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Abstract: Due to the increasing consumption of fossil fuels, there is a growing
demand for renewable energy resources. At the same time, a significant amount
of agricultural waste accumulates, including corn residues, and the efficient
management of this waste is a challenge. In this work, the waste biomass, which
consisted of the stalks of two types of corn, was characterized and subjected to
the pyrolysis process at 400 °C. The physicochemical characterization of the
obtained liquid fraction (bio-oil) was performed, and the obtained data were
compared with the literature data for liquid biofuel. The calorific value of bio-
-oil was above 22 MJ kg'!, which indicates the good potential of waste corn
biomass as an energy source. With appropriate further changes in the com-
position of waste, by adding materials with a higher carbon and hydrogen
content, corn stalks can represent a significant energy source, with better reg-
ulation of disposal and storage of agricultural waste.

Keywords: agricultural biomass; pyrolysis process; physicochemical properties;
liquid fraction.

INTRODUCTION

Contemporary society encounters significant challenges due to the rising
consumption of fossil fuels and the resulting environmental impacts. Therefore,
there is an increasing emphasis on developing alternatives to ensure a more
sustainable energy balance and reduce negative environmental impacts. In this
context, the present research focuses on using corn biomass as a renewable energy
source. !
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The global corn production continues to grow and it has reached 1.2 billion
tons according to the latest statistics from 2021.2 In Serbia, the data from 2022
show an annual output of 4,283,293 tons of corn on 952,216 ha of arable land
across the coun‘[ry.3

After corn harvest, the plant residues such as stalks, leaves, cobs and husks
can be partly used as animal feed. Also, parts of plant waste remain on arable land
and return to the soil.# The remaining amount of biomass, which is not negligible
(about 30 %), remains to be used as an energy source. Corn waste biomass is rich
in lignocellulose material, with lignin, cellulose, and hemicellulose being the main
components of these plant residues.” Lignin is a three-dimensional amorphous
polymer consisting of aliphatic and aromatic structures, and it is considered a non-
nutritive part of biomass. Lignin provides strength and hydrophobicity to plant cell
walls, while protecting polysaccharides from microbial degradation. Lignin, cel-
lulose, and hemicellulose can be converted into liquid fuel by the pyrolysis pro-
cess, effectively managing this waste and yielding a significant amount of bio-oil
that can be modified as a substitute for fossil fuel.%7 It is important to note that
corn biomass is not a significant food source for the animal consumption because
it has a low level of nutrients, making it waste.”-8 Also, agricultural lignocellulosic
biomass represents a cheap and readily available source of carbon that can be used.’

Traditionally, corn residues are often burned or disposed of as unnecessary
waste in many fields worldwide.10 However, such a practice can have profound
implications for the environment, because the burning of such material releases
various gases and particles into the atmosphere, contributing to air pollution and
negatively impacting the quality of the environment and human health.!!

Using biomass as an energy source has several advantages because it is
renewable and can be replenished faster than used, keeping ecosystems in balance.®
The biomass-based energy reduces greenhouse gas emissions and contributes to
the reduction of the greenhouse effect, which is crucial to the climate change
issue.!2 The production of the liquid fuels from biomass can help reduce
dependency on fossil fuels, increase the energy independence, and reduce the
economic and the geopolitical risks.!

This is the first study examining the characteristics of waste stalks from two
types of corn, BC 398 and ZP 6263, cultivated in the municipality of Sabac, Serbia.
Additionally, it provides a detailed analysis of the physicochemical characteristics
of the bio-oil obtained through the pyrolysis of corn residues under the specified
conditions. The characterization of the liquid fractions obtained aims to provide a
thorough understanding of the potential of this alternative energy approach. The
findings of this research are expected to offer valuable insights for the advance of
sustainable energy solutions and contributing to the global initiatives aimed con-
sidering the climate change.
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EXPERIMENTAL
Biomass samples

Two types of corn, BC 398, designated as Kz, and ZP 6263, designated as Kn, were used
for this study, collected from the vicinity of Sabac, Serbia, from two different plots. The samples
were taken at a height of 5 to 10 cm above the ground surface. Before any analysis, the samples
were air-dried for 30 days to achieve a less than 10 % moisture content. Afterward, they were
milled to achieve an average particle size ranging between 2 and 5 mm.

