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Abstract: The main objective of the manuscript is to investigate mild hydrotreatment upgrading
of hydrothermal liquefaction biocrude to improve its stability and energy content. To that end,
biocrude hydrotreatment was performed, exploring three different operating windows in order to
examine the effect of reaction temperature and hydrogen supply on deoxygenation reactions. A
typical NiMo/Al2O3 hydrotreating catalyst was utilized while the experiments were performed in a
continuous-flow TRL 3 hydrotreatment plant. The results show that the resulting product has a higher
carbon content as compared to the raw feed. The oxygenated compounds were removed, leading
to a product with almost zero oxygen and water content, with high energy density. The reaction
pathways during the hydrotreatment upgrading of biocrude were investigated via GC-MS analysis
and presented in detail in the manuscript. In general, the hydrotreating process was able to improve
the quality of the initial biocrude, allowing easier handling and storing for further upgrading, or to
be used as an intermediate refinery stream.

Keywords: hydrotreatment; hydrothermal liquefaction; HTL biocrude; deoxygenation; biocrude
stabilization

1. Introduction

For the production of alternative fuels, biomass has become a more attractive option
as a renewable source of energy. One biomass type with high potential for alternative fuel
production is lignocellulosic biomass, which is non-edible and widely available in the form
of forest, wood, and agricultural residues [1,2]. To date, many different thermochemical
conversion technologies (TCC) have been used for the production of alternative fuels. The
main biomass thermochemical technologies are gasification, hydrothermal liquefaction,
pyrolysis, direct combustion, and supercritical fluid extraction [3,4]. Biomass pyrolysis
and hydrothermal liquefaction (HTL) are two comparable technologies, as they both
render bio-based intermediate products (often referred to as pyrolysis bio-oil and HTL
biocrude, respectively).

Hydrothermal liquefaction (HTL) targets the liquefication of feedstocks, in a hot
(523–673 K) and pressurized (4–22 MPa) water environments, to biocrude. In contrast
to pyrolysis, feedstock drying is not necessary, significantly reducing the biomass con-
version cost. Furthermore, solvents can be employed in the HTL process, rendering
higher-quality products compared to those obtained from the pyrolysis process. On the
other hand, the need for high-pressure operation increases the operating costs. The prod-
uct obtained from the HTL process is called HTL biocrude, and is characterized by low
oxygen content and high energy density; however, an upgrading step is important prior
to its use as an alternative fuel. Recently, catalytic hydrotreatment has been proposed as
a possible technology for the upgrading of HTL biocrude to higher-added-value liquid
fuels [3].
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The catalytic hydrotreatment of HTL biocrude involves the contact of the feed molecules
with hydrogen at a pressure between 6 and 9 MPa and a temperature of <673 K, over fixed-
bed catalytic reactors. The aim is to fully deoxygenate the biocrude via hydrodeoxygenation
and decarboxylation/decarbonylation reactions, resulting in a two-phase liquid product
consisting of an organic and an aqueous phase [5]. In addition to the liquid product, off-gas
rich in light hydrocarbons is produced. The resulting organic phase can be further processed
into conventional fuels, or can be used as a bio-based intermediate refinery stream for
co-processing with fossil-based hydrocarbons targeting hybrid fuels production. However,
there are many challenges in HTL biocrude catalytic hydrotreatment. First of all, the
properties of the final products are strongly affected by the severity of the hydrotreatment
process, thus, it is very important to optimize the operating process window, particularly
for such feedstock. Furthermore, the choice of hydrotreating catalyst is crucial not only
to the quality of the total liquid product, but also to the operating cost of the upgrading
process, as fast catalyst deactivation can significantly impact the economic performance of
the operation. In addition, high hydrogen consumption and coke formation, which are the
main obstacles during the upgrading of HTL biocrude via hydrotreatment, create the needs
for further investigations prior to the commercialization of the process [6]. Other challenges
arising with the hydrotreatment of HTL biocrude are the high viscosity of the liquid, which
requires the replacement of small-diameter piping and heat tracing, and the minerals in the
oil, which might deactivate the catalysts [7]. However, decentralized HTL plants, which
can be located near the biomass production site, are beneficial for this technology, reducing
the logistics associated with the process.

The aim of the current manuscript is to investigate the hydrotreatment upgrading of
a biocrude feedstock in a TRL 3 hydrotreatment plant and to identify the technological
challenges. To that end, an HTL biocrude from agricultural wastes was employed. The
hydrotreatment operating window was investigated, with aim being to deoxygenate the
initial feed in order to produce a higher-quality two-phase liquid product with high energy
and low water content. The resulting organic products were compared in terms of their
elemental composition, mass recovery curve, gas production, GC-MS and catalyst efficiency,
contributing to the exploration of the upgrade potential of HTL biocrude.

2. Materials and Methods
2.1. Feed

HTL biocrude feed is the organic-phase product of the hydrothermal co-liquefaction of
agricultural wastes (wheat straw) with crude glycerol derived from lipids transesterification.
The process’ main parameters, such as temperature, residence time and co-feedstocks ratio,
were optimized in terms of biocrude yield in a preliminary study. The optimal temperature
and residence time found were 573 K and 20 min, respectively; the wheat straw to glycerol
ratio was 1/1 and the feedstock to water ratio was 1/10, while Nitrogen at 3 MPa was used
as the inert gas. To separate the oil phase from the rest of the products, the mix was rinsed
with acetone, which was then removed via rotary evaporation. More details regarding
the production process of the biocrude are beyond the scope of this study; however, such
details are pending publication by the authors.

