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Abstract 
 

Crude bio-oils (biocrudes) produced via thermochemical processing of low value 
lignocellulosic biomass, such as byproducts of forestry, agriculture and industry, are 
an attractive alternative to liquid fossil fuels. Unlike their petroleum equivalents, 
biocrudes have high oxygen and water content, high acidity, polarity and average 
molecular weight and impurities such as alkali and earth metals. In addition, they have 
high density and viscosity. Due to these properties, biocrudes cannot directly replace 
or be mixed with conventional fuel. One of the major improvements that is required 
for this purpose is the removal of organic oxygen by catalytic hydrotreatment (HDO). 
As a consequence of HDO, acidity, polarity, molecular weight as well as the higher 
heating value (HHV) of the biocrude is improved. However, the high water and metal 
content of biocrudes can significantly reduce the lifecycle of the hydrotreatment 
catalysts by inducing irreversible deactivation. In addition, the high molecular weight 
fraction of biocrudes is resistant to HDO and can accelerate coking. This PhD thesis 
focuses on the fractionation of lignocellulosic biocrudes by supercritical carbon 
dioxide (sCO2) extraction to produce an extracted fraction with improved properties. 
As such, an extract with lower molecular weight, acidity, polarity and oxygen content 
as well as dewatered and demetallized is better suited for direct hydrotreatment than 
the whole biocrude. 

Two biocrudes produced by hydrothermal liquefaction (HTL) of woody biomass were 
selected as feeds for the sCO2 extractions. One feed was dewatered and demetallized 
prior the extractions, while the other did not undergo any further processing after the 
HTL. For this thesis, novel work on sCO2 fractionation of biocrudes was performed 
by utilizing a semi-continuous extraction apparatus under different pressure 
temperature conditions. The operability of the single stage batch extractor was 
improved significantly at temperatures above 80 °C. Parametric investigation revealed 
that high extraction yields are achieved at high pressure and temperature (e.g. >300 
bar and >100 °C), with values exceeding 50 wt% for extractions at 450 bar and 100-
150 °C. The high yield was the result of a considerable increase of the vapor phase 
loading (VPL) that reached and, in many cases, exceeded 100 g of biocrude per kg of 
CO2. The high VPL resulted in a lower solvent-to-feed ratio (e.g. 30 g/g), both of 
which indicate the potential of industrial scale application. 

A range of analytical methods was developed for the detailed characterization of the 
biocrudes and their sCO2 extracts. Most of the physicochemical properties of the 
extracted fractions were improved compared to the feed biocrudes. The density of the 
extracts was found consistently lower with an average reduction of 5%. At the same 
time, the extracts were richer in low molecular weight components. Especially, 
aromatic hydrocarbons and fatty acids were concentrated up to 24 wt% and 14 wt%, 
respectively. The acidity (i.e. total acid number) was in many cases reduced, and it 
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was revealed that the reduction was mainly due to the phenolic rather than the 
carboxylic acid number. The phenolic acid number was reduced in all extracts, while 
increased in the heavy residue indicating that high molecular weight lignin-derived 
phenolics (i.e. oligomers) are not extracted by sCO2. 

The sCO2 extracts were significantly dewatered, reaching up to 91% water content 
reduction. In addition, it was observed that the higher initial water content (i.e. 5.7 
wt%) increased the VPL of aromatic hydrocarbons, which was beneficial to the fuel 
quality of the extracts in terms of reduced oxygen-to-carbon (O/C) ratio and increased 
HHV. The sCO2 extracts were also found almost free of metals, with the values 
reducing from 8500 mg/kg in the biocrude down to an average of 170 mg/kg. The 
very low water and metal content result in a much lower rate of irreversible 
deactivation for hydrotreatment catalysts. Regarding the specific chemical classes 
extracted, the concentrated fatty acids are relatively easy to convert to alkanes via 
hydrotreatment and the high mass fraction of aromatic hydrocarbons results in lower 
oxygen that needs to be removed. This PhD thesis proves that sCO2 can be 
successfully utilized as a green solvent to extract a large fraction of lignocellulosic 
biocrudes, with the extracted fraction improved as a hydrotreatment feed and overall 
fuel precursor. 
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Dansk Résumé 
 

Rå Bio-olier (bioråolie) produceret via termokemisk omdannelse af lav-værdi 
lignocellulosisk biomasse, så som biprodukter fra skovhugst, landbrug og industri, er 
et attraktivt alternativ til flydende fossile brændstoffer. I modsætning til deres fossile 
ækvivalenter har bioråolier høje indhold af ilt og vand, højt syretal og gennemsnitlig 
molekylvægt, er mere polære og indeholder urenheder som alkali og jordmetaller. 
Desuden har de høje densiteter og viskositeter. På grund af disse egenskaber kan 
bioråolie ikke direkte erstatte eller blandes med konventionelle brændstoffer. En af de 
store forbedringer der kræves for at kunne anvende bioråolien, er fjernelse af den 
organisk bundne ilt vha. katalytisk hydrogenbehandling (HDO). Konsekvensen af 
HDO er at syretal, polaritet, molekylvægt samt øvre brændværdi (HHV) forbedres. 
Dog kan det høje indhold af vand og metaller medføre signifikant reduktion af 
levetiden af hydrogenbehandlingskatalysatoren pga. irreversibel deaktivering af 
katalysatoren. Ydermere er den fraktion af bioråolien med høj molekylvægt resistent 
overfor HDO og kan medføre accelereret koksdannelse. Denne Ph.d.-afhandling 
fokuserer på fraktionering af lignocellulosisk bioråolie vha. superkritisk kuldioxid 
(sCO2) ekstraktion for at fremstille et ekstrakt med forbedrede egenskaber. Et sådant 
afvandet ekstrakt, uden metaller, med lavere molekylvægt, syretal, polaritet og 
iltindhold vil være bedre egnet til direkte hydrogenbehandling end bioråolien. 

To bioråolier produceret ved hydrothermal liquefaction (HTL) af træ blev valgt som 
udgangsmateriale for sCO2 ekstraktionerne. Den ene bioråolie var afvandet og renset 
for metaller inden ekstraktionerne, mens den anden ikke havde fået nogen 
efterbehandling efter HTL-processen. I forbindelse med denne afhandling er 
nyhedsskabende arbejde med sCO2 fraktionering udført på et halvkontinuert 
ekstraktionsapparat ved forskellige tryk- og temperaturforhold. Driften af et-trins 
batch-ekstraktoren forbedredes markant ved temperaturer over 80 °C. 
Parameterstudie viste at høje ekstraktionsudbytter kunne opnås ved høje tryk og 
temperaturer (f.eks. >300 bar og >100 °C), med over 50 vægtpct for ekstraktioner ved 
450 bar og 100-150 °C. Det høje udbytte skyldtes en betragtelig forøgelse af vapor 
phase loading (VPL) som nåede og, i mange tilfælde, overgik 100 g bioråolie pr. kg 
CO2. Den høje VPL resulterede i et lavere solvent-to-feed forhold (f.eks. 30 g/g), 
hvilket tilsammen indikerer et potentiale for applikation af teknologien i industriel 
skala. 

En række analytiske metoder blev udviklet for at kunne udføre en detaljeret 
karakterisering af bioråolierne og deres sCO2 ekstrakter. De fleste af de fysisk-
kemiske egenskaber af ekstrakterne var forbedrede ift. den oprindelige bioråolie. 
Densiteten af ekstrakter var altid lavere med en gennemsnitlig reduktion på 5%. 
Ekstrakterne havde et større indhold af stoffer med lav molekylvægt, især var 
aromatiske kulbrinter og fedtsyrer koncentreret op til hhv. 24 og 14 vægtpct. Syretallet 
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(dvs. total acid number) var i mange tilfælde reduceret og det kunne identificeres at 
denne reduktion var primært pga. phenol-syretallet fremfor carboxylsyretallet. 
Phenol-syretallet var reduceret i alle ekstrakter men øget i den tungere remanens, 
hvilket indikerer at lignin-baserede phenoler med høj molekylvægt (dvs. oligomerer) 
ekstraheres ikke med sCO2. 

Vandindholdet i sCO2 ekstrakterne var markant reduceret med op til 91% reduktion 
af vandindhold. Desuden blev der observeret at det højere vandindhold ved start (dvs. 
5,7 vægtpct) øgede VPL for aromatiske kulbrinter, hvilket var fordelagtigt for 
brændstofkvaliteten for ekstrakterne pga. reduceret ilt-kulstof (O/C) forhold og øget 
HHV. Det fandtes også at sCO2 ekstrakterne var næsten fri for metaller med reduktion 
af indholdet fra 8500 mg/kg til et gennemsnitligt indhold på 170 mg/kg. The meget 
lave vand- og metalindhold resulterer i en meget lavere rate for den irreversible 
deaktivering af hydrogenbehandlingskatalysatoren. Med hensyn til de specifikke 
kemiske stofgrupper som ekstraheres, så kan de koncentrerede fedtsyrer relativt let 
omdannes til alkaner vha. hydrogenbehandling og det højere indhold af aromatiske 
kulbrinter resulterer i et lavere indhold af ilt som efterfølgende skal fjernes. Denne 
Ph.d.-afhandling beviser at sCO2 kan anvendes som et grønt opløsningsmiddel til 
ekstraktion af store fraktioner af lignocellulosisk bioråolie, hvor ekstraktet er mere 
velegnet til hydrogenbehandling og som udgangspunkt til brændstofproduktion. 
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Chapter 1. Introduction 
The human society is heavily dependent on fossil resources to cover the demand in 
energy as well as commodity chemicals and materials. As it is shown in Figure 1.1, 
the majority of the global energy in 2017 was produced from fossil fuel, with crude 
oil covering 32%, coal 27% and natural gas 22% of the total production worldwide 
[1]. This translates to the consumption of about 50 Mt/day of fossil fuels globally [2]. 

 
Figure 1.1: Global energy production in 2017 by source. “Other” sources include geothermal, 

solar, wind and tidal energy [1]. 

About one third of this energy corresponds to transportation fuels, with crude oil 
utilized for the majority of their production. Approximately 65% out of 11 Mt/d of 
crude oil is consumed to produce transportation fuel (Figure 1.2). The second largest 
share of transport fuel (i.e. 20%) corresponds to long haul road transportation (i.e. 
diesel), while 7% and 8% to aviation (i.e. jet fuel) and navigation (i.e. marine fuel), 
respectively. 

 
Figure 1.2: Distribution of crude oil utilization between different sectors in 2017-2018 [1]. 
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The use of fossils to produce chemicals and materials is relatively small compared to 
energy generation but significant. It corresponds to around 14% of the crude oil, 7% 
of the natural gas and 12% of the coal [3]. The importance of petrochemicals (e.g. 
polyethylene) for the multimillion oil and gas industry should not be underestimated 
since it provides an almost twice as high gross margin compared to gasoline and diesel 
[3]. The continuous increase in demand for energy, liquid fuels and commodity 
chemicals result in current scenarios predicting a significant increase in the 
consumption of fossil fuel for the next decades (i.e. 10-30%) [2]. The production and 
utilization of fossil fuel is well known to be associated with environmental impact. 
One of the most recognizable indexes of the extent of this impact are the greenhouse 
gas emissions. Indicatively, the anthropogenic CO2 emitted in the atmosphere in 2017 
was approximately 90 Mt/d, while oil and gas related methane emissions were 
estimated to more than 0.2 Mt/d in 2019 [4,5]. 

There is no doubt that considering environmental issues as well as geopolitical 
powerplay the societal dependency in fossils has to be reduced. A major prospect to 
mitigate the abovementioned environmental footprint of human activities is the shift 
from fossil fuels to renewable resources for the production of energy and commercial 
chemicals. Renewable technologies like wind and solar energy are expected to play a 
large role in production of electricity in the future, which will also improve the 
potential of commuting in electric vehicles. However, regarding the fueling of the 
long-distance transportation sector (i.e. trucking, navigation and aviation), there is no 
clear alternative to liquid fuels at the moment. 

In that regard, the only well identified renewable raw material to produce liquid fuel 
and chemicals is biomass. First-generation biomass is edible biomass that is cultivated 
exclusively for the production of fuel [6]. Examples that are characterized by mature 
industrial applications are the production of ethanol from sugarcane in Brazil and from 
corn in the US as well as the production of biodiesel from rapeseed oil in Germany 
and from palm oil in Malaysia [7]. However, factors such as water utilization, 
deforestation and the inherent competition with food production are major pitfalls in 
the sustainability of first-generation biomass.  

On the other hand, second-generation biomass is defined as materials with 
lignocellulosic structure [7]. The byproducts of forestry (e.g. thinning branches and 
leaves, sawdust), agriculture (e.g. corn stover, sugarcane bagasse), industry (e.g. paper 
pulp lignin) and the organic fraction of municipal waste (e.g. sewage sludge) are 
considered relevant second generation biomasses [8]. In addition, energy crops (e.g. 
perennial grasses) cultivated in marginal and abandoned or underutilized land as well 
as short rotation tree plantations (e.g. hybrid poplar) can complement to increase the  
available lignocellulosic biomass [9]. These types of biomass are currently considered 
as a good option to address a lot of the issues associated with the first-generation 
biomass. 
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In Figure 1.1, the fraction of energy corresponding to biofuel is considerable (i.e. 9%) 
but reflects mainly the extended use of lignocellulosic biomass as a low value direct 
combustion fuel in forms such as pellets (e.g. home heating) or on-site burning (e.g. 
lignin for energy in pulp mills). On the other hand, its conversion to high value liquid 
fuel and chemicals remains very limited. In fact, according to the International Energy 
Agency (IEA), biofuels including first generation and lignocellulosics only 
correspond to about 3% of the global production of transportation fuel [10]. 
Nevertheless, a large scientific effort was directed towards developing conversion 
technologies of lignocellulosic biomass to bio-oils in the last few decades. In that 
respect, pyrolysis (mainly fast pyrolysis) and hydrothermal liquefaction (HTL) have 
been at the frontline of research as the most promising biomass-to-liquid (BTL) 
technologies. Some industrial scale pyrolysis plants are in operation around the globe, 
while several pilot units utilize HTL, with some demonstration plants planned to start 
operating in the near future [11,12]. 

