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Advancing hydrothermal liquefaction of Canadian forestry biomass for
sustainable biocrude production: co-solvent integration, co-liquefaction,
and process optimization

This study focuses on enhancing the hydrothermal liquefaction (HTL) of
Canadian hardwood and softwood species to produce sustainable biocrude.
The research integrates co-solvents and co-liquefaction strategies to
optimize the HTL process, improving yield and quality. Process parameters
are systematically optimized to maximize efficiency and sustainability. The
resulting biocrude and byproducts are thoroughly characterized to assess
their physicochemical properties and to evaluate their potential applications
for biofuels and energy applications within a biorefinery framework. This work
contributes to advancing biomass conversion technologies for renewable

energy production.
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Advancing hydrothermal liquefaction of Canadian
forestry biomass for sustainable biocrude
production: co-solvent integration, co-
liquefaction, and process optimizationt

Sreenavya Awadakkam,® Vasu Chaudhary,® Ramesh Kalagnanam,®
Venu Babu Borugadda® and Ajay K. Dalai (2 *@

Canadian hardwood and softwood species were screened for hydrothermal liquefaction to produce
sustainable biocrude. Based on the availability of the feedstock, their biocrude yield, and oxygen content,
spruce (softwood) and poplar (hardwood) species were found to be promising and selected for the
optimization of process parameters to maximize biocrude yield while minimizing the oxygen content.
Solvent (ethanol) assisted hydrothermal liquefaction was performed to evaluate the effect of process
parameters such as temperature, retention time, catalyst loading, and different ethanol concentrations. The
highest yield of biocrude obtained from spruce and poplar was ~36 wt% with an HHV of ~27 MJ kg™
under the optimized HTL conditions. HTL experiments were conducted to study the effect of recycling the
hydrothermal liquefaction aqueous phase and co-liquefaction of hardwood and softwood species. The HTL
aqueous phase recycling improved the quantity (47 wt%) and quality (HHV of 29.9 MJ kg™ of the biocrude
obtained from spruce liquefaction. The co-liquefaction of spruce and poplar (50:50 wt%) showed
a potential synergistic effect on biocrude yield and quality at a lower reaction temperature (260 °C). The
GC-MS analysis of spruce and poplar wood biocrude indicated that the majority of the compounds were
phenolic in nature. BET results confirmed the high surface area of spruce and poplar wood-derived
hydrochar. The gaseous products formed during HTL were mainly composed of CO,, CO, H,, O,, CHy4, and

rsc.li/sustainable-energy CoHa.

1 Introduction

The global push for net-zero emissions by 2050 has accelerated
efforts to adopt lower-carbon, sustainable transportation fuels
from renewable sources.'* Canada, in line with this goal, has
enacted clean fuel regulations requiring liquid fuel producers
and importers to blend renewable fuels into gasoline (5 vol%)
and diesel (2 vol%).>* Biomass, a renewable carbonaceous
resource, shows great promise for producing such fuels.
Research worldwide focuses on sustainable fuel production
from second-generation biomass sources like forestry residues,
woody biomass, agricultural byproducts, animal waste, sewage,
municipal solid waste, and industrial residues.”®

Canada, covering 362 million hectares of forest land (9% of
the world's total), is home to 140 native tree species. Key species
include spruce, pine, poplar, birch, aspen, hemlock, fir, cedar,
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maple, and oak.® According to the National Forest Inventory,
spruce accounts for 44% of forest volume and poplar 13%, with
the remaining volume comprising other species.’

Woody biomass is classified as softwood and hardwood
species based on lignin content and it is considered as
a potential resource for biofuel production. Softwoods like
spruce, pine, and fir have high lignin content (25-35 wt%),
predominantly G units (guacyl, lignin monomer coniferyl
alcohol), while hardwoods like maple, oak, and poplar have
lower lignin content (18-25 wt%) with variable S (syringyl, lignin
monomer sinapyl alcohol) and G unit ratios, affecting their
reactivity and solubility.'"* Key Canadian forestry biomass
sources include timber processing residues (wood shavings,
sawdust, bark), beetle-killed and fire-damaged trees, and
logging residues. Saskatchewan alone has 700000 oven-dry
tonnes of forestry residues, half from timber processing.’**®
Often underutilized in low-value applications like landfilling,
these residues hold promise for biocrude production via ther-
mochemical conversions.'® Biocrude, a renewable fossil fuel
alternative, contains valuable chemicals like ketones, esters,
acids, and phenolics. It can be used as a fuel or upgraded to
biofuels like biodiesel, renewable gasoline and sustainable
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aviation fuel, making woody biomass an economical, non-food-
competing option for large-scale renewable energy projects."”
Hydrothermal liquefaction (HTL) and pyrolysis are key
methods for producing biocrudes and bio-oils from renewable
lignocellulosic biomass, followed by catalytic upgrading to
transportation fuels.'® HTL is particularly promising for con-
verting high-moisture biomass like woody feedstock into bio-
crude with low oxygen content, along with by-products like gas,
aqueous phase, and hydrochar."® This process uses water as the
liquefying medium under sub- and super-critical conditions
(250-375 °C, 4-25 MPa), with or without catalysts.” Hot
compressed water breaks down biomass polymers (cellulose,
hemicellulose, lignin), yielding a viscous, dark biocrude that
requires significant upgrading for fuel specifications.*
Catalysts play a crucial role in enhancing biocrude yield and
quality during HTL by inhibiting side reactions, increasing
reaction rates, reducing char formation, and improving bio-
crude properties.”® Both homogeneous and heterogeneous
catalysts are used, with alkali catalysts like K,CO;, KOH,
Na,CO;, and NaOH being widely effective for lignocellulosic
biomass liquefaction.??*® Studies show that K,CO; and KOH
significantly boost biocrude yields, often doubling outputs
compared to non-catalytic processes.* For example, K,CO;
increased biocrude yield from 18 wt% to 35 wt% in barley straw
HTL,” and KOH achieved a 40% yield in woody biomass,
reducing solid residues from 33% to 12%.?® Potassium salts are
particularly effective, promoting repolymerization, enhancing
biocrude separation, and avoiding corrosion issues associated
with metal hydroxides.”® Based on insights from the literature,
K,CO; was chosen as the catalyst for this study, due to its
effectiveness in enhancing reaction rates, facilitating the
breakdown of biomass, and improving biocrude properties.
Solvent-assisted HTL enhances lignocellulosic biomass depo-
lymerization, with solvent choice significantly impacting reaction
rates, pathways, product yields, and oxygen content.”” Polar
solvents, especially water, are commonly used for their ability to
dissolve biomass components and polar biocrude compounds.”
However, water alone often results in high char yields.* Alcohols,
such as ethanol, are effective co-solvents for hydrothermal lique-
faction of various biomass due to their hydrogen-donating prop-
erties, improving biocrude quality by reducing oxygen content
viscosity, density and enhancing energy content.” Ethanol,
a green solvent, also facilitates hydrodeoxygenation and dissolves
heavy molecular fractions while being less corrosive than
water.*>*" Studies report the synergistic effects of ethanol-water
mixtures in HTL, yielding higher biocrude output and biomass
conversion rates.*”** For example, Cheng et al. demonstrated the
synergistic effects of alcohol (methanol or ethanol) and water on
the direct liquefaction of pine sawdust.** Ethanol-assisted HTL of
poplar with a bimetal catalyst improved biocrude yield, energy
recovery, and hydrodeoxygenation.*® Similarly, ethanol-water co-
solvents with alkaline catalysts enhanced biocrude yield, carbon
content, and HHV, demonstrating their efficiency in sustainable
biomass conversion.*” In the current research investigation, an
ethanol-water co-solvent mixture is used as the reaction medium
for the HTL of soft and hardwoods to explore the potential of this
solvent system in optimizing biocrude yield and quality. The dual
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role of ethanol as a solvent and an in situ hydrogen donor
simplifies the operation by eliminating the need for an external
hydrogen supply, thereby reducing process complexity and costs.
Additionally, the study highlights the impact of aqueous phase
recycling during HTL, which has been shown to significantly
improve biocrude yield and reduce oxygen content—critical for
optimizing biocrude fuel properties and minimizing the need for
costly upgrading processes.

