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Abstract: As the consumption of fossil fuels increases, the demand for alternative energy
sources is growing. Current research focuses on alternative energy sources. Significant
importance is given on renewable energy sources, such as waste biomass of agricultural
origin, which is thermally processed through pyrolysis, producing products that can
have further applications. Serbia, an agricultural country with great potential for using
waste biomass as energy, such as corn, could significantly reduce environmental
pollution by managing agricultural waste and decreasing greenhouse gas emissions
from the combustion of fossil fuels through the utilization of pyrolysis technology.While
biomass in its raw form may not be suitable for energy production due to its high oxygen
and moisture content and lower calorific value, the process of pyrolysis emerges as a
pivotal solution. This thermal processing method transforms biomass into solid, liquid,
and gaseous products, the quality of which is determined by the initial biomass and
process parameters. The critical aspect is that optimizing these pyrolysis conditions can
significantly improve the quality of the products, thereby increasing their potential for
energy applications.This study investigated two types of corn and their liquid and solid
pyrolysis products obtained at a temperature of 400 °C. The following parameters were
compared between the initial biomass and the liquid and solid products: calorific value,
PH, moisture content, ash content, and metal ions affecting energy efficiency, such as K,
S, Mg, and Al.Based on the obtained results, it can be concluded that the liquid and solid
pyrolysis products hold potential as energy sources. However, certain modifications are
necessary to enhance their energy potential. For instance, increasing the calorific value
can be achieved by increasing the carbon and hydrogen content. This can be done by
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adding materials abundant in these elements, such as plastic waste. Consideration
should also be given to the quality of the products and their subsequent applications,
both for energy purposes and other uses such as chemical production (from the liquid
fraction) or use as adsorbents or fertilizers (solid fraction).
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INTRODUCTION

Biomass as a renewable energy source is gaining increasing importance due to growing
concerns about climate change and the depletion of fossil fuels [1]. Agricultural waste,
particularly corn biomass, represents a significant portion of potential biomass that can
be utilized for energy purposes, with pyrolysis emerging as an efficient process for
converting these materials into valuable energy products such as bio-oil and biochar [2].
This paper aims to explore the energy potential of bio-oil and biochar derived from the
pyrolysis of agricultural waste, focusing on corn biomass and its characteristics and
potential applications compared to fossil fuels and raw biomass [3].

Biomass, including corn stalks and leaves, is a renewable resource that can significantly
contribute to reducing greenhouse gas emissions when used as a substitute for fossil fuels
[4]. According to the latest data, around 1.2 billion tons of corn biomass are produced
annually worldwide, a large portion of which remains unused or is burned in the fields,
contributing to air pollution and greenhouse gas emissions [5]. This waste material can
be effectively utilized through pyrolysis processes, reducing its negative environmental
impact and creating additional value in the form of bio-oil and biochar [6].

Pyrolysis products such as bio-oil and biochar offer several advantages over raw
biomass, including higher energy density, easier storage and transportation, and better
stability [7]. When corn biomass is used for pyrolysis, it can produce bio-oil with an
energy value comparable to that of fossil fuels, while biochar provides high carbon
content and stability, making it suitable for use as a fuel or as a soil amendment [8].
Although bio-oil has a high energy value, its drawbacks, such as high viscosity and water
content, can affect its efficiency compared to conventional fossil fuels [9]. On the other
hand, biochar has a higher energy content compared to raw biomass and can be used as
an environmentally friendly energy source [10].

Compared to fossil fuels, bio-oil and biochar have several benefits, including a smaller
carbon footprint and the potential to reduce emissions of sulfur oxides and other harmful
gases [11]. However, both bio-o0il and biochar face challenges in terms of economic
feasibility and the need for further research to optimize production processes and
increase competitiveness relative to fossil fuels [12]. This paper will also explore
opportunities to enhance the properties of bio-oil and biochar and potential synergies
with existing energy systems.

The use of corn biomass for bio-oil and biochar production through pyrolysis has the
potential to reduce dependence on fossil fuels and provide a sustainable solution for
managing agricultural waste, which can have a significant positive impact on the
economy and the environment [13]. Therefore, the research and development of
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technologies for the efficient conversion of corn biomass into energy-rich products
become crucial in the context of a global transition to renewable energy sources [14].

