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Abstract

In this study, biomass was converted into new products with catalyst (H;BOs;, Na,COj3, Al,O3) and without catalyst at 300, 325,
and 350 °C by the hydrothermal liquefaction method. The products obtained were analyzed by GC-MS, FT-IR, SEM, elemental
analysis, and "H NMR methods. Based on the trials, the highest liquid product yield (total bio-oil) was determined as 29.69% in
the trial without catalyst at 350 °C. The higher heating value (HHV) has been calculated by Dulong’s formula, and the HHV
values of all the (light bio-oil, heavy bio-oil, and solid residue) were determined to be higher than the HHV value of the feedstock.
The highest HHV value was obtained from heavy bio-oil as 31.32 MJ/kg with the catalyst at 350 °C. This HHV value is higher
than the HHV value attained by the pyrolysis and supercritical liquefaction method. The products obtained generally consisted of
monoaromatics, polyaromatics, oxygen compounds, and aliphatics. Based on the results of the elemental analysis, HHV values
varying between 16.22 and 31.78 MJ/kg were found for all products.
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1 Introduction

Fossil resources are used as the main resources for various
energy requirements around the world. The energy, transpor-
tation, and manufacturing industries have the largest share in
the usage of fossil resources [1]. There may be cases in which
the use of renewable energy resources is not possible for the
chemical and manufacturing industries, but the usage of fossil
resources can be decreased by supporting the energy produc-
tion and transportation industries that have the highest per-
centage of usage of renewable energy resources. In this way,
the problems arising from the usage of these resources can be
eliminated. One of the crucial features of biomass, one of the
renewable energy resources, is that it keeps CO, emissions in
the atmosphere constant. When biomass is burned and
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converted into energy, the CO, released into the atmosphere
was used by the biomass to be transformed into carbohydrates
and other structural substances by photosynthesis.

Biomass is a renewable natural substance which stores the
energy of the sun as chemical energy by using photosynthesis.
Biomass consists of polymers which are constituted from
macromolecules containing C—C bonds. While the C—C bond
constitutes the main frame for the polymers, there may also be
bonds that are constituted from C-O, C-H, C-N, C-S, or
other elements. The polymers constituting the biomass are
generally macromolecular materials consisting of micro-units.
Cellulose is constituted from glucan (C¢H;¢Os), units, called
anhydroglucose, which is formed when the glucose molecule
loses one molecule of water. It is a high molecular-weighted,
non-polar, long chain polysaccharide with a high degree of
polymerization of which the basic cellulose chemical unit is
(CgH;00s),, and solubility increases with temperature [2]. The
hemicellulose is a biopolymer consisting of branched amor-
phous structure pentoses and hexoses. The structure of hemi-
cellulose varies depending on xylan, mannan, glucan, and
galactan, which are present in woody and herbaceous plants
[3]. The hemicellulose disintegrates and decomposes easily
due to leaner intramolecular bonds compared to cellulose.
Lignin, which is a natural biopolymer of aromatic
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hydrocarbons constituted from the hydroxyl and ethoxy
groups and phenyl-propane interconnected with ether bonds,
is one of the basic components of biomass [4]. Lignin, like
hemicellulose, has an amorphous structure morphologically,
but it resembles cellulose due to its low solubility and its
strengthening of the plant cell. Compared to other biomass
components, lignin is the biopolymer most resistant to biolog-
ical disintegration; this can be attributed to the multiple number
of bonds between the units in its structure. Lignin has a high
energy value, thanks to its valuable phenol compounds [5].
The elemental analysis of biomass revealed that it mostly
consists of C, H, N, S, and O. C is the most significant part of
the content of biomass; its resource is atmospheric CO, and
added to the structure of the plant at the end of photosynthesis.
The large part of thermal energy, which is acquired by the
phenomenon of combustion, is obtained from carbon, and
then, it is released into the atmosphere in the form of CO,
[6]. In combustion, C does not burn in its entirety, CO and
polycyclic aromatic hydrocarbons (e.g., naphthalene, ace-
naphthylene, acenaphthene, phenanthrene, fluoranthene,
pyrene, benzo(a) anthracene, and dibenzo(a,h)anthracene)
generated as the output [7]. In general, the carbon amount of
the biomass can be estimated from the ratios of cellulose,
hemicellulose, and lignin; it also supports the generation of
lignin char, and therefore, the carbon amount is low in herba-
ceous plants of which the lignin content is high. One of the
fundamental components of biomass is hydrogen, and as
known, hydrogen is involved in the structure of carbohydrate
and phenolic polymers. Then, hydrogen, which significantly
affects the energy obtained during combustion, is converted
into H,O. Hydrogen content is generally lower in herbaceous
plants compared to woody plants. Nitrogen is the vital nutrient
for biomass. The nitrogen amount in herbaceous plants is
higher than in woody plants [8, 9]. Moreover, the existence
of nitrogen contributes to the energy value since it is not ox-
idized in the combustion phenomenon and it contributes to the
phenomenon of disintegration. Another significant compo-
nent is S. Like nitrogen, S is essential for growth, and it is
involved in the structure of amino acids, proteins, and en-
zymes. The higher S content in herbaceous plants is attributed
to one of the causes of faster growth of herbaceous plants
compared to woody plants. While the ratio of S in some
woody plants may be 0%, this ratio varies between 0 and
0.2% in herbaceous plants. The most significant effect of S
is the corrosion that it causes in the generations of environ-
mentally hazardous SO, and gasification operations [8].
Oxygen has vital importance for life, and it is largely formed
at the end of photosynthesis. The oxygen amount controls the
energy value in combustion, and the excess oxygen content is
the most significant factor in limiting the use of biomass [10].
The liquefaction process involves very complex reaction
mechanisms such as the fragmentation of the oxygen bond
present in the structure of phenolic compounds or the increase
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of' the heating value by removing oxygen from the structure of
the compound in different ways. The content of oxygen is not
directly detectable, but it is detectably generated by removing
other components (C, H, N, S) from the composition scale
accepted as a total of 100.