Extensive research exists on the co-hydrothermal liquefaction
(co-HTL) of diverse biomass feedstocks, such as lignocellulosic
biomass with sewage sludge, swine manure, or microalgae.***°
Studies indicate that co-HTL can yield synergistic effects,
improving biocrude quality, yield, and reducing feedstock
collection and transportation costs.** while co-HTL of diverse
biomass types in subcritical water is well-documented, reports
on similar biomass combinations are limited. Sharma et al.
studied co-HTL of similar lignocellulosic biomasses (wheat
straw, eucalyptus, pinewood) in supercritical water with K,CO; at
400 °C affording lower biocrude and higher solid yields, indi-
cating antagonistic effects.*” However, no studies have addressed
co-HTL of hardwoods and softwoods. By leveraging the unique
chemical and structural properties of both softwoods and hard-
woods, co-HTL enables the efficient conversion of mixed
biomass into valuable biocrude. This approach maximizes
resource utilization and provides a pathway to address variability
in feedstock availability and composition, ensuring a more
robust and flexible biocrude production system. Also, it provides
a stable and consistent supply throughout the year, unlike some
biomass types that may depend on seasonal or environmental
conditions. Such innovations are critical for advancing the
sustainable energy sector and enhancing the economic viability
of biomass-based energy solutions in Canada. This study
explores the co-hydrothermal liquefaction of spruce and poplar
wood, and identifies a potential synergistic effect that signifi-
cantly enhances the biocrude yield at a relatively low reaction
temperature of 260 °C. This reduction in HTL reaction temper-
ature, while maintaining high yield and acceptable quality,
represents a significant advancement in the HTL process, as it
can potentially lower operational costs and energy requirements
in biofuel production.

The present research aimed to produce sustainable biocrude
from Canadian woody biomass and residues via hydrothermal
liquefaction. The study investigated the effects of process
parameters such as pre-treatment, co-solvent, temperature,
catalyst loading, retention time, extraction solvent, aqueous
phase recycling, and co-liquefaction on biocrude yield and
quality from high- and low-lignin woody biomass. Additionally,
the study analysed the properties of biocrude and by-products
from softwood and hardwood species to identify their potential
applications.

2 Materials and methods
2.1 Materials

The softwood and hardwood species used in this work to
conduct the HTL process were collected from the Saskatoon
region of Saskatchewan province in Canada. The softwood

This journal is © The Royal Society of Chemistry 2025
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species were tamarack, pine, spruce, fir, and cedar. The hard-
wood species were aspen, red birch, white birch, maple, oak,
and poplar. Spruce and poplar wood biomass in the form of
sawdust was supplied by a local lumber mill (Saskatoon, Can-
ada). All the biomass feedstocks were ground and sieved to
particle size =1 mm. All the softwood and hardwood feedstock's
proximate, ultimate, HHV, and fiber analyses were performed.
Ethanol, acetone, potassium carbonate, sodium hydroxide, and
urea were purchased from Sigma Aldrich (analytical grade) and
used as received.

2.2 Biocrude production via hydrothermal liquefaction

Hydrothermal liquefaction experiments were conducted ina 1 L
high-pressure/high-temperature Parr batch reactor (model 4577
with a 4848 model reactor controller) having an upper limit
pressure and temperature range of up to 5000 psi and 500 °C,
respectively. For each experiment, 70 g of woody biomass, 3.5 g
of K,COj; catalyst (5 wt%), and 700 mL (biomass to solvent ratio
is 1:10) of ethanol--deionized water mixture (ratio of ethanol
and deionized water is 2.33) were loaded into the reactor. The
reactor was sealed, purged with N, for leak test, and pressurized
to an initial pressure of 100 psi and the reaction was carried out
at 800 rpm. Performing HTL in a nitrogen atmosphere avoids
oxidative reactions, altered product pathways, increased char
formation, and significant safety risks, all of which lower bio-
crude yields and complicate processing when performed in an
air atmosphere. The total pressure inside the reactor varied
throughout the reaction to reach a final pressure in the range of
1000 to 2000 psi depending on the initial pressure (constant),
temperature, amount of solvent (constant), ratio of ethanol and
water, reaction time, and gaseous product formation. The
reactor was heated to a target temperature of 260, 270, 280, and
300 °C at a retention time of 0, 15, 30, and 45 minutes; where
0 minutes corresponds to the immediate start of cooling by an
electric fan after removing the heating jacket when the
temperature reaches a set temperature value.

The liquefaction yields and energy recovered in biocrude or
hydrochar were calculated using the following eqn (1)—(5):

Biocrude yield (wt%) =
(mass of biocrude/mass of dried feedstock) x 100 (1)

Hydrochar yield (wt%) =
(mass of hydrochar/mass of dried feedstock) x 100  (2)

Aqueous phase products (wt%) + gas phase products (wt%) =
100 — (biocrude (wt%) + hydrochar (wt%)) (3)

Energy recovery (%0)viocrude =
[(mass of biocrude x HHV of biocrude)/
(mass of dried feedstock)
x (HHYV of dried feedstock)] x 100 (4)

Energy recovery ((yo)hydrochar =
[(mass of hydrochar x HHV of hydrochar)/
(mass of dried feedstock)
x (HHYV of dried feedstock)] x 100 (5)

This journal is © The Royal Society of Chemistry 2025
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2.3 Biocrude recovery and separation of the aqueous phase
and hydrochar

Upon completion of the HTL reaction, the reactor was cooled
to room temperature, and the non-condensable gas samples
were collected in a tedlar bag for analysis. The remaining HTL
slurry inside the reactor consists of an aqueous phase,
hydrochar, and biocrude. The aqueous phase was separated by
vacuum filtration. The remaining solid residue was subjected
to solvent extraction using a suitable solvent (ethanol/acetone)
followed by vacuum filtration to separate hydrochar from
biocrude. Rota evaporation of the resulting biocrude and
solvent mixture separates the solvent from the biocrude, which
is a dark-colored highly viscous semi-solid. A schematic
representation of the overall outline of the HTL process is
shown in Fig. 1.

