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Abstract

Phosphorus is one of the most limiting elements in the amazon soil, requiring low cost alternatives that increase
the agronomic efficiency of phosphate fertilizers for satisfactory crop production and biochar has been used as an
option for increase soil fertility. The objective of this work was to evaluate the yield and properties of the biochar
produced from the shell of Brazil nut fruit at 500 °C, as well as its behavior in the acidity and phosphorus
availability from mineral source in Yellow Oxisol. The experimental design was completely randomized in a
factorial arrangement (5 x 5) with five doses of biochar (0, 20, 40, 60 and 80 t ha™") and five doses of P,Os (0,
100, 200, 300 and 400 kg ha™) in 20 kg pots. The trial was carried out at 365 days and the yield and properties of
the produced biochar were evaluated, as well as the determination of acidity and total and available phosphorus.
The biochar produced from feedstock was considered satisfactory, with 59%, which is a good alternative for
producers. Aluminum contents were reduced confirming the potential of biochar as a corrective for acidity.
Additionally, the amount of total and available phosphorus increased with increasing biochar doses. Thus, not
only the feedstock but also the pyrolysis temperature showed hight potencial to improve the amount of
phosphorus in the soil and decrease the soil acidity.

Keywords: soil fertility, pyrogenic carbon, perennial culture
1. Introduction

The Amazonian soils phosphorus fixation process is stronger than other Brazilian regions, due to the presence of
large amounts of iron and aluminum oxides and hydroxides, kaolinite, which limit the crops production.
Brazilian agriculture apply around of 15 million tons of P per year (Wang et al., 2012), of which only 5 to 20% is
uptake by culture (Price, 2006). In addition, the estimated lifetime of the world's phosphorus reserves would be
around 40 years (Streubel et al., 2012). These facts show the need to adopt strategies that increase available P
and improve the agronomic efficiency of short term mineral fertilizers.

Peng et al. (2012), Streubel et al. (2012), and Yao et al. (2013b) demonstrated that biochar, besides being a
source of P, could be capable of adsorbing phosphate. This suggests its potential in maintaining the applied P as
fertilizer. Recently studies showed that the use of biochar can increase soil phosphorus availability (Atkinson et
al., 2011; Edelstein & Tonjes, 2012; Farrell et al., 2014; Glaser et al., 2002; Gul et al., 2015; Sohi et al., 2010;
Falcao et al., 2018; Glaser & Lehr, 2019), in addition, the use of biocarbonised organic waste (biochar) can have
its effect confirmed as a soil conditioner and as a plant nutrient source based on Amazonian Dark Earth studies.

In the Amazon, due to soil origin and intense rainfall, inconveniences with phosphate fertilization become even
more critical, but the maintenance of high levels of phosphorus, calcium, magnesium, zinc and organic carbon in
the Amazonian Dark Earth is associated to a large and prolonged input of fresh and biocarbonised organic
material (pyrogenic carbon) (Glaser et al., 2001; Lehmann et al., 2002, 2003b).
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Thus, it is necessary to understand and rescue techniques that have been used by local Indians for centuries
(Steiner et al., 2004), linking them with existing technologies such as mineral fertilizers. The practice of
biocarbonization aims mainly at harnessing residues from agroindustrial activities with biochar production and
its use in improving the physical, chemical and biological quality of degraded soils (Wang et al., 2012; Yuan et
al., 2011a, 2011b). It also has a positive impact on reducing greenhouse gas (GHG) emissions by increasing
carbon stocks in soils and improving agricultural production and recovery processes of degraded areas (Nobrega,
2011). However, the levels of macro (P, K, Ca and Mg) and micronutrients (Mn and Zn) in the biochar
composition are low, so the use of biochar in the soil requires additional nutrient sources to complement
fertilization, increasing the agronomic efficiency of mineral and organic fertilizers, meeting the nutritional needs
for growth and production of cultivated species (Falcao et al., 2018; Glaser & Lehr, 2019). Thus, the objective of
this work was evaluate the potential of Brazil nut bark biochar to increase the amounts of total and available
phosphorus and also the decrease the acidity index in the Amazonian Oxisol.