The most common method used for obtaining energy from
biomass is direct burning. The phenomenon of combustion is
comprised a series of exothermic reactions which result in heat
generation and chemical conversion between the fuel and the
oxidant. The heat is generated by the oxidation reaction of
oxygen or carbon, hydrogen, oxygen, and inflammable sulfur
and nitrogen compounds present in the air environment during
the combustion of biomass. Combustion is a very low-cost
method of which the mechanism is known. Converting it into
products with high enthalpy density instead of directly burn-
ing the biomass is significant in terms of both transportation
and obtaining high energy efficiency. Biomass is converted
into products with high enthalpy density by the thermochem-
ical methods such as burning, pyrolysis, gasification, and lig-
uefaction. Water is also used in the liquefaction method as a
solvent, as well as organic compounds such as ethanol, ace-
tone, methanol, and butanol. When the working conditions are
reviewed, studies in which the use of organic solvents and
water vary depending on the temperature and pressure.

Hydrothermal liquefaction is a thermochemical procedure
used for converting biomass into liquid products that have
high energy content. In general, conversion is conducted un-
der subcritical water conditions and at high pressure, and an
organic liquid called bio-oil is obtained [10, 11]. This proce-
dure is comparable to the way fossil fuels are generated.
However, liquid fuel (bio-oil) is obtained in the hydrothermal
liquefaction process within periods expressed in hours and
even in minutes while fossil fuels are created by the exposure
of biomass to high temperature and pressure under the ground
for a period of many years [12]. The following aspects make
hydrothermal liquefaction desirable: water is a unique, envi-
ronmentally friendly solvent, the procedure can be applied to
wet biomasses, there is no need to dry the biomass, it can be
conducted at lower temperatures compared to procedures such
as pyrolysis, and it has a high energy yield [13]. The goal of
hydrothermal liquefaction is to obtain a biofuel with a high
enthalpy density following the conversion of biomass. The
most significant and remarkable feature of the procedure is
the cost and risk arising from the high pressure.

The decomposition of biomass mainly consists of the
stages of dehydration in which water molecules are eliminat-
ed, decarboxylation reactions in which CO, molecules are
eliminated, and deamination in which amino acid molecules
are eliminated. The dehydration and decarboxylation reac-
tions facilitate the removal of O, from the biomass in the form
of H,O and CO,. The biomass, which is constituted from
macromolecules to a considerable extent (biopolymer), con-
verts into polar oligomers and monomers by hydrolysis. This
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leads to the generation of glucose monomers by breaking the
hydrogen bonds available in the structure of cellulose because
of its water-soluble feature at high temperature and high pres-
sure. Fructose is more reactive than glucose, and these mole-
cules are converted into micro products by dehydration,
reverse-aldol defragmentation, isomerization, hydrolysis, re-
arrangement, and recombination reactions [14, 15].

The products obtained at the end of the hydrothermal lique-
faction process have lower oxygen content and, therefore, a
higher heating value compared to pyrolysis [16].
Miscellaneous factors such as reaction period, temperature,
pressure, size of biomass particles, use of the catalyst, and re-
action environment affect the yield and composition of the bio-
oils obtained. While there is an increase in bio-oil yield up to
approximately 300-350 °C in the hydrothermal liquefaction
generally conducted at 250-350 °C, the yield of the gaseous
product increases at higher temperatures. Moreover, the bio-oil
composition obtained varies depending on the composition
available in the structure of the biomass [17]. Phenol, acetic
acid, fatty acids, furfural, 2-methoxyphenol, docosane and
cholestane, cycloalkane, 1 and 2 benzenediol, aldehydes, ke-
tones, and alcohols are examples of some basic products that
form as a result of the hydrothermal liquefaction of biomass.

Miscellaneous biomass resources such as woody bio-
masses, weeds, and algae have been used in hydrothermal
studies. In a study in which Nannochloropsis sp., a
microalga, was liquified with a hydrothermal procedure
in a waiting period of 60 min between 200 and 500 °C,
it was reported that the highest bio-oil yield (43%) was
obtained at 350 °C. The heating value of the bio-oil ob-
tained was 39 MJ/kg, which is close to the crude oil value
[18]. In a study in which Dunaliella tertiolecta, another
microalga, was liquified with a hydrothermal procedure
that had a retention period of 10-100 min at 300-—
380 °C, it was reported that the highest bio-oil yield
(36.9%) was obtained from the experiment conducted at
360 °C within a retention period of 30 min. The heating
value of the bio-oil obtained was 26.62 MJ/kg [19]. In a
study in which the Datura plant was converted into new
products with and without catalyst at 250-380 °C by the
hydrothermal liquefaction method, the highest conversion
ratio obtained was 79% at 380 °C in the presence of the
colemanite catalyst. It was determined that the highest
liquid product yield at which the catalysts were effective
on the conversion and liquid product yield was 40.20% at
300 °C in the presence of the colemanite catalyst.
Moreover, 64 chemical compounds were isolated by
GC-MS analysis [20]. In a study in which the hydrother-
mal liquefaction of lignin, rice husk, and wood chip was
conducted at 280 °C with a retention period of 15 min, the
highest bio-oil amount (8.6%) was obtained from the
wood chip [21]. Since cellulose, hemicellulose, and lignin
compounds are present in the woody biomasses while

carbohydrates, proteins, nucleic acids, and oils are present
in the structures of algal biomasses, different product
compositions were obtained as a result of hydrothermal
processing of these two types of biomasses. Since the
wood components are more durable, the use of a catalyst
is preferred for obtaining high bio-oil yield.