2.4 Physicochemical characterization of woody biomass and
the HTL products

Softwood and hardwood feedstocks were tested for their ulti-
mate and proximate analysis using standard operating proce-
dures. Moisture, ash, and volatile matter content of the
feedstock were analyzed at 105 °C, 575 °C, and 950 °C based on
ASTM 3173-87, ASTM 3174-04, and ASTM D3175-89, respec-
tively. The fixed carbon percentage was calculated by deducting
the moisture, ash, and volatile matter content from the total
weight of the tested feedstock. The fiber analysis was conducted
by a modified Van Soest method applying an Ankom 200 Fiber
Analyzer (ANKOM Technology, Macedon, NY), determining
cellulose, hemicellulose, and lignin proportion in the biomass.

Elemental composition (CHNS) of the woody biomass feed-
stocks, biocrude, and hydrochar was performed on a Vario EL
III CHNS Elemental Analyzer (Elementar Americas, Inc., Ron-
konkoma, NY, USA). Oxygen was calculated based on the
material balance as follows:

Oxygen = 100 — (C+ H + N + S + Ash)

An oxygen bomb calorimeter (Parr 6400 calorimeter, IL, USA)
was used for the measurement of the higher heating value of

biomass feedstocks and their corresponding optimized
K;coz Catalyst gases
Temperature (H,,C0,C0,,CH,)
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¥oevbiomss) | iquetaction () Slurry Fifation Hydrochar | LhE
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e
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Fig. 1 Schematic representation of the overall outline of the HTL
process to produce biocrude.
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biocrudes and hydrochars based on ASTM D5865. The mineral
contents of raw biomass, optimal biocrudes, including K, Na, Ca,
Mg, Fe, and Al were measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES; Optima 83000) and TOC
analyzer (Lotix combustion TOC analyzer, Teledyne Tekmar,
USA), respectively. The moisture content of the optimal biocrude
was measured using a Karl Fischer coulometer (Mettler Toledo
DL32: ASTM D6304-20 procedure B). The chemical composition
of the biocrude was determined using gas chromatography-mass
spectrometry (JEOL JMS-T100 GCy AccuTOF-GCv4G mass spec-
trometer with a 28 m DB5 capillary column having 0.25 pm film
thickness). The textural properties of the calcined hydrochar
(calcination at 550 °C for 3 hours in an inert atmosphere) were
studied by N, adsorption-desorption at 77 K using a Micro-
meritics ASAP 3500 Porosity Analyzer (degassing at 90 °C for 1 h
followed by 350 °C for 4 h). Analysis of the gaseous products was
performed using an Agilent 7890 GC having a Flame Ionization
Detector (FID) and a Thermal Conductivity Detector (TCD).
Analysis of the permanent gases was performed in the TCD
detector using the HaysepQ column in series with a molecular
sieve column. The gaseous hydrocarbons were analyzed using
a Varian capillary column (25 m, 0.53 mm O. D, 10 pm thickness
of Al,03/KCl). During the gas analysis, the oven was programmed
from 30 °C to 150 °C with an initial hold at 30 °C for 17 min and
a ramp rate of 20 °C to 150 °C. The total acid number (TAN) of
biocrude was determined by titration on a pH meter (Titroline
7000) using 0.01 N KOH and phenolphthalein as the titration
solution and indicator, respectively. TAN was calculated in
milligrams of KOH per gram of the biocrude sample as follows:

TAN = [(4 — B)N x 56.1)/W. (6)

where A = KOH solution required for titration of the sample,
mL, B = KOH solution required for titration of the blank, mL, N
= normality of the KOH solution, W = mass of the biocrude
sample, g.

3 Results and discussion

3.1 Proximate, ultimate, and fiber analysis of the Canadian-
grown soft and hardwoods

A set of softwood species was characterized by proximate, ulti-
mate, and fiber analysis (Table S11) and the lignin content of
the species varies in the range of 23-32 wt%. The species were
subjected to HTL experiments under identical conditions to
select a suitable feedstock for further process optimization
studies (Table S2t). All the softwood species achieved a bio-
crude yield in the range of 23-31 wt%. The oxygen content in
their biocrude ranged from 20 to 23 wt% (Table S27). In a bio-
refinery process, the selection of feedstocks for large-scale
processes depends mainly on their availability, the biocrude
yield, and their oxygen content. Among the selected hardwood
feedstock, spruce is the major species used in the Canadian
lumber industry and its residue is abundantly available. The
spruce wood has a lignin content of 26 wt% and yielded ~25
wt% biocrude with 20.5 wt% oxygen content under the tested
reaction conditions. Based on these factors, spruce wood is
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chosen from high-lignin woody biomass to optimize the process
parameters to obtain a high quantity and quality of the
sustainable biocrude.

Similarly, a set of hardwood species (aspen, red birch, white
birch, maple, oak, and poplar) were selected and characterized
by proximate, ultimate, and fiber analysis (Table S371). The
lignin content of the species varies in the range of 9-19 wt%.
The species were subjected to HTL experiments under identical
conditions to select a suitable feedstock for further process
optimization studies (Table S471). All the hardwood species
achieved a biocrude yield in the range of 23-31 wt% with oxygen
content in the range of 17-23 wt%. Among the hardwood
species poplar is the one majorly occupying Canadian forest
land (13%) and its residue is abundantly available in the
Canadian lumber industry. The lignin content in poplar wood is
9.9 wt% and yielded a biocrude in the range of ~24 wt% with an
oxygen content of 21 wt%. So, for further process optimization
studies to obtain a better biocrude yield from a low-lignin
woody biomass, poplar is selected from the screened
feedstocks.

3.2 Optimization of process parameters for biocrude
production from high lignin woody biomass (spruce wood)

3.2.1 Effect of different pretreatment methods. The natural
recalcitrance of the lignocellulosic biomass makes the depoly-
merization of their fibrous components an energy-intensive
process during HTL. The thermal decomposition of lignocel-
lulosic fibers occurs at different temperature ranges such as
220-315 °C for hemicellulose, 315-400 °C for cellulose, and
160-900 °C for lignin.*® Often lignocellulosic biomass is sub-
jected to different pretreatment methods before being sub-
jected to HTL to facilitate their decomposition under critical
points of water. The different pretreatment methods employed
for spruce wood in the initial HTL investigation studies are

[ Biocrude Yield [ Oxygen

w
o
1

N
[¢,]
!

