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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
(sCO2) 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 sCO2 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 sCO2 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 CO2;
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 CO2 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 CO2 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 (sCO2) 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, sCO2 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, CO2 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 sCO2 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 CO2 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 sCO2 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 sCO2 separation of LC bio-oils;
(ii) to provide an update on the progress of the research on high-pressure phase equilibria of systems
comprising sCO2 and bio-oil 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 sCO2 extraction processes and reviews in detail
the literature providing experimental data on sCO2 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
Biomass Type

Forestry Agricultural Industrial Municipal

Poplar Pine Sugarcane Bagasse Wheat Straw Kraft Lignin Sewage Sludge 1

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%.

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 HHV 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.

Biomass Type
Industrial Residue Softwood Hardwood Energy Crops Agricultural Residues

Kraft Lignin Pine Bark Beech Wheat Stalk Sugarcane Bagasse

Water (wt%) 32.6 NA 8.7 10.5 NA
Oxygen (wt%) 26 42.13 44.5 47.9 52.5

H/C 1.04 1.38 1.38 1.53 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 20.21 19.21 17.81 16.41

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 250–450 ◦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, VTT) 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 Côte-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.
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(b) pyrolysis.

Density values for LC bio-oils are typically higher than 1000 kg/m3, with small variations
depending on the source of biomass. For example, values between 970 kg/m3 and 1100 kg/m3 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/m3 for light crude oils up to 1000 kg/m3

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 cSt 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 4·106 cP [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 cSt 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.

Biomass Type Industrial Residue Softwood Hardwood Energy
Crop Agricultural Residue

Kraft
Lignin

Palm
Shell

Pine
Bark Beech Eucalyptus Wheat

Stalk
Wheat
Straw

Sugarcane
Bagasse

Process HTL Pyrolysis HTL HTL Pyrolysis HTL Pyrolysis HTL
Oxygen (wt%) 21 33 28.3 27.3 23.9 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 24.81

Reference [28] [54] [29] [30] [55] [31] [56] [32]
1 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.
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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
Class Pyrolysis [43] HTL [58] MW Carbon

Number Examples

Ketones Up to 8 wt% Up to 0.5 wt% 74–124 C3–C10
Hydroxyacetone

Cyclopenten-1-one, 2-
Cyclopentanone, 2,5-dimethyl

Phenols Up to 0.1 wt% Up to 0.3 wt% 94–122 C6–C8
Phenol

o-Cresol
4-Ethylphenol

Guaiacols Up to 0.5 wt% Up to 0.6 wt% 124–178 C7–C10
Guaiacol
Eugenol
Creosol

Benzenediols - Up to 1.7 wt% 110–124 C6–C8 Catechol
4-Ethylcatechol

Short chain
fatty acids1 Up to 5 wt% Up to 0.2 wt% 60–144 C2–C8 Acetic acid

Octanoic acid

Long chain
fatty acids - Up to 3.8 wt% 172–284 C10–C19 Decanoic acid

Octadecanoic acid

Aromatic acids - Up to 1.8 wt% 152–300 C8–C20 Dehydroabietic acid
Benzeneacetic acid, 3-hydroxy

Furans Up to 0.5 wt% - 84–132 C4–C8 Furfural
Furanone, 2(5H)-

Aldehydes Up to 8 wt% - 60–152 C2–C8 Glycolaldehyde
Benzaldehyde, 3-hydroxy-4-methyl-

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

Sugars Up to 10 wt% - 132–144 C5–C6 Levoglucosan
2,3-Anhydro-d-galactosan

Benzenes - Up to 1 wt% 92–134 C7–C10 o-Cymene
Toluene

Polyaromatic
hydrocarbons - Up to 9 wt% 128–234 C10–C18 Naphthalene

Retene
1 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 (H2), with typical refinery values in the range of 10 to 850 Nm3 of H2 per m3 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
Al2O3 support, although several other catalysts were also studied [92]. The economics of the process is
mainly affected by the high H2 partial pressures required. In particular, the large oxygen fraction of
bio-oils requires H2 to feed ratios in the range of 300 to 600 Nm3/m3 [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/Al2O3 catalyst. This parametric study highlighted the importance of high temperature and high
H2 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 H2 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. sCO2 Separation of Bio-Oils