In this study, the Anchusa azurea plant, an annual that
grows in nature, was used. This plant was converted into
new products by a supercritical liquefaction method using
organic solvents and pyrolysis. In this study, considering the
energy value of liquid products, the hydrothermal liquefaction
method, which has a lesser effect on the environment, was
found to be more advantageous to pyrolysis and supercritical
liquefaction process.

2 Materials and methods
2.1 Materials

Anchusa azurea samples were harvested in July, collected
from the Van region of Turkey. The stems were removed from
the leaves and tops which were dried naturally in the open air.
Then, they were ground, milled, and screen-sieved to a 0.6-
mm pore size. The raw material powder was extracted with
petroleum ether (b.p. 40—60 °C) in a Soxhlet extractor for 6 h.
The milled feedstock was uniformly mixed before the exper-
iments. Ultimate and approximate analysis of the Anchusa
azurea were conducted before the experiments, and the results
are given below. The ultimate analysis was as follows: carbon,
40.82%; hydrogen, 5.56%; nitrogen, 0.63%; oxygen, 52.99%;
higher heating value (MJ/kg), 12.40. The proximate analysis
was as follows: lignin, 18.11%; cellulose, 40.67%; hemicellu-
lose, 24.23%; moisture, 6.03%:; ash, 10.61%; and soxhlet ex-
tractives, 0.7% as the percentage of dry feedstock [22]. An
elemental analyzer (LECO CHNS-932) was used for
performing the ultimate analysis of the sample. The key fea-
tures of Anchusa azurea were determined by Tappi Test
methods. Lignin and cellulose were determined by the Tappi
T222 and Tappi T202 methods, respectively [23]. The
holocellulose content was determined by using the chloride
method. The ash and moisture content were determined ac-
cording to the Tappi T211 and Tappi T264, respectively. The
higher heating value (HHV) was calculated with Dulong’s
formula by using the results of the ultimate analysis. A
Fourier-transform infrared (FT-IR) spectroscopy of the raw
material was taken by using potassium bromide as transparent
pellets with a Perkin Elmer Spectrum One FT-IR
Spectrometer for identification of structural groups within
the raw material. The raw material was characterized by FT-
IR in the middle region, including the wave numbers ranging
between 4000 and 550 cm ', According to the literature [23],
the bands in the analysis of the raw material indicate that it is
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mainly composed of lignin, cellulose, and hemicelluloses. The
band at 3343.85 cm™' was formed by the hydroxyl group of
lignin in Anchusa azurea. Absorption at wave number
1737.62 cm ' is a feature of xylenes of hemicellulose. The
absorptions that peak at about 2922.30 and 1320.09 cm™ ' are
features of cellulose. Generally, the spectrum of lignin gives
similar absorption peaks. The absorptions at 2922.03,
1621.83, and 1029.71 cm! represent lignin; in particular,
the sharp peak at 1029.71 cm™ " is due to the ether bonds that
are present in the raw material.

2.2 Experimental procedure

The procedures applied to the biomass within the process of
hydrothermal liquefaction and the analyses methods used for
examining the products obtained are given in Fig. 1. The hy-
drothermal liquefaction experiments were carried out in a
batch stainless steel reactor (uniterm high-pressure reactor).
The reactor is shown in Fig. S1. The reactor was designed to
operate at a maximum temperature of 400 °C and a maximum
pressure of 26 MPa. The reactor was heated with an external
fabric mantle and cooled by an internal air system. The tem-
perature was monitored using an inert thermocouple and con-
trolled by a proportional integral derivative module (PID). The
experimental stage and analysis methods used in characteriza-
tion are shown in Fig. 1. In a typical run, 5 g of Anchusa
azurea powder and 60 mL distilled water was charged into
the reactor. Then, the reactor was purged three times with
nitrogen to remove the air inside. In catalytic experiments,

: !

Fig. 1 The procedures for separation and analysis of hydrothermal
liquefaction products
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the desired quantity of the catalyst (10 wt%) was dissolved,
first in the solvent and then added to the reactor. The experi-
ments were performed at three different temperatures (300,
325, and 350 °C) with the catalysts (H;BO5;, Na,COs,
Al,03) and without a catalyst. The catalyst ratio was kept
constant as 10% in all runs. The reactor was plugged with a
screw bolt, placed in a furnace, and heated to the reaction
temperature at a heating rate of 10 °C/min and held at this
temperature for 0 min. During the hydrothermal liquefaction,
the temperature of the reaction vessel was measured using a
thermocouple and checked at 300 +2, 325+2, and 350 +
2 °C. Upon completion of the reaction, the reactor was cooled
to room temperature by an air system. The maximum pres-
sures that occurred in the reactor at these temperatures were
87.2, 123.5, and 173.6 bar, respectively. After reaching the
desired temperature, the heating was stopped, and the system
was cooled to room temperature. After cooling, the reactor
was opened, uncondensed gases were vented, and then the
contents (unconverted raw material and liquids) of the reactor
were poured into a 200-mL beaker for separation. The residual
oils and solids inside the reactor were washed several times
with distilled water until all of them recovered. The liquid
phase was filtered in a 20-mL glass crucible to separate the
solid (unconverted raw material) from the mixture. The solid
was washed several times with distilled water to remove im-
purities. The ether solution obtained by extracting the liquid
part with an equal amount of diethyl ether was dried with
anhydrous sodium sulfate, and then it was filtered. The solvent
ether was removed by a rotary evaporator at room tempera-
ture. The amount obtained at the end of the removal of the
diethyl ether was determined and called light bio-oil. The solid
product remained on the filter paper, and the autoclave was
washed with acetone (250 mL). The amount obtained by re-
moving the acetone in the rotary evaporator under low pres-
sure was measured and called heavy bio-oil. The total amount
is the sum of bio-oil, light bio-oil, and heavy bio-oil. The solid
substance remaining on the filter paper (solid residue) was
called biochar. The solid residue was dried in the oven at
105 °C for 2 h. Following the drying procedure, the filter
paper and solid residues were brought to room temperature,
and then they were weighted and quantified.

