoscientific.com/en/product/nalgene-transparent-

polycarbonate-classic-design-desiccator.html 

47.  Büchiglasuster. (n.d.). Limbo. Retrieved March 30, 2016, from 

https://www.buchiglas.com/se/products/pressure-reactors-stirred-lab-

autoclaves/small-lab-reactors-10-450ml/limbo.html 

  



46 

 

  



47 

 

Appendix A 

 

Experimental Setup Data 

Group Type Name Feedstock [g] Water [g] Catalyst [g] 

Initial 

Cellulose C290 11.999 62.417 7.206 

Lignin L290 11.747 61.122 7.057 

Amylopectin AM290 12.001 62.321 7.195 

Albumin AL290 12.008 62.407 7.201 

Oleic Acid OA290 12.024 62.476 7.213 

Polystyrene PS290 12.001 62.396 7.203 

Polyethylene PE290 12.001 95.639 10.757 

Cellulose 240 °C 

Cellulose C240-1 12.000 28.802 3.600 

Cellulose C240-2 12.004 28.832 10.810 

Cellulose C240-3 11.996 96.003 3.596 

Cellulose C240-4 12.003 96.013 10.799 

Cellulose 340 °C 

Cellulose C340-1 12.004 28.823 3.602 

Cellulose C340-2 12.000 28.817 10.806 

Cellulose C340-3 11.999 95.962 3.594 

Cellulose C340-4 12.002 96.003 10.798 

Lignin 240 °C 

Lignin L240-1 11.999 28.893 3.611 

Lignin L240-2 12.002 28.824 10.808 

Lignin L240-2 11.998 96.001 3.595 

Lignin L240-2 12.002 96.024 10.800 

Lignin 340 °C 

Lignin L340-1 12.266 29.430 3.678 

Lignin L340-2 11.997 28.759 10.783 

Lignin L340-2 11.940 95.501 3.577 

Lignin L340-2 12.009 96.028 10.800 
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Cellulose and Lignin Aqueous Product Analysis 

Sample 

Name 

Aqueous Product 

C [%] H [%] N [%] S [%] K [mg/kg] Na [mg/kg] HHV [MJ/kg] 

C240-1 29.8 4.7 0.1 0.0 266000 438 11.6 

C240-2 20.5 3.6 0.1 0.0 331000 386 4.8 

C240-3 31.6 4.5 0.1 0.0 274000 360 11.6 

C240-4 19.0 3.1 0.1 0.0 325000 507 6.0 

C290-0 26.6 4.5 0.1 0.0 293000 413 8.6 

C340-1 21.2 3.3 0.1 0.0 345000 537 5.7 

C340-2 15.2 2.3 0.1 0.0 395000 598 3.2 

C340-3 27.0 3.9 0.1 0.0 335000 505 9.7 

C340-4 15.3 2.6 0.1 0.0 348000 522 3.6 

L240-1 24.1 2.2 0.1 0.6 309000 3620 7.2 

L240-2 15.2 1.2 0.1 0.2 429000 2250 6.7 

L240-3 38.2 3.2 0.1 0.8 297000 2500 13.7 

L240-4 23.4 2.0 0.1 0.4 396000 1800 6.7 

L290-0 18.8 1.3 0.1 0.3 432000 2540 4.3 

L340-1 12.4 2.0 0.1 0.3 317000 3120 0.0 

L340-2 10.6 1.4 0.1 0.2 400000 2080 0.2 

L340-3 16.5 1.8 0.1 0.5 214000 3960 5.4 

L340-4 15.0 1.5 0.1 0.2 335000 1890 2.6 

 

Cellulose and Lignin Heavy Oil Analysis 

Sample 

Name 

Heavy Oil 

C [%] H [%] N [%] S [%] K [mg/kg] Na [mg/kg] HHV [MJ/kg] 

C240-1 64.4 6.5 0.1 0.0 53600 147 26.3 

C240-2 46.7 5.5 0.1 0.0 185000 353 17.3 

C240-3 46.5 5.4 0.1 0.0 60200 <200 25.4 

C240-4 38.2 4.2 0.1 0.0 241000 403 14.1 

C290-0 76.6 7.9 0.1 0.0 9060 <100 34.5 

C340-1 81.0 8.4 0.1 0.0 3000 <80 36.8 

C340-2 81.2 8.7 0.1 0.0 15500 <100 37.5 

C340-3 80.3 8.1 0.1 0.0 3090 <200 36.0 

C340-4 77.9 7.9 0.1 0.0 31400 168 35.3 

L240-1 67.9 5.6 0.1 0.7 36200 427 27.2 

L240-2 67.4 5.4 0.1 0.5 44800 221 27.4 

L240-3 67.8 5.6 0.1 0.9 51900 372 28.3 

L240-4 66.7 5.7 0.1 0.8 60600 197 27.4 

L290-0 67.9 5.2 0.1 0.4 31500 280 27.4 

L340-1 76.3 6.9 0.1 0.3 30600 650 33.1 

L340-2 73.8 6.6 0.1 0.2 47100 359 30.5 

L340-3 69.1 5.0 0.1 0.5 26100 746 28.0 

L340-4 68.0 5.2 0.1 0.2 62400 454 27.8 
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Cellulose and Lignin Solid Residue Analysis 

Sample 

Name 

Solid Residue 

C [%] H [%] N [%] S [%] K [mg/kg] Na [mg/kg] HHV [MJ/kg] 

C240-1 43.6 6.1 0.1 0.0 25000 <100 16.6 

C240-2 37.3 4.8 0.1 0.0 151000 188 13.7 

C240-3 44.6 6.1 0.1 0.0 21900 <200 16.9 

C240-4 39.6 5.6 0.1 0.0 41600 <100 15.2 

C290-0 62.5 6.2 0.1 0.0 N/A N/A 0.0 

C340-1 76.0 6.7 0.1 0.0 N/A N/A 0.0 

C340-2 30.9 3.0 0.1 0.0 251000 302 9.9 

C340-3 N/A N/A N/A N/A N/A N/A 0.0 

C340-4 51.9 5.1 0.1 0.0 N/A N/A 0.0 

L240-1 62.8 4.6 0.1 0.6 52700 696 25.5 

L240-2 72.5 3.6 0.1 0.4 112000 669 20.7 

L240-3 61.6 4.6 0.1 0.7 50300 585 24.4 

L240-4 52.8 4.1 0.1 0.5 114000 606 20.7 

L290-0 62.7 4.0 0.2 0.3 60500 367 23.5 

L340-1 72.0 3.8 0.1 0.2 24300 346 28.8 

L340-2 54.8 2.9 0.1 0.4 79500 471 23.9 

L340-3 78.6 4.1 0.2 0.4 12800 292 30.4 

L340-4 67.7 4.0 0.1 0.2 68200 330 26.5 

 