2. Material and Methods

The experiment was conducted in a greenhouse at the National Institute Amazon for Research-INPA, Manaus,
(3°529"S; 59°59'37"W) Amazonas. The experimental design was completely randomized, in a factorial
arrangement (5 x 5) with five levels of biochar (0, 20, 40, 60 and 80 t ha™), produced under a temperature of 500
°C and five doses of P,Os (0, 100, 200, 300 and 400 kg ha™), been as source triple superphosphate with 41% of
P,0:s, totalizing 25 treatments, with 4 replications and 100 experimental units. A complementary fertilization
with 400 Kg ha™' of N as urea, 532 kg ha™ of K,0 as KCI and 80 kg ha™ of micronutrients (FTE), all in a split
form.

The soil used was a typical dystrophic Yellow Oxisol, clayey texture, collected from the 20-40 cm layer
(Sombroek, 1966) with the following characteristics: pH CaCl (3.60), Ca** (6.00 mmol, dm™), Mg** (2.00 mmol,
dm™), A’ (9.00 mmol, dm™), H+AI (31.00 mmol, dm™) K* (1.33 mmol, dm™), CTC (39.00), V% (22.00), P
(3.00 mg dm™), S (47.00 mmol, dm™), Fe (251.40 mg dm™), Zn (1.13 mg dm™) and Mn (0.57 mg dm™) as
determined by Resin method. The soil was passed through sieves with 2.00 mm diameter mesh and placed in 20
L plastic pots, filled with 20 kg of soil, and the treatments were all homogenized with biochar and mineral
fertilizers.

The biochar was obtained from the biocarbonization of the dry biomass of the shell of Brazil nut fruit harvested
in the 2014, in a retort located at the Forest Products Research Coordination of the National Institute for Amazon
Research (CPPF-INPA). The biocarbonization was temperature of 500 °C reached after 2h30 with residence time
of 12 hours, the biochar was removed from retort after total cooling at room temperature, than was manually
ground using a wood piece and passed through a 2 mm sieve.

The chemical characterization was done in order to obtain total contents of nutrients in the biochar,
characteristics such as moisture and ash content were also determined, with biochar samples passed in a 1 mm
sieve knife mill. To determine the humidity, a biochar mass was oven dried at 105 °C for 24 hours and cooled in
a desiccator at room temperature. The samples were weighed and calculated according to the equation 1:

U = (dry M)/(wet) x 100 )

The ashes contents was determined in a muffle (QUIMIS), with residence time of 3.5 hours, then weighed in
analytical balance and the calculation of ashes performed as presented in the equation 2:

% ashes = [(D — B)/(C — B)] x 100 2)

Where, B = mass of calcined crucible (g); C = mass of crucible with initial sample on dry basis (g); D = mass of
ash crucible (g).

The soil was collected twelfth month after the trial installation, been three single samples per pot, making up one
compost sample, than put to dry environmental temperature, than a sieved in a 2.00 mm mesh sieve an than
conducted to the soil laboratory for the following determinations: pH (CaCl,) at ratio 1:2.5 (soil:solution) (Raij et
al., 2001); exchangeable AI’* was extracted by 1 mol L' KCI quantified in atomic absorption; Potential acidity
(H+Al) was determined by the SMP buffer method (Shoemaker, McLean, & Pratt, 1961), and Ca*', Mg2+ and
available phosphorus (P) were extracted by ion exchange resin and determined by colorimetry (Raij et al., 2001).
Total phosphorus was extracted according to the method proposed by Hedley et al. (1982), with some
modifications proposed by Codron et al. (1985) and ICP reading.
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The results were analyzing by variance analyses (ANOVA) and subsequent regression analysis aiming to adjust
the equations to the data obtained as a function of doses for each treatments. It was adopted as criterion in the
choice of the model the interaction by the significant test F at 5% and 1%, with the aid of the R statistical
program (R Core Team 2018).

3. Results and Discussion

The biocarbonization of the shell of Brazil nut fruit produced 59% for biochar, 33% for pyroligneous acid and
2% for tar. In general, most of the feedstock materials used for biochar production yield a maximum of 40%,
depending on the temperature and the lignin content that is proportional to the yield. The high yield of biochar
shows that this raw material has great potential for use not only by producers, but also by the traditional
population living on extractivism, thus avoiding the disposal of this material in areas that may contribute to the
proliferation of insect vectors of various tropical diseases.

