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Pyrolysis bio-oil is unsuitable as transportation fuel due to its chemical composition and high oxygen
(>30 wt%) and water (>20 wt%) content rendering the upgrading essential prior any downstream use.
The current work investigates the upgrading of a ﬂash pyrolysis bio-oil via mild hydrotreatment (HDT),
targeting to a potential intermediate reﬁnery feed. Various operating parameters of HDT were tested,
including three temperatures (573, 603 and 633 K), two pressures (4 and 7 MPa) and two H2/bio-oil
ratios (506 and 843 NL/L). According to the results, during HDT of bio-oil, massive plugging by coke
formed in the reactor. The unsaturated oxygenates in bio-oil are regarded as the predominant coke
precursors since they can interact with the catalytic surface. From all the examined conditions, it was
found that the longest catalyst life, (5 days on stream), was achieved at 7 MPa pressure, 843 NL/L H2/biooil ratio and 603 K temperature. Furthermore, several properties of the initial bio-oil were improved,
such as viscosity (156 / 4.9 cSt), carboxylic acids (78 / 0.2 mgKOH/g), density (1.024 / 0.9162 g/ml),
and oxygen content (37 / 4 wt%). Conclusively, mild HDT constitutes a promising technological pathway
for bio-oil upgrading towards a reliable intermediate reﬁnery feed.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The production of renewable liquid transportation fuels attracts
the international research and the market interest, in line with the
ambitious 2020 and 2030 energy and climate targets set by the
European Union (EU) policy, considering the increasing global demand for their fossil counterparts and the resulting environmental
impacts. On this basis, the utilization of non-food/feed biomass is
promoted, while the most promising bio-chemical and thermochemical value chains for biofuels production have been prioritized by the European Industrial Bioenergy Initiative (EIBI, 2019) [1]
under the Strategic Energy Technology (SETIS, 2019) Plan [2], listing
pyrolysis among them. Today, conventional biofuels such as FAME
(Fatty Acid Methyl Esters) biodiesel are used as blending components with petroleum-based products to meet the current demands

for conventional diesel fuel with 7 v/v % bio-content (EN 590
standards for ultra-low Sulphur diesel). However, there are some
drawbacks from using FAME biodiesel as an alternative diesel-type
fuel, such as, its lower energy content over conventional diesel, its
high oxygen content, low stability etc. [3,4]. Because of the unfavorable properties of FAME, catalytic hydroprocessing of triglycerides for parafﬁnic fuels production has been widely explored.
These new advanced parafﬁnic fuels are called HVOs (hydroprocessed vegetable oils) or green diesel (hydroprocessed used
cooking oil) [5,6]. However, these advanced biofuels (HVOs or green
diesel) are associated with higher retail prices and demand high
investment costs, justifying only high throughput plants [7,8]. To
minimize the enormous investment costs, co-hydroprocessing of
heavy petroleum fractions with bio-based feedstocks is currently
being explored, utilizing the underlying conversion capacity of the
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limitation of coke formation, which can also be affected by the
reaction conditions [32,33].
The present study aims to investigate the potential of upgrading
pyrolysis bio-oil from lignocellulosic biomass via mild HDT, targeting to intermediate products that have properties compatible
with fossil-based intermediates, with the intention to be employed
as reﬁnery co-feeds for hybrid fuels production. To that purpose,
the effect of various operating conditions on the process performance, as well as on the product quality was investigated. More
speciﬁcally three reaction temperatures, two pressures and two H2/
bio-oil ratios were tested in a continuous-ﬂow hydroprocessing
pilot-plant of the Chemical Process and Energy Resources Institute
(CPERI) of the Centre for Research and Technology Hellas (CERTH).
Until now, most of the available literature data were limited only to
model compounds, mostly batch reactors and targeting to ﬁnal
liquid biofuels (drop-in biofuels). With these novel results, the
advantage of a typical fast pyrolysis bio-oil upgrading via mild
hydrotreatment has been investigated, forming the basis for future
targeted research on the exploitation of the bio-oil as a potential
reﬁnery intermediate stream.

existing reﬁneries. Various types of feedstocks have been studied
for their co-processing effectiveness [7].
Among the organic fractions considered for co-processing
feedstocks, bio-oil from fast pyrolysis of lignocellulosic biomass is
investigated, aiming to increase the share of advanced biofuels in
the diesel pool. Pyrolysis is a fundamental thermochemical technology, operating in an inert atmosphere and high temperatures
(673e1073 K), cracking large biopolymers (20,000 to 400,000
a.m.u.) into smaller molecules (less than 200 a.m.u.) with relatively
higher energy content [9,10]. The pyrolysis products are classiﬁed
in liquid, solid and gaseous fractions. The maximization of the
liquid fraction, bio-oil, is achieved via fast pyrolysis that applies
high heating rates. By applying ablative fast pyrolysis (AFP), the
energy-intensive grinding of the straw, which is essential in the
case of ﬂuidized-bed pyrolysis, could be avoided [11,12].
Pyrolysis bio-oil is very unstable due to its acidity, high oxygen
content, high concentration of the thermally labile compounds,
such as oleﬁns and aldehydes/ketones, and high concentrations of
heavy compounds. Therefore, bio-oil upgrading is necessary for
bio-oil to be used in the transportation sector [13]. Toward this
direction, hydrotreatment (HDT) and in particular hydrodeoxygenation (HDO) appears to be of great perspective to address
this challenge [14e16]. In particular, bio-oil is treated at a temperature range (573e723 K) under high pressure hydrogen atmosphere (13.8 MPa), using heterogeneous catalysts [17]. HDO
results in bio-oil oxygen removal in the form of water through a
series of CeC, CeOeC and CeOH bond cleavage, and hydrogenation
reactions [18,19]. Deoxygenated bio-oil is an energy dense and noncorrosive product, with boiling point within diesel range, and oxygen content less than 2 wt% [20]. However, the high hydrogen
partial pressure required, as well as the catalyst coking under high
temperatures, are the main issues that have to be addressed for the
sustainable improvement of the current technology. In particular,
many bio-oil components become very reactive when heated up,
tending to form coke, and thus leading to reactor fouling and
product deterioration [21e24]. For this reason, an additional stabilization step has been suggested to suppress or prevent the coke
formation leading to a stabilized mild hydrotreated bio-oil [25,26].
Mild HDT involves medium-severity hydrotreating conditions
that allow the partial oxygen removal from the bio-oil and partial
hydrogenation, rendering a stabilized bio-based intermediate that
can be more efﬁciently handled upon downstream processing [17].
Mild HDT was employed as a ﬁrst low temperature stabilization
step of bio-oil, in which the carbonyl groups are hydrogenated into
more stable alcohols [27]. The mild catalytic hydrotreatment of the
bio-oil, according to Ref. [23], involves an operating window for
temperatures ranging from 423 to 673 K and pressures over 5 MPa,
other study [28] suggests that the ﬁrst stabilization step should
take place at a temperature range between 373 and 573 K while the
second more severe hydrocracking step should be performed at a
range of 623e673 K. The composition and properties of the mild
HDT products strongly depend on the reaction conditions, while
the catalysts employed are playing an important role in catalytic
reactions [29e31]. In particular, the commercial CoMo and NiMo
catalysts are commonly utilized at high temperatures above 623 K.
However, the aforementioned catalysts might be still sufﬁciently
active, providing active hydrogen, at lower temperatures and
replacing noble metal catalysts. Nevertheless, the information
regarding the application of these catalysts at low temperatures
and the coke formation during bio-oil heating up is rather limited
[21]. Furthermore, the major challenge in the bio-oil mild HDT is to
maintain an operable reactor DP for an extended time thus the

