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Abstract

The projected depletion of fossil resources has initiated research on new and sustainable
fuels which can be utilized in combination with conventional fuels. Lignocellulosic biomass,
and more specifically lignin, can be depolymerized towards phenolic and aromatic bio-oils
which can be converted downstream into bunker fuel blending components. Within this
study, solvolysis under critical ethanol conditions and mild catalytic hydrotreatment were
applied to heavy fractions of lignin pyrolysis bio-oils with the aim of recovering bio-oils
with improved properties, such as a lower viscosity, that would allow their use as bunker
fuel blending components. The mild reaction conditions, i.e., low temperature (250 °C),
short reaction time (1 h) and low hydrogen pressure (30-50 bar), led to up 65 wt.% recovery
of upgraded bio-oil, which exhibited a high carbon content (63-73 wt.%), similar to that of
the parent bio-oil (68.9 wt.%), but a lower oxygen content and viscosity, which decreased
from ~298,000 cP in the parent lignin pyrolysis oil to 526 cP in the hydrotreated oil, with a
10%Ni/Beta catalyst in methanol, and which was also sulfur-free. These properties permit
the potential utilization of the oils as blending components in conventional bunker fuels.

Keywords: lignin pyrolysis bio-oils; hydrogenolysis; bunker fuel blends; bifunctional catalysts

1. Introduction

During the last several decades, lignocellulosic biomass derived via agricultural and
relevant food industry wastes has been recognized as a promising feedstock with which to
produce chemicals and renewable fuels. Cellulose, hemicellulose and lignin are the main
components of lignocellulosic biomass and can be converted into bio-/renewable jet fuels
via thermocatalytic processes [1-3]. Lignin is an amorphous phenolic biopolymer which is
mainly derived as a by-product of the pulp and paper industry. More recently, integrated
biorefinery processes have been developed, based on organosolv, hydrothermal, alkaline
and other biomass pretreatment/fractionation methods, that aim at the selective isolation
of both lignin and carbohydrate pulp [4-7]. The isolated lignin exbibits high potential
exploitation options. Lignin can be directly utilized in the production of resins, substituting
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petroleum-derived phenolic compounds; in asphalt pavements, as a substitute for bitumen;
and even in pharmaceutical and biomedical applications, due to its good antioxidant
properties [8-14]. Otherwise, lignin can be depolymerized towards bio-oils enriched in
phenolic and aromatic compounds. The depolymerization of lignin can be performed via
fast pyrolysis, catalytic hydrogenolysis or hydrothermal liquefaction, while a “lignin-first”
approach is also used for the simultaneous isolation of lignin monomer/oligomer phenolic
compounds and hemicellulose sugars directly from lignocellulosic biomass [15-20]. Fast
pyrolysis and hydrogenolysis are the two most common processes which are applied at
pilot scale for the production of lignin bio-oils. Fast pyrolysis is performed at 400-600 °C
under an inert atmosphere for the production of bio-oil (30 wt.%), gases and char [21-23].
The yield and the composition of bio-oils is strongly dependent on the reaction conditions
and the composition of the lignin used as a feedstock. Furthermore, the addition of a
catalyst during pyrolysis may induce several reactions (dealkoxylation, dehydration, etc.),
resulting in bio-oils enriched in alkylated phenols and aromatics [21-23]. On the other
hand, lignin hydrogenolysis is carried out under reductive conditions using hydrogen
gas or hydrogen donor solvents (alcohols, organic acids, etc.) [18,19]. The obtained lignin
bio-oils can be utilized in the production of resins, such as phenol-formaldehyde and epoxy
resins, substituting petroleum-based phenols [24-27].

Alternatively, lignin bio-oils can be converted downstream into bio-/renewable fuels
which can be used as blending components in bunker or aviation fuels [28,29]. Many
attempts have been made to convert the light fractions of lignin bio-oils into aviation fuels,
but the research is still mainly based on model phenolic monomers, dimers and surrogate
mixtures, while a few researches are using real lignin bio-oils [30-32]. Furthermore, deep
hydrodeoxygenation under more severe conditions can substantially decrease the oxygen
content of bio-oil, leading to the formation of (alkyl)cycloalkanes and aromatics which
can be utilized as drop-in aviation biofuels [32-39]. On the other hand, bunker fuels
are based on heavy petroleum distillates and many feedstocks have been evaluated as
blending components. Based on the goal of the International Maritime Organization to
achieve a 70% reduction in carbon intensity in the shipping sector by 2050, low-sulfur and
low-nitrogen fuels have been evaluated as bunker fuels [40]. Within this context, a wide
variety of alternative feedstocks have been blended with standard marine diesel, such as
oxymethylene ethers, fatty acid methyl esters, hydrotreated vegetable oils, Fischer-Tropsch
fuels, hydrodeoxygenated pyrolysis oil, natural gas, liquified natural gas, liquified biogas
and methanol [41-44]. The evaluation of these feedstocks has proved that they can be used
in marine fuels without significant alterations to the properties of standard marine diesel
or heavy oil fuel.

The aim of this work was to study the hydrotreatment of heavy fractions of lignin
pyrolysis bio-oils under mild reaction conditions in terms of temperature, time and hydro-
gen pressure. The hydrotreatment was performed using two different alcohols (ethanol
and methanol) as solvents and typical hydrogenolysis/hydrogenation (3%Ru/AC) and
hydrogenation/hydrodeoxygenation (10%Ni/BETA) catalysts to induce hydrogenolysis
of lignin oligomers to lower-molecular weight compounds and decrease the viscosity of
bio-oils so that they could be incorporated as blending components in bunker fuels.

2. Materials and Methods
2.1. Lignin Pyrolysis Bio-Oil Production

Lignin pyrolysis bio-oil was obtained via the pyrolysis of Protobind 1000 lignin at a
laboratory-scale fast pyrolysis unit in KIT. The pyrolysis experiments were performed in a

fluidized bed reactor with a feeding capacity of 100 g/h, at 500 °C, under nitrogen flow and
using sand as a heat carrier. The bio-oil was collected in two sequential condensers, which
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were cooled to 60 and 0 °C to obtain a heavier organic condensate and a light aqueous
condensate, respectively. The heavier fraction of lignin pyrolysis bio-oil collected at 60 °C
was used for the hydrogenolysis experiments. A more detailed description of the pyrolysis
unit is provided elsewhere [45]. The initial (received) bio-oil was a thick paste and kept at
4-8°C.

2.2. Catalyst Synthesis and Characterization

Within this study, two different catalysts were used: a typical hydrogenation/
hydrogenolysis catalyst (3% Ru/AC) and a bifunctional catalyst based on nickel sup-
ported on zeolite (10% Ni/BETA), which can induce hydrodeoxygenation reactions. The
selection of metals and metal loading was based on previous studies, where 10 wt.% nickel
on zeolite proved to be the optimum metal loading for achieving complete hydrodeoxy-
genation of model oxygenated phenolic and aromatic compounds [30]. Furthermore, the
lower metal loading of ruthenium was selected based on its higher hydrogenation activity
compared to that of transition metals, such as nickel, also with the aim of lowering the use
of the less abundant ruthenium.