Thermogravimetric analysis (TGA)

The thermal degradation of corn stalk samples was studied by thermogravimetric analysis
(TGA). TT" was performed on TA Instruments TGA Q500, thermogravimetric analyzer (Del-
aware, USA). The nitrogen flow was 60 cm3 min'!. About 10 mg of the sample was placed into
the platinum crucible, loaded into the TG furnace, and heated from 25 to 700 °C. The applied
heating rate was 5 °C min’!. The signals of weight (%) and deriv. weight (% °C!) were
presented by the package TA Advantage Universal Analysis 2000 software, version 4.5 A. The
obtained TGA and their DTG curves were used to analyse the thermal properties of the biomass
samples.

Pyrolysis

Air-dried samples of corns Kz and Kn, 19.61 g and 19.14 g, respectively, were pyrolyzed
in a carbolite tube furnace (MTF 10/15/130, Carbolite, UK) for 30 min at 400 °C under a
constant flow of nitrogen (99.999 %) at a rate of 150 cm3 min™!. The quartz tube was situated
within the furnace. The glass joint ends of the quartz tube were outside the furnace. The tube
was connected with the nitrogen supply at one side, while the other was connected with a
recipient trap filled with solvent. The sample was situated in a porcelain vessel, and the vessel
was transferred in the middle of a quartz tube. The heating rate was 100 °C/min. The liquid
fraction was collected in HPLC-grade acetone. The solvent was removed after pyrolysis in an
inert nitrogen atmosphere. The yield of liquid fraction was calculated according to the mass of
pyrolyzed samples.

Physicochemical characterization of biomass and bio-oil

The composition of biomass. The composition of corn stalks samples was analysed in detail
to determine the lignin, cellulose, hemicellulose, and extractable material content. The
extractives were isolated from the sample using acetone with heating, after which the sample
was dried to a constant mass at a temperature of 110 °C. The quantity of extractives was det-
ermined from the difference between the initial and dried masses after extraction. Subsequently,
the hemicellulose content was determined in the sample without extractives by extraction with
a 0.5 mol dm3 solution of sodium hydroxide with heating. The sample was then rinsed with
distilled water until the reaction was negative for Na* and dried to a constant mass. The lignin
content was obtained by extraction with 98 % sulfuric acid on a sample from which extractives
had been previously removed. The sample was rinsed with distilled water until a negative
reaction for sulphate ions and then dried to a constant mass. The cellulose content was calculated
as a difference of up to 100 %.!3

Determination of pH, moisture and ash content, elemental analysis and calorific value for
biomass and bio-oil samples. The pH value of corn biomass and bio-oil samples was measured
using the standard ASTM E70 method. The moisture content of biomass samples was deter-
mined by drying in an oven according to the ASTM E871 standard. The moisture content in
bio-oil samples was determined using the standard procedure outlined in SRPS EN ISO
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12937:2011, “Petroleum products- Determination of water- Coulometric Karl Fischer titration
method” on an 831 KF Coulometer (Metrohm, Switzerland). The ash content in biomass
samples was determined using the thermal analysis following the ASTM E1755 standard, while
for bio-oil, the ASTM D482 standard was used. Elemental analysis of biomass and bio-oil
samples was conducted on a CHNS Elementar- Vario Macro Cube (Elementar, Germany) for
carbon, hydrogen, nitrogen, and sulphur analysis, using the standards SRPS ISO 13878:2005,
SRPS ISO 10694:2005, and SRPS ISO 15178:2019. At the same time, the oxygen content was
calculated as a difference of 100%. The calorific value of corn biomass and bio-oil samples was
determined on an instrument IKA C400 (IKA, Germany), using the standard SRPS CEN/TS
16023:2014.