3 Product analysis

Molecules such as polar organic molecules, glycolaldehydes,
furfurals, phenols, and organic acids have high water solubility
under the HTL process conditions. The hydrothermal liquefac-
tion procedure is a thermochemical transformation process in
which gaseous, aqueous, and solid phase products are obtained
from biomass in an aquatic environment at 250-380 °C and
under high pressure (1025 MPa) to gain a bio-liquid product
[8]. Various complex reactions arise during this procedure, and
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a quasi-oil product is obtained. The depolymerization of bio-
mass is the process of the decomposition of macromolecules
depending on their chemical and physical properties. The hemi-
cellulose and cellulose biopolymers make a positive contribu-
tion to the thermal stability of bio-oil. The resistance of ligno-
cellulosic biomass to decomposition is overcome with the de-
polymerization processes and the natural geological processes
of producing fossil fuels. The effective temperature and pres-
sure criteria change the bond structure of biopolymers and pos-
itively affect the generation of short chain polymers consisting
of hydrogen, oxygen, and carbon [24].

The bio-oils obtained at 350 °C were analyzed and charac-
terized by chromatographic and spectroscopic techniques
such as GC-MS, elemental, FT-IR, and '"H NMR; they were
then compared with each other. Elemental analysis was per-
formed with a LECO CHNS 932 analyzer and infrared anal-
ysis with a PerkinElmer Spectrum 100 Spectrophotometer.
The GC-MS analysis was conducted with the Agilent GC-
MS 7890A/5975C series (Agilent Technologies, Santa
Clara, CA, USA). The column (HP-INNOWAX, length,
60 m; 1.D., 0.250 mm; film, 0.25 pm; and temperature limits,
from 40 to 260 °C) and injector temperatures were the same as
those for GC. The carrier gas was helium at a flow rate of
1.7 mL/min. Samples of 1 uL were injected with a split ratio
of 1:30. The GC oven temperature program was as follows:
started at 40 °C; held for 10 min, raised from 40 to 200 °C with
a 5-°C/min heating rate; held for 15 min, raised to 240 °C with
a 10-°C/min heating rate; held for 15 min, raised to 260 °C
with a 10-°C/min heating rate; held at this final temperature
for 10 min. The column was directly introduced into the ion
source of an Agilent 5975 series mass selective detector oper-
ating with an electron impact (EI) ionization mode. Chemical
constituents were identified by a comparison of their retention
indices with the literature and their mass spectral data with
those from the PMW _Tox3.l, Wiley7n.1, and NIST05a.L
mass spectral databases.

4 Results and discussion
4.1 Effect of temperature on product yields

The temperature, pressure, usage of catalyst, and physico-
chemical properties of water are significant factors in terms
of the disintegration of biomass. The disintegration tempera-
ture of each component available in the structure of biomass is
different. While the disintegration temperature is 220 °C for
hemicellulose, it is 200-500 °C for lignin and approximately
280 °C for cellulose. While high temperatures lead to gasifi-
cation, low temperatures and long holding periods lead to
carbonification [25].

In the hydrothermal liquefaction process, most organic
compounds do not react with water although water acts both

as a solvent and reactant. However, a change occurs to this
tendency along with the changes arising in the structure of
water when the temperature reaches 250-350 °C, and the wa-
ter molecules participate in the chemical reactions with the
organic compounds. Under normal conditions, water has high
dielectric constant (¢~80) because of its hydrogen bonds. But,
as it is heated up to the critical point, its dielectric constant
value (e~5) decreases. The water having dielectric constant
within this range can solve the hydrophobic materials. This
decrease in dielectric constant pushes the water’s structure
from polar to apolar structure, and it makes water an effective
solvent for organic compounds, gases, lignin, and carbohy-
drates [10]. Since the ion multiplication of water around the
critical temperature ([H*][OH ]~10-11) is higher than it is
under normal conditions (~ 10-14), the water can be an effi-
cient medium for acid- and base-catalyzed organic reactions.
The viscosity of water increases as the temperature increases,
and around the critical point, it becomes closer to the viscosity
of water vapor. Since the lower viscosity offers a high diffu-
sion coefficient, the reaction velocities increase. Besides that,
the water at high temperature may act as a reactant in the
hydrothermal reaction medium. Water molecules may partic-
ipate in the hydrolysis reactions under hydrothermal condi-
tions, and they might act as hydrogen resources [26].

The macromolecules available in the structure of biomass
first decompose into their water-soluble oligomers and mono-
mers with hydrolysis, and these microstructured monomers
and oligomers may be exposed to disintegration, and polymer-
ization occurs again or functional loss of group [16].

