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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 (sCOy) 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 sCO, 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 sCO; 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
CO,. 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 sCO, 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 sCO,.

The sCO; 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 sCO; 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 sCO, 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

R& Bio-olier (bioréolie) produceret via termokemisk omdannelse af lav-vaerdi
lignocellulosisk biomasse, sa som biprodukter fra skovhugst, landbrug og industri, er
et attraktivt alternativ til flydende fossile braendstoffer. I modsatning til deres fossile
ekvivalenter har biordolier hgje indhold af ilt og vand, hejt syretal og gennemsnitlig
molekylveagt, er mere polere og indeholder urenheder som alkali og jordmetaller.
Desuden har de heje densiteter og viskositeter. P4 grund af disse egenskaber kan
biordolie ikke direkte erstatte eller blandes med konventionelle breendstoffer. En af de
store forbedringer der kraeves for at kunne anvende biordolien, er fjernelse af den
organisk bundne ilt vha. katalytisk hydrogenbehandling (HDO). Konsekvensen af
HDO er at syretal, polaritet, molekylveegt samt evre breendverdi (HHV) forbedres.
Dog kan det heje indhold af vand og metaller medfere signifikant reduktion af
levetiden af hydrogenbehandlingskatalysatoren pga. irreversibel deaktivering af
katalysatoren. Ydermere er den fraktion af biordolien med hej molekylvegt resistent
overfor HDO og kan medfere accelereret koksdannelse. Denne Ph.d.-afthandling
fokuserer pa fraktionering af lignocellulosisk biordolie vha. superkritisk kuldioxid
(sC0O2) ekstraktion for at fremstille et ekstrakt med forbedrede egenskaber. Et sadant
afvandet ekstrakt, uden metaller, med lavere molekylvaegt, syretal, polaritet og
iltindhold vil vaere bedre egnet til direkte hydrogenbehandling end bioraolien.

To biordolier produceret ved hydrothermal liquefaction (HTL) af trae blev valgt som
udgangsmateriale for sCO, ekstraktionerne. Den ene bioréolie var afvandet og renset
for metaller inden ekstraktionerne, mens den anden ikke havde faet nogen
efterbehandling efter HTL-processen. 1 forbindelse med denne afhandling er
nyhedsskabende arbejde med sCO2 fraktionering udfert pad et halvkontinuert
ekstraktionsapparat ved forskellige tryk- og temperaturforhold. Driften af et-trins
batch-ekstraktoren forbedredes markant ved temperaturer over 80 °C.
Parameterstudie viste at heje ekstraktionsudbytter kunne opnds ved hegje tryk og
temperaturer (f.eks. >300 bar og >100 °C), med over 50 vagtpct for ekstraktioner ved
450 bar og 100-150 °C. Det hgje udbytte skyldtes en betragtelig foragelse af vapor
phase loading (VPL) som naede og, i mange tilfelde, overgik 100 g biorédolie pr. kg
COs. Den hgje 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 rzkke analytiske metoder blev udviklet for at kunne udfere en detaljeret
karakterisering af biordolierne og deres sCO, ekstrakter. De fleste af de fysisk-
kemiske egenskaber af ekstrakterne var forbedrede ift. den oprindelige bioréolie.
Densiteten af ekstrakter var altid lavere med en gennemsnitlig reduktion pa 5%.
Ekstrakterne havde et storre indhold af stoffer med lav molekylvegt, iser var
aromatiske kulbrinter og fedtsyrer koncentreret op til hhv. 24 og 14 vagtpct. Syretallet
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(dvs. total acid number) var i mange tilfeelde reduceret og det kunne identificeres at
denne reduktion var primert pga. phenol-syretallet fremfor carboxylsyretallet.
Phenol-syretallet var reduceret i alle ekstrakter men eget i den tungere remanens,
hvilket indikerer at lignin-baserede phenoler med hegj molekylvegt (dvs. oligomerer)
ekstraheres ikke med sCO,.

Vandindholdet i sCO, ekstrakterne var markant reduceret med op til 91% reduktion
af vandindhold. Desuden blev der observeret at det hejere vandindhold ved start (dvs.
5,7 vaegtpet) egede VPL for aromatiske kulbrinter, hvilket var fordelagtigt for
braendstofkvaliteten for ekstrakterne pga. reduceret ilt-kulstof (O/C) forhold og eget
HHV. Det fandtes ogsé at sCO; ekstrakterne var nasten fri for metaller med reduktion
af indholdet fra 8500 mg/kg til et gennemsnitligt indhold pa 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, sd kan de koncentrerede fedtsyrer relativt let
omdannes til alkaner vha. hydrogenbehandling og det hgjere indhold af aromatiske
kulbrinter resulterer i et lavere indhold af ilt som efterfolgende skal fjernes. Denne
Ph.d.-athandling beviser at sCO, kan anvendes som et grent oplesningsmiddel til
ekstraktion af store fraktioner af lignocellulosisk biorédolie, hvor ekstraktet er mere
velegnet til hydrogenbehandling og som udgangspunkt til breendstofproduktion.
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Chapter 1. Introduction

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].

Hydroelectric Other

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.
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Figure 1.2: Distribution of crude oil utilization between different sectors in 2017-2018 [1].

Other
6% —\

Residential
5%

Industry
8%



Valorization of lignocellulosic biocrudes by supercritical carbon dioxide extraction

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 CO, 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 (sCO,) 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, sCO, 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 CO; [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 sCO, 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 sCO; 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 CO; 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, CO; 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 sCO; 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 sCO, 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 sCO»
for producing extracts with improved properties like lower water content, viscosity
and higher heating values compared to the feed bio-oils [33-36].



Chapter 1. Introduction

1.1. 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:

e Review of the state of the art for the sCO, fractionation of lignocellulosic
bio-oils. The potential of sCO, 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.

o 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.

e 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.

e 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.

e Development of a methodology for detailed compositional characterization
of the volatile fraction of HTL biocrudes and their sCO, 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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1.2. 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 sCO; separations of oils and reviews the state
of the art of sCO, extraction of lignocellulosic pyrolysis oils. The chapter
closes with analyzing the potential of sCO, 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 sCO, 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 sCO- 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

2.1. 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.
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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].

2.2. 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 CO; rich gas mixture and solids (e.g. biochar) are
produced as byproducts. Especially for HTL the CO; 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 CO»
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 Techn.ology Operator Location Output
proprietor (t/day)
PYR BTG-BTL BTG-BLT (Empyro) Netherlands 77
PYR BTG-BTL Twence (Hengelo) Netherlands 66
PYR Ensyn Ensyn (Cote-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 Gonen Energy Turkey 124!
HTL Licella Licella Australia 2712
HTL Genifuel Metro Vancouver Canada 1012

PYR: Fast pyrolysis; HTL: Hydrothermal liquefaction; NA: No data reported; ' Announced
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].

(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/m®)  Viscosity (cP)  Ref.

PYR oil 20-30 1000-1200 10-50' [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 5-700" [63]

'Estimated from kinematic viscosity; PYR: pyrolysis; HTL: Hydrothermal liquefaction.

12



Chapter 2. Lignocellulosic bio-oils

The density of bio-oils is typically higher than 1000 kg/m? (Table 2.3), with HTL
values ranging between 970 and 1100 kg/m?® [64-66], while somewhat higher for
pyrolysis oils, reaching up to 1200 kg/m® [67]. This density is higher than
conventional crude oil (i.e. 800-930 kg/m®) 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/m?).

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.

Industrial Agricultural Typical fossil
Hardwood

Residue Residue fuel range
Biomass Type

Kraft Palm Wheat  Sugarcane

L. Aspen  Eucalyptus

Lignin  shell straw bagasse
Process HTL PYR HTL PYR PYR HTL -
Carbon (wt%) 70.0 583 784 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 (wWt%) - - 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 36! 29 22 25! 42-47
Reference [69] [70] [71] [72] [73] [74] [75]

PYR: Pyrolysis;; HTL: hydrothermal liquefaction; 'Calculated 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 Nm?/m?)
[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].

Carbon
Chemical class MW Examples
number
Hydroxyacetone
Ketones 74-124 C3-C10 Cyclopenten-1-one, 2-
Cyclopentanone, 2,5-dimethyl
Phenol
Phenols 94-122 C6-C8 o-Cresol
4-Ethylphenol
Guaiacol
Guaiacols 124-178 C7-C10 Eugenol
Creosol
. Catechol
Benzenediols 110-124 C6-C8
4-Ethylcatechol
Short chain Acetic acid
. 60-144 C2-C8 L.
fatty acids' Octanoic acid
Long chain fatty Decanoic acid
. 172-284  C10-C19 L.
acids Octadecanoic acid
Aromatic acids 152-300 C8-C20 Benzeneacetic acid, 3-hydroxy
Furfural
Furans 84-132 C4-C8
Furanone, 2(5SH)-
Glycolaldehyde
Aldehydes 60-152 C2-C8
Benzaldehyde, 3-hydroxy-4-methyl-
Benzoic acid, 4-methoxy-, methyl ester
Esters 130-296 C6-C19 K .
Furoic acid methylester
Levoglucosan
Sugars 132-144 C5-C6
2,3-Anhydro-d-galactosan
Toluene
Benzenes 92-124 C7-C10
1-Methylcyclooctene
Polyaromatic Naphthalene, 1,2,3,4-tetrahydro-1,5,7-trimethyl-
174-234  C10-C18

hydrocarbons

Retene

! 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
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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. sCO; fractionation of oils

3.1. Continuous countercurrent fractionation

sCO; 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 sCO, 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 sCO; 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 CO, injection (i.e. enhanced oil
recovery) [111]. The CO, phase diagram reported in Figure 3.1 shows that the
supercritical range that can be exploited for separations is rather large.

500
400
T‘E\ Supercritical
<2 300 . .
> Solid region
St
2
§ 200 -
~
100 - )
Trl.ple Critical point
point Gas
-100 -50 0 50 100 150

Temperature (°C)

Figure 3.1: CO:2 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 CO, density can vary from 105 to 973 kg/m?.
Comparing with a typical hydrocarbon solvent such as n-hexane, which has a density

of 655 kg/m?, sCO; 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 CO, 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 CO,) 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.

co: co:
& &
Cooler Separator Cooler Separator
Feed )——f Extract
Extract
sCO2 > Raffinate
Heat iR
Mackce)-zup Pump  exchanger Mackce)-zup Pump  exchanger Raffinate Pump
(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 sCO,. 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 sCO; stream. VPL is typically expressed in
g/kg and is a useful technical parameter defined as the bulk of solute dissolved in
sCO; 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. sCO; 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 sCO, 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 sCO, 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 CO, 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 sCO, extraction studies indicate the feasibility of countercurrent
separations for low volatility oils and mixtures with chemical components relevant to
lignocellulosic bio-oils.

3.2. Supercritical carbon dioxide extraction of bio-oils

Supercritical carbon dioxide (sCO,) 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 sCO, 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 CO, 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) CO; cylinder; 2) Heat exchanger; 3) CO, 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 sCO; with the bio-oil.

CO:2
@" @___"_"“i vented
. | N

Heat | Extraction
Exchanger Vessel

Pump Heating jacket,
oven or bath

Control valve

Trapping

Figure 3.3: Semi-continuous sCOz 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 CO»
density of 380-961 kg/m3. At these conditions, extraction yields between 0.1 and 45
wt% were achieved using pure CO,, 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 sCOz extraction of bio-oils. Biomass type,
conversion process, extraction system size (volume), year of publication and operating
pressure (P), temperature (T) and CO2 density (p) range.

Biomass Conversion Extractor
volume Year P (bar) T (°C) p (kg/m®)  Ref.

type process (cm?)

Palm kernel — Slow 50 2018 300-400  50-70 788923  [125]

shell pyrolysis

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

Palm kernel — Slow 50 2017 150-400  33-66 691961  [126]

shell pyrolysis

Beech Slow 640 2016 200 60 723 [127]
pyrolysis

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

Kraft lignin ~ “ICOWave 64 2015 80-100 35(45-95)  490-700  [123]
pyrolysis

Beech Slowand = 5, 2015 150250 60 603-786  [99]
fast pyrolysis

Sugarcane

bagasse and .

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

shells

Wheat- Fast 2010 100-300 40 628910  [35]

hemlock pyrolysis

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

sawdust pyrolysis

! Rectification column temperatures in parentheses

The physical properties (i.e. viscosity and density) of sCO; 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 ¢St for the extract as
opposed to the bio-oil that increased by 22 ¢St [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/m? in the feed to
952-1017 kg/m® in the sCO, extract [128].

Considering the elemental composition of sCO, 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 sCO,,
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 sCO, 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 sCO»
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 CO, 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 sCO»
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].
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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).

3.3. Potential sCO; 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. K,COs) 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 sCO, separation of oils, including LC pyrolysis oils, highlighted the applicability
of the process on such mixtures. Importantly, CO; is co-produced at high pressure and
temperature during the HTL process. With this in mind, a sCO; fractionation unit is
hypothesized as a part of the overall scheme of biocrude valorization. Therefore, the
interface of a sCO; 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.
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Figure 3.6: Potential interface of sCOz 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 sCO, 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 sCO, extract can be blended with the regular feed stream. Blending the
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sCO; 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 sCO; extract.

On the other hand, the complete valorization of the sCO; 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 sCO; 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 sCO, 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 sCO, extracts. In addition, the chemical classes that sCO,
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
4.1. 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
(K2COs) 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 sCO; 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/m?) 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

HO Density Viscosity CAN PhAN TAN
wt% kg/m? cP mg KOH/g
BCR-DM 2.7+0.1 1051 +£3 >30000' 43+1 86+6 129+ 6

BCR-RAW 5704 1030+ 9 7700 £+ 130 42+1 56+2 97+2

! 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 0' HHV

Wi% Mi/kg

BCR-DM 83=1 85:04 05+002 8x1 381
BCR-RAW 80+1 83409 13+08 10+1 3742

!Calculated by difference; *Calculated 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 K,COs3) 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 Cl16 — 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.

—BCR-RAW LFA
——BCR-RAW derivatized

BD PAN ArAl
K
X G s J——
AB AB\L AB H: W\A__M
‘ L AL J‘ W PO | M
5 7 9 11 13 15 17 19 21 23 25 27
Retention time (min)

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.

ArAcid - E
LFA F T i
SFA [ | g
ArAlH | 4
PAH ]

BD [T] :

G| i

AB

0 5 10 15 20 25 30 35 40 45 50
Relative amount (Wijwtm)

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%.

4.2. sCO; extraction apparatus

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

| F———

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 CO,,
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 sCO,
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).

RD =

600 bar E > 600 bar
(P (BIC

100 bal CO, to vent
& 2 — i
Vi Vs s s
<> ><
F
E
©
()
CO,
>
V3 V4

P1

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, CO» from a dip-tube cylinder was subcooled (approximately 5 °C) in a heat
exchanger (HE) and the liquid CO, 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 CO, 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 CO, 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 CO,.
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Chapter 5. Results and discussion

5.1. Technical data of sCO; extraction

The biocrudes (i.e. BCR-DM and BCR-RAW) were fractionated by sCO, 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 CO»
density range.
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Figure 5.1: Pressure, temperature combinations and sCOz 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/m?) 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:

m,
Y = —25 (wt%) M
mfeed

m

VPL = —¢ . 1000 (i) @
Mco, kg

S/F = Meo, (2) (3)
mfeed g
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Where mg,.q is the mass of biocrude originally charged in the extractor (i.e. feed),
while m,, and m,, is the mass of CO, flowed and extract collected over a specific
time interval, respectively. The range of solvent density that was investigated was
500-822 kg/m?, 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 CO, (i.e. higher VPL). The driving phenomenon is the increase of
solubility of biocrude compounds in the sCO,. 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 sCO, densities (i.e. different pressures) for BCR-DM and BCR-
RAW.
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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 sCO>).

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/m?) 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.
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Figure 5.3: Extraction yield of BCR-DM vs solvent-to-feed ratio (S/F) at: (a) 691-693 kg/m?
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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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 sCO,. The highest possible VPL is equal to the thermodynamic
solubility of the biocrude components in sCO,, 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/m? (i.e. 448 and 450 bar) in Figure 5.2, approximately 37 wt% is extracted,
utilizing approximately 9 g/g and 14 g/g CO, 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.
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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
sCO; 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 sCO, 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 sCO», 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 sCO; 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.

5.2. The sCO; extract properties
5.2.1. Density, TAN and water content

Figure 5.6 depicts sCO; 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.

(b)

Figure 5.6: sCOz 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: sCOz extracts of BCR-RAW at 100 °C and 450 bar.
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The density of sCO, 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/m? 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.
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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/m?), 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/m?, which
is in the middle range of residual marine fuel (i.e. 920-1010 kg/m?) [63]. In addition,
the intended hydrodeoxygenation will reduce the density further, thus the sCO; 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 sCO; 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.
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Figure 5.9: Carboxylic acid number (CAN) vs extraction yield for (a) BCR-DM extracts at
691-693 kg/m?® 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 sCO, 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 sCO, 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].
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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 sCO, 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 sCO; 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 sCO, 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 sCO; 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 sCO, 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)!

BCR-DM extract 75-83 1 6-10+1 04-12+£02 6-18%2 32-40+2

BCR-RAW extract  82-84+£04  9-11=%1 0.7-1.3+£0.1 5-8+2 38-43+2

!Calculated 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 sCO, 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 sCO: 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 sCO, 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 MIJ/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 sCO; 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 sCO; extracts (indicated by increasing cumulative
extraction yield) and the residue are reported in Figure 5.12.

47



Valorization of lignocellulosic biocrudes by supercritical carbon dioxide extraction

8000 u
I Aluminium I A luminium
[ Iron [ Iron
[ TPotassium 7000 [JPotassium
I Magnesium I Magnesium
_ [ Sodium 6000 |- [ Sodium
o [T Titanium o [ Titanium +
= =2
2 25000
g 5 4000 -
g 8
= = 3000 -
15} o
=
2 2000
1000 -
0 —
Y=10wt%  Y=23wt% Y=32wt% Y=46 wt% BCR-RAW Residue
(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 CO; are present in the biocrude. It should be noted that a 10 pm
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 sCO; 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%).
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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
sCO; 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 sCO, 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.
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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 sCO, 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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In Figure 5.16, the K-values of each chemical class found in consecutive sCO; 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/m® and at 150 °C it is
650 kg/m?, 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%).
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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.

5.3. Potential applications for the sCO; residue

The sCO, 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 sCOz 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 sCO, 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 sCO; residue of lignocellulosic biocrudes is the production
of solid carbon materials like adsorbents or renewable coke. The sCO; 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 sCO; 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 sCO, 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

6.1. Conclusion

This work focuses on the fractionation of lignocellulosic biocrudes, produced by
hydrothermal liquefaction (HTL), using supercritical carbon dioxide (sCO;). The
work suggests a sCO, 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 CO; 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 sCO, 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 sCO; 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 sCO> 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 sCO; 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 sCO;
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 sCO, extracts of lignocellulosic biocrudes are
hydrotreatment ready and show favorable characteristics as a hydrotreatment
feedstock than the whole biocrude.

6.2. Perspectives

The natural continuation of this PhD project is studying the hydrotreatment of sCO»
extracts of lignocellulosic biocrudes. Experimental works dedicated in the comparison
of hydrotreating the raw biocrudes and its sCO, 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. sCO; 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 sCO, 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 CO, 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.

56



Chapter 6. Conclusion and perspectives

One major benefit of the versatility of the sCO, 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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mochemical processes, such as hydrothermal liquefaction (HTL)
and pyrolysis, have proven their ability to produce bio-crude from
second-generation biomass in good yield [11,12]. In particular, HTL
is a very versatile process, with the possibility of processing both
dry and wet feedstock. Moreover, in comparison to pyrolysis, HTL
produces more stable bio-crudes with lower water and oxygen
content and higher heating values [13].

In the context of fuel production, and compared to fossil coun-
terparts, HTL bio-crudes exhibit high heteroatom content, acidity,
molecular weight and sometimes density [1,14]. For example, oxy-
gen mass fractions have been reported for HTL bio-crudes in the
range of 0.10-0.27 [14-17], total acid numbers in the range of
50-130mg KOH/g [14-18] (measured by different methods; i.e.
potentiometric, colorimetric, FTIR) and density above 1000 kg/m3
[14]. The relatively high oxygen content necessitates significant
hydrotreatment to upgrade the bio-crude to fuel grade and ren-
der it miscible with mineral oils. However, the heavier fraction of
the bio-crude is expected to be difficult to hydrotreat [19]. Further-
more, cost intensive issues of the process, such as corrosion due to
acidity and catalyst deactivation due to coking reactions of some of
the components (e.g. guaiacols) [11] are also to be expected. There-
fore, an effective separation process before hydrotreatment can be
beneficial to produce a fraction with reduced acidity, molecular
weight and oxygen content, which would lead to less problem-
atic hydrotreatment. In contrast, the heavier residual fraction could
be used as an activated carbon precursor (e.g. hydrochar) [20], or
directed to robust refining processes (e.g. cracking) [17]. In addi-
tion, a separation process could serve to extract valuable chemicals
from the high number of chemical species present in the bio-crude,
such as phenols, fatty acids, ketones and alcohols [21].

Suitable separation technologies for the fractionation of HTL
bio-crudes include distillation, liquid-liquid extraction (LLE), and
supercritical fluid extraction (SFE). Distillation of heavy bio-crudes
can be energy intensive requiring high temperatures even when
operated in vacuum. For example, in order to reach a distillation
yield of 53 wt% from a wood-derived HTL bio-crude, a final boil-
ing temperature of 270°C needed to be reached at a pressure of
0.1 torr (375 °C atmospheric pressure equivalent) [22]. LLE typically
requires large amounts of organic solvents, which in majority orig-
inate from petroleum (e.g. pentane, dichloromethane) [23,24], can
be toxic and require an additional process step for solvent recovery.

A possible alternative to distillation and LLE is represented by
supercritical extraction using CO, as a solvent. The fractionation
of bio-crudes with supercritical carbon dioxide (sCO) has recently
attracted research attention, due to the possibility of carrying out
an environmentally friendly separation process aimed at either
upgrading the bio-crude or recovering valuable chemicals, with low
operating temperatures and low operating cost [25]. In addition,
CO, is co-produced in the HTL process and is available at elevated
pressures and temperatures [2,12]; hence, the lack of need for an
external supply can further motivate its usage.

Literature on sCO, fractionation of bio-crudes is scarce and
the only available publications are on pyrolysis bio-oils with high
water contents [26-35]. The operating conditions ranged between
40-80°C and 100-300 bar, except for one publication where pres-
sures in the range 300-400 bar were investigated [26]. Extraction
yields varied around 30% with the exception of one case where a
yield up to 71% was achieved due to the use of a substantial amount
of methanol (25%) as co-solvent [30]. Extraction yields increased,
as expected, with solvent density. Moreover, increasing tempera-
ture was observed to enhance the extraction efficiency, especially
when increasing the pressure as well, due to the increase of solute
solubility and improving mass transfer [27]. In general, the litera-
ture indicates that the extracts exhibit better properties in terms
of lower water content, higher stability and higher heating values
as compared with the feed bio-oil.

In a recent literature review, Magbool et al. [25] highlighted
that sCO,, is selective towards low molecular weight, non-polar or
slightly polar components, such as phenols, aldehydes and ketones,
as opposed to strongly polar components such as acids, sugars
and alcohols that remain in the residue. This is also in agreement
with recent literature that was not included in the review. For
example, phenol, which is often a major component in lignocel-
lulosic bio-crudes, was found to be extracted preferentially and for
all consecutive extracts [26,27,33]. sCO, extractions of pinewood
pyrolysis oil showed selective separation of ketones, with their
concentration progressively reduced in the extracts due to their
depletion in the unextracted liquid phase [27]. Other important
components that were preferentially extracted are guaiacols [20],
esters and low molecular weight acids [28].

The aim of this work is to investigate the potential of sCO,
extraction on a HTL bio-crude obtained from lignocellulosic
biomass (pinewood). The study was carried out on a single-
stage high-pressure extractor, analysing the effect of extraction
temperature, pressure and solvent density over a wide range of
operating conditions. The characterization of the feed and the
extracts was carried out with the aim of highlighting the potential
of improvement of fuel bulk properties (i.e. density, TAN, elemental
composition), as well as the selective separation of the extracted
chemical species in order to assess the feasibility of sCO, down-
stream separation for the production of chemicals.

2. Materials and methods
2.1. Materials

2.1.1. Feed bio-crude

The bio-crude used in this work was produced by hydrother-
mal liquefaction (HTL) of pinewood in a continuous-flow unit,
that is described elsewhere [2], located at Aalborg University.
The pinewood was processed under supercritical water conditions
(400°C, 300bar) in the presence of an alkali catalyst, feeding the
reactor with a wood slurry (dry biomass content around 17-18% on
mass basis) and with recycled aqueous phase and bio-crude pro-
duced by the reaction itself. Details on this mode of operation of
the hydrothermal processing are provided elsewhere [36]. The HTL
bio-crude was demineralized and dehydrated, according to the pro-
cedure reported by Jensen [37]. In brief, the procedure consists in
diluting the bio-crude with methyl ethyl ketone (MEK), washing
it with a citric acid aqueous solution and then removing both the
solvent and water by evaporation under vacuum. The dehydrated
and demineralized bio-crude used as feed in the sCO, extractions
appears as a high-viscosity black liquid (Fig. 1) at ambient condi-
tions.

2.1.2. Chemicals

Carbon dioxide (CO;, 99.8%) used for the extractions was pur-
chased from AGA (Denmark). Tetrahydrofuran (THF, 99.9%), was
purchased from VWR and used as solvent for the bio-crude.
Diethyl ether (DEE, 99%), 4-bromophenol (99%) and pyridine
(99%) were purchased from Merck and used as solvent, internal
standard and derivatization agent, respectively, for the GC-MS
analysis. Reagent Titrant 2 (VWR), KF solvent (VWR) and Aquas-
tar 1% standard (Merck, water content: 10 g/kg+0.10 g/kg) were
used for Karl Fischer (KF) titrations. Cystine 4G powder (Perkin
Elmer) was used for elemental analysis calibration. 2-propanol
(VWR, 99.8%), tetrabutyl-ammonium-hydroxide (TBAOH) 0.1 M in
methanol (Sigma Aldrich), and tetraethyl ammonium bromide
(TEABr) 0.4 M in ethyl glycol (Metrohm) were used for the Total
Acid Number (TAN) titrations as solvent, titrant and electrode elec-
trolyte solution, respectively. NIST traceable buffers pH 4, 7, 9 from
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Fig. 1. Dehydrated and demineralized bio-crude (23°C) used as feed in the sCO,
extraction runs.

Reagecon were used for the calibration of the electrode whereas
benzoic acid (99.5%) and phenol (99%) from Sigma Aldrich were
used as standards for TAN. 2-pentanone (99%) and butanone (99%)
from Merck, acetone (95%) from Cab Dan, as well as THF were used
as solvents for the density measurements of the bio-crude.

