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A B S T R A C T

Hydrothermal liquefaction (HTL) of waste biomasses has been widely studied, yet the influence of the reaction 
atmosphere on carboxylation chemistry is often overlooked. In this study, HTL of anise (Pimpinella anisum L.) 
waste was performed at 310, 350 and 390 ◦C solely with air (no added pressure), under N2 with and without 
increased initial pressure, solely with CO2, and with combined N2/CO2 and increased pressure. The aim was to 
assess how total pressure and gas/ atmosphere composition affect product distribution and high‑value compound 
formation. Dissolved CO2 was found to acidify the aqueous phase and participate in carboxylation reactions that 
convert hydrolysis intermediates into volatile fatty acids (VFAs), as measured via a GC-BID in the form of fat
ty‑acid methyl esters (FAMEs). Chemical oxygen demand (COD) in the aqueous phase increased from 10,000 to 
30000 mg/ L and was consistently higher under CO2. Hydrochar higher heating value peaked at approximately 
35 MJ/ kg at 350 ◦C and declined at 390 ◦C. CO2‑rich runs exhibited an order‑of‑magnitude increase in VFA 
production, with acetic‑acid concentrations up to 2 g/ L. FAMEs formation increased with temperature; at 390 ◦C 
the combined N2/ CO2 system produced methyl hexanoate concentrations of approx. 13 g/ L and methyl octa
noate 11.9 g/ L, more than threefold higher than in single‑gas or non‑pressurized runs. One‑way ANOVA 
revealed that pressure significantly influenced VFA and FAME yields at 310–350 ◦C but this effect diminished at 
390 ◦C. These results highlight the importance of optimizing both gas atmosphere and pressure in HTL processes 
and demonstrate that reactive CO2 atmospheres can drive carboxylation pathways leading to higher yields of 
valuable fatty acids.

1. Introduction

Population growth acts as a key driver leading to the intensification 
of agriculture and food production, forming a large volume of organic 
waste, most of which is deposited in landfills [1]. According to Aierzhati 
et al. [2] one-third of food produced worldwide for human consumption 
is either wasted or lost. This ratio is equivalent to 1.3 billion tons of food 
per year [3]. Of the total volume of food waste, 54% is from food lost in 
the stages of production, post-collection handling and storage, and 46% 
is from food from the stages of processing, distribution and consumption 
stages [4]. Solid municipal waste is estimated to increase significantly 
due to rapid and rapid urbanization, industrialization and population 
growth and is expected to reach 9.5 billion by 2050. In this food waste 
makes up 25–70% of municipal solid waste [5]. The amount of food 

waste resulting from all the above stages and ending up in landfills 
causes significant pollution through their nutrients and greenhouse gas 
emissions [1]. More specifically, gases such as methane (CH4) and car
bon dioxide (CO2) as well as leachate of these organic wastes pollute 
both soil and groundwater [2]. Methane released from rotting food 
waste in landfills is a gas 20 times more potent than carbon dioxide in 
rendering climate change over a 100-year time frame. Landfills are the 
third largest source of methane emissions in the United States [6]. In 
general, both food production and food waste indirectly contribute to a 
wide range of environmental impacts at all stages, i.e. from the stage of 
food production, storage, and transport to the stage of waste manage
ment [7]. It is important to promote and develop new waste to energy 
projects and facilities both for the management of the volume of organic 
waste and for the creation of value-added recovery systems [1]. This 
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organic waste is a carbon supply tank that can be used to generate en
ergy [8]. More specifically, raw materials with high moisture content 
such as food waste have an advantageous position in the technology of 
hydrothermal liquefaction [9].

Food waste is defined as food the production of which was intended 
for human consumption but was discarded or not consumed by humans 
themselves. Edible food that is deliberately discarded is also in this 
category [10]. The anise waste that was used in this study as raw ma
terial belongs to the category of food waste. More analytically, the plant 
Pimpinella anisum L., which is popularly known by the common name 
anise, belongs to the family Umbelliferae and is a native plant of the 
Middle East [11]. The seeds of anise are rich in fatty oils, proteins, 
carbohydrates, cellulose fiber and anethole [12]. Anethole and espe
cially its oils give the characteristic taste for which anise stands out [13]. 
In addition, anethole has an important role in the manufacture of 
alcoholic beverages using anise, as it is the main volatile compound 
[14], which determines the sweet taste that anise imparts to drinks [15]. 
In the Mediterranean it is common to aromatize alcoholic beverages 
with anise and in Greece this is the case with “ouzo” [11]. Ouzo is the 
most popular distilled alcoholic in Greece and is produced on the island 
of Lesvos [16]. In addition, anise imparts its special flavor to a wide 
range of alcoholic beverages worldwide such as Turkish raki, pastis in 
France, anesone in Spain, Sambuca in Italy, Zebib in Egypt, Arak in Syria 
and zivania in Cyprus [17]. It is worth noting that the oils of anise have 
extensive use in a variety of fields such as medicine, pharmacy due to its 
antimicrobial, antiparasitic, antioxidant properties while at the same 
time in cosmetics and food industries using the natural color of anise as 
well as aromatic-spice [17,18]. Therefore, the widespread use of anise 
for the production of a variety of products by spirits companies and 
industry, as well as the high moisture levels of waste anise during the 
production of ouzo and similar drinks after distillation, make it a raw 
material suitable for hydrothermal liquefaction [19].

