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Abstract

Brazil generates substantial quantity of poultry litter waste because of its worldwide prominence in the production of
broiler chickens. The volume of the poultry litter biomass generates considerable environmental impact. The objective
was to characterize the biochar produced from poultry litter residue under different conditions with the aim of
determining the best residence time and temperature. Poultry litter was collected after two batches of chicken breeding.
Five treatments for biochar production were carried out at a temperature of 450 °C (defined by thermogravimetric
analysis - TGA) and residence times of 0.5, 1, 2, 4, and 6h. The biochar produced was assessed using proximate analysis,
moisture content, gravimetric yield, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
HHYV (higher heating value). The results revealed that the best conditions for biochar production was 450 °C (pyrolysis)
and residence time of 0.5h, with 37.21% gravimetric yield. We concluded that the biochar produced in this study is
recommended for soil application but was not suitable for energy purposes because of its high ash content (up to 33.66%)
and low HHV (18,907 J g%).

Keywords: Biomass; Residues; Briquettes; Biochar; Poultry litter.

Resumo

O Brasil produz uma quantidade substancial de residuo de cama de frango devido a sua proeminéncia mundial na
producdo de frangos de corte. O volume gerado da biomassa de cama de frango gera um impacto ambiental consideravel.
O objetivo deste estudo foi caracterizar o biochar produzido a partir de residuos de cama de frango em diferentes
condicBes, com o objetivo de determinar o melhor tempo de residéncia e temperatura. A cama de frango foi coletada
apos dois lotes de criacdo de frangos. Foram realizados 5 tratamentos para a producdo do biochar a uma temperatura de
450 °C (definida pelas analises termogravimétricas - TGA) e tempos de residéncia de 0,5, 1, 2, 4 e 6h. O biochar
produzido foi analisado através das analises imediatas, rendimento gravimétrico, microscopia eletronica de varredura
(MEV), espectroscopia por energia dispersiva (EDS) e poder calorifico superior (HHV). Os resultados revelaram que
as melhores condicdes para a producdo do biochar foram de 450 °C (temperatura de pir6lise) e tempo de residéncia de
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0,5h, com 37,21% de rendimento gravimétrico. Concluimos que o biochar produzido neste estudo é recomendado para
aplicacdo no solo, mas ndo € adequado para fins energéticos devido ao seu elevado teor de cinzas (33,66%) e baixo
HHV (18.907 J g-1).

Palavras-chave: Biomassa; Residuos; Briquetes; Biochar; Cama de frango.

Resumen

Brasil genera una cantidad sustancial de desechos de cama de aves debido a su prominencia mundial en la produccién
de pollos de engorde. El volumen de la biomasa de la cama em avicultura genera un impacto ambiental considerable.
El objetivo fue caracterizar el biocarbén producido a partir de residuos de cama em avicultura en diferentes condiciones
con el fin de determinar el mejor tiempo de residencia y temperatura. La basura de las aves se recogié después de dos
lotes de cria de pollos. Se realizaron cinco tratamientos para la produccidn de biocarbén a una temperatura de 450 ° C
(definida por analisis termogravimétrico - TGA) y tiempos de residencia de 0.5, 1, 2, 4 y 6h. El biocarbén producido se
evalué mediante analisis imediata, contenido de humedad, rendimiento gravimétrico, microscopia electronica de barrido
(SEM), espectroscopia de energia dispersiva (EDS) y HHV (valor calorifico superior). Los resultados revelaron que las
mejores condiciones para la produccion de biocarbon fueron 450 ° C (pir6lisis) y un tiempo de residencia de 0,5 h, con
un rendimiento gravimétrico del 37,21%. Concluimos que el biocarbdn producido en este estudio se recomienda para
aplicacion al suelo, pero no era adecuado para fines energéticos debido a su alto contenido de cenizas (hasta 33,66%) y
bajo HHV (18,907 J g-1).

Palabras clave: Biomasa; Residuos; Briquetas; Biochar; Cama en avicultura.

1. Introduction

Livestock plays an important role in the Brazilian economy; for example, poultry farming is a strongly developed
industry in Brazil (Dornelas et al., 2020). Slaughter of 1.55 billion chickens was registered in the first quarter of 2021 (IBGE,
2021). However, it is an industry that produces a large amount of solid waste, such as chicken litter, generating concern regarding
waste disposal among poultry farmers (Dornelas et al., 2020; Masud et al., 2020).