- - N
o (3,] o
1 ! 1

Biocrude Yield and Oxygen (wt.%)
(3]

o
L

1 2 3 4
Pretreatment Methods

Fig. 2 Effect of different pretreatment methods on spruce wood
hydrothermal liquefaction. Reaction conditions: 70 g feedstock,
biomass to solvent/water ratio (W/V) =1:10, T = 300 °C, t = 30 min,
initial reaction pressure = 100 psi, extraction solvent for biocrude:
ethanol.
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shown in Table S5.f The corresponding biocrude yield and
oxygen content, which represent the quantity and quality of the
biocrude, respectively, are illustrated in Fig. 2.

Pre-treatment methods often help to swell/open the fiber
structure of wood fibers, which could increase the effectiveness
of the HTL process. One of the pre-treatment methods
employed in the pulp and paper industry is the dissolution of
wood pulp in an aqueous NaOH/urea solution for inducing
swelling or opening of the fiber structure and the direct disso-
lution of lignin.**** In this study, the spruce wood is pretreated
in an aqueous NaOH/urea solution (1) followed by HTL yielding
~15 wt% of biocrude with 18 wt% oxygen. Among the different
pre-treatment methods employed, spruce wood treated under
alkaline pre-treatment using NaOH (2) & (4) and K,CO; (3)
yielded higher biocrude yield (26.3 and 25 wt% respectively)
during HTL under identical conditions. In a bio-refinery
concept, the pre-treatment of lignocellulosic biomass is a highly
energy-intensive and expensive process. Instead of pre-treating
the spruce wood biomass under alkaline conditions, the effect
of NaOH and K,COj as a catalyst during the HTL of spruce wood
was tested. The catalytic HTL of spruce wood with 5 wt% K,CO;
and NaOH loading yielded 25.4 and 27 wt% biocrude with 17
and 22 wt% oxygen and 15.6 wt% and 11.4 wt% hydrochar yield
respectively. The results agreed with the conclusions as stated
in the previous literature that alkaline-thermal treatment led to
positive influences on the liquefaction of biomass through an
increase in the production of the biocrude with lower oxygen
content and limiting char formation.**** The noncatalytic HTL
conducted at 300 °C achieved 19.1 wt% biocrude with 23.8 wt%
oxygen content and 31.4 wt% hydrochar yield. The results show
that catalytic liquefaction significantly improves biocrude yield
and decreases hydrochar formation compared with the non-
catalytic HTL studies. This could be because the base catalyst is
favorable for liquefying high lignin-containing biomass. It also
suppresses coke formation and promotes retro aldol cleavage
and condensation thereby stabilizing the products.’” However,
NaOH is a strong base and corrosive to the reactor compared to
K,COj;. HTL of spruce wood with K,CO; catalyst gives a similar
biocrude yield (25.4 wt%) with lower oxygen content (17 wt%)
compared to NaOH. The pre-treatment of biomass in an alka-
line medium was indeed investigated during the initial hydro-
thermal liquefaction (HTL) experiments. However, these
preliminary studies revealed that pretreatment did not have
a significant impact on either the quantity or quality of the
resulting biocrude. Consequently, all HTL experiments reported
in the manuscript were conducted without pre-treating the
biomass, using K,CO; as the catalyst.

3.2.2 Effect of co-solvent assisted HTL of spruce wood. The
effects of ethanol/water co-solvent on the catalytic hydrothermal
liquefaction of spruce wood biomass were investigated. The
critical point of ethanol is at 241 °C and 6.14 MPa (p. = 0.276 g
em™?) which are milder than that of water (374 °C and 22.1
MPa).?**** Ethanol could be easily recycled after liquefaction by
evaporation. Ethanol is a protic solvent that can donate H' ions
to the reactant which can either saturate the double bonds or
stabilize some aromatic free radicals.>® To explore the effect of
ethanol ratio on the liquefaction of spruce, HTL experiments

This journal is © The Royal Society of Chemistry 2025
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with different ethanol ratios (10-40 vol%) were investigated at
300 °C.

The HTL experiment using pure water as a solvent (0 vol%
ethanol) at 300 °C yielded 25.1 wt% biocrude with 20.5 wt%
oxygen. The results in Fig. 3 clearly show that as the concen-
tration of co-solvent ethanol gradually increases from 0 to 30
vol% the biocrude yield also increases from 25 to 30 wt% with
a decrease in oxygen content from 21 to 18 wt%. Another
significant observation is that the use of ethanol as a co-solvent
suppresses the hydrochar formation. As the ethanol ratio
changes from 0%, 10%, 20%, 30%, and 40% the hydrochar
amount varies from 15.6, 9.1, 7.2, 3.8, and 2 wt% respectively.
The hot compressed water helps the liquefaction of lignocel-
lulosic biomass during HTL. However, the alcohol-water
mixture showed a synergistic effect on biomass direct lique-
faction. The low dielectric constant and improved diffusivity of
the mixed ethanol-water solvent increased the permeation of
the solvent into the lignocellulose biomass structure and
improved their depolymerization.

Ethanol also increased the solubility of liquefaction inter-
mediates, hence preventing the repolymerization of the reac-
tion intermediates by dissolving the depolymerized products
and resulting in improved biocrude yield. The combined effect
of an alkaline catalyst and ethanol as a co-solvent may promote
the in situ hydrogen production and promote the hydro-
deoxygenation of biocrude which might be a reason for the
decreased oxygen content in the biocrude obtained by catalytic
HTL.*”” The binary alcohol-water solvent mixture has a lower
critical temperature (7) and pressure (P) (~311.3 °C and 10.2
MPa or ~1484 psi) than water alone (374.1 °C and 22.1 MPa or
~3200 psi) making it a highly reactive medium.** Further
increasing the ethanol percentage to 40 vol% decreases the
biocrude yield to 24 wt%. Decreased biochar yield and increased

[ Biocrude yield [ Oxygen

W
o
1

- - N N
o (4] o <))
1 1 1 1

Biocrude yield and Oxygen (wt.%)
(3]

o
1

0 10 20 30 40
Concentration of Ethanol (Vol.%)

Fig. 3 Effect of co-solvent ethanol concentration on spruce wood
hydrothermal liquefaction. Reaction conditions: 70 g feedstock,
biomass to solvent ratio (W/V) =1: 10, 5 wt% K,COs catalyst, T = 300 °
C, t =30 min, initial reaction pressure = 100 psi, extraction solvent for
biocrude: ethanol.
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gas formation (final reaction pressure of 2000 psi) were also
observed under these conditions. A possible reason for this can
be that at 40% ethanol in water, the supercritical conditions of
the ethanol-water mixture can be achieved under the given
reaction conditions (280 °C and 2000 psi). This could lead to
enhanced solubility of the intermediates in the aqueous phase
and gasification reactions, whereas at lower concentrations of
ethanol (=30%), the supercritical conditions might not have
been achieved in the reaction.*® Ethanol-water mixture with 30
vol% co-solvent ratio was identified as the most effective solvent
concentration for improved biocrude production from spruce
sawdust under the reaction conditions.