The technology of hydrothermal treatment and by extension hy
drothermal liquefaction belongs to the category of thermochemical 
processes [20]. This process converts low-quality biomass into high- 
quality biofuels and high-value added bio-products [21]. Hydrother
mal liquefaction occurs under high pressure and temperature condi
tions, in the presence of the aqueous element, forming an environment 
with high reactivity [22]. This thermochemical process takes place in a 
temperature range of 280–370 ◦C and a pressure of 10–25 MPa. Under 
these conditions water acquires exotic properties by reducing its 
dielectric constant and is an important reactive medium and catalyst in 
the process starting directly the breakdown and conversion of biomass 
[23]. As raw material can be used organic waste that has high amount of 
moisture, organic waste with high organic content as well as high lignin 
content. Materials which cannot be further processed and are a source of 
carbon and by extension energy [24]. Compared to other waste to en
ergy technologies, hydrothermal liquefaction offers energy savings as no 
drying preparations are required to process biomass [25]. The main 
products of hydrothermal liquefaction are the following: 1. hydrochar is 
a solid product rich in carbon and with similar properties to charcoal 2. 
Bio-crude oil is the main liquid fuel product of hydrothermal liquefac
tion. It is a viscous dark brown oil containing a large number of hy
drocarbons, aromatic compounds and many oxygenated compounds 
[26]. The gaseous products of the process mainly include CO2, and 
smaller fractions of CO, H2 and CH4. These products are derived from 
reactions of decarboxylation and cracking of organic compounds that 
take place during hydrothermal liquefaction [27]. As reported by Var
don et al. [28] bio-crude consists of a range of chemical compounds 
determined by the type of biomass. In the components of bio-crude occur 
straight and branched aliphatic compounds, aromatic and phenolic de
rivatives, esters, carboxylic acids and nitrogenous ring structures [28]. 
Similarly with Shanmugan et al. [29] regarding a bio-crude oil study by 
algal biomass, is characterized as a complex mixture of oxygenated 
hydrocarbons and nitrogenous compounds. More specifically, aro
matics, short-chain carboxylic acids, ketones, phenolic compounds, 

sugars and furan derivatives. It is also stated that the concentration of 
the above components depends on the type of biomass [29]. In a more 
general description, due to high temperature conditions the dielectric 
constant of water [30] decreases and thus appears to behave as a non- 
polar organic solvent [31]. This change contributes to the breakdown 
of macromolecules thus starting the processes for the conversion of 
biomass [32].

At this point it is worth giving a more extensive reference and 
description of the reactions that take place to the formation of the bio- 
crude oil. The first stage of reactions begins with hydrolysis. Through 
hydrolysis, biomass macromolecules are degraded into smaller mole
cules, such as proteins hydrolyzed into amino acids, lipids into glycerol 
and long-chain fatty acids, carbohydrates into reducing sugars, and 
lignocelluloses into glucose and alcohol monomers [33]. The majority of 
produced molecules resulting from hydrolysis don’t show stability under 
hydrothermal treatment conditions, being chemically unstable [34]. 
This makes the molecules susceptible to reactions mainly decarboxyl
ation, dehydration, isomerization, etc [35]. More specifically, in the 
next stage, reactions of decarboxylation, deamination, decomposition 
and polymerization take place, and form carboxylic acids, alkanes, 
olefins, ketones and gas compounds with nitrogen respectively. Then, 
decomposition and dehydration reactions of some intermediates follow, 
to produce stable molecules, unchanged in each phase [33]. In subcrit
ical water, monosaccharides are highly reactive and decompose through 
condensations producing aldehydes, ketones, carboxylic acids and by 
dehydration forming furans and phenolic compounds [36]. On the other 
hand, aldehydes and ketones from the degradation of cellulose can form 
through condensation and dehydration aromatic compounds [23]. 
Amino acids, present in hydrothermal conditions, follow two reaction 
pathways, decarboxylation and deamination to produce organic acids 
(carboxylic acids), ammonia and carbon dioxide [37]. These two 
important reactions for the production of carboxylic acids, structural 
components of biocrude, take place simultaneously and there is 
competitive behavior under hydrothermal conditions [38]. This rela
tionship is determined by the pH of the reaction medium, the location of 
the amino group and the alkyl side chain, factors that affect the velocity 
constants of the two reactions [39]. Long-chain fatty acids exhibit sta
bility in compressed water and under hydrothermal conditions, partially 
degrade, further to long-chain hydrocarbons having excellent fuel 
properties. They degrade through decarboxylation reactions, favored by 
alkaline pH [23]. According to Watanabe et al. [40], stearic acid 
(C17H35COOH) decomposed into hydrocarbon in supercritical condi
tions and specifically at 400 ◦C, 25 MPa pressure and 30 min residence 
time [40]. This stability of fatty acids results in bio-crude oil under 
subcritical conditions, to have a high content of fatty acids [23]. Biller 
and Roth [41], point out similarly that the most basic part of bio-crude 
consists of fatty acids. In particular, the heaviest fatty acids derived from 
carboxylic groups [42]. In addition, Vo et al. [43] report after research 
that lipids and proteins are the main contributors to the formation of 
bio-crude oil. Carbon dioxide plays an important role in the production 
processes of bio-crude oil, which directly influences and acts as a cata
lyst in the production of the most basic components of bio-crude oil. As 
reported, by Rogalinski et al. [44], the addition of CO2 contributed to the 
greater efficiency of amino acids formation at the stage of hydrolysis. 
Although HTL is widely studied for biomass conversion, the specific role 
of CO2 in the process and its impact on product composition remain 
insufficiently explored. Limited research has examined how CO2 in
fluences reaction pathways, particularly in the formation and quality of 
VFAs and fatty acids (FAs), which are key biofuel precursors. Under
standing CO2’s effect on their yield and selectivity is crucial for opti
mizing HTL conditions and improving bio-oil quality, highlighting the 
need for further investigation in this area.

