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Abstract: The production of fuel hydrocarbons from CO2-neutral raw materials is a promising task at
present. The thermal dissolution of biochar obtained by the method of hydrothermal carbonization
of sawdust was studied. The dissolution of biochar in tetralin (hydrogen donor solvent) was studied
at different temperatures (350–450 ◦C) and with two types of dilution of the mixture with tetralin:
1/3 and 1/4. The process proceeded without a catalyst. It was found that the samples subjected to
thermal dissolution at temperatures of 425–450 ◦C had the highest conversion and yield of liquid
products. The reaction temperature also had a significant effect on the composition of liquid products.
It was found that an increase in the reaction temperature led to a significant increase in benzenes,
both in the direct and in the hexane fraction. A benzene yield of more than 50% was observed for
both fractions at a temperature of 450 ◦C. It was also suggested that the possible positive effect
of abietates on the homogenization of the reaction mixture contributed to high conversion in the
process. The biochar/tetralin ratio effects the yield and composition of the liquid products as well.
An increase in the tetralin concentration in the mixture during thermal dissolution led to an increase
in the conversion and yield of hydrocarbon fractions for fuel purposes. This is undoubtedly due to
the large amount of elemental hydrogen involved in the hydrogenation of the reaction mixture.

Keywords: biochar; biomass; dissolution; hydrothermal carbonization; tetralin

1. Introduction

Biomass is currently considered as a renewable raw material for the production of
heat and electric energy [1]. It, like fossil coal, is a solid energy fuel. However, as you know,
the fields of application of natural coals are not limited to energetics. Before the oil era of
the middle of the last century, coal was practically the only source of organic substances,
including liquid and gas fuels [2].

Now, around the world, there is a noticeable decline in interest in coal chemistry as a
science that ensures the development and practical application of processes for converting
coal into valuable chemical products, in particular, into motor fuels. The main direction
of the development of technologies for the production of synthetic motor fuels is the use
of renewable biomass resources, of various origins, as a raw material base. At the same
time, much attention is paid to the development of biotechnologies. According to existing
estimates [3], the world biotechnology market will reach USD 2 trillion in 2025. A delay
in the development and implementation of biotechnology can lead to the degradation
of a number of industrial sectors (including coal chemistry), since their spread to world
markets will not be possible without the use of biotechnologies.

One of the solutions to this problem is the gradual, and later complete, replacement
of fossil coal with biochar in coal chemical processes. The interest in the production of
biochar is due to the fact that biochar, in comparison with the initial biomass, has a number
of positive characteristics, such as a higher calorific value, and the possibility of long term
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storage and transportation over long distances. Just like biomass, biochar is a CO2 neutral
energy fuel [4].

All this makes it a promising energy source for distributed generation. The production
of biochar as a power-generating fuel is an independent chemical process, in which biochar
is a commercial product and can successfully compete with its natural analogue, occupying
its own economic niche.

However, in order to replace traditional petroleum products with analogues obtained
from biomass, it is necessary to overcome a number of obstacles. Most of the processes
developed in the petrochemical and chemical industries are not suitable for converting
biomass to biofuel. Biomass consists of 30–35 wt.% of cellulose, 15–35 wt.% of hemicellulose
and 20–35 wt.% of lignin [5–7]. This is due to the fact that biomass is a raw material
with a high oxygen content [8]: the average formula of dry wood can be represented
as CH1.4O0.7 [5], that is, there is almost one oxygen atom for each carbon atom. This
indicates the need to use hydrogen in the conversion of lignocellulosic biomass into
liquid hydrocarbon products (biofuel). For the oxygenation of biomass, the well known
slow pyrolysis (“dry distillation” of wood) [9], as well as its low temperature options
(torrefaction [10] and hydrothermal carbonization [11]), can be used. All pyrolysis options
are cheap and simple, which makes them especially attractive. The thermal treatment of
biomass, in particular its mildest option, hydrothermal carbonization, allows obtaining
biochar and bringing the properties of raw materials closer to those of fossil analogues.
Thus, the use of biochar can be significantly expanded in the direction of processes that are
traditionally used for the processing of fossil coal: for the production of liquid hydrocarbon
products, artificial combustible gases and valuable chemical compounds. In this case,
biomass will act as a raw material, and the process of obtaining biochar will be a stage of raw
material upgrading. An unconditional advantage of biochar processing technologies, over
similar processes used for fossil coal, is the ability to purposefully change the properties of
biochar in accordance with the requirements of subsequent processing operations.

The most abundant renewable material in the world is lignocellulosic biomass [12].
Wood accounts for about 80% of the entire phytomass of our planet [13]. Every year, in
the process of logging operations in the world, 715 Mt/year of wood waste is generated,
which has a significant energy potential [14]. This waste appears mainly from primary
processing and includes branch and bark trimmings, slabs/blocks/extra trimming (about
34%) and sawdust (about 12%). It is believed that there is a cubic meter of waste for every
cubic meter of timber felled in the forest [15]. After the drying and processing of wood,
additional waste appears—shavings (about 6%) and sawdust/trimming (about 2%) [16].
As a raw material with energy potential, wood waste has a number of advantages. They
are usually characterized by a low content of mineral components and heteroatoms, which
has a beneficial effect not only when they are directly burned, but also when it is possible
to obtain products with a higher added value, for example, alcohol.

This allows us to consider wood and wood waste as a very promising raw material
for chemical conversion into liquid biofuel.

Hydrothermal carbonization (HTC) is the most acceptable pyrolysis option in terms
of introducing this process into the process flow of biochar conversions. This reaction was
discovered by F. Bergius in the process of studying the thermal transformations of coal
and peat (HTC) [17,18]. Hydrothermal carbonization is the process of obtaining biochar (or
“hydrochar”) at a temperature of 180–220 ◦C and a pressure of up to 25 atm, in the presence
of water without access to air and with the addition of a catalyst [19]. Hydrothermal
carbonization is a thermochemical method that uses water as a reaction medium to convert
wet biomass into a high carbon solid product. The reaction is carried out at a pressure
higher than the saturated vapor pressure of water to ensure that it is in a liquid state [20].
During the process, the biomass is dehydrated and carbonized. The resulting biochar has a
lower moisture content and hydrophobicity, therefore, it is more transportable and easier
to store, in comparison with untreated biomass.
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As a first approximation, the equation for the reaction of hydrothermal carbonization
(as applied to glucose) can be expressed as follows [21]:

[C6H12O6]n→ n[C6H2O + 5H2O] + ~950 kJ/mol, (1)

Four to five water molecules are released from each carbohydrate in the biomass,
depending on the reaction profile. At first glance, the removal of water in the presence of
water seems unlikely, but the possibility of the reaction proceeding is largely explained
by an increase in entropy (due to an increase in the number of molecules and degrees of
freedom) and the exothermic effect of transformation.