2.2. Apparatus

Fig. 2 shows the diagram of the equipment used for the super-
critical extractions. The apparatus consists of a heat exchanger
(HE), a pneumatic pump (P1), an extractor vessel with a basket
insert (E), temperature and pressure controls, and several valves,
including a micrometering valve (V6) and an automatic pressure

control valve (C1). CO, from a deep tube cylinder passes through a
heat exchanger, which is connected to a cooling water supply that
maintains a temperature between 1°C and 5°C and ensures that
CO,, is a subcooled liquid prior to entering the pump. The pump
P1 (Maximator MSF72) is an air-driven pump with displacement
volume of 1.5cm3 and maximum outlet pressure of 860 bar. The
regulation of the pump outlet is attained by means of the air drive
pressure, which can be varied in the range 1-10 bar. The extractor
cylinder has a volume of 345 cm3 with a basket insert of 178 cm3
(i.d. 2.9cm) and a length-to-diameter ratio of 9.3. The maximum
operating pressure and temperature of the extractor are 500 bar
and 200 °C, respectively. The extraction temperature is attained by
a heating jacket and is controlled by a type-K (accuracy +1.5°C)
thermocouple with the probe extended into the basket insert. The
basket can be dismounted for charging the feed prior to an extrac-
tion and retrieving the residue after the end of the experiment. The
top of the basket is equipped with a ring filter (porosity 10 wm) to
prevent entrainment with the CO, flow. The bottom of the basket is
equipped with a disk filter (porosity 10 wm) and a non-return valve
to ensure that the feed cannot move downwards exiting the bas-
ket. The pressure gauges measure the pressure upstream the pump
and the pressure of the extractor. V6 is used manually to regulate
the flow rate of the extraction, whereas C1 acts automatically as a
safety measure if the pressure in the extractor vessel exceeds a set
value. In addition, V6 is heated by hot air (AH) to prevent clogging of
the valve itself and the exit line, which may be caused by viscosity
reduction and/or freezing of the extract due to the large temper-
ature reduction induced by the depressurisation (Joule-Thomson
effect). The extractor vessel is connected to a rupture disc (RD),
which is activated at 550 bar (+5%). The CO, exits vessel E from the
top and is led to a trapping system consisting of a series of four gas-
washing bottles where the extracted components separate from
the CO,. The first three bottles are immersed in a cold bath main-
tained at around 5 °C to minimize off-gas losses due to evaporation.
The extract is released in the first bottle in which a glass vial (the
sampling vial) is inserted. The second bottle is meant to block fine
droplet entrainment (if any) by being packed with approximately
3 g of cotton wool. The third bottle is filled with acidified water and
it is meant to scrub the CO, flow from entrained components (if
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Fig. 2. Diagram of the supercritical extraction system. F: filter; HE: heat exchanger; P1: CO, pump; E: Extractor vessel; RD: Rupture disc; G: Gas meter, AH: Air heater; V1-V5:

Shut off valves; V6: Micrometering valve; C1: Pneumatic valve.
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any). The last bottle serves as a last measure to prevent contami-
nation of the following drum-type gas meter (G), which is used to
measure the CO, flow rate at ambient conditions. The gas meter
(Ritter TG 3/5, max flow: 6 L/min; min flow: 0.1 L/min; accuracy
0.5% across full flow rate range) is equipped with a thermometer
for the gas and it is packed with HCl 1% for accurate measurements
of CO, flow [38]. The total length of the piping (i.d. 2.4 mm) for the
whole system was estimated to 2200 mm. Out of this length, only
1380 mm are considered to contribute to a dead volume of 6.2 ml
during normal operation.

2.3. Extraction

Before each extraction experiment the basket insert was packed
with soda-lime glass beads (6 mm), up to a height of approxi-
mately 1/3 of the basket insert, and it was preheated to 60°C in
a heating cabinet. An amount of bio-crude feed was preheated in a
beaker to 50°C in order to reduce its viscosity and ensure disper-
sion between the glass beads. Approximately 50 g of the preheated
feed were charged in the basket. After charging, the temperature
of the extractor was set to the desired value of the extraction
run. Once the operating temperature was reached, the pump was
started in order to pressurize the vessel. When the desired extrac-
tion pressure was reached, the system was left static for 30 min
and then the extraction began by opening the micrometering valve.
The extraction pressure and the CO, flow rate were regulated by
means of P1 and V6. The flow rate applied in the experiments
was in the range 3.5-7.5 g/min. With the exception of sporadic
clogging problems observed only at higher pressures, lower tem-
peratures and higher extraction times, the CO, flow rate, as well
as the extraction pressure and temperature, were stable. Average
SD were 0.4 g/min, 3 bar, and 0.4 °C, respectively. The sampling vial
was changed twice during the extraction, in order to collect three
extract samples per each run. After the end of the extraction, the
system was slowly depressurized. Subsequently, the basket was
dismounted and washed with THF in order to collect the residue
for mass balance closure. THF was used as the solvent of choice
because the bio-crude feed appeared to be completely soluble in it
for ratios above 1:1.

2.4. Analytical characterization

2.4.1. Elemental analysis

A PerkinElmer 2400 Series II CHNS/O analyser coupled with a
PerkinElmer AD-6 Autobalance was used to perform the elemental
analysis (EA) of the bio-crude and its extract fractions. The instru-
ment was set to measure carbon, hydrogen, nitrogen and sulphur,
whereas oxygen was calculated by difference. Before each mea-
surement, the cystine powder standard (mass fractions: C 0.2999;
H0.0503; N0.1166; S 0.2669) was measured in triplicate to ensure
accuracy and reproducibility. The average absolute deviation of the
measurements on cystine with respect to the theoretical values was
0.0004, 0.0004, 0.0008, and 0.0230 for C, H, N, and S, respectively.
Each sample was measured in triplicate as well.

2.4.2. Water content

The water content of the bio-crude feed and the extracts was
measured by means of Karl Fischer volumetric titration, utiliz-
ing a Metrohm 870KF Titrino Plus. The instrument was calibrated
(single-point calibration) before each series of measurements using
the Aquastar standard. The standard solution was also used to con-
trol the response stability in between measurements. With regard
to the bio-crude feed, the sample preparation was inspired by a pre-
vious work [4]. A certain amount of bio-crude (approx. 0.3 g) was
diluted in THF with a solvent to bio-crude mass ratio 20:1. Both
the solution and pure THF were titrated in order to account for the

water content of the THF. THF was consistently found to contain
0.5 g/kg water (SD 0g/kg) and this value was taken into account
when determining the water content of the bio-crude. Due to their
low viscosity, the extracts did not require dilution in THF prior to
the KF measurement. All KF measurements were performed at least
in triplicates.

2.4.3. TAN measurements

TAN of the bio-crude and its fractions was measured by poten-
tiometric titration utilizing a Metrohm Titrando 888 equipped with
a Metrohm Solvotrode (6.0229.010). The method applied in this
work is based on a modification of ASTM D664 test method B [39],
published by the National Renewable Energy Laboratory (NREL)
[40], which was developed in a previous publication [41]. The mod-
ification mainly consists in the substitution of 0.1 M solution of KOH
to 0.1 M solution of TBAOH as the titration agent. The results are
reported as mg KOH per gram of oil, where the mass of KOH cor-
responds to the same equivalents of TBAOH used in the titration.
The method demonstrates higher resolution of the titration curve
by generating several endpoints, which can be referred to either
carboxylic acids or phenolic components. Consequently, three acid
numbers are reported in this work: the carboxylic acid number
(CAN); the total acid number (TAN); and the phenolic acid number
(PhAN), the latter being taken as the difference TAN-CAN.

A three point calibration (pH 4, 7, 9) was applied for the read-
ing of the electrode, which resulted to the expected linearity (R?
= 1) between pH and measured electric potential (u). In addition,
control measurements were performed with two of the buffer solu-
tions (pH 4 and 7) before each series of measurements, to ensure a
correct response, as suggested by ASTM D664 test method B [39].
A determination of the range of electric potential corresponding to
the neutralization of carboxylic acids and phenolics was carried out
by using a standard solution containing benzoic acid and phenol.
The titration showed a sharp inflection point at - 139mV, and a
subtle one at — 430 mV. The former represents benzoic acid while
the latter represents phenol [40]. A number of titrations of the bio-
crude feed generated the high inflection point at —150 mV and the
low at —450 mV, which is in line to the standard solution. In addi-
tion, Christensen et al. [41] reports carboxylic acids and phenolics
of pyrolysis oil generating inflection points at —100 and —420 mV,
respectively, which is in fair agreement with the result in this work
considering the differences in the feed material. All measurements
were performed in triplicate, by diluting approx. 0.1 g of sample
in 50ml of 2-propanol and titrated with a solution of TBAOH in
2-propanol (0.1 M).

2.4.4. Density

Density of the bio-crude was measured with an Anton Parr DMA
500 density meter and an Anton Parr DMA 35 EX. Since the bio-
crude is very viscous, it was diluted 1:1 by mass in four solvents
(acetone, 2-pentanone, butanone, THF) prior to measurement. Both
the density of the diluted samples and the density of the pure sol-
vent were measured (single measurement for each sample, giving
eight measurements in total). The density of the bio-crude was
estimated assuming a linear relation between density and mass
fraction of oil. According to this method, the density of the bio-
crude resulted to be 1051 kg/m3 +0.4kg/m3. The density of the
sCO, extracts was determined by weighing the mass of an accu-
rately measured volume of sample. The weighing was carried out
in triplicate on a precision balance (OHAUS PA224C). The volume of
the sample was estimated using a positive displacement precision
pipette (Gilson Microman M1000) fitted with a capillary piston.
The volumetric response of the pipette, with the specific capillary
piston, was calibrated by weighing the amount of distilled water
supplied by the pipette and calculating the corresponding volume
by using NIST [42] density values at the temperature of the labora-
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Table 1

Operating conditions and experimental results of all extractions. Extraction temperature (T); extraction pressure (P); CO density (p); average CO, flow rate (Q); mass of feed
(F); mass of extract samples (E1, E2, E3); losses (L); solvent-to-feed ratio (S/F); yield (Y).

Run A B C D E F G H 1 ]
T(°0) 40 40 60 60 60 80 80 80 120 120
P (bar) 112 183 183 290 385 183 255 400 275 400
p (kg/m?) 691 822 693 822 882 548 693 822 548 693
Q(g/min) 65 47 6.6 5.0 43 7.0 6.1 32 53 39
F(g) 409 502 479 50.5 47.1 50.9 47.4 489 51.1 456
El(g) 34 52 56 56 6.5 5.1 6.7 53 6.2 58
E2(g) 25 34 53 62 49 46 58 57 56 62
E3(g) 3.7 - 36 32 27 45 50 77 74 7.0
L(%) 9.7 145 9.7 NAS 154 9.7 78 6.0 6.6 9.1
S/F (g/g) 85.8 128 481 165 128 521 392 15.9 204 133
Yr (%) 235 17.1 30.1 296 30.0 2738 36.8 3822 376 4138

NA: not applicable.
2 Taken from NIST [42].
b Extracted at 350 bar (solvent density of 950 kg/m?).
¢ Mass balance not possible due to severe clogging.

tory. All weighing and pipette volumetric readings were performed
in triplicate.

2.4.5. Functional group identification by ATR-FTIR

Functional group identification was performed by Fourier-
transform infrared spectroscopy (FTIR) utilizing a Thermo-
Scientific Nicolet iS5 instrument coupled with an attenuated total
reflectance (ATR) accessory iD7. The resolution was at 4cm~! with
a recording range 500-4000cm™".

2.4.6. Component identification by GC-MS

Samples of bio-crude or extracts were dissolved in pyridine
(1:1 ratio (w/w)) and derivatized (heat treatment 60 °C, 20 min) to
trimethylsilyl derivatives. 4-bromophenol was added to the sam-
ples prior to derivatization to be used as an internal standard.
The derivatized samples were diluted in diethyl ether (DEE) at a
solvent-to-feed ratio 50:1. The derivatized bio-crude was partly
soluble in DEE therefore the mixture was filtered througha 0.45 pm
syringe filter and the insoluble fraction was weighed to 3 wt% of
the initial bio-crude mass. The extracts appeared completely solu-
bilized without any retained matter on the filter. 1 wL was injected
into a Thermo Scientific Trace 1300 ISQ GC-MS system with a
HP-5MS column (30 m, 0.25 mm, 0.25 wm). The oven temperature
profile was as follows; 40°C-120°C at 10°C /min, hold for 5 min,
then heated to 300°C at 5°C /min, and hold for 4 min. Injector and
ion source temperatures were maintained at 300 °C, split ratio was
1:20, and flow rate of the helium carrier gas was 1.0 mL/min. An
approximate quantitation of the identified compounds was carried
out assuming:

Ai
Wi = Wist - m

where w and A indicate the mass fraction and the chromatographic
peak area, respectively, while i and IST refer to species i and internal
standard, respectively [4]. For each sample a single GC-MS injection
was performed.

3. Results and discussion
3.1. Extraction yields and vapour phase loading (VPL)

Data pertaining the sCO, extraction experimental runs are
reported in Table 1. The table includes the set values of the extrac-
tion pressure and temperature, together with the corresponding
CO,, density (NIST [42]). In addition, data on the average CO; flow
rate, mass of different samples (feed, extracts, and residue), mass

El

5D E3

Fig. 3. Extracts of experimental Run F (T=80°C; P=183 bar: Y1 =27.8%).

balance (losses), solvent-to-feed ratio and total yields are reported.
The extraction temperature was varied in the range 40-120°C (4
levels). At each temperature, the extraction pressure was selected
in order to ensure the solvent density to be high enough, as needed
for this heavy bio-crude. More specifically, the operating densities
were varied in the range of 548-882 kg/m?3 (61% density variation).
Overall, the experimental plan allowed for: two sets of isobaric runs
(183 bar and 400 bar) at different temperatures and solvent den-
sities; four sets of isothermal runs (40°C, 60°C, 80°C, 120°C) at
different pressures and solvent densities; and three sets of isoden-
sity runs (548 kg/m3, 691-693 kg/m?3, and 822 kg/m?3) at different
pressures and temperatures. Each run was executed at constant
pressure and temperature, with the exception of Run A where the
first two extracts were collected at 112 bar whereas the last extrac-
tion period, leading to the third extract, was carried out at 350 bar.
Extractions B, D, E and J lasted under 3 h, G, H and I between 3 and
5h, whereas A, C and F lasted over 6 h.

Three extracts were collected for each run, with the exception
of Run B that was characterized by severe clogging and it was nec-
essary to stop it after two extract samples. The mass of the extracts



102

Extraction yield (wt%)

Extraction yield (wt%)
o
S

N. Montesantos et al. /. of Supercritical Fluids 149 (2019) 97-109

25 : . . , . r .
a)
20+ 1
—=—691 keg/m’
—5—950 kg/m’
—5 822 kg/m’

20 30 40 50 6 70 80 90
SIF (g/e)
40 v : T T T
)
st 1
300 ]
25t 1
150 1
10} ] 1
s —5— 548 ke/m’
| —=—693 kg/m’
/ 5822 kg/m®
6 : ) : . §
10 20 30 40 50 60
SIF (gle)

Fig. 4. Extraction yield vs.

45

40

Extraction yield (wt%)
b =3 [ ) w
s =3 b3 =4 b3

o

35

30

— %) )
@ S G

Extraction yield (wt%)

s

45

40

35

IS} w
I3 S

()
S

Extraction yield (wt%)

b)

—5—693 kg/m”| |

5822 kg/m®
882 kg/m®

20 30
S/F (¢/g)

40

@
T

d)

20
S/F (g/g)

solvent to feed ratio (S/F) for different solvent densities. a) 40°C; b) 60°C; ¢) 80°C; d) 120°C.

“80°C

n

T T

—=—40°C

—e—60°C |1

—5—120°C|

Fig. 5. Extraction yield vs. solvent to feed ratio (S/F) at different temperatures and for solvent density of 691-693 kg/m?.

20

30
S/F (¢/e)

40 50 60

30



N. Montesantos et al. / J. of Supercritical Fluids 149 (2019) 97-109 103

14 ro— ’ r ’ y .
) TS —e—691 kg/m®
a ——
nh H —=—950 kg/m’
— 5822 kg/m’
10+ g
o 8
=<
]
=
o,
> 6
4
[
3 -D\E’/'
0 g i i I . . .
8 10 12 14 16 18 20 2 24
Extraction yield (wt%)
50 : : . . .
—e— 548 ke/m’
45L0 548 kg m3 1
57693 kg/m
s0b 822 kg/m’ | |
35+ 1
_30F 1
&
Sost S ]
(=]
£
20 1
15+ 1
ok D\\ i
S
sk i
—~—_
o ’
5 10 15 20 25 30 35 40

Extraction yield (wt%)

30 T T T T T T T T

25 4

5
/
/

/

VPL (g/kg)
o
/
/

—5—693 kg/m’
& 822 kg/m®
882 kg/m’

w

10 12 14 16 18 20 22 24 26 28 30
Extraction yield (wt%)

80 T T T T T T

d) \
70+
60 \ g

50 1

—5— 548 kg/m’

—5— 93 kg/m®| 4

VPL (g/ke)
&

201 \

0 L L L L L .
10 15 20 25 30 35 40 45

Extraction yield (wt%)

Fig. 6. Vapour phase loading (VPL) vs. extraction yield for given temperature and different solvent density. a) 40°C; b) 60°C; ¢) 80°C; d) 120°C.

ranged from 2.5 to 7.7 g. The extraction yield after collection of N
extracts (Yy) was defined as:

N
E,
YN:%JOO

where N is the number of collected extracts, E; is the mass of the
kth extract and F is the mass of bio-crude fed to the extractor at the
beginning of the run. When N coincides with the last collection of
extract during semi-continuous operation at the given extraction
pressure and temperature (i.e. before depressurisation), then the
total extraction yield is obtained (Yr). At the operating conditions
tested in this work, total extraction yields ranged from 17 to 42%.
All extracts were liquid, showing a viscosity much lower than the
feed and a colour ranging from amber to black. An example of the
extracts obtained in an experimental run is shown in Fig. 3.

InFig. 4, the extraction yield is plotted against the solvent to feed
ratio, at given temperatures and for different solvent densities. As
can be seen, and in line with typical findings in sCO, extraction
experiments, at a given temperature extraction yield for a given
S/F increases with the solvent density. The perusal of Fig. 4 also
shows that at higher operating temperatures it is possible to obtain

higher yields using less solvent. This concept can be conveniently
visualised in Fig. 5, which shows the effect of temperature on the
extraction for a given solvent density. As can be seen, for this bio-
crude the temperature increase improves the yield of the process
dramatically and reduces the solvent requirements. This improve-
ment as temperature increases at constant solvent density is often
observed in sCO, extraction of oils. In the case of the HTL bio-crude
used in this work, this effect is much larger than what is found for
extraction of other oils [27-29]. In addition, it was observed that
the extraction of the bio-crude at 40 °C and 60 °C was characterized
by sporadic clogging problems and consequent instability of both
the extraction pressure and the solvent flow rate. Instead, the oper-
ation was extremely smooth at 80 °C and 120 °C at all investigated
pressures.

The Vapour Phase Loading (VPL) is defined as the mass of extract
obtained in a certain time interval, divided by the mass of solvent
flowed in the same interval. It is one of the key process parameters
determining the feasibility of the process on industrial scale, since
it primarily affects the cost associated to the supercritical solvent
loop. Values of VPL around 10 g/kg are generally considered min-
imum values for the feasibility of an industrial application [43].
In Fig. 6, the VPL is plotted against the extraction yield for the 4
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different extraction temperatures. As expected, the VPL is decreas-
ing while the extraction progresses since the oil phase inside the
extractor becomes heavier and enriched in the components rela-
tively less soluble in sCO5.

The temperature effect in VPL is considerable and in line with
the results presented in Fig. 4. As can be seen, the VPL ranges from
values as low as 2-14 g/kg at 40°C to values as high as 75 g/kg at
120°C. These data compare favourably with VPL data associated to
the extraction of other oils. For example, VPL values of up to 40 g/kg
at solvent density of 584 kg/m3 were reported for the continu-
ous countercurrent extraction of fatty acid ethyl esters from fish
oil by Riha and Brunner [44]; Gironi and Maschietti [45] reported
VPL range of 13-31 g/kg when extracting fish oils ethyl esters in a
batch extractor at CO, density of 500-600 kg/m?3; the same authors
reported VPL values between 11 and 27 g/kg for continuous coun-
tercurrent deterpenation of lemon oil, with CO, density in the range
260-300 kg/m?3 [46].

With regard to previous data on sCO, fractionation of lignocel-
lulosic oils, examples can be found on semicontinuous single-stage
fractionation of pyrolysis oils. The published experimental cam-
paigns however focused on operating conditions typically leading
to VPL values in the range 1-10g/kg [20,26,27,29,32,34,35]. On
the other hand, the experimental results of this work clearly indi-
cate that VPL values compatible with industrial operation can
be obtained on lignocellulosic HTL oil, operating the process at
relatively high temperatures (above 80°C) and pressures (above
180 bar).

3.2. Water content, acid numbers and density of bio-crude and
extracts

The water content of the bio-crude feed was 27 &+ 1 g/kg. With
regard to the extracts, the first (E1) and last (E3) extracts were
measured for all extractions at solvent density 691-693 kg/m3. A
moderate dehydration was observed, with the water content equal
to 16 + 2 g/kg for E1 samples and 23 + 2 g/kg for E3 samples at all
temperatures.

CAN, PhAN, TAN and density of all extracts and the feed are
reported in Table 2. As can be seen from the acid numbers, the bio-
crude is highly acidic even when compared with high-TAN crude
oils that can reach up to 5 mg KOH/g [47]. In addition, it is observed
that the extraction with sCO, produces extracts exhibiting lower
TAN compared to the feed. More specifically, TAN values for the
first extracts are on average 74.0 mg KOH/g, i.e. 42% lower than
the TAN values of the feed. This result shows that sCO, preferen-
tially extracts non-acid components. This also explains why TAN is
progressively increasing during the extraction. However, it is also
apparent that in this single-stage process, acid components are also
co-extracted, since TAN values are still very high when compared to
fossil crudes. By contrast, CAN values of the extracts are comparable
with those of the feed and, in a few cases, even higher. This indi-
cates the presence of carboxylic acids in the feed of lower molecular
weight than average molecular weight of other species, therefore
exhibiting a relatively high solubility in sCO, in spite of the high
polarity. On the other hand, PhAN values are consistently lower
than the feed. In particular, the average PhAN of the first extract
is 35 mg KOH/g, corresponding to a 59% reduction with respect to
the PhAN of the feed. This result indicates that the acidity of the
residue is shifting towards phenolic type as extraction progresses.

With regard to the density of the extracts, as can be seen it is
moderately reduced compared to the feed. Even though the values
are still too high compared to diesel fuels, they are in line with those
of marine fuels, which range from 890 to 1010 kg/m? as reported
in ISO 8217 2017 [48].
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Fig. 7. Infrared spectra of bio-crude and the extracts from Run G (80°C, 255 bar).

3.3. Chemical characterization of bio-crude and extracts

The elemental analysis of the bio-crude resulted in the following
mass fractions: C 0.809+0.01; H 0.086 +0.004; N 0.005 + 0.0002;
S 0.006 +0.0003. Oxygen mass fraction is estimated by difference
to be 0.094 +0.01. These values are in line with literature for HTL
bio-crudes from lignocellulosic biomass [15,17,22]. Typical data
for petroleum samples are in the following ranges: C 0.83-0.87;
H 0.10-0.14; N 0.001-0.02; S 0.0005-0.06; O 0.0005-0.015 [49].
From an elemental standpoint, the high oxygen content of ligno-
cellulosic bio-crudes is clearly the parameter exhibiting the larger
deviation for fossil crudes and it is therefore of interest to analyse
the effect of sCO, extraction on this parameter. Oxygen mass frac-
tion of the bio-crude and all extracts is reported in Table 2. The mass
fraction of oxygen in the extracts is higher than the feed for most
extract samples with mass fractions up to 0.16. In addition, the dis-
tribution of oxygen among the various extract does not show clear
trends. This indicates that oxygen is widespread in the different
chemical species contained in the bio-crude, as also supported by
the GC-MS analysis (see Section 3.4) and it is therefore not expected
that a sCO, extraction process can yield substantial differences in
the oxygen content. However, as calculated by mass balances, the
increased oxygen content of extracts implies that this parameter
is reduced down to 0.07 in the residue. A lack of definite trends in
oxygen distribution was also observed in previous works on ligno-
cellulosic bio-crude separation applying vacuum distillation [ 15] or
pentane liquid-liquid extraction [24]. In particular, Pedersen et al.
[15], observed the absence of a clear trend in the oxygen content
with increasing boiling point and that oxygen distributes through-
out the entire boiling range, for a similar HTL bio-crude. From this
point of view, it seems that the sCO, extraction process is in line
with alternative processes, which is another indication of oxygen
being widespread in the feed bio-crude and therefore the bio-crude
being intrinsically difficult to be separated in terms of fractions of
different oxygen content.

FTIR spectra of the bio-crude and the fractions of Run G (80°C,
255 bar) are shown in Fig. 7. Qualitatively, Fig. 7 is representative of
all experiments and therefore is discussed on the basis of literature
indications [50,51]. The wide absorption band between wavenum-
bers 3000 and 3600 cm~! indicate the presence of hydroxyl groups
and of hydrogen bonds. The well-defined absorptions between
2800 and 3000 cm~! are characteristics of C—H stretching that indi-
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Table 2

105

Carboxylic acid number (CAN), total acid number (TAN), phenolic acid number (PhAN), density and elemental oxygen mass fraction of bio-crude and its sCO; fractions.

Acid number (mg KOH/g)

CAN TAN PhAN Density (kg/m?) Oxygen mass fraction

Bio-crude 43+0.9 129+6.0 86+6.1 1051+£0.4 0.10+0.011
Run A

E1 34403 78+0.9 44+1.0 980 +36.0 0.14+£0.022
E2 37406 86+0.5 48+0.8 998 +7.0 0.11+0.028
E3 51403 106 +0.7 56+0.8 1002 +12.0 0.15+0.024
Run B

E1 37402 74+1.0 37+1.0 972+9.0 0.14+0.017
E2 40+0.2 85+0.6 44+0.7 997+11.0 0.16+0.016
Run C

E1 35402 66+0.5 32+06 963 +8.0 0.16+0.039
E2 44+03 94+0.9 49+1.0 1015 +6.0 0.15+0.017
E3 53+0.4 114+1.0 61+1.1 1015+5.0 0.11+0.020
RunD

E1 38+0.1 76+0.4 37+04 961+2.0 0.10+0.018
E2 45+0.8 89+24 44+2.5 986+ 8.0 0.16+0.026
E3 50+0.9 103+1.1 54+1.4 986+0.2 0.10+£0.038
Run E

E1 50+0.6 84+09 34+1.1 965+ 6.0 0.09 +0.023
E2 54403 93+1.1 39+1.1 984+7.0 0.10+0.004
E3 58+0.1 100+0.6 42+0.7 991+4.0 0.12+0.016
Run F

E1 32+1.2 61+0.0 29+1.2 959+4.0 0.16+£0.013
E2 44+0.4 96+2.2 52422 989 +4.0 0.14+£0.009
E3 56+0.4 117+0.5 62+0.6 1014+9.0 0.16+0.020
Run G

E1 37+04 73+1.1 36+1.1 967 +3.0 0.15+0.005
E2 48+0.4 98+1.3 50+1.2 992+12.0 0.16+0.028
E3 56+1.8 114+25 57+3.1 1017 +9.0 0.16+0.010
Run H

E1 40+0.1 76+1.1 36+1.1 955+4.0 0.08+0.014
E2 46+1.0 87+0.6 41+1.2 984 +4.0 0.11+0.009
E3 50+0.2 102+3.0 52+3.0 1003+7.0 0.12+0.020
RunlI

E1 39+0.2 72+1.3 33+1.3 968 +4.0 0.13+0.012
E2 49+0.1 98+1.0 48+1.0 987+2.0 0.12+0.014
E3 64+1.0 120+£0.8 56+1.3 1018 £6.0 0.15+£0.017
Run]

E1 47+0.3 80+0.9 33+1.0 941+8.0 0.08 +0.009
E2 53403 96+0.7 43+0.8 1001+7.0 0.10+0.015
E3 59+0.5 113+0.9 54+1.0 1012+6.0 0.08+0.011

cates aliphatic structures. The absorptions at 1700 and 1600 cm~!
are due to C=0 functionalities in ketones, aldehydes, and carboxylic
acids. Some peaks displaced to lower wavenumbers indicate that
conjugated components are present, which is supported by the
unsaturated ketones identified by GC-MS. The bands in the range
of 1200-1400 cm~! correspond to phenolics. The spectra of Fig. 7
show that the phenolics (1200-1400 cm~') in the extracts are rep-
resented in lower concentrations compared to the feed and they
show an increasing trend as the extraction progresses. This obser-
vation is in line with the trends of the PhAN values reported in
Table 2 and previously discussed.

3.4. Selectivity towards specific components

Nineteen chemical components were identified by GC-MS anal-
ysis (Table 3) aimed at the lighter fraction of the bio-crude. The
identified light components accounted for 5wt% of the bio-crude
feed, while they accounted for 7-9 wt% of the extracts. The iden-
tified components can be classified into the following functional
classes depending on their chemical structure: 1) Cyclic aliphatic
ketones (C7-Cy), with a single unsaturation (Ketones, K); 2) Phenol
and 1-ring alkylphenols with a single hydroxyl group (Phenols, P);

3) Catechols (C); 4) Fatty acids (FA); 5) Phenylethanoids (PE); 6)
Phenylacetic acids (PA). Fig. 8 shows an example chromatogram of
the bio-crude as it compares to 3 subsequent extracts at 183 bar and
80°C (Run F), as well as the peaks corresponding to the identified
components numbered as in Table 3.