2. Materials and methods
2.1. Feedstock and catalysts
The pyrolysis bio-oil utilized in the current study was the
organic phase product of the ablative fast pyrolysis of lignocellulosic biomass and speciﬁcally of a mixture consisting of barley and
wheat straw at 50 wt% each (Picture 1) [11,34]. The bio-oil was
stored in a refrigerator to avoid aging. The bio-oil was mixed with a
small quantity of DMDS (Dimethyl Disulphide) as it is necessary to
maintain a certain sulphur level (up to 1000 wppm) in the hydrotreating feedstock when a sulphiding catalyst is employed. The
properties of the bio-oil employed in the experiments are presented in Table 1. DMDS was selected as a hydrogen sulphide
source, which can be in an industrial application partially replaced

Table 1
Properties of organic phase of the ﬂash pyrolysis bio-oil.
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Properties

Units

Value

Analysis Method

Density at 15  C
Sulphur
Hydrogen
Carbon
Oxygen
H2O (dissolved)
MCR
TAN
CAN
Carbonyls content
Phenolics content
Kin. viscosity
Distillation curve
mass % IBP
mass %_5
mass % _10
mass %_30
mass %_50
mass %_70
mass %_90
mass %_95
mass %_FBP
Gasoline (cut point 489 K)
Diesel (cut point 633 K)
Residue

g/ml
wppm
wt%
wt%
wt%
wt%
wt%
mgKOH/g
mgKOH/g
mmol C]O/g
mmol phenol/g
cSt

1.024
1183
8.32
53.92
37.64
21.86
15.7
219
78.0
2.2
4.1
156

ASTM D-4052
ASTM D-5453
ASTM D-5291
ASTM D-5291
Calculated by difference
ASTM D-1744
ASTM D-4530
ASTM D-664
e
Faix method
Folin-Ciocalteu method
ISO 3104

K
K
K
K
K
K
K
K
K
wt %
wt %
wt %

315
415
450
499
549
629
741
788
943
26
44.65
32.5

ASTM D-7169
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2.3. Analyses

by H2S recovery from the off-gas from conventional hydrotreating
processes [35]. According toTable 1, the bio-oil has high density
(1.024 g/ml) and consists of large molecules, as conﬁrmed by the
elevated distillation curve. Finally, it has high oxygen content due to
high content of water, carbonyls, phenols and carboxylic acids,
leading to high Total Acid Number (TAN) 219 mgKOH/g. Based on
these quality characteristics, an upgrading step is essential to
transform this heavy feedstock with high carbonization residue to a
higher added-value liquid, whereas the hydrotreatment should
focus on the oxygen removal as well as on the cracking of the heavy
molecules.
For this study, a custom made NiMo/Al2O3 catalyst developed by
Ranido was used. The particle size of the catalyst was from 0.8 to
1.2 mm. In order to maintain a desired Liquid Hourly Space Velocity
(LHSV), the catalyst was diluted with an inert material at a 5.6 v/v
inert material/catalyst ratio to ensure that it would be effectively
dispersed throughout the reactor for achieving good heat and mass
transfer, while disabling feed channeling. Catalyst presulphiding
was performed by a procedure deﬁned by the catalyst manufacturer. As the catalyst was specially developed by Ranido for the
purposes of the current research, no further details considering the
composition and structure of the catalyst can be provided.
Finally, a TRL3 hydroprocessing pilot plant of CERTH was
employed for all the experiments. The current plant is described in
more detail in the authors’ previous work [36,37].

For the evaluation of the feed and liquid products, samples were
collected and analyzed in the CPERI/CERTH and UCTP analytical
laboratory. Several analyses were performed in the products as well
as in the corresponding feed samples. Speciﬁcally, the density was
determined via ASTM D-4052 [38], while the distillation curve was
estimated according to the Simulated Distillation ASTM D-7169
[39]. The concentrations of the sulphur in the feed and liquid
products was determined by ASTM D-5453 [40]. Hydrogen and
carbon content were determined via the ASTM D-5291 method
[41]. Once total carbon, hydrogen and sulphur content (wt %) were
determined, the oxygen concentration was calculated by difference
assuming negligible concentration of all other elements in the
product. It should be noted that due to the nature of bio-oil, the
nitrogen analysis was impossible to be performed in the laboratory
equipment. However, according to the literature [7], bio-oil in
general is almost a nitrogen free feed and thus it was assumed that
the nitrogen content is so small that it can be consider as nitrogen
free feed. Moreover, standard procedures were applied for the
determination of dissolved water concentration (WC, ASTM D-1744
[42]), total acid number (TAN, ASTM D-664 [43]) and kinematic
viscosity (ISO 3104 [44]). Micro-conradson carbonization residue
(MCR) was analyzed in agreement with ASTM D-4530. Total content of carbonyls was measured by Faix method after oxidation
followed by reverse potentiometric titration, for more details see
Ref. [38]. The amount of carboxylic acids (CAN) was determined by
potentiometric titration, using tetrabutylammonium hydroxide as
titrant, according to the method published elsewhere [45]. Total
content of phenolics was analyzed by Folin-Ciocalteu method as
described in detail by Rover and Brown (2013) [46]. Quantiﬁcation
of volatile compounds was carried out by GC-MS, more than 100
compounds were quantiﬁed directly and around 100 other compounds were quantiﬁed indirectly using the response factor of
structurally most similar compound in the standard via the method
described by Auersvald et al. (2019) [47]. Finally, the gaseous
products were analyzed on-line via an Agilent 7890 series gas
chromatograph analyzer, equipped with one ﬂame ionization detector and two thermal conductivity detectors. The gaseous product
concentration enabled the mass balances calculations and the H2
balance calculations.

2.2. Hydrotreatment experiments
The main premise of this study was to investigate the bio-oil
upgrading potential via mild hydrotreatment, aiming to produce
a reﬁnery-compatible bio-based intermediate. To that aim, the effect of temperature (573, 603 and 633 K), pressure (4 and 7 MPa)
and H2/bio-oil ratio (506 and 843 NL/L) on process performance as
well as on product quality was investigated. H2/bio-oil ratio is one
of the most important parameters that deﬁne the hydrotreating
process as it presents the excess of hydrogen during the process.
More speciﬁcally it describes the hydrogen feed ﬂow in Normal
Liter (i.e. at 1 atm and 293 K) per Liter of liquid ﬂow (bio-oil). For
the investigation of each set of temperature-pressure-H2/bio-oil
operating parameters, referred as “condition”, all the other operating parameters remained constant. Each condition testing
(experiment) was considered complete when the reactions reached
steady state, usually after 2e3 days on stream (DOS), as determined
by monitoring the product density and sulphur content. The total
liquid product collected on the third DOS of each experiment was
analyzed in more detail. The gas product collected on the third DOS
(after steady state was achieved) was chromatographically
analyzed on-line, as previously mentioned. For comparison purposes, condition 2 was considered as the control condition. Table 2
presents the operating window of all conditions tested during the
current study.