The present study aims to explore the management and valorization 
of anise waste through the process of HTL, with the ultimate goal of 
converting this waste into biofuels and value-added bioproducts. Spe
cifically, the study seeks to assess the operational performance of the 

D. Liakos et al.                                                                                                                                                                                                                                  Fuel 413 (2026) 138317 

2 



HTL process under varying pressure conditions by introducing different 
gaseous environments at the initial stage of the reaction. The gases 
utilized in the study include carbon dioxide, nitrogen, and a combina
tion of both, with a particular focus on their influence on the physico
chemical properties and yield of the resulting products. A key aspect of 
the investigation is to elucidate the role of CO2 in the HTL process and its 
impact on the production efficiency and compositional characteristics of 
the bio-derived products. Special emphasis is placed on the formation 
and distribution of VFAs and FAMEs, as these compounds are crucial 
indicators of biofuel potential and overall process efficiency. A 
comprehensive series of analytical techniques is employed to evaluate 
the quality and composition of the obtained bio-oil, providing insights 
into the mechanisms by which the presence of CO2 influences the re
action pathways and the physicochemical transformation of biomass. By 
systematically examining the effect of different pressure conditions on 
the HTL process, this study aims to contribute to the optimization of 
biofuel production from anise waste, advancing sustainable waste-to- 
energy strategies and enhancing the applicability of hydrothermal 
technologies for biomass conversion.

2. Material and Methods

2.1. Experimental Design and analytical Methods

The raw material for this study was anise waste. This waste was taken 
from a local distillery on the island of Lesvos. In particular, it was used as 
an additional ingredient of ouzo during its distillation in order to give 
flavor and aroma to the alcoholic beverage. This waste after distillation 
was collected and calculated the percentage of moisture and Total Solids 
(TS) after drying at 105 ◦C for 24 h and then with additional heating at 
550 ◦C for 2 h the Volatile Solids (VS) were measured. Anise waste was 
the raw material in hydrothermal liquefaction experiments carried out 
in a hydrothermal reactor.

The experiments of hydrothermal liquefaction of anise waste took 
place at a Parr 4577A hydrothermal reactor, with a capacity of 1 L. The 
experiments were carried out at three different temperatures of 310 ◦C, 
350 ◦C and 390 ◦C and the overall conditions are presented in Table 1. 
Each temperature included four individual experiments. These experi
ments for each temperature were: hydrothermal liquefaction without 
adding pressure at the beginning of the process, adding 10 bar pressure 
with nitrogen gas, adding 9 bar nitrogen gas pressure and 1 bar carbon 
dioxide gas pressure and finally an experiment with adding at the 
beginning of the hydrothermal process 1 bar carbon dioxide gas pres
sure. In other words, at each temperature, four different versions of 
pressure addition were performed. The process began with adding the 
amount of waste to the hydrothermal reactor. At 310 ◦C the amount of 
waste was 200 gr, at 350 ◦C, 100 gr of anise waste was placed in the 
reactor, while at 390 ◦C, 50 gr of the raw material was added. Then, the 
reactor was sealed and the oxygen from inside was cleared out with the 
addition of 10 bars of nitrogen gas, thus creating anoxic conditions. The 
process of removing oxygen was carried out in all the experiments. Then 

followed the addition of pressure with the gases and the versions 
mentioned above. At all temperature conditions the residence time of 
the anise waste was 2 h as shown in the table.

With the end of hydrothermal liquefaction started the cooling pro
cess of the reactor. During the cooling of the reactor, the collection of 
gaseous products was carried out and this is because with the drop in 
temperature there was a decrease in pressure which helped in the 
controlled exit of gases from the reactor. During the collection, the gas 
was passed through a distillation column in order to liquefy the heavy 
tar fractions and then passed through a solvent trap to be purified from 
more volatile tar fractions. Finally, the gas was stored in Tedlar bags 
with a capacity of 1 L. Upon completion of cooling, the reactor was 
opened, and the liquid and solid products were collected. Initially, they 
were separated by centrifugation and then further separated by Büchner 
funnel filtering. Then, the biocrude was separated from the aqueous 
phase by a separating funnel and the use of dichloromethane. Conse
quently, through a rotary evaporator, the biocrude was separated from 
the organic solvent and the products were weighed. The following are 
the equations used to calculate mass yield %, the acronym G.A.L con
cerns gases, aqueous phase and losses: 

Hydrocharyield(%) =
massofhydrochar(gr)
massoftotalanise(gr)

× 100 (1) 

Biocrudeyield(%) =
massofbiocrude(gr)
massoftotalanise(gr)

× 100 (2) 

massofG.A.L(gr) = massoftotalanise(gr) − (massofhydrochar(gr)

+ massofbiocrude(gr) (3) 

G.A.Lyield(%) =
massofG.A.L(gr)

massoftotalanise(gr)
× 100 (4) 

With the end of hydrothermal liquefaction, the collection of products, 
their separation and weighing followed a series of qualitative analyses 
mainly on the liquid and solid parts of the products. More specifically, in 
order the analyses that followed are as follows: pH, conductivity, COD, 
total phenols, High Heating Value (HHV), VFAs, FAMEs and gaseous 
products as described in Liakos et al. [45]. The values of pH and con
ductivity were measured via the Consort C932 device. Their calculation 
was aimed at understanding and studying the conditions and processes 
that took place for the production of biofuels and bioproducts. To 
measure them, calibration was done for more accurate results such as 
Sklavos et al. [46].