Via the wet impregnation method, 3% Ru/AC was prepared using RuCl3-xH,O (99.9%;
Strem Chemicals, Newburyport, MA, USA) as a ruthenium precursor and SAE Super (Cabot
Norit SAE Super, Amsterdam, The Netherlands) as an activated carbon support. The pre-
estimated amount of the precursor, corresponding to 3 wt.%, was dissolved in H;O under
stirring. After dilution, the solution was added dropwise into the aqueous suspension of
activated carbon and stirring continued for 24 h. Afterwards, water was recovered and
the solid was dried at 60 °C for 6 h under vacuum. Prior to the catalytic experiments, the
catalyst was reduced at 350 °C for 1 h under 50 mL/min H, flow.

Then, 10% Ni/BETA was prepared via incipient dry impregnation using Ni(NO3),-6H,O
(99.9%; ChemLab, Zedelgem, Belgium) as a nickel precursor and zeolite BETA (Si/Al = 12.5)
as a catalyst support (Zeolyst, Conshohocken, PA, USA), which, prior to the impregnation,
was calcined at 500 °C for 3 h to convert the ammonium form into the proton form. A
specific amount of Ni(NO3),-6H,O, corresponding to 10 wt.%, was dissolved in a certain
amount of deionized water which corresponded to the total pore volume of the support.
Afterwards, the aqueous solution was added slowly to the support and ground in a mortar.
Then, the solid was dried at 100 °C and calcined at 500 °C for 3 h with a 2 °C/min heating
rate. Prior to the catalytic experiments, the catalyst was reduced at 450 °C, for 3 h, under
50 mL/min H, flow.

The catalysts were characterized by X-Ray Powder Diffraction (XRD) and N, ph-
ysisorption. XRD analysis was performed using a Rigaku Ultima+ 2cycles X-ray Diffrac-
tometer (Akishima, Japan) with CuKa X-ray radiation, over a 20 = 5-85° range with
0.02°/step and 2 s/step. N, adsorption-desorption was performed at —196 °C using an
Automatic Volumetric Sorption Analyzer (Autosorb-1 MP, Quantachrome, Boynton Beac,
FL, USA). Prior to the measurements, the samples were outgassed at 250 °C for 19 h under
5 x 1072 Torr vacuum. The total surface areas were determined via the multipoint BET
method, and the total pore volume was determined at P/Po = 0.99. Micropore surface areas
and volumes were determined via the t-plot method, while the mesopore size distributions
were determined via the Barrett-Joyner-Halenda (BJH) method.

2.3. Hydrogenolysis of Lignin Pyrolysis Bio-Oil

Mild hydrotreatment/hydrogenolysis of the heavy fraction of lignin pyrolysis bio-oil
was carried out in a high-temperature and high-pressure batch autoclave reactor equipped
with a Parr 4848 controller (Parr, Moline, IL, USA). The lignin pyrolysis bio-oil (2 g) was
dissolved in 20 mL methanol or ethanol and left under stirring overnight. After the addition
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of the catalyst (3% Ru/AC or 10% Ni/BETA), at a catalyst-to-feed ratio (C/F) = 0.2, the
reactor was flushed three times with hydrogen to remove air and a leak test was performed
at 100 bar for 10 min. Afterwards, the reactor was pressurized with hydrogen at the selected
pressure (30-50 bar Hy, room temperature) and the reaction was performed at 250 °C, for
1 h, with an agitation speed of approximately 400 rpm. After completion of the reaction,
the reactor was rapidly cooled down to room temperature and gaseous products were
collected in a vacuum bag for analysis. The catalyst was separated from the liquid product
by vacuum filtration and dried at 80 °C for 6 h under vacuum conditions.

2.4. Characterization of Initial and Hydrotreated Bio-Oils

The initial lignin pyrolysis and the hydrotreated bio-oils were analyzed via GC-MS,
using an Agilent 6890N-MSD 5973 GC-MS (Agilent, Palo Alto, CA, USA) equipped with an
MXT-5 column (30 m x 0.25 mm x 0.25 um, Restek, Bellefonte, PA, USA). The compound
identification was based on NIST library.

Two-dimensional HSQC NMR spectra of bio-oils were obtained on a Varian (Agilent
technologies, Santa Clara, CA, USA) 500 MHz DD2 spectrometer. Suitable amounts of
lignin bio-oils were dissolved in 0.45 mL of DMSO-dg (99.8%; Deutero GmbH, Kastellaun,
Germany) and stirred overnight. The chemical shifts were referenced to the solvent signal
(2.500/39.520 ppm). The analysis parameters were set to 5 s relaxation delay, and spectral
widths ranged from 13 to —1 ppm and from 160 to 0 ppm for the 'H and '*C dimensions,
respectively. The spectra were processed using the MestReNova software (Version 14.0.2-
26256). Prior to Fourier transformation, FID (free induction decay) signals were apodized
with a 7t/2 sine squared bell function in both dimensions.

Water content was determined via Karl Fischer titration using the Karl Fisher volu-
metric titrator HI 903 (Hanna instruments, Bedfordshire, UK), Hydranal Water Standard
10.0 (Fluka, Seelze, Germany) and Hydranal Titrant 5 (Fluka, Seelze, Germany).

The stability of the bio-oils was examined via dynamic light scattering using an Anton
Parr Litesizer 500 instrument (Anton Parr, Graz, Austria). The particle sizes of the bio-oils
were measured using alcoholic suspensions with concentrations of 0.1-10 wt.% prepared
under stirring.

Elemental composition and viscosity measurements was performed after the removal
of solvents and water, first at room temperature and afterwards under vacuum conditions
at 40 °C. The elemental composition of the bio-oils (C/H/N/S) was determined using the
analyzer EA 3100 (EuroVector, Pavia, Italy). Viscosity measurements were performed using
an MCR 302 rheometer (Anton Paar, Graz, Austria) equipped with a Peltier system at 50 °C,
using a sheer stress of 6 1/s for all samples.

Molecular weight distributions (M, and M) and the polydispersity (PDI) of the
bio-oils were obtained by Gel Permeation Chromatography (GPC) using a Waters GPC
instrument (Milford, MA, USA). The analysis was performed at 40 °C with a Waters
2414 refractive index detector (RID-10 A), two linear columns (Styragel HR4E, 5 um,
7.8 mm x 300 mm, Waters, Milford, MA, USA) and tetrahydrofuran (THF) as an eluent at a
flow rate of 1 mL/min. All samples were dissolved in THF (1 mg/mL) and filtered with
a PTFE syringe filter (pore size 0.45 um) prior to measurement. For the calibration lines,
polystyrene standards were used within the calibration range of 162-204,000 Da.