The bio-oils produced by BTL technologies have the potential to be upgraded to 
biofuel or to be used as precursors for the synthesis of green chemicals and 
biomaterials. This can be achieved by processing them up to specifications after which 
they can be introduced as blendstock in conventional refineries, thus introducing a 
renewable feedstock into a multi-trillion worth infrastructure [13]. Otherwise, smaller 
scale localized and stand-alone biorefineries have to be developed, which produce 
finished products by achieving both the fuel and chemical/biomaterial specifications, 
while remaining financially competitive. 

Bio-oils own some detrimental properties that have to be improved to follow any of 
the abovementioned valorization pathways. Bio-oils cannot be used directly in 
engines and they cannot be readily co-processed in existing refinery units (i.e. blended 
with conventional fuel). They have high oxygen and water content, high molecular 
weight (MW) and high acidity. On a physical standpoint they own high density and 
viscosity [11,14]. For these reasons, downstream upgrading processes are required 
that aim to improve these bulk properties. Most importantly, the oxygen has to be 
removed by catalytic hydrotreating (HT) resulting to a liquid that resembles 
conventional petroleum products (i.e. hydrocarbons). Since the HT process and 
catalysts are developed for fossil fuel, to some extent the properties of bio-oils such 
as the high oxygen content, the presence of water and other impurities (e.g. metals) 
make the process challenging [15,16]. 

Many of the abovementioned detrimental properties are related to the overwhelming 
number of chemical species that result in a largely variable molecular weight 
distribution and polarity. The majority of these compounds are oxygenated and can 
include a wide array of ketones, phenolics and organic acids [11,14]. This complex 
chemistry makes well designed separation processes very important. Similarly to their 
fossil counterparts, bio-oils have to be fractionated both regarding bulk fractionation 
to narrow MW and boiling point (BP) equivalents (i.e. gasoline, jet, diesel, marine) as 
well as selective separation of high-value chemical species. It is important to note that 
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separation processes, such as distillation and liquid-liquid extraction (LLE),  account 
for up to 50% of the total cost of a conventional oil refinery [17]. However, these 
processes that have been developed for crude oil are not directly applicable to bio-
oils. The progress made in BTL technologies in conjunction with the less studied 
downstream valorization (i.e. upgrading and separations) gradually increases the 
research interest in the latter. Therefore, it is relevant to study separations of 
lignocellulosic bio-oils both to optimize process parameters and to produce data that 
can be used for validation of thermodynamic models. 

With regard to separation technologies, one alternative process is supercritical carbon 
dioxide (sCO2) extraction. It is a process that works particularly well when the feed is 
thermally labile, since it is typically operated at temperature lower than other 
competitor processes like distillation. Considering lignocellulosic bio-oils, distillation 
temperatures above 100 °C can lead to polymerization reactions in the distillation 
column [11,18]. In addition, sCO2 can be considered a better alternative than 
distillation for high water content mixtures. This is due to the almost twice as high 
energy requirement for evaporation of water per kg, compared to the equivalent 
energy required to recompress CO2 [17]. It is a good option for the separation of high 
MW and low volatility oils [19,20], while the absence of a dipole but presence of a 
large quadrupole moment make sCO2 a good solvent for apolar and low polarity 
components [21,22]. Non-toxicity, non-flammability, availability and low cost make 
it a good solvent for environmentally friendly separations. Comparing with LLE, the 
use of sCO2 instead of petroleum derived and toxic solvents (e.g. toluene, methyl ethyl 
ketone) is clearly advantageous in an environmental point of view. In addition, the 
separation of the CO2 solvent for recirculation is performed simply by pressure 
reduction, without the additional process step required for liquid solvents. The use of 
a green solvent is consistent with the larger perspective of reducing the dependency 
on petroleum and design industrial operations that have small to none environmental 
footprint. In addition, CO2 is co-produced in BTL processes and especially in HTL at 
high pressure and considerable quantity making it available on site [11,12]. 

The advantages of sCO2 extraction have been exploited in a few industrial processes 
such as decaffeination of coffee and tea [21]. Another niche industrial application is 
the production of lubricants by fractionation of perfluoropolyether mixtures [23]. In 
addition, separation of organic mixtures and extraction of value added chemical 
classes has been demonstrated on research level for oils such as citrus, vegetable and 
frying oils [24–30]. A few patents have also shown interesting results on heavy oil, 
tar sand and bitumen, with sCO2 extracting a lighter fraction and leaving a heavy 
asphaltenic residue that can be efficiently refined separately [31,32]. Regarding bio-
oils, a few literature works on lignocellulosic pyrolysis oils indicate the utility of sCO2 
for producing extracts with improved properties like lower water content, viscosity 
and higher heating values compared to the feed bio-oils [33–36]. 
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 Thesis objectives 
The initiating problem of this PhD thesis was defined as follows: 

“Can supercritical carbon dioxide be used as a solvent for the valorization of 
lignocellulosic bio-oils to liquid biofuel and green chemicals?” 

To investigate the abovementioned problem, the following specific tasks were 
addressed and literature contributions were made: 

• Review of the state of the art for the sCO2 fractionation of lignocellulosic 
bio-oils. The potential of sCO2 extraction to be part of the valorization of 
such matrices is suggested in the literature review Paper D. In addition, the 
article serves as a comprehensive starting point for future research 
initialization. 
 

• Finalization of a lab scale extraction setup and the experimental procedure 
based on a newly acquired supercritical extractor system. The apparatus is 
described in detail in Paper A, while some minor modifications are reported 
in Paper C. 
 

• Evaluation of the extraction performance regarding operating conditions, for 
different HTL biocrude feeds, and with respect to extraction yield, vapor 
phase loading and solvent-to-feed ratio. The effect of temperature and 
pressure is analyzed in Papers A, B, C and optimal values are suggested in 
Paper C. 
 

• Development of an analytical characterization protocol regarding physical 
and chemical bulk properties of the HTL biocrudes and their supercritical 
extracts. Methodologies are described in Papers A, B, C. In addition, the 
necessity for standardization of such analytical tools to the particularities of 
bio-oils is highlighted in Paper D. 
 

• Development of a methodology for detailed compositional characterization 
of the volatile fraction of HTL biocrudes and their sCO2 extracts. 
Quantitative compositional data are reported and experimental distribution 
factors pertaining to the selective separation of specific chemical classes are 
analyzed in Papers A, B, C. 
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 Thesis outline 
The thesis is divided in two parts. Part I consists of the extended summary, which sets 
the background and summarizes the main experimental findings of the PhD work, as 
well as provides conclusions and perspectives for future work. Part 0 consists of the 
outcome of the PhD with respect to scientific publications. 

Part I is outlined in 6 chapters that are described as follows: 

Chapter 1 introduces the context on which the initiating problem of the PhD project 
was defined. 

Chapter 2 describes the properties of lignocellulosic bio-oils and how these need to 
be improved. 

Chapter 3 provides an overview of the sCO2 separations of oils and reviews the state 
of the art of sCO2 extraction of lignocellulosic pyrolysis oils. The chapter 
closes with analyzing the potential of sCO2 extraction as a part of the 
valorization of lignocellulosic HTL biocrudes in terms of fuel upgrading 
and highlights the technology gaps that are investigated in this PhD thesis. 

Chapter 4 serves as a materials and methods section by reporting the detailed 
characteristics of the feed HTL biocrudes studied in this work as well as 
describing the supercritical extraction apparatus. 

Chapter 5 analyzes the major experimental findings and their significance. The 
chapter is divided in three parts. The first analyzes technical aspects of the 
extraction efficiency in connection to the operation parameters (pressure, 
temperature, feed). The second analyzes the effect of sCO2 on the bulk 
physicochemical properties of the extracted fractions. In addition, the 
specific chemistry of the volatile fraction of the extracts is reported and 
analyzed in terms of separation factors. The third suggests two potential 
applications for the heavy sCO2 residue that are hypothesized, based on its 
analytical characterization during this work. 

Chapter 6 summarizes the most important conclusions and provides perspectives for 
future work. 
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Chapter 2. Lignocellulosic bio-oils 
 Lignocellulosic biomass 

Lignocellulosic (LC) biomass attributes its name to the three macromolecules that it 
consists of. Figure 2.1 shows the general structure of lignocellulose as it is found in 
the cell wall of plants. The figure represents the way the three macromolecules 
coexist, with cellulose (yellow) embedded in a matrix of hemicellulose (blue) and 
lignin (red). In addition, representative chemical structures of the macromolecules are 
shown. Cellulose and hemicellulose are polysaccharides, whereas lignin is a complex 
aromatic polymer. A typically small mass fraction of inorganics is present (i.e. alkali 
and earth metals) in LC biomass, which is reported as ash. 

 

Figure 2.1 Structure of lignocellulose. (Images taken from the public image library of the US 
Office of Biological and Environmental Research [37]) 

In agriculture LC biomass is available in the form of byproducts such as wheat straw 
and sugarcane bagasse [9]. With regard to forestry, thinning (e.g. branches, leaves) 
and sawmill byproducts (e.g. sawdust) are relevant LC biomasses [9]. Examples of 
industrial byproduct LC feedstocks are lignin from the paper pulp industry [38], 
enzymatic lignin residues from bioethanol production [39], as well as residues from 
the production of vegetable oils (e.g. palm kernel shell) [40]. Availability of such LC 
biomasses varies for the different feedstocks [41]. An estimation of the availability 
for relevant types of LC biomasses is reported in Table 2.1. 
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Table 2.1 Lignocellulosic biomass availability as byproducts 

Biomass type Availability Area Year Ref. 

Agricultural residue 11-47 Mt/day World 2017 [9] 

Forestry residue 2.1 Mt/day World 2017 [9] 

Sewage sludge 25 kt/day Europe 2010 [42] 

Paper pulp lignin 0.19 Mt/day World 2020 [43] 

Enzymatic lignin 0.7-2.2 kt/day World  2020 [44] 

Palm oil residue 0.14 Mt/day Malaysia 2006 [40] 

The LC biomass that is estimated to have the largest available amounts globally are 
agricultural residues, followed by forestry residues. In total the potential of only 
byproduct LC biomass is significant, although it is still underutilized due to 
technological gaps in pretreatment, conversion and valorization processes [10]. 

 

 Characteristics of lignocellulosic bio-oils 
Among thermochemical technologies, pyrolysis and hydrothermal liquefaction (HTL) 
are the most prominent processes to produce bio-oils from LC biomass. Via different 
conversion pathways the two processes result in a product that can be further 
processed to fuel and chemicals [45]. Pyrolysis is typically performed at 500-600 °C 
in an oxygen-free environment. At these conditions the macromolecules constituting 
the dry biomass thermally break down to simpler compounds, which vaporize and 
consequently condense to an organic-rich and an aqueous phase. The organic-rich 
liquid after gravity separation is typically denoted bio-oil [11]. HTL utilizes water at 
high pressure (i.e. 100-350 bar) and temperature (i.e. 250-450 °C) to break down 
cellulose, hemicellulose and lignin to an array of chemical species that constitute an 
organic-rich phase, while some are dissolved in the co-produced aqueous phase. The 
organic-rich phase that separates freely from the aqueous phase is typically denoted 
biocrude [12]. In both processes, a CO2 rich gas mixture and solids (e.g. biochar) are 
produced as byproducts. Especially for HTL the CO2 can reach as high as 90 wt% of 
the total gas product, which is comparable in mass basis to the biocrude product  [46]. 
In addition, HTL operates at high pressure and temperature, which results to that CO2 
stream being at supercritical conditions. Another important difference between the 
two processes is that HTL can handle both dry and wet biomass, while drying is 
required prior to pyrolysis.  

In this thesis, the word bio-oil is used when referring to pyrolysis and HTL oils 
collectively, while pyrolysis oil and biocrude are the terms used for addressing 
individually the products of pyrolysis and HTL, respectively. The bio-oil yields 
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typically reported on a dry-biomass basis are between 30-60 wt%, although values up 
to 75 wt% have been achieved in certain literature studies for both processes [11,12].  

Several pyrolysis plants on demonstration and commercial level were started up in the 
past years, utilizing proprietary fast pyrolysis technologies. The few of them that are 
operational at the moment (i.e. 2020) are reported in Table 2.2 [47]. On the other hand, 
HTL is still at a lower technology readiness level (TRL) with several pilot units around 
the globe and a few announced demonstration plants [12,48]. The latter are reported 
in Table 2.2. 

Table 2.2: Commercial pyrolysis plants in operation and announced HTL demonstration 
plants [12,47,48]. 

Conversion 
Technology 
proprietor 

Operator Location 
Output 
(t/day) 

PYR BTG-BTL BTG-BLT (Empyro) Netherlands 77 

PYR BTG-BTL Twence (Hengelo) Netherlands 66 

PYR Ensyn Ensyn (Côte-Nord) Canada 41 

PYR Ensyn Ensyn Canada 130 

PYR Ensyn Red Arrow USA NA 

PYR VTT Fortum Finland 152 

HTL Steeper Energy Silva Green Fuel Norway 41 

HTL Altaca Energy Gönen Energy Turkey 1241 

HTL Licella Licella Australia 271,2 

HTL Genifuel Metro Vancouver Canada 101,2 

PYR: Fast pyrolysis; HTL: Hydrothermal liquefaction; NA: No data reported; 1Announced 
values; 2Slurry throughput (no yield data for estimating output are reported). 

LC bio-oils produced by pyrolysis and HTL are viscous dark colored water-in-oil 
emulsions (Figure 2.2). Water content has been reported to range from 20 to 30 wt% 
and 4 to 15 wt% for pyrolysis and HTL oils, respectively [49–54]. As it can be seen 
in Table 2.3, the water content of bio-oils is very high compared to typical refinery 
feedstocks. This means that it has to be reduced significantly, before it is blended with 
other refinery streams. In addition, catalytic hydrotreatment processes have low 
tolerance to water, which makes its reduction prior to hydrotreatment a necessity [16].  

