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ABSTRACT: Bio-oils obtained from hydrothermal liquefaction of biomass are black viscous fuels with good heating values. This
paper presents results of physical and chemical characterization of bio-oils produced by hydrothermal liquefaction of blackcurrant
pomace. The oils are analyzed with standard normalized tests and compared to specifications required by commercialized
biofuels and conventional fuels. Iodine value and total acid number are determined, showing relatively high values. GC/MS
analysis demonstrates that bio-oil recovery by solvent extraction followed by subsequent evaporation of the solvent leads to the
loss of some volatile compounds in the bio-oil. Thermogravimetric analysis are performed to study the volatility of HTL bio-oils,
as well as to evaluate the carbon residue after evaporation. The viscosity of a bio-oil recovered by ethyl-acetate extraction was
measured with a rotational viscometer at 25 °C, leading to a viscosity of 1.7 Pa·s. The results show furthermore that adding
sodium hydroxide to the reaction medium has a limited influence on the properties of bio-oils. The choice of extraction solvent
has conversely a significant influence on the quality of the produced oil. We demonstrate in this paper how standardized tests can
be applied to hydrothermal bio-oils, to compare them with commercial fuels and evaluate the need for upgrading.

1. INTRODUCTION

Biomass is a generic term referring to materials derived from
living, or recently living, organisms that include all organic matter
of plant and animal origin. Typical examples of biomass are
forestry and agricultural biomasses, food processing residues,
algae, and sewage sludge. It is highly available worldwide and can
be used as a source of renewable energy using biochemical or
thermochemical processes. Studies on thermal conversion of
biomass for biofuel production include works in gasification,1,2

pyrolysis,3−5 and hydrothermal processes.6−9 Gasification and
pyrolysis require dry biomass and need a drying step in the
process.10 Hydrothermal processes convert wet feedstocks into
renewable fuels and are very promising to save energy by
avoiding drying of the biomass, as they use water as the reaction
medium.11

To convert wet biomass into bio-oil, hydrothermal liquefac-
tion (HTL) uses the properties of subcritical water, that is very
reactive at relatively high temperatures and pressures (250−370
°C and 10−30 MPa).6 The resulting products are generally
organic, aqueous, and gaseous phases. The organic phase is often
referred to as HTL raw (organic) residue or biocrude. It contains
a liquid oily product (bio-oil) consisting of a complex mixture of
compounds, a solid residue commonly known as char (insoluble
in organic solvents) and a variable amount of water. The aqueous
phase contains water-soluble products (acids, ketones, and other
light polar compounds). The gaseous phase is particularly rich in
CO2, and contains light hydrocarbons in small amounts. At the
laboratory scale, the separation of the raw organic residue into
bio-oil and char is generally carried out by extraction with an
organic solvent, having ideally a similar polarity to that of target
compounds contained in the bio-oil.
HTL bio-oils are complex mixtures containing a vast variety of

oxygenated compounds of different molecular weights.11−13

Nitrogen-containing compounds are also common in bio-

oils.14,15 The bio-oil is dark in appearance and has a strong
odor as well as low volatility and high viscosity. Various additives
(mostly pH regulators) and catalysts influence the liquefaction
reaction pathways and distribution of products.16

Bio-oils presented in the literature are most of the time
characterized by their heating value and chemical composition.17

Yin17 reports bio-oils with average higher heating value of 35.5
MJ·kg−1 Hoffman at al.18 reports a heating value of 40.4 MJ·kg−1

while Gan and Yuan19 report a heating value of 25.4 MJ·kg−1.
HTL bio-oils, even though extremely variable, are usually more
calorific compared to other liquid fuels obtained from thermo-
conversion processes of biomass, like pyrolysis bio-oils.4 Typical
oxygen content for HTL bio-oils is 15−20%.20,21 Many analytical
techniques can be used to characterize the chemical nature of
bio-oils. Gas Chromatography coupled with Mass Spectrometry
(GC/MS) is the most frequently used method to analyze the
composition of HTL bio-oils.13,16,22,23

