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Abstract

Previous studies on the hydrothermal liquefaction (HTL) of biomass have primarily focused on bio-oil production, over-
looking the significant hydrochar by-product. In this work, the HTL of beech wood, soda lignin, and black liquor was
performed at temperatures of 300 °C and 350 °C for 20 min. The effect of temperature and biomass type on hydrochar
yields and properties was thoroughly investigated. The mass yields of the hydrochars varied between 25.92 wt% and 32.70
wt%. An increase in temperature from 300 °C to 350 °C led to a decrease in hydrochar mass yields. The carbon yield was
found to be highest (51 wt%) at 300 °C using beech wood. The highest heating value, 30.97 MJ/kg, was obtained with
hydrochar derived from soda lignin at 300 °C. Solid-state carbon NMR demonstrated that the hydrochars derived from
black liquor contain condensed aromatic structures. Both the type of biomass and temperature significantly influenced the
characteristics of the resulting hydrochar. This research demonstrates that hydrochar holds promise as a solid biofuel due
to its advantageous energy content and carbon yield, highlighting its potential for sustainable energy applications.

1 Introduction

Fossil fuels are finite resources and significant contributors
to greenhouse gas emissions, driving global warming and
climate change. As fossil fuel reserves decline and environ-
mental concerns intensify, the demand for renewable energy
sources is rapidly increasing. Lignocellulosic biomass is an
important renewable resource due to its abundance, cost-
effectiveness, environmental benefits, versatility, and non-
competition with food production (Ragauskas et al. 2006;
Isikgor and Becer 2015; Soh and Eckelman 2016; Zhan et
al. 2022). This biomass can be utilized through several con-
version technologies to produce energy and biofuels. The
HTL process uses high temperatures, typically ranging from
250 °C to 400 °C, along with pressure and water, to convert
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biomass into a renewable form of crude bio-oil (Tekin et
al. 2014). This approach offers a way to handle different
types of biomasses, including those with high moisture lev-
els, without the need for pre-drying. By keeping water in its
liquid state during processing, it facilitates the creation of
ionic reaction conditions. The applied temperature is high
enough to initiate pyrolytic reactions in the biomass, while
the pressure maintains water in its liquid phase throughout
the process (Elliott et al. 2015). While the utilization of
sub/supercritical water environments offers broad applica-
bility and numerous advantages mentioned above, certain
challenges persist within this methodology that necessitate
process refinement. A key challenge arises from the require-
ment for high pressures during processing, which calls for
reactor and separator designs involving significant capital
costs, especially for large-scale operations (Zanon Costa et
al. 2020). The bio-oils produced through HTL of lignocel-
lulosic biomass exhibit a significantly higher energy density
compared to the original biomass (Toor et al. 2011). Most
research on HTL of lignocellulosic biomass to date has con-
centrated on the yield and composition of bio-oil (Nan et al.
2016; Madsen et al. 2017; Alper et al. 2019; Dahdouh et al.
2023).

The solid by-product, hydrochar, is generated in signifi-
cant quantities during the HTL of biomass, with yields typi-
cally ranging from 20 to 45 wt%, depending on the type of
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biomass and the operational parameters (Elliott et al. 2015;
De Caprariis et al. 2017; Aykag et al. 2018; Tai et al. 2021).
Despite this, most research on the HTL of lignocellulosic
biomass has concentrated on the yield and composition of
bio-oil, often overlooking hydrochars, which are a valu-
able byproduct with significant potential applications. Few
studies focused on hydrochar yields and properties from
the HTL of lignocellulosic biomasses (Hu et al. 2014; Jay-
athilake et al. 2021).

This manuscript aims to fill the existing gap by focusing
on the yields and detailed properties of hydrochars produced
from various biomasses, an area that has received limited
attention in the literature. In the present study, hydrochar
yields and characteristics from beech wood (BW) soda
lignin (SL) and black liquor (BL) produced from the HTL
process at 300 and 350 °C for 20 min were comparatively
investigated. Notably, previous studies focusing on the HTL
of lignin (Cao et al. 2020), beech wood (Haarlemmer et al.
2016), and black liquor (Harisankar and Vinu 2023) have
highlighted their potential for bio-oil production and their
distinct characteristics during the HTL process.