Typical viscosity values for HTL biocrudes and pyrolysis oils are reported in Table 
2.3. The viscosity of pyrolysis oils strongly depends on its water content, with 
kinematic viscosities reported to range from 10 to 50 cSt at 40 °C and water content 
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17 wt% to 48% [49,55]. HTL biocrude dynamic viscosities have been reported in a 
wide range with values between 1700 and 67000 cP and corresponding water content 
of 5 and 1 wt% for the minimum and maximum value, respectively [56,57].  

  
(a) (b) 

Figure 2.2: (a) HTL biocrude and (b) Pyrolysis oil from pinewood (Paper D). 

These values are comparable to heavy fossil resources that can range between 10000 
cP for heavy oil and higher than 50000 cP for bitumen [58]. Considering the 
viscosities of petroleum derived fuel, bio-oils are typically at much higher levels, apart 
from residual marine fuel. Given the relation between water content and viscosity as 
well as the necessity to remove it, the viscosity is expected to increase even for the 
seemingly low viscosity pyrolysis oils. 

Table 2.3: Comparison of water content and physical properties between pyrolysis oil, HTL 
biocrude and typical fossil fuel and their fractions. 

 Water (wt%) Density (kg/m3) Viscosity (cP) Ref. 

PYR oil 20-30 1000-1200 10-501 [49] 

HTL biocrude 4-15 970-1100 1700-67000 [50–54] 

Conventional crude 0-0.5 800-930 10-100 [58,59] 

Heavy crude 0-0.5 960-1000 1000-10000 [58,59] 

Bitumen 8-30 >1000 >50000 [60] 

Kerosene (Jet A-1) 0 775-840 <8 (at -20 °C) [61] 

Diesel <0.0005 820-845 2-4 [62] 

Marine fuel 0.3-0.5 890-1010 5-7001 [63] 

1Estimated from kinematic viscosity; PYR: pyrolysis; HTL: Hydrothermal liquefaction. 
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The density of bio-oils is typically higher than 1000 kg/m3 (Table 2.3), with HTL 
values ranging between 970 and 1100 kg/m3 [64–66], while somewhat higher for 
pyrolysis oils, reaching up to 1200 kg/m3 [67]. This density is higher than 
conventional crude oil (i.e. 800-930 kg/m3) and similar to that of tar sand bitumen 
[58,60]. Density is very important for the economy of a refinery. Simply put, lower 
density means higher volume per unit mass of liquid product [13]. Regarding typical 
density of refinery finished products, they all have lower densities except for the 
residual marine fuel (i.e. 920-1010 kg/m3). 

The oxygenated organic components, in which the bio-oils are rich, introduce a 
polarity that make them only miscible with polar organic solvents like 
dichloromethane (DCM) and tetrahydrofuran (THF) [13,68]. On the other hand, bio-
oils are only partially miscible with hydrocarbon solvents. This poor miscibility 
results in direct blending with conventional hydrocarbon fuel (i.e. petroleum 
fractions) being unfeasible [13,68]. In addition, the abundance of oxygenated 
components results in one of the major differences of bio-oils and fossil fuel, which 
is their oxygen content that can range between 10 and 50 wt%. The elemental 
composition (CHNSO) and the HHV of a few representative examples of pyrolysis 
oils and HTL biocrudes from different biomasses are reported in Table 2.4 and 
compared with corresponding ranges of fossil fuels. 

Table 2.4. Elemental composition and higher heating value (HHV), on a water-free basis, of 
bio-oils from different biomass feedstocks and conversion process. 

Biomass Type 

Industrial 
Residue 

Hardwood 
Agricultural 
Residue 

Typical fossil 
fuel range 

Kraft 
Lignin 

Palm 
shell 

Aspen Eucalyptus 
Wheat 
straw 

Sugarcane 
bagasse 

 

Process HTL PYR HTL PYR PYR HTL - 

Carbon (wt%) 70.0 58.3 78.4 69.5 53.8 55.8 83-87 

Hydrogen (wt%) 6.5 8.5 8.1 6.3 6.1 7.7 10-14 

Nitrogen (wt%) - - 0.5 0.3 0.1 0.1 0.1-2 

Sulfur (wt%) 0.4 0.1 0.3 - - 0.1 0.05-6 

Oxygen (wt%) 21.0 33.0 13 23.8 40.0 36.3 0.05-1.5 

HHV (MJ/kg) 32 27 361 29 22 251 42-47 

Reference [69] [70] [71] [72] [73] [74] [75] 

PYR: Pyrolysis;; HTL: hydrothermal liquefaction;  1Calculated as reported in the literature [76]  
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Even though these oxygen ranges are in all cases lower than those in the corresponding 
biomasses, they are still at least one order of magnitude higher than typical petroleum 
values that do not exceed 1.5 wt% [75]. Bio-oils derived from agricultural residues 
own the highest oxygen contents for both pyrolysis and HTL, when compared to 
woody biomass and industrial residues. Lignin and woody biomass have carbon 
content that is closer to fossil values, while they are almost free of sulfur and nitrogen. 
Especially for HTL of woody biomass, there are several literature examples in which 
the oxygen content is low (e.g. 10-15 wt%), relatively to typical pyrolysis oil values 
[46,51,71]. The elemental characteristics of the bio-oils in Table 2.4 show 
cumulatively that the bio-oils have a high potential fuel value with HHVs higher than 
the original biomasses (i.e. 16-28 MJ/kg). Although, in order to reach HHVs 
comparable to conventional fuel, bio-oils have to be almost completely deoxygenated. 
Research on the hydrotreatment of bio-oils has shown promising hydrodeoxygenation 
(HDO) levels reaching 98% removal of oxygen. Nevertheless, in order to achieve that 
deep level of HDO the required hydrogen was as high as that for high-sulfur heavy 
crude oil fractions such as the vacuum distillation residual oil (e.g. 300 – 600 Nm3/m3) 
[64,77,78].  

Depending on the biomass and the process, bio-oils end up with various amounts of 
alkali and earth metals, such as sodium, potassium and iron (i.e. ash) [79]. Pyrolysis 
oils typically have low ash content (i.e. lower than 0.2 wt%) [67,80], since the 
majority of metals are not in volatile organometallic compounds and in the case of 
entrainment, filters block their transfer to the pyrolytic condensate. On the other hand, 
metals present during the HTL process are dissolved in the process water and 
transferred to the biocrude in the emulsified water droplets [46]. In addition to the 
metals present in biomass, HTL often utilizes homogeneous catalysts (e.g. potassium 
carbonate) or pH regulators (e.g. sodium hydroxide). These process additives result in 
biocrudes with high ash content (e.g. 5 wt%) [46,65,71]. The presence of metals is a 
well-recognized problem in petroleum refining, due to the irreversible deactivation 
they induce to commercial catalysts such as cobalt-molybdenum (CoMo) and nickel 
molybdenum (NiMo) [15]. Even amounts as low as 0.5 wt% of metals can be 
problematic for hydrotreatment units, since catalytic beds have to be replaced if the 
accumulated metal content exceeds 3-4 wt% [71,81]. 

Acidity is a relevant bulk characteristic for bio-oils since their high values can lead to 
corrosion in process equipment. Acidity is typically quantified by the total acid 
number (TAN). Values of TAN between 9 and 200 mg KOH/g have been reported in 
literature [46,56,80,82–84]. TAN is the cumulative effect of carboxylic acids and 
weakly acidic phenolic compounds. However, measurement methods were developed 
for petroleum liquids, which mainly contain a small amount of naphthenic acids 
resulting to low TAN (e.g. maximum 4 mg KOH/g) [85]. On the other hand, bio-oils 
contain an abundance of carboxylic acids (e.g. fatty acids) and phenolic components, 
both contributing to the value of TAN. Phenolic acidity cannot always be determined 
by standard TAN measurements and thus the reported values range widely. 
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Bio-oils are a mixture of an overwhelming number of oxygenated compounds and 
some aromatic hydrocarbons. The average molecular weight of bio-oils typically 
ranges from 300 to 500 g/mol [86,87], although the range for individual components 
is much larger and can be lower than 100 g/mol up to several thousand g/mol [86,88–
90]. Most information on the specific chemical composition of bio-oils refers to the 
volatile fraction, that is typically investigated by gas chromatography coupled with 
mass spectrometry (GC-MS). This volatile fraction of bio-oils rarely accounts for 
more than 50 wt%. The specific chemistry of the nonvolatile fraction remains mostly 
uncharacterized, with only a few works in literature reporting analytical data [84,88–
90]. 

In general, it is reported that the nonvolatile fraction of pyrolysis oils contains both 
carbonyl and phenolic groups originating from the decomposition of all three 
macromolecules (i.e. cellulose, hemicellulose, lignin) [84,89]. The oxygenated part of 
this fraction is mostly of phenolic nature, since the majority (e.g. 70%) of phenolics 
in LC pyrolysis oils exist as oligomers (i.e. 3-5 monomeric units) with carbon number 
up to 29 and oxygen up to 16 [13,89]. Stankovikj et al. [89] reported average MW of 
a non GC-MS detectable heavy fraction of a pyrolysis oil between 350-400 g/mol, 
comprised of a very large number of single components (i.e. 440-740 single 
chromatographic peaks identified by FT-ICR-MS). Individual oligomers can reach up 
to 2500 g/mol [13,89]. Even though the analytical characterization of LC pyrolysis 
oils has advanced significantly in the past two decades, roughly 20% of the oil is still 
not characterized, which highlights the complexity of the mixture [13].  

Regarding HTL biocrudes, the analytical characterization of the non-volatile fraction 
is at a somewhat earlier stage. Phenolic dimers and oligomers derived from lignin 
have been reported in the nonvolatile fraction [69,90]. The average MW was reported 
similar to that of the pyrolysis oil heavy fraction (i.e. up to 300 g/mol) [88]. Dimers 
reached MW of 250 g/mol while oligomers ranged 2500-17000 g/mol [90]. Functional 
groups that are identified in the nonvolatile fraction of HTL biocrudes include alcohol, 
methylene and dibenzene moieties, while they are low in aliphatic functionalities 
[88,90]. Interestingly, recent research has proven that phenolic dimers and oligomers 
found in bio-oils have antioxidant activity, which in some cases was higher than that 
of commercial petroleum derived antioxidants (e.g. butylated hydroxytoluene) 
[91,92]. On the other hand, HT catalysts deactivate due to coking and high boiling 
fractions are prone to coking, thus resulting to lower operational time before 
regeneration in needed [15]. 

The volatile fraction of both HTL and pyrolysis oils consist of ketones, phenols, 
aromatic hydrocarbons and organic acids. In addition, aldehydes, esters, furans and 
sugars are reported in pyrolysis oils [14,93]. Typical examples of the abovementioned 
chemical classes are reported in Table 2.5, together with MW and carbon number 
ranges. A marked difference between pyrolysis oils and HTL biocrudes is that the 
former typically contains some components at high mass fractions. Such are acetol, 
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acetic acid, glycoladehyde and levoglucosan that have been reported to individually 
reach up to 10 wt% of the bio-oil. This results to the total mass fraction characterized 
by GC-MS reaching up to 50 wt% [70,94–98]. These compounds are important 
intermediates for chemical synthesis in applications such as the production of 
medicine, adhesives and dyes [99,100]. In addition, the sugar levoglucosan has been 
considered as a potential precursor for the production of pharmaceuticals [101,102].  

Table 2.5: Typical chemical classes in bio-oils and examples of specific components 
[33,71,96,99,103–106]. 

Chemical class MW 
Carbon 
number 

Examples 

Ketones 74–124 C3–C10 
Hydroxyacetone 
Cyclopenten-1-one, 2- 
Cyclopentanone, 2,5-dimethyl 

Phenols 94–122  C6–C8 
Phenol 
o-Cresol 
4-Ethylphenol 

Guaiacols 124–178 C7–C10 
Guaiacol 
Eugenol 
Creosol 

Benzenediols 110–124 C6–C8  
Catechol 
4-Ethylcatechol 

Short chain 
fatty acids1 

60–144 C2–C8 
Acetic acid 
Octanoic acid 

Long chain fatty 
acids 

172–284 C10–C19 
Decanoic acid 
Octadecanoic acid 

Aromatic acids 152–300  C8–C20 Benzeneacetic acid, 3-hydroxy 

Furans 84–132 C4–C8 
Furfural 
Furanone, 2(5H)- 

Aldehydes 60–152 C2–C8  
Glycolaldehyde 
Benzaldehyde, 3-hydroxy-4-methyl- 

Esters 130–296  C6–C19 
Benzoic acid, 4-methoxy-, methyl ester 
Furoic acid methylester 

Sugars 132–144 C5–C6  
Levoglucosan 
2,3-Anhydro-d-galactosan 

Benzenes 92–124 C7–C10  
Toluene 
1-Methylcyclooctene 

Polyaromatic 
hydrocarbons 

174–234 C10–C18 
Naphthalene, 1,2,3,4-tetrahydro-1,5,7-trimethyl- 
Retene 

1 For simplicity, small carboxylic acids (e.g. acetic) are included in this class 

On the other hand, quantitative data on HTL biocrudes are sparse, most of which refer 
specifically to the conversion of paper pulp lignin. Single components at high mass 



Chapter 2. Lignocellulosic bio-oils 

17 

fractions are not reported in biocrudes, resulting to total mass fractions characterized 
by GC-MS that are lower than those for pyrolysis oils (i.e. up to 30 wt%) 
[52,69,96,107,108]. Regarding the chemical species that comprise the volatile fraction 
of bio-oils the “easiness of hydrodeoxygenation” as it is suggested in literature is as 
follows: Alcohols > Ketones > Carboxylic acids > Phenols > Guaiacols > 
Benzenediols [16,109]. An important conclusion of this hierarchy of deoxygenation 
is that carboxylic acids are relatively easy to hydrotreat, compared to other chemical 
classes such as phenolics derived from the lignin fraction of biomass [15]. The 
chemical composition of pyrolysis oils makes the production of chemicals an 
interesting perspective. On the other hand, HTL biocrudes are more suitable for fuel 
production due to properties such as lower water and oxygen content and their 
consistent abundance of aromatic hydrocarbons as well as components that are easily 
hydrodeoxygenated (e.g. fatty acids). 
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Chapter 3. sCO2 fractionation of oils 
 Continuous countercurrent fractionation 

sCO2 extraction is an established industrial technology for separation from solid 
matter, whereas only a few applications have been developed so far for the 
fractionation of liquids. One example of the latter is the niche application of sCO2 for 
fractionation of perfluoropolyether mixtures according to narrow MW ranges for 
lubricant production [23]. On the other hand, several literature studies have 
demonstrated the potential of the process for the fractionation of organic liquid 
mixtures (e.g. essential oils). Brunner [19] and Reverchon and De Marco [20] have 
published comprehensive reviews of the literature up to 2008 in the subject of 
fractionating liquid mixtures. In the following, the principles of sCO2 extraction with 
focus on continuous countercurrent fractionation are discussed, together with some 
applications reported in literature that are relevant to the separation of oils.  

