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sodium, carbon, phosphorus, and base saturation, 
and decrease in potential acidity and in the soil cat-
ion exchange capacity contributing to the increase of 
soil fertility. The application of the biochar to the soil 
decreased the bulk density and increased porosity, 
field capacity, wilting point, and available water for 
plants. In general, the use of the biochar demonstrates 
great potential of it as a soil amendment.
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1 Introduction

Biochar is any source of biomass previously heated 
under low or no oxygen supply, with the purpose of 
applying to soil in order to improve its agronomic 
and environmental quality. The process of biochar 
production is known as pyrolysis and it results in a 
very stable carbon-rich material not only capable of 
improving physical and chemical soil properties, and 
therefore soil productivity, but also of increasing soil 
carbon storage on a large scale (Kookana et al., 2011; 
Sohi et al., 2010) and for a long period of time.

Basic and applied research on the application of 
biochar in the areas of agriculture, environment, and 
energy in the whole word have increased dramatically 
in the face of food security, environmental pollution, 
and energy shortage. Although there are some 
disputes about biochar research, many scientific 
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evidence indicates that biochar improves soil 
biodiversity, enhances soil performance, reduces its 
susceptibility to weathering, and reduces the need 
for fertilizer inputs, contribution to the improvement 
of soil quality, and consequent crop productivity 
(Glaser et  al., 2002; Jeffery et  al., 2011; Lehmann 
et al., 2006).

Forest, crop, and animal residues left in the field 
can be used to produce biochar that can be applied 
to agricultural soils, to both sequester carbon and 
improve crop production. The biochar obtained from 
plant materials are often low in nutrient content, 
particularly N, compared with other organic fertilizers 
(Chan et al., 2007; Lehmann et al., 2003). According 
to Chan et al. (2007), the application of green waste 
biochar up to 100 t  ha−1 did not produce a positive 
plant response due to the low N availability of the 
plant-derived biochar.

In Brazil, field experimentation with biochar 
started about 10  years ago. The first studies were 
focused on Amazonian lands. In this region, Steiner 
et  al. (2007) described the effect of charcoal use 
alone and in combination with synthetic fertilizer 
and chicken manure. They concluded that the better 
result, in terms of yields (maize and upland rice), is 
the combination of charcoal with poultry manure.

In recent years, the chicken meat production of 
Brazil has grown 112% (Schmidt & Silva, 2018). 
According to the Brazilian Animal Protein Associa-
tion (ABPA, 2020), in 2019, the Brazilian produc-
tion of chicken meat was 13.245 million tons, keep-
ing the country in the position of the world’s largest 
exporter and the third largest producer of chicken 
meat, only behind the USA and China. Accompany-
ing the growth of the national production, significant 
amounts of waste were generated, such as poultry 
litter, which is normally distributed on the floor of 
warehouses as a bed for birds used to protect them 
from weather and mechanical friction with the floor 
(Paganini, 2002).

This poultry litter is used as a soil fertilizer due 
to its high content of nitrogen, phosphorus, and cal-
cium. When this material is applied directly to the 
soil without any previous treatment, it becomes a 
potential contaminant, capable of polluting agri-
cultural soils with pathogens, antibiotics, pesti-
cides, and heavy metals that can accumulate in the 
superficial layers of the soil and contaminate bod-
ies of water becoming bioavailable and phytotoxic, 

compromising crop quality (Masuda et  al., 2020; 
Souza et  al., 2019). With the huge amount of 
chicken waste biomass, biochar comes as an obvi-
ous solution for urgent problems: a fast, inexpen-
sive, and opportune way to dispose poultry litter, 
stock carbon, and improve soil quality.

Several authors cited by Mukherjee and Lal (2013) 
comment that all biochar do not have the same prop-
erties, since their characteristics are controlled by fac-
tors such as the type of raw material (pieces of wood, 
animal manure, crop residues, bedding of chicken), 
pyrolysis conditions (final pyrolysis temperature, 
heating rate—low versus fast pyrolysis) and duration 
of carbonization. Therefore, the effects of biochar, 
when applied to the soil, vary due to its properties, 
such as surface area, porosity, density, water reten-
tion capacity, and/or presence of chemical elements 
(macro- and micronutrients and heavy metals) and 
resistance to root penetration.