The biocrude properties are presented in Table 1. Biocrude presents a high density
value, approximately 1.0 g/mL, which is higher than those of most petroleum fractions. For
example, the density ranges from 0.83 to 0.84 g/mL for SRGO (straight Run Gas Oil), from
0.85 to 0.86 g/mL for LAGO (Light Atmospheric Gas Oil), from 0.85 to 0.86 g/mL for HAGO
(Heavy Atmospheric Gas Oil), from 0.91 to 0.97 g/mL for HVGO (Heavy Vacuum Gas Oil),
from 0.84 to 0.92 g/mL for VGO (Vacuum Gas Oil), and from 0.95 to 0.96 g/mL for LCO
(Light Cycle Oil). It is obvious that the HTL biocrude requires further upgrading in order
to improve the density to match that of petroleum streams for further co-processing within
a refinery. Furthermore, biocrude has high oxygen content (22.56 wt. %), part of which
occurs in the form of dissolved water. In addition, the TAN (Total Acid Number) is high,
confirming the low oxidation stability of the feed. Finally, the biocrude is characterized by
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low heating value (27 MJ/kg) and high pour point (294 K). Based on the above, biocrude
upgrading is essential prior to its use either as a drop-in biofuel or as an intermediate
refinery stream.

Table 1. Properties of HTL biocrude.

Properties Units HTL Biocrude Analysis Method

Density at 288 K g/mL 1.002 ASTM D-4052 [8]
Sulphur dry basis wppm 1508 1 ASTM D-5453 [9]

Hydrogen dry basis wt. % 8.38 ASTM D-5291 [10]
Carbon dry basis wt. % 55.87 ASTM D-5291 [10]
Oxygen dry basis wt. % 22.56 Calculated by difference

H2O dissolved wt. % 13.05 ASTM D-1744 [11]
MCR wt. % 13 ASTM D-4530 [12]
TAN mgKOH/g 88.24 ASTM D-664 [13]

Pour point K 294 ASTM D-97 [14]
Heating value MJ/kg 27 Calculated via [15]

1 Initial biocrude S content is 175 wppm, but with the addition of DMDS is increases to 1508 wppm.

According to the GS-MS analysis presented in Table 2, the HTL biocrude consists
mainly of carboxylic acids ~39.18 wt. % and esters ~24.24 wt. %, in combination with a
small number of aromatics, aliphatics, phenols, alcohols, aldehydes, ketones, nitrogenous
and oxygenate aromatics, oxyphenols and sulfur species. Similar families of compounds
were also detected by Magalhaes et al. [16] on HTL biocrude from microalgae.

Table 2. GC-MS analysis with the most abundant compounds in HTL biocrude.

Compounds Units HTL Biocrude

Aromatic wt. % 0.94
Aliphatic wt. % 0.41
Phenols wt. % 0.26
Alcohols wt. % 3.54

Carboxylic acids wt. % 39.18
Esters wt. % 24.24

Aldehydes wt. % 1.06
Ketones wt. % 0.67

Nitrogenous wt. % 0.21
Oxygenate aromatics wt. % 0.44

Oxyphenols wt. % 1.46
Sulfur species wt. % 0.79

Undetected wt. % 26.83

All in all, biocrude consists of high-molecular-weight compounds and exhibits a high
water content that reduces its stability and miscibility with fossil-based hydrocarbons,
thus requiring further upgrading prior its use as an alternative fuel or as an intermediate
refinery stream.

2.2. Catalyst

According to the literature, the most common catalysts used today for biocrude hy-
drotreatment are sulfided and non-sulfided CoMo/Al2O3 and NiMo/Al2O3 [17–19]. Biller
et al. tested both catalysts (CoMo/Al2O3 and NiMo/Al2O3) for use in the hydrotreatment
upgrading of an HTL biocrude, and found that both catalysts present high activity with
similar results [20]. Thus, in the current research, a commercial NiMo/Al2O3 catalyst
was utilized. In order to maintain the desired Liquid Hourly Space Velocity (LHSV), the
catalyst was diluted with a demetallization catalyst with moderate hydrodesulfurization
(HDS) activity, at a 6.1 v/v demetalization/NiMo/Al2O3 catalyst ratio, to ensure effective
dispersion throughout the reactor and thus achieve good heat and mass transfer, while
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disabling feed channeling. The catalyst activation procedure was defined by the catalyst
provider, which is, however, proprietary information. Finally, a small quantity of dimethyl
disulphide (DMDS) was added to the HTL biocrude in order to keep the catalyst desulfur-
ization activity constant throughout testing, increasing it to 1508 wppm over the 175 wppm
of the raw HTL biocrude (Table 1).

2.3. Analysis

For the purpose of the current investigation, daily products were collected and ana-
lyzed in the CPERI/CERTH analytical laboratory. The liquid product samples analyses
included density determined via ASTM D-4052 (DMA4500, Anton Paar GmbH, Grez,
Austria) and a distillation curve estimated via ASTM D-7169 (6890N, Analytical Control,
Rotterdam, The Netherlands) [21]. Additionally, hydrogen and carbon content were deter-
mined by LECO using ASTM D-5291 (LECO CHN-628, St Joseph, MI, USA). The sulfur
content was determined using an XRFS analyzer via ASTM D-4294 (Lab-X3500S, Oxford
Instruments, High Wycombe, UK) [22]. Oxygen concentration was indirectly calculated
from the stoichiometric analysis (C, H) and sulfur and nitrogen content, assuming a negli-
gible concentration of all other elements in the liquid samples. Water content was assessed
via ASTM D-6304 (831 KF coulometer) [23] and ASTM E-203 (795 KFT Titrino) [24] de-
pending on the type of the sample. The total acid number (TAN) was measured via ASTM
D-664 (685 Dosimat/751 GPD Titrino, Metrohm Ltd., Herisah, Switzerland). Kinematic
viscosity, cetane index, pour point and micro carbon residue (MCR) were determined via
ASTM D445 (TV 2000/AK PMT, Tamson Instruments, Biesmijk, The Netherlands) [25],
ASTM D-976 [26], ASTM D-97 (CPP 97-2, ISL, Verson, France), and ASTM D-4530 (Alcor,
Petrotest Instruments GmbH, Berlin, Germany), respectively. The gas chromatograph–mass
spectroscopy analysis was performed via an Agilent 7890 chromatograph and 5975C mass
spectroscopy analyzer (Agilent, St. Clara, CA, USA).