Hydrothermal carbonization has not found practical application for almost a hundred
years, and in the early 2000s, the reaction was practically rediscovered when it was found
that it could be effectively used to process plant waste containing significant amounts
of water.

Direct liquefaction can be used to obtain liquid biomass products. In general, the
direct liquefaction of coal or biomass is heat treatment at a temperature of 250–450 ◦C and
a pressure of 5–20 MPa, in the presence of a solvent and a reducing agent (hydrogen) [22].
The technology of such a process includes two stages [23]: (a) the thermal dissolution of
raw materials in an organic solvent to obtain liquid products that are analogues of heavy
crude oil; and (b) the hydroskimming of liquid products obtained in the first stage in order
to obtain light and middle distillates, as well as to reduce the amount of oxygen containing
products.

It is known that the thermal dissolution of fossil coal can be carried out in the pres-
ence of organic hydrogen donor solvents, such as tetralin or N-methyl-2-pyrrolidone
(NMP) [24–26]. In general, the process can be described as follows [27]:

Tetralin dehydration: C10H12 → C10H8 + 4H, (2)

Coal dissolution: R→ R′ → R′H, (3)

where R is carbon pieces, and R′ and R′H are radicals and products formed during dissolu-
tion, respectively.

At high temperatures, tetralin dehydrates to form naphthalene and four hydrogen
radicals. Hydrogen radicals promote hydrocracking and the stabilization of hydrocarbon
fragments obtained by the thermal decomposition of the original coal.

Traditionally, this process is focused on achieving the complete destruction of the
organic mass of coal while obtaining light hydrocarbon fractions for fuel purposes [28,29].

According to modern concepts, the conversion of fossil coal into oil occurs due to
the intermediate formation of asphaltenes (A) [30–32]. Asphaltenes are polycondensed,
aromatic structures consisting of five to seven rings and aliphatic chains with a total number
of carbon atoms up to 80 [33]. Asphaltenes are a black, amorphous solid, such as those
extracted from crude oil using light hydrocarbons. Another class of intermediates are
pre-asphaltenes (PA). They are formations that are an order of magnitude larger in size
than asphaltenes (A). The conversion of coal via (PA) and (A) to liquid products—oil (O)
and gas (G)—is currently the accepted mechanism for the direct liquefaction of coal [34–36].

Unfortunately, data on the thermal dissolution of biochar are very limited [37,38].
However, by analogy with coal, it can be assumed that dissolution occurs due to the thermal
destruction of hydrocarbon bonds with the formation of radicals, which are stabilized by
hydrogen released during heat treatment with a donor solvent [27]. It is known that biochar
obtained from the hydrothermal carbonization of biomass can be thermally dissolved in
tetralin at 350 ◦C, in the presence of a Ni/TiO2 catalyst [39]. This produces synthetic oil
with a yield of 42%. Some criteria have been defined for “bio-oil” obtained by processing
biomass [40]: (a) a molar ratio of H/C > 1.5; (b) a higher calorific value (GCV > 40 MJ/kg);
and (c) an oxygen content of O < 6.0 wt.%. For example, the direct liquefaction of biochar,
in the presence of Ni/TiO2 at a pressure of 21 MPa and a temperature of 673 K, made it
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possible to obtain 32 wt.% of bio-oil, the quality of which corresponded to the last two
criteria [41].

The kinetics of the direct liquefaction of biochar obtained by the liquid-phase pyrolysis
of biomass was studied [42]. The reaction was carried out in two stages: first, the thermal
liquefaction of biochar was carried out in tetralin (solvent/biochar ratio = 1/3) at 425 ◦C.
Then, the resulting mixture was hydrogenated by adding hydrogen (at a pressure of
5 MPa). The total biochar conversion was 84% and the bio-oil yield was 72%. It was
found that, already at the stage of thermal dissolution, a very rapid liquefaction of biochar
occurs and oil products and gas are directly formed. The part of the mixture that is barely
reactive, reacts in the second stage with the participation of hydrogen, forming intermediate
and then final reaction products. The thermal dissolution rate constant is two orders of
magnitude higher than the hydrogenation rate constant, due to the hypercrosslinked
molecular network of the part of the biochar that is barely reactive. A detailed study of
the stage of the thermal dissolution of the tetralin of biochar obtained by the liquid-phase
pyrolysis of biomass showed that the yield and composition of its products depend on
temperature [37]. At 370 ◦C, the yield of liquid products was only 10%. It was found that,
at this temperature, the conversion of tetralin to naphthalene with the release of hydrogen
reaches 8%. An increase in temperature to 425 ◦C led to an increase in the conversion of
tetralin to 24%, as well as to an increase in the conversion of biochar up to 37%, and the
yield of bio-oil up to 24%.

The production of biochar from “pure” cellulose and lignin, biomass components, by
the method of hydrothermal carbonization and the thermal dissolution of the obtained
biochar in tetralin were studied [38]. It was found that with an increase in the carbonization
temperature, the C/O ratio in biochar increases. It was observed that biochar obtained from
cellulose at 230 ◦C, with the highest C/O = 1.1, showed the highest conversion (90 wt.%).
The low C/O ratio and the presence of water soluble organic substances formed in the
biochar production stage significantly improved the thermal dissolution of the biochar. It
has been suggested that these compounds initiate the dissolution reaction by interacting
with biochar through the cleavage of its ether bonds and the formation of phenoxy radicals.
These radicals were stabilized with hydrogen released from the tetralin to form lower
molecular weight products.