Density, viscosity and the group composition of the bio-oil. The bio-oil was characterized
by the parameters such as density, viscosity, the group composition, FTIR analysis, and the
toxic elements content. The density was determined using the ISO 12185 standard. The rheo-
logical behaviour of bio-oil samples was investigated using shear measurements in the parallel
plate geometry (diameter 25 mm; gap 500 um) on a Discovery hybrid rheometer HR2 (TA
Instruments, USA). The experiments were conducted at 25 and 40 °C using a Peltier plate
heating system, and viscosity curves were obtained within a shear rate range from 0.1 to 100 s,
To determine the group composition of the bio-oil, samples were fractionated into aliphatic,
aromatic, and NSO fractions (polar fraction containing nitrogen, sulfur and oxygen com-
pounds). The fractionation process involved the separation of different compounds using dif-
ferent eluents. A 15 mg sample was dissolved in 0.100 cm? of acetone and transferred to silica
gel. Column chromatography was performed using 2 g of dried silica gel, with the sample
transferred to the top of the column. Below this column section, dry Na,SQOy, is placed to remove
moisture from the sample. The Fractions were eluted with the following solvents: aliphatic with
5 cm?3 n-hexane; aromatic with 5 cm? of a mixture of n-hexane/dichloromethane (40/60); and
NSO fraction with 5 cm? of methanol. The fractions were collected in receiving vessels, and
after the solvent evaporation, the vessels weights were measured. The proportions of these
fractions were determined gravimetrically after elution.!*

FTIR analysis of bio-oil. Liquid bio-oil samples (~0.01 cm?) were placed between two
KBr plates, and spectra were obtained using a transmission technique. Infrared spectra over the
wavelength range 4000400 cm™' were recorded with an IRAffinity-1 FTIR spectrophotometer
(Shimadzu, Japan). The measurement resolution was 4 cm'!.

ICP-OES analysis of bio-oil. The samples were prepared using a microwave digestion
oven CEM Mars 5 (MARS, USA) according to the standard method EPA 3052. For the bio-oil
samples, 0.25 g was measured, and then 9 cm? of concentrated nitric acid, 3 cm? of hydrochloric
acid, and 0.5 cm3 of hydrofluoric acid were added. The samples were placed in a microwave
digestion oven, and the heating temperature was set to 180+5 °C for 5.5 min. After cooling, the
samples were filtered through “blue band” filter paper (pores size < 2 pm) and topped up to a
volume of 50 cm?3. Then they were analysed using the ICP-OES technique (,,Spectroblue T1“-
Spectro, Germany) following the standard method EPA 200.7.

GC-MS analysis of bio-oil. GC-MS analysis was performed in order to determine the
molecular composition of liquid pyrolysates and to identify the most dominant compounds. The
samples were analysed using the GC—MS technique (Varian 450-GC with 220-MS, USA). The
separation of compounds was performed on FactorFour capillary column VF-5ms 30 mx0.25
mm with 0.25 pm film thickness (Varian, USA). The injector temperature was 200 °C, and the
injection volume was 1 mm? in split mode 90 %. The carrier gas was helium at a constant flow
rate of 1 cm3 min'!. The oven program started at 50 °C. Afterward, the temperature was inc-
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PYROLYSIS OF CORN STALKS 1 679

remented at 3 °C min! to reach 150 °C, and then immediately at 25 °C min! until it reached
280 °C, where it was held for 20 min. The parameters for MS analysis were as follows: EI (70
eV) temperature 200 °C, solvent cut time 3 min, scan 45-650 m/z. The identification was based
on comparing a particular compound’s mass spectra and retention time with the reference
materials using the “Wiley registry of mass spectral data, 8 edition” library.

RESULTS AND DISCUSSION

The results of physicochemical characterization of biomass

The composition of corn stalk samples, pH value, moisture and ash content,
elemental analysis, and calorific value are presented in Table I. These analyses
provide the key information regarding the chemical composition of corn biomass
and its suitability for conversion into biofuels. The moisture content was about 6
% in both samples, which was acceptable for the pyrolysis experiments. Biomass
rich in cellulose and hemicellulose is a better source for obtaining bio-oil than
lignin-rich biomass.!5 The lignin content was higher in the Kn sample, which
indicated that this sample would give a lower yield of liquid fraction than the Kz
sample. All values provided in Table I were within the range of literature
values, 1617 except for the sulphur content, which was present in significant
amounts in the Kz sample. This can be explained by the specific composition of
the soil where the Kz sample was grown, which is probably rich in sulphur com-
pounds.

TABLE I. Results of the composition and physico-chemical characterization of the biomass; P

— parameters; S — sample; Ext — extractives; Lig — lignin; Cell — cellulose;
HC — hemicellulose; MC — moisture content; AC — ash content; CV — calorific value
S Ext. Lig Cell HC n MC AC Elemental analysis, wt. % CcvV

% % % % PY % 9% C H N 0O S Mikg!