The total extraction yield for each class of components i is
defined as:

ZNEkYik
Yri= }T 100
1

where Ej is the mass of extract k, y; is the mass fraction of the class
i in the extract k, F is the mass of the feed, z; is the mass fraction
of the class i in the bio-crude. Mass fractions were estimated by
the GC-MS procedure reported above (see Section 2.5.4). Yy ; val-
ues were found to be between 10 and 81% as it is reported in Fig. 9.
The values follow the pattern of Yt, which is to say it increases with
increasing temperature for any given solvent-density. Ketones and
1-ring phenols were the most extracted components, with total
yields up to 81% and 76%, respectively, at the maximum extrac-
tion pressure and temperature (i.e. Run J). All identified classes
of components however exhibited yields higher than 50% in the
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Table 3
Components identified by GC-MS, retention time (RT), formula, CAS number, molecular weight (MW) and functional class as defined in this work.

# RT Component Formula CAS MW Class®
1 9.87 2-Cyclopenten-1-one, 2,3-dimethyl- C7H;00 1121-05-7 110.15 K
2 10.10 Phenol CsHsO 108-95-2 94.11 P
3 10.27 2-Cyclopenten-1-one, 3,4,4-trimethyl- CgHy20 30434-65-2 124.18 K
4 10.40 Caproic acid CsH1202 142-62-1 116.16 FA
5 10.72 2-Cyclopenten-1-one, 2,3,4-trimethyl- CgHy20 28790-86-5 124.18 K
6 11.02 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl- CoH140 - 138.21 K
7 11.43 o-Cresol C7HgO 95-48-7 108.14 P
8 11.82 p-Cresol C7HgO 106-44-5 108.14 P
9 12.13 Enanthic acid C7H140; 111-14-8 130.19 FA
10 13.15 2,5-Xylenol CgHy00 95-87-4 122.16 P
11 13.52 2,3-Xylenol CgHi00 526-75-0 122.16 P
12 13.88 2,6-Xylenol CgH100 576-26-1 122.16 P
13 14.59 Caprylic acid CgH1602 124-07-2 144.21 FA
14 19.12 4-Methylcatechol C7Hg02 452-86-8 124.14 C
15 21.34 Benzeneethanol, 2-hydroxy- CgH1002 7768-28-7 138.16 PE
16 23.72 Benzeneacetic acid, 3-hydroxy CgHgO3 621-37-4 152.15 PA
17 34.72 Palmitic acid Ci6H3202 57-10-3 256.42 FA
18 36.04 Margaric acid Cy7H340; 506-12-7 27045 FA
19 38.30 Stearic acid Cy3H3602 57-11-4 284.48 FA

2 1) Cyclic aliphatic ketones (C7-Cq), with a single unsaturation (Ketones, K); 2) Phenol and alkylphenols with a single hydroxyl group (Phenols, P); 3) Catechols (C); 4)
Fatty acids (FA); 5) Phenylethanoids (PE); 6) Phenylacetic acids (PA).
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experiments G to ] (i.e. higher temperature), with the exception of
phenylethanoids (i.e. up to 34%).

In Fig. 10, the equilibrium ratios (K-values) of each class are

reported for all investigated extraction conditions. Fig. 10a)-c) refer
to the first, second and third extract, respectively. The K-values
were calculated as:
K=
where: Kj is the K-value of class i during extraction of extract k;
Vi is the mass fraction of class i in extract j on a CO,-free basis;
m isanestimation of the average mass fraction of classiinside
the extractor on a CO,-free basis, over the time elapsed from the
collection of the extract k-1 and the collection of the extract k. The
mass fractions of the classes of components inside the extractor
on a CO,-free basis were estimated by means of the application
of mass balances. They represent, as usual in sCO, extractors, a
good approximation of the liquid phase mass fractions on a CO5-
free basis since most of the oil components inside the extractor are
actually in the liquid phase.

From Fig. 10, it can be observed that ketones and 1-ring phe-
nols are the species preferentially extracted, with K-values in the
first extract in the range 2.7-4.5 for ketones and 2.1-3.3 for 1-ring
phenols. Their K-values decreases during the extraction, showing
that their separation is progressively more difficult as their con-
centration in the residue decreases. Catechol and fatty acids are
also enriched in the gas-phase, even though they exhibit lower
K-values (between 1.2 and 1.7 in the first extract) compared to
ketones and 1-ring phenolics. It is however interesting to note that
K-values above 1 for fatty acids indicate that these components, in
spite of their polarity, are concentrated in the gas phase. K-values of
phenylethanoids and phenylacetic acids are the lowest, with values
almost consistently below 1 in the first extract, i.e. they are con-
centrated in the residue. However, their K-values increase during
the extraction and this is particularly remarkable for phenylacetic
acids, which show values above 1 in the last extraction period.

The perusal of the data shows that higher K-values are obtained
for lower boiling point for all species. More specifically, the K-values
decrease in order of K>P >C> PE > PA following increasing boiling
points, from around 200 °C for ketones and phenolics up to 350°C
for phenylacetic acid. Fatty acids are not considered in this argu-
ment because of their wide range of boiling points (i.e. around
250°C up to around 350°C), although the presence of relatively
low boiling point acids is consistent with the K-values higher than
1. From this standpoint, similar separation patterns are expected if
comparing sCO, extraction and vacuum distillation.

The possibility of separating the identified classes of extracted
components one from the other was evaluated by means of selec-
tivity calculations. The selectivity of sCO, towards the separation
of the classes i-j was calculated as:

S = b
K
Selectivity values fall in the majority of cases between 1.1 and
10, which indicate that the separation of these classes of com-
ponents by means of sCO, is possible, even though a multistage
process is needed [52]. The pairs that are most difficult to separate
are the ketones-phenols and catechol-fatty acids with selectivities
always lower than 1.5 and in some cases even 1.0. As expected,
ketones and phenols are the easiest to separate from the polar
classes, with selectivities consistently above 2.0 in all experimental
conditions, while the highest values of 5.2 and 5.0 for ketones-
phenylethanoids and phenols-phenylacetic acid, respectively, are
achieved at the lowest temperature (i.e. 40°C) and with solvent
density 822 kg/m3.
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Fig. 10. K-values for the identified classes of components for the three extracts of
each experimental run. a) Extract 1; b) Extract 2; ¢) Extract 3. K: Cyclic aliphatic
ketones (C7-C9), with a single unsaturation; P: Phenol and alkylphenols with a
single hydroxyl group; C: Catechols; FA: Fatty acids; PE: Phenylethanoids; PA:
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4. Conclusion

At the operating conditions tested in this work, sCO, proved to
be capable of extracting a large fraction of HTL bio-crude (between
17% and 42%). The dramatic influence of the extraction tempera-
ture on the process operability was demonstrated, with smooth
operation at 80°C and 120°C, whereas sporadic clogging prob-
lems were encountered under operation at 40°C and 60°C. At
the above-mentioned higher temperatures, the efficiency of the
process was also much higher. In fact, increasing temperature at
given solvent-density led to higher extraction yields associated to
lower solvent-to-feed ratios. This is due to higher VPL values, which
resulted to be in line with values typically deemed suitable for
industrial applications of supercritical CO, extraction. For exam-
ple, the extraction yield of 42% was obtained at 120°C and 400 bar
with a solvent-to-feed ratio as low as 13.3.

The extracts exhibited improved bulk properties compared to
the feed. Density reduction to marine fuel level and up to 40% reduc-
tion of TAN suggests that sCO, extraction units can be taken into
consideration in the overall valorisation of HTL bio-crudes. Oxygen
content was higher than the feed in all extracts, which indicates this
process not to be suitable for producing extracts that do not need
hydrotreating in a fuel production perspective. The resulting reduc-
tion of oxygen in the residue, however, suggests the possibility of
subjecting the lighter extracts to hydrotreating or dedicating them
to production of chemicals (e.g. ketones, phenolics), while rout-
ing the heavier residue to processes focused on molecular weight
reduction (e.g. cracking) or to processes aimed at the production of
adsorbent bio-materials.

The experimental K-values show that both molecular weight
and polarity play a role in determining the components preferen-
tially extracted, with decreasing K-values associated to increasing
boiling points. From this standpoint, the sCO, extraction process is
expected to behave similarly to vacuum distillation, albeit allowing
much lower operating temperatures. Targeted studies compar-
ing vacuum distillation and sCO, extraction of HTL bio-crudes
are deemed relevant as further investigation. The experimen-
tal selectivites show that sCO, can also be used as a means
for downstream separation of the extracts into different classes
of chemicals. In fact, selectivity values clearly indicate the fea-
sibility of the downstream separation by means of multi-stage
processes.
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Supplementary Material: Table of K-values

Table S1: K-values of component classes for each extract K1 (E1), K2 (E2) and K3 (E3).

Ketones Phenols Catechols Fatty acids Phenylethanoids Phenylacetic acids

Run A
K1 2.7 2.9 1.7 1.3 0.8 1.1
K2 2.6 2.8 1.7 1.4 0.8 1.1
K3 2.0 1.7 2.0 1.8 1.0 1.7
Run B
K1 3.0 2.8 1.3 1.6 0.5 0.7
K2 34 34 1.6 1.8 0.7 1.0
Run C
K1 4.5 32 1.5 1.6 0.6 0.7
K2 3.8 3.0 1.7 1.5 0.8 1.1
K3 2.5 1.4 2.1 1.7 1.0 1.9

* Corresponding author: marco@bio.aau.dk (Marco Maschietti)
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K1

K2

K3

K1

K2

K3

K1

K2

K3

K1

K2

K3

K1

K2

K3

32

3.5

3.5

2.8

33

34

3.6

33

1.5

3.6

3.6

1.8

2.7

3.1

3.0

2.6

33

2.8

2.6

3.1

2.9

33

32

1.0

2.9

2.7

1.0

2.1

2.9

23

13

1.6

1.8

1.5

1.6

1.8

1.4

1.8

2.2

1.4

1.8

24

1.3

1.5

1.9

Run D

1.7

1.9

2.0

Run E

1.7

2.0

2.1

Run F

1.2

1.5

2.0

Run G

1.6

1.8

1.9

Run H

1.7

1.9

2.0

0.5

0.8

0.8

0.7

0.7

0.8

0.5

0.9

1.2

0.6

0.9

1.1

0.6

0.7

0.8

0.8

1.1

1.4

0.8

1.2

1.4

0.7

1.4

2.2

0.7

1.5

24

0.8

1.0

1.7
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K1

K2

K3

K1

K2

K3

4.1

4.2

23

2.8

34

2.9

2.9

3.4

1.3

2.5

32

2.2

14

1.7

22

13

1.6

2.1

Run I

1.5

1.7

2.2

RunJ

1.7

2.2

2.5

0.5

0.8

1.0

0.7

0.7

0.9

0.8

1.3

22

0.9

1.4

2.2
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Supercritical carbon dioxide extraction was utilized for the fractionation of a pinewood derived hydrothermal
liquefaction bio-crude. The experiments were performed at temperature 120 °C and at pressure levels that
correspond to CO, density of 500, 615 and 730 kg/m®. Extraction yields of 34 to 49 % were achieved, which
increased with increasing solvent density. Density was reduced for all extracts (2-10 %) while the H/C ratio
increased when compared to the bio-crude. Low boiling point components such as ketones, 1-ring aromatic
hydrocarbons and low molecular weight fatty acids were extracted preferentially (K-values up to 11). 1-ring
phenols and benzenediols were enriched in the extracts as well (K-values 1-3). Heavy hydrocarbons and long
chain fatty acids were extracted at the later stages of extraction when the lighter components were depleted.

1. Introduction

Bio-crudes that are produced by conversion of biomass through thermochemical processes, such as
hydrothermal liquefaction (HTL) and pyrolysis, have been recognized as potential alternatives to petroleum,
for the production of liquid fuels as well as commercial chemicals (Baloch et al., 2018). Especially HTL of the
so-called second-generation lignocellulosic biomass, which includes non-food material (e.g. forestry, sewage,
industrial residues), can be a low cost and environmentally friendly source of the above. Wood (Pedersen et
al., 2016) and industrial residues, such as pulp mill excess lignin (Nguyen et al., 2014) are a few examples of
second-generation lignocellulosic biomass that have successfully been converted to liquid HTL bio-crudes
with promising fuel properties such as higher heating values up to 35 MJ/kg. Development of HTL has already
reached demonstration scale, even though there are a few obstacles to overcome with regard to downstream
fuel upgrading (Castello et al., 2018). High viscosity (e.g. 2000 mPa-s), density (e.g. over 1000 kg/ms)
(Haarlemmer et al., 2016) and oxygen content (e.g. 15 %) (Pedersen et al., 2017) are quality issues of HTL
bio-crudes, which need to be upgraded in order to be compatible with the conventional fuel infrastructure.
Catalytic hydrotreatment is the state-of-the-art upgrading process, which can bring the bio-crude to drop-in
quality, with however considerable cost due to hydrogen consumption and high operating temperature (e.g.
above 350 °C) (Castello et al., 2018). In addition to the fuel perspective, HTL bio-crudes contain a large
number of chemical species that range from ketones and 1-ring phenols to long-chain fatty acids and
polyaromatic hydrocarbons (Pedersen et al., 2016), indicating the possibility of producing chemicals. However,
the high number of components, the high boiling points of a large fraction of the bio-crude, as well as its high
viscosity render the separation into fractions a complicated task. In particular, distillation needs very high
temperatures even if operated under vacuum, and it is thus characterized by high operating costs. In addition,
the high temperature involved may lead to uncontrolled cracking reactions resulting to equipment fouling.
Conventional liquid-liquid extraction, which may have the advantage of viscosity reduction induced by the
solvent dissolution in the oil, has the disadvantage of requiring the use of organic solvents, which are often
petroleum-derived, that need to be regenerated by distillation (Magbool et al., 2017).

As typical when dealing with high boiling point and viscous liquid feeds to be separated, the extraction by
means of supercritical carbon dioxide (sCO-) is an environmentally friendly process with the potential of
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competing with conventional separation processes. In the case of pyrolysis lignocellulosic oils, the possibility
of producing extracts enriched in valuable components, such as phenolics, ketones and acids, was shown
(Feng and Meier, 2017). In addition, Feng and Meier (2017) observed that relatively high temperatures (e.g.
80 °C) enhances the extraction efficiency, especially when combined with high CO, density. In a previous
work, carried out at Aalborg University and focused on HTL lignocellulosic bio-crude, the positive effect of the
extraction temperature on the process operability and efficiency for these types of feed was highlighted. As a
matter of fact, process operability and the extraction efficiency were dramatically enhanced for extraction
temperatures increasing from 40 to 120 °C (Montesantos et al., 2019). In line with these preliminary findings,
the aim of this work is to investigate the potential of sCO, extraction of HTL lignocellulosic bio-crude at 120 °C,
for different pressures.

2. Materials and methods
2.1 Feed and chemicals

The bio-crude used in this work was produced by HTL of pinewood, in a pilot unit located at Aalborg University
(Pedersen et al., 2016). The HTL product was demineralized and dehydrated as described by Jensen (2018).
The final feed bio-crude used for the sCO; extractions was a black highly viscous liquid (Figure 1a). Carbon
dioxide (CO, 99.8 %) from AGA was used for the extractions. Tetrahydrofuran (THF, 99 %), methyl ethyl
ketone (MEK, 99 %) and methyl isobutyl ketone (MIBK, 99 %) from VWR were used as solvents for density
measurements. For the GC-MS analysis, diethyl ether (DEE, 99 %) from VWR and pyridine (ACS grade) from
Hach were used as solvents, n-heptadecane (C17, 99 %) from Acros and 4-bromophenol (99 %) from Merck
as internal standards, and N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA, 98.5 %) from Sigma Aldrich as
derivatisation agent. A PerkinElmer Cystine 4G powder was used for the calibration of elemental analysis.
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Figure 1: a) Bio-crude, b) Extracts (yield 34 %) and c) residue. Experimental run at 120 °C and 247 bar.

2.2 Supercritical extractions

sCO; extractions were performed utilizing a supercritical extraction system described in detail by Montesantos
et al. (2019). The system comprises a high pressure vessel with a basket insert (178 cm®), in which a feed of
approximately 30 g was charged prior to an extraction. The basket was filled up to 1/3 height with soda-lime
glass beads to ensure bio-crude dispersion and an adequate contact area with the solvent. CO, was chilled to
5 °C by a heat exchanger and fed to the bottom of the extractor by a pneumatic pump. The extraction
pressure (247 to 448 bar) and the CO- flow rate (4.8 to 5.9 g/min) were maintained by manually regulating the
air supply of the pump and the opening of a heated micrometering valve downstream the extractor. Before
starting to flow sCO,, the feed and the supercritical solvent were kept at the extraction pressure and
temperature for 30 minutes under static mode. A drum-type gas meter was used to measure the CO
volumetric flow at ambient conditions, downstream a series of washing bottles comprising a cold trap (2-5 °C).
The extract was collected in the cold trap in interchangeable sampling vials. After the end of each extraction,
the system was depressurized, the basket dismounted, and the residue retrieved by washing the basket and
the glass beads with THF and removing the solvent by rotary vacuum evaporation.

2.3 Analytical characterization

The feed and extracts where characterized in terms of density, elemental composition and component
identification and quantitation by gas chromatography — mass spectrometry (GC-MS), while the residue was
subjected to elemental analysis (EA). Because of the high viscosity, the density of the bio-crude feed was
estimated by diluting it 1:1 (w/w) in three solvents (i.e. MEK, MIBK, THF). The densities of the mixture and of
the pure solvent were measured with an Anton Parr DMA 35 Ex, and the density of the bio-crude was
calculated assuming a linear relation between the measured density and its mass fraction. Due to the small
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quantity of the extracts, their density was measured by weighing the mass of a volume of sample displaced by
a calibrated positive displacement precision pipette. EA was performed in a PerkinElmer 2400 Series Il
CHNS/O analyser. Carbon, hydrogen, nitrogen and sulphur were measured, whereas oxygen was calculated
by difference. GC-MS analysis of bio-crude and extracts was performed by injecting 1 pl of sample in a
PerkinElmer Clarus 680 GC coupled with a PerkinElmer Clarus SQ 8T MS. The analytes were separated in a
PerkinElmer Elite 5 column (30 m, 0.25 mm ID, 0.1 ym). The temperature program of the GC was: 70 °C initial
temperature for 1 min; 15 °C/min up to 250 °C; hold for 7 min. All identified components except the acids were
quantified by means of the internal standard (IS) method, diluting the samples in DEE (15:1) spiked with a
known amount of C17 (IS). The identification and quantitation of the acids were carried out by derivatizing the
samples with BSTFA, using pyridine as solvent (1:1:1 (w/w)) and applying a heat treatment at 60 °C for 20
min. Pyridine contained a known amount of 4-bromophenol (IS). The derivatised samples were diluted in DEE
(25:1). The identified compounds were approximately quantitated assuming proportionality between their
mass fraction and the chromatographic area (Nguyen et al., 2014). All analysis (i.e. density, EA, GC-MS) were
performed in triplicate.

3. Results and discussion
3.1 Extraction yields and vapour phase loading (VPL)

The operating conditions and experimental data of all extractions are reported in Table 1. The extraction
temperature (T) for all runs was set to 120 °C while pressure (P) was set to different values in order to achieve
CO; densities (p) in the range of 500 to 730 kg/m®. Pressure and temperature were maintained for the whole
duration of each extraction with average standard deviations (SD) of 3 bar and 0.4 °C, respectively. In
addition, the average flow rate (Q) is reported (SD 0.8 g/min). Extractions lasted approximately 4 hours and 4-
5 extracts were collected for each run (E1, E2, ..., E5). The extracts appeared remarkably less viscous than
the bio-crude feed while the residue was a dry solid (Figure 1b and 1c). Extraction yields at time t were
calculated as the ratio of the mass extracted from the beginning of the flow mode of operation (¢t = 0) until
time t and the mass of the feed (F). Total extraction yields (Yr) refer to the time of the last extract. They were
observed to range from 34 to 49 %. The mass of the residue (RS), the cumulative solvent-to-feed ratio (S/F)
and the mass balance closures (MB) are also reported in Table 1. The mass balance closure discrepancy is in
line with the extracted material remaining in the dead volume of piping (estimated 6.2 ml) after the end of an
extraction.

Table 1: Operating conditions and experimental results of all extractions.

Run T P P Q F E1 E2 E3 E4 E5 RS MB SF Yy

(°C) (ban) (kgim®* (g/min) (@) (@) (9 (@ (@ (@ (@ (%) (g9 (%)
A 120 247 500 69 308 23 21 30 30 - 166 876 509 339
B 120 323 615 58 300 27 26 25 42 - 139 899 420 419
C 120 448 730 48 280 25 24 27 27 34 116 904 406 489

of

Taken from NIST

In Figure 2a, the extraction yield is plotted against S/F for all solvent densities. As expected, at the given
temperature, the extraction yield for a given S/F increases with solvent density. In other words, a given
extraction yield can be achieved with less solvent as solvent density increases. In Figure 2b, the Vapour
Phase Loading (VPL) is plotted against the extraction yield. VPL, typically reported in g/kg, is defined as the
mass extracted in a specific time interval, divided by the mass of solvent flowed through the extractor in the
same interval. The figure shows an expected improvement of VPL with increasing solvent density, due to the
increased solubility of the bio-crude in sCO,. VPL is decreasing while the extraction proceeds since the feed
remaining in the extractor becomes heavier and thus less soluble in sCO». The irregular increase shown for
runs at 615 and 730 kg/m® between the first and second extract is most likely due to unsaturated solvent at
the beginning of the flow mode of operation and it is a feature often seen in supercritical extractions. VPL in
this work ranges from 46 g/kg for the early stages at the highest pressure to values as low as 3 g/kg at the
final stages of the extractions. These results demonstrate average VPL values above 10 g/kg, which can be
considered as a rule-of-thumb value for industrial application feasibility (Maschietti, 2014), at yields up to 49
%. In addition, at the high pressure and temperature values applied in this work, VPL values in line with those
obtained for other types of oils (11 to 40 g/kg), for which the sCO- extraction was proved feasible (Gironi and
Maschietti, 2006; Gironi and Maschietti, 2007; Riha and Brunner 2009), are found.
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Figure 2: a) Extraction yield vs. solvent to feed ratio (S/F) and b) vapour phase loading (VPL) vs. extraction
yield for different solvent densities, at 120 °C.

3.2 Physical and chemical characterization

The density of the bio-crude was found to be 1064 kg/m3 +15 kg/ms, whereas values in the range 957 kg/m3 +
30 kg/m3 to 1044 kg/m3 + 26 kg/m3 were measured for the extracts. Extract density values are in line with
density of marine fuels, which ranges from 890 to 1010 kg/m® as defined by ISO 8217 2017. The density of
the extracts was found to increase during the extraction, which is in line with increased extraction of heavier
components. The H/C ratio of the extracts was observed in the range 1.40 to 1.69, which is higher than the
feed (1.21), with these values being similar to typical bitumen values (i.e. 1.5) (Speight, 2014). The residues
had the lowest H/C (range 1.03 to 1.14), which is in line with the respective increase in the extracts. The O/C
ratio was relatively unchanged in all extracts (range 0.08 to 0.10) compared to the bio-crude (i.e. 0.10). The
standard uncertainty of H/C and O/C was 0.04 and 0.004, respectively. Similar lack of definite trends in
oxygen distribution have been found in literature where lignocellulosic bio-crude was fractionated by vacuum
distillation (Pedersen et al. 2017) or liquid-liquid extraction using pentane (Bjelic et al. 2018). This O/C is an
order of magnitude higher than that of crude oil. However, the near absence of other heteroatoms (i.e. S, N),
shown by EA, makes a 1:10 blending for refinery vacuum distillation possible. The O/C ratio in the residues of
all runs was 0.12, which indicates that high boiling point oxygenated compounds remain in the residue and a
robust hydrotreatment/cracking process would be needed to upgrade it for fuel purposes.
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Figure 3: Example chromatogram of extraction A (i.e. 120 °C, 500 kg/m3): a) without derivatisation, b) acid
identification after derivatisation.

Chemical species belonging to the following 8 distinct classes were identified by means of GC-MS analysis of
the bio-crude and extracts: 1) cyclic aliphatic (C6-C9) saturated or monounsaturated ketones (ketones); 2) o-
cumene; 3) phenol, 1-ring alkylphenols and 1-ring guaiacols (phenols); 4) benzenediols and
alkylbenzenediols, with either methyl or ethyl side groups (benzenediols); 5) 2-ring and 3-ring aromatic
hydrocarbons (polyaromatic HC); 6) short-chain fatty acids (C5-C8); 7) long-chain fatty acids (C16-C18); 8)
dehydroabietic acid. The chromatograms of bio-crude, and extracts E1 and E4 of extraction A are shown in
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Figure 3a, whereas Figure 3b shows the corresponding chromatograms of the derivatised samples that served
for identifying and quantitating the acids. The boiling points of the identified extracted components varied from
approximately 150 °C for the lighter components up to higher than 400 °C for the heavier acids, with a
consistent match with increasing retention tmes.
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Figure 4: a, b, c: Distribution factors of identified classes at 500, 615 and 730 kg/m® respectively; d: Total
extraction yield of identified classes for all experiments.

Figures 4a to 4c show the distribution factors (K-values) of the identified classes of components. Figure 4d
shows the total extraction yield of each class. The K-values (K;;) were calculated, in a CO2-free basis, as:
Yike (1
Zik-1tZik
2

Kip =

. N P 1+ . . N
where y;;. is the mass fraction of each class i in an extract k and (%) is an estimation of the average

mass fraction of class i in the extractor during the period of collection of the extract k. The total extraction yield
Yy; for each class i was defined as:
¥ By (2)

Y= F—zl 100

where E; is the mass of extract k, y;, and F were defined above, and z; is the mass fraction of the class i in
the feed. As can be seen from Figure 4, the lighter components (i.e ketones, o-cumene, short-chain fatty
acids) are enriched in the extracts, owning the highest K-values in the initial period (up to 7) of each
extraction. Phenols and benzenediols are also enriched in the first extracts, albeit with lower K-values (below
3). A noteworthy increase in the K-value for the polyaromatic hydrocarbons and the long-chain fatty acids is
observed as the extraction progresses, with values close or below 1 at early extraction stages and up to 4 and
9, respectively, at the last stages. Interestingly, the K-value of dehydroabietic acid is considerably higher at
730 kg/m3 compared to the lower solvent densities, leading to an extraction yieldover 60 %. This difference
shows the remarkable tuneability of the sCO, extraction process by varying the solvent density. A general
trend of K-values decreasing as boiling point increases was observed. The total extraction yield of the
component classes follows the increase of the extraction yields, which increases with solvent density. The
only exception is the fatty acids (C5-C8) that seem to be preferentially extracted in all cases and end up to
yields close to 100 %. With regard to K-value ratios (i.e. selectivity between the identified classes), values
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between 1.1 and 13 were found, with the majority being above 2. These selectivities indicate that multistage
sCO; extraction units can separate the above-mentioned classes of chemicals in a downstream process.

4. Conclusion

The present work proves the feasibility of sCO, extraction of lignocellulosic HTL bio-crude at 120 °C.
Extraction yields (up to 49 %) comparable to vacuum distillation of a similar bio-crude (e.g. 52 %, Pedersen et
al., 2017) .were achieved for CO, density of 730 kg/ms. The extracts exhibit lower density values (956 — 1044
kg/ma) compared to the feed (1064 kg/ma), similar to those of marine fuels. The oxygen content of the extracts
is however an order of magnitude higher than crude oil. Nevertheless, the reduced viscosity and density, as
well as the enrichment of high boiling point oxygenated compounds in the residue, suggests the possibility of a
milder and less problematic hydrotreatment of the extracts, compared to direct hydrotreatment of the HTL bio-
crude. This, on the other hand, would require extensive cracking/hydroxydeoxygenation to be carried out on
the residue. With focus to chemical composition, chemical classes such as ketones, phenols, aromatic
hydrocarbons and fatty acids were identified and quantitated. These classes can be extracted with yields from
50 % up to values approaching 100 %, depending on the operating conditions. In addition, the selectivity of
sCO- towards the separation of couples of classes of components shows values between 1.1 and 13, with
average values around 2. This means that a downstream separation by multistage sCO; extraction is feasible,
thus rendering HTL bio-crude an alternative source for the production of chemicals.
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ABSTRACT: Supercritical carbon dioxide (sCO,) extraction was  Bjo-crude
applied on a raw biocrude, obtained by hydrothermal liquefaction i Extract > 50 wt%

of pinewood. The extractions were carried out in a semicontinuous " l ;:, i':.,‘ MlFeed
mode, in the ranges of 80 to 150 °C and 330 to 450 bar. Extraction MlExtracts
—— 5%  -98%  -75%  -50%

yields from 44 to 53 wt % were achieved. The extracts were richer 00 “ ‘ ‘ I
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in lower-molecular-weight (MW) compounds, with fatty acids and
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aromatic hydrocarbons concentrated up to 14 and 24 wt %,
respectively. For comparable MWs, lower-polarity compounds

concentrated in the extracts. Compared to the feed, the extracts SC02
exhibited a lower density (from 1030 kg/m?® down to 914 kg/m?), .
S~

@
3

a
3

Relative difference (%)

N
S

lower water content (from 5.7 wt % down to 1.3 wt %), and lower
oxygen content (from 10.0 wt % down to 5.0 wt %). In addition,
the metal content was drastically reduced (from 8500 mg/kg down
to 170 mg/kg on average). In the context of biofuel production, the sSCO, extracts are a better feed for catalytic hydrotreating.