3. Results and discussion
3.1. Catalyst efﬁciency
The aim of experiments denoted as Cond. 1, 2 and 3 was to
investigate the effect of temperature while keeping all the other
parameters constant (Table 2). Cond. 2 was used as the control
condition, which was also employed for the experiments aiming to
explore the effect of H2 pressure (Cond. 4) and H2/bio-oil ratio
(Cond. 5). The product collected during the third DOS of each
condition was analyzed in detail, as it was considered a representative sample of that particular condition. The liquid product of
each condition consisted of an organic dark liquid top layer and a
water phase bottom layer that were separated via sedimentation
(see Picture 2). The water phase was formed via the decarboxylation and dehydration reactions [48], which is a typical sideproduct of biomass catalytic hydrodeoxygenation. Both organicand water-phase products have a signiﬁcantly different appearance
over the initial bio-oil (color, odor, viscosity), while the organic
phase was considered as the main product and was further
analyzed.

Table 2
Operating experimental window of the hydrotreatment experiments.
Parameter

Units

Cond. 1

Cond. 2a

Cond. 3

Cond. 4

Cond. 5

Temperature
Pressure
LHSV
Feed ﬂow
H2/bio-oil

K
MPa
h1
ml/h
b
NL/L

573
7
1
20
843

603
7
1
20
843

633
7
1
20
843

603
4
1
20
843

603
7
1
20
506

a
b

Control condition.
NL/L: Normal liter (i.e. at 1 atm and 293 K) per liter of liquid ﬂow (bio-oil).
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Fig. 1. DP creation during bio-oil upgrading in A) condition 1, B) condition 4 and C) condition 5.

DP build-up up to 0.17 MPa after 5 DOS (119 h) due to coke for-

Each of the experimental conditions 1, 2 and 3 lasted ﬁve DOS,
before DP occurred in the reactor. Pyrolysis oil has a tendency for
coke formation during mild hydrotreating conditions, because it
contains highly reactive species such as guaiacol and alkoxyphenols
[49]. The catalyst clogging and deactivation was daily monitored via
the reactor DP and the total liquid product sulphur content
respectively. The propagation of DP vs time during testing for
condition 1 is indicatively presented in Fig. 1A, showing a sudden

mation. It should be noted the analysis of the reactor content
showed massive plugging by coke formed from the unstable bio-oil,
and catalyst decomposition into dust. The unsaturated oxygenates
in bio-oil, especially phenols and furans, are regarded as the predominant coke precursors since they can strongly interact with the
catalytic surface [50]. In addition, minerals are attributed to catalyst
poisoning, the condensation of ketones, sugars and aldehydes are
596
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water, no further analysis was performed in the aqueous phase. The
properties of the organic liquid products from the third day of each
condition are depicted in Table 3. The yields of aqueous phase for
conditions 1e3 were between 38 and 40 v/v % which shows that
there is no strong dependence on the reaction temperature. However, the yields of aqueous phase for cond. 4 was 37 v/v% showing
that lower pressure leads to lower deoxygenation as conﬁrmed by
the results for oxygen content that was almost two times higher at
4 MPa than at 7 MPa. As far as cond. 5 is concerned, the results show
that the density, the aqueous phase as well as the sulphur content
of the product are higher compared to cond. 2. This shows that the
deoxygenation reactions are competitive to desulphurization and
cracking reactions. According to Mortensen et al. [55], the presence
of H2S to keep the catalysts in the sulﬁde state leads to incorporation of sulphur in the organic product as long as the deoxygenations take place. Once the oxygen content is low the
remaining sulphur is removed since the applied NiMo catalysts are
well-known desulphurization catalysts. Thus, the hydrogen is
consumed mostly for deoxygenation reactions instead of cracking
and desulphurization reactions. In addition, according to Table 3,
the oxygen content is slightly higher for cond. 5 compared to cond.
2. However, the difference is not signiﬁcant and is a result of
measurements accuracy. From the above ﬁndings, it is observed
that at lower H2/bio-oil ratio the hydrogen is not enough to cover
the needs of all hydrotreating reactions, thus higher H2/bio-oil ratio
is preferable. In general, considering all conditions, the oxygen
removal was so deep that over 90 wt% of the oxygen was removed
from the bio-oil and thus the product at 633 K contained less than
2 wt% of oxygen.
The instability of bio-oil from one side is related to the overall
oxygen content and from the other side is a function of the reactivity and the diversity of the oxygenated group types that are
compatible reaction partners for molecular weight increasing CeO
or CeC bond forming reactions. Therefore, the effectiveness of the
stabilization step is naturally tied to the ability of mixture to
incorporate hydrogen to saturate reactive double bonds [56]. H/C
ratio is a measure of hydrogen incorporation into the bio-oil and is
depicted in Fig. 2. In these cases, the H/C ratio was decreased by
11e17% via mild-HDT. The decreased of H/C ratio is due to the much
higher carbon content (55e61%) of the products (see Tables 1 and
3). As a result, although the hydrogen content increased by
30e40%, the H/C ratio decreased. Fig. 2 also presents the variation
of O/C content ratio which is related to the instability of the bio-oil.
According to the ﬁndings, a reduction of the oxygen content for the
upgraded products is easily observed compared to the initial bio-oil
(Table 3 and Fig. 2). These results conﬁrmed the successful

attributed to re-polymerization and formation of tar-like products,
which can not only block the surface but also can result in plugging
of continuous operation upgrading units [51,52]. The DP plots of
conditions 2 and 3 were similar to condition 1 and for brevity
reasons they are not presented in the study.
Condition 4 aimed to investigate the effect of pressure while
keeping all the other parameters constant, as presented in Table 2.
The pressure of 4 MPa was investigated at the middle reaction
temperature of 603 K and compared with the control condition 2
(7 MPa). The procedure followed for the condition 4 was similar to
the conditions 1e3, whereas the collected organic phase product
during the third day was analyzed in detail as the representative
product. During the third DOS (67 h) signiﬁcant increase of DP by
0.56 MPa was observed forcing to the termination of the experiment (Fig. 1B). The catalyst deactivation and the destruction of
active centers were reﬂected by the increasing content of heteroatoms in liquid products with time on stream. The faster creation of
DP (two DOS earlier) compared to control condition 2, shows the
importance of higher pressures in the process for prolonging the
experiment.
At condition 5 the effect of a lower H2/bio-oil ratio (506 NL/L)
was examined. In that case, the DP of 0.54 MPa was occurred during
the middle of fourth DOS (84 h) (Fig. 1C). Compared to the control
condition 2 where the only difference was the higher H2/bio-oil
ratio (843 NL/L), condition 5 lasted by one and half DOS shorter.
These current results illustrate the importance of the high
hydrogen ﬂows during the bio-oil’s HDT. In general, from the above
analysis, it was observed that the higher reaction pressures and H2/
bio-oil ratios are preferable in terms of catalyst life expectancy.
3.2. Product evaluation
Bio-oil is a complex mixture of mostly oxygenated compounds
with different functional groups, such as carboxylic acids, aldehydes, furfurals, alcohols, carbohydrates, and ketones including
high amounts of water [51], with a volumetric energy density between 5 and 20 times higher than the original biomass [53]. In
addition, various lignin derivative compounds i.e. phenol and
guaiacol are present, limiting its direct application as fossil fuel
replacement. Moreover, this oil has high viscosity, it is insoluble in
commercial hydrocarbons, corrosive and thermally unstable
(Table 3). To that aim a ﬁrst mild-HDT step is essential prior to its
use as a fuel. The main hydrotreatment target is the oxygen removal
from initial bio-oil via hydrodeoxygenation (HDO) reactions as
water that was spontaneously separated from low polar organic
phase as an aqueous phase [54]. As the aqueous phase consists of