The kinetics of the direct liquefaction of biochar obtained by hydrothermal carboniza-
tion of cellulose was studied [43]. During the study of the dissolution reaction, it was
revealed that through the process of biochar heating from 200–400 ◦C its maximum con-
version occurs. The isothermal stage (400 ◦ C) in comparison with the heating stage is
not accompanied by remarkable changes in conversion. It was also concluded that the
effect of unreacted cellulose after hydrothermal carbonization on the number of reaction
steps was made. It was found that the thermal dissolution of biochar obtained at lower
temperatures and usually possessing cellulose in the composition have two stages. The
first stage is associated with the destruction of the remaining cellulose (200–325 ◦C), the
second stage is connected with the destruction of the biochar itself with the formation of
products (325–400 ◦C). For biochar obtained at higher temperatures and characterized by
a greater degree of transformation, as well as high C/O and the absence of unprocessed
cellulose, one stage is observed.

The purpose of this work was to study the features of obtaining the liquid products of
the thermal dissolution of biochar, obtained from sawdust, by the method of hydrothermal
carbonization.

2. Materials and Methods

For this research, sawdust of coniferous trees (Siberian region, Russia) was selected
as a raw material. The hydrogen donor solvent used in this study was tetralin (1,2,3,4-
tetrahydronaphthalene) supplied by Alfa Aesar. The solvents used for product extraction,
namely, hexane (ACS grade), toluene (ACS grade) and tetrahydrofuran (HPLC grade),
were obtained from Rushim.
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The experiments were carried out in reactors developed by the design bureau of the
TIHS RAS and manufactured in a mechanical workshop.

To carry out the process of hydrothermal carbonization, a steel autoclave reactor with a
volume of 0.5 L was used. The reactor is equipped with a mechanical stirrer, thermocouple,
pressure gauge, tube furnace, and an isothermal controller. Hydrothermal carbonization
was conducted at temperatures of 190 ◦C. Raw material (sawdust) with weight m f eed = 50 g
was mixed with water in ratio 1/3 and then placed into the reactor. The reactor was heated
to a required temperature and maintained isothermal for 4 h. Then, the reactor was cooled
to room temperature for further unloading of the resulting suspension. The resulting
suspension was separated on filter paper (with a pore size of 3–5 µm) installed in a glass
funnel into a solid residue and liquid. The filtration occurred naturally without additional
influences. Solid residue dried at 105 ◦C for 24 h.

Thermal dissolution of biochar was carried out in a steel batch reactor. The volume
of the reactor was 60 mL. The reactor is equipped with a magnetic stirrer, thermocouple,
pressure gauge, tube furnace, and an isothermal controller.

Biochar weighing 2 g was loaded into the reactor and tetralin was poured in a ratio of
1/3 and 1/4. The reactor was then equipped with a magnetic stirrer, sealed and purged
with hydrogen to extract oxygen. The reactor was heated to a certain temperature (350 to
450 ◦C) and held for 1 h. After the reactor cooled down, the resulting liquid/solid mixture
was dumped onto filter paper (20–25 µm pore diameter) for further studies.

Experiments on thermal dissolution for each temperature and ratio of raw materials:
tetralin were repeated several times to ensure the reproducibility of the obtained data. The
error in measuring the data corresponds to the error in measuring of the instruments with
which they were obtained.

ASTM E1755-01 method was used to determine ash (A). BCS2H combustion calorime-
ter (relative measurement error of 0.2%) was used for the higher heating value (MJ/kg)
determination. The elemental composition (C, H, N, S) of biochar and raw materials
measurements were conducted using an Thermo Flash 2000 elemental analyzer (relative
measurement error—less than 0.3%). Oxygen (O, wt.%) for dry state was calculated from
material balance:

O = 100− (C + H + N + S + A), [wt%] (4)

where C, H, N, S, A are carbon, hydrogen, nitrogen, sulfur and ash, calculated on dry basis.
Thermal gravimetric analysis was performed with the use of TGA/DSC 1 instrument

from MettlerToledo (relative measurement error of specific heat measurements ± 1.5%).
SEM-images of sawdust and biochar were obtained using a scanning electron microscope
Phenom XL G2. Gaseous products were analyzed by gas chromatography (GC) on a
Krystallux-4000 (relative measurement error of ±5%). The Raman spectra of the initial
sawdust and biochar obtained by hydrothermal carbonization were recorded on a Senterra
II confocal Raman microscope. The spectra were processed using the OPUS 8.5 software
package. Chromato-mass spectrometry of liquids obtained after thermal dissolution of
biochar in tetralin was carried out on mass spectrometer MALDI Bruker at autoflex speed.

The mass yield ym describes a percentage of raw material remaining in biochar and it
is calculated as the ratio of carbonized product in weight (mc) to raw biomass weight (mb).

ym =
mc

mb
·100, [%] (5)

The energy yield, ye, indicates that a percentage of feedstock caloricity remains in the
solid residue [44].

The index is calculated as:

ye = ym
HHVc

HHVb
·100, [%] (6)
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where HHVc and HHVb are the highest heating values of product and feedstock respec-
tively.

The liquefaction products were separated into oil (oil from filtration + hexane soluble),
asphaltenes (hexane insoluble but toluene soluble), pre-asphaltenes (toluene insoluble but
THF soluble) and residue (THF insoluble).

To analyze liquid products, the obtained liquid/solid mixture from the reactor was
dumped on filter paper. After the oil had drained off, the direct oil fraction was collected
for further analysis. Then the filter with the sample was washed with hexane. The oil
dissolved in hexane (hexane fraction) was collected for further studies, and the sample was
left for a day at room temperature to dry, after which the residue was weighed. Then, the
sample was washed with toluene and left for a day at room temperature to dry, after which
the residue was weighed. At the last stage, the sample was washed with THF and left to
dry for a day at room temperature, after which the residue was weighed.

Parameters such as gas (G), oil (O), asphaltenes (A), pre-asphaltenes (PA) residue (R)
and conversion were calculated according to following formulas [37]

Gas (G) =
mgas

mbiochard.a. f .
, (7)

Asphaltenes (A) =
mHexane (i) − mToluene (s)

mbiochard.a. f .
, (8)

Pre− asphaltenes (PA) =
mToluene (i) − mTHF (s)

mbiochard.a. f .
, (9)

Residue (R) =
mTHF (i)

mbiochard.a. f .
, (10)

Conversion (C) = 1− R, (11)

Oil (O) = C−G−A− PA. (12)

3. Results
3.1. Biochar and Its Characteristics

Biochar is a dark colored carbon like product. The biochar yield was 72.43% of the
initial feedstock load. The energy yield was 79.78%. Similar dependencies are observed in
the literature [45].