3.2.3 Effect of temperature on ethanol-assisted HTL of
spruce wood. Experiments were conducted to optimize a suit-
able reaction temperature for co-solvent ethanol-assisted (30
vol%) hydrothermal liquefaction of spruce. The temperature of
the experiments varied from 260 to 320 °C under identical
reaction conditions mentioned earlier. The trend in biocrude
yield and oxygen content according to the change in reaction
temperature is shown in Fig. 4.

Fig. 4 shows that as the temperature increases from 260 °C to
280 °C the biocrude yield gradually increases from 27 wt% to 31
wt%. Furthermore, an increase in temperature to 300 and 320 °
C slightly decreases the biocrude yield. The lower biocrude yield
at a lower reaction temperature (260 °C) might be due to the
incomplete depolymerization of biomass components.** which
is evident from the increased hydrochar yield (~20 wt%).
Furthermore, increasing the temperature (280 °C) enhances the
fracture of chemical bonds and the depolymerization of
biomass. The hydrochar yield obtained under this condition
was 7.2 wt%. After the biocrude yield reaches the maximum
value, further increasing the temperature (300-320 °C) could
inhibit biocrude production. The observed increment in
hydrochar (14 wt%), as well as the gas formation at the elevated
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Fig. 4 Effect of temperature on spruce wood hydrothermal lique-
faction. Reaction conditions: 70 g feedstock, biomass to solvent ratio
(W/V)=1:10, 30 vol% ethanol co-solvent, 5 wt% K,COs catalyst, t = 30
min, initial reaction pressure = 100 psi, extraction solvent for biocrude:
ethanol.
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reaction temperature, might be due to (1) the secondary
decomposition of the produced biocrude and Boudouard gas
reactions which leads to gaseous products or (2) recombination/
condensation reactions of intermediates (free radicals) to
generate hydrochar.>*>** Fig. 4 shows that the oxygen content
in the biocrude steadily decreases with increasing temperature.
Thus, increasing the temperature leads to a higher calorific
value of the produced crude owing to the decreased oxygen
content and increased carbon content due to deoxygenation
reactions.®® Based on the results, 280 °C is selected as the
optimum reaction temperature for further studies.

3.2.4 Effect of different retention times. Ethanol-assisted
catalytic HTL experiments of spruce were conducted at varying
retention times to study the effect on biocrude yield and quality
from the HTL of spruce wood. The retention time of the HTL
experiments varied from 0 minutes to 45 minutes and the
results are tabulated in Fig. 5. Results show that as the retention
time increases from 0 to 30 minutes, the biocrude yield
increases from 20.4 wt% to 31 wt%. The low biocrude yield at
0 to 15 minutes might be due to the incomplete depolymer-
ization of the fibrous components of the woody biomass. A
longer reaction time (45 min) may induce repolymerization/
condensation of the intermediate products to hydrochar
formation as well as gas formation reactions, which lowers the
yield of biocrude (28.8 wt% biocrude with 19.2 wt% oxygen).
However, a longer retention period favours a decrease in oxygen
content which might be due to the increased rate of deoxygen-
ation reactions. Again, reaction time seems to be the most
crucial parameter, as longer reaction times are beneficial for
lowering the oxygen content, but this occurs at the expense of
biocrude yields.*® Therefore, 30 min reaction time is an ideal
compromise for high biocrude yields and low oxygen contents
(31 wt% biocrude with 21.3 wt% oxygen).
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Fig. 5 Effect of retention time on spruce wood hydrothermal lique-
faction. Reaction conditions: 70 g feedstock, biomass to solvent/water
ratio (W/V) =1:10, 30 vol% ethanol co-solvent, 5 wt% K,COs catalyst T
= 280 °C, initial reaction pressure = 100 psi, extraction solvent for
biocrude : ethanol.
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Fig. 6 Effect of the concentration of catalyst on spruce wood
hydrothermal liquefaction. Reaction conditions: 70 g feedstock,
biomass to solvent/water ratio (W/V) = 1:10, 30 vol% ethanol co-
solvent, T = 280 °C, initial reaction pressure = 100 psi, extraction
solvent for biocrude: ethanol.

3.2.5 Effect of catalyst loading. Carbonates and hydroxides
of alkali metal catalysts favour the depolymerization of ligno-
cellulosic biomass during HTL. In the present study, ethanol-
assisted HTL of spruce wood was conducted by varying the
concentration of K,CO; from 0 to 7.5 wt% at 280 °C. As shown in
Fig. 6, the noncatalytic HTL resulted in 25.5 wt% of biocrude
yield with 25 wt% of oxygen. As the catalyst concentration
gradually increases a promotional effect in biocrude yield is
observed. At 5 wt% K,CO; catalyst, the reaction gave
a maximum biocrude yield of 31 wt% with 21 wt% of oxygen.
K,CO; showed the best performance by increasing the yield of
biocrude with lower oxygen content. One possible reason might
be that K,CO; can react with water to form their base and
bicarbonate which can act as a secondary catalyst to promote
the yield of biocrude during the liquefaction reaction.>

K2C03 + H20 - KHCO3 + KOH

The presence of an alkaline catalyst, during the ethanol-
assisted HTL of spruce, can weaken structural linkages between
cellulose and lignin, resulting in a decrease in the activation
energy of biomass bond cleavage and thereby improving the
biocrude yield.”® Besides, the reaction rate of carbon-carbon
scission was improved in the case of higher alkali concentra-
tion, which might be favourable to gas formation as well as
more water-soluble products thereby leading to lower biocrude
yield as observed with 7.5 wt% K,CO; concentration.

The summarized data in Table S67 illustrate that the
combination of K,CO; and ethanol in the HTL of spruce wood
biomass under optimum reaction conditions could significantly
enhance the efficiency and effectiveness of the process. This
synergistic approach leads to higher yields and better quality of
biocrude, with lower hydrochar formation. Catalytic enhance-
ment by K,COj; accelerates key reactions, such as hydrolysis,

This journal is © The Royal Society of Chemistry 2025
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decarboxylation, and dehydration, leading to more efficient
conversion of biomass into bio-crude.”**” Ethanol improves the
solubility of biomass and intermediate products, ensuring
better contact between the biomass and the catalyst. Ethanol
can also alter the phase behavior of the reaction mixture,
potentially lowering the necessary temperature and pressure for
effective biomass conversion. As a hydrogen donor, ethanol
stabilizes free radicals and promotes hydrogenation reactions,
which are crucial for the formation of high-quality bio-
crude.’***** The enhanced catalytic activity and improved
solubilization minimize the formation of hydrochar, which is
a solid by-product of incomplete biomass conversion. The
catalytic action of K,CO; along with ethanol's role as
a hydrogen donor, reduces the oxygen content in the bio-crude,
resulting in a higher energy density.