The results of the liquefaction and distribution of products
obtained in this study at different temperatures with and with-
out catalyst are given in Table 1. The results obtained in the
trials are given in the graphics in Fig. 2. As seen in the graphic,
the temperature is an effective parameter for the trials both
with and without catalyst in terms of the hydrothermal lique-
faction process. In the trials, light oil and heavy oil, and the
solid residue at which the conversion was not achieved were
obtained. The product yield of light bio-oil was increased up
to 325 °C and decreased after this temperature in all experi-
ments. This may be attributed to the continuance of depoly-
merization at the end of the ongoing secondary reactions and
the increase of gaseous product conversion.

As seen in Fig. 2, the temperature was effective on total
bio-oil yield. When the bio-oil yield graphic is reviewed, it is
seen that the highest product yield was obtained at 350 °C in
all trials with catalyst. In the trial with catalyst, the highest
total bio-oil yield was determined to be 27.52%, 21.35%,
and 29.25% for the H3;BO3, Na,CO3, and Al,O5 catalysts,
respectively. Here, the most significant issue is the quality of
the product as well as the value of the product yield.

In the hydrothermal liquefaction process, macromole-
cules in the biomass structure break down into water-
soluble oligomers and monomers by hydrolysis at first,
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Table 1 The conversion and
distribution of products obtained
by hydrothermal liquefaction of
Anchusa azurea at different
temperatures with and without
catalyst

Light bio-oil (%)

Heavy bio-oil (%)

Solid residue (%) Total bio-oil (%)

300 °C without catalyst ~ 6.24
325 °C without catalyst ~ 6.94
350 °C without catalyst ~ 5.42
300 °C H3;BO; 6.72
325 °C H3BO; 7.07
350 °C H3;BO; 6.02
300 °C Na,CO; 4.26
325 °C Na,CO; 4.73
350 °C Na,CO; 3.96
300 °C ALO; 6.86
325 °C ALLO; 7.25
350 °C ALO; 6.62

19.32
2297
24.27
16.12
19.84
21.50
10.26
12.53
17.39
16.83
21.05
22.62

14.42 25.56
9.70 29.91
8.48 29.69

15.44 22.84

10.48 26.92
9.45 27.52

21.53 14.52

13.86 17.26

12.75 21.35

19.29 23.69

13.14 28.30

11.62 29.25

and these smaller monomers and oligomers may degrade,
repolymerize, or lose functional groups. The glucose
monomers present in the cellulose structure are linked to

Fig. 2 The effects of temperature
and catalysts on product yields of
Anchusa azurea hydrothermal
liquefaction
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Mass fraction percentage of the dry and ash free feedstock

each other by p-(1-4) glyosidic bonds, and these bonds
lead to the formation of strong intramolecular and
extramolecular hydrogen bonds and crystal structure [16].

Light bio-oil Heavy bio-oil
8 27
25
7 _ 23 —
\ o= Without 21 - g Without
- catalyst s catalyst
X6 X 19 ¥
= - A -
E" \ es=iil== Boric Acid 'gn 17 / / es=fii= Boric Acid
o 5 2 15
2 2 7
A 13 / e Sodium
4 - e Sodium 11 et Carbonate
carbonate 9 et Aluminium
3 7 oxide
275 300 325 350 375 _“_Allf‘;"'"'um 275 300 325 350 375
oxide
Temperature °C Temperature °C
Total bio-oil Solid residue
34 23
31 21 A
28 / : 19 X\
. //) i — 17 \\ e \Nithout
X25 == Without X \\ catalyst
- y catalyst = 15
22 ) e=ili==Boric Acid
k] / il Boric Acid 9 13 -
= 3
19 / 11 e Sodium
16 e Sodium 9 carbonate
/ Carbonate 7 @i Aluminium
13 - oxide
et Aluminium
10 oxide 5
275 300 325 350 375
275 300 325 350 375

Temperature °C

Temperature °C




Biomass Conv. Bioref. (2019) 9:459-470

465

4.2 Effect of catalyst on product yields

The aim of using a catalyst in the hydrothermal liquefaction
process is to decrease the solid product amount and to increase
the liquid product yield and quality. In this regard, homoge-
nous and heterogenous catalysts are used. The alkali salts such
as NaOH, KOH, Na,COs;, and K,CO; are mostly used as
homogeneous catalysts. It was determined in the studies that,
in general, the alkali salts decreased the solid product amount
by accelerating the water-gas shift and increased the liquid
product yield. The esters were generated by the decarboxyl-
ation reactions between the hydroxyl groups coming from the
biopolymers in the biomass because of the effect of the cata-
lyst and the ions generated in the alkali carbonates. The dehy-
drogenation of micromolecular compounds with a series of
dehydration, deoxygenation, and decarboxylation follows
the generation of ester. The alkali salts lead to the generation
of unstable and unsaturated molecules by increasing the pH
and decreasing dehydration reactions [27, 28]. The lower char
production with the usage of NaOH may be attributed to neu-
tralization of the molecules that cause the polymerization by
OH-ion. Char is generated with the polymerization reaction
between the hydroxyl groups on a solid surface and ester
bonds which are produced in an aqueous environment. As
NaOH neutralizes the carboxylic acids, it prevents the poly-
merization reactions and therefore suppresses the generation
of char [29]. The catalytic effect of alkali salts such as K,CO;
in the disintegration of macromolecules such as cellulose and
hemicellulose into micromolecular products arises in the pres-
ence of CO, which is generated during conversion [30]. The
cellulose type macromolecules decompose into smaller com-
pounds with reactions such as dehydration, dehydrogenation,
decarboxylation, and ring-opening. This mechanism explains
the catalytic effects of alkali carbonates during the generation
and decomposition of intermediate products.