Apart from the analyses cited above, few authors report
functional fuel properties such as viscosity, density, volatility, and
stability of HTL bio-oils. Some exceptions are Kumar and Pant24

and Wang at al.25 Such information is however important to
identify potential applications as fuels. Each application is
typically designed for a particular fuel. Inversely, most fuels target
a particular application, with some crossover possibilities. There
is a very large panel of standardized tests applied to commercially
available fuels to assess their handling, storage, and combustion
properties.
In this paper, we focus on hydrothermal liquefaction

experiments of blackcurrant pomace. This resource is a
representative of fruit and vegetable processing residue rich in
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fibers, with some proteins and lipids. The hydrothermal
conversion of this resource (and fruit residues in general) has
received little attention in the literature.11,26 We report both
experiments on the choice of solvents to recover bio-oil and on
the use of sodium hydroxide as additive to modify the initial pH
of the reaction mixture. Most studies looking at these factors in
the liquefaction process concentrate on yields and sometimes in
differences in chemical composition.23,27,28 No real investigation
was done comparing the effect of extraction solvent or additives
on the physicochemical properties of HTL bio-oils. Mazaheri et
al.29 compared different solvents like benzene, diethyl ether, and
acetone used for recovering different oil fractions. Yang et al.30

investigated the extraction of chemical families from bio-oil using
one or multistep extraction and comparing bio-oil yields of each
solvent-extracted fraction. Valdez et al.23 present the extraction
and analysis of bio-oils from microalgae with different solvents.
These studies focus on yields and chemical compositions of the
extracted bio-oils.
HTL bio-oil is not a commercially traded product and no clear

applications have been identified yet. There are therefore no real
standards for these oils to comply to. Most authors assume these
oils are upgraded to diesel or fuel oil in an expensive catalytic
upgrading process.31 Adapting the existing standards, the
properties of the bio-oils can be easily compared with
commercial fuels, which could direct their use toward certain
applications. The objective of this paper is to apply a variety of
classic analysis techniques related to storage, volatility, and
combustion qualities. The values found will be compared to
commercial fuels.
We tested various analysis techniques on five different bio-oils

produced by HTL of blackcurrant pomace. The objective is to
determine some physicochemical properties of HTL bio-oils by
testing two methods developed for biodiesel, as well as to
investigate the use of thermogravimetric analysis as an alternative
method to evaluate the distillation behavior and to determine
Conradson Carbon Number (CCR) values. The results allow the
comparison of HTL bio-oils with commercial fuels (diesel,
gasoline, heavy marine fuel oil). The influence of extraction
solvents and NaOH as additive on bio-oil quality can be
identified. We also shortly present the GC/MS results where we
show the loss of some volatile compounds during the solvent
evaporation step following bio-oil extraction.

2. EXISTING STANDARDS FOR ANALYSIS OF FUELS
AND BIOFUELS

All commercial fuels have criteria related to storage. The iodine
value (standard EN 14111 standard) is used in biodiesel
characterization to evaluate the degree of unsaturation, due to
the presence of unsaturated long chain fatty acids or their
derivative compounds. The higher the iodine value, the more
CC bonds are present. The presence of unsaturated
compounds can lead to undesirable polymerization reactions
during storage, decreasing fuel quality. Iodine value is therefore
an indicator that could also be used to determine unsaturation in
HTL bio-oils and also helpful to evaluate the storage potential.
To our knowledge, no iodine value measurements have been
performed on HTL bio-oils.
Another important quality measurement of petroleum crude

oil and biodiesel to avoid corrosion risk to machinery and storage
tanks is the total acid number, known as TAN (standards EN
14104 and ASTMD664). This measurement is often determined
specifically to analyze biodiesel and pyrolysis oils,32,33 and could
be applied to determine the acidity of HTL bio-oils. Wang et al.33

present the TAN of hydrothermal bio-oil from Litsea cubeba
seeds, they found a value of 100 mg KOH per gram bio-oil.
Volatility and combustion properties are highly important

when considering a liquid fuel quality. One of the main qualities
is its heating value expressed in its Lower Heating Value (LHV)
or Higher Heating Value (HHV) (standard NF EN 14918).
Another major parameter is related to the volatility of the fuel.
For storage purposes the product should be stable, and its vapor
pressure expressed as the Reid Vapor Pressure (standard ASTM
D323) should be inferior to a certain value (seasonal parameter).
On the other hand, the boiling point distribution and the end of
the distillation are also regulated (standard ASTMD86). Because
HTL bio-oils produced in batch reactors are available in limited
quantities, characterization by a full distillation curve is usually
not possible. Other analysis techniques are then applied to
understand the evaporation behavior of bio-oils. For instance,
thermogravimetric analysis (TGA) can be applied to any type of
sample that will undergo a mass change over time under the
effect of temperature in a given atmosphere. The evaporation and
thermal decomposition are part of the changes that are detected
by thermogravimetry.16 TGA is often used to predict the thermal
behavior of the major macromolecular components of biomass
during their thermal conversion to biofuel.34 In other published
works, TGA is used to simulate distillation or to show the
volatility of products resulting from the biomass conversion. The
distillation of different biodiesels produced from different vegetal
oils are compared in term of percentage of weight loss at different
temperatures.35 Comparison of volatilities of extracted fractions
from HTL bio-oils obtained with different solvents are
performed by TGA, showing the influence of solvent polarity
on the extracted chemical groups from bio-oils.30