Table 3
Properties of the upgraded bio-oils via mild HDO.
Properties

Units

Cond.1

Cond.2

Cond. 3

Cond.4

Cond.5

Method

Aqueous (2nd) phase
Density
Sulphur
Hydrogen
Carbon
Oxygen
Oxygen detectable by GC-MS
H2O dissolved
Kin. Viscosity
MCR
CAN
Carbonyls content
Phenolics content

v/v%
g/ml
wppm
wt%
wt%
wt%
%
wt%
cSt
wt%
mgKOH/g
mmol C]O/g
mmol phenol/g

40.4
0.9702
469.2
11.03
84.02
4.90
27
0.090
61.98
3.3
2.5
LOD
2.7

40.5
0.9202
341.4
11.68
85.79
2.49
24
0.025
8.99
2.6
1.1
LOD
1.6

38.6
0.9162
792.4
11.41
86.81
1.70
49
0.001
4.94
1.6
0.2
LOD
1.5

37.1
0.9675
571.4
10.88
84.97
4.09
52
0.072
28.26
4.1
1.1
LOD
3.0

45.6
0.9488
686.9
11.31
85.63
2.99
50
0.099
14.60
3.2
0.8
LOD
2.4

e
ASTM D-4052
ASTM D-5453
ASTM D-5291
ASTM D-5291
Calculated by difference
e
ASTM D-1744
ISO 3104
ASTM D-4530
e
Faix method
Folin-Ciocalteu method
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Fig. 2. O/C ratio vs H/C mass ratio for the upgrading products of each condition compared to initial bio-oil.

Fig. 3. Distillation curves of the upgraded bio-oils via mild HDO (conditions 1e5).

(Table 3). From the distillation curves of the products it can be seen
that the lower reaction pressure (Cond. 4) resulted in heavier
molecules compared to the control condition 2 (Fig. 3). This was
cause due to low extent of pyrolytic lignin cracking reactions, which
conﬁrms the highest carbonization residue at Cond. 4, almost by
60% higher than at condition 2. Although, the Cond. 5 product’s
viscosity is almost two times higher (14.60 cSt) than the one of the
control Cond. 2 (8.99 cSt), the distillation curves have very close
shape. The carbonization residue at Cond. 5 was only by 20% higher
than at Cond. 2. From the above analysis, it is easily observed the
upgrading of initial bio-oil to a higher quality liquid product which
can be used as a reﬁnery intermediate with favorable properties.

upgrading of the initial bio-oil to more stable hydrocarbon
products.
The inﬂuence of various operating conditions on wt% yield for
gasoline, diesel and heavier HC is presented in Fig. 3. Regarding the
gasoline and diesel cut-points, it should be noted that they refer to
the ones employed in practice during fractionation of the organic
liquid product in order to separate the two fractions, and they can
overlap as they are set to collect the molecules that might be drawn
away due to the momentum of the fractionation column. In the
analysis of gasoline and diesel yields, two actual cut-points are
considered which are used to evaluate the potential of gasoline and
diesel production yields. Cut point for gasoline is at 489 K, for diesel
is at 633 K and for heavier HC is the remaining product. According
to the ﬁndings, higher reaction temperatures (Cond 1. / Cond. 3)
favor cracking reactions. The cracking reaction led to the increase in
content of diesel and gasoline range fractions from 56 to 72 wt%
comparing conditions 1 and 3 (Fig. 3). The increase of cracking
reaction also led to the decrease of density and kinematic viscosity

3.3. GC-MS analysis of organic liquid products
Among different functional groups in bio-oil, aldehydes were
the easiest to be hydrogenated to produce alcohols. As is shown in
Fig. 4А, all aldehydes identiﬁed in raw bio-oil disappeared from the
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Fig. 4. Results from GC-MS quantitative analysis showing the amount of volatile compounds or their groups: (A) Primary groups, (B) Phenols based on the alkyl substitution, (C)
Phenols with C2 alkyl substitution, (D) Hydrocarbon groups, (E) n-Alkanes.

decomposition, leading to such high amount of volatile phenols
that was not possible to deoxygenate at used LHSV. The increase in
the extent of pyrolytic lignin decomposition was conﬁrmed by the
decrease in carbonization residue compared to condition 1 by 20%
and 50% (Table 3) for condition 2 and 3, respectively. We could also
observe this phenomenon on the increase of the ratio of oxygenates
detected by GC-MS up to almost 50% for condition 3 (Table 3).

liquid products after hydrotreatment.
Based on GC-MS analysis, we can conclude that at all conditions
all volatile oxygenates besides phenols were removed from the biooil, see Fig. 4A. Although we would expect the decrease of volatile
phenols with increase of the reaction temperature the amount of
volatile phenols at condition 3 was higher than at condition 2. This
increase was caused by higher extend of pyrolytic lignin
599
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According to water and oxygen content results, it is obvious that
the HDO of most reactive compounds in the bio-oil was successfully
completed. This was conﬁrmed by GC-MS, phenols were determined as the only oxygenates in the samples. The reduction of CAN
in the products from all conditions (2.5 mgKOH/g) showed the
signiﬁcant removal of acids. Very close results of CAN for conditions
2, 4 and 5 mark low effect of hydrogen lack on acids removal.
Compare to that, the phenol content was signiﬁcantly inﬂuence by
the lack of hydrogen observing higher content at all phenol groups
(Fig. 4B). Lower deoxygenation of phenols resulted in lower content
of hydrocarbons with signiﬁcantly higher content of oleﬁns due to
the lack of hydrogen for its saturation (Fig. 4D, Fig. A1).
Titration and UV-VIS methods allowed us to analyze the whole
sample, not only volatile fractions as GC-MS. However, as well as by
GC-MS, no carbonyls were detected by Faix method (Table 3). This
means that if there were some carbonyls deﬁnitely in much less
amount than 0.01 mmol/g, but it seems that all carbonyls were
removed. Although no carboxylic acids were detected by GC-MS,
some carboxylic acids were still observed by titration method. At
condition 3, only 0.2 mgKOH/g of carboxylic acids compounds left
in the sample (Table 3). Phenols were the only volatile oxygenates
detected. By Folin-Ciocalteu method, the total content of phenols in
the whole sample was determined. The decrease of total phenol
content was observed with increasing of reaction temperature,
however the temperature above 603 K (the increase to 633 K)
decrease the phenol content only minimally (by 6%) (Table 3).
In general, bio-oil is a complex mixture of compounds such as
aldehydes, saccharides, ketones, acids etc. These functionalities are
thermally unstable and thus a ﬁrst mild-HDT step is necessary to
convert these compounds to their corresponding alcohols and
make the initial bio-oil more stable consisting from phenols and
hydrocarbons. This stabilization step does not completely deoxygenate the bio-oil. However, it improves the quality of the resulting
bio-liquid, allowing it to be easier to handle and store for further
upgrading and applications in existing crude oil reﬁnery as an intermediate stream. According to the results of the current analysis,
mild-HDT has successfully upgraded the initial bio-oil to hydrocarbons and phenols increasing the quality of the ﬁnal organic
product.