Poultry litter, a biomass generated during broiler breeding, mostly reuses agricultural residues such as shavings, peanut
shells, rice husks, coffee husks, dry grass, and chopped corn cobs that are generated on the same property (Grimes et al., 2019;
Rogeri et al, 2016; Shepherd et al., 2017). According to Garcés et al. (2017), the quantity, and the physical and chemical
characteristics of the chicken litter vary depending on several factors, such as the size of the flock, density of the housing (birds
per m?), number of litter reuses, type of management used, and the environment. In general, poultry litter contains absorbent
material such as sawdust, bird excreta, and feathers, in addition to feed and wastewater generated during feeding (Song et al.,
2012). The poultry litter quality can affect the productivity of chickens, and the reuse of this residue can generate serious health
problems, including the proliferation of pathogenic microorganisms (Benevides et al., 2016; Voss-Rech, 2017) and increased
gas emission (de Jong et al., 2016). After exhausting its reuse in the production of chickens, poultry litter residue is traditionally
used as a fertilizer because it is rich in nutrients, such as nitrogen (N) and phosphorus (P). However, this practice in excess can
cause soil and groundwater contamination resulting from the quantity of organic matter and heavy metals, and the presence of
pathogenic microorganisms (Kyakuwaire et al, 2019; Faridullah et al., 2008; Macklin et al., 2008; Kelleher et al., 2002; Siefert
et al., 2004).

An alternative is direct burning of the material, which is a viable and environmentally safe method (Masud et al., 2020;
Kelleher et al., 2002; Sweeten et al., 2003). To profit from waste and minimize the effects of climate change, bioproducts from
biomass can be generated (Usmani et al., 2021; Tripatih et al., 2019). Among the various types of biomasses, animal waste such
as poultry litter, has a significant to bioproducts potential (Li et al., 2008; Tanczuk et al., 2019).

In addition, poultry litter has characteristics with potential for biochar production (Pereira et al., 2019). Biochar refers
to charcoal produced from biomass that can be applied to the soil. Biochar is a carbon-rich material generated using pyrolysis
(Chan et al., 2008), which is a process of thermal degradation in an environment with high temperatures (> 250 °C) and an inert
atmosphere. According to Masud et al. (2020) and Dai et al. (2017), biochar can be potentially used as a corrective for acidic

soils and high aluminum (Al *3) levels.
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Although potential exists, the current studies on biochar from poultry litter biomass are limited. The objective of this

study was to produce and characterize biochar from poultry litter biomass after two breeding lots.

2. Methodology
2.1 Material

Poultry litter was collected from a farm located in the city of Quadra-SP that used pinus sawdust on the chicken bed.
The farm operates with a chicken bed renewal system after the creation of two batches of chickens (cycle from 90 to 110 days).
After the second cycle, the chicken litter compacted, and contained a high moisture content (> 35%), rendering it impossible to
be used to create another batch. The poultry litter was scarified (crushed), lined, collected, and discarded. Approximately 10 kg

of material was collected after the creation of two batches of chickens.

2.2 Methods

The methodology used to develop this work was through experimental research, as defined by Pereira, et al. (2018).

2.2.1 Sample Preparation
The material was transferred to the laboratory and oven-dried with an air circulation at 60 °C for 12 h. Subsequently,
the material was crushed using a MARCONI Willey knife mill (model MA340), with a 10-mesh sieve.

2.2.2 Biochar production

Thermogravimetric analysis (TGA) was performed on the prepared sample using a TGA PERKIN ELMER model
Pyrisl analyzer. Three analyses were performed at final temperatures of 300, 450, and 750 °C, under a nitrogen atmosphere (20
ml min), heating rate of 20 °C min™, and residence time of 60 min. The purpose of these analyses (TGA) was to establish the

optimum final temperature for biochar production.

2.2.3 Treatments

After defining the optimum temperature, five treatments were performed to produce the biochar at a temperature of 450
° C and with the following residence times: 0.5 h (T1); 1 h (T2); 2 h (T3); 4 h (T4) and 6 h (T5).