This study examines the influence of temperature and
the type of feedstock on the yields and characteristics of
hydrochars.

2 Methods
2.1 Biomass feedstock

Beech wood was supplied by Sappi Company (Stockstadt,
Germany). Soda lignin was obtained from LignoPure
GmbH (Hamburg, Germany). Black liquor was sourced
from a pulp mill in Figueira da Foz, Portugal, operated by
The Navigator Company. The selection of lignin, beech
wood, and black liquor for the HTL experiments was based
on their abundance and significant relevance to the wood
and wood-related industries. The properties of biomasses
used in this work are shown in Table 1. The density of BL
was 1.0725 kg/L.

2.2 HTL experiments

HTL experiments for beech wood and soda lignin were
conducted in a 2 L in-house constructed autoclave
(1.4571/316Ti). The reactor had a maximum temperature
of 500 °C and a maximum pressure of 50 MPa. In a typi-
cal run, 135 g of biomass (BW or SL) and 1.350 kg of de-
ionized water were placed into the reactor. The reactor was
heated to the specified temperatures of 300 °C and 350 °C
and maintained at these levels for 20 min. For the 2 L reac-
tor, the heating time to reach the desired temperature was
30-35 min for each run under continuous stirring. At the
end of the reaction, the reactor was rapidly cooled to room
temperature using a fan. Due to the limited quantity of black
liquor samples available, HTL experiments for BL were
conducted in stainless steel microreactors (1.4571/316Ti)
with a volume of 25 mL. The filling levels were based on the
water density at the specific temperatures and pressures. A
pressure range of 200 to 250 bar was set as the target. In this
study experiments were conducted at 300 °C and 350 °C,
which lead to a filling level of 15 mL. In the case of micro-
reactors, heating was conducted using a fluidized sand bath
(SBL 2, Techne, Stone, UK). The heating time to reach the
desired temperature was 10 min for each run. At the end of
the reaction, the reactor was quenched to with a water bath.
Once the HTL experiments were completed, vacuum filtra-
tion was employed to separate the liquid and solid residues.
The solid residue, known as hydrochars, was dried in an
oven at 105 °C for 24 h.

The hydrochar mass yield was determined using the fol-
lowing equation:

Yield of hydrochars (wt%)

_ mass of recovered solid products (g) « 100
N mass of starting material (g)

The HTL experiments were repeated three times, and the
reported results represent the mean of these replicates. The
standard deviations for hydrochar yields in experiments
conducted with micro-reactors were less than =1 wt%,
while for the 2 L reactor, they were less than +2 wt%. Car-
bon yields of the hydrochars were calculated using the fol-
lowing equation:

Table 1 Elemental compositions (wt.%), atomic ratios, and higher heating values (HHV) of raw materials used

Elemental Composition, wt%

Raw materials C H N S 0° Na K o/cd H/Cd HHV,
M kg !
Beech Wood (BW)? 44.14 6.25 0.14 - 49.47 - - 0.84 1.70 15.01
Soda Lignin (SL)* 59.87 6.00 0.63 0.70 32.80 - - 0.41 1.20 23.02
Dry Matter (BL) 34.00 3.40 <0.1 4.70 57.90 17.7 1.3 1.28 1.20 6.46
Extracted KL (BL)P 60.30 5.70 <0.1 2.60 31.40 0.4 <0.1 0.39 1.13 23.16

Adry basis, Yextracted Kraft Lignin (Organic), © by difference, Yatomic ratios
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Carbon Yields of hydrochars (wt%)

~ mass of carbon € solid products (g) « 100
" mass of carbon € starting materials (g)

As the aim of this study was to focus on hydrochars, the
yields of neither gas nor biocrude or water-soluble products
were determined.