3.2.6 Effect of extraction solvent on biocrude recovery from
HTL slurry. The selection of a suitable extraction solvent is an
important factor in the biocrude production process via HTL.
To understand the effect of extraction solvent, experiments were
conducted under optimized conditions. The obtained HTL
slurry was subjected to solvent extraction using different
extraction solvents of varying polarity. As mentioned earlier,
biocrude is a mixture of highly oxygenated organic compounds.
In order to separate these polar compounds from the biocrude-
hydrochar mixture, a set of polar solvents such as ethanol,
acetonitrile, acetone, and ethyl acetate were used. As shown in
Table 1 the yield of extracted biocrude varied differently and not
linearly with the polarity of solvents. The highly polar solvents
ethanol and acetonitrile yielded 31 and 25 wt% biocrude yield
respectively. However, the medium polar solvents acetone and
ethyl acetate yielded 35 and 33 wt% biocrude. The high oxygen
content (29.5 wt%) in the acetone-extracted biocrude indicates
that acetone could extract the maximum oxygenated
compounds from the biocrude-hydrochar mixture. The results
show that the biocrude extraction ability of a solvent not only
depends on the polarity of a solvent but also depends on other
factors like dielectric constant, hydrogen bonding, size, and
shape of the solvent molecules.*® So, in all experiments there-
after acetone was used as an extraction solvent.

3.2.7 Effect of HTL aqueous phase recycling. Recovery and
reuse of the aqueous phase is a major challenge in a biorefinery
because of concerns related to wastewater treatment,

Table1l Effect of extraction solvent on biocrude recovery from spruce
wood HTL slurry®

Extraction Relative Biocrude yield Oxygen content
solvent polarity (Wt%) (Wt%)

Ethanol 0.65 31 21

Acetonitrile 0.46 25 24

Acetone 0.36 35 29

Ethyl 0.23 33 13

acetate

“ Average values are reported in the table. Reaction conditions: 70 g
feedstock, biomass to solvent ratio (W/V) = 1:10, 30 vol% ethanol co-
solvent, 5 wt% K,CO; catalyst T = 280 °C, initial reaction pressure =
100 psi, final pressure: 1500 psi.
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Fig. 7 Effect of aqueous phase recycling on spruce wood hydro-
thermal liquefaction. Reaction conditions: 70 g feedstock, biomass to
solvent ratio (W/V) =1: 10, recycled 30 vol% ethanol co-solvent, 5 wt%
KoCOs catalyst, T = 280 °C, initial reaction pressure = 100 psi, final
pressure: 1500 psi, extraction solvent for biocrude: acetone.

conservation of water as well as economic aspects.’” In this
study, the aqueous phase recycling has been carried out for four
consecutive runs under the optimized reaction conditions to
study the effect on biocrude yield and quality. Fig. 7 shows the
effect of aqueous phase recycling on the quantity and quality of
biocrude produced by the HTL of spruce. The initial HTL run
using the fresh solvent (30 vol% ethanol) yielded 34.7 wt%
biocrude with 29.5 wt% oxygen. Further three consecutive HTL
runs using the aqueous phase recovered from the first HTL run
yielded ~47 wt% biocrude with ~25 wt% oxygen. Hydrothermal
liquefaction water recycling increases biocrude yield and quality
significantly. The significant improvement in the biocrude yield
on aqueous phase recycling might be due to the following
factors: (i) recycling results in the enrichment of organic acids
in water which can catalyze the biocrude production in the
subsequent runs;***° (ii) the free radicals present in the aqueous
phase activate the depolymerization of woody biomass during
HTL and thereby increasing the biocrude yield;*** (iii) the
aqueous phase recycling produces an ash deposition effect that
increases the metal salts such as K and Ca in the ash, which play
the role of catalysts and promote biocrude formation.***® The
decreased oxygen content in the biocrude in the consecutive
runs compared to the initial runs might be due to the increased
deoxygenation reactions during each run. The mass balance of
this process can be indicated as out of 70 g feedstock charged
into the reactor 47 wt% is converted to biocrude, 3.5 wt% con-
verted to hydrochar and the remaining 49.5 wt% belongs to
dissolved organics in the aqueous phase as well as non-
condensable gases.

3.3 Optimization of process parameters for the improved
biocrude yield from low lignin woody biomass (poplar wood)

Further experiments were devoted to optimizing process
conditions for improved biocrude yield from low-lignin woody
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biomass poplar. Initial experiments were carried out at varying
reaction temperatures (260, 280, and 300 °C). Poplar liquefac-
tion at 260 °C for 30 minute retention time using 30 vol%
ethanol and 5 wt% K,CO; yielded 36.3 wt% of biocrude with
27.6 wt% of oxygen. A decrease in biocrude yield was observed
upon further increase in HTL temperature. An elevated bio-
crude yield of poplar wood at lower HTL temperature might be
due to its lower lignin, higher cellulose, and hemicellulose
content. Poplar liquefaction was conducted for 15 minutes by
keeping all other parameters constant and the obtained 21 wt%
of biocrude with 32 wt% of oxygen indicates that lowering
retention time does not favour the biocrude yield and quality.
The effect of co-solvent ethanol concentration in the aqueous
phase for poplar liquefaction at 260 °C was optimized by varying
the concentration of ethanol from 0 to 30 vol%. Liquefaction of
poplar in the presence of 10 vol% co-solvent ethanol at 260 °C
for 30 minutes yielded 38 wt% of biocrude with 31 wt% of
oxygen. Further increase in ethanol ratio resulted in a decrease
in the biocrude yield maybe due to the increased solubility of
intermediates in the aqueous phase. Compared to the HTL of
high lignin woody biomass spruce, a lower reaction tempera-
ture (260 °C) and lower ethanol concentration (10 vol%) for 30
min retention time are the optimum conditions for higher
biocrude production from low lignin woody biomass poplar.