For pyrolysis, the crucibles were completely filled with poultry litter residue (+ 12 g), to ensure maximum oxygen
removal. They were subsequently covered and the treatments for biochar production were performed in a JUNG muffle furnace

(model LF00212) at a heating rate of 20 °C min. All treatments and analyzes were performed in triplicates.

2.2.4 Moisture content
The moisture content in the produced biochar using different residence time was determined using a MARCONI

moisture scale (model 1D200). The results were obtained on a dry basis.

2.2.5 Gravimetric Yield

The gravimetric yield of the biochar obtained at different residence time was determined using Equation 1:

mf
rg = p— * 100 ¢D)

Where:
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rg = gravimetric yield (%),
mi = initial mass of chicken litter (g),

mf = final biochar mass (g).

2.2.6 Proximate Analysis
Proximate analyses (volatile, ash, and fixed carbon contents) were conducted for the biochar produced at different
residence times, according to ASTM D1762-84. Analyses were performed using dry samples. The crucibles and lids were

calcined in a muffle furnace at 600 °C for 15 min.

Volatile matter

To determine the volatile matter, 1 to 2 g of the biochar material was weighed. The muffle furnace was heated to 950
°C, and the crucibles were placed in the (open) door of furnace muffle for 2 min. Then, the crucibles were transferred into the
oven, with the door open for 3 min. Finally, the muffle door was closed and maintained for another 6 min.

After this procedure, the crucibles were cooled in a desiccator for 1h and weighed.

The volatile matter was determined according to Equation 2:

mi —m
tv = u * 100 2
mi

Where:
tv = volatile matter (%),
mi = initial mass (g),

mf = final mass (g).

Ash Content

For the determination of ash content, approximately 1 to 2 g of the material was used and placed in a pre-weighed
crucible. The crucibles without a lid were placed in the muffle furnace at a temperature of 750 °C for 6h, and subsequently cooled
in a desiccator for 1h and weighed. The process was repeated at the same temperature for 1h. Then, the samples were cooled in
a desiccator and re-weighed. As the final mass remained unchanged, a cycle was concluded.

The ash content was determined using Equation 3:

t f 100 3
= — %

c . 3)
Where:

tc = ash content (%),
mi = initial mass (g),

mf = final mass (g).

Fixed Carbon

The determination of the fixed carbon content was in accordance with Equation 4:
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tcf =100 — (tc + tv) 4)

Where:
tcf = fixed carbon content (%),
tc = ash content (%),

tv = volatile content (%).

Higher Heating Value
The analysis of the higher heating value (HHV) of the biochar was performed using a calorimeter IKA model C200.
The dry samples were weighed (approximately 500 to 600 mg) in an analytical balance (SHIMADZU, model AUY220). The

sample was inserted into a calorimetric pump and filled with oxygen (99,99%) at a pressure of 30 bar.

2.2.7 Scanning Electron Microscopy (SEM) / Energy Dispersive Spectroscopy (EDS)

The produced biochars were analyzed using SEM and EDS. The values were collected at various points in each sample.
The values (%) of the biochar components were obtained from the average of these points for each material. The equipment used
for the analyses was the HITACHI, model TM3000.

2.2.8 Statistical Analysis

Analysis of variance (ANOVA) and Tukey's test (for comparison of means) were performed for all analyses.

3. Results and discussion

3.1 Biochar treatments
Table 1 shows the products of the different types of pyrolysis of carbonization of biomass under a range of low (400 to
450 ° C), moderate (450 to 500 ° C), and high (900 °C) temperatures.

Table 1. Products of the different types of pyrolysis.

Type of pyrolysis Tempzoecr:a;tures Liquid (%) Charc(?;ol)/ solid (C(B)/aoi
Carbonization Low (400-450) 30 35 35
Fast pyrolysis Moderates (450-500) 75 12 13
Gasification High (900) 5 10 85

Source: Adapted from Bridgwater et al. (2008).

To obtain the maximum yield, an appropriate method must be selected for the biomass characteristics and process
conditions (heating rate, temperature, and residence time). The process conditions also influence the physical and chemical
properties of biochar, as well as its morphology. In the pyrolysis process, as the temperature range increased, the percentage of
charcoal decreased (Padilla et al., 2019; Yaashika et al., 2020).