Kn 6.00 19.43 28.86 45.72 6.26 6.20 4.78 45.68 6.44 0.86 46.64 0.384 17.80
Kz 4.23 13.25 34.29 48.24 6.32 6.25 4.25 4190 4.15 0.90 34.89 18.16 18.80

TGA results of two types of corn biomass

The thermogravimetric analysis was applied to monitor the thermal behaviour
of corn stalk samples, which is essential for understanding the pyrolysis process
and characterizing this biomass as a feedstock for biofuel production. The TGA
analysis of two types of corn stalks is shown in Fig. 1. Given that corn biomass is
a complex mixture mainly consisting of three major components — lignin, cel-
lulose, and hemicellulose, it is expected that the thermogravimetric analysis of corn
stalks is more complex than the TGA of individual components. According to the
information from Chen et al., each individual component exhibits different thermal
stability and thermogravimetric behaviour depending on its chemical structure.
Lignin, with the most stable structure compared to hemicellulose and cellulose,
rapidly degrades over a wide temperature range from 311.5 to 461.3 °C. Cellulose,
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less stable than lignin but more stable than hemicellulose, degrades during the

second phase in the 326.8 to 369.7 °C range. As the least stable of the three com-

ponents, hemicellulose degrades during the second phase in the 223.4 to 332.8 °C
18

range.
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Fig. 1. Thermogravimetric curves for a corn sample: a) Kn and b) Kz.

The obtained thermogravimetric curves of corn stalks contained three main
steps (Fig. 1). During the first degradation step, at around 120 °C, there was a
minimal weight loss below 5 % in both pre-dried corn stalk samples, corresponding
well to a water content of about 6 % (Table I). The second phase of thermal
degradation (200—400 °C) involves rapid sample decomposition, resulting in the
most substantial weight loss. Finally, the third step represents the slow stage where
bio-char is formed (400-600 °C). The second step was more complex in the case
of the Kz sample, showing a maximum of 330 °C on the DTG curve and a visible
“shoulder” at 268 °C, unlike the Kn sample, where the “shoulder” was much less
pronounced. This phenomenon corresponds to the chemical composition, where
the “shoulder” appears due to the decomposition of hemicellulose and part of
cellulose. The Kz sample contained higher amounts of hemicellulose (48.24 %)
and cellulose (34.29 %) in comparison with the Kn sample, where the quantities
of hemicellulose (45.72 %) and cellulose (28.86 %) were lower. It can be con-
cluded that the higher content of hemicellulose and cellulose caused the appear-
ance of a “shoulder” on the DTG curve of sample Kz. The maximum degradation
rate corresponds to the decomposition of the mixture of cellulose and lignin. Lignin
coats cellulose and hemicellulose, protecting these structures, which may influence
the thermal degradation behaviour. The total weight loss amounted to 73.2 % for
the Kn sample and 78.9 % for the Kz sample, which can be linked to the biomass
composition. Since the lignin content is higher in the Kn sample (19.43 %), it was
expected that the residue after TGA analysis would be larger, which was confirmed
in comparison to the other sample with a lower lignin content (13.25 %). Since the
study aimed to obtain the highest possible bio-oil yield, we concluded that a tem-
perature of 400 °C to perform pyrolysis is sufficient to decompose the entire sample.
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Pyrolysis of two types of corn biomass

The pyrolysis of corn biomass produces three fractions: liquid, solid and gas-
eous. This study focused on the liquid fraction, which was isolated and charac-
terized in detail. The values for the amount of pyrolyzed sample are given in Table
I, as well as the obtained yield of bio-oil in relation to the pyrolyzed mass of corn
stalks. The obtained results were compared with the literature data for bio-oil yield.
It can be noted that there is a difference in the yield of bio-oil obtained from these
two types of corn stalks, where the sample Kz gave a significantly higher yield of
bio-oil (33.5 %) compared to the sample Kn (22.8 %).