3.4 Effects of co-liquefaction of high-lignin (spruce) and low-
lignin (poplar) woody biomass

The present study focused on the optimization of the relevant
process parameters to obtain the maximum biocrude produc-
tion via co-hydrothermal liquefaction of high lignin (spruce)
and low lignin (poplar) woody biomass by varying the weight
percentage of the species from 0 to 100 under optimized
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Fig. 8 Biocrude yield and oxygen content for co-hydrothermal
liguefaction of low lignin (poplar) and high lignin (spruce) woody
biomass. Reaction conditions: 70 g feedstock, biomass to solvent ratio
(W/V) = 1:10, 30 vol% ethanol co-solvent, T = 260 °C, 5 wt% K,COsz
catalyst, initial reaction pressure = 100 psi, final pressure: 1500 psi,
extraction solvent for biocrude: acetone.
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reaction conditions at 260 °C (Fig. 8). The co-liquefaction was
conducted at a lower reaction temperature (260 °C), the
temperature where poplar gave maximum biocrude yield with
an assumption that the free radical produced during the poplar
liquefaction can facilitate the liquefaction of spruce wood at
a lower temperature. Hydrothermal co-liquefaction of spruce
and poplar wood showed a potential synergistic effect on crude
yield and oxygen content. Co-liquefaction of 50:50 wt% of
spruce and poplar using 30 vol% ethanol shows the highest
biocrude yield (35 wt%) with 29 wt% of oxygen at a reduced
reaction temperature of 260 °C. This reduction in temperature
is a significant advancement, as it lowers the energy and oper-
ational costs of the HTL process. The hydrochar yield was found
to be 11.4 wt%. An increase in the yield of hydrochar was
observed as the ratio of spruce (high lignin woody biomass) in
the feedstock increased. The obtained values of biocrude yield
and oxygen content lie in between those of the individual
species at this temperature. Furthermore, the co-liquefaction of
50:50 wt% spruce and poplar was also conducted at 260 °C
using 10 vol% ethanol, and a lower biocrude yield of 32 wt%
with 32 wt% oxygen was obtained. Also, the co-liquefaction of
50 : 50 wt% spruce and poplar was conducted at 280 °C using 30
vol% ethanol, the temperature where spruce gave maximum
biocrude yield, and a biocrude yield of 38.3 wt% with 32 wt% of
oxygen was obtained. The study suggests that the co-liquefac-
tion shows a synergistic effect on the biocrude yield, however, it
did not lower the oxygen content significantly in the biocrude.

4 Characterization of the biocrudes,
hydrochars, and gases

Tables S7 and S87 represent the classification of chemical
compounds detected by GC-MS analysis of the biocrude ob-
tained by the HTL of spruce and poplar wood. The most
common compounds identified were alcohols, aldehydes, acids,
ketones, esters, and phenols. Among them, phenols are the
major class of compounds found in both the biocrudes.
Possible decomposition pathways of lignocellulosic biomass
macromolecules, including cellulose, hemicellulose, and
lignin, under HTL conditions are represented in Fig. S1 and S2.}
The long-chain fatty acid esters, alcohols and hydrocarbons
(such as 3-hexenoic acid, ethyl ester, hexadecanoic acid ethyl
ester, ethyl oleate, octadecanoic acid ethyl ester, 1,2 non-
adecanediol, and heptadecane as evident from GCMS analysis
(data obtained from GCMS analysis are reported in Tables S7
and S8t)) were formed by the complex hydrolysis and dehy-
dration reactions of the cellulose and hemicellulose (Fig. S11).**
The presence of ethyl esters of long-chain fatty acids in the
biocrude can indeed be attributed to esterification reactions
between carboxylic acids present in the biocrude and ethanol
present in the co-solvent mixture. Phenol derivatives could
originate from cleavage of ether bonds or C-C linkage in lignin
through hydrolysis followed by complex demethoxylation and
demethylation reactions (Fig. S21).°*** 2-Methoxy phenol, 4-
ethyl-2-methoxy phenol, 2-methoxy-4-(1-propenyl)-, (2)-, 4-butyl-
2-methoxyphenol are the major compounds identified in
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softwood (spruce) biocrude, which originated from guacyl(G)-
units, whereas homosyringaldehyde, syringyl acetone, 2’,5'-
dihydroxy-4’-methoxyacetophenone, 2-methoxy phenol, and
2,6-dimethoxy-4-[(E)-prop-1-enyl] phenol are the major
compounds identified in hardwood (poplar) biocrude and they
mostly originated from syringyl and guacyl (S/G)-units as they
are identified as the major chemical compounds in the hard-
wood. The results are in line with the chemical and structural
characterization of softwood and hardwood as reported in the
literature by Maria et al.™* The higher oxygen content in the
poplar biocrude might be due to the presence of a higher
syringyl derivative which has more oxygen functionalities
compared to the guacyl unit in the spruce wood biocrude.
Table 2 summarizes the higher heating value (HHV), moisture
content, and total acid number of biocrudes obtained from
spruce and poplar wood under optimum HTL conditions. The
spruce wood has an HHV of 16.8 MJ kg ' and the biocrudes
obtained from spruce wood under optimum reaction conditions
at 280 and 260 °C have HHVs of 27.3 and 26.4 MJ kg™ ' respec-
tively. The energy recovery rate in both cases is 57.4% and 43.8%
respectively. Poplar wood has an HHV of 18.1 MJ kg " and the
biocrude obtained from poplar wood has an HHV of 27.8 MJ kg ™.
The energy recovery in this case is 55.8%. The biocrudes obtained
by the co-liquefaction of spruce wood and poplar wood at a 50 : 50
weight ratio at 260 °C and 280 °C show HHVs of 27 and 26.2 M]
kg " respectively. These values are found to be close to the calo-
rific values of the biocrudes of the individual species. The calorific
values of the biocrudes are inversely proportional to their oxygen
content. The biocrude obtained by the fourth HTL aqueous phase
recycling experiment shows a higher calorific value (29.9 MJ kg ™)
owing to their lower oxygen content (24.2 wt%), and the energy
recovery, in this case, is 83.4%. The aqueous phase recycling
improved the biocrude yield and energy recovery. However, the
corresponding biocrude contains 1 wt% ash content due to the
increased mineral matter content. The ICP-OES analysis (data
obtained from ICP-OES analysis are reported in Table S9f) of
spruce wood, poplar wood, and their biocrude show the presence
of inorganic elements such as Li, Na, Mg, K, Ca, Fe, Al, Zn, Ti, Si,
and S. The huge content of K (87 ppm) observed in the ICP
analysis of spruce wood biocrude obtained from the aqueous
phase recycling experiment might be due to the increased
concentration of K,COj; catalyst in the recycled water which
agrees with the previously reported literature.” Therefore, HTL
aqueous phase recycling shows an increasing effect of the inor-
ganic element content and thereby leads to an increase in ash
content. Poplar wood biocrude exhibited an ash content of 0.75
wt% and the biocrude obtained by co-liquefaction of spruce and
poplar wood has an ash content of 0.79 wt%. The ICP analysis of
the poplar wood biocrude as well as the biocrude obtained from
the co-liquefaction experiment exhibited the presence of the
above-mentioned inorganic elements with higher quantities of
potassium (35.8 ppm and 76.6 ppm respectively). The large
numbers of potassium ions detected in all the biocrudes might be
due to the use of K,CO; as a catalyst during liquefaction, which
implies that their use provides a negative effect and increases the
ash content. The bound water in the biocrude was analyzed via
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Table 2 Properties of biocrude obtained by the HTL of spruce and poplar under optimum conditions®