Fuels meant purely for combustion have more specifications
related to combustion residues. These include soot-forming
tendencies and Conradson carbon number (CCR, standards EN
ISO 10370 and ASTM D4530). The standard CCR method is
usually used to evaluate carbon residue from a fuel, which
corresponds to the nondistillable residues that form after
complete distillation. As well as for the evaporation behavior,
TGA can also be used as an alternative method to the standard
CCR method.36 Transportation fuels such as petrol, jet fuel and
diesel have more narrow specifications in terms of combustion
properties, for example, Research Octane Number (RON,
standard ASTM D2699) and cetane number (standards EN
ISO 5165 and ASTMD613). These latter two are of little interest
for nonupgraded hydrothermal oils.
Viscosity of the fuel is another important parameter (standards

EN ISO 3104 and ASTM D445). Viscosities of HTL bio-oils are
rarely mentioned in the literature compared to pyrolysis bio-oils,
but they are presented as highly viscous and semisolid liquids.
High values were found between 8 and 1000 Pa·s.20,37

Furthermore, according to Mohan et al.,4 pyrolysis oils behave
as a non-Newtonian fluid at low temperatures and in addition the
viscosity increases in time due to aging. It is well agreed that
rheological properties of bio-oils change over time. High storage
temperatures are particularly unfavorable. This is due to many
factors like polymerization, oxidation, and others. Studies on
rheological properties and aging can be performed to give an
indication of how viscosity of bio-oils change over time
depending on temperature and storage conditions.32,38

3. MATERIALS AND METHODS
3.1. Materials and Resource Characterization. The experiments

were performed using blackcurrant pomace supplied by a local
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manufacturer as the substrate. Table 1 gives the composition andHigher
Heating Value (HHV) of the biomass used in this study. Blackcurrant

pomace is a residue from berry pressing, mainly constituted by seeds and
peels: it is a wet and fiber-rich biomass, also containing a non-negligible
amount of proteins and a small amount of lipids.
For each HTL experiment, distilled water was used. Pellets of Sodium

Hydroxide NaOH were purchased from Merck and used as received.
Ethyl-acetate, isopropyl alcohol, acetone, and hexane were purchased
from Sigma-Aldrich and used as received. In our experiments, all the
reagents were analytical grade.
3.2. Production of Bio-Oil by HTL of Blackcurrant Pomace.

Hydrothermal liquefaction experiments were performed in a 0.6 L
stainless steel (SS316) stirred batch reactor (Parr Instruments
Company). In a typical experiment, the reactor is filled with
approximately 240 g of biomass slurry prepared from blackcurrant
pomace and distilled water at a constant 14 wt % dry matter to water
ratio. In some cases, sodium hydroxide is added as an additive. The
autoclave is leak tested, purged and pressurized to 1 MPa with nitrogen
gas, to ensure sufficient pressure for gas analysis after the reaction. The
pressure inside the reactor is a function of the reaction temperature, the
amount of water, and the amount of produced gas during the process.
The reactor is stirred at 600 rpm and is heated to the reaction
temperature in about 35 min. Once the reactor reaches the reaction
temperature, it is held during a specified time within ±1 °C of the
specified operating temperature (holding time). For these experiments,
a 60 min holding time is applied. After the holding time, the reactor is
rapidly cooled to room temperature in 20 min by an air quench.
After venting the reactor for gas analysis, the content of the reactor is

first filtered on a Buchner filter to separate the aqueous phase from the
raw organic residue. The raw organic residue is sticky, and removed from
the reactor as best as possible. The reactor is then weighed, and the
weight difference with the empty reactor is counted as raw organic
residue. The raw organic residue is dried at room temperature under air
circulation until a stable mass was obtained.