‘When Fig. 2 was reviewed, it was seen that the catalysts came
into play in both the liquid products and solid residue amounts.
The highest yield for light bio-oil was determined to be 7.25% in
the presence of Al,O; catalyst at 325 °C and 7.07% in the pres-
ence of the H3BO; catalyst. When the heavy bio-oil yields were
reviewed, the highest yield was obtained in the trials without
catalyst. In the trials with catalyst, the highest yield was obtained
at 325 °C in the presence of H;BO; and Al,Os.

4.3 Characterization of bio-oils and biochars by FT-IR,
GC-MS, SEM, 'H NMR, and elemental analysis

In the hydrothermal liquefaction procedure, the water-soluble
part of the biomass starts to be dispersed in water at 100 °C,
then the hydrolysis phenomenon above 15 °C begins, and the
fragmentation occurs in monomeric chains of cellulosic and
hemicellulosic biomass fractions. Then, the slurry generates at
200 °C under 1-MPa pressure, and the mechanism progresses

towards the liquefication or gasification. These substances
make a substantial contribution to the generation of bio-oil
since the hemicellulose decomposes easily due to its amor-
phous structure, and the cellulose may disintegrate due to its
reasonable polymerization feature while the lignin is respon-
sible for the solid generation due to its complex structure and
limited depolymerization capability [27].

The polysaccharides constitute the monosaccharides with
hydrolysis and then phenols or cyclic ketones with isomeriza-
tion, cyclization, and dehydration during hydrothermal lique-
faction while the carbohydrates generate the aromatic com-
pounds with the ring-opening and then cyclization and con-
densation reactions [31]. The nitrogen-containing compounds
are mainly constituted from amine, pyrroles, and pyrazines.
The proteins consisting of amino acids either lead to carbonic
acid and amines with the decarboxylation reactions or gener-
ate the ammonium and organic acids with the deamination
reaction in the hydrothermal liquefaction. The hydrolysis of
cellulose is more limited compared to other components in the
biomass mainly consisting of cellulose and hemicellulose be-
cause the cellulose microfibers are wrapped with the lignin
and hemicellulose, and this provides extra protection for the
cellulose. Together with the hydrothermal liquefaction pro-
cess, the organic contents of organic materials decreased from
40% by 10-15%, the oxygen is removed from the environ-
ment in the form of CO, or CO. Moreover, in addition to the
gas phase, the organic compounds are formed in the aqueous
phase and smaller molecular structures. The resultant products
can be easily transported and stored [32]. The elemental anal-
yses and HHV values of the liquid products obtained at
350 °C are given in Table 2. It is seen that the carbon values
of the obtained heavy bio-oil were higher than the values of
light bio-oil. The highest carbon ratio for heavy bio-oil was
obtained from the trial with the Na,COj; catalyst (71.53), the
trial without catalyst (69.98), the trial with the H;BO; catalyst
(67.91), and the trial with the Al,O5 catalyst (67.77), respec-
tively. The highest carbon ratio for light bio-oil was obtained
from the trials with the Na,CO; catalyst (67.49), with the
Al,O5 catalyst (65.47), without catalyst (64.75), and with the
H;BO; catalyst (63.28), respectively.

The pre-treatment HHV value of the pure Anchusa azurea
sample was calculated as 12.40 MJ/kg. When HHV values of
both liquid products and solid residues in Tables 2 and 3 are
reviewed, it is seen that values varying between 25.84 and
26.84 MJ/kg for light bio-oil, 28.34-31.32 MJ/kg for heavy
bio-oil, and 13.88-19.05 MJ/kg for solid residue were obtain-
ed. All these values were higher than the HHV values obtain-
ed from the untreated biomass.

In Fig. 3, the percentage of energy value ratios to the total
energy value of light bio-oil, heavy bio-oil, and bio-char obtain-
ed from the trials are given. When the energy ratios of products
obtained by the trials without catalyst to total mass were
reviewed, it was seen that the highest share of the energy value
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Table 2  The results of elemental analyses of bio-oils obtained at 350 °C

350 °C Without H3BO3 N3.2CO3 A1203 Without H3BO3 N32C03 A1203
catalyst LBO catalyst LBO catalyst LBO catalyst LBO catalyst HBO Catalyst HBO catalyst HBO catalyst HBO

C 64.75 63.28 67.49 65.47 69.98 6791 71.53 67.77

H 6.72 6.77 6.53 6.66 7.82 7.44 7.45 6.83

N 0.62 0.35 0.54 0.58 0.74 0.63 0.80 0.74

o* 2791 29.61 25.44 27.29 21.46 24.02 20.21 24.66

H/C 1.24 1.27 1.15 1.21 1.33 1.31 1.24 1.20

o/C 0.32 0.35 0.28 0.31 0.23 0.27 0.21 0.27

HHV 26.56 25.84 27.68 26.84 31.10 29.39 31.32 28.34

Weight percentage on dry and ash free basis
By difference

belongs to heavy bio-oil, bio-char, and light bio-oil, respective-
ly. In the trials conducted in the presence of the H;BO; and
Na,COj catalysts, the ratios to total energy value were compa-
rable to the trials without catalyst, and the highest share
belonged to heavy bio-oil, bio-char, and light bio-oil. This gra-
dation differed in the trials with the Al,O5 catalyst. The shares
of the products obtained in AL,Oj trials among the total energy
value was determined to be heavy bio-oil, bio-char, and light
bio-oil, respectively. This may be attributed to the generation of
compounds with high carbon and hydrogen content by the re-
actions caused by an acidic catalyst and the removal of oxygen
from the environment in a more effective way.