Before beginning the process of measuring of COD the samples were 
filtered with 0.45 µm filters. After that, the calculation of COD started 
with dilution of all samples. More specifically, for the samples of 310 ◦C 
the dilution with water was 1/200, while the samples of 350 ◦C and 
390 ◦C the dilution was 1/100. Then a mixture was prepared including 
2.8 ml Silver Sulfate (Ag2SO3), 1.2 ml potassium dichromate (K2Cr2O7) 
and 2 ml diluted sample according to the methodology of APHA, 1998. 
This mixture was made for all samples. Afterwards, measurement of 
COD concentration followed on a Hach DR3900 spectrophotometer 
[47]. Regarding the measurement of the concentration of total phenols, 
it started by filtering with a 0.45 µm filter and then diluting the samples 
with water. The S310NoP and S310N2P samples were diluted 1/200. 
The S390NoP sample was diluted 1/500 and the residual samples were 
diluted 1/250. Then followed the preparation of a mixture of 10 ml 
diluted sample, 0.5 ml Folin-Ciocalteu Reagent (FCR) and 1.5 ml Sodium 
Carbonate (Na2CO3) [48]. This procedure was carried out for all sam
ples. The determination of the concentration of total phenols was carried 
out on a Hach DR3900 spectrophotometer. The HHV measured for both 
hydrochar and bio-crude oil. As for hydrochar, the process for the 
measurement of HHV began by extracting from its pores some oily 
phases through Soxhlet extractor with the use of isopropanol. Then the 
Hydrochar dried at 105 ◦C for 24 h to remove the organic solvent and 

Table 1 
Hydrothermal liquefaction conditions.

Sample Description m (gr) T (◦C) P (bar)

S310NoP No Pressure 200 310 100,7
S310N2P 10 bar N2 Pressure 200 310 125
S310N2CO2P 1 bar CO2 & 9 bar N2 Pressure 200 310 124
S310CO2P 1 bar CO2 Pressure 200 310 104,4
S350NoP No Pressure 100 350 120,9
S350N2P 10 bar N2 Pressure 100 350 146,6
S350N2CO2P 1 bar CO2 & 9 bar N2 Pressure 100 350 147,8
S350CO2P 1 bar CO2 Pressure 100 350 128,9
S390NoP No Pressure 50 390 77,2
S390N2P 10 bar N2 Pressure 50 390 112,3
S390N2CO2P 1 bar CO2 & 9 bar N2 Pressure 50 390 112,2
S390CO2P 1 bar CO2 Pressure 50 390 92,8
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moisture. After that the dried hydrochar and specifically an amount of 
0.3 gr was ready for the calculation of HHV in a Parr 6400 Bomb 
Calorimeter [49].

Finding the concentration of VFAs began with a pre-treatment 
extraction from bio-crude oil. The process began by filtering the liquid 
(bio-crude oil) through Buchner funnel filter flask to avoid possibly 
solids. Then, they were placed in a tube, 3 ml of sample and 3 ml of 
organic solvent, namely hexane. After that, the mixture was put in an 
Ultra Sonic Bath in 40 ◦C for 15 min. This process helped extract VFAs 
and transfer them to the organic solvent. At the end of this process, the 
first 3 ml of supernatant of the tube were collected and placed in a 
distillation column. After distillation the liquid obtained was filtered 
with 0.45 μm filters and was ready for measurement in a gas chro
matograph. This procedure was done for all samples. The efficiency of 
the extraction method was evaluated using the CRM46975 Supelco 
Volatile Free Acid Mix as a standard. The recovery efficiency was 
determined to be 59.6 ± 0.2%. The filtering was followed by the mea
surement of the concentrations of VFAs in a Shimadzu Nexus 2030 GC- 
BID plasma gas chromatograph. For their measurement the column was 
used an Agilent J&W HP-FFAP. More specifically, the method used for 
the estimation of concentration of VFAs follows. The method parameters 
consisted of a 1 μL sample injection volume, an injection temperature of 
160 ◦C, an oven temperature program spanning from 80 ◦C to 230 ◦C, a 
flow rate of 59 mL/min, and a BID detector temperature set at 280 ◦C. 
The program for measuring VFAs had a duration of 21 min [49].