TABLE II. The yield of the liquid fraction concerning the mass of the pyrolyzed sample and
comparison with literature data

Sample m® g Yield of liquid fraction, wt. % Yield of liquid fraction, wt. %'°
Kn 19.14 22.8
Kz 19.61 33.5 30733

8Pyrolyzed biomass

The difference in the bio-oil content obtained by the pyrolysis of these two
samples may be attributed to their distinct chemical compositions. The difference
in the content of bio-oil obtained by pyrolysis of these two samples can be
attributed to their different chemical composition. As mentioned before, higher
lignin content leads to lower bio-oil yield, which is the case with the sample Kn.

The results of physicochemical characterization of bio-oil

The results obtained for density, pH, ash and moisture content, elemental
analysis, calorific value and viscosity are presented in Table III. The density of the
bio-oil is slightly higher than that of crude oil, which may be attributed to the
presence of a large number of oxygenated compounds, and according to the lit-
erature, it is similar to the data obtained from other authors.!9 The acidity of bio-
-oil can affect its corrosiveness during application, so it is desirable to modify the
liquid fraction.20 The presence of water in bio-oil increases the oxygen content and
potentially leads to corrosion, so it is desirable to minimize the water content.!®
Based on the obtained results, a significant amount of water is present, so it is
necessary to reduce these values by prior biomass drying or using dehydration
agents for bio-oil. The ash content is crucial for assessing the energy properties of
biomass. The lower the ash content in the samples, the more energy-efficient the
use of bio-0il.2! Based on the values in Table III, it can be seen that the ash content
values in bio-oil samples are lower compared to the initial biomass and according
to literature data for bio-oil,!7 which correlates with the sulphur content, also lower
in the bio-o0il compared to the initial biomass. It can be concluded that sulphur is
removed from the samples during the pyrolysis and annealing processes, most
likely in the form of gases, such as sulphur dioxide, for example. The elemental
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analysis is vital for determining the essential chemical characteristics of biomass.
The elemental analysis shows that the content of all elements, carbon, oxygen,
hydrogen, and nitrogen, are within the literature values.!8:21 The difference in
carbon content in the initial biomasses is not significant — 45.68 % for Kn and
41.90 % for Kz. However, there is a significant imbalance in the carbon content in
the bio-oil, with a higher proportion in the Kn sample (43.93 %) compared to Kz
(26.97 %). The oxygen content is also significantly different, with a higher pro-
portion in Kz (60.19 %) compared to Kn (34.14 %). This variable of the elemental
composition may be associated with the content of lignin, cellulose and hemicel-
lulose in the samples. In the Kn sample, where lignin is dominant (19.43 %), con-
taining more carbon compared to cellulose and hemicellulose, a higher carbon
content was observed in the bio-oil. In contrast, in the Kz sample, where there is a
higher proportion of cellulose (34.29 %) and hemicellulose (48.24 %), higher
oxygen content was observed in the resulting bio-oil. The calorific value is a para-
meter used to determine biomass’s energy potential and potential for energy pro-
duction during the pyrolysis process. It can be concluded that bio-oil has a better
energy potential compared to the initial biomass,! which fits with the literature
values for the liquid fraction of pyrolysis products.!9 Viscosity can affect engine
performance and injection processes, so determining it is essential. Viscosity was
measured at temperatures of 25 and 40 °C. It can be concluded that the obtained
values for viscosity also correspond to literature data.!8 Results of the ICP analysis
are provided in the table in the supplementary material (Table S-I of the
Supplementary material to this paper). Determining the concentration of specific
elements such as Si, K and S is important for the engine operation because a higher
presence of these elements results in increased ash in the engine, making such bio-
-oils unsuitable for use as fuels.2! The concentration of Si for both samples and K
for sample Kn was below the detection limit (< 100 mg kg1), while the con-
centration of K for sample Kz was 155.94 mg kg1, and the concentrations of S for
the same sample were 154.29 mg kg~! and for Kn 722.38 mg kg~1. Additionally,
the presence of toxic elements that can harm human health, such as lead, mercury,
and cadmium, was below the detection limit (< 0.25 mg kg~! for Pb, and < 0.15
mg kg1 for Hg and Cd), indicating that using such bio-oil as liquid fuel would not
lead to emissions of these elements in the environment.