With NMR analysis, the aromatic and aliphatic compounds
in the structure may be revealed. The locations of signal
groups in the spectrums give information on the type of com-
pounds available in the structure. The 7t electrons in the aro-
matic molecule generate ring flows. These create a force
against the magnetic area applied externally, and thereby,
backward shielding occurs. Hence, the chemical shifts of the
'H and "*C nuclei are affected [33]. The NMR signals are
observed in a lower area (at high frequency). The '"H NMR
spectrums of light and heavy bio-oils obtained by the hydro-
thermal conversion of the Azurea biomass with catalyst
(H3BO;, Na,COs, Al,O3) and without catalyst at 350 °C are
given in Fig. S2-S3. The spectrum peaks in the range of 6.2—

8.1 ppm indicate the protons belonging to the aromatic
groups, the peak in the range of 4 ppm indicates the proton
belonging to methoxy (-OCH3), and the peaks in the range of
0.8-3.0 ppm indicate the protons belonging to the alkali (-
CH2, -CH3) groups. The peak in the range of 9-10 ppm is
the typical aldehyde peak [33]. The shifts were observed at the
estimated peak values of some basic compounds in the GC-
MS analysis. This is because the mesomeric effect is more
dominant than the inductive effect. As the bio-oils obtained
are constituted from an oxygenic hydrocarbon mixture, the
chemical shift values were affected, and, moreover, there
may be delacerations and disintegrations in the structure of
the compounds due to the conditions of the reaction
environment.

In the GC-MS technique, the mixture components are di-
verged and quantified in accordance with the difference in the
molecule masses. The mixture is carried at a fixed phase with
gases such as nitrogen and helium throughout the colon where
there are fixed and mobile phases. The quantifications and
qualifications can be done through these divergent compo-
nents depending on the retention periods. The components
obtained from gas chromatography can be quantified more
precisely with fast scanning and high sensitivity by means of
MS which serves as the detector in the system. The electronic
ionization spectrums obtained from mass spectroscopy are

Table 3 The results of elemental

analyses of bio-chars obtained at 350 °C Feedstock Without catalyst H;BO; catalyst Na,COj catalyst Al O3 catalyst
350 °C

C 40.82 55.21 58.12 56.30 51.49

H 5.56 3.89 4.17 3.87 3.13

N 0.63 1.18 0.98 0.86 0.76

(o 52.99 39.72 36.73 38.97 44.63

H/C 1.62 0.84 0.86 0.82 0.72

o/C 0.97 0.54 0.47 0.52 0.65

HHV 12.27 17.12 19.05 17.60 13.88

Weight percentage on dry and ash free basis

By difference
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Fig. 3 Energy distribution of products in catalytic and non-catalytic
hydrothermal liquefaction of Anchusa azurea at 350 °C

compared with library (NIST) spectrums, and the structural
analysis of the compound is completed. The GC-MS analyses
of liquid products obtained from trials made at 350 °C are
given in Table S1.

In the analyses, the infrared spectroscopy, another method
for illustrating the structures of organic substances, was used.
The infrared is located between the visible region and micro-
waves in the electromagnetic spectrum, and it is the radiation
of which the wavelength is 0.8-500 um. The infrared spec-
trums give information on whether (i) the functional groups in
the structure of organic compounds and (ii) two organic com-
ponents are identical or not. KBr or NaCl pellets, which fully
transmit the light or the film layer, is used for measuring the
absorption of the substance. The FT-IR graphics of heavy bio-
oil, light-oil, and bio-char obtained from the trials are given in
Fig. S4-S5. The vibrations between 3500 and 3200 cm ' are
the characteristics of O—H, and groups that indicated the pres-
ence of phenols and alcohols in bio-oils obtained only ethanol.
The sharp C—H and = C-H, stretching vibrations between
2900 and 3000 cm ', indicated the presence of alkanes and
alkenes. The stretching vibrations between 2200 and

2400 cm ' are the characteristics of the C=N and C=C
groups, which show the presence of nitriles and alkynes.
The typical carbonyl group (C=0,) stretching vibrations be-
tween 1710 and 1665 cm™ !, indicated the presence of alde-
hydes, ketones, or carboxylic acids in bio-oils obtained in
acetone. The C=C stretching vibrations between 1600 and
1585 c¢m !, which are found only in bio-oils of ethanol and
methanol, indicate the presence of alkenes and aryl groups.
The presence of alcohols and esters can be confirmed by C-H
bending vibrations between 900 and 1350 cm ' and C-O
stretching vibrations between 1000 and 1350 cm ™" in bio-oils.
Aromatic compounds are confirmed by the aromatic C=C
stretching vibrations between 1350 and 1500 cm™'. The C-
Br stretching vibrations between 690 and 515 cm ™' indicate
the presence of alkyl halides [34-38]. FT-IR results support
the GC-MS and '"H NMR results.