2.3 Analytical methods

Single pulse 13 C MAS/CP-MAS NMR spectra of the
hydrochars were obtained under standard conditions (1010
mbar, 20 °C) using a Jeol Spectrometer from the INM-ECZR
series, fitted with a 9.4 T Oxford Cryomagnet (resonance:
13C@100.51621 MHz, 1 H @ 399.90513 MHz). The solid-
state spectra were acquired using a JEOL Automas solid-
state probe head. Further details regarding the 13 C NMR
can be referenced in our previous publication (Worner et al.
2024). The carbon (C), hydrogen (H), and sulfur (S) con-
tents of the hydrochars were determined using an elemental
analyzer (Vario EL Cube, Elementar Analysetechnik GmbH,
Hanau, Germany) based on the combustion principle. Oxy-
gen content was calculated by subtracting the sum of C, H,
N, and S from 100. The higher heating values (HHV) were
estimated using the Dulong equation, where C, H, O, N, and
S correspond to the mass percentages of carbon, hydrogen,
oxygen, nitrogen, and sulfur on a dry basis.
Dulong equation:

MJ

HHV ( —
V<kg

=(0.338 x C) + 1.428 x Hf9 =+ (0.095 x S)
8

A thermogravmetric (TG) analyzer (Mettler Toledo DSC
822 at a heating rate of 10 °C /min) was used to determine
ash content and volatile matter. N, (for determining volatile
matter) and air (for determining ash content) were used as
carrier gases at a flow rate of 50 mL/min. In a typical TG
analysis, ~ 10 mg of sample was placed into a ceramic cru-
cible and heated to 1000 °C from 25 °C. The volatile matter
(VM) and ash (A) contents of the hydrochars were deter-
mined according to ASTM E1131.

The fixed carbon (FC) was determined from the follow-
ing equation:

FC, wt% =100 - (VM, wt% +A, wt%).

The energy densification ratio (EDR) was determined
using the formula below:

EDR_ Higher heating values of hydrochars

Higher heating values of biomass

The energy yield (EY, %) of the hydrochars was estimated
using the equation provided below:

EY (%) =Hydrochar mass yields (%) x EDR

The fuel ratio (FR) was calculated using the following
equation.

FR = FC/VM

The surface topography of hydrochars was examined using
an FEI Quanta FEG 650 Scanning Electron Microscope
(SEM). The organic phase of the liquid product after HTL
was extracted with ethyl acetate (EtOAc). Different com-
pounds in the extracted organic phase were determined using
a gas chromatograph (GC 6890 N Agilent, Santa Clara, CA,
USA) equipped with a mass-selective (MS) detector (5973
MSD). Selected compounds in organic phase were quan-
tified using a gas chromatograph (GC 7820 A) equipped
with a flame ionization detector (FID). Pentadecane was
employed as an internal standard (ISTD) for the quantifica-
tion of compounds in the organic phases.

3 Results and discussion
3.1 Carbon and mass yields of hydrochars

Figure 1 illustrates the carbon yields of hydrochars obtained
from BW, SL, and BL at temperatures of 300 and 350 °C
for 20 min. Notably, hydrochars derived from BW exhibited
the highest carbon yield. Carbon yields for BW, SL, and BL
were 51 wt%, 41 wt%, and 35 wt% respectively, at 300 °C.
As the temperature increased from 300 °C to 350 °C, the
carbon yields decreased for BW and SL, while in the case
of BL, the carbon yield slightly increased with temperature
elevation. At 350 °C, the carbon yields for SL and BL were
~38 wt%, while BW had a carbon yield of ~45 wt%. The
mass yields of hydrochars at 300 °C were similar for BW,
SL, and BL, with slight variations (Table 2). At 350 °C, the
mass yields decreased for all feedstocks. It is considered that
a secondary decomposition of previously degraded species
occurred, resulting in their conversion into gaseous products
at 350 °C. Table S1 (provided in the Supplementary Mate-
rial) presents the mass yields of hydrochars obtained in this
study, along with the reported mass yields of hydrochars
from the HTL of various biomass sources in the literature.
The obtained hydrochar mass yields were found to be com-
parable to those reported in the literature (Zhong and Wei
2004; Cheng et al. 2010; De Caprariis et al. 2017; Tai et al.
2021; Harisankar and Vinu 2023; Rivas-Arrieta et al. 2024,
Vadlamudi et al. 2024).
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Fig. 1 Carbon yields of hydro- 60
chars produced from HTL of BW,
SL, and BL at 300 and 350 °C
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3.2 Properties of hydrochars