Galinatto et al. (2011) assessing the economic potential of biochar in winter wheat crop, from production and use
as soil conditioner to carbon stock estimates, concluded that depending on the market price of the product,
biochar may be profitable and may yet, enter the carbon offset market.

The ash content of the shell of Brazil nut fruit biochar and the moisture content were 2.9% and 6.0%,
respectively. According to Demeyer et al. (2001) and Barros (2006) a good biochar should be in a range of 3%
and 4% ash and less than 8% humidity, demonstrating that the characteristics obtained here are with the average
value within the proper range. Adsorption capacity due to low ash content can be positively influenced due to
volatilization of organic material (Ramos et al., 2009; Cisnero and Gonzales, 2010).

According to Cruz Janior (2010), the basic ash composition of shell of Brazil nut fruit is of K,0 (30.8%), CaO
(17.1%), SiO; (15.6%), Fe,0; (13.6%), S, P, Mg, Al, Na, Mn, Ti, Cl, Ni and some metals in low contents. Table
1 shows the chemical attributes of biochar from Brazil nuts bark at a temperature of 500 °C. We can observe by
the chemical characteristics presented that this material should not be considered a source of fertilizer, but a
conditioner of the soil, since when used alone, it influences much more in the soil structure, improving water
retention, aeration, root system growth and soil biological activity. Lehmann et al. (2003b) and Van Zwieten, et
al. (2010), attributed the higher plant growth to the positive changes in soil biogeochemistry resulting from
biochar additions. However, Glaser and Lehr (2019), mentioned that biochar can be considered a source of
phosphorus to low fertility soils.

Table 1. Chemical characteristics of the chestnut urchin biochar produced at 500 °C

Material pH N P K Ca Mg S B Cu Fe Mn Zn Na
CaCl, gkg! PR TS
Biochar 500 °C 9.1 70 06 230 60 24 14 41 28 575 264 25 159

In general, as higher the pyrolysis temperature, as higher the pH, ash content, carbon stability, biochar
aromaticity, porosity and specific surface area (Wu et al., 2012; Zhao et al., 2013; Zhang et al., 2015b). Ringer et
al. (2006) report that under slow pyrolysis conditions the yield is about 35% biochar, 30% bio-oil (pyroligneous
acid and tar) and 35% gas and Wright et al. (2010) describe lower yields of biochar in rapid pyrolysis compared
to slow pyrolysis, as it generates about 15% biochar, 70% bio-oil and 13% gas.

Based the reference the total N content found in organic compounds, the value found in the biochar used in this
work was considered “low”, as well as the concentrations of P, Ca, K and Mg, however, these are strongly
influenced by temperature, the temperature increase also provides the increase of trace elements that are present
as Fe, Cu Mn, Zn and Cd, however the bioavailability for the plant is very low and these concentrations are
decreased with increasing temperature by changing their chemical forms during the process, however, Fe and
Mn concentrations were elevated.

The nutritional characteristics of biochar vary depending on the material used in pyrolysis, but in most cases
there is an increase in pH, CTC, macro and micronutrient contents (Hossain et al., 2011; Jeffery et al., 2011;
Agrafioti et al., 2013; Yuan et al., 2013; Masek et al., 2013).

Similarly, very different responses to growth of different crops have been found for sugarcane bagasse biochar
and biosolids (Chen et al., 2010). Based on the results observed in the present study, they emphasize the
importance of quantifying the yield of biochars made from different raw materials before large-scale application.
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3.1 Effect of Treatments on Acidity, Available and Total P Contents

The results revealed that there was interaction between the doses of biochar and phosphate fertilization (p <
0.05), for pH values in CaCl,, with an increase of 1.44 pH units, when comparing treatments without biochar and
80 t ha both in the absence of P,Os (Table 2). Van Zwiten et al. (2010) assessing the effect of biochar on acidic
soils in Australia found that applying only biochar increased soil pH considerably, while treatment that received
biochar and mineral fertilizer decreased soil pH.