The next stage of the analysis focused on determining the concen
tration of FAMEs. This required a transesterification process, which was 
carried out in several steps. Initially, 200 µL of the sample was combined 
with 4 mL of a 0.5 M methanolic-KOH solution. The mixture was then 
heated to 80 ◦C for 15 min, with two stirring intervals. Following this, 
1.6 mL of an HCl (4:1) solution was added, and the mixture was further 
heated to 80 ◦C for 25 min. Once the heating was complete, the mixture 
was allowed to cool, and 8 mL of deionized water was introduced. 
Subsequently, 15 mL of hexane was added to extract the FAMEs, leading 
to phase separation. The upper layer, containing hexane and FAMEs, 
was collected, and the liquid was filtered using a 0.45 µm filter. Addi
tionally, 2 g of anhydrous sodium sulfate were placed at the end of the 
syringe to absorb any residual moisture. FAMEs were analyzed using the 
same plasma gas chromatograph (Shimadzu Nexus 2030 GC-BID) 
employed for VFAs, utilizing a MEGA 10 column. The method param
eters included a 1 μL sample injection volume, an injection temperature 
of 240 ◦C, an oven temperature program ranging from 40 ◦C to 230 ◦C, a 
flow rate of 66.5 mL/min, and a BID detector temperature of 240 ◦C. The 
program for measuring FAMEs had a duration of 59 min [45].

2.2. Mass balances and statistical analysis

To determine the mass balances during HTL, the masses or volumes 
of all inputs (feedstock, process water, purge gas) and of each product 
phase (bio-crude, hydrochar, aqueous phase, non-condensable gas) were 
recorded with calibrated analytical balances (±0.01 g) and burettes 
(±0.5 mL). A one-way analysis of variance (ANOVA) was then carried 
out—separately for each temperature block—to test the effect of the four 
initial-pressure regimes (NoP, N2, CO2, N2/ CO2) on the response vari
ables (phase yields, COD, HHV, VFA and FAME concentrations). All 
twelve operating conditions were sampled triplicates (technical repli
cation). Statistical significance was accepted at the 95% confidence level 
(p < 0.05), and results are reported throughout the paper as mean ±
standard deviation (n = 3). This approach captures run-to-run vari
ability, ensures the validity of parametric tests and provides a trans
parent basis for comparing the influence of pressure on all measured 
HTL outputs.

2.3. Limitations of the study and future work

This work provides the first evidence that CO2-pressurised HTL can 

enhance carboxylation pathways toward high-value fatty acids, yet 
several knowledge gaps remain that we intend to close in follow-up 
studies. The process scale-up and sustainability is one aspect since 
although report mass and energy yields are reported, a full techno- 
economic or life-cycle assessment was not carried out. In respect of 
the hydrochar products characterization, the higher HHV of the 
hydrochar was assessed, but a full detailed elemental, ash and surface 
analyses (XRD, SEM, BET) will be carried in a follow-up study. Likewise, 
we did not run gas-chromatography on the evolved gases, leaving the 
distribution of CO, H2, CH4 and light hydrocarbons unresolved. It is 
important to emphasize that the study focused on the effect of additional 
gases on the solid and liquid products of the process rather than on 
gaseous products and aqueous products. Specifically, exclusively 
focused on hydrochar and biocrude. The gaseous products were 
collected for a clearer picture of the mass yield of products. Anise waste 
served as a convenient single substrate, but comparative trials on other 
lignocellulosic biomass samples, algae and mixed food wastes are 
essential to confirm the generality of the CO2 effect. Finally, while sta
tistical links between pressure and product profiles are highlighted, ki
netic modelling and isotope tracing are still required to fully describe the 
CO2-driven carboxylation network. Future studies will therefore include 
detailed gas-phase GC analysis, in-depth hydrochar characterization, 
and the examination of a broader feedstock matrix. Finally, a compre
hensive technoeconomic assessment and a life-cycle assessment will be 
performed.

3. Results and discussion

Regarding the mass balances of the products from hydrothermal 
liquefaction in a more generic context, Fig. 1 shows that in all samples 
that the largest amount appeared in bio-crude oil with a percentage 
ranging from 51% to 83%. The solid product (hydrochar) appeared to 
have increased from 310 ◦C to 350 ◦C while at 390 ◦C it decreased. In 
310 ◦C and 350 ◦C the percentage of hydrochar was from 12% − 21% 
while in 390 ◦C the percentage fell and was from 4% to 6%. Gaseous 
products appeared in higher quantities at temperatures of 350 ◦C and 
390 ◦C. Their percentages in this temperature range fluctuated from 
18% − 43% and to 310 ◦C from 1% to 23%. More specifically, at 310 ◦C 
it was shown that bio-crude oil was reduced by the addition of gases and 
mainly by the presence of CO2. On the other hand, the addition of CO2 
showed an increase in the quantities of hydrochar and gaseous products. 
At 350 ◦C in the cases of S350N2CO2 and S350CO2 the presence of CO2 
showed an increase in the quantities of bio-crude oil and hydrochar but a 
decrease in gaseous products. Still at 390 ◦C the gaseous products 
decreased, more in the case of adding 10 bar N2 than in the cases of 9 bar 
N2 & 1 bar CO2 and 1 bar CO2. Regarding the quantities of hydrochar 
and bio-crude oil there was an increase compared to the S390NoP 
sample. In other words, CO2 seems to have an effect on products at all 
temperatures. At 310 ◦C it increases hydrochar and gaseous products, at 
350 ◦C it contributes to the increase of hydrochar and bio-crude oil, 
while at 390 ◦C it has a similar effect to 350 ◦C. In a more general 
context, hydrothermal liquefaction of biomass shows a yield of bio- 
crude oil at 10–60 wt% and in some cases reaches 80 wt%. Specif
ically, from woody biomass yields range from 20 to 30%, from algae the 
yield is about 45%, while from waste such as sewage sludge the yield of 
bio-crude oil ranges from 35 to 45% [50].