Chan et  al. (2008) showed that biochar obtained 
from poultry litter had higher nutrient content (both 
N and P) than those produced from plant materials 
and that this biochar might have a great value as a 
slow-release organic fertilizer (N and P). Pereira et al. 
(2019) analyzed also its potential as a raw material 
for biochar. In Brazil, due to the large availability of 
poultry litter wastes, it has been used as a raw mate-
rial for the manufacture of biochar however still in 
an experimental way. The effects on the soil require 
specific studies. Some national surveys have already 
been carried out using poultry litter biochar (Andrade 
et al., 2015; Chaves et al., 2018; Mendes et al., 2015a, 
2015b; Perondi et al., 2017); however, the knowledge 
about the characterization of this input and its impact 
on the chemical and physical properties of the soil is 
still scarce.

Considering the technical aforementioned facts 
and the potential economic viability of the use of 
poultry litter biochar on agriculture, mainly because 
it represents a new option to use the excessive amount 
of residues generated in agricultural activities and the 
benefits that its application produces to plant produc-
tion, it turns necessary to develop studies on the use 
of this biochar in agriculture as a fertilizer and a soil 
conditioner, which in the near future could be rel-
evant to the farmers.

Thus, the present work aimed to evaluate the effect 
of different doses of poultry litter biochar on the 
chemical and physical attributes of the soil.
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2  Materials and Methods

2.1  Soil and Biochar

The experiment, which consisted of submitting 
a soil to increasing doses of biochar, was carried 
out at the Irrigation and Salinity Laboratory (ISL) 
of the Agricultural Engineering Department, Fed-
eral University of Campina Grande, Paraiba, Bra-
zil, using an Ultisol soil collected in the superfi-
cial layer (0–20  cm). Soil samples were air-dried, 
crushed, sieved through a 2-mm sieve, and char-
acterized with respect to its chemical and physical 
characteristics according to Teixeira et  al. (2017). 
The raw material used in this study for the produc-
tion of the biochar used was poultry litter waste col-
lected at the Paraiba State University experimental 
farm, located in the municipality of Lagoa Seca 
(07° 09′22.42’ S; 35° 52′ 09.64’’ W). This biochar 
was produced in the ISL laboratory submitting the 
poultry litter wastes to a slow pyrolysis at 350  °C 
for 3 h at a heating rate of 10  °C   min−1 in a muf-
fle. After pyrolysis, the biochar was grounded and 
passed through a 2-mm sieve to ensure that the 
biochar had a similar granular size in subsequent 
experiments.

2.2  Incubation Experiment

To evaluate the effect of biochar on the chemical 
properties of the soil, 1.0  kg of soil was placed in 
plastic bags (experimental units), mixed with bio-
char according to the treatments (0, 0.353, 0.706, 
1.059, 1.412, and 1.765  g, corresponding to 0, 
2.02, 4.05, 6.07, 8.10, and 10.12 t  ha−1, respec-
tively) and incubated for 100  days. This mixture 
was maintained at 60% of the field capacity, adding 
deionized water. The doses of biochar used corre-
sponded to twice the quantities needed to raise the 
soil base saturation around 0, 63, 69, 75, 81, and 
87%, calculation based on the total relative capac-
ity of neutralization of calcium carbonate (TRCN 
100%). This was done because the TRCN for bio-
char is not known. The determination of the effect 
of biochar on the physical properties of the soil fol-
lowed the same incubation methodology described 
previously, however now with 300 g of soil, higher 

biochar doses, and an incubation period of 60 days. 
The decrease of the soil samples, the reduction of 
the incubation period, and increase of biochar doses 
followed the suggestion of Chaves et  al. (2018), 
aiming to facilitate the determinations of the soil 
physical characteristics properties. The calculation 
to determine the new doses was carried out aiming 
to raise the soil organic matter concentration in the 
arable layer (first 20 cm in depth) from 18.8 g  kg−1 
(control treatment) to 25.0, 31.2, 37.4, 43.6, and 
49.8 g  kg−1 which corresponded to an application of 
12.39, 24.78, 37.17, 49.56, and 61.95 t  ha−1, respec-
tively. Both incubation tests were set up using a 
completely randomized design with four replicates.