The high heating value (HHV) was estimated according to the following Equation (1),
provided by Channiwalla and Parikh, 2002 [15], and is given below:

HHV
(

MJ
kg

)
= 0.3491C + 1.1783H − 0.1034O − 0.0151N + 0.1005S (1)

where C, H, O, N and S, represent the corresponding elemental wt. % composition on
a dry basis. Finally, the gaseous products were analyzed online via an online GC 7890
Agilent analyzer.

Hydrogen consumption was calculated based on the hydrogen mass balance, con-
sidering the hydrogen included in the liquid feed (measured via LECO ASTM D-5291
method), in the gas feed (measured via hydrogen gas flow), in the organic liquid product
(determined via the LECO ASTM D-5291 method), in the aqueous phase product (via the
ASTM D-1744) and in the gas product (measured via gas product composition using an
online GC 7890 Agilent analyzer).

2.4. Testing Infrastructure

Hydroprocessing tests were performed in a continuous-flow hydroprocessing pilot
plant of the Chemical Process & Energy Resources Institute (CPERI) of the Center for
Research and Technology Hellas (CERTH). This plant is a TRL 3 (Technology Readiness
Level) unit with a high flexibility system including key process components of industrial-
scale hydroprocessing plants, operated to generate the hydroprocessing testing data that
can be employed to scale up to commercial systems. The pilot plant includes a stainless
steel continuous-flow isothermal tubular reactor (available volume 132 cm3) containing
six independent heating zones operated in isothermal mode during the experiment. The
catalytic system included 20 mL of the commercial NiMo/Al2O3 catalyst diluted with a
demetallization mild-activity catalyst at a ratio 6.1 v/v ratio, distributed evenly in the reac-
tor, while the LHSV calculation was based only on the quantity of the main NiMo/Al2O3
catalyst. Thus, in order to run at LHSV 1 h−1, the liquid feed flow was maintained constant
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at 20 mL/h, while the hydrogen gas flow was set to 0.63 scfh for the H2/biocrude ratio at
5000 scfb, and at 0.38 scfh for the H2/biocrude ratio at 3000 scfb. More details of the plant
can be found in the authors’ previous publications [27–29].

2.5. Experimental Procedure

The aim of the manuscript is to investigate HTL biocrude stabilization via catalytic
hydrotreatment, evaluating three operating windows. As the reaction temperature is the
most important hydrotreating operating parameter, the effects of two different reaction
temperatures were investigated. In addition, two hydrogen-to-oil ratios were also assessed,
as this parameter is associated with the hydrogen requirements, thus affecting the operating
cost as well as the hydrogenation reactions, with impact on the product quality.

The tested operating window is presented in Table 3. At first, the effect of reaction
temperature was investigated via conditions 1 and 2, while the effect of H2-to-oil ratio
was assessed via condition 3. The choice of the tested operating window was made after
a detailed screening of the literature relating to HTL biocrude hydrotreatment [30–38].
According to the literature [30–38], the hydroprocessing of HTL biocrude is typically
performed at elevated temperatures (603−673 K) and pressures (6−9 MPa), with promising
heteroatom removal. Furthermore, due to the highly reactive oxygen-containing functional
groups, at high temperatures, biocrude is susceptible to polymerization/condensation
or cracking reactions, leading to fast DP build-up [39]. The aim of the current research
was to stabilize an HTL biocrude in order to allow easier handling and storing for further
upgrades, or its use as an intermediate refinery stream. To that aim, the main criteria
were, first, to successfully remove the high oxygen content and improve its energy content,
but also to use mild operating hydrotreatment conditions in order to avoid fast catalyst
deactivation from the polymerization/condensation of biocrude and also to keep the
operating hydrotreatment cost low. Higher temperatures and pressures would raise the
process costs and also the risk of the polymerization/condensation of the biocrude; thus, it
was decided to perform the experiments at the low pressure of 6.9 MPa and in an average
temperature range between 603 and 633 K. Each condition lasted two days on stream (DOS).
On the second day of each condition, the liquid and gas products were fully analyzed for
the mass balance and hydrogen consumption calculations.

Table 3. Tested operating window.