Fig. 2 highlights that the pH in the liquid product of hydrothermal 
liquefaction in all cases is in the alkaline range. At 310 ◦C it ranged from 
7.3 to 7.8 and the largest value was in the S310CO2P sample. At 350 ◦C 
the pH values were from 7.5 to 7.8 and the largest appeared in the 
sample S350N2P. On the other hand, at the temperature of 390 ◦C the pH 
was in the range of 7.7 to 8 while the highest value was in the sample 
s390NoP. It was generally observed that with an increasing temperature 
the pH value increased but without a rapid change. Correspondingly an 
increase in pH was observed in hydrothermal liquefaction experiments 
of Nannocloropsis sp. in temperature range of 250 ◦C to 350 ◦C and the 
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pH values from 6.88 increased to 7.62 according to Hu et al. [51]. Still 
according to Yang et al. [52], hydrothermal liquefaction at 350 degrees 
of microalgae Tetraselcuis sp. it showed an alkaline pH of 8.88. These 
small increases are likely to have resulted from conversion of organic 
acids into alcohols through reduction at higher temperatures [40]. On 
the other hand, alkaline pH conditions contribute to the production of 
carboxylic acids in biocrude oil and specifically C2-C5 compounds [53].

The conductivity (mS/cm) of the samples was influenced by tem
perature and pressure. At 310 ◦C, conductivity was around 25 mS/cm for 
S310NoP and S310N2CO2P but increased to 27.6 and 27.5 mS/cm when 
N2 and CO2 were introduced separately. At 350 ◦C, conductivity 
increased across all pressurized conditions, with S350N2CO2P showing 
the highest value, 33.9 mS/cm, followed by S350N2P, 32.4 mS/cm and 
S350NoP at 31.2 mS/cm. The lowest value at 27.7 mS/cm was observed 
in S350CO2P, which remained like 310 ◦C counterpart. At 390 ◦C, 
S390NoP and S390N2P exhibited conductivity around 32 mS/cm, while 
S390N2CO2P and S390CO2P showed lower values (~28 mS/cm). 
Overall, conductivity peaked at 350 ◦C under N2 and CO2 pressure 
(S350N2CO2P at 33.9 mS/cm), with notable increases at 350 ◦C and 

390 ◦C when N2 and NoP were introduced.
Fig. 3 illustrates the concentration of COD. At 310 ◦C, COD values 

were relatively high, with S310NoP at 47,512 mg/L, S310N2CO2P at 
57,832 mg/L, and S310CO2 at 62,992 mg/L, except for the S310N2P 
sample, which had the lowest value in its group. At 350 ◦C, a linear 
increase was observed, ranging from the lowest value in S350NoP at 
21,486 mg/L to the highest in S350CO2P at 45,538 mg/L. In contrast, at 
390 ◦C, COD values showed less variation, with the lowest recorded in 
S390N2CO2P at 28,340 mg/L and the highest in S390N2P at 36,036 mg/ 
L. It was observed that under no-pressure conditions (NoP), COD con
centration initially peaked at 310 ◦C, dropped significantly at 350 ◦C, 
and then increased slightly at 390 ◦C. The addition of N2 had a positive 
effect, leading to higher COD values at 390 ◦C, while the values 
remained nearly unchanged at the other two temperatures. In experi
ments with N2 and CO2, COD was notably high at 310 ◦C, followed by a 
decline at the next two temperatures. Compared to other biomass spe
cies, in sorghum bagasse hydrothermal liquefaction experiments con
ducted in a temperature range of 300 ◦C to 350 ◦C COD concentrations 
ranged from 20,000–26,000 mg/L [54]. Also, according to Qian et al 

Fig. 1. Mass yield of hydrothermal liquefaction products.

Fig. 2. Ph and conductivity analysis in aqueous phase.
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[55], after experiments of hydrothermal liquefaction of Chlorella the 
concentration of COD was 38,520 mg/L. On the other hand, compared to 
non-lignocellulosic biomass, from sewage sludge hydrothermal lique
faction experiments at 325 ◦C the COD emerged to be 28,300 mg/L [56]. 
Finally, the addition of CO2 resulted in relatively high COD values across 
all conditions, though there was a significant difference between the 
temperatures, with S310CO2 at 62,992 mg/L, S350CO2P at 45,538 mg/ 
L, and S390CO2P at 34,254 mg/L, revealing enrichment of the liquid 
product with organic products.

In Fig. 4, the concentrations of total phenols in the samples are 
measured using a spectrophotometer. The highest phenol content was 
observed in sample S390NoP at 3,095 mg/L, followed by S350N2P at 
2,348 mg/L, with a significant difference between them. The third- 
highest value was found in S310N2CO2P at 2,052 mg/L, while the 
lowest phenol concentration was recorded in S350N2CO2P at 950.5 mg/ 
L. At 310 ◦C, the highest phenol production appeared to be promoted by 
the addition of both gases (N2 and CO2). At 350 ◦C, only nitrogen 
addition led to increased phenol levels, while at 390 ◦C, the highest 
concentration was found in the sample without any added gas 