At its supercritical state (i.e. at and above 73.8 bar and 31 °C), carbon dioxide is an 
interesting solvent due to some unique properties. It can exhibit density similar to that 
of liquid organic solvents that are used in industrial separations. At the same time, it 
maintains favorable transport properties such as high diffusivity and low viscosity 
[110]. In addition, for continuous treatment of highly viscous organic mixtures it can 
decrease viscosity by dissolving in the liquid and expanding it, something that has 
been exploited by the oil industry for decades during CO2 injection (i.e. enhanced oil 
recovery) [111]. The CO2 phase diagram reported in Figure 3.1 shows that the 
supercritical range that can be exploited for separations is rather large. 

 

Figure 3.1: CO2 phase diagram (Paper D) 

This range offers wide tunability of the solvent density (i.e. solvent power) according 
to the process requirements by altering two major extraction parameters, temperature 
and pressure. As an example, considering a pressure range of 75 to 400 bar and 
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temperature of 35 to 150 °C the CO2 density can vary from 105 to 973 kg/m3. 
Comparing with a typical hydrocarbon solvent such as n-hexane, which has a density 
of 655 kg/m3, sCO2 at similar density exhibits viscosity approximately four times 
lower [112]. 

During continuous countercurrent operation the feed enters from the top or mid-
section of a fractionation column while the compressed CO2 flows from the bottom 
and comes in contact with the downward flowing liquid (Figure 3.2a). Typically, the 
extraction column is packed with an inert packing material or trays to increase the 
contact area between the two fluids. In order to achieve better separation a reflux loop 
is utilized. In this case (Figure 3.2b), the feed is introduced at an intermediate point of 
the column. The reflux can be achieved by partially recirculating extract to the top of 
the column (external reflux). Alternatively, a temperature gradient across the height 
of the column induces a drop in solubility (i.e. solute in CO2) at the top section thus 
resulting to internal reflux [19]. The unextracted material (i.e. raffinate) typically exits 
continuously from the bottom of the column. 

  
(a) (b) 

Figure 3.2: Flow diagram of continuous countercurrent extraction. (a) Without reflux; (b) 
With reflux (Paper D) 

The operating parameters for continuous countercurrent separations include the 
pressure and temperature of the extraction column, the solvent-to-feed ratio (S/F), the 
reflux ratio, the height of the column (or number of stages) and the pressure and 
temperature of the top separator. The selection of the extraction temperature and 
pressure is based on the solubilities of the mixture components in sCO2. The 
parameters can be optimized to maximize the bulk solubility of the mixture (i.e. all 
soluble components) in the solvent or to maximize the difference between the 
solubility of the components to be extracted and the ones to remain in the raffinate. 
Except for the solubility consideration (thermodynamics) the mass transfer (kinetics) 
between the two phases is also affected by extraction conditions and is taken into 
account [19,20]. The two phenomena cumulatively drive the vapor phase loading 
(VPL) of different chemical species in the sCO2 stream. VPL is typically expressed in 
g/kg and is a useful technical parameter defined as the bulk of solute dissolved in 
sCO2 at any given stage of the separation column. 
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The selective separation is generally driven by MW and polarity of the compounds in 
the oil. sCO2 has an affinity towards the lower MW and less polar components. This 
characteristic of separation has been demonstrated in many studies for different liquid 
mixtures. Among others, the removal of hydrocarbon solvent (e.g. n-hexane) from 
soybean oil [113], the fractionation of fish oil ethyl esters [26–28] and deterpenation 
of citrus oils have been demonstrated [24,25]. In another interesting liquid extraction 
(aqueous feed) proposed by Persson et al. [114], a hydrolysate (i.e. acid hydrolysis) 
was extracted with sCO2 to remove organic components like acetic acid, furfural and 
phenol, that are well-known fermentation inhibitors in first generation ethanol 
biorefineries [115,116]. 

A well-studied sCO2 countercurrent separation is the removal of fatty acids from 
different oil types by concentrating them in the extract [29,117–120]. This is an 
interesting example since bio-oils contain various fatty acids. Regarding the operation 
conditions for these separations, at a constant temperature the increase of pressure (i.e. 
increase of solvent density) leads to larger mass fraction of fatty acids in the extract. 
For example, at 60 °C the increase of pressure during the extraction of rapeseed oil 
from 200 to 250 bar significantly increased the bulk solubility of the oil, which 
consequently led to the depletion of the fatty acids (e.g. oleic acid) in the raffinate 
[117]. In another work the importance of temperature was highlighted by observing 
the lowest fatty acid content in the extracts of rice bran oil at the highest solvent 
density tested (i.e. 275 bar and 45 °C). On the contrary the highest mass fraction of 
fatty acids was found at a relatively low pressure and high temperature (i.e. 138 bar 
and 80 °C) [118]. This was  attributed to an increased selectivity of CO2 towards fatty 
acids compared to other chemical classes in the oils (e.g. ferulic acid esters of 
phytosterols, triolein) [118,119]. The combination of relatively low pressure and high 
temperature (i.e. 150-200 bar and 55-80 °C) was observed to be beneficial for the 
extraction of fatty acids from used cooking oil as well [29,120]. From the above it can 
be derived that the increase of temperature benefits the extraction of the relatively 
polar fatty acids, while the heavier components remain in the raffinate. In all these 
studies the total extracted mass exceeded 50 wt% and reached up to 90 wt%. The 
abovementioned sCO2 extraction studies indicate the feasibility of countercurrent 
separations for low volatility oils and mixtures with chemical components relevant to 
lignocellulosic bio-oils.  

 

 Supercritical carbon dioxide extraction of bio-oils   
Supercritical carbon dioxide (sCO2) extraction has in the last decade become 
recognized as a promising separation process for the fractionation of LC bio-oils 
[121,122]. In this context, some research works have started appearing in the scientific 
literature, regarding the sCO2 extractions of LC pyrolysis oils. On the other hand, no 
studies regarding HTL biocrudes were published prior to this PhD project. Most of 
these exploratory works were centered on CO2 extraction without focusing on the 
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industrial feasibility of the process, leading to either very low VPLs (i.e. 0.03-12 g/kg) 
or high S/F ratios (up to 288 g/g). Nevertheless, they provide insight regarding the 
process parameters and the selective extraction of bio-oil chemical species. 

In all cases except for one, the experimental system utilized was a semi-continuous 
single stage apparatus. Mudraboyina et al. [123] included a rectification column, 
enabling an internal reflux by a temperature gradient along the column (i.e. multi-
stage semi-continuous extraction). The lab scale systems used included the following 
main elements. 1) CO2 cylinder; 2) Heat exchanger; 3) CO2 pump; 4) Extraction vessel 
(i.e. extractor); 5) Extractor heating; 6) Control valve; 7) Extract trapping system. A 
generalized diagram of the extraction system is shown in Figure 3.3. The extractor is 
typically packed with an inert material (e.g. glass beads) to increase the contact area 
of sCO2 with the bio-oil. 

 

Figure 3.3: Semi-continuous sCO2 extraction system (Paper D). 

As it is reported in Table 3.1, the extraction pressures and temperatures investigated 
in literature were 80-400 bar and 35-80 °C, respectively, resulting to a range of CO2 
density of 380-961 kg/m3. At these conditions, extraction yields between 0.1 and 45 
wt% were achieved using pure CO2, while in one case a yield of 71 wt% was achieved 
using up to 25 vol% of methanol as co-solvent [124]. In general, pressure increase at 
given temperature increases the total extraction yield due to improving the solvent 
power. On the other hand, the effect of temperature increase at constant pressure is 
not that clear due to two competing effects. The decrease of solvent density, which 
negatively affects the extraction efficiency, and the improvement of mass transfer that 
acts inversely. For example, at high pressures (e.g. 300 bar) the increase of 
temperature from 60 to 80 °C was beneficial to the overall extraction yield despite the 
decrease of solvent power [33]. 
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Table 3.1: Published literature studies on sCO2 extraction of bio-oils. Biomass type, 
conversion process, extraction system size (volume), year of publication and operating 

pressure (P), temperature (T) and CO2 density (ρ) range. 

Biomass 
type 

Conversion 
process 

Extractor 
volume 
(cm3)  

Year P (bar) T (°C) ρ (kg/m3) Ref. 

Palm kernel 
shell 

Slow 
pyrolysis 50 2018 300-400 50-70 788-923 [125] 

Pine Fast 
pyrolysis 640 2017 100-300 60-80 221-830 [33] 

Palm kernel 
shell 

Slow 
pyrolysis 50 2017 150-400 33-66 691-961 [126] 

Beech Slow 
pyrolysis 640 2016 200 60 723 [127] 

Red pine Fast 
pyrolysis 25 2016 100-300 50 384-870 [124] 

Kraft lignin Microwave 
pyrolysis 160 2015 80-100 35 (45-95)1 490-700 [123] 

Beech Slow and 
fast pyrolysis 600 2015 150-250 60 603-786 [99] 

Sugarcane 
bagasse and 
cashew 
shells 

Pyrolysis - 2011 120-300 50 510-870 [36] 

Wheat-
hemlock 

Fast 
pyrolysis - 2010 100-300 40 628-910 [35] 

Wheat-
sawdust 

Fast 
pyrolysis - 2009 250-300 45 857-890 [34] 

1 Rectification column temperatures in parentheses 

The physical properties (i.e. viscosity and density) of sCO2 extracts were improved 
when compared to the feed bio-oils. The kinematic viscosity of the extract of a 
sugarcane bagasse pyrolysis oil was found lower than that of the feed bio-oil. The 
value decreased from 28 cSt for the feed to 18 cSt for the extract. The same work 
reported that the extract was more stable with regard to viscosity after a 60 days aging 
test. During that period the viscosity was increased by only 4 cSt for the extract as 
opposed to the bio-oil that increased by 22 cSt [36]. The viscosity instability of bio-
oils is often associated with phase separation and polymerization or condensation 
reactions occurring in the heavy fraction [49,80,90,107].  In another work, the density 
of a corn stalk pyrolysis oil was reported to reduce from 1150 kg/m3

 in the feed to 
952-1017 kg/m3 in the sCO2 extract [128]. 

Considering the elemental composition of sCO2 extracts, literature data do not show 
a clear trend. In most cases the oxygen content in the extracts was found comparable 
to that of the corresponding feeds. The data in Figure 3.4 refer to LC pyrolysis oils for 
which only relatively low MW oxygenated components have been identified in the 
volatile fraction. These components are typically extracted preferentially by sCO2, 
and result to extracts with an oxygen content comparable to that of the feed bio-oils. 
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Figure 3.4: Oxygen content of different lignocellulosic pyrolysis oils and their sCO2 extracts 
(adapted from Paper D). A: [126]; B: [127]; C1-C3: [99]. 

Regarding the presence of water in LC bio-oils, Feng and Meyer [33] reported a 
reduction in the sCO2 extracts as well as the residues of a fast pyrolysis oil from 
pinewood. In other cases, the pyrolysis oil extracts were reported dewatered as well 
[34,35]. These literature findings clearly indicate that water is co-extracted with the 
bio-oil, although it highlights the importance of a well-designed downstream 
separation system to efficiently collect water in a lab scale semi-continuous system. 

The chemical classes that have been identified in the volatile fraction of the sCO2 
extracts correspond to some of those reported in Table 2.5 for the bio-oils. 1) ketones; 
2) phenols; 3) guaiacols; 4) benzenediols; 5) aldehydes; 6) esters; 7) furans; 8) 
syringols; 9) short chain fatty acids (SFAs). Long chain fatty acids, aromatic acids 
and single- and multiple-ring aromatic hydrocarbons are not reported in these 
pyrolysis oils. Even though most of the data in literature is qualitative (i.e. 
chromatographic areas), in a few cases mass fractions are reported. These were used 
to estimate distribution factors (i.e. K-values), which are reported in a box-plot in 
Figure 3.5. The K-values were evaluated using the mass fraction of a given chemical 
class in the extract, and an average value for the mass fraction in the liquid phase (i.e. 
bio-oil in the extractor). The calculation was performed on a CO2 free basis. 

Most of the compounds constituting these chemical classes are low MW components 
resulting to their K-values being above 1. Ketones and furans that are of similar MW 
ranges exhibit comparable K-values, which average between 2 and 3. Regarding the 
phenolic components they are extracted preferentially in the order guaiacols > phenols 
> syringols > benzenediols. This trend corresponds to the solubility of major 
compounds included in these classes (i.e. guaiacol > phenol > syringol > catechol) 
[121]. The esters that were reported by a single work were low MW as well (e.g. 130 
g/mol), and as expected own relatively high K-values. It should be noted that the sugar 
levoglucosan that is typically present in LC pyrolysis oils is not extracted by sCO2 
and remains in the extraction residue [33].  
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Even though the quantitative data on separation of chemical classes are scarce in 
literature, the fact that that K-values in most cases are between 1.5 and 10 indicates 
that the application of a continuous countercurrent extraction scheme is technically 
feasible [19].  

 

Figure 3.5: Distribution factors (K-values) of extracted bio-oil components. SFA: Short chain 
fatty acids. Data taken from literature [99,123,125,127]. (Adapted from Paper D). 