The raw residue is extracted with a solvent, using a 10-fold amount of
solvent to separate the bio-oil from the char. Bio-oil is recovered after
evaporation of the solvent at room temperature under air circulation,
until a stable weight is obtained. It is assumed that no residual solvent is
left in the bio-oil. The char is also dried at room temperature under air
circulation, until a stable weight is obtained. Weight loss of the char after
extraction and drying is used to determine the proportion of solvent-
soluble organics in the raw residue, and therefore the bio-oil yield. All
yields reported in this study are expressed in weight percentage of the
dry biomass (wt % DM).

3.3. Physicochemical Properties. A wide variety of tests are
available, many subject to strict standards.

Total Acid Number (TAN) and Iodine Value. The total acid number
(TAN) and the iodine value are determined according to European
standards EN 14104 and EN 14111, respectively. These standards have
been defined for the fatty acid methyl esters FAME of Biodiesel. The
procedures followed in this paper are adapted to be able to use color
indicators even when the oil is black. Both TAN and iodine value
measurements were repeated three times for each sample.

Total acid number (TAN) is the number of milligrams of potassium
hydroxide KOH required to neutralize the acidic functions present in
one gram of oil. It is expressed in mg KOH per gram of the sample. To
determine the TAN value, 50 mg of bio-oil sample was dissolved in 10
mL of isopropyl alcohol and then titrated by a 20 mM KOH solution,
using Phenolphthalein as a color indicator. The concentrations of bio-oil
in isopropyl alcohol must be kept low to guarantee a certain
transparency and good solubility of nonpolar compounds.

Iodine value is the mass of halogen binding to double-bonds
contained in 100 g of bio-oil. It is expressed in grams of iodine (I2) per
100 g of the sample, according to the standard EN 14111. It is based on
the reaction between a Wijs (ICl) solution and the double-bonds
contained in compounds of the bio-oil. Excess of the Wijs reagent
becomes I2 by adding potassium iodide KI. The concentration of formed
iodine I2 is then determined by titration with sodium thiosulfate. Bio-oil
samples of 90−100 mg were used for iodine value measurements.

GC/MS Analysis. GC/MS (gas chromatography/mass spectroscopy)
analysis of bio-oil was performed in Clarus 500/600S PerkinElmer
apparatus. The column used is a DB-1701 capillary column 60 m × 0.25
mm, 0.25 μm film thickness. The injection of 1 μL of bio-oil samples is
performed on Split mode 10:1 with Helium as carrier gas. The injector
temperature is maintained at 250 °C. The GC oven temperature is
programmed from 45 °C (10min) to 230 °C at a rate of 6 °C·min−1, and
held at 230 °C during 9.17 min. It is then raised to 250 °C at a rate of 10
°C·min−1, held at 250 °C during 20 min. The transfer interface and the
ion source in the mass spectrometer are maintained at 230 °C. Bio-oil
samples dissolved in ethyl acetate are filtered with a 0.45 μm PTFE filter
before analysis. The National Institute of Standards and Technology
(NIST) mass spectral library is used to identify the compounds.

Thermogravimetric Analysis. (TGA) was conducted on a SETSYS
SETARAM instrument, using platinum crucibles to carry bio-oil
samples. Bio-oil samples of approximately 5 to 6 mg were used. The
oven temperature was first risen from 35 to 900 °C at a heating rate of 10
°C·min−1, under a 50 mL·min−1 nitrogen flow. Temperature was then
held for 10 min at 900 °C under a 50 mL·min−1 air flow to perform the
combustion stage.

Viscosity Measurements. The dynamic viscosity of bio-oil is
measured using a rotational viscometer at different temperatures. The
viscometer is supplied by Sheen, composed of a sample cell placed in a
thermostat adapter and a range of different cylindrical spindles. A sample

Table 1. Composition and HHV of Blackcurrant Pomacea

blackcurrant pomace

moisture content (wt %) 59.6
fiber content (wt % dry matter)
NDF 61.7
ADF 52.8
ADL 35.4
proteins (wt % dry matter) 16.9
lipids (wt % dry matter) 3.5
ash content at 550 °C (wt % dry matter) 4.5
elemental composition (wt % dry matter)
C 50.3
H 6.8
O 36.8
N 1.9
S 0.2
HHV (MJ·kg−1) 18.51

aNDF: Neutral Detergent Fibers; ADF: Acid Detergent Fibers; ADL:
Acid Detergent Lignin; HHV: Higher Heating Value.