2.5. Characterization of Spent Catalysts

Spent catalysts were characterized by various techniques to quantify coke and organics
depositions, as well as to examine any changes in their structure. Carbon content was
quantified via elemental analysis using the analyzer EA 3100 (EuroVector, Pavia, Italy).
Coke depositions were also determined via thermogravimetric analysis using an STA
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449 F5 Jupiter instrument (Netzsch, Selb, Germany). The analysis was performed in the
temperature range of 25-950 °C under an air flow of 50 mL/min and with a heating rate of
10 °C/min.

3. Results
3.1. Characterization of Catalysts

The structure of the catalysts was determined via XRD analysis. In the XRD pattern of
3%Ru/AC, no peaks attributable to ruthenium structures (metals or oxides) were identified
due to the high dispersion of ruthenium on the activated carbon, as can be observed
in Figure la. Similar observations have been observed for other ruthenium catalysts
supported on activated carbons or oxidic supports [46]. On the other hand, in the pattern
of the 10%Ni/BETA catalysts, all the characteristic peaks of metallic nickel (Ni") were
observed at 20 = 44.5, 51.9 and 76.4°. The rest of the peaks were attributed to the BEA
zeolite structure. The crystallite size of Ni’, determined via the Scherrer equation, was
found to be equal to 14 nm.

Pore diameter (A)

* N[;0
- AC, TNI', « BETA 1 10 100 1000 10000
800 : . .
- —o— 3%RUu/AC d2-0
5 . E —o—10% Ni/BETA g
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l # ¢ i -~ ~a
2 S <
2 S 400 =
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[]] ° 1.0
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R > | g
10 20 30 40 50 60 70 80 0 0.0

2theta (°)
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Figure 1. (a) XRD and (b) N physisorption and BJH pore sizes distributions of the
synthesized catalysts.

The two supports used exhibit distinct porous and acidic properties. Regarding
the porous properties, the catalyst 3%Ru/AC exhibits a micro-/mesoporous structure
with a combination of Type I and IV isotherms, according to the IUPAC classification
(Figure 1b). The surface area calculated via the linear BET equation was found to be equal
to 1263 m?/g, and the total pore volume was 0.826 cm®/g. The microporous area was
determined via the t-plot method, and it was found to be 494 m?/g, which demonstrates
that 39% of the porosity is attributable to micropores, while 61% is attributable to mesopores
and the external surface area (Table 1). Similar properties were observed for the catalyst
10%Ni/BETA, which exhibited a combination of Type I and Type IV isotherms with a
H4 hysteresis loop (Figure 1b), corresponding to microporous materials with enhanced
meso-/macroporous characteristics. The surface area was 562 m2/ g, almost half that of
the 3%Ru/AC, while the total pore volume was higher and equal to 1.151 cm?®/g. The
microporous area was found to be 371 m? /g, which demonstrates that 66% of the porosity is
attributable to micropores and that the rest (44%) is attributable to meso-/macropores and
the external surface area. However, a clear difference between the two support materials is
the average mesopore size, with carbon exhibiting substantially smaller micropores (2.4 nm)
compared to those of BETA zeolite (62 nm).
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Table 1. Physicochemical characterization of catalysts.
Dcrystallite 2 Smicro Smeso Vtotal Vmicro Dpore, BJH
Catalysts (nm)  SBET (MR 0 (m?/g) (cm’/g) (cm3/g) (nm)
3%Ru/AC <3 1263 494 769 0.826 0.232 24
10%Ni/BETA 14 562 371 191 1.151 0.154 62

80

3.2. Mild Hydrogenolysis of Lignin Pyrolysis Bio-Oils

Prior to the hydrotreatment of lignin pyrolysis bio-oil, its solubility in alcohols was
examined via particle size distribution measurements. As can be observed in the particle
size distributions of Figure 2a,b, the solubility of bio-oil is strongly dependent on its
concentration, as well as on the type of alcohol. The lower concentration of 0.1 wt.% is fully
solubilized in both methanol and ethanol, as can be observed in the insert photographs
of Figure 2. The particles exhibit very small diameters, 0.61 and 0.66 um, in ethanol
and methanol, respectively. An increase in bio-oil concentration to 1 wt.% led to an
increase in particle diameters to 1.49 and 2.10 um in ethanol and methanol, respectively.
A further increase in concentration to 10 wt.% limited the solubility, and the diameters
of the particles increased to 14.35 and 10.90 pm in ethanol and methanol. The particle
diameters exhibited almost a linear correlation with the concentration of bio-oils and
more specifically were based on the equation d = 1.10-concentration for methanol and d
= 1.44-concentration for ethanol. Additionally, the limited solubility of the bio-oil at the
highest concentration (10 wt.%) resulted in depositions on the walls of the vials, as shown
in the insert photographs of Figure 2. Another parameter studied via DLS was the stability
of the (hydro)treated bio-oils. After hydrogenolysis in methanol at 250 °C, for 1 h and
under 30 bar Hj, particles were still observed, but they were substantially smaller (0.54 pm),
with a narrower particle size distribution, indicating enhanced depolymerization of the
initial bio-oil (Figure 2c). The size of the particles remained stable after 17 days (0.50 um),
proving that the hydrotreated bio-oils are stable.

80 30
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Figure 2. Particle size distributions of the lignin pyrolysis bio-oil dissolved in (a) ethanol and
(b) methanol and (c) after (hydro)treatment.

3.2.1. Bio-Oil and Gaseous Product Yields

Despite the limited solubility of the 10 wt.% bio-oil in both alcohols, the hydrotreat-
ment experiments were carried out with this concentration at 250 °C, for 1 h, using
3%Ru/AC and 10%Ni/BETA. Using neat ethanol, without a catalyst and without hy-
drogen gas, the solvolysis of lignin oligomers led to the recovery of 46 wt.% liquid bio-oil,
while the char formed in the bottom of the reactor was 23 wt.%, as can be observed
in Figure 3, while no gaseous products were formed. The addition of 30 bar hydrogen gas
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(initial pressure at room temperature) increased the bio-oil yield to 64 wt.%, while the char
was decreased to 17 wt.%, proving that the hydrogen pressure had a beneficial effect. When
3%Ru/AC was used as a typical hydrogenation/hydrogenolysis catalyst, the cleavage
of inter-unit linkages between lignin monomers/oligomers was enhanced, resulting in a
decrease in the bio-oil yield to 38 wt.% and a further decrease in the coke/char yield to
12 wt.%, but a substantial increase in gaseous products to 4.7 wt.%. On the other hand, the
addition of the 10%Ni/BETA catalyst led to a similar bio-oil yield (61 wt.%) and coke/char
yield (13 wt.%) compared to the non-catalytic solvolysis. The concentration of gases were
also very low with this catalyst (0.5 wt.%). Additionally, the zeolite support enhanced
the dehydration reactions, which increased the water yield to 2.4 wt.%. Compared to the
experiments carried out with ethanol as a solvent, the hydrotreatments in methanol led
to lower bio-oil yields and higher coke/char yields. More specifically, in neat methanol,
under 30 bar Hj (initial pressure), the solvolysis experiment led to a 56 wt.% bio-oil yield,
a 24 wt.% char yield and a 0.7 wt.% gas yield. The addition of 10%Ni/BETA under the
same hydrogen initial pressure slightly decreased the bio-oil yield to 48 wt.% and coke
formation to 19 wt.%, along with a small increase in the water content. An increase in
hydrogen pressure from 30 bar to 50 bar had no beneficial effect in terms of enhancing the
bio-oil yield (Figure 3).