2.3  Soil and Biochar Analyses

Soil samples were analyzed with respect to chemical 
properties: soil pH determined by a ratio of soil to 
water of 1:2.5; soil organic carbon (SOC) by wet oxi-
dation with dichromate potassium in sulfuric medium 
method; potassium (K), sodium (Na), and phospho-
rus (P) extracted with the Mehlich solution; calcium 
(Ca), magnesium (Mg), and extractable aluminum 
(Al) by the KCl 1 Mol  L−1 method; potential acid-
ity (H + Al) by the calcium acetate method at pH 7.0; 
bases sum (BS) (K + Na + Ca + Mg); cation exchange 
capacity (CEC) (BS + H + Al) and percentage of base 
saturation (V%) (S/CEC × 100). The physical attrib-
utes determined were particle size distribution, bulk 
and particle density, total porosity, permanent wilting 
point, field capacity, and available soil water content, 
according to the methods adopted by Teixeira et  al. 
(2017).

Samples of biochar were analyzed according to 
Brasil (2014) for pH (determined by a ratio of bio-
char to  CaCl2 0.01  mol  L−1 of 1:2.5); EC (electric 
conductivity, dS  m−1); total N (Raney’s alloy macro 
method);  P2O5;  K2O; Ca; Mg; Zn; Cu; Mn; Fe (ele-
ments extracted with a mixture of nitric and perchlo-
ric acids); S (gravimetric method of barium sulfate); 
B (spectrophotometric method of azomethine-H.); 
moisture (measured at 65 °C); organic carbon (volu-
metric method with potassium dichromate); and 
C/N ratio (calculation). Phosphorus and potassium 
were quantified by the spectrophotometric method of 
molybdovanadophosphoric acid and by flame pho-
tometry, respectively; calcium, magnesium, zinc, 
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copper, manganese, and iron were quantified using an 
atomic absorption spectrometric methodology.

The pore morphology of the biochar was visual-
ized on images obtained by a SEM electron micro-
scope (Hitachi TM-1000). The specific surface was 
obtained with the Brunauer–Emmett–Teller (BET) 
method. X-ray diffraction analyses were also con-
ducted at room temperature with an XRD-7000 
Shimadzu apparatus, using copper Kα radiation 
(1.5418 Å), 40 kV voltage, and 30 mA current. The 
bulk density was analyzed according to the methods 
adopted by Teixeira et al. (2017).

2.4  Statistical Analysis

The data was subjected to analysis of variance (F test) 
and to regression analysis, using the SISVAR statisti-
cal software (Ferreira, 2011). To meet the assump-
tions of normality and homogeneity of variances, the 
values of the variables potential acidity, sodium, 
potassium, and permanent wilting point were trans-
formed into 1/√x, 1/x, √x and e x

−2,5
−1

−2,5
 , respectively. 

To meet the assumptions of normality for the cation 
exchange capacity (CEC), base saturation (V%), and 
sand, silt, and clay concentrations, as well as the par-
ticle density, the Kruskal–Wallis non-parametric sta-
tistical test was applied.

3  Results and Discussions

3.1  Properties of the Soil and the Biochar

The studied soil presented the following chemi-
cal attributes: pH = 5.35; Ca = 2.78  cmolc  kg−1; 
Mg = 1.26  cmolc  kg−1; Na = 0.11  cmolc  kg−1; K = 0.17 
 cmolc  kg−1; H + Al = 3.27  cmolc  kg−1; organic car-
bon = 18.8 g  kg−1; P = 1.27 mg  kg−1; and CEC = 7.56 
 cmolc  kg−1.The soil had a medium acidity, medium 
concentration of organic carbon and exchange-
able cations, medium cation exchange capacity 
(CEC), and percentage of base saturation (V%); the 
phosphorus concentration was low. The physical 
attributes: sand = 841.7  g   kg−1; silt = 83.6  g   kg−1; 
clay = 74.7  g   kg−1, bulk density = 1.38  g   cm−3; par-
ticle density = 2.70  g   cm−3; porosity = 48.88%; 
moisture content (dry weight basis) of wilting point 
(15 atm) = 4.66%; field capacity (0.33 atm) = 11.81%; 

and available water for plants = 8.96%. According to 
its particle size distribution, the soil was classified as 
a sandy loam.