Table 1 shows that to obtain the highest yield of the solid portion (35% of charcoal), the ideal temperature should range
between 400450 °C. Therefore, thermogravimetric analysis (TGA) was performed to confirm these data.

Thermogravimetric analyses, with final temperatures at 300, 450, and 750 °C, are shown in Figure 1.
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Figure 1. Thermogravimetric analyses of poultry litter pyrolysis: final temperatures of (A) 300 °C; (B) 450 °C; (C) 750 °C.
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Source: Authors.

Figure 1 shows that the peak of degradation occurred at approximately 320 °C in samples, as shown in figures 1B (450
°C) and 1C (750 °C). According to Wang et al. (2017), water loss begins at approximately 100 °C. Subsequently, with an increase
in temperature, the weight is reduced likely due to the start degradation of hemicellulose at temperatures above 200 °C. The final
mass at 450 °C (1B) and 750 °C (1C) was approximately 50% and 35%. Figure 1A shows that the peak of degradation was
approximately 290 °C, with a final mass of 85%. The final temperature of 300 °C was insufficient for biomass degradation.
Pyrolysis at 300 °C was not ideal for chicken-bed biochar.

Significant thermal degradation occurred at a temperature between 300 °C and 450 °C, as observed in both figures (1B
and 1C). Above 450 °C, the percentage of degradation was approximately 10%, which does not justify energy expenditure. For
example, at 750 °C, the degradation was relatively small after the maximum thermal degradation temperature (450 °C). Thus,
450 °C was considered the optimal temperature for the production of poultry litter biochar.

Some studies also corroborate the ideal temperature of 450 °C for biomass pyrolysis. The pyrolysis for charcoal
production is often conducted at temperatures of approximately 450 °C (<500 °C) (Padilla et al., 2019).

The pyrolysis temperature was also an important factor in determining the water retention capacity of soil. Studies have
revealed an enhancement in water infiltration in the soil after adding cotton biochar produced at 600 °C (Speratti et al., 2017).
Besides, the study of Chen et al. (2021), showed that the adsorption capacity of biochar produced at 450 °C were improved.

According to Domingues et al. (2017), biochar produced at low temperatures (450 °C) also showed high cation exchange capacity
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(CEC) values (21.3 cmol. kg!) and an increase in pyrolysis temperature from 450 °C to 750 °C reduced the biochar CEC values.

Thus, in this study, the temperature adopted for biochar production was 450 °C.

3.2 Moisture Content, Gravimetric Yield, Proximate Analysis and Higher Heating Value (HHV)
Table 2 shows the moisture content, gravimetric yield, Proximate Analysis and Higher Heating Value of biochar

treatments.

Table 2. Moisture content gravimetric yield, Proximate Analysis and Higher Heating Value of the biochar treatments produced
(450 °C).

Moisture Gravimetric Volatile matter Ash content Fixed Carbon
Treatments ) HHV (J g*)
content (%0) Yield (%0) (%) (%) (%)

T1 (0.5h) 4.3(0.10) a 37.21(0.12) a 23.13(0.47) a 33.66 (1.44) a 43.19 (0.97) a 18,907 (0.02) a
T2 (1h) 3.3(0.15)b 36.74 (0.23) b 21.49 (0.13) b 37.94 (0.69) b 40.55 (0.76) a 18,968 (0.05) a
T3 (2h) 29(0.25 ¢ 36.11 (0.01) ¢ 15.88 (0.50) ¢ 38.92 (0.67) c 45.19 (0.55) a 19,030 (0.07) a
T4 (4h) 2.1(0.25)d 35.41(0.19)d 13.81 (0.49) d 45.59 (1.33)d 43.59 (1.00) a 18,951 (0.31) a
T5 (6h) 1.4 (0.20) e 32.45 (0.05) e 12.09 (0.25) e 53.79 (2.50) e 34.10 (257) b 16,852 (0.06) b

Source: Authors.

The values in the table represent the treatment mean and the values in parentheses represent + standard deviation.
Different letters in the same column indicate a significant difference between the values at the 95% level of significance by

Tukey’s test.

3.2.1 Moisture Content and Gravimetric Yield

The results showed that all biochar produced had a low moisture content (< 4.3%).