Elemental
analysis (Wt%)
——— H/C O0/C HHV Moisture TAN
Sample Reaction conditions C H O ratio ratio (MJkg ') (wt%) (mg KOH per g)
Spruce wood 51.2 6.7 42.0 1.57 0.62 16.8 6.2 —
Poplar wood 46.2 64 474 166 0.77 18.1 6.5 —
Spruce wood biocrude 280 °C, 30 min, 30 vol% EtOH, 65.4 7.1 275 122 026 27.3 1.6 34
5 wt% K,COs
Poplar wood biocrude 260 °C, 30 min, 10 vol% EtOH, 66 6.4 27.6 1.16 030 27.8 1.4 37
5 wt% K,CO;
Spruce wood biocrude 260 °C, 30 min, 30 vol% EtOH, 62.7 6.5 30.7 1.24 0.37 264 1.9 27
5 wt% K,CO;
Co-liquefaction biocrude 260 °C, 30 min, 30 vol% EtOH, 63.7 7.2 291 133 0.34 27.0 1.8 31
(poplar : spruce = 50: 50 wt%) 5 wt% K,CO;
Co-liquefaction biocrude 280 °C, 30 min, 30 vol% EtOH, 60.6 7.2 32.2 1.8 0.5 26.2 2.1 35
(poplar : spruce = 50: 50 wt%) 5 wt% K,CO;
Aqueous phase recycling 280 °C, 30 min, 30 vol% EtOH, 69.3 6.5 24.2 1.13 0.26 299 1.5 21.5

(4™ cycle) 5 wt% K,COj;

@ Average values are reported in the table. The values of N and S are less than 0.1 wt%.

Karl Fischer titration and is included in Table 2. The moisture
content of the obtained biocrudes is in the range of 1.6-2.1 wt%.

The observed high total acid number (TAN) of the produced
biocrudes (27-37 mg KOH per g) under optimum conditions is
directly related to their high oxygen content. The presence of
highly oxygenated compounds in the biocrude such as alcohols,
aldehydes, acids, ketones, esters, and phenols (as evident from
GCMS analysis (data obtained from GCMS analysis are reported
in Tables S7 and S8f)) results in lower calorific value and
increased TAN, viscosity, and density of the biocrude.’ The
biocrude obtained in the present study was a highly viscous
dark-colored semi-solid. The HHV and TAN of the produced
biocrudes were nowhere near the crude oil which is ~40-44
M]J kg~ " and ~1.7 mg KOH per g respectively. High TAN values
in biocrude indicate acidic compounds that cause corrosion of
infrastructure, increase maintenance costs, and shorten life-
span. They also lead to chemical instability, forming gums or
sludges that clog pipelines and hinder handling. High TAN is
associated with high oxygen content, reducing energy density
and necessitating costly upgrading processes like hydrotreat-
ment, which require significant hydrogen and elevate produc-
tion costs and carbon footprint of the fuel.*

Table S107 summarizes the HHV and textural properties of
hydrochar obtained by the HTL of spruce wood and poplar
wood under optimum HTL conditions. The spruce and poplar
wood hydrochar show a heating value of 27.3 and 22.9 MJ kg™*
respectively. The values are higher than those of their corre-
sponding feedstocks suggesting that the hydrochar obtained
can be used as solid fuel pellets. The textural properties of the
hydrochar were studied after removing the residual oil by
calcination at 550 °C for 3 h in a nitrogen atmosphere. Spruce
wood and poplar wood hydrochar exhibited a surface area of
329.9 and 267.4 m”> g~ ' respectively with pore size in the mes-
opore range (3-3.5 nm). The observed high surface area of these
materials offers use as a support for the metal catalyst which

1726 | Sustainable Energy Fuels, 2025, 9, 1717-1728

can be used for the catalytic upgrading of the produced
biocrudes.®*

The non-condensable gases produced during the hydro-
thermal liquefaction of the spruce wood and poplar wood were
collected in a tedlar bag and analyzed by gas chromatography.
The results in Table S111 show that the yields of gaseous
products contained mainly CO,, CO, O,, H,, CH,, and trace
amounts of acetylene. CO, (~65-68 mol%) was the primary
component in gas yields in both cases followed by CO
(~18-22 mol%), H, (~8-11 mol%), O, (0.8-5 mol%), CH,
(0.2-0.3 mol%) and acetylene (0.02-0.06 mol%) respectively.
The presence of considerable amounts of combustible gases
(CO, H,, CH,, and acetylene) offers the opportunity to use the
gases for harnessing energy in a biorefinery concept.*

5 Conclusions

This study establishes the technological feasibility of producing
biocrude through hydrothermal liquefaction (HTL) of Canadian
softwood and hardwood species, specifically spruce and poplar.
These species were identified as the most promising feedstocks
based on their availability, biocrude yield, and quality. Process
optimization studies revealed that HTL using an ethanol-water
co-solvent system and K,CO; as a catalyst significantly
enhanced biocrude yield and reduced oxygen content, leading
to higher energy density.

Key findings include the production of 35.3 wt% biocrude
with a calorific value of 27.3 MJ kg™ " from spruce at 280 °C, and
36 wt% biocrude with a calorific value of 27.8 MJ kg™ ' from
poplar at 260 °C. Recycling the aqueous phase further boosted
biocrude yield and quality, with spruce yielding 47 wt% biocrude
and a calorific value of 29.9 MJ kg™ " under optimized conditions.
However, this approach also increased ash content and potas-
sium concentration in the biocrude, underscoring the need for
additional processing to address ash-related challenges.

This journal is © The Royal Society of Chemistry 2025
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The ethanol-water co-solvent system proved to be a suitable
and innovative approach, offering a synergistic effect that not
only enhances biocrude yield but also simplifies the process by
serving as an in situ hydrogen source. This method effectively
reduces the need for external hydrogen supply, making it
economically viable and operationally efficient.

The co-liquefaction of spruce and poplar (50:50 wt%)
demonstrated a synergistic effect, achieving 35 wt% biocrude
yield and a calorific value of 27 MJ kg™ " at a reduced reaction
temperature of 260 °C. This reduction in operating temperature is
particularly significant, as it sustains high biocrude yield and
quality while reducing energy requirements and operational costs,
contributing to the economic feasibility of biofuel production.

Future research will focus on the detailed characterization of
the aqueous phase to better understand its role in enhancing
biocrude yield and quality. Additionally, exploring strategies to
mitigate ash content and investigating the scalability of the HTL
process for woody biomass feedstocks will be crucial for further
development.

This study provides valuable insights into the valorization of
Canada's abundant forest residues, paving the way for their use
in sustainable bio refineries. By producing high-quality trans-
portation fuels from industrially available feedstocks, this work
supports the economic viability of biofuel production and
contributes to a sustainable energy future.
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