1. INTRODUCTION metals (e.g, potassium and iron) are typically not reported,
except for a few cases.”* In comparison to fossil crude oils,
HTL biocrudes have relatively high oxygen content, typically
in the range of 10 to 20 wt %.'”'>"*'> The high oxygen
content is caused by a variety of oxygenated components, such
as ketones, fatty acids, and different one-ring phenols (e.g,
phenol, guaiacols, and catechols). Moreover, oxygen is also
expected to be contained in a complex large fraction of high
boiling components, including phenolic oligomers derived
from the lignin fraction.'® The presence of a relatively large
heavy fraction, essentially nonvolatile, is evident from previous
works, reporting vacuum distillation of lignocellulosic HTL
biocrudes. It was observed that approximately 50 wt % of the
oil cannot be distilled even at very high vacuum (i.e., 1.3 mbar)

Hydrothermal liquefaction (HTL) is a promising thermo-
chemical process to produce liquid fuel from biomass. The
process entails the depolymerization of biomass in an aqueous
medium at a high temperature (e.g, 250—450 °C) and
pressure (e.g,, 100—350 bar)." One of the major advantages of
HTL involves the flexibility of feedstocks that can be
processed, which include both dry and wet biomasses.” The
utilization of lignocellulosic biomass, an example of so-called
second generation biomass, is particularly appealing due to lack
of direct competition with food production. Wood residue and
excess lignin from the paper pulp industry are examples of
lignocellulosic byproducts produced in large quantities, which

can be valorized to liquid fuels via HTL ™ ° .
¥ . i ) at temperatures between 130 and 160 °C. The atmospheric
Besides the water medium, the HTL process is typically ivalent boili int of this h fracti bove 400
ied out in the presence of homogeneous catalysts and pH equ]l;/z%\gnt ofling point of this heavy fraction was above
carrie P S 4 P °C."”"" In the reported distillation experiments, the biocrude

adjEsters, SIliICh Cg P otacslsim; car}ll) o(;lateA d(Kzlgc())SI)—’I i%d¥: was dewatered prior to the process since the presence of water
carbonate d( % ¢ ;-)I,Talfl N 1uéno y.rﬁm e ( ha ): . a_lle would reduce the distillation efficiency, resulting to unsteady
main products o are a y-rich gas phase (typically boiling and creating control issues.'” In addition to the above,

around 90 wt % CO,),”* a solid phase (ie., char), and two HTL I Ilosic biocrudes h hich viscosi call
liquid phases. The liquid products are an aqueous phase ignocellulosic biocrudes have a high viscosity (typically

saturated of water-soluble organics and an oil, namely, the
HTL biocrude.” Received: December 16, 2019
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The HTL biocrude obtained by gravimetric separation of
the products is a tight water-in-oil emulsion, with a water
content in the range of 5 to 15 wt %.”~'* Typical ash content
values are reported broadly ranging from 0.01 wt % up to 5 wt
9%."'%"* Individual values of the content of alkali and earth
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in the range of 10’ to 10° cP)'*~*' and high density (typically
above 1000 kg/m?).>72%%*

To utilize HTL biocrudes as drop-in biofuels, the oxygen
content has to be drastically reduced. The state-of-the-art
method for this purpose is catalytic hydrotreating (i.e.,
hydrodeoxygenation, HDO).”> However, hydrotreating of
raw HTL biocrudes can lead to accelerated deactivation of
the catalytic bed due to a high metal content, which originates
from the alkali catalysts used in the HTL process and, to some
extent, from the biomass itself.”"** These metals deposit on
the active sites of the catalyst and promote sintering during
catalyst regeneration.”® Both of these mechanisms are
irreversible. Even at low concentrations, metals can drastically
reduce the lifetime of the catalyst, which needs to be replaced
when the deposition of 3—4 wt % metals is reached.”® In
addition, water can reduce catalyst activity by modifying its
surface or the pore structure.”® Less water and oxygen in the
HDO feed are therefore beneficial due to the lower hydrogen
requirement of the process and the lower amount of water in
the HDO reactor. In addition, reduced density values for the
biocrude are desirable to increase the drop-in potential with
different types of petroleum fuels, such as kerosene (775 to
840 kg/m>),”” diesel (820 to 845 kg/m?),”* and marine fuels
(up to 991 kg/m?®).>*

The application of a separation process upstream the
hydrotreatment aimed at obtaining a large fraction of HTL
biocrude, exhibiting favorable properties for the hydrotreating
process itself (especially low water, oxygen, and metal
contents), is worth analyzing. Among alternative separation
processes, supercritical carbon dioxide (sCO,) extraction is
appealing for a number of reasons: (i) it is an environmentally
friendly process, thus suitable by nature for the sustainability
paradigm that should characterize biofuel production; (ii) CO,
is internally generated in the HTL process; and (iii) it is a
process competitive to distillation in the presence of high
boiling point oils as temperatures required in distillation may
be too high even at high vacuum.’® The separation of high
boiling point liquid mixtures using sCO, is at the industrial
level for the fractionation of perfluoropolyether oligomers,*'
and it has been applied at the pilot or demonstration scale in a
number of cases. Some representative examples include the
separation of fish oil ethyl esters’>** or the removal of fatty
acids from rice bran oil,** wheat germ 0il,** and olive oil
deodorizer distillate.*®

In previous works, sCO, was reported capable of extracting a
large fraction of a dewatered and demetallized lignocellulosic
biocrude (extraction yields up to 49 wt %).”>*” The procedure
used for the dewatering and demetallization of the biocrude
used in the mentioned previous works*>*” is based on the
dilution of the biocrude in methyl ethyl ketone followed by
washing in citric acid aqueous solutions. Details on the
procedure are available in the PhD thesis of Jensen.”® The
previous works’>?” demonstrated problem-free operation
above 80 °C (ie., 80—120 °C), while the extractions were
not smooth and sometimes characterized by equipment
clogging at 40 and 60 °C. The only other works found on
the extraction of lignocellulosic biocrudes refer to pyrolysis
oils, where the extracts demonstrated a lower viscosity39 and
lower water content than the corresponding feeds.*”*'

The aim of this work is to assess the sCO, extraction process
on a raw HTL biocrude, which is to say a nondewatered
nondemetallized biocrude obtained by gravimetric separation
downstream the HTL reactor and without any further
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treatment. The specific objective of this work is therefore to
assess the potential of sCO, extraction in carrying out
dewatering, demetallization, and biocrude separation in a
single process step, as well as to compare the characteristics of
the sCO, separation on this raw biocrude with the separation
reported in previous works, referring to a dewatered and
demetallized biocrude.”””” In addition, the tested operating
conditions were expanded to higher pressures (up to 450 bar)
and temperatures (up to 150 °C) as the previous works*>*’
indicated a positive effect by increasing these parameters.
Extraction temperatures below 80 °C were instead not
considered due to the abovementioned operating problems.

2. MATERIALS AND METHODS

2.1. Materials. 2.1.1. Feed Biocrude. The feed HTL
biocrude was produced by continuous-flow hydrothermal
liquefaction of pinewood at 400 °C and 300 bar using
potassium carbonate as a catalyst and sodium hydroxide for pH
adjustment, as previously reported in the literature.”” Details
on the effect of the operating parameters on the hydrothermal
liquefaction process can be found in the work of Jensen et al.®
As a difference compared to the previous work where sCO,
was used to fractionate the biocrude obtained in this
thermochemical process, in the present work, the biocrude
underwent neither dewatering nor demetallization. Therefore,
it is a raw biocrude simply obtained by gravimetric separation
from the aqueous phase downstream of the HTL reactor. It
appears as a black high-viscosity liquid (Figure 1la), even
though less viscous than the biocrude of the previous work,*
and as a stable emulsion of water in oil since no phase
separation was observed during 6 months of storage.

Figure 1. (a) HTL biocrude used in this work. (b) Example of the
residue after sCO, extraction, tetrahydrofuran evaporation, and
mortar grinding. The example refers to the run at 450 bar and 100 °C.

2.1.2. Chemicals. Carbon dioxide (CO,, 99.7%) used for
the supercritical extractions was purchased from Air Liquide
(Denmark). Diethyl ether (DEE, 99%) from VWR and
pyridine (ACS grade) from Hach were used as solvents for
the GC—MS analysis, while vanillin (99.8%) and myristic acid
(99%) from Sigma-Aldrich were used as internal standards.
N,O-Bis(trimethylsilyl)triftuoroacetamide (BSTFA, 98.5%)
from Sigma-Aldrich was used to derivatize samples. HYDRA-
NAL titrant 2 and solvent oil from Fluka, as well as the
Aquastar 1% standard from Merck were used for the Karl
Fischer (KF) titrations. The elemental analyzer was calibrated
with the PerkinElmer cystine 4G powder. Tetrahydrofuran
(THF, 99.9%) from VWR was used as the solvent for
retrieving the residue inside the sCO, extractor at the end of
each extraction. Ethylene glycol (glycol, 98%) from VWR was
used to prepare the aqueous solution (1:1 by mass) employed

https://dx.doi.org/10.1021/acs.iecr.9b06889
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as cooling fluid in the cold trap described in Section 2.2.
Tetrabutylammonium hydroxide (TBAOH, 0.1 M) in 2-
propanol/methanol from Merck and tetraethyl ammonium
bromide (TEABr, 0.4 M) in ethylene glycol (Metrohm) were
used as the titrant and electrode electrolyte for the total acid
number (TAN) measurements. Toluene (99.5%) and 2-
propanol (99.8%) from VWR were used as solvents for the
TAN measurements. NIST traceable Metrohm buffers (i.e., pH
4,7, and 9) were used for calibration of the TAN electrode.
Methyl ethyl ketone (MEK, 99%) and methyl isobutyl ketone
(MIBK, 99%) from VWR, as well as THF, were used as
solvents to estimate the density of the biocrude. A 7 M nitric
acid aqueous solution was used for acid digestion, and the
PlasmaCAL multielement standard from SCP Science was
used for the calibration of the ICP-OES instrument.

2.2. Supercritical CO, Extraction. The experimental
setup was described in detail in a previous publication.””
Therefore, only a short description of the setup and the
experimental method used in this work, together with notes
about modifications, is provided here. The apparatus consists
of a high-pressure extraction vessel (i.e., the extractor) with a
178 cm® basket insert, where approximately 50 g of biocrude
were charged prior to an extraction. The basket insert was
packed with 6 mm soda-lime glass beads up to approximately
1/3 of its height. The glass beads were chosen as an inert
packing material that can disperse the biocrude feed and
improve its contact with the flowing sCO,. A cylindrical filter
(pore size, 10 um) is used at the top of the basket to prevent
entrainment of particles. An automatically controlled heating
jacket maintained the extraction temperature, which, in this
work, was in the range of 80 to 150 °C. The temperature
indication was within 0.5 °C of the set value in all extractions.
Liquid CO, from a dip tube cylinder was subcooled by means
of a heat exchanger fed with cold water (approximately S °C),
which was provided by a thermostatic bath (Braun Frigomix
U) and erogated by an immersion circulator (Julabo ED).
Subsequently, the CO, was compressed by a high-pressure
pneumatic pump and fed to the entry port at the bottom of the
extractor. The extraction pressure and the solvent flow rate
were regulated manually by the pressure of the air supply of the
pump and by a micrometering valve downstream the extractor.
The extraction pressures selected for this study were 330 and
450 bar. At the tested conditions, the extractions were smooth,
with pressure gauge readings within +3 bar of the set value in
all runs. The micrometering valve was heated by hot air. The
extract was collected in a 20 mL sampling vial inserted in a
washing bottle immersed in a cold bath that was kept at
approximately —10 °C by means of a refrigerating circulator
(Lab Companion RW3-0525P). A subsequent gas washing
bottle immersed in the cold bath was packed with 3—4 g of
cotton wool and aimed at collecting any further condensate or
retaining fine droplets or particles that might be entrained with
the CO,to protect the downstream gas meter. The cotton
wool was weighed after each extraction to account in the mass
balance. The weight difference of the cotton before and after
an extraction was on average 0.1 g, while there was no
condensate observed in the corresponding gas washing bottle.
The gas meter (Ritter TG3; max flow, 6 L/min; min flow, 0.1
L/min; accuracy, 0.5%) measured the volume of CO, flowing
through it and was equipped with a thermometer for
measuring the gas temperature. The CO, flow rate in this
work was in the range of 3 to 4 L/min at gas meter conditions,
corresponding to mass flow rates in the range of 4 to 6 g/min.
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After the completion of each extraction, the apparatus was
depressurized and let to cool down to about 80 °C, and the
basket insert was dismounted and washed with 100—150 mL
of THF to retrieve the residue. Preliminary tests showed that
allowing the system to cool down to ambient temperature was
unfeasible since the residue solidified, incorporating the glass
beads and making its own retrieval problematic even with large
amounts of THF. The drawback of the recovery of the residue
at 80 °C consisted in THF evaporation, together with losses of
water contained in the residue, which increased the uncertainty
in the mass balance of water, as discussed in Section 3. For
extraction D (see Section 3.2), a small sample (approximately
1 g) of the mixture THF + residue was saved for KF analysis,
prior to solvent evaporation. THF was then separated from the
residue by rotary vacuum evaporation at 50 °C. The amount of
THF in the mixture was estimated by subtracting the mass of
the residue after evaporation from the mixture THF + residue
before evaporation. After the evaporation of THF, the residue
appeared as a dry solid. It was ground in a mortar to obtain a
fine powder (Figure 1b) and to ensure representative sampling
for analysis.

2.3. Analytical Characterization. 2.3.1. Elemental Anal-
ysis. Elemental analysis (EA) was performed with a
PerkinElmer 2400 Series II CHNS/O analyzer coupled with
a PerkinElmer AD-6 autobalance. Carbon, hydrogen, and
nitrogen were measured, while oxygen was calculated by the
difference. Sulfur was in all measurements under the detection
limit of the instrument and was omitted since it is not expected
to be present in this type of biocrude. The instrument was
calibrated by the cystine standard (single point calibration)
prior to each series of measurements, which were performed at
least in triplicate. The absolute relative deviation (ARD)
between the measured elemental mass fractions of the standard
compared to the theoretical values for C, H, and N was on
average 0.4%. The relative standard deviation (RSD) on
oxygen was 17% for the feed biocrude, whereas it was on
average 21% for the extracts and 6.4% for the residues.

2.3.2. Water Content. A Metrohm 870 KF Titrino plus,
coupled with a Metrohm 860 KF Thermoprep, was used for
the KF water determination. The instrument was calibrated
regularly with the Aquastar 1% standard, as well as controlled
with the standard prior to daily measurements. The ARD
between the measured mass fraction of water of the standard
and its theoretical value was always below 3%. Approximately
0.1 g of biocrude, extracts, and residue (after solvent
evaporation) were analyzed. A sample of approximately 0.1 g
was titrated also for the residue + THF mixture sample, in the
case of extraction D (see Section 3.2). In this case, however,
also the pure THF used for retrieving the residue was titrated
to account for water already contained in the solvent. All KF
measurements were performed at least in triplicate. The RSD
for the feed biocrude was 4.9%, whereas it was on average 4.8%
for the extracts and 1.4% for the residues.

2.3.3. Acid Number Measurements. The acid number
measurements were carried out by potentiometric titration on
a Metrohm Titrando 888 equipped with a Metrohm
Solvotrode, following a procedure based on a modification of
ASTM D664 test method B, which was developed in a
previous work.”> The titration solvent was a mixture of
toluene, 2-propanol, and demineralized water (100:99:0.5, by
volume), instead of pure 2-propanol,* as this mixture proved
more effective in dissolving the biocrude and its extracts of this
work. Approximately 0.1 g of bio-crude, extract, or residue was

https://dx.doi.org/10.1021/acs.iecr.9b06889
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diluted in SO0 mL of the titration solvent and titrated. The
method allows for determination of two acid numbers: the
carboxylic acid number (CAN) and the total acid number
(TAN), both expressed as mg KOH/g. The difference between
TAN and CAN is the acid number that corresponds to the
phenolic nature of acidity (PhAN), which is an important
factor in lignocellulosic biocrudes. The electrode was calibrated
with three NIST traceable buffers (i.e., pH 4, 7, and 9), and the
calibration always demonstrated an R-squared (R?) of at least
0.999 between pH and the measured electrical potential.
According to the method, two inflection points are observed
during the titration, which correspond to CAN and TAN,
respectively. All TAN measurements were performed at least in
triplicate. The RSD values on TAN, CAN, and PhAN for the
feed biocrude were 2.1, 1.4, and 2.9%, respectively. The
average RSD values on TAN, CAN, and PhAN for the extracts
were 1.6, 1.0, and 1.6%, respectively. The average RSD values
on TAN, CAN, and PhAN for the residues were 1.3, 0.8, and
1.0%, respectively.

2.3.4. Density Measurement. The density measurements
were performed following a procedure developed before.”> The
biocrude density was measured with an Anton Paar DMA 35
Ex densitometer after dilution in three solvents (THF, MIBK,
and MEK), 1:1 by mass in each. Due to the small quantity of
the sCO, extracts, their density was calculated by accurately
measuring the mass of a volume displaced by a precision
pipette (Gilson MICROMAN M1000). The mass was weighed
on an analytical balance (OHAUS PA224C), and the capillary
piston used for each measurement was calibrated with distilled
water to calculate accurately the displaced volume. The RSD of
triplicate pipetting of distilled water was always lower than 1%.
Density of pure water at the laboratory ambient conditions was
taken from NIST.* All density measurements were performed
in triplicate. The RSD for the feed biocrude was 0.9%, whereas
it was on average 1.4% for the extracts.

2.3.5. Metal Content Determination by ICP-OES. The
metal content of the feed and all the extracts, together with the
metal content of the residue of selected extractions, was
determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES), utilizing a PerkinElmer Optima
8000 system. The contents of potassium (K) and sodium (Na)
were measured since they were expected due to the use of
K,COj; as the catalyst and NaOH as the pH adjuster in the
HTL process. Additional metals subjected to quantitation were
aluminum (Al), iron (Fe), magnesium (Mg), and titanium
(Ti) since they are expected to derive from wear of equipment
and the natural presence in the pinewood biomass.”* Samples
were prepared by acid digestion and dilution. Approximately
0.5 g of sample was digested in an autoclave in 20 mL of 7 M
aqueous nitric acid for 30 min at 120 °C and 2 bar. A blank of
the nitric acid solution was digested as well for each set of
samples, and nonzero concentrations were subtracted from the
sample measurement to account for baseline errors. The
digested samples were diluted with distilled water in a
volumetric flask (class A) and filtered by filter paper (pore
size, 4—12 pum). Dilution to SO mL was performed for the
biocrude and the residues, while dilution to 25 mL was applied
for the extracts. In the case of visually observed turbidity of the
solution, which was assumed to be due to organic particles, a
second filtration was performed to acquire a transparent fluid
to protect the plasma torch. To ascertain the reproducibility of
the sample preparation procedure, eight samples of different
masses of the feed biocrude (i.e., 0.4 to 1 g) were digested and
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analyzed. The extracts and residues were measured in
duplicate. The standard solutions used for calibration were
prepared by diluting the PlasmaCAL standard in demineralized
water and measured in triplicate. The range was 0.2 to 2 mg/L
for all the metals, with the exception of Fe (0.2 to 10 mg/L), K
(2 to 100 mg/L), and Na (2 to 10 mg/L). The R* for all
elements was always above 0.999 except for Na, which was,
however, always above 0.988. The RSD of the triplicate
measurements of the calibration standards was always lower
than 1%, while the ARD with respect to the analyzed standard
value was always between 0 and 4% for all metals except Na. In
fact, Na had a higher ARD (always lower than 20%), which is
assumed to be an inherent instrument inaccuracy for Na
measurement. High uncertainty in Na concentration by ICP
measurements has been reported in the literature for fast
pyrolysis oil of woody biomass.**

2.3.6. Component Identification by GC—MS. GC—MS
analysis was performed for the identification and quantitation
of the GC-detectable fraction (i.e., the volatile fraction) of the
biocrude feed and the extracts. In addition, GC—MS after
silylation was performed to identify and quantify free fatty
acids and a few phenolic components for which the ion peaks
had better resolution than in the nonsilylated samples. The
analysis was performed on a PerkinElmer Clarus 680 GC
coupled with a PerkinElmer Clarus SQ 8T MS. For the
analysis of the feed, the biocrude was extracted with DEE
(biocrude to solvent ratio approximately 1:50 by mass) and the
resulting DEE-rich mixture was filtered with a syringe filter
(pore size, 0.45 ym). The amount of the DEE-soluble fraction
of the biocrude was determined gravimetrically from the
filtrate, after evaporation of the solvent overnight in a fume
hood. All sCO, extracts were instead fully soluble at a 1:10
extract to DEE ratio (mass basis). GC—MS samples were
prepared by mixing approximately 0.1 g of the DEE-soluble
fraction of the feed or approximately 0.1 g of extract with
approximately 0.7 g of a DEE solution containing a known
amount of vanillin (1 wt %) as the internal standard (IS).
Vanillin was selected as the IS as most of the identified
components were oxygenated aromatics with some degree of
similarity to vanillin, with vanillin being, however, not present
in the biocrude samples and not overlapping with chromato-
graphic peaks of species contained in the biocrude samples.
With regard to the GC—MS after silylation, the feed and
extract samples were silylated as follows: about 0.1 g of each
sample was dried in a heating cabinet for 2 h at 120 °C, then
diluted in pyridine, which contained a known amount of
myristic acid (1 wt %) as the IS, and derivatized with BSTFA
at 60 °C for 20 min. Myristic acid was selected as the IS as the
GC—MS analysis after silylation was aimed at fatty acids, with
myristic acid being, however, not present in the biocrude and
not overlapping with chromatographic peaks of species
contained in the biocrude samples. The mixture ratio of
sample/pyridine/BSTFA was 1:1:1 in mass basis. The
derivatized samples were further diluted in DEE (1:25 by
mass). For all samples, 1 yL was injected in a PerkinElmer
Elite-S column (30 m, 025 mm ID, 0.1 um), with the
temperature ramping from 40 to 250 °C at a rate of 10 °C/
min. The initial temperature was held for 3 min, while the final
temperature was held for 6 min. The injector was maintained
at 300 °C and the helium carrier gas at 1.0 mL/min. The mass
fraction of the identified analytes i was calculated as w; = wig X
A;/Ays, where A; and Ay are the chromatographic areas of the
analyte i and the IS, respectively, whereas wg is the mass

https://dx.doi.org/10.1021/acs.iecr.9b06889
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fraction of the internal standard (vanillin for pure samples and
myristic acid for derivatized samples). Triplicate GC—MS
measurements were performed for all samples in random
consecution to account for random GC response differences.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Feed Biocrude. Table 1
reports the measured bulk properties of the biocrude feed,

Table 1. Bulk Properties at Ambient Conditions, Elemental
Composition on a Water-Free Basis, and Metal Mass
Fraction of the Feed Biocrude with Standard Deviations

property metal content (mg/kg)
DEE-soluble fraction 0.70 £ 0.03 Al 40+ 9
density (kg/m®) 1030 + 9 Fe 190 + 20
TAN (mg KOH/g) 97 +2 K 3400 + 400
CAN (mg KOH/g) 42 +1 Mg 96 + 20
PhAN (mg KOH/g) 56 +2 Na 3800 + 500
water content (wt %) 5.7 £04 Ti 40+ 3
C mass fraction 0.80 + 0.01 total metals 8500 + 800
H mass fraction 0.08 + 0.01
O mass fraction 0.10 + 0.02
N mass fraction 0.017 + 0.005
H/C 12 +0.1
o/C 0.09 + 0.02

including the DEE-soluble fraction, density, TAN, CAN,
PhAN, and water and metal contents. In addition, the
elemental carbon (C), hydrogen (H), nitrogen (N), and
oxygen (O) mass fractions, as well as the H/C and O/C ratios,
are reported on a water-free basis. As can be seen, the density
of this biocrude is approximately 1030 kg/m?, which is in line
with values reported for HTL biocrudes from lignocellulosic
biomass, reported in the range of 970 to 1140 kg/mS.S’”'20
The TAN value of 97 mg KOH/g is within the values reported
in the literature, which range from 30 to 150 mg KOH/g for
HTL lignocellulosic biocrudes.”'®* With regard to the
elemental composition, the mass fractions are also in line
with typical woody HTL biocrudes (i.e, C: 0.76—0.84; H:
0.07—0.10; N: 0.002—0.030; and O: 0.05—0.15).>7'""%

As can be seen in Table 1, the biocrude exhibits a water
content of almost 6 wt %, which is at the lower range of typical

reported values for HTL lignocellulosic biocrudes (ie., 5-15
wt %).%>7"7 In addition, the biocrude exhibits a high metal
content of around 0.85 wt %, with potassium (K) and sodium
(Na) constituting more than 90% of the total. The metal
content is dependent on the biomass ash content, but since
woody biomass has typically low ash,* the high metal content
mostly originates from the chemicals used in the HTL process.
This behavior was observed by Déniel et al,*! who performed
HTL of blackcurrant pomace and observed ash contents in the
biocrude increasing (i.e., from 0.1 to 5.3 wt %) with sodium
hydroxide added, (i.e. from 0 to 9 wt %). With regard to Mg, it
is known to bind with organic molecules in biomass,*” while Al
and Fe are typically introduced during the harvesting and
processing of the biomass.”* Ti is one of the less abundant
metals in biomass,"’ which is assumed to be introduced by
equipment wear. The presence of Mg, Al, Fe, and Ti, although
in a relatively small amount (0.03 wt % in total), is confirmed
in this work.

In total, 46 components were identified by GC—MS in the
DEE-soluble fraction of the feed. Detailed list of the
components along with retention time (RT), classification,
molecular weight (MW), chemical formula, CAS registry
number, and their mass fraction (wt %) in the feed biocrude is
reported in the Supporting Information (Table S1). The
identified components constitute 19.3 wt % feed biocrude. The
unidentified components of this volatile fraction correspond to
a chromatographic area that is about twice as large as the
identified fraction, which means that, as a rough estimation,
about 60 wt % biocrude can be assumed as volatile. The
identified components were lumped into 10 categories
according to their chemical functionalities: (1) saturated/
mono-unsaturated cyclic aliphatic ketones (C6—C9) (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
(SFA), in the range of C2—C8; (9) long chain fatty acids
(LFA), in the range of C16—C18; and (10) dehydroabietic
acid (ArAcid).

The largest fraction of the identified components is
constituted by PAHs, which account for 9 wt % of the
biocrude. Even though such components are not often

Table 2. Experimental Extraction Conditions and Results”

run ID A B ©
T (°C) 80 100 120
P (bar) 330 330 330
p (kg/m*)" 773 696 623
Q (g/min) 52 S5 5.0
F(g) 489 52.6 513
El (g) 6.6 5.7 7.7
E2 (g) 6.1 5.9 5.3
E3 (g) 8.9 6.0 5.6
E4 (g) 62 5.0
R (g) 23.1 24.4 22.8
L (%) 82 6.5 9.4
S/F (g/g) 30.2 36.5 363
Y (%) 44.1 45.1 46.0

“Temperature (T), pressure (P), CO, density (p), average CO, mass flow rate (

D E F G H
150 80 100 120 150
330 450 450 450 450
531 851 790 731 650
4.7 5.7 5.9 5.0 4.8
53.6 53.9 SLS 54.2 519
5.4 5.3 8.4 6.9 6.6
6.9 53 5.8 6.4 7.6
S.0 5.3 5.5 6.9 6.2
7.5 8.1 72 7.8 7.3
23.8 239 21.0 222 18.0
9.0 9.4 7.0 8.5 12.0
31.6 324 36.7 33.3 30.0
46.3 47.3 52.4 SL1.S 53.4

, mass of feed (F), mass of extract samples (E1, E2, E3, E4),

mass of residue (R), losses (L), solvent-to-feed ratio (S/F), and total yield (Yr). "Taken from NIST."
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Figure 2. Pressure effect on the extraction yield vs solvent-to-feed ratio (S/F) at (a) 80 °C, (b) 100 °C, (c) 120 °C, and (d) 150 °C.

reported, some have been reported by Pedersen et al.'® in the
distillation residue of woody HTL biocrude. Retene has been
reported in the HTL biocrude of softwood Iignin.““8 Retene
and phenanthrenes are possibly the degradation products of
dehydroabietic acid in the biomass since they are typically
found as products of its thermal degradation (e.g, wood
smoke).*?