Technical analysis (Table 1) indicates that the proportion of fixed carbon in the original
sawdust was relatively small (27%), and the yield of volatile substances, on the contrary,
was very significant (72%). Hydrothermal treatment of this material at 190 ◦C for 4 h led
to an increase in the proportion of the fixed material almost twofold (up to 43%) and a
decrease in the yield of volatiles (up to 55%). The ash content in both materials was low
and did not exceed 3%.

According to the elemental analysis data (Table 1), the organic part of the biomass
consisted mainly of carbon (64%), oxygen (29%), and hydrogen (6%). After the HTC, the
proportion of carbon in the material increased to 73%, while the proportion of oxygen and
hydrogen decreased to 21% and 5%, respectively. The proportion of heteroatoms in the
organic part of biomass and biochar did not exceed 1%.
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Table 1. Properties of raw sawdust, biochar produced and brown coal.

Properties Sawdust Biochar Brown Coal [46]

Proximate analysis (wt.% on dry basis).

Volatile matter (%) 71.53 54.71 53.86
Fixed carbon (%) 26.33 42.67 41.92
Ash content (%) 1.60 2.62 4.23

Ultimate analysis (wt.% daf).

Carbon (%) 64.35 73.13 75.3
Hydrogen (%) 5.95 5.27 6.4
Nitrogen (%) 0.66 0.15 1.3

Sulfur (%) 0.07 0.11 1
Oxygen (%) 28.96 21.34 16.0

HHV 25.72 28.33 24.58

Thus, in the course of heat treatment, as expected, deoxygenation and an increase in
carbon in the material took place. One of the advantages of the hydrothermal carbonization
process is the ability to obtain a carbon product of the required quality. According to literary
sources [47] low quality coals, in particular brown coal, achieved the highest conversion
during thermal dissolution in a hydrogen donor solvent, in comparison with high quality
coals. From Table 1, it follows that the obtained biochar has very similar characteristics
with brown coals, which also can be seen in the van Krevelen diagram (Figure 1). The
van Krevelen diagram can be viewed as a schematic representation of the evolution as
biochar after hydrothermal carbonization based on the main components of the fuel (C,
O, H) [48]. It should be noted that the hydrothermal treatment of sawdust led to the
displacement of the biochar to the area of coals, which indicates the significant dehydration
of the material. Considering the similarity of the properties of biochar and brown coals,
biochar can potentially be considered as a carbon material with high reactivity during
thermal dissolution.
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It should be noted that the small amount of reacted hydrogen, in comparison with
oxygen (∆C/∆H~11), suggests that, in the process of HTC, the removal of oxygen from the
biomass occurs mainly with the participation of water hydrogen.

3.2. Texture

Figure 2 shows micrographs of the initial sawdust (a) and biochar (b) obtained by
hydrothermal carbonization. At low resolution (Figure 2a), the micrograph of the original
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sawdust shows the fibrous structure of wood with a relatively smooth surface. Increasing
the resolution allows the lignin sealed cellulose microfibrils to be seen.

Energies 2021, 14, x FOR PEER REVIEW 8 of 21 
 

 

3.2. Texture 
Figure 2 shows micrographs of the initial sawdust (a) and biochar (b) obtained by 

hydrothermal carbonization. At low resolution (Figure 2a), the micrograph of the original 
sawdust shows the fibrous structure of wood with a relatively smooth surface. Increasing 
the resolution allows the lignin sealed cellulose microfibrils to be seen. 

Biochar retains the fibrous structure of the original sawdust (Figure 2b). However, 
the treatment led to the partial destruction and decomposition of cellulose components in 
the sawdust, which led to the formation of a rougher surface on the material, with pieces 
of nondegraded fiber. Similar relationships are observed for other types of lignocellulosic 
biomass [49]. At a higher resolution, a row of hollow square tubes can be seen. It is as-
sumed that such tubes can be formed as a result of the decomposition of cellulose sawdust 
micelles inside the microfibril they form. The boundaries of microfibrils are indistinct, ap-
parently due to the partial melting of lignin, which is part of the original sawdust. It can 
be assumed that lignin prevents the decomposition of a part of the cellulose that forms the 
outer layer of the microfibril, and it remains in the biochar composition. Studies also show 
that part of the cellulose, and sometimes a very small part of the hemicellulose, is retained 
in biochar after hydrothermal treatment [50,51]. 

 

Figure 2. Micrographs of initial sawdust (a) and biochar (b) obtained by hydrothermal 
carbonization. 

3.3. TGA–DTG–DSC Data 
Figure 3 shows a biochar derivatogram. As follows from the TGA–DTG data, biochar 

weight loss is observed in two stages. At the first stage (below 100 °C), water is lost. The 
weight loss in this area is small and was only 1.6%, since a dry sample was used. Above 
150 °C, the main change in the weight of the sample begins, which ends at a temperature 
of about 900 °C. The total weight loss was 49%. At the same time, in the temperature range 
of 200–300 °C, characteristic of the thermal decomposition of hemicellulose and cellulose 

Figure 2. Micrographs of initial sawdust (a) and biochar (b) obtained by hydrothermal carbonization.

Biochar retains the fibrous structure of the original sawdust (Figure 2b). However, the
treatment led to the partial destruction and decomposition of cellulose components in the
sawdust, which led to the formation of a rougher surface on the material, with pieces of
nondegraded fiber. Similar relationships are observed for other types of lignocellulosic
biomass [49]. At a higher resolution, a row of hollow square tubes can be seen. It is assumed
that such tubes can be formed as a result of the decomposition of cellulose sawdust micelles
inside the microfibril they form. The boundaries of microfibrils are indistinct, apparently
due to the partial melting of lignin, which is part of the original sawdust. It can be assumed
that lignin prevents the decomposition of a part of the cellulose that forms the outer layer
of the microfibril, and it remains in the biochar composition. Studies also show that part of
the cellulose, and sometimes a very small part of the hemicellulose, is retained in biochar
after hydrothermal treatment [50,51].