Table 2 shows the properties of hydrochars produced from
the HTL of BW, SL and BL at 300 and 320 °C for 20 min.
With increasing the temperature, the weight percentages of
VM decreased and weight percentages of FC increased for
all hydrochars. At 350 °C, the weight% values of FC were
found to be 53.95 wt% for BW, 51.03 wt% for SL, and 52.24
wt% for BL, demonstrating consistent values across all feed-
stock types. It can be concluded that 350 °C is the optimum
temperature to obtain hydrochars containing approximately
50 wt% of FC from any type of lignocellulose. The FR val-
ues of hydrochar produced at 300 °C varied between 0.78
and 0.97. As the temperature rose from 300 to 350 °C, the
FR values of all hydrochars increased. This improvement in
FR values can be attributed to the reduction in VM content
and the simultaneous increase in FC content of hydrochars.
The FR values of hydrochars obtained at 350 °C ranged
from 1.11 to 1.39, and these values were comparable to
those reported in the literature where the primary focus was
obtaining hydrochar from lignocellulosic biomass via the
hydrothermal carbonization (HTC) process. For example,
the FR value (FR=1.39) of hydrochar obtained from BL
at 350 °C for 20 min. Exceeded those derived from Kraft
lignin at 260 °C for 6 h (FR=1.24) (Musa et al. 2022) and
hydrochar from wheat straw at 240 °C for 1 h (FR=0.55)
(Ma et al. 2018), as reported in the literature.

The ash content of hydrochars from BL was higher than
those obtained with BW and SL, which is due to the high
inorganic content of BL. The ash contents of hydrochars
obtained from BL were 18.90 wt% at 300 °C and 10.15 wt%
at 350 °C. The decrease in ash content can be explained
by the rising soluble inorganic content with increasing
temperature.

@ Springer

Following HTL, hydrochars exhibited improved HHVs
compared to their original biomasses. In terms of HHV of
hydrochar, following the HTL, the order was SL>BW>BL.
The heating values of hydrochars from SL were slightly
higher than those corresponding to BW, which is an antici-
pated outcome. Additionally, an increase in the lignin ratio
within wood leads to higher heating values (Demirbag 2001;
Vassilev et al. 2012). The heating value of BL is lower pri-
marily due to the presence of inorganic salts as mentioned
above. The accumulation of these salts during the pulping
process leads to a reduction in the heating value of BL. It
can be inferred that the heating values of hydrochars vary
depending on the biomass sources from which they are
derived. The heating values were higher at 350 °C than at
300 °C for BW and BL. This phenomenon can be attrib-
uted to the increase in carbon content and decrease in oxy-
gen content within the hydrochar as the temperature was
elevated from 300 to 350 °C. However, in the case of SL,
the heating value obtained at 300 °C was almost the same
as that at 350 °C. The O/C and H/C ratios of hydrochars
were lower than those of their corresponding raw materi-
als. It can be concluded that both dehydration and decar-
boxylation reactions occurred in the hydrochars after HTL
processing. Figure 2 shows a Van Krevelen diagram for the
raw materials and hydrochars. Furthermore, opaque regions
are included in Fig. 2 to illustrate the diversity of hydro-
chars, pyrochars, and chars produced from the TCR® pro-
cess (Hornung et al. 2024). The O/C and H/C ratios of most
hydrochars, except for those derived from BL at 300 °C, fell
within the lignite and coal regions. These values place them
between the ratios typically observed for pyrochar from
pyrolysis and hydrochar produced through HTC (Hornung
et al. 2024). The decrease of the O/C ratio starting from the
dry matter of BL is significant. Hydrochars produced from
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Table 2 Mass yields and properties of hydrochars produced from HTL of Beech wood, lignin, and black liquor

Elemental analysis, wt%

Proximate analysis, wt%

VMP

HTL Conditions

EY,% FRI

HHVE MJ kg'! EDR"

Mass Yields
(Wt%)
31.11

H/Cf

o/ct

Oe

FC*¢

T, °C Time, min  SF?