Single-ring aromatic hydrocarbons (alkylbenzenes, AB) are
also found, albeit in a lower amount (1 wt %). Aliphatic
hydrocarbons are not observed. Fatty acids (SFA + LFA) are
the second most abundant group, accounting for almost 4 wt %
oil, with the LFA being largely predominant (3.75 wt %). Fatty
acids are typically one of the most abundant classes in
biocrudes,”’ although their mass fractions are not often
reported. Dehydroabietic acid and dehydroabeityl alcohol are
also observed in remarkable amounts, 1.8 and 0.4 wt %,
respectively. Abietane skeleton diterpenoids are major
structures of conifers such as pine,”’ and dehydroabietic acid
is therefore expected to be present in the pine biomass of the
biocrude used in this work. The presence of dehydroabietic
acid in the biocrude suggests that it remains unconverted, to
some extent, during the HTL process. Ketones are always
present in lignocellulosic biocrudes. However, even though
they are numerous, they are in a low amount, summing up to
0.5 wt % oil. Single-ring phenolics (alkylphenols, catechols, and
other types of benzenediols, and guaiacol) account altogether
for 2.6% biocrude. Alkylphenols, catechols, and guaiacols are
typically observed in HTL of softwood lignin,>"*** with the
ratio of catechols to guaiacols increasing with the HTL
reaction temperature.'”** Their presence and the low
guaiacol/catechol ratio are therefore qualitatively in line with
the high-temperature hydrothermal decomposition of the
lignin contained in the original biomass of this work.

3.2. Extraction Conditions and Yields. The experimen-
tal conditions and mass balances for each supercritical
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extraction are reported in Table 2. Four different extraction
temperatures (i.e., 80, 100, 120, and 150 °C) were tested at
two pressures (i.e., 330 and 450 bar). The lower pressure (330
bar) was chosen to be within the typical pressure range of the
HTL process,w therefore allowing the investigation of the
sCO, extraction at pressure levels comparable to the HTL
reactor, as higher pressures in the downstream separation
would be less favorable for process economics. The higher
pressure (450 bar) was selected on the basis of previous
works,”*” which showed promising results in terms of
attainment of high extraction yields. The duration of the
extractions was between 5.3 and 6.4 h. Table 2 also reports the
density of pure CO, at the operating conditions of the
extraction (p), the average solvent mass flow rate (Q), the
mass of feed biocrude charged in the extractor at the beginning
of an experiment (F), the mass of the four extracts collected in
each extraction (E1, E2, E3, and E4), with the exception of run
A where only three extracts were collected. Run A was the
extraction with the lowest yield, and the third sampling vial
(i.e,. E3) was maintained for a longer period to avoid ending
up with E4 sample mass inadequate for analysis. The mass
balance discrepancy (losses, L) of each run is also reported,
together with the total solvent-to-feed ratio (i.e., at the end of
the run) and the total extraction yield. The total extraction
yield is defined as the ratio of the total mass of the collected
extracts to the mass of the feed. It is therefore determined
gravimetrically. Data from Table 2 were also used to calculate
the vapor phase loading (VPL) as the extractions progress.
VPL is defined as the ratio of the mass of extract in a given
time interval over the mass of solvent flowed in the same
interval. VPL values were also used to evaluate the
reproducibility of the extraction procedure. In this regard, six
repetitions of run H were carried out, and the RSD values on
VPLs were found to be 7.1% for extract 1 (E1), 11.6% for

https://dx.doi.org/10.1021/acs.iecr.9b06889
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extract 2 (E2), 14.0% for extract 3 (E3), and 11.3% for extract
4 (E4).

In Table 2, it can be seen that the highest extraction yield of
53.4% is not achieved at the highest solvent density but, in fact,
at the highest temperature and in combination with high
pressure. This observation highlights the importance of high
temperatures for sCO, separation of biocrudes, and it is in line
with previous works,”?” where extraction yields up to 48.9%
have been achieved at 448 bar and 120 °C, while low efficiency
and bad operability were observed below 80 °C. Importantly,
not only was run H characterized by the highest yield but also
by the lowest S/F (i.e, 30 g/g). These results indicate that
operating conditions of the downstream sCO, separation at
pressures higher than the pressure of the HTL reactor should
not be discarded a priori in the design of the process.

In Figure 2, the extraction yield is plotted versus the solvent-
to-feed ratio at four different temperatures and two pressures.
In all cases, the effect of pressure is beneficial for the extraction
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efficiency, showing higher extraction yields at given S/F values.
This is a general feature in sCO, separation processes since
higher pressures at given temperatures lead to higher solvent
density and increased solvent power. The perusal of Figure 2
also shows that the increase in process efficiency with pressure
at given temperature is more pronounced at higher temper-
atures. This is due to the isothermal variation of the solvent
density, which is monotonically increasing with temperature,
ranging from 78 to 119 kg/. m> as temperature increases from
80 to 150 °C. The increase of the yield for given S/F as
pressure increases at constant temperature, which is to say the
increased extract-to-solvent ratio (E/S) with pressure, is
typically observed in sCO, extraction processes. The primary
reason is the increase in solubility of extractable species in the
supercritical solvent. However, it is recognized that the
extraction yield is affected by both the solubility of extractable
species and by mass transfer parameters.”

https://dx.doi.org/10.1021/acs.iecr.9b06889
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To visualize this combined effect, Figure 3 shows the
extraction yield against S/F at the two studied pressures (i.e.,
330 and 450 bar). At 330 bar, it is observed that, even though
the increase of temperature decreases the solvent density, the
extraction yields are comparable for all temperatures. This
could indicate that the solubility of the biocrude at this
pressure reduces with temperature, but the mass transfer
parameters improve enough to counteract the reducing
solubility. Contrary to the behavior at 330 bar, at 450 bar,
the extraction yield slightly increases with temperature. This
could be either due to a crossover pressure between 330 and
450 bar that results to solubility increasing with temperature or
due to mass transfer improvements, prevailing to the solubility
decrease with temperature. Phase equilibrium measurements of
the solubility of this type of biocrude in sCO, are not available
in the literature, and they would be needed to prove the
abovementioned hypotheses.

In theory, the slope of the curves in Figure 2 and Figure 3
(dE/dS) indicates the vapor phase loading (VPL), that is, the
instantaneous value of the mass of components extracted per
unit mass of solvent. The collection of a number of extracts per
each run allowed to estimate average VPL values (AE/AS) as
the extraction proceeds. Results are presented for the
extractions at 100 °C (Figure 4a) and 150 °C (Figure 4b)
and at 330 (Figure Sa) and 450 bar (Figure Sb). Similar trends
as shown in Figure 4 are observed at all temperatures being
studied.

As usual, VPL values decrease during the extraction, as the
unextracted biocrude remaining inside the extractor becomes
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progressively heavier. As can be seen from Figure 4, higher
pressure at given temperature leads to higher VPL values,
which resulted to the highest extraction yield with the least
solvent used in run H. On the other hand, the effect of
temperature is more complex, as can be seen in Figure 5.
Figure Sb shows that higher temperatures affect positively the
VPL at 450 bar, especially in the early stages of the extraction,
whereas at 330 bar (Figure Sa), this effect is only observed at
the highest temperature (i.e,, 150 °C) and for extraction yields
below approximately 30 wt %.

An interesting observation arises when the results of this
work at 120 °C and 450 bar are compared with an extraction
run carried out at basically the same conditions (120 °C and
448 bar) on a dewatered biocrude (water content, 2.7%),
presented in a previous work.®” In Figure 6a, the cumulative
extract is plotted against S/F for a normalized feed mass (i.e.,
50 g). It can be seen that the extraction is more efficient for the
nondewatered biocrude of this work. The results of this work
show an increase in extract in the range of 3 to 6 g, for given S/
F values ranging from 1.3 to 30. The difference in the water
content for 50 g of the two biocrudes is 1.5 g. Considering that
the variation of the extract mass is 2 to 4 times higher than the
water content in the feed, it is apparent that the increase in the
extract cannot be entirely attributed to the extraction of water
itself. Therefore, the presence of water actually enhances the
extraction of other molecules contained in the biocrude feed.

This enhancement can be discussed in further detail with the
aid of Figure 6b, where the variation of VPL, in the two
abovementioned experiments, is shown for specific chemical

https://dx.doi.org/10.1021/acs.iecr.9b06889
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classes at different S/F ratios. In Figure 6b, 9 out of 10 classes
defined in this work are represented since no aromatic alcohols
were reported in the previous work. The major observation
from Figure 6b is that the higher water content enhances
dramatically the VPL of the nonpolar hydrocarbons (ie., AB
and PAH). In addition, components of low polarity (e.g, K, P,
and G) are extracted more efficiently. The more polar
components (i.e.,, BD, SFA, and LFA) have, in general, higher
VPL for the biocrude with the lower initial water content. In all
cases, the benefit of the presence of water is reduced, while the
extraction progresses, which is in line with the slope in the
curves of Figure 6a, and suggests that this effect becomes less
pronounced as the unextracted residue becomes drier. The
above indicates that the application of sCO, extraction on the
nondewatered biocrude leads to both increased VPL and
selectivity with respect to polar and apolar components.

3.3. Bulk Properties and Elemental Composition. The
values of CAN and PhAN for the extracts increase with the
extraction yields (E/F) at all conditions. As an example, the
CAN and PhAN values of the extractions at 150 °C are plotted
versus the extraction yield and shown in Figure 7.

CAN values of the first extracts range from 28 to 41 mg
KOH/g, which are values always lower than the CAN value of
the feed (42 mg KOH/g). This observation indicates that fatty
acids are not preferentially extracted at the beginning of the
batch separation process. As the extraction proceeds, the CAN
value of the extracts increases, with values ranging from 34 to
41 mg KOH/g for E2, 49 to 53 mg KOH/g for E3, and 67 to
76 for E4 mg KOH/g. The trend of the CAN indicates that
fatty acids are progressively more extracted as the extraction
proceeds. CAN of the residues ranges from 28 to 35 mg KOH/
g, which means that, in most of the cases, the residue is
partially depleted of carboxylic acids. When CAN values in this
work are compared to those of previous work on a dewatered
biocrude,” it is observed that in the early stages of the
extraction (S/F up to S g/g), the literature CAN values are
higher (i.e, 37—47 mg KOH/g) than those of this work (at
similar conditions, 80—120 °C and 255—400 bar). This further
indicates that, at the beginning of the separation process, the
fatty acids are less extracted in the presence of higher water
content.

On the other hand, PhAN values of the extracts are always
lower than the value of the feed (55 mg KOH/g). In this case,
the values range from 14 to 16 mg KOH/g for E1, 18 to 21 mg
KOH/g for E2, 29 to 31 mg KOH/g for E3, and 38 to 48 mg
KOH/g for E4. Consistently, the PhAN value of the residue is
higher than the feed, resulting to be in the range of 61 to 62
mg KOH/g. Overall, the reduced CAN and increased PhAN in
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the residue indicates that its type of acidity is shifted toward
phenolic nature. The highest value of CAN was observed for
extract E4 at 450 bar and 150 °C (i.e., 76 mg KOH/g), while
the lowest PhAN was observed for extract E1 for the same
extraction (i.e, 14 mg KOH/g). A high CAN and low PhAN
are advantageous for hydrotreating since HDO of fatty acids is
easier than opening aromatic rings.ss’54 In addition, the
increased PhAN indicates that high-molecular-weight phenolic
components remain in the residue. This fraction is expected to
be resistant to HDO as it was similarly shown for the residue of
n-pentane extraction of lignocellulosic biocrude.”

The density of the extracts was found in the range of 914 to
1034 kg/m®, increasing with the extraction progression. Most
of the sCO, extracts exhibit a moderate reduction compared to
the feed, with the maximum being a 10% reduction for early
extracts (ie, E1 and E2). The later extracts show a density
comparable to the feed, with only the final extracts (i.e., E4) at
80 °C and 300 bar and 100 °C and 450 bar, exhibiting a
density slightly higher than the feed (see example in Figure
8b). The extraction conditions show negligible influence on
the density of the extracts. As in the case of acidity, also in the
case of density, the trends were similar at all experimental
conditions. Figure 8a shows an example referred to the
extractions at 150 °C, whereas Figure 8b shows two cases at
450 bar.

The water content of the extracts was measured for the
experimental runs B, E, D, and H and resulted to be in the
range of 1.3 to 1.8 wt %, with no clear trend with the extraction
pressure and temperature. Importantly, the values are
consistently and remarkably lower than the water content of
the feed (i.e.,, 5.7 wt %). The water content of the residues of
the same extractions was measured after evaporation of the
solvent used for their recovery. The obtained values were in
the range of 0.9 to 1.6 wt %. The fact that the water content
was observed to decrease both in the residue and in the extract
clearly indicates that it was not possible to recover all the water
from the system due to lack of complete recovery in the cold
trap and/or water losses during the recovery of the residue at
the end of the extraction. The mass balances indicate that
approximately 50% of the water originally in the feed was not
retrieved in the extracts and in the residue. For extraction D,
the water content of the residue was measured by means of
direct KF titration of a sample of THF solution, that is, before
the solvent evaporation. The value was 1.2 wt %, while the
corresponding value after solvent evaporation was 0.9 wt %.
This means that about 2% of the water in the feed was lost
during the vacuum evaporation, which is not significant with
regard to the total water losses. Interestingly, the earlier

https://dx.doi.org/10.1021/acs.iecr.9b06889
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extracts (i.e, E1 and E2) exhibited spontaneous separation of
water, with water droplets collecting at the bottom of the
storage vials. This was not observed for the later extracts (i.e.,
E3 and E4). This freely separated water was determined for
extractions at 150 °C, and it was 0.4 and 0.6 g for extractions H
and D, respectively, which correspond to 13 and 20% of the
original water in the feed. Even though it was not possible to
close the mass balances on water, the results clearly indicate
that sCO, process coextracts water from the HTL biocrude,
induces the separation of water from the extracts, and allows
reducing the water content in the residue as well.

The carbon mass fraction in the extracts was in the range of
0.80 to 0.81, which are values close to the values of the feed
(i.e., 0.80) and the residue (0.78—0.79). The hydrogen content
(on a water-free basis) is slightly increased in the extracts
(0.09-0.11), with respect to the feed (i.e, 0.08) and the
residues (range of 0.07—0.08). The oxygen mass fraction of the
extracts (on a water-free basis) for all extractions was lower
than that of the feed, ranging from 0.0S to 0.07 (vs 0.10 in the
feed). In line with this, the mass fraction of oxygen of the
residues increased, ranging from 0.13 to 0.15. The oxygen mass
fraction of the extractions performed at 150 °C is plotted in
Figure 9 as a function of the extraction yield. Similar trends are
observed in all extractions.
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Figure 9. Oxygen content on a water-free basis vs extraction yield for
extractions at 150 °C.

3.4. Metal Content of Biocrude Extracts and
Residues. The metal content of extracts and residues was
measured for extraction B, D, G, and H. In all cases, the
extracts were found almost completely devoid of metals. The
metal content was reduced from 95 to 99%, compared to the
feed value. The analysis of the residues confirmed that the

metals are concentrated in the unextracted phase. The trends
were very similar in all runs. As an example, the results
obtained with the extraction at 330 bar and 150 °C are
reported in Figure 10.

As can be seen in Figure 10, potassium and sodium, which
constitute more than 90% of the metal content of the feed, are
reduced from 3400 and 3800 mg/kg down to values ranging
from 30 to 40 mg/kg and 70 to 100 mg/kg, respectively.
Aluminum, iron, and titanium are reduced in the extracts down
to values below 10 mg/kg in all extracts. Interestingly,
magnesium remains unchanged, which suggests that it may
be in organometallic components™* that can be solubilized by
sCO,. In all cases, the total metal content was found to be
drastically reduced from 8500 mg/kg down to an average value
of 170 mg/kg.

The small amount of metals in the extracts indicates that
either they can be entrained together with fine water droplets
where they are dissolved in or they are present, albeit in a very
small amount, as organometallic components that are soluble
in sCO,. The 10 um filter at the top of the basket insert is
expected to act as a factor, limiting the entrainment of water
droplets.

3.5. Chemical Composition by GC—-MS. Figure 1la
shows the total ion chromatograms (normalized with respect
to the highest peaks) of the nonderivatized samples of the feed
biocrude and the extracts obtained at 330 bar and 150 °C.
Figure 1la shows the corresponding chromatograms for the
derivatized (silylated) samples. The trends shown in Figure 11
are qualitatively representative of all extractions carried out in
this work. It is noted that some classes of components exhibit
overlapping retention time (RT) ranges, which does not allow
assuming that all components in a certain RT range are
expected to belong to a specific class. As can be seen in Figure
11a, the concentration of lower retention time components
(up to 17 min) is increased in the first extract, while it
decreases in subsequent extracts. This indicates that these
components are preferentially extracted at the beginning of the
process and depleted in the unextracted oil. The peak areas of
higher retention time components (21—25 min) increase over
time, which is particularly visible by the increasing difference
between the largest peak of the chromatograms (retene at 23.8
min) and the IS (vanillin at 15.1 min). This indicates that they
are not preferentially extracted in the early stages of the
extraction but are substantially extracted as their concentration
in the residue increases. A similar trend is observed in the
derivatized sample (Figure 11b), with light components (RT
up to 15 min) extracted preferentially in the early stages while
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gradually depleted. In this case, the heavy acids (i.e., LFA and
ArAcid, RT above 21 min) are progressively extracted in
relatively higher amounts as the extraction proceeds.

Figure 12 shows the progress of the mass fractions of the
identified classes of components with the extraction time with
reference to the extractions at 150 °C, which are taken as a
representative example of all extractions. The total identified
components in the sCO, extracts are in the range of 27 to 40
wt%, which are higher values compared to the feed (19 wt %).
This observation, together with the reduction in density (see
Section 3.3), indicates that the extract has lower average
molecular weight than the feed. A lower average molecular
weight is expected to reduce coking during catalytic hydro-
treatment, thus prolonging the lifecycle of the catalyst.”

Ketones, alkylbenzenes, phenols, guaiacols, and short chain
fatty acids are decreasing monotonically with extraction
progression, while benzenediols, polyaromatic hydrocarbons,
long chain fatty acids, and the aromatic acid increase. The
aromatic alcohol does not show any specific trend mostly being
unchanged between the extracts. In further detail, the mass
fractions of the abovementioned species in the extracts were
found in the ranges of ketones (0.06—1.9 wt %), alkylbenzenes
(0.05—6.6 wt %), phenols (0.03—0.9 wt %), guaiacols (0.04—
2.5 wt %), benzenediols (0.8—3.6 wt %), polyaromatic
hydrocarbons (8—23 wt %), dehydroabeityl alcohol (0.1—1.4
wt %), short chain fatty acids (0.09—0.3 wt %), long chain fatty
acids (3—14 wt %), and dehydroabietic acid (0.8—6 wt %).
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Overall, the GC—MS analysis shows that the trend of the
separation is mainly determined by molecular weight, with the
lighter components preferentially extracted in the early stages
of the extraction. The polarity plays, however, an important
role as well, as can be observed by different behaviors between
guaiacols, preferentially extracted in the early stages, and
benzenediols, which are more polar and are extracted at later
stages even though having a slightly lower molecular weight.

4. CONCLUSIONS

This work proves that sCO, extraction is an effective process
for the separation of raw (i.e., nondewatered and nondemetal-
lized) HTL lignocellulosic biocrude. The process is capable of
extracting a large fraction of the biocrude (yields of extract up
to 53 wt %) with relatively low solvent-to-feed ratios (i.e., 30 to
37 g/g) compared to typical values for sCO, extractions. The
extracts showed favorable properties toward downstream
catalytic hydrotreatment. More specifically, they were drasti-
cally demetallized (from 8500 mg/kg down to 170 mg/kg on
average), substantially dewatered (from 6 wt % down to 1.3—
1.8 wt %), and exhibited a lower oxygen content (from 30 to
50% reduction on a water-free basis) and lower average
molecular weight, and their acidity was shifted toward
carboxylic nature, with a reduction of the phenolic acidity.
Interestingly, not only is the sCO, process capable of
simultaneous demetallization, dewatering, and upgrading of
the biocrude but also the process efficiency was improved,

https://dx.doi.org/10.1021/acs.iecr.9b06889
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compared to sCO, extractions at similar conditions on a
dewatered biocrude. Overall, these properties are expected to
lead to longer catalyst life, lower hydrogen requirements, and
less coking. Experimental studies on hydrotreatment of sCO,
extracts are needed to confirm the expectations and to provide
data allowing to evaluate if the advantages that can be obtained
in the hydrotreatment step prevail on the reduced yield of
hydrotreatment feed with respect to the initial biomass.
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Table S1. Components identified by GC-MS with their retention time (RT), classification,

molecular weight (MW), chemical formula, CAS registry number and their mass fraction (wt%) in

the feed bio-crude. Components with a Match Factor above 800 or above 700 while reported in

HTL lignocellulosic bio-crudes two or more times, are considered exactly identified (denoted with

v). In all other cases, the components were identified as chemical class and formula, reporting the

isomer with the highest Match Factor (denoted with O). The RSD of triplicate analysis for the

reported mass fractions ranges from 0.5 % to 21 %, being 10 % on average, with respect to the

reported values.

# RT Class Component MW Formula CAS Wt % teed
Cyclopentanone, v

1 5.61 K 2 methyl- 98 CgH;00 1120-72-5 0.04

2 6.17 AB p-Xylene v 106 CgHyo 95-47-6 0.02
Cyclopentanone, v

3 6.49 K 2.5-dimethyl 96 CgHO 1120-73-6 0.04
Cyclopentanone, v

4 748 K 2.4 4-trimethyl- 126 CgH 4,0 4694-12-6 0.02

5 837 K ectigll‘_’hexanone’ 2 9 126 cHO 423943 007

6 9.12 AB p-Cymene v 134 CyHy, 535-77-3 0.28

7  9.18 AB 0-Cymene Vo134 CioHi4 527-84-4 0.67
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30 23.79 PAH Retene v 234 CigHig 483-65-8 5.14
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alcohol
Components identified after derivatization
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35 11.53 SFA Heptanoic acid v 130 C;H40, 111-14-8 0.03
36 1242 P 2,3-Xylenol Vo122 CgH;00 526-75-0 0.06
37 1262 P 3,5-Xylenol Vo122 CgH;0O 108-68-9 0.03
. v
38 1295 SFA Octanoic acid o 144 CgH 60, 124-07-2 0.05
39 13.78 BD Catechol v 110 C¢HgO, 120-80-9 0.20
40 14.77 BD 4-Methylcatechol v 124 C,Hz0O, 452-86-8 0.26
41 21.88 LFA Palmitic acid v 256 Ci¢H3,0,  57-10-3 0.44
42 2254 LFA Margaric acid v 270 C7H340,  506-12-7 0.21
9-Octadecenoic v
43 2346 LFA acid, (E)- 282 Ci3H340, 112-79-8 1.09
11-Octadecenoic 4
44 2352 LFA acid, (E)-, 282 CigH3,0,  693-72-1 1.71
45 2366 LFA Stearic Acid v 284 CigH3c0,  57-11-4 0.30
. v
46 2526 ArAcid Dehydroabietic 300 CyplpO, 1740-19-8  1.83

acid
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Abstract: Bio-oils derived from the thermochemical processing of lignocellulosic biomass are
recognized as a promising platform for sustainable biofuels and chemicals. While significant advances
have been achieved with regard to the production of bio-oils by hydrothermal liquefaction and
pyrolysis, the need for improving their physicochemical properties (fuel upgrading) or for recovering
valuable chemicals is currently shifting the research focus towards downstream separation and
chemical upgrading. The separation of lignocellulosic bio-oils using supercritical carbon dioxide
(sCO») as a solvent is a promising environmentally benign process that can play a key role in the
design of innovative processes for their valorization. In the last decade, fundamental research has
provided knowledge on supercritical extraction of bio-oils. This review provides an update on
the progress of the research in sCO; separation of lignocellulosic bio-oils, together with a critical
interpretation of the observed effects of the extraction conditions on the process yields and the quality
of the obtained products. The review also covers high-pressure phase equilibria data reported in
the literature for systems comprising sCO; and key bio-oil components, which are fundamental for
process design. The perspective of the supercritical process for the fractionation of lignocellulosic
bio-oils is discussed and the knowledge gaps for future research are highlighted.

Keywords: lignocellulosic; bio-oil; biocrude; upgrading; supercritical extraction; supercritical COy;
hydrotreatment; biorefinery; pyrolysis; hydrothermal liquefaction

1. Introduction

The contemporary society is heavily dependent on fossil fuels, both for energy and for the
production of chemicals and materials. Indicatively, in 2017, about 108 barrels/day of crude oil,
1010 m3/day of natural gas, and 22 Mt/day of coal were consumed worldwide [1,2]. The volumetric
figures for crude oil and natural gas correspond to approximately 11 Mt/day and 12 Mt/day, respectively.
The CO; emissions related to the consumption of fossil fuels amounted to 96 Mt/day in 2017. In addition,
the use of crude oil, natural gas, and coal is predicted to increase by 20%, 32%, and 10% by 2050 [1].
These figures clearly show that the development of efficient technological pathways for substantially
increasing the production share of energy, chemicals, and materials from biomass, in partial substitution
of fossil fuels, is a key aspect for reducing net CO, emissions and paving the way for a sustainable
society based on renewable resources.

Biomass can be classified into first and second generation. First generation biomass is considered
edible biomass, which can be extensively cultivated expressly for energy production [3]. Related
technological examples are the production of bioethanol from corn and sugar cane and the production
of biodiesel from soybean [4]. Second generation biomass is non-edible biomass, characterized by
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lignocellulosic structure and typically available in the form of waste or by-products from forestry,
agriculture, municipal waste management, and the pulp and paper industry [3]. Not being in direct
competition with food production, with respect to land and water utilization, the development of
process pathways for exploiting second generation biomass is particularly appealing. Low-value
utilization of residual lignocellulosic biomass as a source of heating by direct combustion is widespread,
both in households (e.g., wood pellets) and in industrial plants where it is produced (e.g., lignin from
pulp and paper industry). On the other hand, higher value-added utilizations (i.e., production of
liquid fuels and chemicals) are still extremely limited. An indicative example is that lignocellulosic
biofuels from forestry and agricultural residues (i.e., bio-oils) account for only 3% of worldwide biofuel
production [5].

In line with the above, a huge research effort has been made in the last few decades, aimed
at advancing the technologies for the conversion of lignocellulosic feedstocks into liquid fuels and
chemicals. Thermochemical processes have shown promising results, as in the case of pyrolysis and
hydrothermal liquefaction (HTL). The main product of these processes is a lignocellulosic crude bio-oil,
along with gas and biochar as side-products [6]. In the majority of scientific literature, the lignocellulosic
oil produced by means of pyrolysis is named bio-oil, whereas the lignocellulosic oil produced by means
of HTL is named biocrude (or bio-crude). The same approach is followed in this review. However,
in this work, the term bio-oil is also used when pyrolysis and HTL oils are discussed jointly.

With regard to fuel production, crude bio-oils require both physical and chemical upgrading steps
in order to be inserted into the current technological chain (e.g., blending with specific petroleum
fuels). The utilization of typical refinery processes developed for fossil fuels is challenging, owing to
the marked difference between bio-oils and petroleum. More specifically, from a chemical standpoint,
lignocellulosic bio-oils (LC bio-oils) suffer from high average molecular weights (MWs), high oxygen
and water content, as well as high acidity. From a physical standpoint, they suffer from high density
and viscosity [7,8]. The production of specific chemicals is also challenging, as LC bio-oils are
complex mixtures of a large number of compounds that show diverse molecular weight and polarity.
The diversity in polarity is a marked difference compared with fossil crudes, which makes existing
separation and chemical processes developed for fossil crudes not straightforwardly applicable to LC
bio-oils. On the one hand, the development of thermochemical conversion processes of lignocellulosic
biomass has been the focus in previous years; on the other hand, it is expected that the research focus in
the coming years will shift towards the development of separation processes to be applied downstream
of the thermochemical conversion unit. Such processes aim to produce either upgraded fuel fractions
or specific value-added chemicals.