B Bio-oil
FOH I Char/coke
[ |Gases

EtOH+30 barH2
B Water

EtOH+30 barH2+
3%Ru/AC

EtOH+30 barH2+
10%Ni/BETA

MeOH+30 barH2

MeOH+10%Ni/BETA+
30 bar H2

MeOH+10%Ni/BETA+
50 bar H2

0 20 40 60 80 100
Yield (wt.%)

Figure 3. Yields of liquid bio-oil, char/coke, gases and water produced during the (hydro)treatment
of lignin pyrolysis bio-oils at 250 °C, 1 h.

Regarding the gaseous product analysis, the treatment in ethanol under 30 bar H; led
to the formation of carbon dioxide, carbon monoxide and methane, formed upon partial
decarbonylation/decarboxylation and demethylation of phenolic compounds (Figure 4).
The addition of 3%Ru/AC led to a partial decrease in carbon dioxide from 0.5 wt.% to
0.3 wt.% and an increase in carbon monoxide to 2.6 wt.% and methane to 1.4 wt.%. Also,
the hydrogenolysis occurred in the presence of 3%Ru/ACled to the formation of propane
(0.03 wt.%), propylene (0.03 wt.%) and Cs, /Cgs hydrocarbons (0.3 wt.%). As a result,
the catalyst 3%Ru/AC enhanced the decarbonylation, demethylation and dealkylation
reactions instead of decarboxylation, which mainly occurred in the solvolysis experiment.
Furthermore, the addition of 10%Ni/BETA led to lower carbon dioxide concentrations and
higher carbon monoxide concentrations, compared to the solvolysis experiments. The acid



Energies 2025, 18, 3683

8 of 24

sites of the BETA zeolite induced partial hydrocracking towards Cs, /Cg, and propylene.
In the solvolysis experiments carried out in methanol, the most abundant gas was carbon
monoxide, showing that decarbonylation reactions are favored in methanol compared
to ethanol. The addition of 10% Ni/BETA (12.5) catalysts led to a decrease in carbon
monoxide and increases in carbon dioxide, Cs, /C¢, and methane. An increase in hydrogen
pressure from 30 to 50 bar slightly decreased the yields of methane, Cs, /Cg, and carbon
monoxide and increased the yield of carbon dioxide. The complete gas analysis is shown
in Figure 4.

4
EcH, [c,H; [C;H;
M cCs./ce.[Jco [ CO,
3k
_—
(=]
o 5
E 2k
L)
2}
1 -JLI
O‘ M An_ll- d a uu-_ﬂ-..
EtOH+ EtOH+ EtOH+ MeOH+ MeOH+ MeOH+
30barH2 30barH2+  30barH2+ 30barH2 30barH2+ 50barH2+
3%Ru/AC 10%Ni/BETA 10%Ni/BETA10%NIi/BETA

Figure 4. Analysis of the gases produced during the (hydro)treatment of lignin bio-oils.

3.2.2. Analysis of Bio-Oil Compositions

The compositions of the (hydro)treated bio-oils were determined via GC-MS analysis,
and the identified compounds were grouped in the categories shown in Figure 5; the five
most abundant compounds in each bio-oil are shown in Tables 2 and 3. The initial lignin
pyrolysis bio-oil exhibited a high relative concentration of oxygenated phenols (OxyPH,
50.8%), followed by nitrogen-containing compounds (NIT, 11.1%), alkylated phenols (PH,
9.1%), furanic compounds (FUR, 5.4%), polycyclic aromatic hydrocarbons (PAH, 5.3%) and
carboxylic acids (AC, 4.2%), while compounds in the rest of the categories were identified
at lower concentrations (<3%). Focusing on the oxygenated phenols, they were substituted
with one and two methoxy groups due to the hardwood nature of the lignin, which was
derived from wheat straw and sarkansa bagasse. Furthermore, compounds such as ketones,
acids and furanics are formed upon the pyrolysis of sugar impurities which remain after
alkaline pulping to isolate lignin.
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100

— | [ Initial Bio-oil

X [ EtOH

s 801 I £tOH+30 bar H

= " [ EtOH+30 bar Hz+ 3% Ru/AC
x 60 [ | EtOH+30 bar H.+ 10% Ni/BETA
0 L

o

o 40+

=
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=
(1]
e
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=
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Figure 5. Compounds identified in the GC-MS analysis of the various (hydro)treated Proto-
bind lignin pyrolysis bio-oils in (a) ethanol and (b) methanol. AR—aromatics, ALI—aliphatics,
PH—alkylated phenols, FUR—furanics, AC—acids, EST—esters, AL—alcohols, ETH—ethers,
ALD—aldehydes, KET—ketones, PAH-—polycyclic aromatic hydrocarbons, SUG—sugars,
NIT—nitrogen-containing compounds, SUL—sulfur-containing compounds, OxyAR—oxygenated
aromatics, OxyPH—alkoxylated phenols, UN—unknown compounds.



Energies 2025, 18, 3683

10 of 24

Table 2. Five most abundant compounds identified via GC-MS analysis in the initial lignin pyrolysis

bio-oil and the (hydro)treated bio-oils in ethanol.

Compound

Category

Structure

Relative Abundance (%)

Initial bio-oil

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH “°‘©—<o 12.1
2-Methoxy-4-vinylphenol OxyPH \Ojg\/ 8.1
O,
Benzofuran, 2,3-dihydro- FUR @[) 4.6
Phenol, 2,6-dimethoxy- OxyPH /’@K 44
Phenol, 2-methoxy-4-(1-propenyl)-, (E)- OxyPH \O:Q\%\ 3.9
Critical/supercritical EtOH solvolysis
Phenol, 4-ethyl-2-methoxy- OxyPH v@;/ 59
Eicosane ALI NVVVWWWWY 5.6
Phenol, p-tert-butyl- PH %—@—ou 47
Phenol, 2,6-dimethoxy- OxyPH /°\©/°\ 3.7
Phenol, 2-methoxy- OxyPH CC 37
EtOH + 30 bar H,
Phenol, 4-ethyl-2-methoxy- OxyPH \/©: _ 9.1
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH “°‘©—<o 7.1
Phenol, 2,6-dimethoxy- OxyPH /0\©/°\ 6.8
Hexadecanoic acid, ethyl ester EST PUVV VPN N 6.1
Phenol, 4-ethyl- PH vo— )~/ 5.3
EtOH + 30 bar Hy+ 3%Ru/AC
Phenol, 4-ethyl-2-methoxy- OxyPH \/@O/ 9.2
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH ”°‘©—<o 6.4
Phenol, 4-ethyl- PH H°—©—/ 5.8
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Table 2. Cont.