3.3. TGA–DTG–DSC Data

Figure 3 shows a biochar derivatogram. As follows from the TGA–DTG data, biochar
weight loss is observed in two stages. At the first stage (below 100 ◦C), water is lost. The
weight loss in this area is small and was only 1.6%, since a dry sample was used. Above
150 ◦C, the main change in the weight of the sample begins, which ends at a temperature of
about 900 ◦C. The total weight loss was 49%. At the same time, in the temperature range of
200–300 ◦C, characteristic of the thermal decomposition of hemicellulose and cellulose [52],
the weight loss was relatively small (about 10%), which indicates a significant decompo-
sition of these components of the biomass in the process of hydrothermal carbonization.
Nevertheless, there are still some of them in the biochar. It should be noted that no thermal
effects are observed in this area. In the literature, there are similar dependences for biochars
also obtained by the method of the hydrothermal carbonization of sawdust [53].
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The main weight loss of biochar occurs in the region of 350–500 ◦C (with a maximum
at 418 ◦C), which is responsible for the decomposition of lignin, which is part of the original
biomass and biochar [54]. There are also no noticeable thermal effects in this area. However,
above 400 ◦C, a gradually increasing endothermic effect can be observed on the DSC curve,
which is probably due to the compaction of the formed carbon material.

3.4. Raman Spectroscopy of Sawdust and Biochar

The Raman spectrum of the wood pulp is shown in Figure 4. The Raman spectrum of
the sample contains bands related to the stretching and deformation vibrations of functional
groups of cellulose, hemicellulose, and lignin [55]. A high intensity band at 1598 cm−1

corresponds to the vibrations of aromatic rings; at 1657 cm−1, to stretching vibrations of
C=O groups conjugated to an aromatic ring.

The Raman spectrum of the sample after hydrothermal carbonization (Figure 5) con-
tains a high intensity G-band at 1595 cm−1 and a wide D band with a pronounced maximum
at 1400 cm−1, which is typical for the Raman spectra of coals [56]. The G band corresponds
to the stretching vibrations of sp2-hybridized carbon atoms in aromatic rings and carbon
chains. The D band corresponds to defects in the graphite structure (for example, non-
hexagonal rings, sp3-hybridized carbon atoms). The data obtained indicate the appearance
of amorphous carbon in biochar, as well as a denser carbon packing. No bands related
to the vibrations of C=O groups were found in the Raman spectrum of biochar, which
correlates with the significant deoxidation of the material.
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3.5. Thermal Dissolution of Biochar

At a biochar/tetralin ratio of 1/4 (wt.%), an increase in temperature from 350 ◦C to
425 ◦C led to a greater thermal dissolution of the biochar: the biomass conversion increased
from 72 to 93% (Table 2). In this case, a thick dark liquid was formed, the composition of
which changed depending on the temperature. Below 400 ◦C, the products were mainly
represented by asphaltenes and pre-asphaltenes, the total share of which, at 350 ◦C, was
72%. In this case, the PA/A ratio was 1.1. With an increase in temperature, the content of
heavy products in the mixture decreased by more than three times (up to 19% at 450 ◦C).
At the same time, the content of liquid products increased in the products of thermal
dissolution (up to 80%). The proportion of gases at all temperatures was small and did not
exceed 0.3%
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Table 2. The main characteristics of the thermal dissolution of biochar in tetralin.

Raw Materials/
Tetralin wt./wt. T, ◦C Conversion, %

Product Composition, %

A PA Oil Gases

1/4

350 65 25 27 13 0.03
375 79 18 29 32 0.09
400 82 16 27 42 0.17
425 87 12 7 68 0.23
450 84 17 2 66 0.29

1/3

375 68 24 32 29 0.06
400 79 20 28 41 0.16
425 80 18 16 54 0.22
450 78 16 14 53 0.29

At a biochar/tetralin ratio of 1/3 (wt.), an increase in temperature from 350 to 400 ◦C
also led to a slightly lower thermal dissolution of biochar, in comparison with a more dilute
mixture (Table 2). The biomass conversion increased with temperature from 68% to 79%. A
further increase in temperature, to 450 ◦C, had practically no effect on this indicator. At
all temperatures, the formation of a thick dark liquid was observed, the composition of
which varied with temperature. Below 400 ◦C, the products were mainly represented by
asphaltenes and pre-asphaltenes. Their total content at 350 ◦C reached 72%, and the PA/A
ratio was slightly higher than at stronger dilution. That is, a decrease in the proportion of
solvent in the system led to the formation of denser carbon containing synthesis products.
With an increase in temperature, the yield of heavy products decreased 2.5 times (up to 30%
at 450 ◦C). At the same time, the content of liquid products increased up to 70%. This figure
was 10% lower than in the experiment with high dilution. The gas yield in the studied
temperature range was very low and did not exceed 0.3%.

3.6. Composition of the Liquid Products of the Thermal Dissolution of Biochar

Liquid products are the target products of the thermal dissolution of biomass. During
the experiment, these products were found in the composition of two fractions: (a) liquid
products obtained directly by thermal dissolution (“direct fraction”); and (b) liquid prod-
ucts obtained by extraction with hexane from the precipitate separated from the liquid
product (“extract”).

Table 3 shows the effect of dilution and reaction temperature on the composition of
the products of both liquid fractions. All direct fractions and extracts contain a variety
of organic compounds. They include liquid hydrocarbons (alkanes, benzenes, alkenes,
bicycles, etc.), liquid oxygen containing compounds (phenols, benzodiols, etc.), as well as
solid hydrocarbon dissolved in organic liquids (biphenyls, fluorenes, polyaromatics, etc.)
and oxygen containing products (abietates, naphthols, etc.).

Liquid alkanes and benzenes are of the greatest interest in terms of fuel use. The
amount of alkanes in the obtained direct liquid fractions was relatively small and did not
exceed 5% (Table 3). However, in hexane extracts, the proportion of these compounds
was quite high. Thus, the extract obtained at 350 ◦C and dilution 1

4 (wt.) contained 42%
alkanes. An increase in temperature to 400 ◦C led to a decrease in alkanes by almost an
order of magnitude. A further increase in temperature, to 450 ◦C, made it possible to
slightly increase alkanes (up to 12%). The same patterns were observed for the effect of
temperature on the change in alkanes obtained at a dilution of 1/3 (wt.). However, in this
case, the extract obtained at 350 ◦C contained half the amount of alkanes; the maximum
content of alkanes (24%) was observed at 450 ◦C.

The proportion of benzenes in all the liquid fractions increased uniformly with tem-
perature (Table 3). The maximum content of these products (60%) was obtained in the
hexane extract at 450 ◦C and dilution 1/3 (wt.). In other fractions, this figure was ~50%.
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Table 3. Effect of dilution and reaction temperature on the composition of liquid products obtained
by thermal dissolution of sawdust.