The poultry litter biochar presented the following 
attributes: pH = 9.44; EC = 7.33 dS  m−1; N = 2.25%; 
 P2O5 = 4.08%;  K2O = 4.35%; Ca = 5.04%;Mg = 1.28%; 
S = 0.41%; B = 0.01%; Zn = 0.05%; Cu = 0.01%; 
Mn = 0.05%; Fe = 0.72%; moisture = 4.52%; organic 
carbon = 42.22%; and C/N ratio = 18.76. This bio-
char has an extremely high pH and probably a high 
liming potential on acid soils; however, it can also 
alkalinize the soil due to the increase in pH in soils. 
These results are similar to those found by Chan et al. 
(2008) working also with biochar: pH 9.9; N = 2.0%; 
C = 38.00%; C/N = 19.76; and EC = 5.6 dS/m.

The scanning electron microscopy images of the 
poultry litter biochar surface (Fig. 1) show that there 
is relative pore uniformity at some points on the 
sample.

The BET method with  N2 adsorption showed that 
the biochar had average pore size of approximately 
14.8  nm, characteristic of mesopores (2 to 50  nm), 
and a specific surface of 3.37  m2  g−1. The X-ray dif-
fraction (XRD) patterns of the poultry litter biochar 
(Fig.  2) were complex, showing wide peak patterns 
with some degree of order in short range indicating 
an amorphous material. Such characteristics made it 
difficult to attribute minor peaks to specific minerals, 
corroborating Clemente et al. (2018).

It is observed the strongest peaks at 2θ 28.346 A° 
(d = 3.146 Å) and 40.09A° (d = 2.225 Å) indicate the 
presence of inorganic components with the potassium 
element in their constitution, such as silvite (KCl, 
PDF 041–1476) and at 2θ 28.790 A° (d = 3.098  Å) 
for potassium aluminum silicate (KAlSiO4, PDF 
050–0437). The presence of calcite  (CaCO3) evi-
dences, as previously reported, the alkaline character 
of poultry litter biochar. Feldspar compounds [Orto-
clasio  (KAlSi3O8)] and potassium phosphate  (K2 
 (HPO4)) were also identified, confirming consider-
able concentration of P, K, Ca, and Mg.

3.2  Changes in the Soil Chemical Properties

After applying biochar to the soils and incubating for 
100  days, the biochar doses significantly influenced 
the chemical properties of the soil, with the exception 
of calcium and magnesium contents (Table 1).
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Fig. 1  Scanning electron 
microscopy of pyrolyzed 
poultry litter biochar 
at 350 °C. Magnified 
image × 250 (a), × 500 
(b), × 1000 (c), and × 2000 
(d)

Fig. 2  X-ray diffraction 
pattern of poultry litter 
biochar
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When applying the biochar, there was an increase 
in the soil pH from 5.35 (control) to 5.85 (higher 
dose) (Fig. 3A). Although an increase in the potential 
acidity (H + Al) of the soil was observed (Fig.  3C), 
when considering the untransformed data, there was 
a significant reduction of the potential acidity of 
75.33% between the control treatment and the dose 
10.12 t  ha−1 of biochar. Aluminum was found only in 
the control treatment (absence of biochar) in a con-
centration of 0.11  cmolc  dm−3.