Compound Category Structure Relative Abundance (%)

EtOH + 30 bar Hy+ 3%Ru/AC

Ethanone, 1-(2,6-dihydroxy-4-methoxyphenyl)- OxyPH /@:u\ 4.8

Benzoic acid, 4-hydroxy-3-methoxy- OxyPH Ho@—(‘) 44

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH “W 10.6
Phenol, 4-ethyl-2-methoxy- OxyPH \/@E:H/ 8.8
Phenol, 2-methoxy-4-(1-propenyl)-, (E)- OxyPH \H:jij\/\ 5.1
Phenol, 2,6-dimethoxy- OxyPH /O\é/o\ 5.0
Phenol, 4-ethyl- PH vo— )~ 49

The treatment (solvolysis) in neat ethanol at critical conditions (almost supercritical
conditions, the critical temperature of ethanol being 241 °C), without the addition of
hydrogen gas or a catalyst, led to a significant decrease in the relative concentration of
alkoxylated phenols (OxyPH) from 50.8% in the initial lignin pyrolysis bio-oil to 25.7%.
On the other hand, the relative abundance of alkylated phenols (PH) increased from
9.1% to 40.7%, both the above results being indicative of the thermal dealkoxylation reaction
which occurred during the solvolysis process at critical ethanol conditions. Also, after
this intensive solvolysis treatment, the relative concentrations of aromatics (BTX and
dimers), aliphatic compounds (linear alkanes) and fatty acids/esters existing in the lignin
pyrolysis oil increased. The addition of 30 bar Hy, still a without catalyst, led to a somewhat
lower dealkoxylation of alkoxy-phenols and an increase in alkylated phenols (i.e., OxyPH
decreased from 50.8% in the initial lignin pyrolysis bio-oil to 42.2% and PH increased from
9.1% to 12.4%), due to minimization of the critical /supercritical conditions of ethanol upon
initial pressurization with H,. Furthermore, under hydrogen pressure, an increase in the
monoaromatic compounds (alkylated substituted biphenyl) concentration from 0.9% to
6.9% was observed. Interestingly, the addition of 30 bar H; also enhanced the esterification
reactions of the fatty acids and the carboxylic acids of the bio-oils with the solvent towards
the formation of the respective ethyl esters with C;4-Cpq carbon numbers. The formation of
esters is desirable because it can stabilize a bio-oil and prevent its self-polymerization [47].
Apart from the formation of esters, the consumption of ethanol during the non-catalytic
treatment was almost negligible due to the mild reaction temperature. According to studies
in the literature on non-catalytic solvolysis of lignins, alcohol consumption is 10-35 wt.% in
the temperature range of 300400 °C towards carbon monoxide, water and esters, such as
ethyl acetate, ethers, etc. [48]. The experiments of the current study were conducted below
or close to the critical point, which limited the solvent cracking even more.
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Table 3. Five most abundant compounds identified via GC-MS analysis in the (hydro)treated bio-oils
in methanol.

Compound Category Structure Relative Abundance (%)
MeOH + 30 bar H,
Phenol, 4-ethyl-2-methoxy- OxyPH \ﬁo _ 10.1
Phenol, 2-methoxy- OxyPH (:E _ 8.8
Phenol, 2,6-dimethoxy- OxyPH /°\©(°\ 7.6
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH “0%3—{ 4.3
Phenol, 2-methoxy-4-propyl- OxyPH - j@\/\ 3.7

MeOH + 30 bar Hy+ 10%Ni/BETA

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH 11.6

OH
Phenol, 4-ethyl-2-methoxy- OxyPH \/@: _ 6.6
O
HO.
Phenol, 2-methoxy-4-(1-propenyl)-, (E)- OxyPH - KJ\%\ 4.8

(o)

Phenol, 2,6-dimethoxy- OxyPH - 44
Phenol, 4-ethyl- PH HO 44
MeOH + 50 bar Hy+ 10%Ni/BETA
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- OxyPH “°@—<0 9.3
Phenol, 4-ethyl-2-methoxy- OxyPH \/@[ _ 8.4
Phenol, 4-ethyl- PH HO—@—/ 5.2
Phenol, 2-methoxy-4-(1-propenyl)-, (E) OxyPH - j@\%\ 4.8
Phenol, 2,6-dimethoxy- OxyPH - °\©/°\ 4.1

Using methanol as a solvent, the experiment with under 30 bar H; induced partial
thermal dealkoxylation of oxygenated phenols to alkyl-phenolic compounds, whose con-
centration increased from 9.1% in the initial bio-oil to 19.2% in the treated bio-oil and was
slightly enhanced compared to when ethanol was used as the solvent. The concentration of



Energies 2025, 18, 3683

13 of 24

oxygenated aromatics also increased from 1.9% in the initial bio-oil to 7.2%. Comparing
the two experiments with the two solvents under 30 bar hydrogen, minor differences were
observed in the composition of the bio-oils in methanol and ethanol, except in the case of
aromatics and esters, which were more abundant in the ethanol-treated bio-oil.

Regarding the catalytic hydrotreatment in ethanol, the addition of 3%Ru/AC induced
hydrogenolysis of lignin oligomers towards fragments of lower molecular weight, as well
as dealkoxylation of oxygenated phenols to alkylated phenols (their relative concentration
increased from 12.4% to 21.6%) and oxygenated aromatics, whose concentration increased
from 1.9 to 3.7%. Despite the higher concentration of alkylated phenols, the concentration
of oxygenated phenols was almost similar (44.2%) to that of those in the critical ethanol-
treated bio-oil (42.2%), most probably due to enhanced hydrogenolysis of larger oligomers
(not identifiable via GC-MS) towards the formation of smaller (monomer) oxygenated
phenols. Furthermore, the use of the 3%Ru/AC limited the esterification reaction of acids
with the solvent, and thus the concentration of esters decreased to 10.8% from 18.1% in the
non-catalytic ethanol-treated bio-oil. Another important effect of the catalyst’s addition was
the decrease in the relative concentrations of nitrogen- and sulfur-containing compounds
to 3.7% and 1.9%, respectively, compared to the ethanol-treated bio-oil (8.5% and 3.5%) and
the initial pyrolysis bio-oil (11.1% and 1.7%), which is beneficial for their evaluation as bio-
/renewable fuels. Also, compared to the initial lignin pyrolysis bio-oil, the hydrotreatment
with 3% Ru/AC increased the relative concentration of aromatics from 0.9% to 3.5% and
that of esters from 2.5% to 10.8%.

The hydrotreatment in ethanol with 10%Ni/BETA (12.5) maintained the high rela-
tive concentrations of both OxyPH and alkylated phenols compared to the non-catalytic
ethanol-treated bio-oil under 30 bar H,. The nickel-zeolite catalyst limited the esterifi-
cation reaction of acids with the solvent, and consequently the relative concentration of
esters was significantly lower, 8.9% instead of 18.1%, in the ethanol-treated bio-oil. On
the other hand, the relative concentration of oxygenated aromatics increased from 1.9% in
the ethanol-treated bio-oil to 5.3%. Compared to hydrotreatment with 3%Ru/AC, the
bifunctional nickel-zeolite catalyst led to significantly lower concentrations of alkylated
phenols (12.4% instead of 21.6% with the 3%Ru/C catalyst) and lower concentrations of
aromatics (negligible formation). Also, the hydrotreatment with 10%Ni/BETA led to a
limited decrease in nitrogen- and sulfur-containing compounds (9.5% and 2.2%) compared
to the enhanced performance of 3%Ru/AC.