(S390NoP). Regarding the impact of the added gases at each tempera
ture, at 310 ◦C, there was an increase of approximately 200–500 mg/L 
with the addition of N2 and N2 & CO2, while CO2 addition resulted in a 
decrease of about 300 mg/L compared to the initial NoP value. Simi
larly, at 350 ◦C, nitrogen introduction led to an increase of approxi
mately 500 mg/L, followed by a significant drop of 100–300 mg/L in the 
other two pressurized conditions. Finally, at 390 ◦C, the highest phenol 
concentration was observed under NoP conditions, while the other three 
samples showed no significant variation in their phenol levels. Gener
ally, the addition of CO2 seemed to act negatively on the production of 
phenols and prevent their formation for all samples. This reduction of 
phenols in the presence of CO2 may be explained by the possibility of the 
gas helping to enhance bio-crude oil and hydrochar as according to Liu 
et al. [57], at higher temperatures through recombination reactions of 
phenolic compounds form light polyaromatic hydrocarbons in bio-crude 
oil and heavier ones forming hydrochar. This fact becomes intense at 
390 ◦C where the presence of CO2 increases the yield of bio-crude oil and 
hydrochar, in conditions that mainly favor the production of gas 
products.

Fig. 3. COD measurements for all samples in aqueous phase.

Fig. 4. Total phenols concentration of all samples.
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It is observed at Fig. 5 that the HHV did not show significant varia
tions across the samples at 310 ◦C and 350 ◦C, with a slight increase at 
350 ◦C. For each temperature, the values remained nearly the same, with 
only minor decimal fluctuations. At 310 ◦C, HHV ranged around 33 MJ/ 
kg (33.3–33.5 MJ/kg), while at 350 ◦C, it increased to 35 MJ/kg 
(35.1–35.9 MJ/kg). At 390 ◦C, a decrease in HHV was observed, with the 
lowest value recorded in sample S390NoP at 23.72 MJ/kg, followed by 
S390N2CO2P at 26.04 MJ/kg. The other two samples showed values 
ranging between 27.4 and 27.5 MJ/kg. This reduction of the HHV at 
390 ◦C can be attributed to the carboxylation reactions that take place 
most intensively at temperatures 300–350 ◦C and produce carboxylic 
volatile fatty acids and carboxylic fatty acids with high energy content, 
like stearic acid, palmitic acid and arachidic acid [49]. In general, it was 
observed in all cases that the presence of CO2 affected the high heating 
value of hydrochar, giving an increase in the HHV of hydrochar. 
Compared to other raw materials according to Zhang et al. [58], 
hydrochar from corn cob from hydrothermal liquefaction at 310 ◦C, 
residence time 1.5 h had HHV of 26.6 MJ/Kg and respectively at 370 ◦C 
had HHV of 27.6 MJ/Kg. Also, from hydrothermal liquefaction of canola 
straw at 300 ◦C and a residence time of 4 h, hydrochar with a HHV of 
29.6 MJ/Kg was obtained [59]. Furthermore, hydrochar produced by 
hydrothermal liquefaction of vineyard waste at 300 ◦C with a residence 
time of 1 h had a HHV of 25.4 MJ/Kg and respectively at 350 ◦C, 
hydrochar with a HHV of 28.4 MJ/Kg emerged [58].

As presented in Fig. 6, the VFAs recorded from the analyses con
ducted on the samples are illustrated. The only acid that appeared in all 
the samples, and had the highest concentrations found in the diagram, 
was Acetic Acid in the samples S310CO2P, S310N2CO2P, and S350NoP, 
in descending order. In the other samples, the concentration of Acetic 
Acid ranged from approximately 16.5 mg/L to 38.3 mg/L. In all samples, 
except for S310N2P, Formic Acid, also known as Methanoic Acid, was 
detected in much lower quantities, though it remained at nearly the 
same levels across all the samples, ranging from 27.5 to 31.1 mg/L. 
Isovaleric Acid showed zero concentration in the samples S310NoP, 
S310N2P, S350N2P, and S390NoP, while Valeric Acid was found in very 
small concentrations, specifically 1.43 mg/L and 1.83 mg/L, only in the 
samples S390N2P and S390N2CO2P, and was absent in all other samples. 
The sample S310N2P had the lowest VFA production when compared to 
the other samples. In hydrothermal liquefaction experiments of corn
stalk at 375 ◦C Acetic Acid formed the most prevalent compound and 
ranged from 24% to 36% [60]. In addition, according to Panisco et al. 
[61] in hydrothermal liquefaction experiments at 350 ◦C from corn 
stover Acetic Acid was 20% of the total carbon, Formic Acid made up 1% 

and Propionic acid 2% of the total carbon. The general trend indicated 
by the Diagram led to the conclusion that the addition of N2 did not 
improve VFAs production, while the addition of CO2 and the combina
tion of both gases were beneficial for VFAs production. Additionally, the 
390 ◦C temperature showed an increase in VFAs compared to the pre
vious two temperatures, except for the samples with the highest 
concentrations.