TABLE III. The results of physico-chemical parameters of bio-oil; S — sample; MC — moisture
content; AC — ash content; CV — calorific value

MC AC Elemental analysis, wt. % cr p n/Pas

% % C H N O S Mlkg! gem? 25°C 40°C
Kn  2.35 23.06 0.07 43.93 6.40 14.83 34.14 0.70 24.18 1.15 0.014 0.010
Kz 243 18.09 0.04 2697 7.86 4.79 60.19 0.19 22.62 1.08 0.006 0.003

S pH
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The results of FTIR analysis of bio-oil

The FTIR analysis was performed on the bio-oil samples; the results are
presented in Fig. 2. Corn samples were subjected to infrared spectroscopy (IR) to
identify and analyse functional groups and structures. A characteristic peak around
3400 cm ! of a hydroxyl group originates from water, alcohols, phenols or their
derivatives. A peak at around 1700 cm™! is associated with the axial deformation
of the carbonyl group. The peak around 1400 cm™! could be attributed to the
deformation of C—H in CH; and CH3 groups. The presence of C—O and deformed
C—OH groups is linked to a value of around 1050 cm~!. The phenolic compounds
were from lignin. The ketone was formatted from hemicellulose/cellulose.?? The
lower pH value of the bio-oil compared to crude oil, which typically has a pH range
between 6 and 8,23 can be attributed to the presence of carboxylic and hydroxyl
groups.
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Fig. 2. The FTIR analysis for corn samples of bio-oil: a) Kn and b) Kz.

Results of the compositional analysis of bio-oil

The compositional analysis of the bio-oil can show whether it is suitable or
makes sense to separate fractions and utilize them for different purposes. Based on
the results presented in Table IV, it is evident that the aliphatic and aromatic
fractions are negligible compared to the NSO fraction, which is expected for the
bio-oil derived from biomass, considering that the basic structures in biomass are
cellulose, hemicellulose, and lignin, which are rich in oxygen.

TABLE IV. The group composition of the bio-oil

Sample Alifatic fraction, % Aromatic fraction, % NSO fraction, %
Kn 2.5 2.5 95.0
Kz 1.1 0.5 98.4

Diesel and gasoline are liquid fuels consisting of linear saturated hydro-
carbons, branched saturated hydrocarbons, saturated cyclic alkanes and aromatic
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compounds, with a dominant aromatic fraction of up to 50 % and iso-paraffins of
up to 35 %.24 The fractions that make up a significant part of liquid fuels are not
present in bio-oil, which suggests that bio-oil in its native form is unsuitable for
direct use, considering that it is similar to crude oil. Therefore, it must be processed
and modified to be used as a fuel.

GC-MS analysis of bio-oil

The compounds identified in obtained bio-oil using GC—MS analysis include:
3-penten-2-one, 4-methyl-; 2-furancarboxaldehyde; 2-cyclopenten-1-one, 2-meth-
yl-; phenol; 2-cyclopenten-1-one, 2-hydroxy-3-methyl-; 2-cyclopenten-1-one, 2,3-
-dimethyl-; phenol, 2-methyl-; phenol, 4-methyl-; phenol, 2-methoxy-; phenol,
3-ethyl-; guaiacol, 4-ethyl-; phenol, 2,6-dimethoxy. The remaining compounds are
isomers formed either during pyrolysis or afterward. According to the literary data,
the identified compounds have also been found in bio-oil from corn, reported by
other researchers, along with their isomers which include 2-furancarboxaldehyde,
2-cyclopenten-1-one, 2-methyl-; phenol; 2-cyclopenten-1-one, 2,3-dimethyl-;
phenol, 2-methyl-; phenol, 4-methyl-; phenol, 2-methoxy-; 2-cyclopenten-1-one,
3-ethyl-2-hydroxy-; and phenol, 2,6-dimethoxy-.1:25 The results of the GC-MS
analysis complement those of the FTIR analysis, group composition, and the
oxygen content in the bio-oil samples. Based on the results of the FTIR analysis,
the presence of hydroxyl and carbonyl groups was found, which correlates with
the GC-MS analysis confirming the presence of compounds containing these
groups, such as various phenols derivates and 2-furancarboxaldehyde, for example.