Sample

0.97
1.21
0.95
1.11

0.78

56.98
51.22

43.01

1.83
1.98
1.32
1.35
0.73
1.15

27.49
29.66
30.28

0.85
0.78
0.95
0.92

0.

0.24
0.18

0.

22.78

0.27
0.31

5.09
4.97
5.92
5.83
4.20
5.05

71.86
76.42

74.41

1.31
1.63
0.05
3.13

48.64
53.95

48.67

50.05
44.42

7.19

20
20
20
20
20
20

300
350
300
350
300
350

BW
BW
SL
SL
BL

25.92
32.70
29.62
31.37
27.29

18.30
18.77
17.23

40.86

10.22
7.19

19

0.25
0.16
1.34
1.03

0.65
0.74
0.22
0.27

51.28
45.84
45.60

37.61

39.85

30.97

0.17

76.04
53.38
69.74

51.03
35.50
52.24

10.22
7.19

22.85

16.87
26.61

2SF: Severity factor, "V M: Volatile matter, °FC: Fixed carbon, Ash, ®by difference, ‘Atomic ratios, S(HHV: Higher heating value, "EDR: Energy densification ratio, 'EY: Energy yield, /FR: Fuel

ratio

94

0.57

18.90
10.15

1.39

31.36

026  0.87

23.91

10.22

BL

BL contained alkaline salts, such as hydroxides and carbon-
ates, with traces of these salts still present in the hydrochar
produced at both 300 and 350 °C. At 350 °C, the ash content
of the hydrochar produced from BL decreased (Table 2).
Therefore, the 350 °C data point for BL-derived hydrochar
in the Van Krevelen diagram is closer to the other produced
hydrochars in the lignite and coal region (Fig. 2). There is a
linear correlation between SF values and FR values. As SF
values increased, FR values also increased. When the tem-
perature was increased from 300 to 350 °C, EY values for
BW and SL decreased due to shifting from solid to gaseous
or liquid products.

3.3 Structural characteristic of hydrochars

The 13 C CP/MAS NMR spectra of the hydrochars pro-
duced from BW, SL and BL are depicted in Fig. 3. The
peak observed between 0 and 80 ppm indicates the presence
of sp3 hybridized carbons, suggesting the presence of ali-
phatic carbons (Baccile et al. 2009; Wu Qiong et al. 2017).
The peaks appearing between 110 and 160 ppm signify
carbon atoms bonded in sp® hybridized carbon structures
(C=C bonds) (Wu Qiong et al. 2017). The peak observed
in the range of 160-225 ppm typically corresponds to C=0
groups, with signals near 175 ppm indicating carboxylic acid
moieties, and those between 200 and 220 ppm associated
with ketones and aldehydes (Baccile et al. 2009; Wu Qiong
et al. 2017). The peaks observed between 110 and 160 ppm
appeared as broad shoulders in the hydrochars derived from
BL, which is a key indicator of aromatic structures.

Figure 4 demonstrates SEM micrographs of hydrochars
produced from BW, SL and BL at 300 and 350 °C. The most
interesting aspect is the observed structures in relation to
the preparation method. It appears that in BL hydrochars,
products either precipitate or adsorb due to the insufficient
stirring in the micro autoclaves. As a result, spherical struc-
tures adhering to each other were exclusively observed on
the surface of hydrochars derived from BL, in contrast to
the measurements from the 2 L batch reactor. Spherical
structures in hydrochars are known as precipitated droplets
from liquid products (Titirici and Antonietti 2010; Gong et
al. 2023). Porous structures were observed on the surface of
hydrochars for all samples at 300 °C and 350 °C; however,
they were more evident in samples obtained at 350 °C.