In Fig. 7, the Fatty Acid Methyl Esters are presented. FAMEs are 
inextricably linked to the quality of bio-crude oil and their physico
chemical characteristics have a large impact on the combustion and 
performance of bio-crude [62]. The general trend observed in the 
Figure was an upward increase in FAMEs as the temperature of the ex
periments increased, except for the sample S310NoP, which had higher 
concentrations than the other samples at the same temperature. The 
overall concentration detected was equal to that of the sample 
S350N2CO2P. The latter also had the highest concentration of Methyl 
Esters in the temperature group it was in. The highest production was 
detected at 390 ◦C, specifically in the samples S390N2CO2P, S390CO2P, 
and S390N2P, in descending order. Regarding the comparison between 
samples at each temperature, at 310 ◦C, the sample S310NoP had the 
highest FAME production, with Methyl stearate having the largest 
concentration in the sample, 5,159.8131 mg/L. A relatively high con
centration of FAMEs was observed in the sample S310N2CO2P, with the 
methyl ester Methyl hexanoate showing the largest concentration in the 
sample, 1,527.505 mg/L. At 350 ◦C, the sample S350NoP had the lowest 
FAME production, while the other three showed no significant de
viations from each other. Finally, at 390 ◦C, it appeared that the con
ditions without pressure did not favor the production of Methyl Esters, 
as the lowest concentrations in the group were recorded. The addition of 
the gases individually favored production but not as drastically as when 
both gases were applied simultaneously, as seen in the case of the sample 
S390N2CO2P. This specific sample contained the highest possible num
ber of produced FAMEs, specifically Methyl hexanoate, 13,132.153 mg/ 
L, Methyl octanoate, 11,925.32 mg/L, Methyl linoleate, cis-9,12, 
6,088.186 mg/L, and Methyl butyrate, 3,470.3864 mg/L. The other two 
samples at this temperature had high concentrations relative to the other 
samples, with S390N2P having the second highest concentration of the 
Methyl hexanoate ester, 8,578.945 mg/L. In hydrothermal liquefaction 
experiments food waste produced 15–37 wt% of bio-crude oil content 
with the most widespread being FAMEs C16-C18 and specifically pal
mitic acid, palmitoleic acid, stearic acid [63]. Also, according to Brown 
et al. [64] in hydrothermal liquefaction experiments of Nannocloropsis 
sp. at 350 ◦C the main FAMEs that appeared in bio-crude oil were from 

Fig. 5. High Heating Value of hydrochar.
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C14-C20 and specifically eicosapentaenoic acid, palmitoleic acid, pal
mitic acid, myristic acid, arachidonic acid, oleic acid and linoleic acid. 
Overall, it was noted that as the reaction temperature increased, the 
addition of CO2 enhanced FAMEs production. A similar trend was 
observed in the samples where both gases (N2 and CO2) were 
introduced.

A one-way ANOVA statistical analysis was conducted to examine the 
effect of different pressure levels on the production of VFAs. The results 
in Table 2 showed that pressure variations significantly influence VFA 
production. Specifically, for every tested temperature, the p-value was 
found to be less than 0.05, indicating that the differences in pressure 
conditions are statistically significant. This suggests that pressure is a 
key factor affecting the production process of VFAs, meaning that 

changes in pressure can lead to notable variations in VFA yield. These 
findings highlight the importance of optimizing pressure conditions to 
enhance VFA production efficiency.

The results indicate that different pressure conditions influence the 
formation of FAMEs. One-way ANOVA analysis in Table 3 showed that 
pressure had a statistically significant effect at 310 ◦C and 350 ◦C. 
However, at 390 ◦C, the p-value did not indicate a significant difference, 
suggesting that pressure may have a less pronounced impact at higher 
temperatures. This could be attributed to the fact that FAMEs may form 
through multiple thermochemical pathways, potentially reducing the 
direct influence of pressure on their overall yield. In contrast, the effect 
of pressure may be more distinct in the case of VFAs, as their formation is 
likely governed by more specific reaction mechanisms that are more 

Fig. 6. Concentration of Volatile Fatty Acids.

Fig. 7. Concentration of FAMEs in biocrude oil.

D. Liakos et al.                                                                                                                                                                                                                                  Fuel 413 (2026) 138317 

8 



sensitive to pressure variations. Future studies should further investigate 
these effects, particularly by analyzing the dominant reaction pathways 
at different temperature and pressure conditions to better understand 
their role in biofuel production.

4. Conclusion

This work shows that the atmospheric mix in the reactor during 
hydrothermal liquefaction has a decisive effect on product quality and 
yield. Elevated temperatures (350–390 ◦C) favored the formation of 
both VFAs and FAMEs, but product selectivity depended strongly on the 
pressure and gas atmosphere. The addition of N2 alone did not improve 
VFA production, whereas CO2 and N2/CO2 atmospheres dramatically 
enhanced carboxylation reactions and resulted in higher concentrations 
of acetic acid, methyl hexanoate and other FAMEs. At 390 ◦C the com
bination of N2 and CO2 produced up to 13 g/ L methyl hexanoate and 
11.9 g/ L methyl octanoate. On the one hand, CO2 also improved 
hydrochar quality and the higher heating value reached 35 MJ/ kg at 
350 ◦C but declined at 390 ◦C in the absence of gas. On the other hand, 
CO2 pressurization mitigated this decrease. The presence of CO2 sup
pressed phenol formation, suggesting that the gas promoted recombi
nation of phenolic intermediates into heavier hydrocarbons and 
enhanced carbon retention in hydrochar. One‑way ANOVA confirmed 
that pressure significantly affected VFA and FAME yields at 310–350 ◦C 
but not at 390 ◦C, implying that multiple thermochemical pathways 
operate at higher temperatures. Overall, reactive CO2 atmospheres shift 
the HTL chemistry towards carboxylated products and high‑value fat
ty‑acid esters. Optimizing the feed gas composition and total pressure is 
therefore a promising lever for producing tailored biocrudes and 
hydrochars from wet biomass residues.
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