Raw Materials/
Tetralin wt./wt. Fraction Substance

C (%) at Temperature, ◦C

350 375 400 425 450

1/4 Direct

Alkanes 4.8 2.2 1.6 1.9 2.8
Alkenes + napthenes 1.2 1.5 1.4 2.0 3.2

Decalines. bicyclicls. dienes 29 15 11 7.4 6.6
Benzenes 5.5 9.1 19 35 55
Biphenyls 2.3 2.6 2.9 2.7 2.6
Fluorenes 0 0.2 0 0.01 0

Polyaromatics 2.1 5.9 7.9 6.5 2.7
Phenols 7.9 16 27 24 16

Benzenediols +gauiacols 19 11 5.4 4.8 0.1
Benzofuranes 0.9 1.0 0.2 0.13 0

Abietates 10 8.5 2.7 2.0 1.2
Naphthols 17 11 7.3 5.8 5.1

Naphthalenones 0 14 10 6.1 2.5
Alk + Ben/Ph Ratio 3.4 0.7 0.7 1.5 3.6

1/4 Extract

Alkanes 42 15 4.1 2.8 12
Alkenes + napthenes 1.7 0.5 1.9 1 0

Decalines, bicyclicls, dienes 6.3 3.1 4.1 11 14
Benzenes 2.5 9.9 19 31 51
Biphenyls 1.4 1.9 2.3 6 7.3
Fluorenes 0.1 0.2 0 0 0

Polyaromatics 2.3 8.2 2.4 2.1 0
Phenols 2.3 9.4 33 23 5.3

Benzenediols +gauiacols 8.1 15 3.9 0.01 0
Benzofuranes 0.9 0.8 0.29 0.7 0

Abietates 27 17 13 8.3 0
Naphthols 5.1 18 14 8.6 3.8

Naphthalenones 0 0 1.3 4.3 6.4
Alk + Ben/Ph Ratio 19.2 2.6 0.7 1.4 9.9

1/3 Direct

Alkanes 4.0 1.8 2.1 3.2
Alkenes + napthenes 0.62 0.89 2.3 2.1

Decalines, bicyclicls, dienes 9 8 2.6 7.0
Benzenes 10 17 27 49
Biphenyls 3.0 3.2 2.5 2.8
Fluorenes 0.13 0 0.06 0

Polyaromatics 5.9 8.5 4.9 1.4
Phenols 13 27 32 23

Benzenediols +gauiacols 23 5.1 0.91 0
Benzofuranes 0.85 0.28 0.17 0

Abietates 12 11 12 2.5
Naphthols 16 19 10 5.

Naphthalenones 0 0 2.3 2.0
Alk + Ben/Ph Ratio 1.2 0.7 0.9 2.3

1/3 Extract

Alkanes 18 11 4.1 9.7 24
Alkenes + napthenes 0.3 1.1 1.6 0.8 0

Decalines, bicyclicls, dienes 13 6.9 4.8 1.3 0
Benzenes 2.4 7.4 16 37 60
Biphenyls 0.7 1.9 2.3 1.14 3.5
Fluorenes 0 0.23 0 0 0

Polyaromatics 0.6 4.9 5.1 1.5 0
Phenols 8.6 20. 32 26 9.1

Benzenediols +gauiacols 11 7.6 5.2 0 0
Benzofuranes 1.2 1.4 0.31 0 0

Abietates 11 10 6.0 5.8 0
Naphthols 1.93 9.3 14 10 2.3

Naphthalenones 30 18 7.04 5.3 0
Alk + Ben/Ph Ratio 2.4 0.9 0.6 1.8 9.4
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The significant increase in benzenes at 450 ◦C can be explained by the fact that tetralin
can convert not only to naphthalene and methylindane, but also to substituted benzene [57].

The main liquid oxygen containing products of the thermal dissolution of sawdust
were phenols (Table 3). In all fractions, their maximum amount (up to 32%) was recorded
at 400–425 ◦C. In this case, the extracts contained slightly more phenols than the direct
fractions. They also contained a slightly larger amount of other oxygenates (abietates,
naphthols, etc.).

Abietic or sylvic acid (C19H29COOH) is one of the natural resin acids of plant ori-
gin [58]. It belongs to the diterpene tricyclic group of natural compounds (compounds
obtained from four isoprene fragments). Abietic acid is present in the resin of coniferous
trees. It is used as a natural emulsifier and thickener. Esters or salts of abietic acid are
called abietates. Abietates, in significant quantities (10–27%), were found in all the liquid
fractions of the thermal dissolution of biochar at temperatures below 400 ◦C. Obviously,
these compounds were present in the biochar obtained by hydrothermal carbonization
from the sawdust of coniferous trees under mild conditions (190 ◦C). Their appearance
in the products of the thermal dissolution of biochar can be explained by extraction with
tetralin. In the liquid products obtained above 400 ◦C, the concentration of abietates did not
exceed 5%, apparently due to their inclusion in thermochemical transformations. However,
the very presence of abietates at the initial stages of thermal liquefaction at all temperatures
could have a positive effect on the efficiency of the process, since abietates are natural
emulsifiers and contribute to the homogenization of the reaction mixture.

3.7. Composition of Gases Obtained after the Thermal Dissolution of Biochar

The results of the chromatography of the gas phase after the thermal dissolution of
biochar (Table 4) showed that the temperature of the process has a greater effect on the
gas composition than the feed/tetralin ratio. The gas mixture was mainly composed of
methane and COx gas. For COx gas, the distribution was characterized as CO2 > CO
for all temperature reactions. Similar dependences are observed in the case of the direct
liquefaction of coal in tetralin under hydrogen pressure [57]. For temperatures up to 375 ◦C,
the gas content was ordered as follows: CO2 > CO > CH4 > C2-an > C2-en > C3 > C4.
After 375 ◦C, the percentage of gases in the composition changed towards an increase in
methane and was as follows: CH4 > CO2 > CO > C2-an > C2-en > C3 > C4. The highest
CH4 value was observed at temperatures of 400–450 ◦C. It is assumed that this is due to
the thermal destruction of lignin, the peak of which falls at 418 ◦C (Figure 3). At these
temperatures, in the course of the thermal destruction of lignin, the homolytic cleavage
of the O–CH3 bond attached to the aromatic rings of lignin occurs, associated with an
ipso rearrangement starting from the phenoxy radical of guaiacol [59]. The CH3 ion in a
hydrogen donor medium is reduced to CH4.