As expected, the gravimetric yield decreased with increasing residence time of the treatments. The gravimetric yield of
the biochar in this study was higher (between 32% and 37%) than that of the biochar of other biomasses from previous studies.
The gravimetric yield of agricultural waste (including date leaves and other lawn wastes such as ornamental plants residues,
grass clippings and coconut leaves), was 24% when produced at 450 °C with residence time of 3h (Wagas et al., 2018).
Additionally, for biochar from the hybrid Eucalyptus grandis x Eucalyptus urophylla, a 25% yield was observed at a temperature
of 450 °C and residence time of 4 h (da R6z et al., 2015). According to the literature, solid animal residues exhibit higher biochar
yield when compared to forest and agricultural biomass (Yaashika et al., 2020), as in the present study. This can be explained
by the high ash content in animal residues (manure) compared to forest biomass. Based on the results of the gravimetric yield, it
can be deduced that the best treatment time was 0.5 h (T1) (highest yield).

3.2.2 Proximate Analysis and Higher Heating Value (HHV)

As expected, the volatile content decreased with increasing residence time. The ash content also behaved as expected
with the residence time; the degradation of the material resulted in a high ash content (33.66 to 53.79%). In general, the ash
content of the wood is <1% (de Carvalho et al., 2020; da Silva et al., 2018). The high values of the ash content are related to the
impurities in the material (Padilla et al., 2019). Milling, heaping, and loading occurs when the poultry litter is collected from the

farm. During these operations, the particles from the farm floor such as soil and sand are dragged along.
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The analyses of fixed carbon content and HHV indicated that the treatments at 0.5, 1, 2, and 4h did not differ statistically;
that is, although the yield varied at each residence time, the amount of available carbon for burning and the HHV did not vary.
The 6h treatment differed from the others in all aspects. The lower value of fixed carbon content and lower HHV in the 6h
treatment (T5) is related to higher ash content (53.79%).

The HHV was considered low in all treatments. All the produced biochar presented values similar to the HHV of fresh
biomass, such as the olive core (19,000 J g2), almond shell (18,800 J g%), and hazelnut shell (19,300 J g1) (Demirbas et al.,
2006). The low values can be justified by the high ash content (> 30%) in all treatments. The HHV indicated that chicken bed
biochar is not ideal for energy purposes. However, for soil application, the HHV for biochar is not a determining factor.

The fixed carbon content was slightly lower (T1 = 43.19% and T5 = 34.10%) compared to the to the wheat straw
biochar, for example, where a value of 52% was observed with biochar treated at 400 °C with a residence time of 2h (Junna et
al., 2016). Also, Padilla et al. (2019) produced charcoal from eucalyptus bark and the fixed carbon was 47% (400 °C) with a
residence time of 3 h. The lower values for fixed carbon in this study can be explained by high ash content (T1 = 33.66% and
T5 =53.79%).

The high gravimetric yield, low HHV, and low fixed carbon content can be explained by the high ash content of the
material. Ash is the mineral part of the material (not carbonized) that remains in the combustion process. As a result, the high

gravimetric yield of biochar production is due to ash. These results enable the application of the produced biochar into the soil.

3.3 Scanning Electron Microscopy (SEM) / Energy Dispersive Spectroscopy (EDS)

Characterization of biochar via structural and elemental analyses, using techniques such as scanning electron
microscopy (SEM), help to predict the behavior of biochar in various applications, such as adsorption, and removal of pollutants
from the soil (Yaashika et al., 2020; Pariyar et al., 2020; Brewer et al., 2014), and availability of nutrients to plants (Lin et al,
2013). Table 3 presents the elements contained in the different biochar treated sample obtained by energy dispersive spectroscopy

(EDS). The norm. C [wt. %] column, refers to the normalized concentration of the element in the mass percentage.

Table 3. List of elements obtained by Energy Dispersive Spectroscopy (EDS) of the different biochar treatments.

Element 0.5h 1h 2h 4h 6h
norm. C [wt. %]
Potassium 37.31 36.50 36.43 36.25 30.98
Calcium 20.06 17.04 17.70 16.86 20.52
Chlorine 13.36 16.98 16.94 16.46 10.37
Sodium 6.95 6.37 6.06 7.30 7.87
Phosphor 5.26 5.17 5.07 5.22 8.86
Sulfur 5.06 4.66 4.72 4.80 6.25
Silicon 3.61 4.16 459 4.16 3.31
Magnesium 3.18 3.01 3.18 3.23 5.68
Aluminum 2.68 2.99 2.78 2.87 3.02
Iron 2.52 3.13 2.53 2.84 3.15
Total 100.00 100.00 100.00 100.00 100.00

Source: Authors.
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The quantitative analysis performed using EDS allowed a comparative analysis of the elements.