Parameters Units Condition 1 Condition 2 Condition 3

Temperature K 603 633 603
Pressure MPa 6.9 6.9 6.9

H2/biocrude ratio scfb 5000 5000 3000
LHSV h−1 1 1 1

3. Results
3.1. Elemental Composition

Oxygen removal is of particular relevance to the upgrading of oxygenated feedstocks
such as HTL biocrude into transportation fuels, as it averts acidity and corrosivity [40]. In
general, this type of feed can be characterized as a complex mixture of various oxygenated
compounds. The first goal of hydrotreatment is to reduce the high oxygen level via
hydrodeoxygenation and decarboxylation/decarbonylation reactions, where hydrogen acts
as the reducing agent and interacts with these oxygenated groups in different ways. One
suggested path of hydrodeoxygenation, according to Han et al. 2019, [17] is that “the active
sites of the catalysts dissociate a part of molecular hydrogen gas into two hydrogen radicals
which become very active, and the hydrogen radicals interact with the C-O bond, breaking
it, to form -OH group or water on one end, and an alkane on the other, C=O will be reduced
into C-O by hydrogen, followed by the C-O cleavage route (hydrogenolysis)”. This reaction
mechanism leads to water, carbon monoxide and carbon dioxide production at the expense
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of hydrogen consumption. As a result, due to the described reactions, the final product of
the hydrotreatment process consists of an organic and an aqueous phase. In general, the
hydrotreatment process changes the polarity of HTL biocrude [31]. This is the reason for
the formation of a two-phase product, one viscous dark brown organic phase (oil) and one
light-yellow aqueous phase. For the purpose of the current research, the aqueous phase
was separated via sedimentation from the organic phase as the targeted hydrocarbons are
insoluble in water, rendering a water-free final product. The aqueous phase was analyzed in
terms of water content and the results have shown that the water concentration is 99 wt. %,
thus no further analysis in the aqueous phase was performed. The mass yields from the
process for the three conditions are presented in Figure 1. It is observed that in no condition
is the mass closure 100%; this is because there are many experimental variables that are
measured during the test in order to ensure the mass balance of the process. From the
results, it can be observed that from 1 kg of biocrude, the average organic liquid product is
0.76 kg, while the average aqueous phase is 0.13 kg. The average organic liquid mass yield
of the process is 76 wt. %.
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Figure 1. Mass yields.

After the separation of the aqueous phase, the remaining organic phase was fully
analyzed and the results are presented in Table 4. The negligible dissolved water and
oxygen contents of the organic products confirm the efficiency of hydrodeoxygenation and
decarboxylation/decarbonylation reactions in all examined cases. Similar results were also
obtained by the team of Subramaniam et al. [19], who found that the oxygen content was
below the detectable limit. The results indicate that higher temperatures lead to higher
aqueous phase formation, showing that oxygen and dissolved water removal are favored
by the reaction temperature being increased from 603 to 633 K. However, the difference is so
small that it cannot justify the higher energy/heat demands of the unit at 633 K compared
to 603 K. The same results were also reported by the Haider et al. [39], who found that most
of the oxygen was removed at 623 K when utilizing a NiMo/γ-Al2O3 catalyst, making
the partially upgraded product more stable for further treatment. The reduction of the
hydrogen supply (via condition 3) does not strongly influence the hydrodeoxygenation
and decarboxylation reactions, as the difference between condition 1 and condition 3 in
terms of the aqueous phase yields is very small. From this comparison, it is safe to conclude
that the 3000 scfb H2/biocrude ratio provides sufficient hydrogen to remove almost all the
oxygen and dissolved water contained in the initial feed.
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Table 4. Properties of the organic phase product in all examined cases, including also carbon yields,
organic yields and aqueous phase yields.

Properties Units
HDT Biocrude

Cond. 1 Cond. 2 Cond. 3

Density at 288 K g/mL 0.841 0.842 0.876
S dry basis wt. % 0.01 0.02 0.08
C dry basis wt. % 86.31 86.11 83.02
H dry basis wt. % 13.43 13.43 12.52
O dry basis wt. % 0.00 0.21 3.34
H/C ratio - 0.156 0.156 0.151
O/C ratio - 0.000 0.002 0.040

H2O dissolved wt. % 0.053 0.002 0.651
TAN mgKOH/g 0.50 0.18 6.00

Viscosity at 313 K cSts 5.36 5.35 13.29
MCRT wt. % 1.18 1.36 3.21

Pour point K 279 279 282
Bromine number - 3.1 9.4 16.8

Cetane index - 56.18 56.17 46.72
HHV MJ/kg 45.96 45.86 43.39

Organic phase v/v% 65.48 67.97 66.67
Aqueous phase v/v% 34.52 32.03 33.33
Carbon yields wt. % 75.76 82.07 78.83

As mentioned above, hydrotreatment aims to transform the oxygen groups; for exam-
ple, the C=O double bonds to alcohols, and the C=C double bonds to unreactive alkanes.
As a result, the effectiveness of stabilization via hydrotreatment can be described as the
ability of the mixture to incorporate hydrogen to saturate the reactive double bonds. Thus,
the effectiveness of stabilization can be confirmed from the comparison of carbon and
hydrogen contents between feed and products. To that end, Figure 2 presents the hydrogen
and carbon contents on a dry basis of both feed and products. By comparing the hydrogen
content between the feed (Table 1) and the products (Table 4), it is observed that the hy-
drogen content increased in all products, as was also observed by Hamidi et al. [41]. The
hydrogen (on dry basis) of biocrude increased by +60% in conditions 1 and 2, but only by
49% in condition 3, confirming the importance of sufficient hydrogen supply.
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In case of carbon content, this was increased compared to the initial carbon of the feed.
More specifically, the carbon content increased by 54.4%, 54.1% and 48.5% under conditions
1, 2 and 3, respectively. This indicates that reaction temperature does not significantly
influence carbon yields. However, the reduction in hydrogen supply (condition 3) rendered
a product with lower carbon content justifying the importance of providing excess hydrogen
supply. The increase in carbon content in the products results in high energy density, with
the HHV (High Heating Value) ranging from 43 to 46 MJ/kg. It is observed that the
products from the HTL biocrude hydrotreatment are characterized by high energy content
compared to the initial biocrude feed. Similar results were reported ] by the team of Yang
et al. [18], who ended-up with a stabilized biocrude with a heating value ranging from 44.9
to 46.7 MJ/kg.

The carbon yields are also presented in Table 4 for all examined cases. Carbon yields
are determined as the carbon yield in the organic products in ratio to the feedstock. High
carbon yields of more than 75% were observed in almost all cases.