Table 4. Influence of dilution and reaction temperature on the composition of gaseous products
obtained by thermal dissolution of sawdust.

Temperature, ◦C 300 350 375 400 425 450

Raw materials/tetralin wt./wt. 1/4

CO 11.8 12.6 12.5 12.5 14.4 9.3
CH4 3.5 17.0 29.4 38.0 45.7 32.0
CO2 28.7 26.2 24.1 19.4 16.4 9.8
C2-en 0.14 0.28 0.37 0.44 0.47 0.36
C2-an 0.17 0.80 1.73 2.88 4.64 4.59

C3 0.06 0.21 0.11 0.18 0.22 0.17
C4 0.00 0.03 0.04 0.09 0.18 0.14
H2 55.6 42.9 31.7 26.5 18.0 43.6
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Table 4. Cont.

Temperature, ◦C 300 350 375 400 425 450

Raw materials/tetralin wt./wt. 1/3

CO 13.0 9.7 14.0 10.0 11.0 8.5
CH4 7.1 14.9 26.5 33.6 37.9 32.0
CO2 28.1 25.7 23.7 23.4 17.0 13.4
C2-en 0.22 0.32 0.40 0.47 0.52 0.39
C2-an 0.37 0.87 1.72 3.14 4.56 5.23

C3 0.05 0.25 0.59 0.21 0.22 0.21
C4 0.02 0.03 0.06 0.13 0.18 0.22
H2 51.1 48.2 32.9 29.1 30.8 40.0

4. Discussion

For thermal dissolution, biochar obtained from sawdust by the method of hydrother-
mal carbonization was used. Carbonization was carried out under mild conditions (190 ◦C,
4 h) in order to increase the carbon efficiency of the process (first of all, to reduce gas
formation). The resulting biochar was a black powder, which differed from the original
sawdust by exhibiting almost twice the higher content of fixed carbon (27% and 43%,
respectively), a lower yield of volatile substances (72% and 55%, respectively), and a lower
oxygen content (29% and 21%, respectively). The C/O ratio in biochar was 3.4.

The role of water in hydrothermal reactions is complex. It can act as a solvent, catalyst,
reagent, and as a medium for the transfer of matter and energy. It should be noted that
the physical and chemical properties of water are highly dependent on environmental
conditions [60]. Above 200 ◦C, they differ greatly from its properties under normal condi-
tions [61,62]: (1) water has a lower dielectric constant, (2) the number of hydrogen bonds
in it is fewer and they are less pronounced, (3) its isothermal compressibility is higher, and
(4) the dissociation constant is three orders of magnitude higher. These changes determine
the new properties of water as a solvent: it dissolves organic compounds better, and the
solubility of its inorganic salts decreases. At 250–350 ◦C, the properties of water as a solvent
approach the properties of organic solvents at room temperature. In the subcritical region
(100–374 ◦C), the ionization constant of water increases with increasing temperature. In
this case, water “autoionization” occurs with the formation of an acidic hydronium ion
(H3O+), which acts as a hydrolysis catalyst, and a basic hydroxyl ion (OH–). As a result,
the pH of the reaction medium drops to 5 and below. This process can be accelerated by
adding an acid to the reactor, usually acetic or citric [63].

According to modern concepts, the first step of the HTC reaction is hydrolysis: water
reacts with hemicellulose or cellulose and breaks the bonds of ethers and esters [64]. It
is known that “pure” hemicellulose begins to hydrolyze above 180 ◦C, while hydrolysis
of “pure” cellulose proceeds above 230 ◦C [65]. Under conditions of hydrothermal car-
bonization, lignin remains mainly unchanged [25]. A very small fraction of the “pure”
lignin reacts at a higher temperature (260 ◦C), with the release of phenol and phenolic
derivatives [66]. Acids or bases catalyze the hydrolysis process and can affect the yield and
composition of the resulting products.

When biochar is produced by hydrothermal carbonization, rather low temperatures
are used. As a result, biochar has a fairly high C content, which leads to a greater number of
surface oxygen containing functional groups, in comparison with other methods of biochar
production [67].

The study of the texture of the obtained material (Figure 2) suggests that during the
hydrothermal treatment of sawdust there is a complete destruction of hemicellulose and
only partial transformation of cellulose. The micrographs clearly show the walls of the
microfibrils. However, the boundaries of the microfibrils are indistinct, apparently due to
the partial melting of lignin, which is part of the original sawdust. It can be assumed that
it is lignin that prevents the decomposition of a part of the cellulose that forms the outer
layer of the microfibril, and it remains in the biochar composition. These assumptions



Energies 2021, 14, 5890 15 of 20

are supported by the TGA–DTG–DSC data. In the temperature range of 200–300 ◦C,
characteristic of the thermal decomposition of hemicellulose and cellulose, a relatively
small weight loss (about 10%) was observed, which indicates a significant conversion of
these components of the biomass in the process of hydrothermal carbonization. The main
weight loss of biochar occurred in the region of 350–500 ◦C (with a maximum at 418 ◦C),
which is responsible for the decomposition of lignin, which is part of the initial biomass
and biochar.

The thermal dissolution of biochar in tetralin was carried out in the temperature range
350–450 ◦C. In this case, the conversion of biochar significantly depended on the amount
of the donor solvent: the more solvent, the higher the conversion (Figure 6). At 350 ◦C and
a ratio of biochar/tetralin = 1/4, the conversion of biochar was 3.5 times higher than at a
ratio of 1/3, and reached 72%. This difference noticeably decreased with an increase in the
dissolution temperature, decreasing to 1.2 at 450 ◦C. The data obtained can be compared
with the thermal dissolution of biochar prepared from cellulose and lignin by the method
of hydrothermal carbonization [51]. Despite the fact that, in this case, a 1/10 dilution was
used and, it would seem, the total amount of hydrogen in the system was higher, the
conversion at 400 ◦C of biochar with a close C/O ratio (3.7 and 3.1 for cellulose and lignin
biochar, respectively) was noticeably lower (below 80%) than in our experiments (about
90%). The resulting discrepancy can be explained as follows. According to [51], the liquid
organic part obtained by the HTC of cellulose is mainly THF and furfural, and by the HTC
of lignin, guaiacol, creosol and catechol (pyrocatechin). The presence of oxygenates in
biochar during thermal dissolution has a beneficial effect on the course of the process. It
can be assumed that both types of the oxygenates formed from cellulose and lignin are
present in our experiments, which enhances the efficiency of the thermal dissolution of
sawdust biochar.
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Figure 6. Effect of temperature and dilution with tetralin on biochar conversion and yield of liquid
products.