As also observed by Jien and Wang (2013), due 
to the liming potential of the biochar, the increas-
ing application doses raised the soil pH, and con-
sequently reduced significantly the potential acid-
ity (H + Al). According to Sparks (2003), changes 
in soil pH occur when cations from biochar remove 
aluminum (Al) from the clay and/or organic matter 
exchange sites reacting it with soluble monomeric 
Al species. Depending on the biomass used in the 
preparation of the biochar, basic cations such as Ca, 
K, Mg, and Si can form alkaline oxides or carbon-
ates during the pyrolysis process and, once released 
into the environment, react with monomeric H + Al, 
increasing the pH soil and decreasing exchangeable 
acidity (Novak et  al., 2009). According to Lucchini 
et al. (2014), this increase in soil pH is probably asso-
ciated with a greater availability of basic cations and 
the subsequent dissolution of hydroxides and carbon-
ates. The higher the carbonate content of the biochar, 
the greater the liming effect of it (Chan et al., 2008).

The release of nutrients to the soil by the biochar 
application contributed to an increase of 40.8% in the 

electrical conductivity (EC) in relation to the control 
(Fig.  3B), corroborating Butnan et  al. (2015). Silva 
et al. (2017) using rice silage, sorghum, and sawdust 
biochar observed electrical conductivity values of 
121.8, 97.0, and 69.8 mS  cm−1, respectively, showing 
that the fertilizing capacity of the biochar depends on 
the nature of the biochar and on the concentration of 
nutrients present in its biomass.

The application of the highest dose of biochar 
promoted, when compared to the control treatment, 
an increase in the phosphorus content of the soil by 
330% (Fig. 3D). This significant increase in the phos-
phorus content is probably due to the fact that the 
poultry litter biochar used in this research has the P 
concentration around 4.08% and having in its consti-
tution potassium phosphate  (K2HPO4).

Like phosphorus, doses of biochar significantly 
influenced the potassium content, with a maximum 
concentration of 0.43  cmolc  dm−3 with the dose of 
10.12 t  ha−1 (Fig.  3E). The considerable increase in 
the potassium content is justified by the presence of 
compounds such as potassium chloride (KCl), potas-
sium aluminosilicate  (KAlSiO4), and dibasic potas-
sium phosphate  (K2HPO4). Although a decrease for 
the sodium content of the soil was observed when 
plotting the transformed data (Fig.  3F), there was a 
significant increase of the sodium content at a rate of 
0.0093  cmolc  dm−3 for each ton of applied biochar.

Calcium and magnesium contents were not 
influenced by the biochar, whose means were 
3.72 and 1.67  cmolc  dm−3, respectively. Although, 
probably they contribute, in some way, to the increase 

Table 1  Summary of analysis of variance for the pH, electrical conductivity (EC), calcium (Ca), magnesium (Mg), carbon (C), 
phosphorus (P), base sum (BS), potential acidity (H + Al), sodium (Na), and potassium (K), after incubation period

DF, degree of freedom.
*,**Significant (0.05 ≤ p) and (0.01 ≤ p) probability of error. ns, not significant.
1,2,3  Transformed into 1/√x, 1/x, and √x, respectively; Reg, regression; CV, coefficient of variation

Source of variation DF Mean square

pH EC Ca Mg C P BS H +  Al(1) Na(2) K(3)

Biochar 5 0.18** 0.04* 0.10 ns 0.13 ns 12.57** 1899.82** 0.38** 0.119** 42.92** 0.0657**

Linear Reg 1 0.81** 0.164** - - 61.21** 8997.02** 0.92** 0.46** 194.13** 0.306**

Quadratic Reg 1 0.01 ns 0.009 ns - - 0.29 ns 133.64 ns 0.91** 3e−4 ns 0.11 ns 0.002*

Deviation 3 0.03* 0.011 ns - - 0.45 ns 122.82 ns 0.02 ns 0.0426** 6.79** 0.006**

Error 18 0.01 0.01 0.06 0.05 1.63 145.14 0.05 0.002 0.70 4  e−4

CV(%) 1.79 15.01 6.81 14.44 13.19 26.47 4.20 6.55 8.14 4.48
Mean 5.58 0.72 3.72 1.67 9.68 45.50 5.75 0.80 10.29 0.48
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of bases. Other chemical constituents in the biochar 
itself could also supply exchangeable cations to the 
soil, according to Jien and Wang (2013).