 

 Potential sCO2 interface 
The characteristics of HTL biocrudes such as relatively low water and oxygen content 
as well as the consistent presence of aromatic hydrocarbons and easily hydrotreated 
chemical classes (e.g. fatty acids) make them a promising feedstock to produce fuel. 
For this purpose, catalytic hydrotreatment (HT) of the biocrudes is required for the 
removal of organic oxygen (HDO), reduction of the average molecular weight and 
increase of the H/C ratio. However, the process encounters some obstacles due to the 
physicochemical nature of biocrudes, which necessitates a level of pretreatment. The 
excess water has to be removed because it can alter the structure of the catalyst and 
obstruct the HDO reactions [16]. In addition, the high metal content that some HTL 
biocrudes own due to the use of chemical additives (e.g. K2CO3) accelerates the 
irreversible deactivation of the catalysts both during the HDO process and by sintering 
the catalyst surface during regeneration [16]. Especially the heavy fraction of the 
biocrudes is resistant to HDO and can intensify coking during the HT process due to 
its phenolic nature and high MW [84,88]. Literature examples for the vacuum 
distillate and n-pentane extract of dewatered LC biocrudes resulted to HT products 
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with low oxygen and high HHVs. In addition, the upgraded oil had a narrowed down 
composition closer to gasoline and jet fuel fractions, which have the highest fuel value 
[88,103]. Interestingly, vacuum distillation leaves the long chain fatty acids in the 
residue thus preventing one of the easiest hydrotreated chemical classes (as well as 
relatively large in mass fraction) to reach the hydrotreater and be converted to alkanes 
[103]. 

The sCO2 separation of oils, including LC pyrolysis oils, highlighted the applicability 
of the process on such mixtures. Importantly, CO2 is co-produced at high pressure and 
temperature during the HTL process. With this in mind, a sCO2 fractionation unit is 
hypothesized as a part of the overall scheme of biocrude valorization. Therefore, the 
interface of a sCO2 extraction unit downstream the HTL and upstream the HT reactors 
is discussed below as it is shown in Figure 3.6. The supercritical extraction yields two 
biocrude fractions, one lighter fuel precursor (i.e. extract) and a heavier fraction (i.e. 
residue). The routing of only the lighter fraction for hydrotreating is expected to be 
beneficial regarding HT process requirements. 

 

Figure 3.6: Potential interface of sCO2 extraction process in the biomass to finished fuel 
overall scheme. 

There are two major potential pathways for the valorization of biocrudes as they are 
suggested in Figure 3.6. One is the development of a complete fuel upgrading scheme 
that leads to finished fuel, and the second mildly upgrading the sCO2 extract to 
specifications that are acceptable from petroleum refinery operators. Refineries have 
a number of different catalytic hydrotreatment units such as the distillate and naphtha 
hydrotreatment units and the fluid catalytic cracker (FCC), where a slightly 
hydrotreated sCO2 extract can be blended with the regular feed stream. Blending the 
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sCO2 extract to the heavy hydroprocessing units (e.g. gas oil and resid) can be an 
option as well. Such processes are operated at severe enough conditions (e.g. 400 °C, 
165 bar) but this option is expected to reduce the value of the sCO2 extract. 

On the other hand, the complete valorization of the sCO2 extract is expected to require 
milder hydrotreatment conditions than the biocrude since its free of the HDO resistant 
heavy fraction. This pathway can lead directly to blending of the hydrotreated extract 
with one of the conventional fuel fractions if the boiling point distribution is narrow 
enough. Although it is more probable that a fractionation prior to blending is a better 
option since it would maximize the value of the upgraded extract. In this way the input 
in higher value fractions (e.g. gasoline and jet fuel) will be optimized as opposed to 
blending the whole fraction with, for example, marine fuel. Finally, the sCO2 residue 
fraction can be combusted for energy or further processed for production of chemicals 
or materials. 

The major focus of this PhD thesis is the investigation of sCO2 as a solvent to 
fractionate LC HTL biocrudes directly after the HTL reactor in order to prepare a 
hydrotreatment-ready fraction. More specifically, the aspects that are in focus include 
improvements of the physicochemical properties (i.e. density, viscosity, TAN). HT 
specific aspects are the water and metal removal as well as reduction of the high-
boiling fraction in the sCO2 extracts. In addition, the chemical classes that sCO2 
extracts is relevant since different classes will affect differently the HDO. The effect 
of the extraction to the elemental composition with most importantly the O/C and H/C 
ratio of the extract as compared to the biocrude extracted is important as well. Finally, 
the technical aspects of the extraction (i.e. yield, VPL and S/F) are on focus. High 
yield and a high VPL are very important regarding the process economics and 
potential for industrial application. The following sections analyze the experimental 
findings that support the abovementioned working hypothesis. 
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Chapter 4. Materials and methods 
 Feed biocrudes 

Two feed biocrudes were used in this work that were produced at a continuous flow 
pilot HTL unit located at Aalborg university. The HTL unit processes biomass slurry 
with partial recirculation of process water and biocrude [46,71]. The HTL was 
performed at supercritical water conditions (i.e. 400 °C and 300 bar). A pinewood 
sawdust slurry (17-18 wt% biomass) was processed, with potassium carbonate 
(K2CO3) as catalyst and sodium hydroxide (NaOH) for pH adjustment. The biocrude 
used in Papers A and B underwent demetallization and dewatering after gravity 
separation from the co-produced aqueous phase. Henceforth, this feed is denoted 
BCR-DM (Figure 4.1a). The dewatering-demetallization process that is described in 
detail elsewhere [129], involves dilution of the biocrude in methyl ethyl ketone, 
washing with a citric acid aqueous solution and removal of the solvent and water by 
vacuum evaporation. The biocrude used in Paper C did not undergo any further 
processing after the gravity separation. Henceforth, it is denoted BCR-RAW (Figure 
4.1b). The sCO2 separations of BCR-RAW served to test the pretreatment hypothesis 
prior to hydrotreatment (e.g. fractionation, dewatering, demetallization), while BCR-
DM provided a baseline of hydrotreatment feedstock. 

  
(a) (b) 

Figure 4.1: Biocrude feed. (a) BCR-DM; (b) BCR-RAW 

Both biocrudes were viscous water-in-oil emulsions of black color with BCR-RAW 
relatively less viscous than the dewatered BCR-DM. The water content, density and 
acid numbers of the feed biocrudes are reported in Table 4.1. One of the major 
differences between the two biocrudes was the water content, which was measured by 
Karl Fischer titration (KF) as it is described in Papers A and C. The dewatered BCR-
DM contains about half of the water compared to the raw BCR-RAW. This is also the 
reason why the viscosity of BCR-RAW is lower than that of BCR-DM, having a 
similar inverse correlation to the water content as is observed for pyrolysis oils. The 
dynamic viscosity of BCR-RAW is reported in Table 4.1 as well, measured at 22 °C 
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utilizing a Fann 35FA viscometer. The viscosity of BCR-RAW (i.e. 7700 cP at 22 °C) 
is in the lower range of typical values reported in literature for LC biocrudes (see 
Table 2.3). The viscosity of BCR-DM was not determined due to exceeding 
instrument limitations. The density measurement method is described in Papers A, B, 
C. The density of the two feeds is comparable (i.e. 1051 and 1030 kg/m3) since the 
two biocrudes were produced at the same HTL conditions and from the same biomass. 

Table 4.1: Bulk physicochemical properties of the feed biocrudes 

 H2O Density Viscosity CAN PhAN TAN 
 wt% kg/m3 cP mg KOH/g 

BCR-DM 2.7 ± 0.1 1051 ± 3 >300001 43 ± 1 86 ± 6 129 ± 6 
BCR-RAW 5.7 ± 0.4 1030 ± 9 7700 ± 130 42 ± 1 56 ± 2 97 ± 2 

1 Maximum measuring limit of the instrument; All measurements were performed at least in triplicate. 

Three acid numbers are reported as they have been defined in detail in Paper A. The 
acid number measurement that was developed in Paper A is based on a modification 
to the ASTM D664 [130] standard, suggested by NREL for measuring acid numbers 
in phenolic-rich LC pyrolysis oils [84,131]. According to this method two acid 
numbers can be determined, namely the carboxylic acid number (CAN) and the 
phenolic acid number (PhAN). The summation of CAN and PhAN constitutes the 
TAN. The procedure was developed to avoid underestimating the TAN as standard 
procedures developed for fossil fuel can be inadequate for the determination of PhAN. 
In the case of CAN both biocrudes have the same values, although the PhAN is higher 
in the dewatered BCR-DM, which in turn increases the TAN. Higher TAN on a 
biocrude dewatered and demetallized by the same procedure was reported by Jensen 
[129], which indicates that the acid washing results to acidity increase. The reason has 
not been investigated, although Jensen [129] suggested that it is not due to residual 
citric acid. This is also supported by the fact that BCR-DM and BCR-RAW have 
approximately the same CAN. 

The elemental composition of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) 
was measured as described in Papers A, B and C. Oxygen (O) was calculated by 
difference. It should be noted that sulfur was always lower than the detection limit of 
the elemental analyzer, which is in line with the fact that woody lignocellulosic 
biomass typically has very low sulfur content [132]. This is a major advantage for the 
production of low-sulfur fuel compared to fossil heavy oils in which the sulfur has 
been consistently rising in the past years (e.g. 1.34 wt% for an average US refinery 
input in 2020) [133].  The water free elemental composition values in Table 4.2 show 
a slight difference in the carbon content that is translated to oxygen, since the latter is 
calculated by difference. The elemental composition of these biocrudes result in some 
of the highest HHV values reported for LC biocrudes (see Table 2.4), which further 
strengthens their potential fuel upgrading. 
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Table 4.2: Elemental carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) and higher 
heating value (HHV) on a water free basis for the feed biocrudes 

 C H N O1 HHV2 
 wt% MJ/kg 

BCR-DM 83 ± 1 8.5 ± 0.4 0.5 ± 0.02 8 ± 1 38 ± 1 
BCR-RAW 80 ± 1 8.3 ± 0.9 1.3 ± 0.8 10 ± 1 37 ± 2 
1Calculated by difference; 2Calculated as reported in literature [76]; 
All measurements were performed at least in triplicate. 

The metal content of the biocrudes was measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES) as it is described in Paper C. The individual 
metal content as well as the total for each biocrude are reported in Table 4.3. BCR-
RAW had an order of magnitude higher metal content than the demetallized BCR-
DM. The values for BCR-RAW show that the majority of the metals (i.e. 90%) 
correspond to potassium (K) and sodium (Na), which are introduced as additives (i.e. 
NaOH and K2CO3) during the HTL process. The remaining metals (i.e. Al, Fe, Mg 
and Ti) are in similar amounts in both biocrudes and are present due to their natural 
occurrence in the pinewood biomass or are introduced during harvest and processing 
of the biomass [79,132].  

Table 4.3: Metal content of biocrudes used in this work. 

 Al Fe K Mg Na Ti Total metals 
 mg/kg 

BCR-DM 12 262 91 61 74 87 587 
BCR-RAW 40 190 3400 96 3800 40 8500 

With regard to the chemical composition of the biocrudes, the volatile fraction was 
investigated by GC-MS in Papers A, B and C. The method adopted in this work 
allowed a semi-quantitative characterization of the biocrudes by using internal 
standards. Neat samples as well as derivatized samples were analyzed. The 
derivatization was performed using a silylation agent (i.e. BSTFA) in order to 
quantitate the numerous organic acids, present in the biocrudes. The chemical classes 
were the same for both biocrudes. An example of the chromatograms of neat and 
derivatized BCR-RAW is shown in Figure 4.2, indicating the retention time or 
retention time ranges of the identified chemical classes as they were lumped in Paper 
C.  

The identified components were lumped in ten chemical classes according to their 
functionalities. Specifically: 1) Cyclic aliphatic C6 – C9 ketones, saturated or 
monounsaturated (Ketones, K); 2) Alkylbenzenes (AB); 3) Phenol and alkylphenols 
(Phenols, P); 4) Guaiacol and alkylguaiacols (Guaiacols, G); 5) Benzenediols and 
acetyl derivatives of benzenediols (BD); 6) 2- and 3-ring aromatic hydrocarbons 
(PAH); 7) Dehydroabeityl alcohol (ArAl); 8) Short chain fatty acids, in the range C2 
– C8 (SFA); 9) Long chain fatty acids, in the range C16 – C18 (LFA); 10) 
Dehydroabietic acid (ArAcid). A detailed list of specific components that are included 
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in these chemical classes is published along with Paper C as supplementary 
information. 

 

Figure 4.2: Chromatogram of BCR-RAW with retention time ranges of identified chemical 
classes in the neat and derivatized samples. (IS, internal standard). 

Figure 4.3 provides an overview of the relative amount (i.e. mass fraction) of each 
chemical class with respect to the total GC-MS quantified fraction. The total 
quantified fraction was approximately 9 wt% for BCR-DM and 19 wt% for BCR-
RAW. The difference is partly due to the larger number of compounds identified in 
Paper C and partly to the GC-MS methodology and IS used. 

 

Figure 4.3: Relative amount of chemical classes quantitated in BCR-DM and BCR-RAW. 
Data taken from Papers B and C. 
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The most abundant chemical class was the PAH, which include two and three ring 
aromatic hydrocarbons with a MW range of 156-238 g/mol. Components include 
phenanthrene, anthracene and naphthalene isomers. Retene is a representative of these 
components since it represents approximately 56% of the PAH fraction. Such 
components are typically produced by high temperature decomposition of abietane 
skeleton diterpenoids, such as dehydroabietic acid [134]. PAH have been reported in 
literature for lignocellulosic biocrudes, although typically not quantified [103,135]. 
LFA is another class with a relatively high mass fraction that are typically found in 
lignocellulosic biocrudes [136]. Dehydroabietic acid (i.e. ArAcid) is found in 
pinewood, although its presence in the biocrude indicates that it is partly not converted 
by the HTL process [137].  