Another important property of the organic phase that shows the efficiency of the
process is the sulfur content. Hydrotreatment also aims to remove sulfur from the feed via
hydrodesulphurization reactions in the form of H2S. As was already mentioned in the previ-
ous section, the biocrude feed was doped with DMDS in order to increase the sulfur content,
which is necessary for the sulfided catalysts like the examined catalyst of the manuscript.
Both reaction temperatures tested (conditions 1 and 2) enabled the removal of most of the
sulfur content of the feed. However, the results from condition 3 show that the reduction
in hydrogen supply strongly affected the hydrodesulfurization reactions, even though it
had no negative impact on hydrodeoxygenation and decarboxylation/decarbonylation
reactions. In particular, the product of condition 3 had a high sulfur content (800 wppm),
showing an insufficient hydrogen supply that could not cover all reactions. This shows
that the deoxygenation reactions are competitive with desulfurization. The presence of H2S
to keep the catalysts in the sulfide state leads to the incorporation of sulfur in the organic
product as long as the deoxygenations take place. After oxygen removal, sulfur removal
follows, since the applied NiMo catalyst is a well-known desulfurization catalyst. Thus,
the hydrogen is consumed mostly for deoxygenation reactions instead of desulfurization
reactions [42].

3.2. Mass Recovery Analysis

The upgrading of HTL biocrude is a result of hydrocracking, and the saturation of its
heavy molecules and double bonds. The cracking of the heavy molecules to lighter hydro-
carbons can be confirmed through the observation of mass recovery curves (distillation
curves). The mass recovery curves of the products of all the three examined conditions are
presented in Figure 3. It can be observed that the increase in temperature from 603 to 633 K
raises the rate of hydrocracking reactions; thus the hydrogen consumption increases due
to the ring saturation of aromatics and hydrocarbon gas production. In addition, Figure 3
shows that the reduction in hydrogen supply leads to heavier hydrocarbons, thus reducing
the gasoline and diesel yields. The corresponding gasoline (boiling point range <473 K),
jet (boiling point range 473–573 K), diesel (boiling point range 573–633 K) and heavy fuel
(>633 K) yields are:

• condition 1—10 wt. % gasoline, 22 wt. % jet, 40 wt. % diesel and 28 wt. % heavy fuel;
• condition 2—12 wt. % gasoline, 21 wt. % jet, 37 wt. % diesel and 30 wt. % heavy fuel;
• condition 3—7 wt. % gasoline, 20 wt. % jet, 37 wt. % diesel and 36 wt. % heavy fuel.

These results are in accordance with the results of [39], who mostly derived hydro-
carbons in the diesel range by hydrotreating biocrude at 603 K utilizing NiMo/γ-Al2O3.
According to mass recovery curves, condition 1 is more appropriate. Unfortunately, SimDis
analysis is not possible for the feed due to analytical instrument limitations in these types
of liquids (with high water content).
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3.3. Gas Chromatograph Analysis

Besides liquid products, gaseous products are also formed during hydroprocessing.
In general, there are three types of reactions that remove the oxygen content from the
feed. These reactions are: hydrodeoxygenation (Equation (2)), which leads to the pro-
duction of water; decarboxylation (Equation (3)) which leads to the production of CO2,
and decarbonylation (Equation (4)) which leads to the production of CO. However, the
produced CO and CO2 may also react with hydrogen, forming methane via methanation
reactions (Equations (5)–(7)). In addition, the CO2 can also react with hydrogen, leading to
the production of water via water gas shift reactions (Equation (8)). Examples of reactions
are given below:

R − CH2 − COOH + 3H2 → R − CH2 − CH3 + 2H2O(hydrodeoxygenation) (2)

R − CH2 − COOH → R − CH3 + CO2(decarboxylation) (3)

R − CH2 − COOH + H2 → R − CH3 + CO + H2O (decarbonylation) (4)

CO + 3H2 ↔ CH4 + H2O(methanation 1/3) (5)

2CO + 2H2 ↔ CH4 + CO2 (methanation 2/3) (6)

CO2 + 4H2 ↔ CH4 + 2H2O (methanations 3/3) (7)

CO2 + H2 ↔ CO + H2O (water gas shift) (8)

The most preferable reaction is hydrodeoxygenation, as during decarbonylation and
decarboxylation, some carbon in the feedstock is lost in the form of low-value gases (CO
and CO2), thus leading to lower liquid hydrocarbon yields. During hydroprocessing of HTL
biocrude, all the above reactions take place at the same time; only the ratio of the reactions
is changed under different process operating conditions. The hydrodeoxygenation and
decarboxylation reactions are exothermic, decarbonylation is slightly endothermic, the
reverse water gas shift reaction is endothermic and CO methanation is strongly exother-
mic. As a result, the total heat contributions of all of these reactions can vary depending
on process conditions and different feedstocks. Heat generation is very important as it
can cause significant problems during hydroprocessing, such as the overheating of the
reactor, which could damage the catalyst or cause polymerization in the biocrude, even-
tually leading to coke formation. Of all the described reactions, the methanation reaction,
which uses high amounts of hydrogen, is the most undesirable reaction from the heat
generation perspective.