The sum of bases fitted a second-order polyno-
mial regression model (Fig.  3G). It had the lowest 
value (5.48  cmolc  dm−3) with the use of 3.59 t  ha−1 
of biochar and the highest (6.29  cmolc  dm−3) with 
the highest biochar dosage; this last corresponding 
to an increase of 10.07% when compared to the con-
trol treatment. In general, the increase of the sum of 
bases with the biochar doses may be attributed mainly 
to the potassium content of the biochar, being the 
sodium in second place.

The results obtained in this study also corroborate 
those of Major et al. (2010), who found an increase in 
pH, availability of phosphorus, and exchangeable cat-
ions, such as Na and K in the soil. As indicated previ-
ously, it is important to note that the increase in soil 
fertility due to the application of biochar depends on 
the biomass used in its preparation. For example, the 
chemical composition of poultry litter biochar used 
in this research, produced from biomass composed 
by sugarcane bagasse (“litter” in the sheds), poultry 
feces, and feed waste (around 3% of the total feed 
provided to birds, consisting of corn, soy, limestone, 
dicalcium phosphate, and supplement of amino acids, 

Fig. 3  Soil pH values, elec-
trical conductivity (EC), 
potential acidity (H + Al), 
phosphorus (P), potassium 
(K), sodium (Na), base sum 
(BS), and carbon (C) in 
function of biochar doses. 
*,**Significant at p ≤ 0.05 
and 0.01, respectively, by 
F test
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vitamins, and minerals) can increase if this biomass is 
reused in new batches of poultry production (Mendes 
et al., 2012).

Unlike Jien and Wang (2013), who did not 
observe a significant increase in soil organic 
carbon with the application of biochar, in this 
study with the application of poultry litter biochar 
there was increase in organic carbon (C) at a rate 
of 0.46  g   kg−1 per t  ha−1 (Fig.  3H), corroborating 
Fernandes et  al. (2018). This result is important 
since organic carbon helps improve and maintain 
soil fertility in the long term. In addition, the 
increase in C also resulted in synergistic benefits, 
with an increase in the availability of mainly K, P, 
and Na for plants. Practical benefits of biochar in 
increasing C and maintaining soil fertility have been 
demonstrated in field conditions on tropical African 
soils in Zambia, where a 234% increase in corn yield 
has been achieved (Martinsen et al., 2014).

Chan et  al. (2008) observed that the application 
of poultry litter biochar in an Alfisol significantly 
affected all the chemical parameters of the soil, 
similar to the results obtained in the present study, 
increasing the electrical conductivity, pH, total N, 
total C, phosphorus P, exchangeable cations (Ca, Mg, 
Na, and K), and effective cation exchange capacity 
and decreasing the exchangeable Al. The highest cat-
ion exchange capacity (CEC) was found with the con-
trol treatment (9.44 cmolc  dm−3) (Fig.  4A), mainly 
attributed to the high potential acidity (H + Al). With 
the application of 2.02 t  ha−1, the CEC of the soil 
decreased by 25.74% (7.01 cmolc  dm−3) due to the 
decrease in the potential acidity. The application of 
biochar doses higher than 4.05 t  ha−1 increased the 
CEC of the soil, however with no significant differ-
ences among them.

The application of biochar to the soil increased the 
base saturation, observing increases of 33.58% and 
43.28% with the two highest doses (8.09 and 10.12 t 
 ha−1, respectively), when compared with the control 
treatment (Fig.  4B), with no significant difference 
between them; however, these higher doses differed 
significantly with the saturation bases observed with 
the lower biochar dose, presenting the lowest value 
with the treatment without biochar (control).

Although, as previously indicated, the application 
of increasing doses of biochar decreased the poten-
tial acidity, kept the values of calcium and magne-
sium similar, and increased the values of potassium 

and sodium in the soil, the decrease in potential acid-
ity was greater than the increase of the exchangeable 
bases in the soil. Thus, although the increase of the 
CEC with the biochar treatments was small, it sug-
gests an improvement in soil fertility, increasing the 
number of exchangeable cations in the soil.

3.3  Changes in Soil Physical Properties

All physical properties of the soil evaluated in this 
study were significantly influenced by the application 
of biochar (Table  2), similar to the results found by 
Chan et al. (2008) who highlight the potential benefits 
of biochar application in improving the physical prop-
erties of soils in Australia.