Even though the majority of GC-MS identified components are single-ring phenolics 
and ketones they constitute only a small fraction (i.e. 2.6 and 0.5 wt%, respectively). 
Single ring phenolics are some of the less susceptible components to catalytic HDO, 
although their presence in small amounts (e.g. up to 2 vol%) can be viable for 
utilization as diesel fuel [138,139]. On the other hand, they are important in the 
perspective of chemical production, since many of them are commercial chemicals 
(e.g. phenol, guaiacol) or can be used as intermediates for synthesis (e.g. catechol). In 
fact, from all single-ring phenolics the benzenediols fraction was approximately 65%. 
The alkylbenzenes are the only low boiling hydrocarbons in the biocrudes, with a 
small mass fraction (i.e. 1 wt%). The single alcohol identified (i.e. dehydroabeityl 
alcohol) was also found at a low mass fraction of approximately 0.4 wt%. 

 

 sCO2 extraction apparatus 
The semicontinuous supercritical extractor (single-stage) apparatus used in this work 
is depicted in  Figure 4.4. 

  

Figure 4.4: Supercritical extractor system 
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The configuration was custom ordered and delivered in December 2017. The detailed 
diagram of the apparatus is reported in Figure 4.5. The system is described in detail 
in Paper A, thus only a short description of the experimental procedure follows. 
Before the experimental work was initiated the apparatus was tested with pure CO2, 
n-decane and crude oil, and a few modifications were deemed necessary. The most 
important modification was the bypass of the automatic pressure valve (C1) that was 
originally designed to lead to the sampling line. The reason was that the automatic 
valve is designed for higher gas flow rates than those used in the planned sCO2 
extraction experiments. A new sampling line was mounted, downstream of a 
micrometering valve (V6). The new sampling line was connected downstream with a 
cold trapping system that led to a drum type gas meter (G). 

 

Figure 4.5: Diagram of the finalized supercritical extractor apparatus as used in Paper C. 
(Adapted from Paper A). F: filter; HE: heat exchanger: P1: pneumatic pump; E: extractor 

vessel; AH: air heater; C: refrigerating circulator; G: gas meter; V1-V5: on-off valves; V6: 
micrometering valve; C1: pneumatic control valve; RD: rupture disk. 

Prior to an extraction an amount of biocrude was charged in a basket insert, which 
was packed with glass beads. The basket was then inserted in the extractor (E), which 
was sealed tight and the extraction temperature was set. When the temperature was 
reached, CO2 from a dip-tube cylinder was subcooled (approximately 5 °C) in a heat 
exchanger (HE) and the liquid CO2 was fed to a pneumatic pump (P1), which 
pressurized the extractor to the set pressure. The pressure was controlled manually by 
the air supplied to the pump. The extraction initiated by opening the micrometering 
valve, which was used to regulate the flow rate manually. The micrometering valve 
was heated by air (AH), to avoid its freezing due to the rapid gas expansion (i.e. Joule-
Thomson effect), while in parallel the heat decreased the viscosity of the extracts so 
they flowed easier towards the following cold trap. 
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The extracts were released from the CO2 after expansion downstream the 
micrometering valve and were collected in a preweighed vial that was inserted in the 
first of a series of gas washing bottles immersed in the cold trap. The extract collection 
was performed at approximately 5 °C for the extractions in Papers A and B, while a 
refrigerating circulator (C) was added for the experiments in Paper C. The addition of 
the refrigerating circulator achieved a temperature approximately -10 °C, which 
improved the condensing of the lighter extracted fractions. For each extraction, 
several extracts (i.e. E1-E5) were collected, which enabled the analysis of the results 
in terms of extraction progression (i.e. variable feed composition), as well as helped 
avoiding sample evaporation due to the long gas flow duration. The CO2 volume was 
accurately measured by the gas-meter before it was vented in a fumehood. The 
temperature of the gas flowing though the gas meter was measured as well to 
accurately calculate the corresponding mass of the CO2. 
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Chapter 5. Results and discussion 
 Technical data of sCO2 extraction 

The biocrudes (i.e. BCR-DM and BCR-RAW) were fractionated by sCO2 extraction 
over a wide range of pressure and temperature, covering several isothermal, isobaric 
and isodensity conditions. The experimental pressure and temperature combinations 
covered in this work are reported in Figure 5.1, together with the corresponding CO2 
density range. 

 

Figure 5.1: Pressure, temperature combinations and sCO2 density covered in this work 

During preliminary extraction tests it was observed that the solvent density has to be 
relatively high (i.e. above 500 kg/m3) in order to obtain high total extraction yield (Y 
above 30 wt%), vapor phase loading (VPL above 10 g/kg) and solvent-to-feed ratio 
(S/F under 100 g/g). Such data provided a meaningful interpretation regarding the 
potential of the process as it was hypothesized in Figure 3.6. For each extract Y, VPL 
and S/F were calculated as follows: 
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Where 𝑚𝑚𝑓𝑓𝑓𝑓𝑒𝑒𝑑𝑑 is the mass of biocrude originally charged in the extractor (i.e. feed), 
while  𝑚𝑚𝑐𝑐𝑜𝑜2 and 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 is the mass of CO2 flowed and extract collected over a specific 
time interval, respectively. The range of solvent density that was investigated was 
500-822 kg/m3, which was achieved at pressures 112-450 bar and temperatures 40-
150 °C. It is noted that the VPL was used to evaluate the reproducibility of the 
extraction experiments by calculating the relative standard deviation (RSD) for 
extractions of BCR-RAW at 450 bar, 150 °C and 60 g initial feed. The extraction was 
repeated six times and the RSD for four consecutive extracts (i.e. E1-E4) was 7%, 
12%, 14% and 11%, respectively. 

In the following the effect of extraction parameters (i.e. pressure, temperature and 
feed type) is analyzed in terms of efficiency using the progressive extraction yield (i.e. 
cumulative), vapor phase loading and solvent-to-feed ratio. 

 

5.1.1. Effect of pressure 

Pressure increase at a given temperature increases the supercritical solvent density, 
which results in higher solvent power. This translates to higher mass extracted for a 
given mass of CO2 (i.e. higher VPL). The driving phenomenon is the increase of 
solubility of biocrude compounds in the sCO2. This effect can be observed in Figure 
5.2, where the cumulative extraction yield of extractions at 120 °C is plotted against 
the S/F at different sCO2 densities (i.e. different pressures) for BCR-DM and BCR-
RAW.  

  
(a) (b) 

Figure 5.2: Extraction yield vs solvent-to-feed ratio (S/F) at 120 °C and different solvent 
densities. (a) BCR-DM (Paper B); (b) BCR-RAW (Paper C) 

The positive effect of the increase of solvent density is clear for both biocrudes. The 
effect is more pronounced during the early stages of the extraction, while the rate of 
increase (i.e. slope) is decreasing as the extraction progresses. Qualitatively this slope 
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represents the VPL, which typically decreases with extraction progression since the 
feed remaining in the extractor becomes heavier (i.e. less soluble in sCO2). 

 

5.1.2. Effect of temperature 

The effect of temperature on the extraction of biocrudes is discussed under two 
separate considerations. Firstly, considering a given solvent density, increasing the 
temperature significantly improves the extraction efficiency. This is clearly observed 
in Figure 5.3a, where the cumulative extraction yield for BCR-DM is plotted against 
the S/F at a given solvent density (i.e. 691-693 kg/m3) and different temperatures. 
Secondly, considering the effect of temperature increase at a given pressure (Figure 
5.3b) the significant decrease of solvent density does not significantly reduce the 
extraction efficiency. Especially at the early stages of the extraction (up to about 15 
wt%), the slope of the curve is practically the same for 40, 60 and 80 °C.  

  
(a) (b) 

Figure 5.3: Extraction yield of BCR-DM vs solvent-to-feed ratio (S/F) at: (a) 691-693 kg/m3 
and different temperatures (Paper A); (b) 183 bar and different temperatures. 

This effect is even more pronounced at more severe conditions (i.e. higher pressure 
and temperature) as it can be observed in Figure 5.4. Perusing Figure 5.4a, it is 
observed that a temperature increase from 80 to 150 °C, clearly increases the 
extraction yield for a fixed S/F. The VPL is also plotted against extraction yield in 
Figure 5.4b, which further demonstrates that at this pressure the extraction becomes 
more efficient with increasing temperature, even though the solvent power reduces. 
These observations are the result of the competing effect of solvent density decrease 
and mass transfer improvement when increasing temperature at given pressure [140].  
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(a) (b) 

Figure 5.4: (a) Extraction yield of BCR-RAW vs solvent-to-feed ratio (S/F) at 450 bar and 
different temperatures; (b) Vapor phase loading (VPL) vs extraction yield for BCR-RAW at 

450 bar and different temperatures (Paper C). 

In fact, Figure 5.4 indicates that at a given high pressure (i.e. 450 bar) and 
temperatures (80-150 °C), the increase of temperature increases the mass extracted at 
a given S/F. This indicates that the mass transfer improvement at high pressure and 
temperature conditions is high enough to overcome the reduction of solubility of the 
biocrude in the sCO2. The highest possible VPL is equal to the thermodynamic 
solubility of the biocrude components in sCO2, that can be attained under equilibrium 
conditions. During semi-continuous extraction the two phases are not typically in 
equilibrium and if the VPL at a given pressure and temperature is far lower than the 
thermodynamic solubility a mass transfer improvement due to a temperature increase 
(at the same pressure) can increase the VPL, despite the solubility reduction. 
Alternatively, this could be due to a crossover pressure, resulting to the solubility of 
the biocrude increasing with temperature, although this would require phase 
equilibrium measurements to be proven. 

 

5.1.3. Effect of feed 

Comparing extractions at similar conditions, it was observed that BCR-RAW is 
extracted more efficiently than BCR-DM, especially in the early stages of the 
extraction. For example, perusing the curves for the extractions at 120 °C and 730-
731 kg/m3 (i.e. 448 and 450 bar) in Figure 5.2, approximately 37 wt% is extracted, 
utilizing approximately 9 g/g and 14 g/g CO2 for BCR-RAW and BCR-DM, 
respectively. The reason for this observation was analyzed in detail in Paper C as it is 
shown in Figure 5.5. The extractions at the same conditions (i.e. 120 °C and 448-450 
bar) were compared in terms of cumulative extract vs S/F (Figure 5.5a).  

As it was mentioned in Section 4.1, one of the major differences between BCR-DM 
and BCR-RAW was the water content, which was found to be at least partly 
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responsible for the difference in the extraction efficiency. The improvement was 
mostly connected to the increased VPL for some of the extracted chemical classes, 
thus the VPL variation was plotted for the identified chemical classes for different S/F 
values in Figure 5.5b. As it is observed, the VPL of multiple ring aromatic 
hydrocarbons (PAH) was significantly higher for BCR-RAW at given S/F. Especially, 
during the early stages of the extraction, while this effect diminished at the later stages 
consequently to the drying of the feed remaining in the extractor. 

  
(a) (b) 

Figure 5.5: (a) Extract vs S/F and (b) Chemical class VPL variation at different S/F. 
Comparison of BCR-DM and BCR-RAW. (Paper C) 

For example, for S/F 15 g/g the VPL of PAH was about 150 times higher for BCR-
RAW extraction, when compared to BCR-DM. This observation, suggests that the 
sCO2 extraction can be more efficient for a raw biocrude, while at the same time it 
can serve for dewatering the extract and the residue by an optimized downstream 
separation system. This is a key finding of Paper C and is in line with the hypothesis 
of using the sCO2 extraction directly after the HTL reactor for an efficient (i.e. high 
yield) separation and dewatering of the extract. 

With regard to process performance the results of this work indicate that for semi 
continuous extractions of lignocellulosic biocrudes temperatures above 80 °C are 
required if a relatively high extraction yield is to be achieved (above 30 wt%). In 
addition, extraction yields above 50 wt% were only achieved at the highest pressure 
tested (i.e. 450 bar), in combination with temperatures above 100 °C. The highest 
conditions tested, resulted to the highest extraction yield (i.e. 53 wt%) by utilizing 30 
g/g sCO2, which is also the lowest S/F for extractions with high yield. During the 
semicontinuous extraction regime it was observed that the later stage extracts become 
viscous enough to make flow towards the trapping system very slow. The atmospheric 
pressure part of the pipeline (downstream the expansion valve) would benefit by being 
heated, thus enabling the viscous late extracts to flow freely and possibly reduce the 
S/F ratio. It is clear that maximum extraction yield is the objective of the separation 
of an extract directed to hydrotreating for fuel upgrading. Therefore, the optimal 
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conditions among the ones tested in this work are 150 °C and 450 bar. Considering 
the main competitor separation process, vacuum distillation, the sCO2 extraction yield 
is in par with the maximum distillation yield reported in literature for similar LC 
biocrudes (i.e. 47-53 wt%) [77,103]. Although, it is noted that in these cases the 
biocrude was dewatered prior to distillation due to water reducing the efficiency of 
the process and leading to unsteady boiling as well as process control issues.  

 

 The sCO2 extract properties 
5.2.1. Density, TAN and water content  

Figure 5.6 depicts sCO2 extracts produced from BCR-DM at  80 °C and 183 bar 
(Figure 5.6a), and at 448 bar and 120 °C (Figure 5.6b). It was observed that the more 
severe the conditions the darker the color was, ranging from amber to black. In 
addition, the color progressively turned darker with extraction progression. 

  
(a) (b) 

Figure 5.6: sCO2 extracts of BCR-DM. (a) Extraction at 80 °C and 183 bar; (b) Extraction at 
120 °C and 448 bar. 

On the other hand, the extracts of BCR-RAW were in all cases black colored. An 
example is shown in Figure 5.7. Visually all extracts (i.e. for both biocrudes) appeared 
less viscous than the biocrudes, although their actual viscosity was not measured due 
to sample size limitations. 