Among separation processes available in the chemical industry for the fractionation of oils,
distillation and liquid-liquid extraction (LLE) are particularly relevant and widespread. However,
in the case of LC bio-oils, the high molecular weight leads to very high distillation temperatures or very
high vacuum requirements. For example, distillate fractions not exceeding 50 wt%—60 wt% of the bio-oil
are reported for pressures as low as 0.1 mbar [9-12]. In addition, temperatures above 100 °C during
distillation promote side-reactions (e.g., polymerization) [8,13]. Another factor negatively affecting the
distillation of bio-oils is their water content. It was reported to reduce the efficiency of the separation
and to lead to unsteady boiling and process control difficulties [9]. In addition, the water content is
one of the main factors reducing the viscosity of bio-oils [8]. This implies that, in the lower stages of a
continuous-flow distillation column, the bio-oil flowing downwards is expected to be extremely viscous,
leading to operational problems. With regard to LLE, the process requires large quantities of organic
solvents, the majority of which are produced from petroleum (e.g., dichloromethane, n-pentane) [14,15],
thus spoiling one of the selling points of renewable fuels by using petroleum-based materials for bio-oil
processing. In addition, organic solvents are often noxious and their recovery downstream of the
extraction requires an additional process step (e.g., solvent evaporation).

An alternative for the separation of oils is represented by the extraction using supercritical
carbon dioxide (sCO;) as a solvent. In the supercritical region (i.e., above 73.8 bar and 31 °C), carbon
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dioxide behaves as a liquid solvent, exhibiting liquid-like densities and good solvent power towards
apolar and moderately polar compounds. In addition, sCO, has favorable transport properties (e.g.,
high diffusivity, low viscosity), which make it an efficient solvent. Downstream of the separation unit,
carbon dioxide can be easily recovered by, for example, partial decompression, and recycled. From a
solvent perspective, CO; is environmentally benign, safe (non-flammable), low-cost, and readily
available. It is considered a particularly valid alternative for the separation of oils with high boiling
temperatures (i.e., low volatility) [16]. For example, it finds industrial application for the fractionation of
low volatility liquid mixtures, as in the case of hydroxyl-terminated perfluoropolyether oligomers [17].
The supercritical process is expected to have operational advantages as the dissolution of sCO, in
the liquid phase causes oil expansion and a drop in viscosity, which facilitate the flow of the oil in
continuous countercurrent equipment. As an example, these mechanisms are exploited in enhanced
oil recovery processes based on CO; injection, which are particularly effective with respect to heavy
oils and tar sands [18].

For the reasons stated above, research papers reporting the use of sCO, for separating LC bio-oils
have appeared in the literature in the last decade. The main objectives of this review paper are as
follows: (i) to provide an update on the progress of the research on sCO; separation of LC bio-oils;
(ii) to provide an update on the progress of the research on high-pressure phase equilibria of systems
comprising sCO, and bio-0il components; and (iii) to highlight knowledge gaps inspiring future
research work in this area. The review paper is structured as follows. Section 2 describes the properties
of LC bio-oils, also in relation to the starting biomass and the thermochemical conversion process,
and highlights the issues encountered in the downstream upgrading aimed at fuel and chemicals
production. Section 3 provides basic features of sCO, extraction processes and reviews in detail
the literature providing experimental data on sCO, extraction of LC bio-oils. Section 4 analyzes
available experimental data of phase equilibrium of carbon dioxide at supercritical conditions and key
components of LC bio-oils and provides data correlations and interpretation based on the Chrastil
model. Section 5 summarizes the authors’ view with regard to the integration of this technology in the
downstream upgrading of LC bio-oils and highlights research and technology gaps.

2. Lignocellulosic Bio-Oils

2.1. Lignocellulosic Feedstocks

Second generation lignocellulosic biomass is abundant in the form of agricultural, forestry,
and municipal residues, as well as industrial byproducts such as lignin from the pulp and paper industry.
In 2017, the agriculture sector was estimated to be able to generate from 11 to 47 Mt/day of lignocellulosic
residues, whereas forestry residues were estimated to be 2.1 Mt/day [19]. Their quantitative potential
as raw materials alternative to fossil fuels is thus significant. However, when considering the inherent
difficulties in collecting a sparse resource and conveying it to conversion plants, together with the
yields of transformation into valuable products, it is probable that only a fraction of fossil-based
fuels and chemicals can realistically be substituted by LC counterparts. The potential contribution of
municipal sewage sludge is rather small (e.g., approximately 25 kt/day of dry biomass in the European
Union (EU) in 2010 [20]), even though it is worth considering it in the context of an overall effort
aimed at raw material shift from fossil fuels to renewables. With regard to industrial lignocellulosic
residues, Kraft lignin from the pulp and paper industry and lignin-rich residues from bio-ethanol plants
(i.e., residual enzymatic lignin) are currently made available in small quantities, with an estimated
0.19 Mt/day [21] and 0.74-2.2 kt/day [22], respectively. In spite of the small quantities currently
available, lignin is attractive owing to the peculiar chemical structure, which is composed of aromatic
moieties. In addition, lignin is available with reproducible quality as a by-product of industrial systems
that are either well-established (Kraft process) or under development (lignocellulosic to ethanol).
These aspects make lignin an interesting by-product for the production of fuel additives, as well as
bulk and fine aromatic chemicals [23,24]. Another interesting industrial example is represented by
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residues of the palm industry, such as palm kernel shells. In 2006, Malaysia produced approximately
0.14 Mt/day of lignocellulosic residues associated to palm oil production, which can be an attractive
feedstock for the production of bio-oils [25].

Lignocellulose consists in its majority of three natural macromolecules (i.e., cellulose, hemicellulose,
and lignin), as well as a small weight percent of ash (i.e., inorganics). The ratio between these
macromolecules varies widely from biomass to biomass and is one of the parameters affecting
the composition of bio-oils. Key examples of these feedstocks that were studied in the literature,
with respect to their conversion to bio-oils, are reported in Table 1, with typical ranges of mass fraction
for cellulose, hemicellulose, lignin, and ash.

Table 1. Lignocellulosic biomass and distribution of cellulose, hemicellulose, lignin, and ash (wt%) on
a water-free basis [26].

Residual Forestry Agricultural Industrial Municipal
Biomass Type Poplar  Pine Sugarcane Bagasse =~ Wheat Straw  Kraft Lignin Sewage Sludge !
Cellulose 41-49  38-50 34-42 29 -52 0-1 -
Hemicellulose 17-33 18-30 19-43 11-39 0-1 -
Lignin 18-32  23-28 19-21 8-30 90 -
Ash 0-2 0-6 2-12 1-14 1-2 26-55

1 Organic content is reported as total volatile matter in the range of 40 wt%-74 wt%.
g P! g

Besides the composition in terms of cellulose, hemicellulose, and lignin, the overall elemental
composition is another basic parameter that affects the properties of the bio-oil that can be obtained by
LC biomass. Table 2 reports the oxygen content, the H/C and O/C ratios, and the higher heating value
(HHV) for specific LC feedstocks that were studied in the context of bio-oil production. Elemental
data and HHYV are given on a water-free basis. HHV is calculated as reported in the literature [27],
when the experimental data were not provided.

Table 2. Examples of lignocellulosic biomass, studied for bio-oil production, and their properties.
Elemental composition, ash, and higher heating value (HHV) are reported on a water-free basis. Water
content is also reported when available.

Industrial Residue Softwood Hardwood Energy Crops  Agricultural Residues
Biomass Type
Kraft Lignin Pine Bark Beech Wheat Stalk Sugarcane Bagasse

Water (wt%) 32.6 NA 87 10.5 NA
Oxygen (wt%) 26 4213 445 479 52.5
H/C 1.04 1.38 1.38 153 2.00
o/C 0.31 0.64 0.69 0.79 1.00
Ash 0.8 1.07 0.8 NA NA
HHV (MJ/kg) 27.67 20.2! 19.21 17.8! 164!
Reference [28] [29] [30] [31] [32]

1 Calculated; NA: not reported.

As can be seen, the elemental composition of woody biomass is rather constant for pine (softwood)
and beech (hardwood). Lignin is the biomass with the lowest oxygen content, which results in the
highest HHV. The crop residues have the highest oxygen content, and thus the lowest HHVs.

2.2. Lignocellulosic Bio-Oils

Bio-oils are defined here as the organic-rich liquid product of the thermochemical conversion of
biomass. The two most prominent conversion processes are pyrolysis and hydrothermal liquefaction
(Table 3). Pyrolysis employs high temperature to thermally break the macromolecules constituting
the biomass in an oxygen-free environment. Drying of the biomass is required prior to pyrolysis.
Depending on the residence time, the process is denoted as fast (i.e., a few seconds) or slow (i.e.,
hours to days). Microwaves can be used as an alternative heating source [8]. HTL can handle both dry
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and wet biomass, whose macromolecular constituents are broken down by a complex set of reactions
in subcritical or supercritical water environment, with or without assisting chemicals (e.g., catalysts,
pH regulators, co-solvents) [33].

Table 3. Thermochemical conversion methods for bio-oil production [8,33]. HTL, hydrothermal liquefaction.

Process Pretreatment Temperature Pressure Bio-Oil Yield
Pyrolysis Drying, size reduction 500-600 °C Atmospheric up to 75 wt%
HTL Size reduction 250450 °C 100-350 bar up to 75 wt%

Pyrolysis has reached industrial production level, with several plants around the world [8].
Licensed pyrolysis technologies (e.g., BTG-BTL, Ensyn, VIT) are being used in plants that produce
bio-oil mostly from forestry residues. Characteristic examples are the Empyro plant (Twence — Empyro)
in the Netherlands with production of approximately 65 t/day [34] and the Cote-Nord plant (Ensyn) in
Canada with a capacity of approximately 130 t/day [35]. The HTL technology is utilized in several
pilot plants around the globe [33] and one demonstration plant is under construction in Norway by
Steeper energy and Silva Green Fuel with a production capacity of approximately 4 t/day [36].

LC bio-oils produced by pyrolysis and HTL are typically viscous dark liquids (Figure 1), composed
to a large extent of oxygenated organic components. These oils are tight water-in-oil emulsions with
water mass fractions typically in the range of 20 wt% to 30 wt% for pyrolysis oils [37], while lower values
are observed for HTL biocrudes (4 wt%—15 wt%) [38—42]. Owing to the polarity induced by oxygen to
many chemical constituents, raw bio-oils are not fully miscible with hydrocarbon solvents. They are,
however, miscible with oxygen-containing organic solvents such as acetone and tetrahydrofuran [40,43].
In some cases, inorganics (i.e., ash) are present in bio-oils. They can either originate from the biomass
or be introduced during processing [44]. Some quantitative information concerning physical and
chemical properties of bio-oils is available in the literature and is reviewed in the following.

(b)

Figure 1. Example of lignocellulosic bio-oil from pinewood. (a) hydrothermal liquefaction (HTL);
(b) pyrolysis.

Density values for LC bio-oils are typically higher than 1000 kg/m?, with small variations
depending on the source of biomass. For example, values between 970 kg/m3 and 1100 kg/m? are
typical for HTL biocrudes [9,45,46]. Somewhat higher values are typically reported for pyrolysis oils,
namely between 1100 kg/m3 and 1200 kg/m3 [47]. Density values are thus higher than petroleum and
petroleum liquid products, which typically range from 800 kg/m? for light crude oils up to 1000 kg/m?
for heavy oils and bitumens [48].
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Kinematic viscosity values for LC pyrolysis oils are reported in a broad range, from 7 to 53 cSt at
40°C[37,49]. The variation is strongly connected to the water content of the bio-oil (i.e., 17 wt%—48 wt%),
with viscosity markedly decreasing with the water content. In another work, the kinematic viscosity is
reported to be 28 ¢St at 60 °C [50]. With regard to LC biocrudes (obtained by means of HTL), dynamic
viscosity values are reported in a much broader range, namely from 1700 cP to 4-10° ¢P [30,51,52].
The higher values correspond to semisolids and result from the drying of the biocrude. Another work
reports the kinematic viscosity of a dehydrated HTL biocrude being 12 ¢St at 40 °C [9]. The major
difference in viscosity between pyrolysis and HTL oils is, at least in large part, owing to the difference
in the water content. As reported data typically refer to different water contents, caution is required in
drawing conclusions related to the quality of the bio-oil on the basis of viscosity.

With regard to bulk chemical properties, the most important characteristic of LC bio-oils is the
high oxygen content (O), which can widely range from as low as 10 wt% to as high as 50 wt%. In Table 4,
a few examples are reported. As can be seen, oxygen ranges from 19 wt% to 40 wt%. In all cases,
the oxygen of the bio-oil is lower than that of the biomass, which also translates into a higher HHV
and a lower O/C ratio. Nevertheless, the oxygen values are at least one order of magnitude higher
than the typical values for crude oils, where they lie in the range 0.05 wt% to 1.5 wt% [53]. Therefore,
deoxygenation of LC bio-oil is a requirement in the perspective of fuel production.

Table 4. Properties of HTL bio-oils for different biomass feedstocks. Oxygen (O), H/C, O/C, ash, and
higher heating value (HHV) on a water-free basis.

. Industrial Residue  Softwood Hardwood Energy Agricultural Residue
Biomass Type Crop
Kraft Palm Pine Wheat Wheat  Sugarcane

Beech Eucalyptus

Lignin Shell Bark Stalk Straw Bagasse

Process HTL Pyrolysis HTL HTL Pyrolysis HTL Pyrolysis HTL
Oxygen (wt%) 21 33 28.3 27.3 239 18.8 40.0 36.3
H/C 1.11 1.74 1.2 1.19 1.08 1.29 1.35 1.64

O/C 0.23 0.43 0.33 0.30 0.26 0.20 0.56 0.49
HHV (MJ/kg) 31.7 27 27.41 28.31 29.2 32.41 21.9 24.8!
Reference [28] [54] [29] [30] [55] [31] [56] [32]

! Calculated as reported in the literature [27].

The inorganic content of bio-oils, cumulatively reported as ash, is the result of both the presence
of metals in the original biomass and their introduction during processing. Examples of metals
found in bio-oils are sodium (Na), potassium (K), and iron (Fe) [44,57,58]. Pyrolysis oils typically
have a low ash content (e.g., 0.01 wt%—0.2 wt%) [47,59], as most of the metals are not contained in
volatile compounds, and thus do not transfer in the gas stream. In addition, entrained particles in the
gas stream are retained by filters. The small amounts of ash reported in pyrolysis oils are typically
associated to volatile organometallic components [44]. On the other hand, HTL biocrudes are typically
obtained by processes where catalysts (e.g., potassium carbonate [57]) and pH regulators (e.g., sodium
hydroxide [60]) are utilized. These chemicals dissolve in the water droplets emulsified in the biocrude,
resulting in high ash contents. For example, when an alkali catalyst is used, the ash content of the
biocrude can be as high as 5 wt% [45]. With regard to the biomass feedstock, Anastasakis et al. [41]
performed non-catalytic HTL of miscanthus and spirulina, which contained 2.7 wt% and 6.5 wt% of
ash, respectively, and the biocrudes ended up on average with 2.8 wt% and 6.6 wt% ash, respectively.
It is important to note that even metal content values as low as 0.5 wt% can be detrimental for the
downstream catalytic upgrading (e.g., hydrotreating). Therefore, the metal content of bio-oils must be
substantially reduced if the oil is to be hydrotreated [57].

Another relevant characteristic of LC bio-oils is the acidity. The total acid number (TAN) of LC
bio-oils is reported in the range of 9 to 200 mg KOH/g [30,59-64], depending on the bio-oil and on the
measurement method. TAN is a representation of the acidity of the liquid mixture and is a cumulative
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effect of carboxylic acids and phenolic components that are present in the LC bio-oils. Considering
these two partial acid numbers, namely the carboxylic acid number (CAN) and phenolic acid number
(PhAN), the determination of the latter is not always achieved, when methods developed for petroleum
are used. In some cases, the reported (cumulative) TAN values are essentially CAN. A modification
of ASTM D664 [65] was reported by Christensen et al. [63], which successfully determines both acid
numbers in pyrolysis oils. Montesantos et al. [64] measured the TAN of a LC biocrude from HTL,
using a method inspired by this modification, and reported a CAN value of 43 mg KOH/g and TAN of
129 mg KOH/g. On the other hand, most of the literature for HTL biocrudes reports values of TAN up
to 67 mg KOH/g [30,61,66]. This suggests that, at least in some cases, CAN values are those actually
reported. Therefore, the methodology for the determination of TAN for bio-oils is one of the properties
that requires standardization to ensure meaningful comparisons between different works. In this
respect, Oasmaa et al. [27] published an interesting review of properties and analytical methods for the
case of LC pyrolysis oils.

With regard to the detailed chemical structure of LC bio-oils, they are complex mixtures consisting
of an overwhelming number of chemical components. Ketones, phenols, organic acids, and aromatic
hydrocarbons are commonly found in the volatile fraction [7,67] of LC bio-oils. Other components
such as aldehydes, esters, furans, and sugars are reported in the volatile fraction of pyrolysis oils [67].
The nonvolatile fraction of bio-oils contains mainly oligomers with several carbon and oxygen atoms
(e.g., 15-29 carbon and 8-10 oxygen atoms [68]). This heavy fraction includes both phenolic and
carbonyl functional groups [68,69], but little is known in detail. The average molecular weight of
bio-oils is typically in the range of 300 to 1000 g/mol [70-72], with individual components with
molecular weight ranging from less than 100 g/mol to several thousand g/mol [15,68,73].

More information is available for the volatile fraction, which is typically studied by gas-chromatography
coupled with mass spectrometry (GC-MS). A discussion on this fraction is reported in the following.
In most cases, the relative amounts of components of the volatile fraction are simply reported in terms
of chromatographic peak area ratios. When internal standards are used, the mass fraction of identified
components rarely accounts for more than 50 wt% of the bio-oil. The highest values are typically
associated with pyrolysis oils, owing to several low molecular weight components (e.g., acetol, acetic
acid, and glycoladehyde) that each constitute up to 10 wt% of the oil. In addition, levoglucosan is
typically found in woody pyrolysis oils at high mass fractions (e.g., 10 wt%) [43,54,74-78]. On the other
hand, single components at such a high concentration are not observed in the volatile fraction of HTL
biocrudes, which is characterized by total mass fractions of identified components in a lower range
(e.g., 10 wt%-30 wt%) [28,40,64,76,79,80]. However, chemical classes like polyaromatic hydrocarbons
(e.g., retene) [57] and long chain fatty acids (e.g., hexadecanoic acid) [64] were found to constitute up
to 9 wt% and 4 wt% [58] of HTL biocrudes, respectively. Such components are often not reported in
the characterization of HTL biocrudes, even though they seemingly are a considerable part of it.

Table 5 reports the main chemical classes observed in the volatile fraction of LC bio-oils, together
with typical ranges of molecular weight and number of carbon atoms (carbon number). In addition,
an example is provided in which two pinewood bio-oils, produced by fast pyrolysis and HTL,
are directly compared. The chemical classes include components with a wide range of molecular
weights (i.e., 60 g/mol to above 300 g/mol) and volatilities, with boiling points ranging from around
100 °C (as normal boiling points) to values by far exceeding 300 °C (as atmospheric equivalent
temperature, AET). The presence of these components in LC bio-oils results in high oxygen content,
polarity, and acidity.



Energies 2020, 13, 1600

8 of 35

Table 5. Typical chemical classes identified by gas-chromatography coupled with mass spectrometry

(GC-MS) in bio-oils with examples of mass fractions in pyrolysis oils and HTL biocrudes from pinewood
and examples of specific components [10,43,57,58,76,81-84]. MW, molecular weight.

Chemical . Carbon
Class Pyrolysis [43] HTL [58] MW Number Examples
Hydroxyacetone
Ketones Up to 8 wt% Up to 0.5 wt% 74-124 C3-C10 Cyclopenten-1-one, 2-
Cyclopentanone, 2,5-dimethyl
Phenol
Phenols Upto0.1wt%  Upto0.3 wt% 94-122 C6-C8 o-Cresol
4-Ethylphenol
Guaiacol
Guaiacols Up to 0.5 wt% Up to 0.6 wt% 124-178 C7-C10 Eugenol
Creosol
. Catechol
s _ % _ —
Benzenediols Up to 1.7 wt% 110-124 Ce-C8 4-Ethylcatechol
Short chain o o Acetic acid
fatty acids! Up to 5 wt% Up to 0.2 wt% 60-144 C2-C8 Octanoic acid
Long chain o Decanoic acid
fatty acids ) Up to38 wt% 172-284 C10-C19 Octadecanoic acid
Aromatic acids - Uptol8wt%  152-300 C8-C20 Dehydroabietic acid
Benzeneacetic acid, 3-hydroxy
o Furfural
Furans Up to 0.5 wt% - 84-132 C4-C8 Furanone, 2(5H)-
Glycolaldehyde
o B = »
Aldehydes Up to 8 wt% 60-152 C2-C8 Benzaldehyde, 3-hydroxy-4-methyl-
Esters ~ R 130296 C6-C19 Benzoic ac1d_, 4—nr_\ethoxy-, methyl ester
Furoic acid methylester
9 Levoglucosan
Sugars Up to 10 wt% 132-144 C5-C6 2,3-Anhydro-d-galactosan
Benzenes - Up to1wt% 92-134 C7-C10 o-Cymene
Toluene
Polyaromatic o Naphthalene
hydrocarbons - Up to 9 wt% 128-234 C10-C18 Retene

! For simplicity, small carboxylic acids (i.e., acetic, propanoic) are included in this class.

As different lignocellulosic biomasses own different fractions of cellulose, hemicellulose,
and lignin, it follows that some component types will be favored during thermochemical conversion.
More specifically, a larger fraction of lignin increases the fraction of phenolic components such as
phenol, alkylphenols, guaiacols, and benzenediols [85]. For example, the mass fraction of phenolic
components (relative to the total mass fraction of GC-MS identified components) reported by Belkheiri
et al. [40] for an HTL biocrude from Kraft lignin was 97%, whereas the analogous ratio (in terms of
peak areas) observed by Pedersen et al. [57] for an HTL biocrude from aspen wood was only 27%.
Other chemical classes like ketones, furans, and acids are abundant in bio-oils that originate from
biomass with a high content of cellulose and hemicellulose [86]. For example, the peak area fraction of
ketones reported by Pedersen et al. [57] was 21% for a biocrude originating from biomass with 67% of
cellulose and hemicellulose. The analogous quantity reported by Chan et al. [87] was 21% in a biocrude
originating from biomass with 50% of cellulose and hemicellulose.

Another important aspect of LC bio-oils is the stability under storage. Kosinkova et al. [46]
reported an increase in density of about 5% for an HTL biocrude under ambient conditions upon
25 weeks of storage. The increase reached 30% when the biocrude was stored at 43 °C for the same
duration. The density increase was connected to the increase of the average molecular weight, which in
turn resulted from polymerization reactions of certain lignin-derived phenolic components. Nguyen
et al. [79] observed composition changes in a lignin-derived HTL biocrude (lignin oil), which can be
attributed to instability of the biocrude. Specifically, alkylphenols, benzenediols, and phenolic dimers
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decreased over time, while the average molecular weight of the oil increased after two years under
ambient conditions. The increase in MW was observed by means of gel permeation chromatography
(GPC), and was in line with the decrease of the GC-MS identified fraction of components from 15 wt%,
for the fresh biocrude, to 11 wt% after long-term storage. Interestingly, a diethyl ether extracted
fraction (corresponding to 66 wt% of the biocrude) was very stable, with the identified GC-MS fraction
exhibiting only a 1% reduction in two years at ambient conditions. An important observation of this
work is that the presence of inorganic solids in the lignin oil catalyzes the polymerization reactions,
resulting in a higher aging rate. Elliott et al. [37] reported an increase of the kinematic viscosity of a
fast pyrolysis oil between 60% and 70% during an aging test at 80 °C for 24 h. This viscosity difference,
together with the reported increase of the average molecular weight, is indicative of the relatively low
stability of pyrolysis oil. A similar increase of viscosity was observed after 12 months at 21 °C. Storage
at 5 °C and —17 °C resulted in smaller increases of viscosity, equal to 19% and 7%, respectively [37].

2.3. Valorization

2.3.1. Fuel Upgrading

Hydrotreating (HT) is the most prominent process for removing heteroatoms. It is a catalytic
process adopted from the mature oil industry, where it is typically performed at temperatures of
90-390 °C and pressures of 15-170 bar. HT aims to remove heteroatoms like sulfur, nitrogen, oxygen,
and hydrogenate C = C bonds (hydrogenation, HYD). The main expenditure is the consumption
of hydrogen (H,), with typical refinery values in the range of 10 to 850 Nm?3 of H, per m? of feed.
The variation in the process conditions depends on the feedstock composition as well as on the objective
of HT. Higher heteroatom contents usually require more severe conditions. Typically, fixed bed reactors
are used, with the most common catalysts being cobalt-molybdenum (CoMo) and nickel molybdenum
(NiMo) [88].

With regard to bio-oils, HT was studied at laboratory scale, with the main objective being the
hydrodeoxygenation (HDO) of the liquid feed [89,90]. Reaction temperatures and pressures are
reported in the range of 150 to 400 °C and 40 to 140 bar, with most typical values being 300-400 °C and
100 bar [39,89-91]. The most commonly used catalysts are commercially available CoMo and NiMo on
Al O3 support, although several other catalysts were also studied [92]. The economics of the process is
mainly affected by the high Hj partial pressures required. In particular, the large oxygen fraction of
bio-oils requires Hj to feed ratios in the range of 300 to 600 Nm?3/m? [9,89,93], which are similar to the
ratios required for the sulfur-rich heavy fractions of crude oil refineries (e.g., residual oil) [88].

One of the issues of HT is the formation of coke, which leads to gradual deactivation of the
catalyst. Typically, high molecular weight and high boiling point components accelerate deactivation
because of deposition on the catalyst active sites [94]. Bjelic et al. [15] investigated the chemistry of a
wood-derived HTL biocrude, as well as the chemistry of the extract and the residue obtained from the
hydrotreated biocrude by means of liquid-liquid extraction using n-pentane (C5). The presence of HT
resistant species in the residue was observed and the recommendation of separating the C5-insoluble
fraction from the biocrude prior to HT was formulated. The metal content of some bio-oils (mainly
HTL biocrudes) is also expected to pose problems to HT, because of rapid deactivation of the catalyst.
Metal deposition is irreversible; it substantially reduces the catalytic activity and increases the pressure
drop in the HT reactor [88,94]. When metals are deposited on the catalyst bed, regeneration (e.g.,
to remove coke) can sinter the catalyst surface, resulting in area loss [94]. These factors make necessary
the demetallization of bio-oils prior to HT.

In spite of the abovementioned problems, research on HT of bio-oils has shown promising
results indicating that, using optimal catalysts and conditions for hydrotreating, fuel grade oils can be
achieved. Jensen et al. [90] performed HT experiments on HTL lignocellulosic biocrude on a commercial
NiMo/Al,Oj catalyst. This parametric study highlighted the importance of high temperature and high
H, partial pressure for achieving high-levels of HDO. The maximum HDO level attained in this work
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corresponded to a reduction of oxygen from 5.3 wt% (feed biocrude) down to 0.1 wt% (hydrotreated
oil), with operating conditions of 350 °C, 97 bar, and an Hj to biocrude ratio of 500 Nm3/m3. The same
authors performed GCxGC-MS on HTL biocrude and its HT product, and qualitatively reported (i.e.,
based on peak area ratios) an increase of alkanes and cycloalkanes from about 10%-15% to more than
50%. Another important observation of this work regards the total acid number, which was reduced to
zero after hydrotreating. These results prove the feasibility of HT of LC bio-oils at laboratory scale.
Nevertheless, further work is needed on a larger scale to verify the process operability and economics,
especially with respect to catalyst deactivation rates and fouling. The physical upgrading (separation)
of LC bio-oils upstream of the HT unit may be a key factor to improve the HT operability on commercial
catalysts on an industrial scale.