The soil incubated with the biochar showed a 
change in its soil density (Fig. 5A) with a significant 
reduction of 13.70%, when compared to the control 
treatment with the highest dose (61.95 t  ha−1). This 
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Table 2  Summary of analysis of variance of the bulk density (BD), porosity (P), field capacity (FC), available water for plants 
(AWP), and permanent wilting point (PWP)

DF, degree of freedom.
*,**Significant (0.05 ≤ p) and (0.01 ≤ p) probability of error. ns, not significant.
1. Transformed into x

−2,5
−1

−2,5
 ; Reg, regression; CV, coefficient of variation.

Source of variation DF Mean square

BD P FC AW WP1

Biochar 5 0.0202** 27.85** 2.767** 1.256** 1e − 5**
Linear Reg 1 0.0996** 137.18** 13.68** 5.97** 4.4e − 5**
Quadratic Reg 1 7e−4 ns 1.22 ns 6e−4 ns 0.06 ns 2e−6 ns

Deviation 3 3e−4 ns 0.29 ns 0.052 ns 0.07 ns 2e−6 ns

Error 18 9.0e−4 1.16 0.168 0.143 7.08e−7

CV(%) 2.40 2.03 3.19 4.90 0.21
Mean 1.29 53.19 12.85 7.72 0.39

Fig. 5  Bulk density, 
porosity, field capacity, 
permanent wilt point, and 
available water in the soil 
after incubation period in 
function of biochar doses. 
*,**Significant at p ≤ 0.05 
and 0.01, respectively, by 
F test y = -0.00306**x + 1.3831**

R² = 0.98
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reduction occurred when the soil was mixed with 
the biochar of lower density. The biochar used in the 
present study had density of 0.32 g  cm−3 much lower 
than that of the sandy soil used in this work with a 
bulk density of 1.38  g   cm−3. According to Duarte 
et  al. (2019) and Blanco-Canqui (2017), the reduc-
tion in the bulk density of sandy soils is more evident 
when compared to clayey soils due to the greater dif-
ference in porosity between sandy soils and the bio-
char. The results of the present research corroborate 
Jien and Wang (2013) and Omondi et al. (2016) who 
observed reductions of the soil density of 19.0% and 
7.6%, respectively. A gradual decrease in bulk density 
with increasing doses of biochar was also observed 
by Liu et al. (2016).

Soil porosity, an important characteristic as it 
influences the density, water retention, water move-
ment, and heat and gas exchange in the soil (Chaves 
et al., 2018), was influenced by the decrease in bulk 
density, increasing linearly at a rate of 0.1134% per t 
 ha−1 of applied biochar. Comparing the control treat-
ment with the highest dose, the increase of porosity 
was of 14.15% (Fig. 5B).

The increase in soil porosity when mixed with bio-
char is likewise related to the presence of mesoporous 
observed when the biochar morphology was analyzed 
by X-ray diffraction (XRD). The analyses showed that 
the biochar had an average pore size of approximately 
14.8  nm, characteristic of mesopores, according to 
Rouquerol et  al. (1999), who said that mesoporous 
materials are those with a diameter between 2 and 
50 nm. The X-ray diffraction patterns of the biochar 
were complex, indicating an amorphous material. 
These morphological characteristics identify the bio-
char as a high porosity material.

The field capacity (FC), the permanent wilt-
ing point (PWP), and the available water for plants 
(AWP) of the soil increased linearly with the appli-
cation of the biochar (Figs. 5C, 5D, and 5E, respec-
tively). The increases in field capacity and permanent 
wilting point, with the highest dose of biochar, were 
17.79% and 39.78%, respectively, when compared to 
the control treatment. The increase of FC and PWP 
resulted in a greater AWP, increasing at a rate of 
0.1447% per t  ha−1 of biochar, when compared to the 
control treatment. Apparently, biochar particle size 
affects soil water storage modifying the pore space 
between particles (interpores) and by adding smaller 
pores that are part of the biochar (intrapores). When 

biochar-sand mixtures are wetted, the elongated shape 
of the biochar particles disrupts the packing of grains 
in the sandy matrix, increasing the volume between 
grains (interpores) available for water storage. These 
results imply that biochar with a high intraporosity 
and irregular shapes will most effectively increase 
water storage in coarse soils. The increases of field 
capacity, permanent wilting point, and available water 
for plants when amended with biochar agree with the 
results found by Liu et al. (2017).