Table 2. Yields Obtained from Liquefaction and Extraction Experiments

id oil solvent used initial pH oil yield carbon content oil HHV (MJ/kg) TAN (mg KOH/g oil) iodine value (g I2 /100 g oil

L1 - EA ethyl acetate 3.2 28 (±3) % 75 (±1) % 33.4 134 150
L2 - HEX hexane 3.2 17 (±3) % 80 (±1) % 38.4 159 117
L3 - ACET acetone 3.2 32 (±3) % 74 (±1) % 35.0 134 131
L4 - ISOP isopropyl alcohol 3.2 29 (±3) % 73 (±1) % 34.6 137 118
L5 NaOH - EA ethyl acetate 13 (NaOH) 33 (±3) % 69 (±1) % 35.5 108 149
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volume between 8 and 11 mL (depending on the viscosity of the liquid)
is used. Viscosity is determined by measuring the torque required to
rotate the spindle at the required frequency.
Other Analysis. The higher heating value HHV (MJ·kg−1) of bio-oils

is measured using a Parr 6200 bomb calorimeter (Parr Instruments
Company). The organic carbon content of the bio-oils is determined by
a total organic carbon analyzer (Shimadzu SSM-5000A). Density is
determined by letting a droplet of the bio-oil float in distilled water. By
adding ethanol under constant stirring, the density of the aqueous phase
is progressively lowered until the droplet begins to sink. The density of
the water is then measured by weighing a determined volume in a
graduated cylinder.39 This method allows the density measure of very
small volumes.

4. RESULTS
4.1. Bio-Oil Yields. In Table 2, we present the results

obtained from the liquefaction experiments. The experiments
were performed at 300 °C. Holding time was 60 min. The
experiments deal with variations in the extraction solvent and the
addition of sodium hydroxide in the initial mixture. From the
results, it appears that increasing the initial pH is favorable to the
bio-oil yield. The calorific value of the bio-oils are all comparable,
except for the oil obtained with hexane. The oil obtained with
hexane is of a higher quality: it has a higher heating value and
carbon content but shows a much lower yield.
The water content of the extracted bio-oils is typically less than

1% and it is not further discussed in this paper. The specific
gravity of the bio-oil varies from 0.96 (L5) to 0.99 (L4).
4.2. Viscosity. Due to the limited capacity of the autoclave

reactor and the recovery procedure, most samples were available
in small quantities. The viscosity measurement requires a large
volume that was not available for most samples. The ethyl acetate
extracted bio-oil without additives (sample L1-EA) was the only
analyzed bio-oil. The evolution of the dynamic viscosity as a
function of the temperature is presented in Figure 1. At low
temperatures, the oil is free-flowing but highly viscous. With
increasing temperatures, the viscosity decreases rapidly.

4.3. Total Acid Number (TAN) and Iodine Value. Total
acid number (TAN) and iodine value for the studied bio-oils are
presented in Table 2. The TAN values are much higher than
those specified in standards for commercial fuel and biodiesel
(typically TAN≤ 0.5 mg KOH g−1). The acidity of these bio-oils
is probably related to the presence of long-chain fatty acids,
carboxylate and phenolic compounds. Phenolic compounds

usually have pKa values between 9 and 10. They can therefore be
titrated by a 20 mM KOH solution (pH around 12) as validated
in the text of the ASTM D664 standard. Note that the bio-oil
extracted with hexane has the highest TAN value (159 mg KOH
g−1).
The results of iodine value measurements show that the

highest iodine values are obtained for ethyl-acetate extracted bio-
oils. The fact that iodine values are generally very high suggests
that this titration is neither selective nor dedicated toward double
bonds in linear fatty acid chains. The double bonds in
substituents of aromatic derivatives and other cyclic compounds
may also be titrated. The proportions of the TAN and iodine
values due to fatty acids, relative to other compounds, has not
been determined.