The product of the thermal dissolution of biochar was a thick dark liquid, the com-
position of which changed depending on temperature. Below 400 ◦C, the products were
mainly represented by asphaltenes and pre-asphaltenes, the share of which was 60–70%.
An increase in the temperature of the thermal dissolution, to 425 ◦C, led to a noticeable
increase in liquid products (Figure 6). In this case, the temperature curve of liquid products
for the ratio biochar/tetralin = 1/4 was located noticeably higher than the analogous curve
for the ratio biochar/tetralin = 1/3. The maximum yield of liquid products (70% and 81%
at a biochar/tetralin ratio of 1/3 and 1/4, respectively) was observed at 425 ◦C. This fact,
most likely, can be explained by the large amount of hydrogen released above 400 ◦C.
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According to [68], it is in this region that tetralin dehydrogenation, with the formation of
decalin and naphthalene, is observed.

The liquid products obtained by the thermal dissolution of biochar were a complex
mixture including liquid hydrocarbons (alkanes, benzenes, alkenes, bicycles, etc.), liquid
oxygen containing compounds (phenols, benzodiols, etc.), as well as solid hydrocarbons
dissolved in organic liquids (biphenyls, fluorenes, polyaromatics, etc.) and oxygen contain-
ing products (abietates, naphthols, etc.).

Liquid hydrocarbon products are the target products of the thermal dissolution of
biomass. They were found in the composition of two fractions: (a) the “direct fraction”
obtained by separation from the precipitate during filtration of the thermal dissolution
products; and (b) the “extract” obtained by extraction with hexane from the isolated
precipitate. Figure 7 illustrates the effect of temperature and dilution with tetralin on
the content of liquid hydrocarbons (alkanes and benzenes) and liquid oxygen containing
compounds (in the example of phenols) in the products of thermal dissolution of biochar.
The amount of alkanes in the obtained direct liquid fractions was relatively small and
did not exceed 5% (Figure 7a,b). However, in hexane extracts, the proportion of these
compounds was quite high. For example, the extract obtained at 350 ◦C and dilution 1/4
(wt.) contained 42% alkanes. As expected, an increase in tetralin in the initial mixture led
to an increase in the yield of alkanes.
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Figure 7. Effect of temperature on the content of alkanes, benzenes and phenols in liquid products of thermal dissolution of
biochar in: (a) strait fraction fractions of liquid products in dilution with tetralin 1/4, (b) strait fraction fractions of liquid
products in dilution with tetralin 1/3, (c) hexane extracts fractions of liquid products in dilution with tetralin 1/4, and (d)
hexane extracts fractions of liquid products in dilution with tetralin 1/3.
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Benzenes were found in the direct fractions of liquid products and in hexane extracts
(Figure 7). Their proportion in all liquid fractions increased uniformly with temperature.
Their maximum amount (60%) was obtained in a hexane extract at 450 ◦C and dilution 1/3
(wt.). In other fractions, this figure was ~50%.

The main liquid oxygen containing products of the thermal dissolution of sawdust
were phenols (Figure 7). In all fractions, their maximum amount (up to 32%) was recorded
at 400–425 ◦C. In this case, the extracts contained slightly more phenols than the direct
fractions.

A significant number of abietates (up to 40%) were recorded in the products. Their
presence in tetralin–coal mixtures during thermal dissolution can contribute to the homoge-
nization of the suspension, since abietates are natural emulsifiers [69]. The homogenization
of the reaction mixture can serve as one of the reasons for the higher conversion of biochar
and a higher yield of liquid synthesis products, as compared to the thermal dissolution of
biochar prepared from “pure” cellulose or lignin.

To assess the effect of temperature and dilution on the ratio of liquid hydrocarbons
to oxygenates, the Alk + Ben/Ph ratio was used, which characterizes the ratio of the sum
of alkanes and benzenes to phenols (Table 3). It can be seen that, in direct fractions and
depending on temperature, it ranged from 0.7 to 3.6, and in extracts from 0.7 to 9.9 it even
reached 19 (at 350 ◦C and dilution 1

4 ). Thus, a greater dilution of sawdust with tetralin
during thermal dissolution led to an increase in the yield of hydrocarbon fractions for fuel
purposes.

5. Conclusions

The processes of obtaining hydrocarbons from biomass for fuel purposes are currently
of high interest among the scientific community. These processes are characterized by a
high degree of environmental friendliness compared to similar processes, while still using
fossil fuels.

In this work, the thermal dissolution of biochar obtained by the method of the hy-
drothermal carbonization of sawdust, at a temperature of 190 ◦C and for 4 h, was studied.
In terms of its physical and chemical characteristics, biochar was close to brown coals,
which are considered the most reactive in direct liquefaction processes. The dissolution
of biochar in tetralin (hydrogen donor solvent) was studied at different temperatures
(350–450 ◦C), in the absence of any catalyst and with two types of dilution of the mixture
with tetralin: 1/3 and 1/4.

It was found that the highest conversion and yield of liquid biochar for thermal
dissolution were observed at 425 ◦C. It is known that, for natural brown coals, the optimal
temperature is also 425 ◦C [70]. However, the yield of liquids and conversion of biochar was
higher than that of subbituminous coals at the same temperature and dilution, which may
indicate a higher reactivity of biochar [71]. This fact is possibly related to the difference in
the morphology and degree of metamorphism of freshly synthesized biochar in comparison
with coal formed over many years under natural conditions.

It was found that the degree of dilution significantly affects the yield and composition
of the resulting liquid products. The highest conversion and yield of liquid was observed at
a ratio of 1/4 biocoal/tetralin. As with native coals, an increase in the amount of potential
hydrogen donor (tetralin) in the system provokes reducing the contribution of the side
reactions of gassing and intensifies the liquefaction process [57].
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