Although, we could expect the increase mainly in content of propyl
phenols as the main structural motif of pyrolytic lignin, the increase
at condition 3 was observed for all phenols almost equally showing
no dependence on type of alkyl substitution (Fig. 4B). The steric
hindrance of phenol hydroxyl group by alkyl chain was not
conﬁrmed (Fig. 4C). The amount of hydrocarbons increased with
increase of reaction temperature, and thus, the extent of deoxygenation (Fig. 4D). As expected, the content of oleﬁns decreased
with increase of reaction temperature (Fig. 4D). As propylmonocyclic compounds belong to the most common structures, propylcyclohexene was the most abundant oleﬁn (Fig. A1). Although,
free double bounds are very reactive in hydrotreatment, almost
0.1 wt% of cycloalkenes was still observed at condition 3 (633 K and
7 MPa). It was caused by their simultaneous creation from phenolic
compounds as intermediate products, and for their hydrogenation
was not fast enough due to the high LHSV. The same results
regarding to oleﬁns were observed by Auersvald et al. (2019) [47].
The condition 1 (573 K and 7 MPa) was the only one when no
isomerization was observed (Fig. 4D). The increase of reaction
temperature increased not only the extent of pyrolytic lignin
decomposition but also the cracking and isomeration reactions best
observable on n-alkanes (Fig. 4E).

Table 4
Gas product analysis.

Hydrogen
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane
C6þ
Carbon dioxide
Carbon monoxide
Oxygen
Nitrogen
Hydrogen sulphide

Units

Cond.1

Cond. 2

Cond. 3

Cond. 4

Cond.5

g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h
g/h

0.691
0.610
0.375
0.187
0.008
0.072
0.008
0.024
0.046
0.953
0.017
0.031
0.108
0.011

0.607
0.545
0.393
0.197
0.010
0.079
0.011
0.030
0.042
0.735
0.011
0.002
0.015
0.011

0.335
0.365
0.272
0.135
0.007
0.051
0.007
0.017
0.028
0.496
0.011
0.005
0.024
0.006

0.708
0.530
0.422
0.231
0.012
0.106
0.013
0.041
0.074
0.955
0.040
0.008
0.040
0.013

0.183
0.553
0.315
0.158
0.006
0.056
0.006
0.020
0.032
1.016
0.005
0.002
0.010
0.008

Fig. 5. Hydrogen consumption during HDO of bio-oil ((Normal Liter (i.e. at 1 atm and 293 K) per Liter of liquid ﬂow (bio-oil)).
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originated from phenolics demethoxylation/demethylation and
formic acid reduction. Ethane and propane are expected to be the
products of acids, alcohols, ketones and aldehydes deoxygenation/
hydrogenation and also as products from dealkylation reactions
[35]. The gaseous product analysis of all the experimental conditions is juxtaposed in Table 4.
Oxygen removal through CO2 and CO formation occurs at the
expense of lowered carbon yield. According to Refs. [59,60],
removing the oxygen content as CO2 and CO, is not preferable as
this negatively impacts the yields of the upgraded product as an
area that can positively reduce the cost of producing liquid transportation fuel. As a result, removing oxygen as water is the
preferred route. From the gas analysis (Table 4) can be seen that CO2
formation was favored by lower H2/bio-oil ratios (condition 5),
while CO was favored by lower reaction pressures (condition 4).
Similarly, methane formation was augmented in hydrotreatment
conditions with low temperature (condition 1). From the gas
product analysis, it is shown that a signiﬁcant amount of carbon
was lost to the gas phase forming primarily methane (12e20 wt% of
the total gas) and CO2 (21e37 wt% of the total gas). From the above
ﬁndings, it was observed that higher pressure and H2/bio-oil ratio
are preferred.
Picture 1. Ablative ﬂash pyrolysis bio-oil from lignocellulosic biomass.

3.5. Hydrogen consumption
Catalytic hydrotreatment in general consumes high amounts of
hydrogen and thus it is very important to optimize hydrogen
consumption in order to improve the operating cost of the overall
process. For this reason, it is essential to estimate the H2 consumption of mild-HDT upgrading of bio-oil. Hydrogen consumption was determined via the hydrogen mass balance of the process
according to the following equations (1) and (2):

3.4. Gaseous products composition
Generally, there are several reactions that take place during the
bio-oil’s mild HDT, for instance multiple reactions occurred,
including hydrogenation, hydrogenolysis, decarboxylation, decarbonylation, hydrocracking and unwanted polymerization leading to
the formation of coke. Clearly, through all of these reactions, gases
(CO, CO2, CH4, ethylene, ethane, propylene and propane), water, and
solids (heavy polymer and coke) were produced. More speciﬁcally,
the CO2 and CO were produced via decarboxylation [57] and
decarbonylation reactions [58], respectively. Furthermore, methane

H2balance ¼

H2Gas product þ H2Liquid organic product þH2

Picture 2. Upgraded bio-oils from conditions 1, 2 and 3.
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Furthermore, the higher reaction pressures and H2/bio-oil ratios are
preferable in terms of catalyst life expectancy. However, from the
experimental results, it was found that in all examined cases,
during HDT of bio-oil, massive plugging by coke formed in the
reactor. The unsaturated oxygenates in bio-oil are regarded as the
predominant coke precursors since they can strongly interact with
the catalytic surface. From all the examined conditions, the longest
catalyst life, (5 days on stream), was achieved at pressure of 7 MPa,
H2/bio-oil ratio of 843 NL/L and temperature of 603 K. In general, an
upgraded organic liquid reﬁnery intermediate feed was produced.
Several properties of the initial bio-oil were improved via mildHDT, such as viscosity that was reduced from 156 to 4.9 cSt, the
amount of carboxylic acids (CAN) that was reduced from 78 to 0.2
mgKOH/g and density that was reduced from 1.024 to 0.9162 g/ml.
In addition, the oxygen content was reduced from ~37 to ~4 wt%.
Phenols were the only oxygenates present. The dissolved water of
the initial bio-oil was totally removed as a second water phase due
to signiﬁcant decreasing of organic phase polarity. Conclusively, a
mild-HDT step is essential for bio-oil in order to be upgraded to
intermediate reﬁnery streams towards hybrid transportation fuels
production. This study put the basis for future research on miscibility tests of the upgrading bio-oil with petroleum-based streams
for co-processing in order to produce hybrid transportation fuels.
The current work is a ﬁrst part of a European Union’s Horizon 2020
research and innovation program under grant agreement No
727463 for the project “BIOMATES”, more operating parameters
including lower hydrotreating temperatures will be investigated in
the future as a second part of the “BIOMATES”.