3.1. sCO2 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 CO2, plotted from experimental data available
in the literature [109–111], is shown in Figure 2. Even though CO2 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 sCO2 to exhibit solvent power comparable to liquid solvents
in pressure ranges where separation processes are feasible.
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The density of CO2 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, sCO2 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 sCO2 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 CO2 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, sCO2 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 CO2 emissions into the
atmosphere, as CO2 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 sCO2 in industrial
applications has the potential of a slight reduction of CO2 emissions, as its storages will increase
in the growth period of the sCO2 technology. Furthermore, underground CO2 storage facilities
might be utilized in combination with units employing sCO2 as a solvent for renewable production
processes, thus taking advantage of the in situ presence of high-pressure CO2 and developing negative
CO2-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 sCO2 is continuously delivered to the bottom of the
extractor. The CO2-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
sCO2 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 CO2-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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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 sCO2 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 sCO2-oil
systems, depending on the P–T region, and is based on retrograde condensation phenomena [16,118].
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A few industrial applications have been established to exploit the advantages of sCO2 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 sCO2 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 sCO2 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 sCO2 extraction
applications of crude oil mainly suggest the use of sCO2 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. sCO2 Extraction of Lignocelulosic Bio-Oils

The majority of the literature studies on sCO2 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 sCO2 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 sCO2 fractionation of bio-oils.

Feedstock Thermochemical Process Extractor Volume (cm3) 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 1601 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 CO2 cylinder for supplying the solvent. CO2 is subcooled via a heat exchanger
and pumped as liquid to pressurize the vessel. CO2 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 CO2 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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An inert packing material can be used to provide feed dispersion, thus increasing the contact
area of CO2 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
sCO2 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 sCO2 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 CO2. Downstream of the valve, the expanded fluid releases the components that are dissolved
in sCO2, which are collected in a trapping system while CO2 gas is vented. This type of system is
adequate for research purposes, although a potential industrial application would require separation
of CO2 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 CO2-rich phase (the gas phase); (ii) limit entrainment of
liquid droplets and solid particles in the CO2 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 CO2 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), CO2 mass flow rate, and solvent-to-feed ratio (S/F)) and the outcome of the
experiments of sCO2 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 sCO2

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 sCO2 in a specific time interval. In addition, the density of pure sCO2 is reported,
taken from the NIST database [109].

Table 7. Experimental conditions and technical data of experiments of sCO2 extraction of lignocellulosic
bio-oils found in the literature. Pressure (P), temperature (T), CO2 density, feed mass (F), CO2 mass flow
rate, solvent-to-feed ratio (S/F), total extraction yield (Y), and vapor phase loading (VPL) are reported.

P (bar) T (◦C) CO2 Density
(kg/m3) F (g) CO2 Flow

(g/min) S/F (g/g) Y (wt%) VPL (g/kg) Ref.

330–450 80–150 531–851 49–54 4.7–5.9 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]
112–400 40–120 548–882 40.9–51.1 3.2–7.0 12.8–85.5 17.1–41.8 13.1–36.5 [64]
300–400 50–70 788–923 1.8–2.4 3.1–3.8 78.7–116.3 4.7–12.0 0.4–1.0 [128]
100–300 60–80 221–830 1001 8.3 1 30 1 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 71.1 2 30.6 3 [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 7.3–41.4 1.6–11.5 [84]
120–300 50 510–870 100 11.7–20 21–36 9–15 4.2–4.3 [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]

1 Normalized data are provided only; 2 achieved with the use of co-solvent (i.e., methanol); 3 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. CO2 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 sCO2. 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 sCO2). 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 sCO2 Extracts

sCO2 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 sCO2 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 cSt compared with approximately 22 cSt 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/m3 for the extracts. Montesantos et al. [64] reported a
reduction from 1051 kg/m3 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 sCO2 extracts exhibit densities
in line with residual marine fuels, which are typically in the range of 920 to 1010 kg/m3 [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 sCO2 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 sCO2 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, sCO2 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 sCO2 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 sCO2

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 sCO2

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
Energies 2019, 12, x FOR PEER REVIEW 17 of 34 

 

  
(a) (b) 

Figure 6. (a) H/C atomic ratio and (b) oxygen mass fraction of bio-oils (feed) and their sCO2 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. 1 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 sCO2 Extracts 

The components identified in the volatile fraction of sCO2 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. 

  

Figure 6. (a) H/C atomic ratio and (b) oxygen mass fraction of bio-oils (feed) and their sCO2 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. 1 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 sCO2 Extracts

The components identified in the volatile fraction of sCO2 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 sCO2 extracts [43,58,64,84,103,126,
129,130,132,133].