Liu et  al. (2017) indicate that biochar’s particle 
size, shape, and internal structure likely play also 
important roles in controlling soil water storage 
because they alter pore characteristics. Particle size 
may influence both intrapores and interpores through 
different processes because the size and connectiv-
ity of these particles likely differ. In addition, when 
applied in the field, biochar particles may have dif-
ferent sizes and shapes compared to soil particles. 
This addition of biochar grains with different shapes 
and sizes will change interpore characteristics (size, 
shape, connectivity, and volume) of soil and thus will 
affect water storage and mobility.

The reduction of the soil density and the increase 
of water retention with the biochar application 
observed were corroborated by Ulyett et  al. (2014), 
who, working with sandy and clay soils, attributed 
this to the porous nature of the biochar. Atkinson 
et  al. (2010) indicate the importance of the biochar 
porosity on the fluid transport, especially when they 
are used as adsorbent materials.

Analyzing the particle size distribution of the 
soil, it was observed that only the clay content was 
affected significantly by the increase of biochar, with 
a reduction of 37.35% when comparing the dose of 
61.95 t  ha−1 applied to the soil with the control treat-
ment (Fig. 6A). The contents of silt and sand did not 
vary statistically with the biochar dose (Fig. 6B and 
6C).

Analyzing Fig.  6D, it can be observed that the 
doses of biochar applied did not promote significant 
changes in the particle density of the soil, which may 
be due to the small amounts of biochar applied to the 
soil.

Although several researchers have observed 
increase in the available water content due to the 
application of biochar to the soil (Aslam et al., 2014; 
Laird et al., 2010; Liu et al., 2017), some experiments 
used high doses of biochar, such as, for example, 100 
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and 200 t  ha−1 (Kammann et  al., 2011) and 50 and 
100 t  ha−1 (Chan et al., 2007), which seems imprac-
tical, in quantitative terms, to the farmers (Herath 
et  al., 2013). These latter authors commented that 
the increase in the water retention capacity in the 
soil depends on the texture and porosity of the soil, 
which is positively influenced, mainly in the case of 
sandy soils, by the application of biochar, with a high 
adsorptive nature. The increase in available water for 
plants, verified in this work by the biochar applica-
tion, may result therefore in a better plant growth and 
productivity.

The great difference between the particle den-
sity of the biochar (1.10 g  cm−3) and that of the soil 
(2.73 g  cm−3) apparently in the biochar did not have a 
marked influence on the particle density of the mix-
ture. This result does not corroborate Githinji (2014) 
who verified a gradual reduction in the density of the 
particles of a sandy clay soil, whose variation cor-
responded to 2.62, 2.43, 2.37, 2.09, and 1.60 g  cm−3 
with the application of biochar doses of 0, 25, 50, 75, 
and 100% by volume, respectively. Still, according to 
this author, the application of the highest dose of bio-
char reduced the density of particles by 64%.

4  Conclusions

The chemical properties of the soil were favored with 
the addition of biochar prepared from the a poultry 
litter, showing potential for use as an acidity cor-
rective and as a source of nutrients such as P and K. 
The application of poultry litter biochar to the soil 
improved the physical properties of the soil, decreas-
ing the bulk density and increasing porosity, field 
capacity, wilting point, and available water for plants, 
which may result in better plant growth and produc-
tivity. The poultry litter biochar demonstrates a great 
potential as a soil conditioner, improving soil quality.

Data Availability All data generated or analyzed during this 
study are included in this published article in the form of fig-
ures and tables.
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density of the soil (D) incu-
bated with different doses 
of biochar. Means followed 
by the same letter do not 
differ by the Kruskal–Wal-
lis test at p ≤ 0.05. Values in 
parentheses correspond to 
the observed means
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