Potassium was the most abundant element. The presence of potassium is plausible since it is, after nitrogen, the most
absorbed element by corn (Barzan et al., 2021; Parente et al., 2016). Corn is the main ingredient used in chicken feed.

Calcium is vital for the development of plants; it functions in the cell wall and is crucial for the germination of seeds
and helps reduce soil acidity (Liu et al., 2011).

The silicon present in the treatments was due to the impurities from the contact of the poultry litter with the soil.

The iron content in the biochar samples is probably related to the use of these elements in the composition of the birds'
feed (Vieites et al, 2015). Values of iron contained in the biochar were similar to the value found in the poultry litter with the
creation of two batches (2.54%) (Pereira et al., 2019).

The presence of sodium in the treatments helps to maintain the soil pH, rendering it more alkaline. Sodium is important
for plants because it controls the osmotic pressure in the cells that assists in efficient use of water (Katsuhara et al., 2011).

In all treatment samples, whitish fragments were observed on the surfaces of the biochar particles (Figure 2).

Figure 2. Presence of potassium chloride.

Source: Authors.

Figure 2 shows the potassium chloride concentration. The whitish parts are potassium chloride, which explains the high
concentrations of chlorine and potassium in the samples.

The other elements in considerable concentrations were phosphorus and sulfur. Phosphorus is an essential nutrient for
plants, functioning as a catalyst in several important biochemical reactions in plants. Sulfur and magnesium are also important
in agriculture. Sulfur has functions, among others, of assisting the plant in its defense against pests, and in hormonal control for
cell growth and differentiation. Magnesium is an important component of chlorophyll and helps fix carbon in the soil (Guo et
al., 2016).

Porosity is another characteristic of biochar. Table 4 shows the classification of pores according to the International
Union of Pure and Applied Chemistry (IUPAC).
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Table 4. Classification of pores according to IUPAC.

Classification Pore size
Micropore diameter <2 nm
Mesopore 2 nm < diameter < 50 nm
Macropore diameter > 50 nm

Source: Adapted from Zdravkov et al. (2017).

According to Table 4, pores with diameters greater than 50 nm are considered macropores. The presence of macropores
(Figure 3) was evident, with a diameter of approximately 5 to 10 um (highlighted in yellow), and approximately 1 um in diameter
(highlighted in red) in the biochar samples.

Figure 3 shows the porosity in the biochar in different size scales.

Figure 3. Porosity of the biochar.

Source: Authors.

Macroporosity is an important feature of biochar, as it feeds mesopores and micropores in fluid transport, making
biochar an important adsorbent material (Yu et al., 2020).

The porosity of biochar has the potential to improve the physical, chemical, and biological properties of soils (Lehmann
etal., 2011).

However, biochar porosity has many aspects that remain unclear, which needs to be investigated; for example, the effect
of particle size of the biochar on the structure of macropores (Yu et al., 2020). In addition, the effect of porosity (biochar), particle

size (biochar), and soil porosity needs to be studied.

4. Conclusion

The chicken litter can be used to produce biochar.

T1 treatment (0.5h and 450 °C) can be considered the best treatment.

The T1 (0.5h), T2 (1h), T3 (2h), and T4 (4h) treatments did not show statistically significant differences in the fixed
carbon content, indicating that treating for 0.5h was sufficient to ensure the stability of the biochar.

The T5 treatment (6h) indicated that time must be controlled to avoid loss of productivity.
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Chicken bed biochar is unsuitable for energy purposes because it presents a relatively low HHV, mainly due to its high
ash content (> 30%). However, these characteristics are not limiting factors for soil application.
Hence, the biochar produced from poultry litter appears suitable for soil application.

The next step will be the study of blends of chicken litter with biomass not suitable for energy (eucalyptus bark,

sugarcane straw). Blends can increase the supply of raw material for the continuous production of biochar.
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