3.4 Thermal stability of hydrochars

Figure 5 illustrates the TG/DTG profiles of hydrochars
derived from BW, SL, and BL at temperatures of 300 °C
and 350 °C. Differential decomposition behaviors were
observed in hydrochars originating from BL, as compared
to those from BW and SL. Previous studies have reported

@ Springer



61 Page 6 of 10 European Journal of Wood and Wood Products (2025) 83:61
Fig.2 Van Krevelen Diagram of - T z T T T L T
raw materials and hydrochars 1.8 -® “. OO.d | Biomass
-4 Lignin
" Peat
1.6 - Cellulose ===
I . Lignite _
O Anthracite Cc;al
1.4 Lignites =T .
-] Anthracite

2
= 1.2 -
5 w Beech Wood (BW)
= 1.0 A Soda Lignin (SL)
& o & Dry Matter (BL)?
g @ Extracted KL (BL)®
< 06 m BW-300°C
O BW-350°C
0.4 A SL-300°C _
&0 SL-350°C
0.2 &« BL-300°C
@ BL-350°C
00 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Atomic O/C Ratio
Fig. 3 CP/MAS '3C NMR spectra
of hydrochars produced from BW300°C
HTL of BW, SL, and BL at 300 ) ”
and 350 °C \\,_/\—/\’/\—J\\—/\/L
BW 350 °C
)\ A\ A
SL300°C

SL350°C

BL 300 °C

BL350°C

that the thermal stability of hydrochars depends on both
the temperature at which they were obtained and the type
of feedstock used (Bach et al. 2015; Nakason et al. 2018;
Samadamaeng et al. 2023). However, it should be noted that
the temperature at which the hydrochar was obtained plays
a more significant role than the type of feedstock used in
its production. For hydrochars derived from BL at 300 °C,
the initial mass loss was registered between 25 °C and
150 °C, resulting in total weight losses of 10.6 wt% and
4.1 wt% observed during HTL runs conducted at 300 °C

@ Springer
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150 100
f1 (ppm)

and 350 °C, respectively. The decomposition process of
BL-derived hydrochars produced at 300 °C occurred in
five stages: Stage I (50-150 °C), Stage II (150-350 °C),
Stage III (350-500 °C), Stage IV (500-750 °C), and Stage
V (825-875 °C). Conversely, hydrochars from BL pro-
duced at 350 °C exhibited a four-stage decomposition pro-
cess: Stage I (25125 °C), Stage II (150-350 °C), Stage IV
(350-600 °C). Relative to BL-derived hydrochars, those
from BW and SL exhibited smaller mass losses at tem-
peratures between 25 °C and 150 °C, primarily attributed
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Fig.4 SEM images of hydrochars
produced from HTL of BW, SL,
and BL at different magnifica-
tions First row: A-B) BW 300 °C,
C-D) BW 350 °C Second row:
E-F) SL 300 °C, G-H) SL 350 °C
Third row: I-J) BL 300 °C, K-L)
BL 350 °C

Fig.5 A) TG B) DTG of hydro-
chars produced from HTL of BW,
SL, and BL at 300 and 350 °C.
[a) BW 300 °C b) BW 350 °C ¢)
SL 300 °C d) SL 350 °C e) BL
300 °C f) BL 350 °C]

00,

S
L

Derivative Weight, %/minute

o
)
L

T T T
200 400 600
Temperature, °C

to physically adsorbed water. The recorded mass losses in
this temperature range (25-150 °C) were as follows: 0.95
wt% for BW-derived hydrochars produced at 300 °C, 1.18
wt% for BW-derived hydrochars produced at 350 °C, 0.37
wt% for SL-derived hydrochars produced at 300 °C, and
1.49 wt% for SL-derived hydrochars produced at 350 °C.
The decomposition of hydrochars derived from BW at HTL
temperatures of 300 °C and 350 °C occurred in three stages
each. At 300 °C, these stages were characterized by: Stage
I (25-150 °C), Stage II (150-250 °C), and Stage III (250—
650 °C). Similarly, at 350 °C, the decomposition process
unfolded through Stage I (0—150 °C), Stage II (150—400 °C),
and Stage III (400-650 °C). The decomposition of hydro-
chars derived from SL at HTL temperatures of 300 °C and
350 °C occurred in two main stages: Stage I (150-300 °C)
and Stage II (300-600 °C). Regardless of the type of raw
material, hydrochars obtained at 350 °C exhibit higher ther-
mal stability compared to those obtained at 300 °C. Previ-
ous research shows that the thermal stability of hydrochars

T 1 03 T T T T 1
800 1000 200 400 600 800 1000
Temperature, °C

increases with higher production temperatures (Nakason et
al. 2018; He et al. 2022; Lin et al. 2024).