2.3.2. Production of Green Chemicals

Another perspective of valorization of LC bio-oils is the production of green chemicals. Pyrolysis
oils contain some chemicals at relatively high mass fractions. Among them are acetic acid (up to
9 wt%) and acetol (up 8 wt%) [84]. Acetol is used as intermediate to produce polyols and acrolein [95],
and acetic acid is an important chemical with a production exceeding 33 kt/day. Other chemicals with
high mass fractions are glycolaldehyde (up to 6 wt%) and levoglucosan (up to 9 wt%) [68]. Even though
it has no industrial application at this moment, levoglucosan has been identified as a potential building
block for the chemical synthesis of high value-added pharmaceutical products [96-99]. Phenol is one
of the most studied chemicals in LC bio-oils owing to its huge global demand, which has reached
27 kt/day in 2015 [100]. Phenol and its derivatives (e.g., guaiacol) can be used to produce resins and
adhesives, as well as in the pharmaceuticals, food, or perfumery industries. Phenol mass fractions
in LC bio-oils typically range from 0.1 wt% to 2 wt% [101], with values up to 5 wt% reported in the
literature for pyrolysis oils from high-lignin content bio-mass [54]. High-value specialty chemicals are
also found in LC bio-oils, albeit in low mass fractions. For example, vanillin, which is produced in
majority by petroleum-derived guaiacol (approximately 85% of world production) [102], can be found
in pyrolysis oils between 0.1 wt% and 1 wt% [43,54,84,101,103]. The production of vanillin in 2018
reached 100 t/day [104].

Recently, the antioxidant activity of bio-oil fractions has been studied for both pyrolysis and HTL
oils derived by different biomasses [105-108]. Phenolic dimers and oligomers are suggested as the
active antioxidant components, as monomers exhibited small to no antioxidant activity. The phenolic
fractions were compared with commercial stabilizing agents (i.e., butylated hydroxytoluene, BHT) and
showed identical or even better antioxidant activity in bio-diesel and bio-lubricants [106,107].

3. sCO; Separation of Bio-Oils

3.1. sCO, Basics

Carbon dioxide exists in a supercritical state at conditions that exceed 73.8 bar and 31 °C.
The pressure-temperature (P-T) phase diagram of pure CO,, plotted from experimental data available
in the literature [109-111], is shown in Figure 2. Even though CO; is a low-density vapor at standard
conditions (i.e., 0 °C and 1 bar), in the supercritical region, it can exhibit liquid-like densities while
keeping relatively high diffusivities and low viscosities [112]. The presence of high-density regions,
at pressures not exceedingly high, allow sCO, to exhibit solvent power comparable to liquid solvents
in pressure ranges where separation processes are feasible.
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Figure 2. CO; phase diagram. Data taken from the literature [109-111].

The density of CO, at the critical point is approximately 468 kg/m3, while its viscosity is
approximately 0.03 cP [109]. Within the supercritical region, the density varies widely depending
on pressure and temperature. For example, for temperatures and pressures in the range of 35 to
150 °C and 75 to 400 bar, respectively, it varies between 105 kg/m3 and 973 kg/m3. Even at the
highest densities, sCO, exhibits viscosities remarkably lower than those of typical liquid solvents,
such as hexane (i.e., approximately four times lower). In addition, in a broad area of the supercritical
region, the density of sCO, can be varied remarkably with relatively small variations of pressure and
temperature. This aspect provides a high tunability of the solvent characteristics, namely solvent
power and selectivity, on the basis of two degrees of freedom (i.e., pressure and temperature). This is a
distinct advantage over conventional liquid solvents, where a single parameter (i.e., temperature) can
be varied to alter the properties of the solvent.

Another interesting property of CO; is that, even though it has zero dipole moment [113],
it has a large quadrupole moment, which makes it a good solvent for both apolar and low polarity
compounds [114]. In addition, sCO; is non-toxic, not flammable, and widely available at low cost.
Its use in renewable chemical production is likely to be neutral with respect to CO, emissions into the
atmosphere, as CO, does not need to be produced on purpose, contrary to most petroleum-derived
organic solvents. Moreover, it may even be speculated that a spread in utilization of sCO; in industrial
applications has the potential of a slight reduction of CO, emissions, as its storages will increase
in the growth period of the sCO; technology. Furthermore, underground CO, storage facilities
might be utilized in combination with units employing sCO; as a solvent for renewable production
processes, thus taking advantage of the in situ presence of high-pressure CO, and developing negative
CO;,-emission processes.

Typical process unit configurations include semi-continuous (i.e., batch) extraction, which can be
performed either in a single stage extractor or a multi-stage column, and countercurrent continuous
extraction [16,112,113,115]. In semi-continuous single-stage extractions (Figure 3a), the feed material is
charged in a high-pressure extractor vessel and sCO, is continuously delivered to the bottom of the
extractor. The CO,-rich stream exits the vessel from the top and is expanded in a separator in order to
release the extracted matter by reduction of the solubility, while the solute-free solvent is recompressed
and recirculated. Alternatively, membranes or adsorbents can be used to separate the solutes from the
sCO, without depressurization. Such an example is the use of activated carbon in the supercritical
decaffeination of coffee beans [116]. In the case of multi-stage semi-continuous operation (Figure 3b),
a reflux loop is added, where part of the extract is refluxed at the top of the column. In this mode
of operation, the feed is contacted with the ascending CO,-rich phase in a multiple-stage manner to
achieve a better separation, compared with the single-stage operation [117]. The unextracted material
(i.e., raffinate) remains in the vessel until the end of the batch extraction.
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Figure 3. Flow diagram of semi-continuous extraction processes. (a) Single stage; (b) multi-stage.

The continuous countercurrent operation involves continuous flow of the feed from an entry point
at the top or at an intermediate point of an extraction column, while the sCO, flows continuously from
the bottom. Depending on the feed entry point, the extract is either continuously collected (Figure 4a)
or partly recompressed and refluxed at the top of the column (Figure 4b). In both cases, the raffinate
exits from the bottom. Another mode of operation for the reflux process is the use of a temperature
gradient in the top section of the column (the enrichment section), which serves to induce a drop in
solubility, producing an internal reflux. This mode of operation can be exploited in some sCO;-0il
systems, depending on the P-T region, and is based on retrograde condensation phenomena [16,118].

CO: CO:
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COs Pump & COx Pump g Pump
(a) (b)

Figure 4. Flow diagram of continuous countercurrent extraction process. (a) Without reflux;
(b) with reflux.

A few industrial applications have been established to exploit the advantages of sCO; as a
solvent, which are mostly extractions from solid matter. Examples are coffee and tea decaffeination
and the extraction of essential oils from plant feedstocks [113]. Such extractions from solid material
are typically performed as batch semi-continuous operations by intermittently charging batches of
the solid (e.g., coffee beans) and removing part of the spent materials from the bottom of the system
without depressurizing (i.e., without shut down), while adding fresh material from the top [113].
A niche industrial application of sCO; on liquid feeds is the fractionation of perfluoropolyethers,
aimed at narrowing the molecular weight distribution of polymer fractions used as lubricants [17].
In addition, separation of many other oils proved feasible using sCO; as a solvent. Such cases are
the deterpenation of citrus oils [117,119], separation of fish oil ethyl esters [118,120,121], extraction of
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squalene from vegetable oils [16], and purification of frying oil [122,123]. These research works show
the potential of continuous countercurrent systems for oily feeds. Literature studies on sCO, extraction
applications of crude oil mainly suggest the use of sCO, for fractionation of heavy oils and bitumens,
aimed at recovering a lighter extract, separating it from a heavy asphaltenic residue. The extracts show
lower molecular weight, boiling point, and viscosity, thus being more easily conveyed to other refinery
units, while the residue can be used for electricity production [124,125].

3.2. sCO; Extraction of Lignocelulosic Bio-Oils

The majority of the literature studies on sCO; separation of LC bio-oils refer to pyrolysis oils,
with only a few cases referring to HTL biocrudes. Table 6 summarizes these works and their main
aspects, regarding the nature of the biomass feedstock, the thermochemical conversion process
producing the bio-oil, the system size, and the year of publication. All data so far are limited to
laboratory-scale sCO, extraction systems and the semi-continuous single-stage mode of operation,
with the exception of Mudraboyina et al. [126], where the extractor was coupled with a rectification
column with a temperature gradient, allowing an internal reflux operation. The data selection was
delimited to literature referring to extraction of LC bio-oils obtained by phase separation (e.g., gravity
settling) of the reaction products of the thermochemical process. In particular, this means that extraction
of LC bio-oil species dissolved or dispersed in water or in organic solvents is not considered relevant
in this context.

Table 6. Experimental studies of semi-continuous sCO, fractionation of bio-oils.

Feedstock Thermochemical Process Extractor Volume (cm®)  Year Ref.
Pine HTL 178 2020 [58]

Pine HTL 178 2019 [127]

Pine HTL 178 2019 [64]

Palm kernel shell Slow pyrolysis 50 2018  [128]
Pine Fast pyrolysis 640 2017 [43]

Palm kernel shell Slow pyrolysis 50 2017 [129]
Beech Slow pyrolysis 640 2016 [130]

Red pine Fast pyrolysis 25 2016 [131]
Kraft lignin Microwave pyrolysis 160° 2015  [126]
Beech Slow pyrolysis and fast pyrolysis 600 2015 [84]
Sugarcane bagasse and cashew shells Pyrolysis - 2011 [132]
Wheat-hemlock Fast pyrolysis - 2010  [103]
Wheat-sawdust Fast pyrolysis - 2009  [133]

1 The extractor was coupled with a rectification column.

A generalized laboratory scale system is shown in Figure 5, which represents all literature studies
except for Mudraboyina et al. [126], where the extractor was coupled with a rectification column. Such a
typical system utilizes a CO; cylinder for supplying the solvent. CO, is subcooled via a heat exchanger
and pumped as liquid to pressurize the vessel. CO, can be supplied to the system by different types
of positive displacement pumps such as pneumatic [64], syringe [126], and diaphragm [43]. In some
cases, the pumped CO; is preheated before entering the extractor [43,84,126,128-130]. The extraction
vessel may contain an insert that can be dismounted for easy charging of the feed and retrieving the
residue [64,127].
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Figure 5. Generalized semi-continuous sCO, extraction system.

An inert packing material can be used to provide feed dispersion, thus increasing the contact
area of CO, and the feed. For this purpose, glass beads [64,103,127,128,133] can be used, or a porous
media (e.g,, silica, activated carbon) [43,84,130,131] on which the bio-oil can be adsorbed prior to the
sCO; extraction. In the latter case, some authors reported the introduction of effects that render the
interpretation of the extraction results more complex. More specifically, Feng and Meier [43] reported
different extraction yields between activated carbon and silica at the same extraction conditions,
with the former achieving lower extraction yield than the latter at most extraction conditions, whereas
the effect was inverted at 300 bar and 80 °C. However, the difference in these results is not adequate to
provide a clear understanding of the effect of the two adsorbents. The potential of using experimental
data that combine extraction and adsorption effects is limited in the perspective of scaling up the
process to large-scale production, as the adsorbent use would raise issues for continuous operation.
Exceptions would be presented only for batch separations aimed at extracting small quantities of
high-value compounds, where solid-liquid interactions can be advantageously exploited.

With regard to practical aspects, the use of a non-return valve [64] at the bottom of the extraction
vessel is advantageous in order to avoid back-flow of liquid feed and fouling of the upstream pipeline.
This is particularly important for foulant residues that cannot be dissolved by pure sCO; and are
difficult to dissolve with most solvents, as is the case for LC bio-oils. The extraction vessel can be
heated by a heating jacket [64], an oven [128], or a bath [126], in order to maintain a constant extraction
temperature. An automatic or manual valve can be used downstream the extractor to control the flow
rate of CO,. Downstream of the valve, the expanded fluid releases the components that are dissolved
in sCO,, which are collected in a trapping system while CO; gas is vented. This type of system is
adequate for research purposes, although a potential industrial application would require separation
of CO; from the extracts and a solvent recycle loop.

The trapping system should be considered carefully and ensure adequate collection of the
extracts. In this regard, it is particularly important to (i) ensure a low temperature to allow maximum
condensation of the extracts dissolved in the CO,-rich phase (the gas phase); (ii) limit entrainment of
liquid droplets and solid particles in the CO, gas stream exiting the expansion valve; and (iii) ensure
a smooth flow of viscous extracts downstream of the expansion valve until the collection container.
Such a trapping system can consist of a series of elements (e.g., washing bottles) that serve to capture
the condensed extract, followed by additional elements such as adsorbents (e.g., activated carbon) or
absorbents (e.g., water) to reduce entrainment of fine droplets. The trap can be at ambient or freezing
temperature. The latter can greatly improve the condensation as well as reduce evaporation of the
collected condensed extracts exposed to CO, flow during long extractions. This can be essential for
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pyrolysis oils that contain a large mass fraction of relatively low-boiling organic components (e.g., acetic
acid) and water. The latest work of Feng and Meier [43] highlights this important detail, where the
authors used several traps at ambient conditions, including cotton wool, activated carbon, and water,
while reporting mass balance discrepancies at the range of 6 wt% to 14 wt%. The same range of losses
was encountered during the extraction of HTL lignocellulosic bio-oil, albeit using a cold (approximately
5) trapping system, but no adsorbent [64,127]. Another consideration is the viscosity of the extract,
which increases as the extraction progresses. This may lead to the requirement of heating the tube
downstream of the expansion valve in order to improve the flow towards the trap.

3.3. Experimental Conditions, Extraction Yields, and Vapor Phase Loadings

Table 7 reports the operating parameters (i.e., extraction pressure (P) and temperature (T), initial
mass of the feed (F), CO, mass flow rate, and solvent-to-feed ratio (S/F)) and the outcome of the
experiments of sCO, extraction of LC bio-oils that were found in the literature. The outcome is reported
in terms of total extraction yield (Y) and vapor phase loading (VPL). Y is the ratio of the total mass of
extract to the mass of the feed. VPL is defined as the mass of extract retrieved for a given mass of sCO,
that flowed in the extraction vessel (i.e., the solute loaded in the solvent). It is typically expressed as g
of extract per kg of sCO, in a specific time interval. In addition, the density of pure sCO, is reported,
taken from the NIST database [109].

Table 7. Experimental conditions and technical data of experiments of sCO, extraction of lignocellulosic
bio-oils found in the literature. Pressure (P), temperature (T), CO, density, feed mass (F), CO, mass flow
rate, solvent-to-feed ratio (S/F), total extraction yield (Y), and vapor phase loading (VPL) are reported.

P (ban) TCO Cc::(;;‘;j“y F(g) ngfnfi‘lf)‘” SF(gg  Ywt%) VPL(gkg) Ref.
330-450 80-150 531-851 49-54 4.7-59 30.0-36.7 44.1-53.4 5.9-99.7 [58]
247-448 120 500-730 28.0-30.8 4.8-6.9 40.6-50.9 33.9-48.9 2.7-46.5 [127]
112400 40-120 548-882 40.9-51.1 32-7.0 12.8-85.5 17.1-41.8 13.1-36.5 [64]
300-400 50-70 788-923 1.8-24 3.1-3.8 78.7-116.3 4.7-12.0 04-1.0 [128]
100-300 60-80 221-830 100! 8.31 301 0.1-14.3 0.03-4.8 [43]
150-400 33-66 691-961 2.5 1.1-8.3 26.6-199.0 4.2-30.4 0.9-2.2 [129]

200 60 723 40-80 8.3 37.5-75.0 23.4-40.9 3.1-10.9 [130]

100-300 50 384-870 1.0 0.4-0.9 56.3 71.12 30.63 [131]

80-100 35 (45-95) 4 490-700 2-5 2-10 40-100 11-31 2.2-5.1 [126]
150-250 60 603-786 80 10 45 7.3-414 1.6-11.5 [84]
120-300 50 510-870 100 11.7-20 21-36 9-15 42-43 [132]
100-300 40 628-910 50 40 288 46 0.7-2.16 [103]
250-300 45 857-890 50 30 288 45 0.7-2.8 [133]

! Normalized data are provided only; 2 achieved with the use of co-solvent (i.e., methanol); > average value;
4 rectification column temperatures in parentheses.

The temperature in the literature studies was in the range of 40 to 120 °C. The pressure was
largely varied between 80 bar and 448 bar, with the aim of a wide range of solvent density (i.e., 221 to
961 kg/m3). However, only the studies of Chan et al. [128] and Montesantos et al. [58,64,127] explored
pressures higher than 300 bar. CO, flowrates used in these studies ranged from values much lower
than 1 g/min up to 40 g/min, which, in some cases, resulted in very low extraction yields or very
high solvent-to-feed ratios. Depending on the applied conditions, extraction yield values in the range
0.1 wt% to 48.9 wt% are reported using pure sCO,. Cheng et al. [131] achieved up to 71 wt% extraction
yield with the use of up to 25 vol% of methanol as a co-solvent.

Regarding the effect of the extraction conditions, some important conclusions can be drawn.
The increase of pressure at constant temperature is consistently reported as beneficial for extraction
yields and vapor phase loadings. This is straightforwardly explained by the increase of the solvent
power (i.e., increased solubility of bio-oil components in sCO,). The effect of temperature increase at
constant pressure is more complex, as it leads to improved mass transfer, but it can also lead to reduced
solubility. Feng and Meier [43], on pyrolysis oils, and Montesantos et al. [58,64], on HTL biocrudes,
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observed that a temperature increase at constant pressure generally increases Y and VPL, especially at
high pressures (e.g., 300-400 bar). This indicates that, even though the increase of temperature is often
associated with reduced solvent power, because of the decrease of solvent density, the enhanced mass
transfer parameters improve the extraction rate and can improve Y and VPL of the process. In addition,
Montesantos et al. [64] reported operational problems (i.e., sporadic clogging of the system) with HTL
bio-oils at low temperatures. These problems were severe at 40 °C and moderate at 60 °C, while smooth
operation was achieved at 80 °C and above.

3.4. Physical and Chemical Properties of sCO, Extracts

sCO; extracts exhibit lower viscosity and density compared with the bio-oil feed. Patel et al. [132]
reported the kinematic viscosity of sugarcane bagasse pyrolysis oil sCO, extracts and compared
it with previously published viscosities of similar non-fractionated LC bio-oils [50]. The extracts,
which accounted for only 9 wt%—15 wt% of the feed, exhibited a lower viscosity (i.e., approximately
18 cSt) than the crude bio-oil (approximately 28 cSt). It is important to note that, in an aging test of
60 days, the extracted oil showed greater stability with regard to viscosity, with an increase of only
4 ¢St compared with approximately 22 ¢St for the non-fractionated LC bio-oil.

Wang et al. [134] performed extraction of a corn stalk pyrolysis oil by a sequence of pressurization—
depressurization steps (intermittent extraction), and reported that the density of the bio-oil (i.e.,
1150 kg/m3) was reduced down to 952-980 kg/m?® for the extracts. Montesantos et al. [64] reported a
reduction from 1051 kg/m® down to 941-1017 kg/m3 for the extracts of HTL bio-oil from pinewood.
Although the density reduction is moderate, from a fuel perspective, the sCO, extracts exhibit densities
in line with residual marine fuels, which are typically in the range of 920 to 1010 kg/m?3 [135].

In the work of Montesantos et al. [64], TAN reductions from 129 mg KOH/g down to 61 to
120 mg KOH/g are reported for the sCO, extracts, with the TAN values increasing with the extraction
progression (i.e., over time). Carboxylic acids were sequentially extracted, with short chain fatty acids
extracted at the earlier stages and long chain fatty acids at later stages of the extraction. In addition,
the acidity of sCO, residue shifted from carboxylic to phenolic nature, as the fatty acids were extracted
preferentially with respect to more polar and heavier phenolic components.

Regarding water content, Feng and Meier [84] reported a reduction in both the extract and the
residues for two fast pyrolysis oils. Even though this result clearly indicates the operational difficulties
in collecting the extracted water in the trap, and thus the difficulties in closing the water mass balances,
it also indicates that water is co-extracted. Therefore, sCO, extraction can be used as a means for
dewatering the LC bio-oil while fractionating it. In the work of Feng and Meier [84], the water content
of the two feeds was 19 wt% and 43 wt%; for the extract, it ranged from 10 wt% to 13 wt% and 14 wt%
to 19 wt%; and for the residues, it ranged from 6 wt% to 8 wt% and 10 wt% to 13 wt%, respectively.
Reduction of water in the sCO, extract of a HTL biocrude was observed by Montesantos et al. [58] as
well, where the extracts were dewatered up to 77%, with respect to the initial water content.

Regarding metal content, in a recent work, Montesantos et al. [58] focused on the effect of sCO,
extraction on the removal of metals from HTL biocrude. The authors reported 95%-98% removal of
metals (i.e., metal content reduced from 8500 mg/kg to lower than 200 mg/kg), which represents a
significant improvement of the quality of the extracts, with respect to the feed biocrude, in light of the
downstream hydrotreating. With regard to the elemental composition, the difference between sCO,
extracts and their respective feeds can be seen in Figure 6, where the H/C atomic ratio and the oxygen
mass fractions on a water-free basis are compared. In the case of extracts, values corresponding to
extractions at different pressure and temperature conditions on the same feed were averaged.



Energies 2020, 13, 1600 17 of 35

35 0.6 : .
Il Feed Il Feed
3,0 | I Extracts (average) gE [ Extract (average)
25 =
»% '(f:; 0.4
5 20 ﬁ
g é 03}
w150 2
= g
an) 10 ? 02}
ol o}
05+ 0.1}
0 0
A B c D E E B F & A B ¢ D E E B F &

(a) (b)
Figure 6. (a) H/C atomic ratio and (b) oxygen mass fraction of bio-oils (feed) and their sCO, extracts on
a water-free basis. A: Montesantos et al. [58]; B: Montesantos et al. [64]; C: Chan et al. [129]; D: Feng and
Meier [130]; E1-E3: Feng and Meier [84]; F: Naik et al. [103]; G: Rout et al. [133]. E1-E3 correspond to
different feeds. ! It was assumed that the data were reported on a water-free basis (unspecified by the
authors); 2 it was assumed that the data were reported including water (unspecified by the authors).

In most cases, the H/C ratio and oxygen mass fraction are not affected, or are moderately affected,
by the extraction. In particular, the absence of significant variation of the oxygen content indicates that
oxygen is widespread in many classes of molecules of different polarity and molecular weight, making it
difficult to have a selective process in this regard. For an HTL biocrude, Montesantos et al. [58] reported
a partial deoxygenation (i.e., oxygen mass fraction 0.10 down to 0.05-0.07). The oxygen reduction
can be explained in terms of the increased VPL of alkylbenzenes and polyaromatic hydrocarbons,
especially in the first extracts, in the presence of water in the biocrude (extraction of nondewatered
bio-oil). The data from Naik et al. [103] and Rout et al. [133] appear to be strong outliers. In these
works, a fast pyrolysis oil with an extremely high oxygen content is reported, which is higher than the
oxygen content of the biomass feedstock. In addition, the majority of GC-MS identified components
are oxygenated organic molecules, with a lower oxygen content than the oxygen reported by elemental
analysis. All things considered, the data from Naik et al. [103] and Rout et al. [133] seem to show
some inconsistencies.

3.5. Chemical Composition sCO;, Extracts

The components identified in the volatile fraction of sCO, extracts of LC bio-oils can be generally
grouped into the following chemical classes: (1) ketones; (2) phenols; (3) guaiacols; (4) benzenediols;
(5) aldehydes; (6) esters; (7) furans; (8) syringols; (9) short chain fatty acids (SFAs); (10) long chain fatty
acids (LFAs); (11) aromatic acids (ArAcid); (12) single-ring aromatic hydrocarbons (benzenes); and (13)
polyaromatic hydrocarbons (PAHs). These classes, with indication of the key components reported in
the literature, are presented in Table 8.
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Table 8. Typical chemical classes and key components observed in sCO, extracts [43,58,64,84,103,126,
129,130,132,133].

Number Class MW Range Key Components Carbon Number
Acetol 3
Acetylacetone 5
1 Ketones 74-124 2-pentanone 5
Propan-2-one. 1-acetyloxy- 5
2-Cyclopenten-1-one, 2,3-dimethyl- 7
Phenol 6
o-cresol 7
2 Phenols 94-122 m-cresol 7
p-cresol 7
2,5-Dimethylphenol (p-xylenol) 8
Guaiacol 7
4-methyl guaiacol 8
4-ethyl guaiacol 8
3 Guaiacols 124-178 4-propyl guaiacol 8
Eugenol 10
Isoeugenol 10
Creosol 8
Vanillin 8
4 Benzenediols 110-124 1,2-Benzenediol 6
Aldehydes 60-152 Glycolaldehyde 2
6 Esters 130-296 Pentanoic acid. 4-oxo-. methylester 6
Furfural 5
7 Furans 84-126 5-Hydroxymethylfurfural 6
8 Syringols 154 Syringol 8
. Acetic acid 2
9 ngftrt ;231;1 60-144 Propionic acid 3
y Hexanoic acid 6
Long chain n-Hexadecanoic acid 16
10 fatty acids 256-284 n-Octadecanoic acid 18
11 Aromatic acids 136 Benzeneacetic acid, 3-hydroxy 8
12 Benzenes 120 o-Cumene 10

Polyaromatic

13 hydrocarbons 128 Naphthalene 10

Most of these classes include low molecular weight components. Some chemical classes comprise
components characterized by a narrow molecular weight range, whereas fatty acids [64] and esters [84],
observed in HTL and pyrolysis oil extracts, respectively, are characterized by a wide range of molecular
weight (see Table 5). The boiling point distribution in the extracts is in a wide range as well, from as
low as 117 °C for acetic acid, reaching up to 400 °C for the high molecular weight fatty acids.

Most components are typically in low amounts in the sCO, extracts (below 1 wt%) of both
oils, with a few exceptions. In extracts of pyrolysis oils, short chain carboxylic acids, acetol,
and glycolaldehyde are observed in large amounts; in some cases, as high as 20 wt% [43,84,130].
In addition, guaiacol, furfural, and syringol are reported with noteworthy mass fractions (1 wt%-5 wt%)
in extracts of LC bio-oils of both pyrolysis and HTL. As a result of the concentration of these components,
the sCO; extracts exhibit a larger volatile fraction, with the fraction of the oil that can be identified by
GC-MS being larger than the feed (e.g., up to 70 wt% [84]). On the other hand, levoglucosan (a sugar)
present in pyrolysis oils (see Section 2.2.) is not extracted and remains entirely in the residue.
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In an attempt of highlighting trends and providing some quantitative indication, values of
distribution factors (K-values) were calculated from the available data reported in the literature.
The calculated K-values are reported in Figure 7. using a box plot, covering the range of P, T,
and composition corresponding to the experimental conditions. It should be noted that, as compositional
information mostly refers to the lighter fraction of the bio-oil, most of the identified components are
extracted preferentially, thus with K-values higher than 1.
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Figure 7. Distribution factors (K-values) of component classes identified in the literature. K-values
correspond to the pressure, temperature, and compositional ranges reported in the literature. The boxes
include the 50% distributed around the average, the red line is the median value, the whiskers are the
extreme values (over 75% and under 25%), and the “+” denotes values considered outliers [58,64,84,126,
127,129,130]. SFA, short chain fatty acid; LFA, long chain fatty acid; PAH, polyaromatic hydrocarbon.

As can be seen, guaiacols are among the most preferentially extracted components, with the highest
median K-value (close to 4). Among other hydroxybenzenes, phenols, syringol, and benzenediols
show descending K-values in the range of 2.8 down to 1.8. This is in line with the solubility predictions
performed by Magbool et al. [101], which show that guaiacols have the highest solubility in sCO,,
followed by phenols and benzenediols. The lower K-values of benzenediols are connected with their
higher polarity, owing to the presence of two hydroxyl groups. They were, however, observed to be
extracted with yields up to 60 wt%, after the preferentially extracted components (e.g., guaiacols) were
depleted in the feed [64]. Low molecular weight ketones and furans (see Table 8) are other classes
of components preferentially extracted, with K-values close to 3. The extracted components of these
classes show similar molecular weight and polarity. Glycolaldehyde is the only aldehyde found in a
considerable amount in pyrolysis oils (up to 8 wt%), and has one of the lowest MWs of the reported
components [43]. For this component, the available literature data do not allow calculating K-values,
although it was reported by Feng and Meier [43] to be remarkably concentrated up to 16 wt%. Esters
are typically not detected in the feeds, but low molecular weight esters (i.e., 100-130) were reported in
a single case in the sCO, extracts (up to 1.6 wt%), indicating high expected K-values [84].