The results of the gas chromatograph analysis applied to the gas products are presented
in Table 5. The main compounds in the gas phase (excluding hydrogen, which was the main



Energies 2024, 17, 1437 10 of 18

compound detected) are methane, ethane, propane and isobutene, similar to the results
obtained by [19]. According to the gas product composition analysis, the HTL biocrude
hydrotreatment leads to no CO or CO2 products. However, the presence of methane in the
gas product confirms that decarboxylation and decarbonylation reactions have occurred,
but the CO2 and CO were further reacted with the hydrogen, leading to the formation of
methane via methanation reactions. Furthermore, the increase in methane with temperature
(comparing conditions 1 and 2) shows that the increase in temperature favors methanation
reactions. In addition, the lower aqueous phase observed in condition 2 compared to
1 shows that the oxygen is removed mostly via decarbonylation and decarboxylation
reactions, instead of hydrodeoxygenation reactions, but the produced CO and CO2 are
transformed to methane, which explains the higher levels of methane under condition 2
compared to 1. Furthermore, the reduction in hydrogen supply also leads to high levels of
methane formation.

Table 5. Gas product composition analysis.

Gases Units
HDT Biocrude Products

Cond. 1 Cond. 2 Cond. 3

Hydrogen v/v% 90.490 90.137 88.239
Methane v/v% 3.425 4.081 6.600
Ethane v/v% 0.407 0.511 0.647

Propane v/v% 5.200 4.781 4.092
Isobutane v/v% 0.019 0.020 0.015
N-Butane v/v% 0.100 0.128 0.066

Isopentane v/v% 0.015 0.013 0.000
N-Pentane v/v% 0.048 0.039 0.020

C6+ v/v% 0.082 0.087 0.049
Carbon dioxide v/v% 0.000 0.000 0.000

Carbon monoxide v/v% 0.000 0.000 0.000
Nitrogen v/v% 0.031 0.026 0.055

H2S v/v% 0.179 0.172 0.213
Total gas product flow g/h 2.86 2.71 1.45

From the gas product analysis in Table 5, we can easily infer that more considerable
hydrocarbon gases such as methane, ethane, propane, etc., are produced at higher operating
temperatures (comparison between conditions 1 and 2). These gases are the results of the
catalytic or thermal cracking of side chains and the hydrodeoxygenation of light organic
molecules to form gases. It is also important to note that the increases in these hydrocarbon
gases with temperature are combined with the increase in hydrogen consumption (Table 4),
confirming the increased activity of the catalyst at higher temperatures. In general, the
formation of hydrocarbons in gases is accompanied by a loss of carbon in the organic
liquid phase product, resulting in lower carbon yields. Thus, it is desired to have as
few hydrocarbons in the gases as possible. From this point of view, condition 1 is the
most preferable.

Based on the GC analysis of gas products, hydrogen consumption can be estimated.
According to Figure 1, the hydrogen feed flow is 1.52 g/h for conditions 1 and 2 and
0.92 g/h for condition 3. The measured gas product flow is 2.8 g/h, 2.72 g/h and 1.46 g/h
for conditions 1, 2 and 3, respectively. Based on the gas product analysis, the hydrogen
gas product that did not react is 90.49% v/v, 90.13% v/v and 88.23% v/v for conditions
1, 2 and 3, respectively. Thus, the real hydrogen that was consumed during the process
was 0.48 g/h, 0.53 g/h and 0.40 g/h for conditions 1, 2 and 3, respectively. It is con-
firmed that at higher temperatures (condition 2), the hydrogen consumption is higher
due to the greater number of reactions that are taking place, as described in detail in the
previous sections.
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3.4. GC-MS Chromatograph Analysis

The GC-MS results for both HTL biocrude and the products of each condition are
depicted in Figure 4. The composition of untreated HTL biocrude is dominated by oxy-
genated species, while hydrocarbons are almost absent. More specifically, HTL biocrude
consists mainly of carboxylic acids (39.18 wt. %) and esters (24.24 wt. %), while the
undetected compounds are ~26.83 wt. %. Finally, there are also small percentages of
aromatics (0.94 wt. %), aliphatics (0.41 wt. %), phenols (0.26 wt. %) alcohols (3.54 wt. %),
aldehydes (1.06 wt. %), ketones (0.67 wt. %) nitrogenous (0.21 wt. %), oxygenate aromatics
(0.44 wt. %), oxyphenols (1.46 wt. %) and sulfur species (0.79 wt. %).
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Figure 4. GC-MS analysis of HTL biocrude and the products of each condition.

After hydrotreatment, the composition of the HTL biocrude visibly changes. The
number of oxygen- and nitrogen-containing compounds decreases, while hydrocarbons are
formed. More specifically, the organic liquid phase consists mainly of more than 50 wt. %
n-paraffins and a high percentage of saturated (naphthene 7.88–11.94 wt. %) and unsat-
urated (olefines 2.29–3.67 wt. %) hydrocarbons. In addition, there are some oxygenated
compounds (1.5–4.0 wt. %) as well as some sulfur species (~5 wt. %). The highly paraffinic
nature of the product is revealed also by the high H/C ratio (H/C ratio was determined
per weight percent). The GC-MS sulfur species results show that the sulfur is present in the
form of 1,2-Benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide (C13H16N2O2S),
with a boiling point at 711 K, which is a too high for conventional fractionation.