Number Class MW Range Key Components Carbon Number

1 Ketones 74–124

Acetol 3
Acetylacetone 5
2-pentanone 5

Propan-2-one. 1-acetyloxy- 5
2-Cyclopenten-1-one, 2,3-dimethyl- 7

2 Phenols 94–122

Phenol 6
o-cresol 7
m-cresol 7
p-cresol 7

2,5-Dimethylphenol (p-xylenol) 8

3 Guaiacols 124–178

Guaiacol 7
4-methyl guaiacol 8
4-ethyl guaiacol 8

4-propyl guaiacol 8
Eugenol 10

Isoeugenol 10
Creosol 8
Vanillin 8

4 Benzenediols 110–124 1,2-Benzenediol 6

5 Aldehydes 60–152 Glycolaldehyde 2

6 Esters 130–296 Pentanoic acid. 4-oxo-. methylester 6

7 Furans 84–126
Furfural 5

5-Hydroxymethylfurfural 6

8 Syringols 154 Syringol 8

9
Short chain
fatty acids 60–144

Acetic acid 2
Propionic acid 3
Hexanoic acid 6

10
Long chain
fatty acids 256–284

n-Hexadecanoic acid 16
n-Octadecanoic acid 18

11 Aromatic acids 136 Benzeneacetic acid, 3-hydroxy 8

12 Benzenes 120 o-Cumene 10

13 Polyaromatic
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 sCO2 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 sCO2 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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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 Maqbool et al. [101], which show that guaiacols have the highest solubility in sCO2,
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 sCO2 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 sCO2 + bio-oil.
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Figure 8. Variation of K-values with extraction progression (left to right) of different types of acids:
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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 sCO2

of extracting hydrocarbons, even at a very high molecular weight.

4. High Pressure Solubility Data and Modelling

The process design of sCO2 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 sCO2 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 sCO2 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 sCO2 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 sCO2-rich phase are correlated
with the semi-empirical density-based model of Chrastil [137]. This procedure proved satisfactory
for systems composed of sCO2 and bio-oil components by Maqbool 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 = ρk exp
( a

T
+ b
)

(1)

where:

S: solubility of the solute in the sCO2-rich phase (grams of solute per liters of pure solvent at the P,
T conditions of interest);
ρ: density of the pure solvent (g/L) at the P, T conditions of interest;
k: association number (i.e., number of CO2 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 sCO2 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 sCO2

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 sCO2. 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 sCO2. 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-oil components in the sCO2-rich phase and the solubility of CO2 in the liquid phase are reported.
When “solubility” is indicated, the solubility of the bio-oil component in the sCO2-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
sCO2 conditions.
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Table 9. Chemical components studied and experimental conditions of measured phase equilibrium
data with sCO2 in the literature. Temperature range (T), pressure range (P), sCO2 density range (ρ),
type of measurement (method), and type of data (data) are reported.

Component T (◦C) P (bar) ρ (kg/m3)
1 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]
40–45 101–233 512–864 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]
o-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 sCO2-rich phase were correlated using the
linearized form of the Chrastil equation:

ln(S) = kln(ρ) +
( a

T
+ b
)

(2)
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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 sCO2-rich phase. The density of pure CO2 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 sCO2,
statistical properties of the regression (R2, ARD), and number of experimental data regressed (N).

Regressed Parameter Goodness of Fit

Component k a (K) b R2 ARD % N

Cyclohexanone 2.0216 −3425.3 0.45405 0.984 2.0 10
5-Hydroxymethylfurfural 4.0412 −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 4.9 24
Benzoic acid 5.2174 −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 18.2 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
o-Cresol 3.4937 −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 −3441.3 −7.5747 0.924 15.7 30

For most data, the linearity is good, with R2 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 Maqbool 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 sCO2-rich phase, expressed as grams
of solute per kg of solvent, are plotted in Figure 9 as a function of the sCO2 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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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;
(l) o-Cresol; (m) m-Cresol; (n) p-Cresol.

These trends are in line with VPL values of sCO2 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 sCO2 in the liquid phase is provided only in a few cases. The available data
show that sCO2 exhibits high solubility in liquid hydrocarbons. For example, the solubility of sCO2

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 CO2 for pressure ranging from approximately 80 to 160 bar [152] CO2. For the
system sCO2 + cyclohexanone, at the relatively high temperatures reported (i.e., 160 ◦C and 180 ◦C),
CO2 solubilities range from 146 to 555 g/kg [139]. A relatively large amount of CO2 is dissolved in
hexadecanoic acid as well, with the range being from 244 to 415 g/kg [147]. The solubility of CO2

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 sCO2 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 sCO2 extraction of second-generation
lignocellulosic bio-oils, produced by pyrolysis or hydrothermal liquefaction. sCO2 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 sCO2 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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sCO2 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 sCO2 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 sCO2 extracts is an important knowledge gap. Future
research work is needed in this area.

In the case of pyrolysis oils, sCO2 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 sCO2 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 sCO2 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 sCO2 extracts preferentially phenolic
monomers, the residue is expected to be enriched in these components. The possibility of recovering
this fraction using sCO2, 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 sCO2 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 sCO2, Table S1.
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