4.4. GC/MS Analysis. Bio-oil is obtained by solvent
extraction from a raw organic residue followed by subsequent
evaporation of the solvent. This evaporation step has an influence
on the chemical composition of the bio-oil, as illustrated in
Figure 2. In fact, it compares GC-MS analysis of a bio-oil prior to

solvent evaporation, and the same bio-oil after solvent
evaporation and redissolution in the same solvent. In this case,
ethyl-acetate was used to perform solvent extraction.
From these chromatograms, it can be observed that solvent

evaporation causes the loss of many light components,
corresponding to retention times between 12 and 24 min.
Figure 3 gives a more precise overview of the volatile compounds
that are lost: 20 volatile compounds were positively identified in
this nonevaporated bio-oil when analyzed without any dilution in
GC/MS. Those molecules are not recovered after evaporation.
This is confirmed when zooming in on a part of the
chromatogram up to 25 min. This zoom is presented in Figure
3. In the same Figure 2, we also show the chromatogram of the
bio-oil produced in basic conditions (L5). It is clear that both bio-
oils are relatively close in chemical composition of the more
volatile components. Some peaks of mainly phenolic compo-
nents are reduced, due to better solubilization in aqueous phase
of phenol monomers and dimers at high pH values.
The compounds identified in Figure 3 are listed in Table 3.

Heavier compounds are evaporated to a smaller extent and are
relatively unaltered.
The nature of the solvents also has an influence on the

chemical composition of the bio-oil. Figure 4 shows the
chromatograms of bio-oils extracted from the same raw organic
residue with four different solvents (L1 to L4). The main

Figure 1. Evolution of the viscosity of bio-oil L1-EA from hydrothermal
liquefaction of blackcurrant pomace.

Figure 2. Chromatograms of extracted and resolubilized bio-oil after
evaporation of the solvent.
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identified compounds are presented in Table 4, only positive
identifications are presented. In practice, due to the abundancy of
the compounds there are many overlaying peaks, making positive
identification delicate. The chromatograms show that these four
bio-oils are mostly alike except for bio-oil extracted with hexane
(L2), which contains fewer identified compounds. The broad

peak (10) detected at 58 min corresponds to fatty acids
derivatives.
As for the bio-oil extracted with ethyl-acetate (L1), the

identified peaks in GC/MS are similar to the acetone extracted
bio-oil (L3). However, we note that ethyl-acetate extracted bio-
oil (L1) contains other peaks (having a relative area percentage

Figure 3. Volatile compounds identified by GC/MS analysis in ethyl-acetate extracted bio-oil (before evaporation of the solvent).

Table 3. Identified Volatile Compounds in Bio-Oil (using the NIST Spectra Database Match)

1 toluene 11 cyclopentanone, 3-methyl-
2 pyrazine 12 2-cyclopenten-1-one
3 pyridine 13 pyrazine, 2,5-dimethyl-
4 3-hexanone 14 pyrimidine, 2,5-dimethyl-
5 2-hexanone 15 ethyl-pyrazine
6 pyridine 2-methyl- 16 cyclopenten-1-one, 2-methyl-2-
7 cyclopentanone 17 cyclopenten-1-one, 2,3-dimethyl-2-
8 pyrazine, methyl- 18 cyclopenten-1-one, 3-methyl-2-
9 ethylbenzene 19 cyclopenten-1-one, 3,4-dimethyl-2-
10 cyclopentanone, 2-methyl-

Figure 4. Chromatograms of oil extracted with different solvents.
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≥3%) nonidentified by the NIST database and absent in other
bio-oils. The highest bio-oil yield was obtained by using acetone
to perform the extraction. These abundant unknown peaks
confirm that ethyl acetate is a powerful extraction solvent with
high affinity to diverse compounds, more than the three others
tested solvents.
We mention also that low-boiling-point compounds with a

phenol ring structure are characteristic of these bio-oils, in
particular phenol and guaiacol (2-methoxyphenol). At higher
retention times, heavier compounds corresponding to lipid
derivativesamong them fatty acid methyl esters and long-chain
amidesand potential oligomeric structures are detected.
4.5. Thermogravimetric Analysis. In this section, we

present results of the thermogravimetric analysis (TGA) of the
extracted bio-oils. The percentage of weight loss of the bio-oils at
250 °C on TG curves can be an indication to evaluate the
proportion of the bio-oil that is not analyzed by GC/MS. TGA
analysis also allows comparing the volatility of the studied bio-
oils and of some well-known commercial fuels.
Figure 5 and Figure 6, respectively, present the TG