EXPERIMENTAL

In this study, two types of domestic corn sampled from the vicinity of Sabac were used.
The samples were cut into pieces and then air-dried for 30 days, after which they were
ground in a mill to obtain particle sizes smaller than 5 mm. The prepared samples were
pyrolyzed in a carbolite tube furnace (MTF 10/15/130, Carbolite, UK) at 400 °C for 30
minutes, and heating rate 100 °C/min. Nitrogen gas (99.999 %) was used to ensure an
inert atmosphere, with a flow rate of 150 ml/min. The liquid fraction was collected in an
HPLC- grade acetone, while the solid fraction was washed with acetone after pyrolysis
to remove any residual bio-oil. Based on the initial biomass and the obtained liquid and
solid fractions, the yield of each fraction was determined (Figure 1). The obtained
products were subjected to physicochemical characterization, which included the
determination of moisture and ash content, pH value, calorific value, and metal content.
The pH value of the initial biomass and the obtained liquid and solid fractions was
measured according to standard ASTM E70 method. Additionally, the calorific value
was determined on an instrument IKA C400 (IKA, Germany), using the standard SRPS
CEN/TS 16023:2014. The moisture content of biomass and biochar samples were
determined by drying in an oven according to the ASTM E871 standard, and for bio-oil
samples was used the standard procedure outlined in SRPS EN ISO 12937:2011,
“Petroleum products- Determination of water- Coulometric Karl Fischer titration
method” on an 831 KF Coulometer (Metrohm, Switzerland). The ash content of bio-oil
were determined using the ASTM D482 standard, and for biomass and biochar samples
were used ASTM D2584 and ASTM D5630. The metal content was determined using
inductively coupled plasma-optical emission spectroscopy (ICP-OES) on a instrument
»Spectroblue TI”’ICP-OES (Spectro, Germany) and method EPA M 200.7. The samples
of bio-oil were prepared using a microwave digestion oven CEM Mars 5 (MARS, USA)
according to the standard method EPA 3052 and for biomass and biochar using method
EPA 3052/ISO 2598-1. The calorific value for all samples were determined on a
instrument IKA C400 (IKA, Germany), using the standard SRPS CEN/TS 16023:2014.

Cormn 1, wiw, % Cormn 2, w/w, %

—

= Bio-oil Bio-char = Bio-gas = Bio-oil Bio-char = Bio-gas

Figure 1, Yield of bio-oil, bio-char and bio-gas fraction
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RESULTS AND DISCUSSION

For Corn 1, it can be concluded that the yield of each fraction is approximately the same,
while the distribution for Corn 2 is slightly different (Figure 1). Biogas was not analyzed,
but for bio-oil, it can be seen that the yield for Corn 1 is higher compared to the yield for
Corn 2. This is due to the different composition of the initial biomass, where Corn 2 has
a higher lignin content, resulting in a lower yield of the liquid fraction obtained by
pyrolysis. According to the literature, the yield of the liquid fraction obtained from corn
pyrolysis is correspond with literature, between 30 and 33% [15]. The biochar yield for
both samples is approximately the same, which is according to the literature data, 21- 30
% [13]. The results of moisture and ash content, pH and calorific values are shown in
Figure 2. These parameters are some of the key factors for the use of the obtained
products as potential fuels. The obtained values for bio-oil and biochar were compared
with the values for the biomass. According to Figure 2 a, it can be seen that the moisture
content of bio-oil is much higher compared to the initial biomass, which may suggest
that water is produced during the pyrolysis process as a result of the complex reactions
that occur. In contrast to bio-oil, the moisture content of biochar does not change
significantly. Moisture content is important due to the corrosive effect that bio-oil or
biochar can cause if used as fuels. Additionally, high moisture content can negatively
affect thermal efficiency by reducing the calorific value of the potential fuel.