(2)

The hydrogen mass balance takes into consideration the stoichiometric hydrogen content of all feeds and products, i.e. the
hydrogen feed ﬂow-rate, the hydrogen content of the bio-oil feed
and organic liquid product (obtained from the hydrogen elemental
analysis via the LECO instrument), the stoichiometric hydrogen
from the aqueous phase product and the hydrogen of the gas
product calculated via the gas product ﬂow-rate (from the wet test
meter) and its hydrogen content from the GC-analyzer. Based on all
these data, the hydrogen consumption is calculated in gr/h and
standard liter of hydrogen per liter of feed, which is given in the
manuscript.
The results of all conditions are depicted in Fig. 5. According to
the ﬁndings, hydrogen consumption increased at higher reaction
temperatures due to higher extent of HDO and cracking reactions as
it was discussed in previous sections. Furthermore, higher reaction
pressures and H2/bio-oil ratio resulted in higher hydrogen consumption. This was due to higher extent of deoxygenation reactions
conﬁrmed by the lower oxygen and water content of the products
of condition 2 compared to 4 and 5.
3.6. Overall process evaluation
Bio-oil is a highly oxygenated mixture of organic compounds,
including carboxylic acids, aldehydes, ketones, ethers and phenolics thereby posing stability problems. This instability tends to
produce an intractable solid upon heating during most reﬁning
processes including distillation or direct upgrading via hydrotreating. Therefore, a ﬁrst upgrading step of a typical bio-oil via
mild-hydrotreatment was investigated. The purpose of this mildHDT step is to convert the aldehydes, ketones, and sugars to their
corresponding alcohols and make the initial bio-oil more stable.
The liquid product consisted of an organic dark liquid and a water
phase that were separated via sedimentation, considering the
organic phase as the high value liquid product. In general, bio-oil is
a complex mixture of compounds and the resulting upgraded liquid
still is a complex mixture. The results have shown that, the initial
complex bio-oil was successfully converted to hydrocarbons and
phenols. The properties of the upgraded bio-oil were improved as
the initial viscosity, CAN and density reduced in a high manner. In
particular, the upgraded organic phase is an excellent ignition
quality intermediate feed consisting of diesel and gasoline range
hydrocarbons that could be integrated in middle distillate hydrotreatment of a typical reﬁnery for co-hydroprocessing with
petroleum-based streams. The efﬁcient removal of oxygen and
water content from initial bio-oil via the proposed mild-HDT process render this technology as a very promising way to upgrade and
promote the use of bio-oil for hybrid fuel production.
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Fig. A1. Ethyl and propyl monocyclic compounds.
603

A. Dimitriadis, L.P. Chrysikou, G. Meletidis et al.

Renewable Energy 168 (2021) 593e605

References
[1] EIBI, European Industrial Bioenergy Initiative. http://www.etipbioenergy.eu/?
option¼com_content&amp;view¼article&amp;id¼191 [accessed 07 Jan
2019]..
[2] SETIS, Strategic Energy Technology Information System. https://setis.ec.
europa.eu. (Accessed 7 January 2019).
[3] A. Dimitriadis, A. Dimaratos, S. Doulgeris, S. Bezergianni, Z. Samaras, Emissions
Optimization Potential of a Diesel Engine Running on HVO: a Combined
Experimental and Simulation Investigation, SAE Technical Paper, 2019,
https://doi.org/10.4271/2019-24-0039, 24-0039, doi:10.4271/2019-24-0039.
[4] A. Dimitriadis, T. Seljak, R. Vihar, U.Z. Baskovi
c, A. Dimaratos, S. Bezergianni,
Z. Samaras, T. Katrasnik, Improving PM-NOx trade-off with parafﬁnic fuels: a
study towards diesel engine optimization with HVO, Fuel 265 (2020), https://
doi.org/10.1016/j.fuel.2019.116921.
[5] M. Krar, S. Kovacs, D. Kallo, J. Hancsok, Fuel purpose hydrotreating of sunﬂower oil on CoMo/Al2O3 catalyst, Bioresour. Technol. 101 (2010)
9287e9293, https://doi.org/10.1016/j.biortech.2010.06.107.
[6] S. Bezergianni, A. Dimitriadis, Comparison between different types of
renewable diesel, Renew. Sustain. Energy Rev. 21 (2013) 110e116, https://
doi.org/10.1016/j.rser.2012.12.042.
[7] S. Bezergianni, A. Dimitriadis, O. Kikhtyanin, D. Kubicka, Reﬁnery coprocessing of renewable feeds, Prog. Energy Combust. Sci. 68 (2018) 29e64,
https://doi.org/10.1016/j.pecs.2018.04.002.
[8] L.P. Chrysikou, V. Dagonikou, A. Dimitriadis, S. Bezergianni, Waste cooking oils
exploitation targeting EU 2020 diesel production: environmental and economic beneﬁts, J. Clean. Prod. 219 (2019) 566e575, https://doi.org/10.1016/
j.jclepro.2019.01.211.
[9] R.P. Anex, A. Aden, F.K. Kazi, J. Fortman, R.M. Swanson, M.M. Wright, Technoeconomic comparison of biomass-to-transportation fuels via pyrolysis,
gasiﬁcation, and biochemical pathways, Fuel 89 (2010) S29eS35, https://
doi.org/10.1016/j.fuel.2010.07.015.
[10] P.J. Dauenhauer, J.L. Colby, C.M. Balonek, W.J. Suszynski, L.D. Schmidt, Reactive
boiling of cellulose for integrated catalysis through an intermediate liquid,
Green Chem. 11 (2009) 1555e1561, https://doi.org/10.1039/b915068b.
[11] S. Conrad, A. Apfelbacher, T. Schulzke, Fractionated condensation of pyrolysis
vapours from ablative ﬂash pyrolysis, in: Hamburg, Germany Proceedings of
22rd European Biomass Conference & Exhibition, 2014, pp. 1127e1133,
https://doi.org/10.5071/22ndEUBCE2014-3CV.2.8. June 23rde26th.
[12] T.N. Trinh, P.A. Jensen, K.D. Johansen, N.O. Knudsen, H.R. Sørensen, S. Hvilsted,
Comparison of lignin, macroalgae, wood, and straw fast pyrolysis, Energy
Fuels 27 (2013) 1399e1409, https://doi.org/10.1021/ef301927y.
[13] P.M. Mortensen, J.-D. Grunwaldt, P.A. Jensen, K.G. Knudsen, A.D. Jensen,
A review of catalytic upgrading of bio-oil to engine fuels, Appl. Catal. A: Gen.
407 (2011) 1e19, https://doi.org/10.1016/j.apcata.2011.08.046.
n, D. Meier, Catalytic hydrotreatment of some technical
[14] A. Oasmaa, R. Ale
lignins, Bioresour. Technol. 45 (1993) 189e194, https://doi.org/10.1016/09608524(93)90111-N.
[15] D.C. Elliott, Historical developments in hydroprocessing bio-oils, Energy Fuel.
21 (2007) 1792e1815, https://doi.org/10.1021/ef070044u.
[16] J. Wildschut, F.H. Mahfud, R.H. Venderbosch, H.J. Heeres, Hydrotreatment of
fast pyrolysis oil using heterogeneous noble-metal catalysts, Ind. Eng. Chem.
Res. 48 (2009) 10324e10334, https://doi.org/10.1021/ie9006003.
[17] Z. Yang, A. Kumar, R.L. Huhnke, Review of recent developments to improve
storage and transportation stability of bio-oil, Renew. Sustain. Energy Rev. 50
(2015) 859e870, https://doi.org/10.1016/j.rser.2015.05.025.
[18] N. Li, G.W. Huber, Aqueous-phase hydrodeoxygenation of sorbitol with Pt/
SiO2eAl2O3: identiﬁcation of reaction intermediates, J. Catal. 270 (2010)
48e59, https://doi.org/10.1016/j.jcat.2009.12.006.
[19] N. Li, G.A. Tompsett, G.W. Huber, Renewable high-octane gasoline by
aqueous- phase hydrodeoxygenation of C5 and C6 carbohydrates over Pt/
Zirconium phosphate catalysts, Chem. Sus. Chem. 3 (2016) 1154e1157,
https://doi.org/10.1002/cssc.201000140.
[20] T. Dickerson, J. Soria, Catalytic fast pyrolysis: a review, Energies 6 (2013)
514e538, https://doi.org/10.3390/en6010514.
[21] S. Kadarwati, X. Hu, R. Gunawan, R. Westerhof, M. Gholizadeh, M.D.M. Hasan,
C.Z. Li, Coke formation during the hydrotreatment of bio-oil using NiMo and
CoMo catalysts, Fuel Process. Technol. 155 (2017) 261e268, https://doi.org/
10.1016/j.fuproc.2016.08.021.
[22] X. Hu, Y. Wang, D. Mourant, R. Gunawan, C. Lievens, W. Chaiwat,
M. Gholizadeh, L. Wu, X. Li, C.Z. Li, Polymerization on heating up of bio-oil: a
model compound study, AIChE J. 59 (2013) 888e900, https://doi.org/10.1002/
aic.13857.
[23] M. Gholizadeh, R. Gunawan, X. Hu, S. Kadarwati, R. Westerhof, W. Chaiwat,
M. Hasan, C.-Z. Li, Importance of hydrogen and bio-oil inlet temperature
during the hydrotreatment of bio-oil, Fuel Process. Technol. 150 (2016)
132e140, https://doi.org/10.1016/j.fuproc.2016.05.014.
[24] Y. Wang, D. Mourant, X. Hu, S. Zhang, C. Lievens, C.-Z. Li, Formation of coke
during the pyrolysis of bio-oil, Fuel 108 (2013) 439e444, https://doi.org/
10.1016/j.fuel.2012.11.052.
[25] R.H. Venderbosch, A.R. Ardiyanti, J. Wildschut, A. Oasmaa, H.J. Heeres, Stabilization of biomass-derived pyrolysis oils, J. Chem. Technol. Biotechnol. 85
(2010) 674e686, https://doi.org/10.1002/jctb.2354.
[26] D.C. Elliott, T.R. Hart, G.G. Neuenschwander, L.J. Rotness, A.H. Zacher, Catalytic