Among the two solvents (ethanol and methanol) used with 10% Ni/BETA, methanol
led to higher concentrations of alkylated phenols (17.2% instead of 12.4%), esters (14.4%
instead of 8.9%) and alcohols, while ethanol led to higher concentrations of aliphatics, acids,
furanics, oxygenated aromatics and oxygenated phenols. Finally, the increase in hydrogen
pressure from 30 to 50 bar in the hydrotreatment with methanol and 10% Ni/BETA did
not have significant effects on the composition of the hydrotreated bio-oil, as can be
observed in Figure 5b. The main differences between the two experiments were the slightly
higher concentration of aromatics (3.0% at 50 bar instead of 1.8% at 30 bar) and the lower
concentration of esters (11.6% at 50 bar instead of 14.4% at 30 bar). The five most abundant
compounds identified in all the treated bio-oils are shown in Tables 2 and 3. As can be
observed in both tables, the oxygenated phenols were the most abundant compounds in
almost all the samples, while furanic compounds, fatty esters and alkylated phenols were
also found at significant concentrations.

Further elucidation of the composition of the bio-oil samples was performed via
2D HSQC NMR analysis, and the spectra are shown in Figures 6-8. In the initial bio-
oil derived via the pyrolysis of Protobind lignin, signals corresponding to oxygenated
phenolic compounds were observed in the aromatic region (8¢ /0y = 95-140/5.6-8.1) as
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well as at dc /6y = 95-140/3.1-4.2, corresponding to methoxy groups. The aromatic units
consisted of both syringyl (S ¢ and S, ¢ in oxidized C, = O) and guaiacyl units (Gy, G
and Gs) due to the hardwood nature of the lignin, while H-units were less abundant
(Hp4). The S/G/H ratio was estimated to be 41/45/13. Furthermore, cross peaks cor-
responding to ortho-, meta- or para-substituted phenols were observed in the aliphatic
region (8¢ /by = 5-45/0-2.6). Also, in this region, signals corresponding to unsaturated
fatty acids were identified at 6c /0y = 28-32/1.0-1.3 ppm. Regarding the inter-unit linkages,
in the region d¢ /0y = 60-95/2.5-6.0 ppm, the most abundant linkages (3-f3, -5 and (3-O-4)
were absent due to their cleavage during lignin pyrolysis, and only traces of 4-O-5 ether
bonds were observed at 6c /oy = 106-110/6.4-6.5 ppm.

The solvolysis that occurred under critical /supercritical ethanol conditions (in the
absence of catalyst and Hj;) induced the dealkoxylation of oxygenated phenolics towards
alkylated phenols, as can be observed by the substantially smaller cross peaks of the
S- and G-groups and the higher intensity of the H-groups, as well as the lower signals
of methoxy groups at 8¢ /by = 95-140/3.1-4.2 (Figure 6). The NMR analysis data were
in accordance with the GC-MS results, both giving a S/G/H ratio of about 10/41/49.
Also, the signal corresponding to 4-O-5 ether bonds is absent from the spectrum of the
treated bio-oil, which confirms the further cleavage of inter-unit linkages under these
solvolysis/critical conditions in ethanol. On the other hand, the signals corresponding to
the cross peaks of aliphatic compounds are increased, which is indicative of the higher
concentrations of alkylated phenols and linear alkanes, as was also observed in the GC-MS
analysis. The addition of hydrogen gas (30 bar Hy) during the ethanol treatment of the
bio-oil (in the absence of catalyst) enhanced the depolymerization of lignin oligomers
towards monomers, as can be observed via the more intense signals of S-, G- and H-units
at 6c /oy = 95-140/5.6-8.1 and of methoxy groups at 6c/dy = 95-140/3.1-4.2, compared to
the solvolysis experiment without the addition of hydrogen gas. The S/G/H ratio was
found to be equal to 29/37/34. In the catalytic hydrotreatment experiments, a considerable
decrease in the signals corresponding to the methoxy-, S- and G-derived compounds was
observed compared to both the initial bio-oil and the solvolysis products (Figure 7). On
the contrary, the signals of the compounds with terminal methyl groups and the alkyl
groups of phenols became more intense. The S/G/H ratios were estimated to be 22/45/33
using 3%Ru/AC and 27/51/22 for 10%Ni/BETA, which confirms the higher selectivity
of the ruthenium catalyst towards the cleavage of ether linkages as well as the enhanced
dealkoxylation activity.

Regarding the treatment of bio-oil in methanol (under an initial pressure of 30 bar Hy),
the signals of the compounds were less intense compared to those observed in the experi-
ments performed in ethanol (Figure 8a). More specifically, the cross peaks of oxygenated
phenolics with S-, G- and H-groups exhibited lower intensities at ¢ /by = 95-140/3.1-4.2,
and the estimated S/G/H ratio was 28/36/36, almost similar to the ratio obtained using
ethanol. The use of 10%Ni/BETA as a hydrotreatment catalyst did not significantly change
the 2D HSQC NMR spectra of the product (Figure 8b). The main difference was the absence
of a cross peak at d¢ /by = 60-65/3.6-4.8, which was attributed to the aromatic alcohols.
The increase in hydrogen pressure from 30 bar to 50 bar H; also had a slight influence on
the composition of the hydrotreated bio-oil (Figure 8c). In accordance with the GC-MS
analysis, the main differences in the NMR spectra were the more intense peaks of S- and
G-units at d¢ /by = 95-140/5.6-8.1, which led to the S/G/H ratio of 27/45/28.
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Figure 6. Two-dimensional HSQC NMR spectra of the (a) initial and (b,c) treated lignin pyrolysis
bio-oils in ethanol.
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Figure 7. Two-dimensional HSQC NMR spectra of the hydrotreated lignin pyrolysis bio-oils in
ethanol using (a) 3%Ru/AC and (b) 10%Ni/BETA.
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Figure 8. Two-dimensional HSQC NMR spectra of the (hydro)treated lignin pyrolysis bio-oils
in methanol: (a) non-catalytic experiment, (b) using 10%Ni/BETA+ 30 bar H, and (c) using
10%Ni/BETA+ 50 bar H,.
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3.2.3. Evaluation of Bio-Oil Properties