The ash content for bio-oil is almost negligible compared to the initial biomass, while
for biochar it is significantly higher, which is a result of the composition of the fractions
themselves. Ash is an important parameter of energy efficiency. For bio-oil to be used
as a liquid fuel, it is desirable for the ash content to be low, which, as seen in Figure 2b,
a value of less than 1%. Biochar is generally considered as a good fuel source when its
ash content is low, typically below 5%. Low ash content is desirable because high levels
of ash can reduce the heating value of biochar and cause issues such as slagging and
fouling during combustion. The lower the ash content, the higher the energy density and
overall quality of the biochar as a fuel [16]. Elements that can contribute the ash content
are silicon an the form of silica, alkali metals, such as potassium and sodium, then
calcium and magnesium, and sulfur [17].

The pH value (Figure 2c) was around 6 for the initial biomass, while for the liquid
fractions it dropped to around 2, and for the solid fractions, it increased to around 8. The
acidic environment of the bio-oil is a result of the formation of compounds with acidic
functional groups, such as phenolic, carboxylic, and alcoholic groups, which contribute
to a lower pH. The pH value can also contribute to an increased corrosive effect. The
higher pH value of biochar, slightly basic, is a consequence primarily due to the presence
of mineral components such as alkali and alkaline earth metals (e.g., sodium, potassium,
calcium, magnesium) that remain in the biochar after pyrolysis. Additionally, the
formation of carbonate compounds in the biochar can also contribute to its basicity [17].

Figure 2d shows that the calorific value of the biomass is the lowest, while its pyrolysis
products have slightly higher values. Compared to literature data, calorific values for
bio-oil fit the values compared to litearture data [15]. For biochar calorific values depend
on the pyrolysis conditions and feedstock properties [18]. Compared biochar with coal,
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generally, coals have calorific values range from 25 - 35 MJ/kg [19]. For both, bio-oil
and biochar need upgrading. It can be concluded that the pyrolysis process produces
products with better calorific values than biomass, suggesting that further development
should move in this direction. As mentioned earlier, the reduction in calorific value can
be influenced by high moisture content and low pH, which can be reason for lowest
values for bio-oil, and high ash content. High ash content is a consequence of the
presence of non-combustible elements such as sodium, potassium, calcium, magnesium,
sulfur, silicon, and others. The metal content is presented in Table 1, which, in addition
to some elements affecting the calorific value, also shows the content of metals
considered toxic, such as Pb, Cd, Hg, Cr, and As. It can be seen that the content of these
metals is below the threshold values, which can be considered to have no harmful effects.
Regarding the metal content that affects ash content, we can see that for bio-oil, only
sulfur and potassium for Corn 2 could contribute to this effect, which is insignificant as
there is almost no ash. In contrast, for biochar, a high content of K, Ca, Mg, S, and Si
can be seen, which is why the ash content is also high.
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Figure 2, Moisture (a) and ash content (b) and pH (c) and calorific value
(d) of obtained bio-oil and bio-char compared with biomass
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Table 1, Metal content in bio-oil and biochar

Metal Sample
content, Bio-oil Bio-char
mg/kg Corn 1 Corn 2 Corn 1 Corn 2
K <100 155.94 16654 18930
S 154.29 722.38 974.03 594.42
Mg <100 <100 5440 4385
Al <100 <100 391.46 250.8
Na <100 <100 <100 <100
Cu 5.64 4.69 17.48 17.65
Ca <100 <100 12949 9474
Si <100 542.5 37198 31705
Pb <0.25 <0.25 0.94 <0.25
Cd <0.15 <0.15 <0.15 <0.15
Cr <0.15 <0.15 <0.15 <0.15
As <0.25 <0.25 <0.25 <0.25
Hg <0.15 <0.15 <0.15 <0.15
CONCLUSION

Two types of corn biomass were pyrolyzed, and the liquid and solid pyrolysis products
were characterized. Moisture and ash content, pH value, heating value, and metal content
were determined. Based on the results, it can be seen that the obtained products have the
potential to be used as fuel with certain improvements, such as reducing moisture content
and increasing pH to reduce corrosive effects and increase heating value. Some potential
solutions include the introduction of compounds with high carbon and hydrogen content,
such as plastic waste. The possibility of using catalyzed co-pyrolysis should also be
considered to achieve the best possible effect.
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