 

Figure 5.7: sCO2 extracts of BCR-RAW at 100 °C and 450 bar. 
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The density of sCO2 extracts was measured by weighing the volume displaced by a 
precision pipette at ambient temperature (i.e. 23-25 °C), as it is described in Papers 
A, B and C. The density of the extracts was found in most cases lower than that of the 
feeds. The values ranged between 941-1044 kg/m3 for BCR-DM extracts and 913-
1034 kg/m3 for BCR-RAW. The lowest density was measured for the extracts 
collected earlier during the extraction (i.e. lower yield), while it was consistently 
increasing as the extraction was progressing. In order to visualize the increase of 
density with extraction progression, the distribution of the percentile reduction of 
density is plotted in Figure 5.8 for three increasing ranges of extraction yield.  

 

Figure 5.8: Percentile density reduction of the sCO2 extracts with respect to the biocrude 
feeds. 

In addition, it can be observed that only in a couple of cases for the latest stages of 
extraction (i.e. yield of 30-53 wt%) the density of the extracts reached values 
comparable to the feed biocrudes. The extraction conditions show negligible effect on 
the density reduction, even though the lower density values were measured for the 
early extracts at 150 °C (e.g. 912 kg/m3), which is the highest temperature tested in 
this work. Density is an important bulk property in the fuel perspective of biocrudes, 
thus the extract has to be compared as a whole to the feed. Calculating the weighted 
average of density for each extraction performed in this work, it has been found that 
the overall density reduction of the extract is approximately 5%. Even though this is 
a relatively small reduction, it translates to a density range of 977-997 kg/m3, which 
is in the middle range of residual marine fuel (i.e. 920-1010 kg/m3) [63]. In addition, 
the intended hydrodeoxygenation will reduce the density further, thus the sCO2 extract 
is at a better starting point than the biocrude feed with respect to the density of the 
final product. 

Regarding the acid numbers of the sCO2 extracts, lower values of CAN, PhAN and 
TAN were observed for the earlier extracts. In fact, extracts that correspond to 
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approximately 70% of the total extracted mass owned TAN lower than that of the 
feed. The three acid numbers were increasing with extraction progression, which can 
be seen in the examples for CAN vs cumulative extraction yield in Figure 5.9. Only 
in a few cases the TAN of the latest extracts was found somewhat higher than that of 
their respective feed. The range of TAN for the extracts of BCR-DM was 61-120 mg 
KOH/g, while those for the extracts of BCR-RAW was in the range 44-124 mg 
KOH/g. It is reminded that the BCR-DM and BCR-RAW owned TAN of 129 and 97 
mg KOH/g, respectively. As in the case of density, the extraction conditions did not 
affect the acid numbers significantly. 

  
(a) (b) 

Figure 5.9: Carboxylic acid number (CAN) vs extraction yield for (a) BCR-DM extracts at 
691-693 kg/m3 and 40, 60 and 80 °C; (b) BCR-RAW extracts at 450 bar and 80 and 150 °C. 

Error bars correspond to standard deviation of at least triplicate measurements. 

In terms of sCO2 extracts being an improved hydrotreatment feed, the CAN and PhAN 
provide more relevant information than TAN. As it can be observed in Figure 5.9, 
earlier extracts have lower CAN than the feed, while at later stages the values for the 
extracts surpass the feed. This is a clear indication that the numerous fatty acids that 
are present in the biocrudes are not extracted preferentially in the early extraction 
stages, while they are concentrated in the later extracts. In addition, in Figure 5.9b the 
CAN of the residue for the corresponding extraction experiments are shown to own 
lower values than both the feed and the extracts. This indicates than while the 
carboxylic acids are depleted from the residue, its acidity is shifting towards phenolic. 
This is in line with the observed PhAN values, which were always lower in the extracts 
than the biocrudes (i.e. 22-62 mg KOH/g and 14-48 mg KOH/g for BCR-DM and 
BCR-RAW, respectively).  

Clearly the type of acidic components that were mostly affecting TAN of the extracts 
were of carboxylic nature. This was verified by the values of PhAN for the same 
extractions, an example of which is reported in Figure 5.10, for extractions of BCR-
RAW at 450 bar and 80 °C and 150 °C. These observations show that carboxylic acids 
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are concentrated in the sCO2 extract, while the phenolic fraction is reduced, making 
them a better feed for the downstream hydrotreating. Literature on hydrotreatment of 
bio-oils indicates that CAN is effectively eliminated by the HT process, which 
supports the fact that the fatty acids are some of the easiest chemical classes to HDO 
[84,135]. 

 

Figure 5.10: Phenolic acid number PhAN vs extraction yield for BCR-RAW and its sCO2 
extracts at 450 bar and 80 and 150 °C (Adapted from Paper C). Error bars correspond to 

standard deviation of at least triplicate measurements. 

Regarding the effect that sCO2 extraction has on the water content of the biocrudes, 
the comparison of BCR-DM (i.e. dewatered) and BCR-RAW (i.e. non-dewatered) 
leads to some interesting observations. The extracts of BCR-DM were moderately 
dewatered from 2.7 ± 0.1 wt% to a range of 1.3-1.9 wt% ± 0.2 wt%. The BCR-RAW 
was dewatered from 5.7 ± 0.3 wt% to a range of 0.5-2.0 wt% ± 0.1 wt%. This clearly 
indicates that water is co-extracted in parallel with biocrude compounds. Interestingly, 
the dewatering of BCR-RAW (i.e. 64%-91%) by sCO2 achieved water content values 
in the extracts that are even lower that of the BCR-DM, which was already dewatered 
by vacuum evaporation. Therefore, it is important to note that sCO2 extraction 
produces a hydrotreatment ready extract with respect to water content. 

As it was reported in Paper C, the early extracts (i.e. 22-28 wt%), which accounts for 
46% to 59% of the total mass extracted, exhibited water separating freely at the bottom 
of the sampling vials. This was not observed in later extracts. The freely separated 
water was only quantitated in a single case and was found to be approximately 6% of 
the original water in the feed. In addition, the range of water content in the extracts 
was relatively narrow (i.e. 1.3-1.8 wt%). These observations in conjunction with the 
fact that residues were found dewatered as well (i.e. 0.9-1.6 wt% ± 0.1 wt%), point 
out that most of the water is extracted in the early stages of the semicontinuous 
extraction. At the same time, calculation of the mass balance showed that about 50% 
of the water in the original feed was not recovered during sampling, which verified 
the intrinsic difficulty of capturing water in the cold trap. Nevertheless, an optimized 
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separation system following the extractor would provide the means to achieve at least 
this level of dewatering of the sCO2 extract. For example, by stepwise decreasing the 
pressure in a series of separators the water can be separated from the extract in one 
separator, while the majority of the extracted biocrude components are condensed in 
a following unit at ambient pressure. 

 

5.2.2. Elemental composition and HHV 

The range of elemental carbon, hydrogen, nitrogen and oxygen for the sCO2 extracts 
for the two biocrudes (i.e. BCR-DM, BCR-RAW) is reported in Table 5.1. Sulfur was 
also measured, although it was always below the detection limit of the elemental 
analyzer. The first interesting observation is that the ranges for C, H are wider for 
extracts of BCR-DM compared to those of BCR-RAW, which results in a very wide 
range of the calculated by difference O. 

Table 5.1: Elemental composition ranges for the sCO2 extracts of BCR-DM and BCR-RAW, 
on water free basis and average standard deviation values for at least triplicate measurements. 

 C (wt%) H (wt%) N (wt%) O (wt%) HHV (MJ/kg)1 

BCR-DM extract 75-83 ± 1 6-10 ± 1 0.4-1.2 ± 0.2 6-18 ± 2 32-40 ± 2 

BCR-RAW extract 82-84 ± 0.4 9-11 ± 1 0.7-1.3 ± 0.1 5-8 ± 2 38-43 ± 2 

1Calculated as reported in literature [76]; All measurements were performed at least in triplicates. 

In majority, the BCR-DM extracts ended up with higher oxygen content than the 
BCR-DM feed, without showing a clear trend with extraction conditions. This has 
been observed also in the case of vacuum distillation for lignocellulosic biocrude as 
well as pyrolysis oils [103,141]. The only case where extracts of BCR-DM were found 
with oxygen lower than the feed was for the extraction at 400 bar and 120 °C (i.e. 
oxygen 5.9-7.1 wt%). This indicates that severe extraction conditions (i.e. high 
pressure and temperature) lead to a level of deoxygenation. This observation, together 
with the improvement in process efficiency discussed in Section 5.1, led to the focus 
of Paper C at high pressure and temperature conditions (i.e. 80-150 °C and 330 and 
450 bar).  In fact, the lowest oxygen content between all the extracts of BCR-RAW 
was found for the extraction at 150 °C and 450 bar (4.6 wt%). All extracts of BCR-
RAW exhibited an oxygen reduction as it can be seen in Table 5.1. 

The effect of the elemental composition to the fuel potential of the sCO2 extracts can 
be qualitatively appreciated in the Van Krevelen diagram. In Figure 5.11, the H/C 
ratio is plotted against O/C ratio for the two biocrudes and their extracts. In general, 
the closer the point in the Van Krevelen diagram is to the y-axis the closer the fluid is 
to hydrocarbon mixtures (e.g. crude oil). In addition, higher H/C indicates higher fuel 
value. 
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Figure 5.11: Van Krevelen diagram of the biocrudes and their sCO2 extracts 

The diagram shows that for BCR-DM, only the extracts at 120 °C and 400 bar (i.e. 
smaller blue ellipse) are improved. On the other hand, all extracts of BCR-RAW (i.e. 
red ellipse) are improved compared to the feed. This is the result of increase of the 
H/C and reduction of O/C ratios for the BCR-RAW extracts. The consistent 
improvement of the BCR-RAW extracts is attributed to the largely improved VPL 
values for the polyaromatic hydrocarbons (see Figure 5.5). Figure 5.11, indicates that 
the sCO2 extraction process placed directly after the HTL reactor produces an extract 
that is slightly upgraded in terms of fuel value. This improvement can be 
quantitatively translated to the HHV values (up to 43 MJ/kg) that are closer to 
conventional fuels (e.g. 45 MJ/kg for diesel) than those of the whole biocrude (i.e. 37-
38 MJ/kg). 

The effect of sCO2 extraction on the metal content of LC biocrudes was studied in 
Paper C. The extracts were found almost free of metals with the reduction ranging 
from 95.9% to 99.5%. The range of metal content was between 40-310 mg/kg with an 
average of 170 mg/kg, whereas the initial BCR-RAW value was 8500 mg/kg. These 
numbers are even lower than the metal content of BCR-DM (i.e. 587 mg/kg), which 
was demetallized by acid washing. It should be noted that the acid washing process 
requires a petroleum derived organic diluent (e.g. methyl ethyl ketone) [129]. The 
removal of metals was verified by their concentration in the residue, in which the 
metal content was measured between 13800 and 20100 mg/kg. As an example, the 
metal content of BCR-RAW, its sCO2 extracts (indicated by increasing cumulative 
extraction yield) and the residue are reported in Figure 5.12.  
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(a) (b) 

Figure 5.12: Metal content of (a) BCR-RAW extracts and (b) BCR-RAW feed and residue at 
150 °C and 330 bar (adapted from Paper C). Y: cumulative extraction yield. The error bars 

indicate the standard deviation of at least triplicate measurements. 

Even though K and Na constitute 90% of the metal content in BCR-RAW, their values 
drop to 100 mg/kg and lower in the extracts. The extracts do not show any significant 
difference between each other, and there in no clear effect of the extraction conditions 
tested (i.e. 80-150 °C and 330, 450 bar). The presence of the metals indicate that they 
are either dissolved in the emulsified water droplets or organometallic components 
that are soluble in CO2 are present in the biocrude. It should be noted that a 10 μm 
filter is present at the top of the extractor, which is expected to at least partly reduce 
entrainment of water droplets. The direct hydrotreatment of the demetallized extracts 
can clearly provide a much longer operational time of the catalytic bed, considering 
the values at which catalyst replacement is typically considered (i.e. 30000-40000 
mg/kg). In conjunction with the dewatering discussed in Section 5.2.1, the extracts 
are ready to be hydrotreated. 

 

5.2.3. Detailed composition of volatile fraction 

GC-MS analysis of consecutive sCO2 extracts was performed in order to elucidate 
aspects of selective extraction of biocrude components and chemical classes. 
Qualitatively, the extraction trend can be observed in the example of  Figure 5.13, 
where the chromatograms of BCR-RAW and three consecutive extracts (i.e. 
extraction yield 10, 32 and 46 wt%) are plotted against the retention time. Figure 5.13a 
corresponds to neat samples (i.e. non derivatized), while Figure 5.13b to samples after 
silylation (i.e. derivatized). The lighter and less polar components (RT up to 20 min) 
are abundant in the early extracts and are gradually depleted. On the other hand, the 
heavier and more polar components (RT above 20 min) are increasing considerably 
for the latest extracts (i.e. yield of 32-46 wt%). 



Chapter 5. Results and discussion 

49 

  
(a) (b) 

Figure 5.13: Chromatogram of BCR-RAW and its consecutive extracts at 330 bar and 150 °C. 
(a) Neat samples; (b) Silylated (derivatized) samples (Adapted from Paper C). 

All chemical classes that were identified in the feed biocrudes (See Section 4.1) were 
found in the extracts as well. In most cases the components that were found in the 
sCO2 extracts were concentrated compared to the feed and thus the volatile fraction 
of the extracts was much higher than that of the feed biocrude. It is noted that the GC-
MS characterization of BCR-RAW performed for Paper C was the most extensive in 
number of single components that were identified and quantitated (i.e. 46 
components). The volatile fraction of BCR-RAW was 19 wt%, while the values 
ranged between 25 and 40 wt% for its sCO2 extracts. The extraction of BCR-RAW 
with the highest extraction yield (i.e. 150 °C and 450 bar) is used in Figure 5.14 as an 
example. The height of each bar corresponds to the total mass fraction identified for 
each sample, while the colors correspond to the mass fraction of each chemical class. 