3.5 Content of aqueous phases

In this study, the organic phases extracted with ethyl ace-
tate from aqueous phases obtained from HTL of BW, SL,
and BL were analyzed using GC-MS/FID, and the results
are presented in Table 3. The major compounds detected in
BL-derived aqueous phases were phenol, catechol, 3- and
4-methyl catechol, and 4-ethylcatechol. BW and SL derived
aqueous phases contained a diverse array of oxygenated
compounds, including 2-methylcyclopentanone, phenol,
o-cresol, guaiacol, 4-methyl guaiacol, 4-ethylguaiacol,
syringol, 4-ethylphenol, catechol, and vanillin. Guaiacol
and its derivatives were not observed in the aqueous phases
from HTL of BL, likely due to their conversion into cat-
echol and its alkylated compounds. The formation of pheno-
lic compounds from HTL of lignin, beech wood, and black
liquor has also been reported by others (Wahyudiono et al.
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Table 3 Identified compounds in aqueous phase from beech wood, soda lignin and black liquor at 300 and 350 °C for 20 min
Name of compounds BW-300 °C BW-350 °C SL-300 °C SL-350 °C BL-300 °C BL-350°C

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

2-Methylcyclopentanone 5.8 19.4 10.0 24.1 - -
Phenol 30.9 44.6 243.7 530.7 33.7 24.7
o-Kresol 9.4 15.9 8.4 40.4 - -
Guaiacol 141.1 166.1 1011.4 567.5 - -
4-Ethylphenol 4.0 4.0 92.1 179.5 - -
Catechol 1339 288.4 4232 2741.5 1400.7 246.9
4-Methylguaiacol 19.1 43.7 162.9 133.2 - -
4-Ethylguaiacol 14.0 16.8 175.0 130.6 - -
Syringol 397.5 270.8 774.0 - - -
4-Ethylcatechol 7.5 33.2 60.6 638.0 - -
4-Methylcatechol 30.3 92.3 62.2 1025.2 - -
Vanillin 38.8 39.1 13.7 8.7 - -
3-Methoxycatechol 145.1 499.8 639.8 - - -
3-Methylcatechol 20.2 - - 767.3 99.5 222.8
4-Methylcatechol - - - - 1011.4 524.2
4-Ethylcatechol 255.6 209.9
3,4 Dihydroxyacetophenone 27.5 24.6 10.8 68.4 - -
Syringaldehyde 28.2 33.7 36.6 65.9 - -
Acetosyringone - 4.4 6.6 6.1 - -
2007; Kang et al. 2011; Tekin et al. 2013; Orebom et al. Supplementary Information The online version contains

2018; Demirkaya et al. 2024). Low molecular weight phe-
nolic compounds such as guaiacol and catechol are known
to contribute to the formation of hydrochar in the cases of
SL and BL (Kang et al. 2013). In the case of BW, in addition
to these phenolic compounds, furan derivatives deriving
from cellulose (which we were unable to quantify under our
analytical method conditions) and compounds derived from
furans such as 2-methyl-cyclopenten-1-one and its deriva-
tives (detected by GC-MS) are responsible for the formation
of hydrochars.

4 Conclusion

This study highlighted the influence of biomass type and
temperature on the yields and properties of hydrochars from
beech wood (BW), soda lignin (SL), and black liquor (BL)
via hydrothermal liquefaction (HTL) at 300 °C and 350 °C
for 20 min. BW derived hydrochars had the highest car-
bon yields, while SL derived hydrochars showed the high-
est mass yields. Increased temperature enhanced the fuel
ratio, improving energy potential. BL derived hydrochars
had the highest ash content, while SL hydrochars exhibited
the best heating values. Solid-state NMR and SEM analy-
ses revealed distinct structural characteristics, and thermal
analysis indicated that hydrochars produced at 350 °C had
better thermal stability. The study suggests that hydrochars
have high potential for applications in carbon sequestration
and solid biofuel production, with properties that can be tai-
lored by adjusting processing conditions.

@ Springer
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