[27]

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

604

hydroprocessing of biomass fast pyrolysis bio-oil to produce hydrocarbon
products, Environ. Prog. Sustain. Energy 28 (2009) 441e449, https://doi.org/
10.1002/ep.10384.
A. Sanna, T.P. Vispute, G.W. Huber, Hydrodeoxygenation of the aqueous
fraction of bio-oil with Ru/C and Pt/C catalysts, Appl. Catal. B Environ. 165
(2015) 446e456, https://doi.org/10.1016/j.apcatb.2014.10.013.
Y. Han, M. Gholizadeh, C.-C. Tran, S. Kaliaguine, C.-Z. Li, M. Olarte, M. GarciaPere, Hydrotreatment of Pyrolysis Bio-Oil: A Review. Fuel Processing Technology,
vol.
195,
2019,
p.
106140,
https://doi.org/10.1016/
j.fuproc.2019.106140.
E. Furimsky, Chemistry of catalytic hydrodeoxygenation, Catal. Rev. Sci. Eng.
25 (1983) 421e458, https://doi.org/10.1080/01614948308078052.
E. Furimsky, Catalytic hydrodeoxygenation, Appl. Catal., A 199 (2000)
147e190, https://doi.org/10.1016/S0926-860X(99)00555-4.
X. Li, R. Gunawan, Y. Wang, W. Chaiwat, X. Hu, M. Gholizadeh, D. Mourant,
J. Bromly, C.-Z. Li, Upgrading of bio-oil into advanced biofuels and chemicals.
Part III. Changes in aromatic structure and coke forming propensity during the
catalytic hydrotreatment of a fast pyrolysis bio-oil with Pd/C catalyst, Fuel 116
(2014) 642e649, https://doi.org/10.1016/j.fuel.2013.08.046.
M. Gholizadeh, R. Gunawan, X. Hu, M.M. Hasan, S. Kersten, R. Westerhof,
W. Chaitwat, C.-Z. Li, Different reaction behaviours of the light and heavy
components of bio-oil during the hydrotreatment in a continuous pack-bed
reactor. Fuel Process, Technol. 146 (2016) 76e84, https://doi.org/10.1016/
j.fuproc.2016.01.026.
A. Zacher, M. Olarte, D. Santosa, D.C. Elliot, B. Jones, A review and perspective
of recent bio-oil hydrotreating research, Green Chem. 16 (2014) 491e515,
https://doi.org/10.1039/C3GC41382A.
T. Schulzke, S. Conrad, J. Westermeyer, Fractionation of ﬂash pyrolysis condensates by staged condensation, Biomass Bioenergy 95 (2016) 287e295,
https://doi.org/10.1016/j.biombioe.2016.05.022.
J. HoraceK, D. Kubicka, Bio-oil hydrotreating over conventional CoMo & NiMo
catalysts: the role of reaction conditions and additives, Fuel 198 (2017)
49e57, https://doi.org/10.1016/j.fuel.2016.10.003.
S. Bezergianni, A. Dimitriadis, Temperature effect on co-hydroprocessing of
heavy gas oil-waste cooking oil mixtures for hybrid diesel production, Fuel
103 (2013) 579e584, https://doi.org/10.1016/j.fuel.2012.08.006.
A. Dimitriadis, S. Bezergianni, Co-hydroprocessing gas-oil with residual lipids:
effect of residence time and H2/Oil ratio, J. Clean. Prod. 131 (2016) 321e326,
https://doi.org/10.1016/j.jclepro.2016.05.027.
ASTM D4052e18a, Standard Test Method for Density, Relative Density, and
API Gravity of Liquids by Digital Density Meter, ASTM International, West
Conshohocken, PA, 2018, https://doi.org/10.1520/D4052-18A. www.astm.org.
ASTM D7169e20e1, Standard Test Method for Boiling Point Distribution of
Samples with Residues Such as Crude Oils and Atmospheric and Vacuum
Residues by High Temperature Gas Chromatography, ASTM International,
West Conshohocken, PA, 2020, https://doi.org/10.1520/D7169-20E01. www.
astm.org.
ASTM D5453e19a, Standard Test Method for Determination of Total Sulfur in
Light Hydrocarbons, Spark Ignition Engine Fuel, Diesel Engine Fuel, and Engine Oil by Ultraviolet Fluorescence, ASTM International, West Conshohocken,
PA, 2019, https://doi.org/10.1520/D5453-19A. www.astm.org.
ASTM D5291-16, Standard Test Methods for Instrumental Determination of
Carbon, Hydrogen, and Nitrogen in Petroleum Products and Lubricants, ASTM
International, West Conshohocken, PA, 2016, https://doi.org/10.1520/D529116. www.astm.org.
ASTM D1744-13, Standard Test Method for Determination of Water in Liquid
Petroleum Products by Karl Fischer Reagent (Withdrawn 2016), ASTM International, West Conshohocken, PA, 2013, https://doi.org/10.1520/D1744-13.
www.astm.org.
ASTM D664e18e2, Standard Test Method for Acid Number of Petroleum
Products by Potentiometric Titration, ASTM International, West Conshohocken, PA, 2018, https://doi.org/10.1520/D0664-18E02. www.astm.org.
ISO 3104, Petroleum Products d Transparent and Opaque Liquids d Determination of Kinematic Viscosity and Calculation of Dynamic Viscosity, 2020.
E. Christensen, J. Ferrell, M.V. Olarte, A.B. Padmaperuma, T. Lemmon, Acid
Number Determination of Pyrolysis Bio-oils Using Potentiometric titration:
Laboratory Analytical Procedure (LAP), National Renewable Energy Lab.
(NREL), Golden, CO (United States), 2016.
M.R. Rover, R.C. Brown, Quantiﬁcation of total phenols in bio-oil using the
FolinCiocalteu method, J. Anal. Appl. Pyrolysis 104 (2013) 366e371, https://
doi.org/10.1016/j.jaap.2013.06.011.
M. Auersvald, B. Shumeiko, M. Stas, D. Kubicka, J. Chudoba, P. Simacek,
Quantitative study of straw bio-oil hydrodeoxygenation over a sulﬁded NiMo
catalyst, ACS Sustain. Chem. Eng. 7 (2019) 7080e7093, https://doi.org/
10.1021/acssuschemeng.8b06860.
Q. Bu, H. Lei, A.Z. Zacher, L. Wang, S. Ren, J. Liang, Y. Wei, Y. Liu, J. Tang,
Q. Zhang, R. Ruan, A review of catalytic hydrodeoxygenation of lignin-derived
phenolsfrom biomass pyrolysis, Bioresour. Technol. 124 (2012) 470e477,
https://doi.org/10.1016/j.biortech.2012.08.089.
T. Choudhary, C. Phillips, Renewable fuels via catalytic hydrodeoxygenation,
Appl.
Catal.
Gen.
397
(2011)
1e12,
https://doi.org/10.1016/
j.apcata.2011.02.025.
Z. Si, X. Zhang, C. Wang, L. Ma, R. Dong, An overview on catalytic hydrodeoxygenation of pyrolysis oil and its model compounds, Catalysts 7 (2017)
169, https://doi.org/10.3390/catal7060169.