CONCLUSION

In this study, the composition of bio-oil obtained by pyrolysis of corn stalks
was analysed. The ash content in the bio-oil was below 1 %, consistent with the
literature data and the sulphur content determined by the elemental analysis. Based
on the elemental composition, the carbon and oxygen content were determined,
correlating with the composition of the initial biomass. The presence of a sig-
nificant amount of oxygen, besides elemental analysis, was confirmed through
other parameters, including pH, moisture content, density, FTIR analysis, and GC—
—MS analysis. The functional groups identified by FTIR analysis were further
identified as various compounds by GC-MS analysis. Such compound classes
contribute to the acidic pH, as observed here. Additionally, the high density indi-
cates the presence of heavier compounds, such as oxygen compounds. The bio-oil
exhibits a slightly higher calorific value than the original biomass, suggesting it
may be a better energy source. The lower C/H ratio affects the calorific value due
to the significant presence of oxygen, so this bio-oil cannot be used as a liquid fuel
in its current form. Further research should focus on improving the quality of bio-
oil, including increasing the carbon and hydrogen content, reducing the oxygen
and water content, as well as the calorific value. Some possibilities include the
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addition of other waste materials with high carbon and hydrogen content, such as
synthetic polymers, and the use of catalysts in pyrolysis processes, which would
undoubtedly improve bio-oil characteristics and enable its more efficient and
sustainable use for various purposes. In conclusion, this study highlights the need
for further research and the development of biofuels that would result in a more
sustainable and environmentally friendly alternative to fossil fuels.
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H3BO[J
IMHUPOJIN3A CTABJBMKA KYKYPY3A: IIOTEHIIUJAJI KOPUITREBA BUO-YJ/bA KAO
BUOI'OPHUBA

JEJIEHA UCAWIOBUR', EMUAJIMJA BYKWREBUR? MAJIMIIA AHTUR', JAN SCHWARZBAUER?,
JBYBUILIA UTTHbATOBUR', TOPIIAHA TAJULIA® 1 BECHA AHTHR'

TMomotipuspegnu paxynined, Ynusepsuiieid y Beoipagy, Hemamuna 6, 3emyn, ZXemujCKu paxynitei,
Yuuseepsuineid y Beoipagy, Ciuygenticku wpt 12—16, Beoipag, 3Institute for Geology and Geochemistry of
Petroleum and Coal, RWTH, Lochnerstr. 4-20, Aachen, Germany, 4d>a1cym_ueu7. 3a pusuuky xemujy,
Yuusepsuitiei y Beotpagy, Ciiiygeniiicku wpi 12—16, Beolpag u *HHCTAUTIY T 3 XeMUjy, TeXHONOTUfY U
metmanypiujy, Hayuonannu unctauiiyw Peiiyonuxe Cpouje, Fbetowesa 12, Beoipag

36or cBe Behe notpoiuwe GOCUTHUX TOPUBA, TOCTOjH pacTyha NOTpaXkwa 38 0OHOB/BUBUM
H3BOpUMaA eHepryje. McToBpeMeHo, akyMy/upa ce 3HayajHa KOJIMYHHA 0JbOIIPUBPESHOT 0THA/a,
YK/ByuyjyhH ocTaTke KyKypysa, 4dje e(UKacHO yIpaB/bame NPEeACTaB/ba U3a30B. Y OBOM Dafy,
oTrnagHa Ovomaca, koja ce cacrojana of crad/pMKa ABa THMA KyKypys3a, OKapaKTepHCaHa je U
nozBpruyTa npouecy nuponuse Ha 400 °C. YpaheHa je ¢dusnuko-xeMHjcka KkapakTepusaluja
nobujeHe TeuHe ¢pakuuje (dro-ysma), a BpeOHOCTH Cy yropeheHe ca IUTepaTypHUM MoJalima 3a
Teyso Suoropuso. TomnotHa mMoh Guo-yma 6una je usnam 22 MJ ke™!, mro yxasyje na modap
MOTeHLHjall KyKypy3HOT OTNaja Kao eHepreHTa. Y3 ofrosapajyhe nambe IMpOMeHe y cacTaBy
oTHaja, JOfaBame Marepyjana ca BehuM cafgprkajem yIbeHUKa U BOGOHMKA, CTad/buKe KyKypysa
MOTy NPENCTaB/baTy 3HayajaH U3BOP €Hepryje, ca 0/bOM PETYIaLHjoM Oflarama U CKIaguIITeha
MOJBONIPUBPEAHOT OTHAza.

(ITpumsseHo 10. janyapa, peunupano 20. jaHyapa, npruxBaheHo 6. anpuna 2024)
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