(thermogravimetric) and the DTG (differential thermogravi-
metric) curves, showing the percentage and the rate of weight
loss versus the temperature. In Figure 5, the heavy Iraqi crude,
diesel, light cycle oil and heavy gas oil TG curves are reproduced
from the literature.40−42 These curves are produced at the same

heating rate (10 °C·min−1) under nitrogen atmosphere. They are
presented here as references for comparison purposes with the
studied bio-oils (L1−L5). From Figure 5, it can be seen that
hydrothermal oils are situated in the light end of the heavy
refinery streams and are not dissimilar to heavy crude oil. They
are, however, generally much heavier than diesel fuel. TG and
DTG curves are very similar for most oils, except for the one
recovered by extraction with hexane (L2). This was also observed
by GC/MS analysis in section 4.4, underlining the importance of
solvent polarity. Most polar solvents produce oil with similar
evaporation behavior, even when very basic hydrothermal
conditions are used (sample L5).
TG analysis shows also the presence of residual solvent left

after evaporation in the recovered bio-oil, as in the case of
isopropyl alcohol and acetone extracted bio-oils. This is
confirmed by GC/MS analysis where total ion chromatograms
present peaks of these two solvents in their corresponding bio-
oils. These solvents are less volatile than ethyl-acetate, which
evaporates more rapidly at ambient conditions.
From the DTG curves on Figure 6, several temperature zones

can be identified. Each zone is more or less significant, depending
on its content in volatiles. Peaks on DTG curves observed at 100
°C correspond to the evaporation of compounds having a boiling
point near or less than 100 °C, as well as residual extraction
solvent and traces of water. In Table 5, we compare the samples
analyzed by TGA according to the identified temperature zones.
The weight loss at 250 °C can be used to estimate the weight

percentage of bio-oil that is analyzed by GC/MS, because it is the
maximal temperature of the GC oven. We consider that the area
between 250 and 350 °C corresponds to less volatile compounds.
Above 350 °C, pyrolysis phenomena thermally degrade the bio-
oils, resulting in weight loss showed onDTG curves between 350
and 500 °C. Finally, we estimate that the end of the bio-oil
distillation (or evaporation behavior) occurs around 500 °C. To
give a good estimation of the carbon residue after distillation, the
residue is further heated until 900 °C and then burned in air for
10 min.
The estimation of the carbon residue is given in Table 5 for the

five studied bio-oils with a standard deviation obtained for three

Table 4. Identified Compounds in Extracted Bio-Oils with
Four Different Solvents

0 2-pentanone -4-hydroxy -4-methyl 6 2-hydroxypyridine-4-
carboxaldehyde

1 2-cyclopenten-1-one, 2,3-dimethyl- 7 2-hydroxypyridine-4-ethyl
ketone

2 phenol 8 hexadecanoic acid, methyl
ester

3 guaiacol 9 dodecanamide derivative
with double bond

4 phenol, 4-methyl- 10 octadecadieanamide
derivatives (C18 double
bond)

5 phenol, 4-ethyl-

Figure 5. Weight loss curves of bio-oils obtained by different solvents and of some reference fuels.
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analysis repetitions. Carbon residue values confirm that the bio-
oils are rich in heavy structures that have difficulties evaporating.
Polar solvents like isopropyl alcohol, acetone, and ethyl acetate
extract these complex polar heavy structures, which are not
extracted by the use of hexane (nonpolar solvent).

4. DISCUSSION

Commercial fuels are subject to a large number of normalized
quality criteria. Some of these criteria are presented in Table 6.
To date, no precise application is targeted for this type of oil. A
general comparison with some common properties and fuels can
direct the use of these oils. As can be observed in Table 6, HTL
bio-oils are obviously far from commercial quality standards,
even for heavy fuel oil. It is however interesting to compare the
quality of hydrothermal bio-oils with commercial fuels to
evaluate the need for upgrading. Xiu and Shabazi43 present
different upgrading techniques and the (dis)advantages.
Properties such as TAN and iodine value can be used as

indicators. Hydrothermal bio-oils are for instance far too acidic
for most applications, even though the oil produced under very

basic conditions is somewhat less acidic than oils produced under
acidic conditions. It seems that the initial presence of a strong
base is not sufficient to guarantee a low acidity of the bio-oil. The
work of Hoffman et al.,18 who present bio-oil from hardwood
produced at supercritical conditions, suggests that increasing the
temperature of the conversion lowers the acidity of the bio-oil.
Wang at al.25 showed that the acidity of hydrothermal bio-oils
from algae can be reduced significantly by hydrotreatment on a
platinum catalyst.
The chemical composition and evaporation behavior appears

globally little affected by the conditions under which the bio-oil is
produced. This is true for the initial pH of the mixture, but also
for the extraction solvent as long as it remains polar. Changing
from a polar solvent to a nonpolar solvent improves the bio-oil
quality at the detriment of a lower yield. The high-fiber content of
blackcurrant pomace could partially explain these results.
Hydrothermal degradation of fibers is responsible for the
formation of many oxygenate compounds such as acids, ketones,
aldehydes and esters produced by degradation of cellulosic
polymers,44 as well as phenol derivatives from lignin degrada-