After the removal of solvents, the (hydro)treated bio-oils (i.e., after solvolysis or
catalytic hydrotreatment) were characterized via elemental analysis to determine the carbon,
hydrogen, nitrogen, sulfur and oxygen contents (Table 4). All (hydro)treated bio-oils
exhibited high carbon contents in the range 62.9-73.2%, hydrogen contents in the range of
6.8-8.0% and very low nitrogen contents in the range 0.6-0.9%, and they were sulfur-free.
It is important to highlight the absence of sulfur, which is preferred regarding potential
valorization as a drop-in bunker fuel. The oxygen content, determined via difference,
ranged between 17.9% and 29.7%. In the solvolysis experiments, performed in ethanol or
methanol, the treated bio-oils exhibited higher carbon contents and lower oxygen contents
than the initial bio-oil or the bio-oils produced via the catalytic hydrotreatment. These
results were in accordance with the GC-MS and the NMR analyses, where the partial
deoxygenation was confirmed for the solvolysis experiments. The higher carbon content
of the bio-oils treated in alcohols (under solvolysis conditions) were in accordance with
similar studies in the literature. Furthermore, it was suggested that the increase in the
organic chain length of the alcohol leads to an increase in the carbon content of the treated
bio-oil, as was also observed in the present study [49]. On the other hand, all the catalytic
hydrotreatments using either 3%Ru/AC or 10%Ni/BETA led to lower carbon and higher
oxygen contents, possibly due to enhanced hydrogenolysis of larger condensed oligomers
to phenolic monomers, as discussed above. Interestingly, all the (hydro)treated bio-oils
exhibited higher hydrogen contents (7.1-8.0 wt.%) compared to the initial bio-oil (7.1 wt.%).
Furthermore, the calculation of the atomic O/C and H/C ratios led to the Van Krevelen
diagram of Figure 9, and the calorific values of the (hydro)treated bio-oils were higher than
those of the parent lignocellulosic biomass or the initial Protobind lignin and very close
to those of lignite. The same trend was observed via the calculation of a higher heating
value (HHV), shown in Table 4. The values were calculated on the basis of the elemental
analysis data and according to the method mentioned in [50]. The treated bio-oils exhibited
HHYVs in the range of 27.2-33.5 MJ/kg, while the bio-oils obtained via the solvolysis of
lignin pyrolysis bio-oils exhibited higher values compared to the initial pyrolysis bio-oil
and the catalytic hydrotreated bio-oils.

2.0
' Cellulose
Hydrotreated Biorass
15} bio-oils
| ~ = 3§ _ Protobind
\ QoM 0\ lignin
9 A
~ “A
2 10} 3 Li-gnite
I Initial pyrolysis
Cia’ bio-oil
05
0.0 L 1 L L
0.0 0.2 04 0.6 0.8 1.0

o/C

Figure 9. Van Krevelen diagram of the initial and the (hydro)treated lignin pyrolysis bio-oils,
compared to fossil and lignocellulosic biomass fractions.
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After the dilution of (hydro)treated bio-oils in tetrahydrofuran (THF), GPC analysis
was performed for the determination of the molecular weights, and the results are shown
in Table 4. It can be seen that pyrolysis of P1000 lignin provided a bio-oil with a much
lower average molecular weight (M, = ~570 g/mol) compared to that of parent P1000, as
expected. The molecular weights of the treated bio-oil samples were somehow increased,
and the samples treated at 250 °C and 30 bar H, with methanol or ethanol as a solvent
and without catalysts exhibited molecular weights of 1200-1700 g/mol, indicating a slight
repolymerization/condensation under these conditions towards bigger fragments, similar
to the reductive depolymerization of lignins [51,52]. Among the two solvents, methanol
resulted in lower molecular weights compared to ethanol. When a catalyst was used, e.g.,
3%Ru/AC or 10%Ni/BETA, the molecular weight was decreased again, to 750-1100 g/mol,
due to the hydrogenolysis action of the catalysts that inhibited /counterbalanced the above
identified condensation of the phenolics in the bio-oil.

The most profound effect of the bio-o0il’s treatment was the tremendous decrease in
viscosity, as can be observed in Table 4. The initial lignin pyrolysis bio-oil exhibited a
viscosity equal to 298,147 cP, while the solvolysis in neat ethanol decreased the viscosity to
1500-1800 cP. The catalytic hydrogenolysis with 3% Ru/C reduced the viscosity further
to 1276 cP, as can be seen in Table 4. The lowest viscosity (526 cP) was achieved via
hydrotreatment with 10%Ni/BETA in methanol at 50 bar Hy. Kim et al. reported a
decrease in the viscosity of Kraft lignin pyrolysis bio-oil from 751 to 20 cP via solvent-free
hydrocracking at 400 °C using sulfided CoMo/Hf catalysts and mentioned that the less
viscous product can be more easily and effectively used as a feedstock in continuous-flow
hydrodeoxygenation [53]. Furthermore, aging of pyrolysis oil-alcohol mixtures at 200 °C
for 50 h showed a significant reduction in viscosity, which is beneficial for their stabilization
and further hydrotreatment [54].

Table 4. Properties of initial and (hydro)treated lignin pyrolysis bio-oils.

. .. c? H! N1 st 02 HHV?® M, My Viscosity

Reaction Conditions (/o)) (wpon)  (wt%) (wt%) (wt%) (Mj/kg) (g/moD) (g/mol) TD! (cP)
Protobind lignin 59.7 6.1 0.9 ~0 33.3 249  1746% 29874 174 -
Initial bio-oil 68.9 7.1 12 ~0 228 305 245 572 23 298,147
EtOH solvolysis 73.2 8.0 0.9 ~0 17.9 335 335 816 2.4 1778
EtOH + 30 bar H, 72.6 7.4 12 ~0 18.8 325 428 1738 4.1 1500
EtOH +30bar Hp+ 3% (39 7.5 0.7 ~0 27.9 285 341 832 2.4 1276
Ru/AC
EtOH + 30 bar Hy+ 10%
Ni/BETA 65.9 7.1 0.7 ~0 26.3 29.0 377 1096 29 4439
MeOH + 30 bar H, 69.4 7.5 0.8 ~0 223 31.1 434 1247 29 2625
MeOH + 30 bar Hy+
10% Ni /BETA 66.9 7.3 0.7 ~0 25.1 29.7 211 744 35 8273
MeOH + 50 bar Hy+
10% Ni/BETA 62.9 6.8 0.6 ~0 29.7 272 368 982 2.7 526

! Determined via elemental analysis (+£0.2%). 2 Determined via difference: 100-C(%)-H(%)-N(%). 3 Determined
via elemental analysis according to [50]. # The molecular weight of Protobind lignin was obtained in ref. [55].