The classification of compounds obtained from the GC-MS
analysis of heavy bio-oil and light bio-oil obtained at the end
of'the trials at 350 °C is given in Fig. 4. As seen in the graphic,
the ratio of macroaromatics was very high for light bio-oil in
the trial without catalyst, and moreover, there were too few
polyaromatics and oxygen compounds. The ratio of mono-
aromatics declined in the trials without catalyst. While the
amount of oxygen compounds and polyaromatics increased
with the H;BO; catalyst, only the polyaromatics decreased
substantially for the Na,CO3 and Al,O3 catalysts. When
heavy bio-oil content was reviewed, it was seen that there
was a higher variety of compounds for all trials. The mono-
aromatics and polyaromatics were obtained substantially in
the trial without catalyst; these ratios varied in the trials with
catalyst, and moreover, the aliphatics were observed at insig-
nificant amounts in the trials with the Al,O5 catalyst.

The analysis method used for characterization of the
solid products obtained was SEM (scanning electron mi-
croscope). SEM analyses of the pure sample and the

Light Bio-oil Compounds (350 2C)

100% - i
90% 1 ‘— m Others
80% -
70% - Oxygen

compounds
60% - .
M Polyaromatics
50% -
40% - B Monoaromatics
30% -
20% -

10% A

0%

No H3BO3 Na2CO03 Al203
Catalyst

Heavy Bio-oil Compounds (350 °C)

100%
0% + | \
80% -
W Others
70% -
60% M Aliphatics
6
50% Oxygen compounds
6
40% - M Polyaromatics
30% 1 ® Monoaromatics
20% -
10% -
0%

No H3BO3 Na2CO3 Al203
Catalyst

Fig. 4 Characterization of compounds in heavy bio-oils and light bio-oils at 350 °C
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Fig. 5 SEM images of raw
material and bio-chars obtained
from the non-catalytic and
catalytic hydrothermal conversion
of biomass at 350 °C (a without
catalyst, b H3BO;, ¢ Na,CO5, d
ALOs)

samples obtained from the trials were made. The SEM
images obtained are given in Fig. 5. Differences are seen
between the untreated pure sample and the solid product
obtained at the end of trials made at 350 °C. When the
images obtained from the trial without catalyst were com-
pared with the pure sample, the differentiations were seen
on the surface in the form of cracks. The distinctive
changes occurred in the trials with catalyst. In the trials
made with the H;BO; catalyst, there were differentiations
on the surface in the form of fragmentation and lamina-
tion. The changes in the form of friability were observed
on the surface in the presence of the Na,CO; and Al,O4

@ Springer

catalysts. Since the catalysts affect the biomass surface by
various mechanisms due to their structure, they lead to the
generation of different surfaces.

4.4 Pyrolysis and the supercritical liquefaction process

In two studies conducted with the aim of obtaining new prod-
ucts from the biomass of Anchusa azurea, the pyrolysis and
supercritical liquefaction methods were used. In the pyrolysis
study, the trials were conducted with catalyst (ZnCl,, Al,Os,
Ca (OH),, Na,CO3) and without catalyst at 350, 450, and
550 °C. Elemental and GC-MS analyses of the liquid products
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obtained were made. In the elemental analysis, energy values
varying between 17.54-23.75 MJ/kg for 350 °C and 17.43—
24.18 MJ/kg for 550 °C were obtained in terms of the HHV
values of the liquid products. The energy values varying be-
tween 9.06-13.64 MJ/kg for 350 °C and 6.01-10.30 MJ/kg
for 550 °C were obtained in terms of the HHV values of
bio-char. Based on GC-MS results, 124 different chemi-
cal compounds were isolated at 350 °C, and 164 different
chemical compounds were isolated at 550 °C. The highest
product yield was determined to be 34.05% at 450 °C in the
presence of Na,CO; [23].

In the supercritical liquefaction method, methanol and
isopropanol were used as the solvent. The trials were conduct-
ed with catalyst (Borax, FeCl;) and without catalyst at 260,
280, and 300 °C. The liquid products obtained were analyzed
with the elemental, GC-MS, and FT-IR methods. The highest
liquid product yield was obtained as 64.7% from the methanol
solvent and 29.20% from the isopropanol solvent in the pres-
ence of a borax catalyst at 300 °C. Based on the elemental
results, the HHV values varying between 18.71 and 23.00 M/
kg ' were obtained in the methanol trials while the values
varying between 25.06 and 26.86 MJ/kg were obtained in
the isopropanol trials. Based on the GC-MS results, 73 and
65 different chemical compounds, respectively were isolated
in the methanol and isopropanol trials conducted at 300 °C. In
general, the compounds can be classified as monoaromatics,
oxygenated compounds, polycyclic compounds, and
nitrogenated compounds [22].

5 Conclusion

At the end of trials, the Anchusa azurea plant was con-
verted into solid (biochar) and liquid products (heavy bio-
oil, light bio-oil) using the hydrothermal liquefaction
method with catalyst (H;BO5, Al,O3, Na,COj3) and with-
out catalyst at 300, 325, and 350 °C. The products obtain-
ed were evaluated with the GC-MS, FT-IR, 'H NMR,
SEM, and elemental analysis methods. The analysis re-
sults were consistent. In these trials, the highest liquid
yield (total bio-oil) was determined as 29.69% in the trial
without catalyst at 350 °C. The HHV values of all prod-
ucts obtained (light bio-oil, heavy bio-oil, and solid resi-
due) were determined to be higher than the HHV value of
the pure substance. The highest HHV value was obtained
from heavy bio-oil as 31.32 MJ/kg with the Na,CO; cat-
alyst at 350 °C. This HHV value was higher than the
HHYV value obtained with pyrolysis and the supercritical
liquefaction method. Based on the research results, the
hydrothermal liquefaction method may yield more advan-
tageous results compared to the supercritical liquefaction
method in which pyrolysis and organic solvents are used.
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