A. Dimitriadis, L.P. Chrysikou, G. Meletidis et al.

Renewable Energy 168 (2021) 593e605
159e170, https://doi.org/10.1016/j.apcata.2016.06.002.
[56] C.A. Mullen, A.A. Boateng, Mild hydrotreating of bio-oils with varying oxygen
content produced via catalytic fast pyrolysis, Fuel 245 (2019) 360e367,
https://doi.org/10.1016/j.fuel.2019.02.027.
[57] M. Mohammada, T.H. Kandaramath, Z. Yaako, Y.C. Sharma, K. Sopian, Overview on the production of parafﬁn based-biofuels via catalytic hydrodeoxygenation, Renew. Sustain. Energy Rev. 22 (2013) 121e132, https://
doi.org/10.1016/j.rser.2013.01.026.
[58] O.I. Senol, E.M. Ryymin, T.R. Viljava, A.O.I. Krause, Reactions of methyl heptanoate hydrodeoxygenation on sulphided catalysts, J. Mol. Catal. Chem. 268
(2007) 1e8, https://doi.org/10.1016/j.molcata.2006.12.006.
[59] S. Jones, C. Valkenburg, C. Walton, D. Elliott, J. Holladay, D. Stevens, C. Kinchin,
S. Czernik, Production of Gasoline and Diesel from Biomass via Fast Pyrolysis,
Hydrotreating and Hydrocracking: a Design Case. PNNL, Richland, Wa, 2009,
https://doi.org/10.2172/950728.
[60] S. Arbogast, D. Bellman, J.D. Paynter, J. Wykowski, Advanced biofuels from
pyrolysis oil…Opportunities for cost reduction, Fuel Process. Technol. 106
(2013) 518e525, https://doi.org/10.1016/j.fuproc.2012.09.022.

[51] C.C. Schmitt, K. Raffelt, A. Zimina, B. Krause, T. Otto, M. Rapp, J. Grunwaldt,
N. Dahmen, Hydrotreatment of fast pyrolysis bio-oil fractions over nickelbased catalyst, Top. Catal. 61 (2018) 1769e1782, https://doi.org/10.1007/
s11244-018-1009-z.
[52] T. Cordero-Lanzac, R. Palos, I. Hita, J.M. Arandes, J. Rodriguez-Mirasol,
T. Cordero, J. Bilbao, P. Castano, Revealing the pathways of catalyst deactivation by coke during the hydrodeoxygenation of raw bio-oil, Appl. Catal. B
Environ. 239 (2018) 513e524, https://doi.org/10.1016/j.apcatb.2018.07.073.
rez,
[53] L. Botella, F. Stankovikj, J.L. S
anchez, A. Gonzalo, J. Arauzo, M. Garcia-Pe
Bio-oil hydrotreatment for enhancing solubility in biodiesel and the oxydation
stability of resulting blends, Front. Chem. 83 (2018), https://doi.org/10.3389/
fchem.2018.00083.
[54] T. Cordero-Lanzac, R. Palos, J.M. Arandes, P. Castano, J. Rodriguez-Mirasol,
T. Cordero, J. Bilbao, Stability of an acid activated carbon based bifunctional
catalyst for the raw bio-oil hydrodeoxygenation, Appl. Catal. B Environ. 203
(2017) 389e399, https://doi.org/10.1016/j.apcatb.2016.10.018.
[55] P.M. Mortensen, D. Gardini, C.D. Damsgaard, J.-D. Grunwaldt, P.A. Jensen,
J.B. Wagner, A.D. Jensen, Deactivation of Ni-MoS2 by bio-oil impurities during
hydrodeoxygenation of phenol and octanol, Appl. Catal. Gen. 523 (2016)

605