 

Figure 5.14: GC-MS quantified mass fraction of BCR-RAW and its extracts at 150 °C and 
450 bar. Colors correspond to the individual mass fractions of chemical classes as they were 

defined in Section 4.1 (Paper C). 
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Since most of the components identified by GC-MS own relatively low MW and 
polarity, they end up having high extraction yields. In the specific example of Figure 
5.14, the extraction yield range was from 77 wt% to 100 wt% for the ten chemical 
classes. The chemical class with the highest mass fraction in the extracts is the 
multiple ring aromatic hydrocarbons (PAH) with values ranging 9.1-17.4 wt% and 
increasing with the extraction progression. Similar trend was observed for the 
benzenediols (BD), long chain fatty acids (LFA) and dehydroabietic acid (ArAcid), 
which ranged 1.2-2.5 wt%, 3.7-13.5 wt% and 1.8-5.7 wt%, respectively. On the other 
hand, ketones (K), alkylbenzenes (AB), phenols (P) and guaiacols (G) were found 
decreasing with extraction progression. Their mass fractions ranged 1.4-0.1 wt%, 3.5-
0.1 wt%, 0.6-0.1 wt% and 2.1-0.8 wt%, respectively. Dehydroabeityl alcohol (ArAl) 
and short chain fatty acids (SFA) were found having relatively stable mass fractions 
across the extracts ranging 0.1-0.2 and 0.4-0.8 wt%, respectively. 

The abovementioned observations result to two major qualitative conclusions. Firstly, 
the vast majority of the volatile fraction of the lignocellulosic biocrudes studied in this 
work consists of PAH, LFA and ArAcid. Cumulatively they constitute 76% of the 
characterized volatile fraction of the biocrude feed and between 55% and 89% of the 
extracts. Secondly, preferential extraction is very much dependent on the composition 
of the feed remaining in the extractor, with lighter less polar components (i.e. K, AB, 
P, G) extracted at the early stage of the extraction. When these components are 
depleted, the heavier and more polar (i.e. BD, PAH, LFA, ArAcid) are extracted 
preferentially. In order to quantitatively investigate preferential extraction, the 
distribution factors (K-values) of each chemical class, calculated as it was described 
in Paper A are discussed below for consecutive extracts.  

In Figure 5.15, the K-values of each chemical class in BCR-DM is plotted against 
cumulative extraction yield that corresponds to the consecutive sCO2 extract samples 
at 120 °C and 247 bar and 448 bar. A notable difference is that at 448 bar PAH and 
LFA have K-values higher than 1 from very early extraction stages. Particularly the 
LFA achieve much higher K-values, by the later stage of the extraction (i.e. Y=49 
wt%), reaching almost 8. In addition, the ArAcid reaches a high K-value at the latest 
stage of the extraction at 448 bar. On the contrary, lower MW components (i.e. K, AB 
and SFA) are generally extracted with higher K-values in the early stages of the 
extraction at 247 bar. Regardless, the extraction at 448 bar ended up to higher total 
extraction yield (i.e. 64-97%) for all classes, compared to the extraction at 247 bar 
(i.e. 10-93%). This is especially true for LFA and ArAcid that ended up extracted 97% 
and 64% at 448 bar, as opposed to 67% and 10% at 247 bar. The higher extraction 
yield is also reflected to the total extraction yield of the two experiments that were 34 
wt% and 49 wt% at 247 and 448 bar, respectively. 
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(a) (b) 

Figure 5.15: Distribution factors (K-values) of BCR-DM extracts at 120 °C and (a) 247 bar; 
(b) 448 bar 

In Figure 5.16, the K-values of each chemical class found in consecutive sCO2 extracts 
of BCR-RAW are shown at 450 bar and 80 °C and 150 °C. In this case, one of the 
most notable differences is the K-values of BD and ArAcid chemical classes. The 
extraction at 150 °C is improving the separation of these two classes and increases 
their extraction yield from 64% to 89% for BD and from 33% to 77% for ArAcid. On 
the other hand, the light and less polar components such AB and G are extracted better 
at 80 °C. It is noted that the solvent density at 80 °C is 850 kg/m3 and at 150 °C it is 
650 kg/m3, which translates to a higher solvent power and typically higher solubility 
of individual components in the supercritical phase. However, as it was discussed in 
Section 5.1, the temperature enhances the overall extraction yield (in this case 47 to 
53 wt%). 

  
(a) (b) 

Figure 5.16: Distribution factors (K-values) of BCR-RAW extracts at 450 bar and (a) 80 °C; 
(b) 150 °C. 
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The observations of this section corroborate one of the important results of this work, 
which is that the high extraction pressure and temperature combination can produce a 
hydrotreatment-ready fraction. The maximum K-values for LFA are achieved at such 
conditions, and in combination with maximizing the total extraction yield, the extract 
ends up containing a large mass fraction of hydrocarbons and fatty acids. For example, 
for the extraction at 450 bar and 150 °C the hydrocarbons (AB and PAH) were 16 
wt% and the fatty acids (SFA and LFA) 3 wt% of the total extract, respectively. In 
addition, the high temperature (i.e. 150 °C) reduces the K-values of guaiacols that are 
known coke precursors and difficult to hydrodeoxygenate. 

 

 Potential applications for the sCO2 residue 
The sCO2 extract is suggested in the previous sections as a good feed for the 
production of liquid fuel via hydrotreating. On the other hand, it leaves approximately 
half of the biocrude as residue. The residue in this work was retrieved as described in 
Paper C, by washing the extraction vessel with THF. The THF was evaporated by 
rotary vacuum evaporation and the residue collected for analysis. An example of the 
residue after vacuum evaporation is shown in Figure 5.17.  

 

Figure 5.17: Example of sCO2 residue. Extraction of BCR-DM at 120 °C and 248 bar. 

In this work, the potential of the residue was not investigated experimentally, although 
some of its properties indicate possible utilizations that would require further 
investigation. One of the lignocellulosic biomass macromolecules, lignin, is 
interesting due to its phenolic moieties. The decomposition of lignin by 
thermochemical processes such as HTL and pyrolysis results to many phenolic 
monomers as well as dimers and oligomers. One property that has been attributed to 
phenolic hydroxyl groups derived from lignin is their antioxidant activity [142]. In 
general, phenolic hydroxyl groups increase the antioxidant activity, while the opposite 
is true for aliphatic hydroxyl groups. Recently, several publications demonstrated the 
antioxidant potential of lignocellulosic pyrolysis oils as well as for HTL biocrudes. 
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More specifically, the antioxidant activity of pyrolysis product of lignin and wood 
was attributed to phenolic dimers or oligomers with MW 270-340 g/mol, while 
phenolic monomers show insignificant antioxidant activity [92,143]. Similar were the 
observations for a HTL biocrude from woody biomass, where the phenolic 
concentration was corelated positively with antioxidant activity [91]. In addition, the 
carboxylic acids were indicated to be detrimental on the antioxidant activity. 
Considering that the sCO2 extraction depletes the phenolic monomers as well as the 
fatty acids from the residue, while its acidity shifts to phenolic, it is suggested that the 
residue contains compounds with antioxidant activity (e.g. phenolic dimers and 
oligomers). These compounds can be extracted to be used as antioxidants in fuel such 
as biodiesel. 

Another potential for the sCO2 residue of lignocellulosic biocrudes is the production 
of solid carbon materials like adsorbents or renewable coke. The sCO2 residue is 
expected to be a good candidate for the production renewable coke, due to its 
relatively high molecular weight and its phenolic nature [144]. The residue of the 
biocrudes studied in this work have elemental carbon and HHV values close to that of 
petroleum coke (i.e. C:78-79 wt% and HHV: 35 MJ/kg). Much like petroleum coke, 
instead of used as low value combustion fuel, it can be potentially valorized by 
calcination in the same manner as low sulfur and metals petroleum coke. Calcined 
petroleum coke is used for the production of electrodes for the steel and aluminium 
industry [145]. As an example, the distillation residue of lignocellulosic pyrolysis oils 
have been suggested in literature as a feedstock for the production of bio-coke by 
calcination [146]. The high MW aromatic structure of this distillation residue is 
expected to have similarities with the sCO2 residue of biocrudes. However, it should 
be noted that in the case of the biocrudes studied in this work (e.g. BCR-RAW), 
demetallization of the residue would have to be performed prior calcination, since the 
presence of alkali and earth metals in coke can considerably reduce the quality of the 
produced electrode [147,148]. The metal content of the sCO2 residue in this work 
ranged 1.5-2.0 wt%, while typical petroleum coke values are lower than 1 wt% [145]. 
Nevertheless, since the vast majority of these metals are not bonded to biocrude 
components, they are relatively easy to remove.  
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Chapter 6. Conclusion and perspectives 
 Conclusion 

This work focuses on the fractionation of lignocellulosic biocrudes, produced by 
hydrothermal liquefaction (HTL), using supercritical carbon dioxide (sCO2). The 
work suggests a sCO2 unit as a part of the valorization of said organic mixtures to 
liquid fuel. Currently the biocrudes are obstructed from commercial utilization due to 
their detrimental physicochemical properties. The high molecular weight, acidity, 
aromaticity, polarity and presence of impurities (i.e. oxygen, water, metals) require 
well developed processing trains that include upgrading and separations. The current 
state of the art for upgrading crude oils with high oxygen content to fuel is 
hydrodeoxygenation (HDO) by catalytic hydrotreatment. However, some of the 
biocrude properties (i.e. water and metal content, large high molecular weight 
fraction) are associated with HDO process operation issues. This PhD thesis suggests 
supercritical CO2 extraction prior to hydrotreatment as a processing step that provides 
a feed to the hydrotreater with minimized catalyst deactivation rate and is easier to 
HDO than the whole biocrude. 

The benefits of the addition of a sCO2 unit were studied by analyzing the effect of a 
large supercritical region through a wide range of extraction pressure and temperature 
combinations. High solvent density achieved at high pressures is crucial to attain high 
extraction yields and produce a large liquid fuel precursor fraction (e.g. >50%). In 
addition, relatively high temperature (e.g. 100-150 °C) is beneficial for the overall 
process efficiency due to its large positive effect on the overall vapor phase loading 
(VPL). The severe conditions are in fact increasing the extraction of the multiple ring 
aromatic hydrocarbons (PAH) and the long chain fatty acids in the biocrude. The 
natural presence of water in biocrudes was found to enhance the VPL of the PAH as 
well. The result of these observations is a large extract fraction that is produced by a 
combination of high pressure and temperature and is partially deoxygenated, with 
lower O/C than the biocrude feed. 

The sCO2 process is able to produce an extract with reduced water content (i.e. up to 
91% reduction) and almost free of metals (i.e. 95%-99% reduction). This 
improvement is beneficial to upgrading via catalytic hydrotreatment since it would 
prolong the lifecycle of the catalyst by reducing its irreversible deactivation rate. In 
fact, the average metal content in the sCO2 extracts was lower than that of the biocrude 
that was demetallized by acid washing. Importantly, an environmentally benign 
solvent was used for the demetallization as opposed to the organic solvents required 
for the conventional washing method. With regard to the oxygenated chemical classes 
that are concentrated in the sCO2 extracts, the by far largest fraction is owned by the 
fatty acids that reach up to 14 wt%. Despite the fact that such high mass fraction 
increases the carboxylic acidity (i.e. CAN), hydrotreatment effectively converts this 
chemical class to alkanes. This compositional aspect in addition to the sCO2 

concentrating the hydrocarbons (i.e. alkylbenzenes and polyaromatics) in the extracts 
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leads to a hydrotreating feed with higher H/C and lower O/C that possibly requires 
less severe hydrotreating conditions (e.g. hydrogen pressure and retention time). In 
addition, the heavy phenolic fraction is left in the residue, which is beneficial since 
high molecular weight phenolic fractions are resistant to hydrodeoxygenation. On the 
other hand, their concentration in the residue may increase the potential for the 
production of antioxidants. 

To sum up to a single conclusion, the sCO2 extracts of lignocellulosic biocrudes are 
hydrotreatment ready and show favorable characteristics as a hydrotreatment 
feedstock than the whole biocrude. 

 Perspectives 
The natural continuation of this PhD project is studying the hydrotreatment of sCO2 
extracts of lignocellulosic biocrudes. Experimental works dedicated in the comparison 
of hydrotreating the raw biocrudes and its sCO2 extract are essential in this context. 
Except for the product yields and properties, attention should be given to the 
deactivation of the HT catalysts (i.e. irreversible and coking), as well as to the 
hydrogen and reaction time required for the considerable hydrodeoxygenation of the 
two matrices. 

The biocrude as a whole is difficult to utilize for a single purpose, so it makes sense 
to study potential applications for different fractions. Since characterization data for 
the heavy fraction of biocrudes (i.e. sCO2 residue) is scarce, studies dedicated on this 
fraction can provide new knowledge and serve to investigate potential value-added 
applications, including the ones hypothesized in this PhD thesis (i.e. production of 
antioxidants and renewable coke).  

Vacuum distillation is naturally a competitor separation process and it has similar 
yields to those achieved in this work by sCO2 extraction. Experimental works 
comparing the two processes by assessing yields, selectivity, product quality and 
energy requirements would be relevant. 

Regarding scaling up to a pilot continuous countercurrent operation, the downstream 
separation as well as the application of a multistage separation (i.e. internal or external 
reflux) are interesting perspectives. A series of separators can be optimized to 
condense most of the organic extract in the first, while the water condenses in the 
following separator, together with some of the lighter organics. The separators would 
be essential for the design of a continuous system, since their optimization could 
effectively dewater the extract and provide a high purity CO2 for recirculation, thus 
reducing the make-up requirement. The reflux loop can enhance the separation of 
specific chemical species as it is indicated by the K-value data acquired in this work 
from the semi-continuous single stage extractor. 
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One major benefit of the versatility of the sCO2 process is that small amounts of co-
solvents can be added to the supercritical stream. Biomass based co-solvents such as 
ethanol, methanol and butanol can work both for increasing the total extraction yield, 
or can be used to alter the selectivity towards specific chemical classes. The 
implementation of a co-solvent would benefit both lab-scale and pilot units, since it 
can additionally be used for cleaning the pipelines without dismantling them. The 
latter is very important for rapidly testing different feedstocks and avoiding cross-
contamination of the samples. In addition, it would provide a means to 
reduce downtime due to fouling of the high-pressure lines. 
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