As far as the effect of hydrotreatment severity is concerned, it is observed that the
increase in temperature from condition 1 to condition 2 leads to the formation of more
hydrocarbons, especially in the form of aromatics, naphthene and olefins, while at the same
time the amount of oxygenates is reduced. To better understand these phenomena, a GC-
MS chromatogram of both the HTL biocrude and the upgraded product from condition 1
is presented in Figure 5. The comparison indicates that the HTL biocrude consists of
compounds belonging to different chemical families. The most evident peaks are on
hexadecanoic acid or palmitic acid (CH3(CH2)14COOH), and also on 9-Octadecenoic acid
or oleic acid (C18H34O2) (plot A Figure 5). It can be observed that none of these peaks are
found in the hydrotreated product (plot B Figure 5). Similar results regarding biocrude
composition have also been found in other studies [43–45], where different settings of the
instruments were able to detect other fatty acids up to C20. In general, the upgrading of this
type of compound to the corresponding straight-chain paraffins is relatively easy. The GC-
MS of the product (plot B Figure 5) confirms the conversion of this type of compound to the
corresponding heptadecane (C17H36) and octadecane (C18H38) hydrocarbons. Furthermore,
the formation of pentadecane (C15H32) and hexadecane (C16H34) is also observed, in
accordance with the results of Kohansal et al. [46], who found that the hydrotreatment of
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biocrude has led to the formation of alkanes such as hexadecanes and octadecanes, revealing
the effective hydrodeoxygenation and/or decarboxylation of the biocrude. Similar results
were also reported by Yang et al. [18], who found that the most abundant alkanes after
hydrotreatment were hexadecane and octadecane. These hydrocarbons are likely to be
derived from the corresponding phenols through hydrodeoxygenation. The results show
that most of the oxygenate compounds from the HTL biocrude were converted to their
corresponding hydrocarbons, enabling the HTL biocrude to stabilize. Thus, hydrotreatment
was proven an effective technology for the upgrading and stabilization of the biocrude.
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3.5. Catalyst Deactivation

In general, the activity of hydrotreatment catalysts reduced with time on stream, and
this deactivation was mostly caused by the poisoning and sintering of the active phase
and pore plugging by metals, as well as coke build-up [47]. According to the literature,
the accumulation of metals inside the pores of the catalysts proceeds linearly with time
on stream, while the coke build-up is high at the beginning of the operation and slows
down with time on stream until reaching a steady-state condition [48]. According to the
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∆P plot shown in Figure 6, the catalyst showed deactivation with time on stream. The
first reason for ∆P build-up is that when HTL biocrude is heated up, many compounds
become very reactive and tend to form coke, which leads to reactor fouling and product
deterioration. According to the elemental composition of the product, as already discussed
in a previous section, the sulfided NiMo/Al2O3 catalyst was able to yield products with
nearly zero oxygen content. However, Ni was used as a promoter, which donated its
electrons to Mo atoms. This resulted in sulfur vacancies, which acted as the active sites
for HDO reactions. In addition, the condensation of ketones, sugars and aldehydes is
attributed to the re-polymerization and formation of tar-like products, also called coke.
Unfortunately, this coke covers the active sites of the catalyst, and thus the reactivity of
these sites is seriously hindered, leading to surface blockage and also to plugging [49].
The effects of reaction temperature and hydrogen pressure on carbon deposition were
investigated by Ternan et al., 1979 [50], and their results show that under fixed hydrogen
pressure, the amount of coke increased rapidly with a reaction temperature in the range of
623 K to 648 K.
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In general, coke formation is a complicated process that occurs during the hydrotreat-
ment of such feeds. The first step during hydrotreatment is the breaking down of the
chemical bonds, leading to the generation of radicals. At the next step, the radicals break
further or are hydrogenated, leading to more stable molecules, or they recombine to form
larger molecules until ultimately producing coke. The role of hydrogen during hydrotreat-
ment is to react with and terminate these radicals. Thus, the excess hydrogen supply is very
important in matching the demand for the broken bonds [31]. This was confirmed under
condition 3, where the hydrogen supply was lower compared to in conditions 1 and 2, and
led to lower-quality products in terms of their properties (hydrogen and carbon content,
cetane index, viscosity, etc.), as deeply discussed in the previous section (see Table 4).

During the experiment, fast catalyst deactivation, expressed via ∆P build-up, was
observed, which progressed linearly with time on stream, starting from the second DOS,
leading to the termination of the experiment. Another important parameter for catalyst
deactivation is the amount of metals on the feedstock. During hydroprocessing, some of
the metals present in the feed will deposit on the catalyst surface and cause deactivation.
It is evident that coke and metals plug the pores, and may eventually lead to a complete
loss of the activity [50]. To that end, the metal contents of the raw HTL biocrude, organic
liquid product and aqueous liquid product under condition 1 were measured and are
presented in Table 6. The metal content of the HTL biocrude was 7295 wppm, while the
total metal contents of both the organic liquid product and the aqueous liquid product
were 5.0 and 8.8 wppm, respectively. This result shows the accumulation of metal on the
catalyst. According to Torres et al. [51], the accumulation of metal on the catalyst is usually
linear with time on stream, which may justify the linear ∆P build-up observed in Figure 6.
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Thorson et al. [52] also mentioned that the metal loading of HTL biocrude is significantly
higher compared to the metal content in the petroleum fraction, which is inserted in refinery
hydrotreating units, causing faster catalyst deactivation or plugging as the metals deposit
in the reactor, confirming the results of the current manuscript.

Table 6. Metal composition of raw HTL biocrude, organic product from condition 1 and aqueous
phase product under condition 1.

Metals Units HTL Biocrude Prod. Cond. 1
Organic Phase

Prod. Cond. 1
Aqueous Phase

Zinc (Zn) wppm 11.55 0.31 2.72
Vanadium (V) wppm 0.19 0.09 0.09

Nickel (Ni) wppm 0.36 2.22 0.24
Chromium (Cr) wppm 0.13 0.06 0.07

Iron (Fe) wppm 16.69 0.31 0.14
Cobalt (Co) wppm 0.08 0.03 0.03

Manganese (Mn) wppm 2.28 0.13 0.47
Copper (Cu) wppm 2.28 0.07 1.02

Potassium (K) wppm 7162 0.66 1.36
Calcium (Ca) wppm 100 1.2 2.68

Sum wppm 7295 5.0 8.8

The microcarbon residue (MCR) content present in the feed is also the main contributor
to the formation of the coke during the hydroprocessing reactions [53]. To that end, MCR
conversion was calculated for DOS 2, 4 and 6 based on Equation (9).