With regard to the acids, most literature works report acetic and propionic acids, which are found
in pyrolysis oil feed at high concentrations. Their K-values are typically above 2-3, which is in line
with their low molecular weight. Montesantos et al. [58,64,127] identified several fatty acids ranging
between C5 and C18, as well as two aromatic acids. As an example, Figure 8 shows the K-values of
said acids in terms of extraction progression (extraction time increasing from left to right). All reported
extractions were at 120 °C, but with different pressures (and thus different solvent densities). As can be
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seen, the short chain fatty acids (i.e., C5-C8, SFA) maintain high K-values for the whole duration of the
extraction, which is in line with their relatively low MW. On the contrary, the long chain fatty acids
(i.e., C6~C18, LFA) and the aromatic acids (i.e., dehydroabietic acid, ArAcid) initially exhibit K-values
lower than 1 and, at the latest stages, they are extracted with K-values up to 8 and 4, respectively.
This figure highlights the possibility of sequential extraction and fractionation of different acids on the
basis of their molecular weight. From a theoretical standpoint, it also highlights the high dependency
of K-values on the composition of the mixture, which reflects the strong thermodynamic non-ideality
of the system sCO; + bio-oil.
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Figure 8. Variation of K-values with extraction progression (left to right) of different types of acids:
short chain fatty acids (SFAs); long chain fatty acids (LFAs); aromatic acids (ArAcid). Extraction
temperature: 120 °C. Three different solvent densities [127].

Finally, the only cases reporting the extraction of aromatic hydrocarbons are the works of
Montesantos et al. [58,127] on an HTL biocrude. In these works, alkylbenzenes (e.g., o-cymene)
exhibited the highest K-values (up to 6) and were extracted with yields up to 90 wt%. Polyaromatic
hydrocarbons were the largest fraction of the extract (up to 23 wt%) and included some of the highest
molecular weight components (e.g., retene). They exhibited increasing K-values with extraction
progression, as the lower MW components were depleted from the feed, achieving extraction yields up
to 83 wt%. The possibility of extracting these components is in line with the known capability of sCO,
of extracting hydrocarbons, even at a very high molecular weight.

4. High Pressure Solubility Data and Modelling

The process design of sCO, extraction and downstream separation of LC bio-oils requires the
development of suitable thermodynamic models (e.g., based on cubic equations of state) in order
to estimate the K-values of the different species to be separated, for a given pressure, temperature,
and overall composition of the system. In turn, the development of such models for complex
mixtures as LC bio-oils requires strategies of lumping bio-oil components into classes, defining
thermodynamic properties (e.g., critical properties and acentric factors) for each class of components,
as well as collecting experimental data of high-pressure phase equilibrium of sCO, and selected
class-representative components. Experimental data are used for model validation and model tuning
by estimation of optimal values of binary interaction parameters. This procedure is analogous to
what has been developed for decades for petroleum reservoir fluids, also in relation to sCO, injection
studies [136]. However, crude LC bio-oils (i.e., prior to hydrotreating) are drastically different from
fossil crude oils, with a large amount of oxygen and polar components spread in the entire molecular
weight range, which leads to notes of complexity in the definition of optimal lumping strategies.
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In addition, literature data on high-pressure phase equilibria for sCO, and key components of LC
bio-oils are very scarce. The fact that a large fraction of LC bio-oils is not fully characterized adds to
this complexity.

The available solubility data of key components of LC bio-oils in the sCO,-rich phase are correlated
with the semi-empirical density-based model of Chrastil [137]. This procedure proved satisfactory
for systems composed of sCO; and bio-o0il components by Magbool et al. [101] and, in this work,
it is substantially extended to a larger number of components and chemical classes. The equation
suggested by Chrastil takes the following form:

S = pk exp(% +b) 1)
where:

S: solubility of the solute in the sCO,-rich phase (grams of solute per liters of pure solvent at the P,
T conditions of interest);

p: density of the pure solvent (g/L) at the P, T conditions of interest;

k: association number (i.e., number of CO, molecules associated with one solute molecule);

a: constant connected to the enthalpy of solvation and vaporization;

T: temperature (K);

b: constant connected to the molecular weights of the solvent and the solute.

The basic assumption of the Chrastil model is that a molecule of the solute is associated with a
fixed number (k) of solvent molecules at a given temperature. The correlation proved successful for
many components dissolved in sCO; corresponding to or having a similar structure to species found
in LC bio-oils (e.g., phenol, naphthalene, octadecenoic acid [101,137]). In addition, it proved successful
in a wide range of pressures and temperatures, provided that the solubility of the solute is not too high
(typically solubility S not above 200 g/L) [137]. Considering that the VPLs of LC bio-oils, in the range
of operating conditions of interest (see Section 3), are typically below 100 g/kg, the Chrastil model is
expected to be a valid tool for correlation and data analysis.

Binary Phase Equilibrium Data of LC Bio-Oil Components and sCO;

Table 9 reports a summary of the binary phase equilibrium data available in the literature,
with reference to relevant components of LC bio-oils and sCO,. For each publication, the component
is specified, together with the pressure and temperature range of the measurements, as well as the
corresponding density of pure sCO,. The method of measurement is reported as analytical or synthetic,
corresponding to the classification introduced by Dohrn and Brunner [138]. In short, the analytical
method indicates that sampling and consequent analysis of the phases were performed, whereas in the
synthetic method, bubble or dew point pressures are determined at given temperatures and overall
compositions. With regard to the type of data, the symbol VLE indicates that both the solubility of the
bio-o0il components in the sCO,-rich phase and the solubility of CO; in the liquid phase are reported.
When “solubility” is indicated, the solubility of the bio-oil component in the sCO,-rich phase is the only
type of data reported. The complete solubility data can be found in the Supporting Information (Table
S1). Table S1 collects all numerical data that are reported by the listed publications at supercritical
sCO, conditions.
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Table 9. Chemical components studied and experimental conditions of measured phase equilibrium
data with sCO, in the literature. Temperature range (T), pressure range (P), sCO, density range (p),
type of measurement (method), and type of data (data) are reported.

Component T (°C) P (bar) P (kg’/ m?) Method Data Ref.
Cyclohexanone 160-180 90-220 115-332 Analytical VLE [139]
5-Hydroxymethylfurfural 41-70 97-196 390-823 Synthetic Solubility [140]
Heptanoic acid 40-60 85-200 212-840 Analytical Solubility [141]
Hexadecanoic acid 40 80-248 278-878 Analytical Solubility [142]
35-55 138-414 610-977 Analytical Solubility [143]

35 99-230 709-888 Analytical Solubility [144]

35-55 128-226 560-885 Analytical Solubility [145]
4045 101-233 512-864 Synthetic Solubility [146]

64-78 105-260 643-759 Synthetic VLE [147]

Cumene 40-120 76-183 131-376 Analytical VLE [148]
70 87-116 197-324 Analytical VLE [149]

50 80-88 220-270 Analytical VLE [150]

Naphthalene 35-65 81-287 208-903 Analytical Solubility [151]
121-162 77-166 120-313 Analytical VLE [152]

Benzeneacetic acid 35-45 90-200 381-852 Analytical Solubility [153]
Benzoic acid 35-70 101-364 252-958 Analytical Solubility [154]
45-65 120-280 384-878 Analytical Solubility [155]

Phenol 60-90 100-350 203-863 Analytical Solubility [156]
36-60 79-249 334-897 Analytical Solubility [157]

100 107-301 207-663 Analytical VLE [158]

Catechol 60-90 100-350 203-863 Analytical Solubility [156]
35-65 122-405 396-974 Analytical Solubility [159]

Vanillin 40-80 80-277 160-895 Analytical Solubility [160]
35-45 83-195 466-857 Analytical Solubility [153]

68-136 216-1341 561-1115 Synthetic VLE [161]

Guaiacol 50-120 80-200 128-784 Analytical VLE [162]
0-Cresol 100 104-263 199-610 Analytical VLE [158]
50-200 99-300 121-848 Analytical VLE [163]

m-Cresol 35-55 80-240 204-895 Analytical VLE [164]
100 102-300 194-662 Analytical VLE [158]

p-Cresol 50-200 100-348 123-898 Analytical VLE [163]
80-150 80-200 113-594 Analytical VLE [162]

100 103-302 196-663 Analytical VLE [158]

1 Taken from NIST [109].

The components reported in Table 9 are chosen to represent the chemical classes indicated in
Table 8, taking into account the availability of phase equilibrium data in the literature. All data
retrieved in the literature were included in the analysis, with the exception of a few data sets concerning
hexadecanoic acid and naphthalene. With regard to the former, six works were selected owing to the
fact they show consistent data at the same P and T conditions, besides being based on high purity
solutes and sound methodology. With regard to naphthalene, several literature sources exist. In this
case, the work of McHugh and Paulaitis [151] was selected as their data are often used as reference by
other works. In addition, the data reported by Yanagiuchi et al. [152] were chosen because they report
data at high temperatures, as opposed to the typical range of 35-80 °C for all other published works.

Solubility data of LC bio-oil components in the sCO,-rich phase were correlated using the
linearized form of the Chrastil equation:

In(S) = kin(p) + (% +b) @)
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Equation (2) was thus used for performing a multiple linear regression analysis of the experimental
data reported in Table 9, referring to the sCO,-rich phase. The density of pure CO; is taken from the
NIST webbook, whose data are based on the Span-Wagner equation of state [109]. The set of optimal
values for the parameters k, a, and b is reported for each component in Table 10, together with the
regression statistics.

Table 10. Chrastil solubility constants (k, a, b) for the binary systems of bio-oil components and sCO,,
statistical properties of the regression (R2, ARD), and number of experimental data regressed (N).

Regressed Parameter Goodness of Fit
Component k a (K) b R? ARD % N
Cyclohexanone 2.0216  —34253 0.45405 0.984 2.0 10
5-Hydroxymethylfurfural 40412  -3263.6 -15.267 0.973 9.0 19
Heptanoic acid 6.0527  —3806.1 —-23.733 0.987 8.1 15
Hexadecanoic acid 7.5664 -9042.3 —-20.706 0.950 19.0 62
Cumene 2.5852  —3481.6 —-2.1835 0.963 9.3 41
Naphthalene 3.7852  —4080.9 -8.1975 0.940 14.7 63
Benzeneacetic acid 6.1072 -10177 -5.2314 0.986 49 24
Benzoic acid 52174  -5860.4 -14.636 0.986 13.4 53
Phenol 3.0544  -3081.4 6.9331 0.729 10.8 73
Catechol 3.7457  -3716.1 -12.417 0.977 182 62
Vanillin 4.0675  —4210.7 -11.707 0.948 18.4 74
Guaiacol 4.0447 —2597.8 —14.042 0.965 21.0 13
0-Cresol 34937  -3026.3 -9.2413 0.867 13.1 16
m-Cresol 3.8196  —2950.5 -12.383 0.98 18.0 23
p-Cresol 3.2734 34413 ~7.5747 0.924 15.7 30

For most data, the linearity is good, with R? values above 0.92. Exceptions are the values for
phenol and o-cresol. For the latter, it is because of several solubility values being above 100-200 g/L.
In this case, the density of the mixture starts departing from the solvent density and the model becomes
less accurate [137]. In all cases, the average relative deviation between the calculated and experimental
values is between 2% and 21%. The association value k is generally in line with available literature
values [101,137,140,143]. It is observed that phenolics have values between 3 and 4, which is in line with
the values reported by Magbool et al. [101], even though the datasets are substantially expanded in this
work. Cumene (1-ring aromatic hydrocarbon) exhibits one of the lowest k (i.e., 2.6), while naphthalene
exhibits a higher value (i.e., 3.8), which is in line with its higher molecular size. Fatty acids have higher
values, increasing with the molecular size as well.

Experimental solubilities of LC bio-oil components in the sCO,-rich phase, expressed as grams
of solute per kg of solvent, are plotted in Figure 9 as a function of the sCO, density for different
temperatures. In the same figure, isotherms predicted by the Chrastil model are shown (continuous
lines) for the corresponding values of temperature and solvent density. When more than one data
source for the same experimental temperature exists, the one with the largest solvent density range
was plotted.

In Figure 9, the effect of density and temperature can be appreciated. It is noted that increasing the
solvent density at a given temperature corresponds to increasing pressures. As expected, the solubility
increases with the solvent density for all isotherms. In addition, in all cases, higher temperatures at
constant density conditions (i.e., increasing pressure) result in higher solubilities.
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Figure 9. Solubility isotherms vs. sCO, density for all components studied. Markers indicate
experimental data, while continuous lines are obtained with the Chrastil model. (a) Heptanoic
acid; (b) Hexadecanoic acid; (c¢) Cumene; (d) Phenol; (e) Cyclohexanone; (f) Naphthalene;
(g) Hydroxymethylfurfural; (h) Benzeneacetic and benzoic acid; (i) Catechol; (j) Vanillin; (k) Guaiacol;
(1) o-Cresol; (m) m-Cresol; (n) p-Cresol.

These trends are in line with VPL values of sCO, extraction of LC bio-oils discussed in Section 3.3.
A good example of the effect of temperature is vanillin, whose solubility at 80 °C increases considerably
with the increasing solvent density, while at the lower temperatures, the increase is much less significant.

The solubility of sCO, in the liquid phase is provided only in a few cases. The available data
show that sCO, exhibits high solubility in liquid hydrocarbons. For example, the solubility of sCO,
in cumene ranges from 165 to 586 g/kg at 120 °C [148]. At the same temperature, naphthalene can
dissolve 100-303 g/kg of CO, for pressure ranging from approximately 80 to 160 bar [152] CO,. For the
system sCO, + cyclohexanone, at the relatively high temperatures reported (i.e., 160 °C and 180 °C),
CO; solubilities range from 146 to 555 g/kg [139]. A relatively large amount of CO; is dissolved in
hexadecanoic acid as well, with the range being from 244 to 415 g/kg [147]. The solubility of CO,
in phenolic components follows the trend cresols and guaiacol > phenol > vanillin [158-164]. In all
cases, however, values above 380 g/kg were reported at the higher pressures (200-300 bar), with the
exception of vanillin, where such high values were only reached at extremely high pressures (i.e.,
762-1357 bar) [161]. In general, the data show that a large amount of sCO, can be dissolved in this type
of liquid components. This is a favorable property for the separation of LC bio-oils in countercurrent
equipment, as the dissolution of the supercritical solvent in the liquid causes the viscosity to drop, thus
improving process operability.

5. Conclusions and Perspectives

The current work reviews the state-of-the-art on sCO, extraction of second-generation
lignocellulosic bio-oils, produced by pyrolysis or hydrothermal liquefaction. sCO, extraction is
deemed a promising physical separation process that can be integrated in the downstream of the
thermochemical conversion unit with the aim of valorizing the raw bio-oils. Two main application areas
are envisaged: (1) high yield extraction of HTL biocrudes for drop in bio-fuel production; (2) extraction
of specific chemicals from pyrolysis oils.

In the case of HTL biocrudes, the application of sCO, allows extraction yields above 50%, with the
production of extracts with favorable properties towards hydrotreatment. Namely, extracts have
lower water content, lower average molecular weight, lower density, viscosity, and acidity, with the
acidity nature shifted towards carboxylic instead of phenolic. In addition, the metal content of
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sCO, extracts is drastically reduced, from the very high values of HTL biocrudes (e.g., 8500 mg/kg)
to values below 200 mg/kg, as metals are left in the residue of the sCO, extraction processes [58].
These properties are expected to lead to a lower deactivation rate of the hydrotreatment catalyst and
reduced coking and fouling, overall leading to better process operability and economics. Moreover,
the hydrotreatment products are expected to be shifted towards lighter hydrocarbon fractions, which are
more valuable. On the other hand, the oxygen content of the extracts is comparable to that of the
feed, or only moderately decreased, which means that significantly lower hydrogen requirements (per
unit hydrotreatment feed) are not expected. However, this aspect is comparable to the experimental
findings of vacuum distillation of HTL bio-oils, which also reported oxygen to be widespread in the
whole range of distilled fractions. In this context, experimental works focusing on the comparison of
hydrotreating of raw HTL biocrudes versus sCO, extracts is an important knowledge gap. Future
research work is needed in this area.

In the case of pyrolysis oils, sCO; can be used for the recovery of fractions rich in short chain
organic acids, such as acetic and propionic acids, short chain fatty acids, acetol, and furfural, owing
to their relative abundance in this type of oil. The recovery of fractions rich in 1-ring lignin-derived
phenolics (phenols and guaiacols) and their separation from benzenediols and long chain fatty acids
is also deemed feasible on the basis of K-value analysis. High value chemicals like vanillin can also
be recovered and made available for downstream purification. On the other hand, the sCO, residue
of pyrolysis oil is concentrated in sugars and might have the potential to be fed to other biorefinery
processes such as anaerobic digestion. In the case of pyrolysis oils, the use of sCO, for the downstream
separation of the extracted components into several classes is a topic requiring further research in
order to provide basic process schemes that can be evaluated in terms of process economics.

For both types of oils, the knowledge of the heavy fraction is scarce. Further studies addressing
this aspect would be needed, in order to envisage possible utilizations of the residue, other than
burning it for heat recovery. For example, it may have similarities with biochar and hydrochar, and can
provide the base material for the production of adsorbents [165]. Phenolic oligomers from bio-oils
were suggested as potential fuel antioxidants [105,107,108]. As sCO, extracts preferentially phenolic
monomers, the residue is expected to be enriched in these components. The possibility of recovering
this fraction using sCO;, as pure solvent or with the use of small quantities of modifiers (e.g., ethanol,
propanol), is another area of research to be developed.

As the natural competitor of sCO, extraction on LC bio-oils is vacuum distillation, experimental
works aimed at comparing the two processes would be relevant to assess the advantages and drawbacks
of the two processes in terms of yields and selectivity, as well as energy requirements for continuous
countercurrent processing at a large scale.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/7/1600/s1,
Literature solubility of bio-oil components in sCO,, Table S1.
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Table S1. Solubility data of bio-oil components at different temperature and pressure conditions.

Cyclohexanone Ref.
P (bar) @
A 9 131 165 194 213 [139]
Solubility o3 1188 1494 1950 2582
(g/kg)
P (bar) @
A 89 135 175 209 215
Solubility 1106 1624 1915 2760 2934
(8/kg)

5-Hydroxymethylfurfural Ref.
POae o 416 133 148 166 187 [140]
41°C
Solubility 0,5 35 44 57 68
(8/kg)
P (bar) @
s 110 128 144 158 177 196
Solubility 0 g 35 44 57 68
(g/kg)
P (bar) @
P 119 140 153 166 184
Solubility -\ g 35 44 57
(g/kg)
P (bar) @
0o 127 149 153 166 184
Solubility o\ 55 35 44 57
(8/kg)

Heptanoic Acid Ref.
P (bar) @
e 100 115 150 175 200 [141]
Solubility 5y ¢ 751 899 1062 1238
(8/kg)
P (bar) @
o 8 100 115 150 175 200
Solubility 0 35 478 930 1256 1584
(8/kg)
P (bar) @
60 ¢ 8 100 115 150 175 200
Solubility 015 35 409 1283 1401
(g/kg)

Hexadecanoic Acid Ref.
P ;ziré@ 99 127 157 186 206 230 [142]
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09 19 23 26 28 29
(e/ke)
P (bar) @
35 °C 129 148 168 197 227 [143]
Solubility 15 18 21 23 2.6
(e/kg)
P (bar) @
45 °C 129 148 168 197 227
Solubility 22 32 41 5.0 6.1
(erks)
P (bar) @
35 0C 129 148 168 197 227
Solubility 22 4.4 6.7 9.8 12.3
(&/kg)
P (bar) @
35 0C 138 275 414 [144]
Solubility 1.9 32 3.6
(8/k8) ' : :
P (bar) @
45°C 138 275 414
Solubility 52 23 23
(g/kg) i
P (bar) @
55 0C 138 275 414
Solubility 40 47 76
(g/kg) i
Pil(’)iré@ 80 91 91 100 110 151 151 201 248 [145]
lubili
Solubility 0.003 0.14 020 0.8 1.6 32 33 44 5.8
(erkg)
P (bar) @ 121 129 146 155 171 202 229 [146]
40°C
Solubility 21 23 29 33 3.7 4.6 52
(&/kg)
P (bar) @
pr 101 156 184 234
Solubility 0.8 35 49 6.4
(8/k8) ' ' : :
P (bar) @
o esec M4 28 219 221 w8 248 [147]
Solubility 1/ /' 142 159 177 193 224
(erkg)
P (bar) @
Jomec R4 2529 230 236 255
Solubility 1/ o 144 159 177 193 224
(erkg)
P (bar) @
78 °C 232 234 235 249
Solubility 144 142 15.9 19.3
(8/ks)
Cumene Ref.
P (bar) @
40 °C 76 76 81 81 [148]
Solubility 76 76 12.2 14.3
(8/kg)
P (bar) @
50 °C 80 85 88 el
Solubility 14.6 192 223
(8/kg)
Poana 0 116 [150]

70 °C
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192 345 589
(8/kg)
Naphthalene Ref.
P;garé@ 86 97 105 131 167 197 220 239 252 [151]
lubilit
Solubility oy 5 279 304 400 454 482 515 536 54
(8/kg)
Pég“fé@ 81 91 101 108 120 132 142 159 169 173 187 208
Solbility 50 49 85 157 350 592 707 840 926 948 1064 1138
(8/kg)
P (bar) @
e 221 235 248 284
lubili
Solubility 1174 1208 1322 1421
(g/kg)
Pégaré@ 107 132 151 162 173 181 190 201 203 214 215 224
S"(g‘/z;’)ty 151 429 718 930 1156 1191 1422 1545 1628 1790 1796 1959
P (bar) @
o0 e 220 233 245 252 254 270 288
lubili
Solubility 1959 2087 2250 2279 2359 2354 2404
(g/kg)
POa@ o0 160 183 190 210 222 229
65°C
Solubility o5 023 1189 1333 1670 1868 1999
(g/kg)
P (bar) @
A 77 97 115 134 155 164 [152]
Solubility 1)/ 175 221 204 300 319
(g/kg)
P (bar) @
A 83 102 119 136 150 166
Solubility o, 75 308 311 496 515
(8/kg)
Benzeneacetic Acid Ref.
Pg;ir():@ 84 91 96 99 99 103 111 112 135 143 161 167 [153]
Solwbility 51 (e 77 66 77 89 117 123 150 174 198 1938
(g/kg)
P (bar) @
3o 174 175 184
Solubility o) 0 205 234
(g/kg)
POan@ o3 q09 122 131 138 142 152 171 191
45°C
Solbility ) 65 171 w2 267 w3 30 430 522
(g/kg)
Benzoic Acid Ref.
Pégaré@ 101 113 120 151 160 240 280 282 364 [154]
Solbility », 29 38 48 65 86 91 81 87
(g/kg)
P;gir():@ 101 105 113 120 151 160 200 240 280 282 303 363
Solwbility 734 16 32 55 66 88 116 121 110 122 134
(8/kg)
Pg;iré@ 101 105 111 120 126 151 160 200 240 281 303 363
Solwbility ) 06 08 14 21 54 63 106 142 156 175 196

(8/kg)
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P (bar) @
ee®or w126 151 200 281 64
Solubility 0.6 15 43 138 246 347
(g/kg)
P (bar) @
S0 a0 200 240 280 [155]
Solubility 5, 45 88 116 121
(8/kg)
P (bar) @
e 120 160 200 240 280
Solubility -y, 43 106 12 201
(erke)
P (bar) @
o120 160 200 240 280
Solubility -9 48 113 191 268
(8/kg)
Phenol Ref.
P (ban) @
éoaoré 100 125 150 175 200 225 250 275 300 325 350 [156]
Solubility ), 114 286 491 740 831 908 1095 1199 1346 1519
(grke)
@
P;anréc 100 125 150 175 200 225 250 275 300 325 350
Solubility 59 74 156 342 579 745 822 1119 1240 1396 1584
(g/kg)
P;anré@ 100 125 150 175 200 225 250 275 300 325 350
Solubility ) 0 69 159 243 414 580 792 1044 1301 1523 1755
(g/kg)
P;’zaoré@ 79 81 & 97 106 111 119 124 133 146 147 156 [157]
Solubility ' 455 203 238 262 270 288 293 312 316 318 334
(g/kg)
P;Zaoré ¢ 12 163 172 183 183 194 196 208 214 216 222 234 249
Solubility
g BT M3 B4 17 30 B4 W68 F5 T6 B2 WA 3R
Pél(’)a:é@ 14 127 146 146 153 160 168 178 183 187 193 204
S”(:Eg;ty 138 260 389 392 378 458 461 586 601 633 652 649
P (bar) @
o2 22 233 24
Solubility 797 748 908 946
(g/kg)
P (bar) @
107 152 202 251 1 1
100 °C 0 > 0 o o
Solubility 119 30 s22 977 1645
(g/kg)
Catechol Ref.
P :
ggaoré@ 100 125 150 175 200 225 250 275 300 325 350 [156]
Solbility 55 08 27 41 50 57 65 68 74 75 76
(g/kg)
Pg(’)aoré@ 100 125 150 175 200 225 250 275 300 325 350
Solbility 5,09 14 26 38 48 59 67 77 87 96
(g/kg)
P (bar) @

60 °C 100 125 150 175 200 225 250 275 300 325 350
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Solubility

0.5 0.7 1.1 23 37 49 6.0 7.2 9.1 101 114
(e/kg)
P;gir():@ 122 162 203 243 284 324 365 405 [159]
Solubility 17 24 25 27 29 3.0 3.3 33
(e/kg)
POaN@ 1) 162 203 243 284 34 365 405
45°C
Solubility 20 26 3.1 37 3.9 42 45 4.8
(&/ks)
Pél;aré@ 122 162 203 243 284 324 365 405
Solubility 19 32 11 47 55 6.0 6.2 64
(8/kg)
Pél;aré@ 122 162 203 243 284 324 365 405
Solubility 16 3.9 54 6.4 74 8.1 9.0 9.8
(8/kg)
Vanillin Ref.
Piga:é@ 8 117 149 174 187 198 205 227 235 259 273 [160]
Solubility 5 43 96 116 121 126 129 134 134 129 132
(8/kg)
Pég“:é@ 84 109 127 148 162 173 178 200 233 277
Solubility 5 48 41 65 103 109 113 155 207 173
(g/kg)
Pg(’)iré@ 80 95 112 128 141 166 173 197 230 254 268
Solbility o5 47 15 38 73 114 118 187 262 353 434
(g/kg)
Pégaré@ 8 9 110 120 136 151 161 172 180 185 190 [153]
Solubility 45 39 51 53 65 75 80 83 89 90 96
(&/kg)
Piziré@ 98 13 120 131 145 155 163 170 178 185 195
Solubility -, o 45 51 68 81 86 88 97 102 109 121
(8/kg)
Solubility 523 96.3 147.1 [161]
(g/kg)
TeC) 83 105 71 94 119 13 88 103 123 95 107 122
P(ar) 216 249 414 391 385 389 664 592 528 807 711 658
Solubility 3183
(8/kg)
T 74 79 94 102
P(bar) 1341 1238 999 919
Guaiacol Ref.
P (bar) @
504 80 100 130 150 180 [162]
Solubility 149 1076 1560 2605
(g/kg)
P (bar) @
(o) 80 100 130 160 200
Solubility 3, 59 166 502 1445
(&/kg)
P (bar) @
o8O 100 130 160 200
Solubility 107 133 192 320 625
(8/kg)
0-Cresol Ref.
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P (bar) @
50 °C 102 142 201 250 268 el
Solubility 17 o g9 1567 2ag1 1
(8/kg) :
P (bar) @
200 °C 99 152 202 250 300
Solubility ¢\ 965 1274 1876 46?'6
(g/kg)
P (bar) @
100 °C 104 153 201 252 260 263 [158]
Solubility 415 571 74z 2080 2706 3912'5
(8/kg)
m-Cresol Ref.
P (bar) @
35°C 80 100 120 160 200 240 e
Solubility 125 595 372 503 609 715
(8/kg)
P (bar) @
45°C 80 100 120 160 200 240
Solubility o 1,4 304 505 661 805
(g/kg)
P (bar) @
e 80 100 120 160 200 240
Solubility 42 169 452 659 869
(8/kg)
P (bar) @
102 152 1 2 '
100 °C 0 5! 9 50 300 Hosl
Solubility 76 182 459 920 169.1
(g/kg)
p-Cresol Ref.
P (bar) @
50 °C 100 150 200 250 301 348 (1631
Solubility 7 6 641 829 1023 1188
(g/kg)
P (bar) @
101 151 2 2 2
(o 0 5 00 50 99 336
Solubility  (ce 765 988 1372 2197 0
(s/kg) ‘
P (bar) @
30 °C 80 100 130 160 185 200 [162]
Solubility 41 100 247 426 538
(g/kg)
P (bar) @
1 1 1
120 °C 80 o0 % o0
Solubility 85 104 14.7 229 415
(8/kg)
P (bar) @
A 80 100 130 160 200
Solubility 201 217 271 35.6 49.6
(g/kg)
P (bar) @
1 154 202 251 2 !
100 °C 03 5. 0! 5 30 sl
Solubility 78 185 475 89.8 159.7
(8/kg)

! One phase was detected
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