3.3. Characterization of Char and Spent Catalysts

Apart from the analysis of the bio-oils, a characterization of the used catalysts and
the formed chars was also performed. Regarding the non-catalytic experiments, i.e., in the
absence of catalysts, the char formed due to the repolymerization of monomers/oligomers
led to a solid with a high carbon content in the range of 70.7-85.4 wt.%, with the highest
amount observed in the char isolated via solvolysis under critical conditions (Table 5).
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The high carbon content was also confirmed via TGA analysis. As can be observed in
Figure 10a, the char obtained via the critical-ethanol solvolysis experiment exhibited
one decomposition step in the temperature range of 420-560 °C (Tmax = 480 °C), higher
than the decomposition of the char isolated via the treatment in ethanol under 30 bar
Hjy. The latter exhibited a lower carbon content (70.7 wt.%) and decomposed in the
temperature range of 360480 °C (Trax = 430 °C), which is indicative of the less condensed
nature of the carbonaceous solid. On the other hand, the spent 10%Ni/BETA catalyst
exhibited several weight-loss steps. The total weight loss was 32.9 wt.% and was achieved
in three distinct steps. The first step with a weight loss of 3.6 wt.% in the range 62-175 °C
(Tmax =59 °C) is attributable to the removal of solvent impurities. The second weight loss
(22.9 wt.%) within the temperature range of 175450 °C (Tmax = 322 °C) was mainly due to
the burning of light organic compounds or the light coke, while the third step at 450-660 °C
(Tmax = 510 °C) was due to the burning of more condensed coke. The higher decomposition
temperature of coke is indicative of its higher molecular weight, despite the lower carbon
content (13.4 wt.%) compared to the char formed upon the treatment in neat ethanol.

Table 5. Physicochemical characterization of chars and spent catalysts.

Solid Reaction Conditions Dxgrp (hm) C wt.%) HWt.%) N Wwt.%) S wt%) O (wt.%)
Char EtOH - 85.4 4.8 0.8 0.0 9.0
Char EtOH + 30 bar Hy - 70.7 4.8 2.3 0.0 22.1
Catalyst EtOH + 30 bar Hy+ 3% Ru/AC - 4.1 1.9 0.4 0.0 93.6

EtOH + 30 bar Hy+ 10%
Catalyst Ni/BETA 15 13.4 1.9 0.7 0.0 84.0
Char MeOH + 50 bar H, - 77.7 5.8 1.2 0.0 15.3
MeOH + 30 bar Hy+ 10%
Catalyst Ni/BETA 15 35.1 3.5 1.2 0.1 60.0
MeOH + 50 bar Hy+ 10%
Catalyst Ni/BETA 16 27.8 32 1.1 0.1 67.8
100 5 100 2
——EtOH
—— EtOH+30 bar H,
- ——MeOH+30barH)| o =% .
o\° I — 0 - °\° k\_,;;\"‘:—{\—— e ;’-h._.“—.-d 0 3
- - N © gl \Q " ®
>0t £ o \ S
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. . — — —10% l:li/BETA from N.IeOH + 50 bar :—|2 .
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Figure 10. Thermogravimetric analysis of (a) chars recovered from the non-catalytic treatment of
lignin bio-oils and (b) spent catalysts recovered from the hydrotreatment using 10%Ni/BETA.

Similarly, the char formed during the treatment in methanol with 30 bar H; exhibited
a high carbon content (77.7 wt.%), slightly higher than the carbon content of the char
formed during the same experiment with ethanol. That result was also confirmed via the
thermogravimetric analysis. The char decomposed in one step at higher temperatures
240-700 °C (Tmax = 517 °C), and the total weight loss was 94.0 wt.%. Furthermore, the
char/coke deposits on the 10%Ni/BETA catalysts were 27.8-35.1 wt.%, significantly higher
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Intensity (a.u.)

than the value for the char/coke formed during the hydrotreatment in ethanol but lower
than the one obtained after the treatment in neat methanol in the absence of a catalyst.
The increase in the hydrogen pressure from 30 to 50 bar H; limited the coke formation
on the catalyst. As can be observed in the TGA analysis of Figure 10b, the char from the
experiment with 30 bar H, was decomposed in three steps. In the first step, 24-200 °C
(Tmax = 65 °C), the removal of the solvent led to a weight loss of 4.7 wt.%. At higher
temperatures of 210—470 °C (Tmax = 386 °C), the burning of light organics and light coke
led to a weight loss of 32 wt.%, while an extra weight loss (3.9 wt.%) at 470-670 °C
(Trmax = 506 °C) corresponded to the burning of heavier coke. The main difference with the
catalysts recovered via the experiment under 50 bar H, was the lower total weight loss of
that catalyst, possibly due to the lower carbon content. Despite the lower amount of carbon
depositions, the coke had a “harder” (more condensed) nature, leading to a higher weight
loss (5 wt.%) in the temperature range of 470-670 °C (Tmax = 517 °C).

Despite the carbon depositions on the catalysts, the metallic phases of the catalysts
were maintained, as confirmed via XRD analysis of the used catalysts. In the XRD pattern
for 3% Ru/AC, shown in Figure 11a, the uniform dispersion of ruthenium was maintained
without any agglomeration towards bigger crystallites or the oxidation towards ruthenium
oxide formation. Similarly, all the used 10%Ni/BETA catalysts recovered from the ethanol
and methanol hydrotreatments seemed to maintain the metallic phase of nickel, as can be
observed in Figure 11b, and the characteristic reflections at 26 = 44.5, 51.9 and 76.3°.

3% RU/AC, fresh ——10% NI/BETA, fresh
’ ——10% Ni/BETA from EtOH+30 bar H2+ 10% Ni/BETA
3% RU/AC, after EtOH+ 30 bar H, 10% Ni/BETA from MeOH+30 bar H2+ 10% Ni/BETA
10% Ni/BETA from MeOH+50 bar H2+ 10% Ni/BETA
0
NI i Ni®
- H
3
s
>
=
7]
c
W Y WPTIN R
]
=
10 20 30 40 50 60 70 80 20 40 60 80

2theta (°) 2theta (°)
(a) (b)

Figure 11. XRD patterns of spent (a) 3%Ru/AC and (b) 10%Ni/BETA catalysts.

4. Conclusions

The aim of this work was to develop a mild hydrotreatment for heavy organic con-
densates (bio-oils) produced via the fast pyrolysis of lignin. The hydrotreatment was
performed using simple alcohols (methanol or ethanol) as solvents and typical hydrogenol-
ysis (3%Ru/AC) and hydrogenation/hydrodeoxygenation (10%Ni/BETA) catalysts under
mild reaction conditions (250 °C, 1 h). The possible contribution of the hydrogen-donor
effect of these alcohols/solvents was not examined in this work, as externally added H
gas at 30-50 bar (the initial pressure at ambient conditions) was used in all the catalytic
hydrogenolysis experiments. Solvolysis experiments under critical or subcritical conditions
were also performed and proved to be very effective, at least in terms of deoxygenating
the existing smaller (monomer) phenolics in the lignin pyrolysis oil. On the other hand,
the catalytic hydrotreatment enhanced the hydrogenolysis of lignin oligomers towards
the lower-molecular weight compounds via the cleavage of C-C and ether inter-unit link-
ages. Furthermore, in all cases, partial dealkoxylation of alkoxy-phenols was enhanced
towards alkylated phenols and aromatics. The formation of esters was also observed and
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is beneficial for the stabilization of bio-oil. The most noticeable effect was the decrease
in viscosity, which can facilitate not only the handling of bio-oil during blending with
conventional bunker fuels, but also its potential downstream deep hydrodeoxygenation
towards aromatic/cycloalkane hydrocarbons.
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