Figure 6. Differentiated weight loss curves for bio-oils obtained by different solvents.

Table 5. Volatility of the Bio-Oils and Residual Carbon in Weight Percentage

% evaporated L1 L2 L3 L4 L5

100 °C 1 0 2 6 5
100−250 °C 56 75 57 58 53
250−350 °C 17 16 16 15 17
350−500 °C 14 5 14 12 14
250 °C 57 75 59 64 58
carbon residue 7.3 ± 0.6 2.7 ± 0.6 9.25 ± 0.01 6.3 ± 0.6 8 ± 0.6

Table 6. Comparison of the Properties of HTL Bio-Oils with Required Values for Commercial Fuels

gasoline diesel biodiesel heavy marine fuel oil HTL bio-oil

standard NF EN 590 NF EN 228 NF EN 14214 NF ISO 8217
density 15 °C (kg·m3) 720−775 820−845 860−900 920−1010 960−990
CCR (wt %) ≤0.2 ≤0.3 ≤0.3 ≤2.5−20 3−9
TAN (mg KOH per g bio-oil) ≤0.5 ≤0.5 ≤0.5 ≤2.5 108−159
iodine value (gI2/100g bio-oil) NA NA ≤120 NA 117−149
HHV (MJ·kg1−) 48 45 ≥35 NA 33−38
water (wt %) NA ≤0.02 ≤0.05 <0.5 <1
viscosity (mPa·s) @40 °C <0.3 3−4 <4 8.5−690 495
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tion.45 It is therefore understandable that polar solvents would be
much more efficient to extract those types of molecules.
Figure 7 shows how hydrothermal oils compare to commercial

fuels for two different criteria. The best quality oil, produced by
hexane extraction (L2), may be applicable as heavy fuel oil for
marine applications. Acidity and stability may be a problem and
will need to be examined closer. This does notmean that the fuels
are inadequate but it does mean that end users may need to adapt
their installations and create norms and standards to ensure the
compatibility with these fuels.
The comparison with heavy Iraqi crude42 presented in section

4.2 is interesting as the evaporation behavior is very similar. It
suggests that hydrothermal oils can be considered replacement
for crude oils that may interest refineries. In any case, removing
the oxygen to create a drop in replacement transport fuel will
require some effort.

5. CONCLUSION

Hydrothermal liquefaction is capable of producing high heating
value bio-oils with interesting yields. These oils are free-flowing
but still have an elevated viscosity. The bio-oil extracted with
hexane seems to be the best-performing bio-oil compared to bio-
oils extracted with the other three solvents. This bio-oil has the
lowest carbon residue, a nearby diesel volatility and a heating
value that allows it to replace certain fuels, such as those for
marine applications. It should be interesting to test this oil in a
low-frequency piston engine.
The main problems with all hydrothermal bio-oils are their

acidity and viscosity. Producing bio-oils in basic medium seems
to improve the bio-oil quality by lowering its acidity, but this
value remains far too important for most existing installations.
Some degree of upgrading is consequently necessary to deal with
these problems.
Most normalized tests for fuel properties require dedicated

equipment and large sample volumes. Some of these techniques
can be adapted for characterization of hydrothermal bio-oils at
the laboratory scale, which are available in small volumes. It was
shown that the applied techniques can yield valuable information
about hydrothermal bio-oils. This information can be used to
evaluate the bio-oils from a process optimization perspective.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: geert.haarlemmer@cea.fr. Tel.: 0033438782495. Fax:
0033438785251.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to acknowledge financial support from
the French Research National Agency ANR (LIQHYD project,
grant ANR-12-BIME-0003). The authors are also grateful to
Julien Roussely, Marine Blanchin, Heĺeǹe Miller and Seb́astien
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