MCR conversion =
(MCR in HTL biocrude − MCR in organic product)

(MCR in HTL biocrude)
× 100 (9)

The MCR conversion is presented in Figure 7. MCR contains big and complex
molecules. For conversion, molecules need to enter the pore cavity to reach the active
sites. Whatever small amount of coke that is formed during hydroprocessing mainly covers
the active sites; hence, the fresh big MCR molecules cannot easily access the active sites.
Therefore, the catalytic activity producing MCR conversion reduced with days on stream,
confirming the formation of coke.
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4. Discussion

Although the hydrothermal liquefaction of lignocellulosic biomass can lead to a
product with high energy density, this requires an upgrading step to enable its use as
an alternative fuel due to its high oxygen content, which leads to instability problems.
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Catalytic hydrotreatment has been proposed as a possible technology for the upgrading of
HTL biocrude to higher-added-value liquid fuels. However, there are still many challenges
that have to be addressed prior to the commercialization of this process. The aim of
the current manuscript was to investigate the stabilization of an HTL biocrude using
hydrotreatment technology. The analysis of the examined feedstock showed that biocrude
has a low heating value (27 MJ/kg) and a high oxygen content (22.56 wt. %), and consists
mainly of carboxylic acids (39.18 wt. %) and esters (24.24 wt. %) in combination with a
small number of aromatics, aliphatics, phenols, alcohols, alde-hydes, ketones, nitrogenous
and oxygenate aromatics, oxyphenols and sulfur species.

The catalytic hydrotreatment of biocrude led to a liquid product consisting of an
organic and an aqueous phase. The aqueous phase contained 99 wt. % water, and thus
no further analysis was performed; however, the main organic liquid product was fully
analyzed. According to the results, the upgraded biocrude (organic product) had a very
low oxygen content ranging from 0 to 3.3 wt. %, depending on the operating window of hy-
drotreatment. The low oxygen content shows the successfulness of the hydrodeoxygenation,
decarbonylation and decarboxylation reactions. Furthermore, the resulting organic product
presented a high heating value ranging from 43 to 46 MJ/kg, confirming its high energy
content. Based on the mass recovery curve of the organic liquid product, we can infer that
it contained 7–12 wt. % gasoline, 20–22 wt. % jet, 37–40 wt. % diesel and 28–36 wt. % heavy
fuel hydrocarbons. Finally, according to the GS-Ms results, catalytic hydrotreatment was
able to transform the carboxylic acids of biocrude into their corresponding straight-chain
paraffins (pentadecane (C15H32), hexadecane (C16H34), heptadecane (C17H36) and octade-
cane (C18H38) hydrocarbons). Thus, hydrotreatment was proven an effective technology
for the upgrading and stabilization of the biocrude.

As far as the operating parameters are concerned, this experimental study has shown
that the hydrogen supply is an important factor during the hydrotreatment of biocrude, as
reducing the hydrogen supply can lead to products with higher sulfur contents, thus con-
firming the necessity of using hydrogen for the successful completeness of hydrotreatment
reactions. In addition, higher reaction temperatures can lead to a better-quality product
in terms of heating value and oxygen content, at the expense of hydrogen consumption.
Thus, the hydrotreatment operating window should be carefully selected in order to yield a
higher quality product without sacrificing the operation cost. However, to achieve process
optimization, further investigations are required.

Finally, during the experiment, fast catalyst deactivation, expressed via ∆P build-up,
was observed, which progressed linearly with time on stream. The catalyst deactivation is
mostly caused by the poisoning and sintering of the active phase and pore plugging by
metals and coke build-up. Unfortunately, this coke covers the active sites of the catalyst,
and thus the reactivity of these sites is seriously hindered, leading to surface blockage
and also to plugging. In addition, during hydroprocessing, some of the metals present in
the feed were deposited on the catalyst surface, causing deactivation. It is evident that
coke and metals plugged the pores and eventually led to a complete loss of the activity. It
should be noted here that the examined catalytic system is a commercial system that was
developed to process fossil feedstocks. It is obvious that further research is needed for the
development of new catalytic systems specialized for biomass feedstocks.

5. Conclusions

The catalytic hydrotreatment of an HTL biocrude was investigated in order to improve
its stability. The HTL biocrude was produced from agricultural wastes (lignocellulosic
biomass); however, due to its high oxygen content, it requires further upgrading prior
its use as a drop-in fuel or as a refinery intermediate stream. The hydrotreatment was
proven to be a promising technology, yielding a two-phase liquid product, with organic and
aqueous phases. The aqueous phase was 99 wt. % water, while the organic phase was the
final liquid product (stabilized biocrude). Catalytic hydrotreatment successfully removed
the oxygenates from the HTL biocrude, leading to an organic product with a very low
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oxygen content ranging from 0 to 3.3 wt. %. Regarding the different operating windows
tested, the optimum was found at 603 K, 6.9 MPa, LHSV 1 h−1 and a H2/biocrude ratio at
5000 scfb, as under these conditions a high-quality organic liquid product was obtained,
without sacrificing the hydrogen consumption. The testing results show that the carboxylic
acids, especially the palmitic and oleic acids, of raw biocrude were fully converted to their
corresponding heptadecane and octadecane. In general, the hydrotreatment process was
able to improve the quality of the initial biocrude, leading to a product with a high heating
value (46 MJ/kg) and almost zero oxygen content, allowing easier handling and storage
for further upgrades, or its use as an intermediate refinery stream. However, fast catalyst
deactivation was observed during experiments, confirming the need for further research
on the development of catalysts better suited to HTL biocrude feedstocks.
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