Table 2. Effect of different doses of biochar and P,Os in Yellow Oxisol on pH (CaCl,) at 365 days after the
installation of the experiment

1 Biochar t ha™
P20s (kg ha™) 0 20 40 60 80
0 3.55 Ac 3.53 Ac 3.76 Abc 427 Ab 499 Aa
100 3.46 Ac 3.45 Ac 3.84 Abc 433 Aab 475 Aba
200 3.45 Ac 3.48 Ac 4.08 Ab 458 Ab 5.32 ABCa
300 3.40 Ab 3.51 Ab 3.73 Ab 471 Aa 472 BCa
400 3.42 Ac 3.47 Ac 411 Ab 474 Aa 434 Cab

Note. Averages followed by the same lowercase letters in horizontal do not differ statistically from each other.
Averages followed by the same capital letters in vertical do not differ statistically from each other.

In this experiment, it was also noted that treatments without biochar showed a slight acidification with increasing
doses of P,0s, decreasing by 0.13 pH units. Agreeing with Solaiman et al. (2012), who evaluated the effects of
biochar applied to soils under different management systems, observed that in the treatment that received biochar
with NPK fertilizer, the soil pH increased in relation to the control treatment, and those treatments that received
only NPK the pH decreased in the corn, cowpea and peanuts crops.

The pH values increased considerably in the treatment that received 40 t ha™ of biochar, this results may be
explained by the high biochar adsorption capacity, since the temperature of 500 °C has a high surface area and a
more condensed carbon structure. (Downie et al., 2009), which may have facilitated the retention of cations such
as A" and Fe*'.

In general, the doses of biochar presented a linear effect on the pH values, however, considering the ideal pH
range for soil fertility, it can be seen that the doses from 40 t ha™ of biochar independent of the P,Os doses
provided more adequate values, not only for plant nutrient availability but also in economic terms, since, from
the 100 kg ha! doses of P,Os, the variation of values was minimal.

Jeffery et al. (2011) in a review of the effects of biochar on soil, concluded that such practice provides a gain in
crop yield, regardless of the type of feedstock and the amount of application, with an average increase of about
10% and attributed this gain. The contribution of biochar in increasing pH, water retention capacity and nutrient
availability.

These pH values are a reflection of the process of neutralization of exchangeable aluminium. According to Raij
(2011), aluminium the main element that is associated with the negative effect of soil acidity on plants. In Brazil,
the use of limestone to increase pH values is common, however, Caires et al. (2008), reports that this may have
limited action since it is not promoting effect of acidity reduction in the subsurpeficial layers, which are
dependent on the carbonate leaching process. In on other hand, the present study the limestone was not applied
and the process of neutralizing exchangeable acidity was attributed to biochar. These results corroborate with
Van Zwiten et al. (2010) and Berek et al. (2011) that in a field experiment installed on Hawaii's acid soils using
3.0 levels of biochar (0, 2.5 and 5%) cultivating Desmodium ovalifolium reported a decrease in Al content from
1.4 to 0.6 cmol, kg. Similar results was found (Figure 1) in this study when increased the levels of biochar the
exchangeable Al decreased in all treatments.

Although for the Al contents, there was no significant effect among the studied factors, it can be observed that
the application of biochar, started the process of neutralization of Al at the first applied dose and was reduced as
the doses increased biochar, (Figure 1)which allows us to infer about the power of biochar as an acidity corrector,
this results may be occurred due to its ash content or physical characteristics, which makes it a great ally in the
pH change processes. Malavolta et al. (2006) reports that high levels of Al impair the development of the root
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system and reduce the availability of nutrients such as P and S, making biochar a promising material in reducing
such inconveniences.

The application of 80 t ha™' of biochar reduced the Al content in soil by over 90%, which may be linked to the
amount of ash present in the biochar (2.9%) which represents a “good” indicator of agronomic use.
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Figure 1. Acidity indices as a function of biochar levels after 365 days of application

Similar to A" contents, H+Al contents were strongly influenced by biochar application. The application of 60 t
ha™' of biochar provided potential acidity reduction by approximately 50% (Figure 2).
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Figure 2. Exchangeable aluminum content and potential acidity 365 days after application of biochar levels

3.2 Available and Total Soil Phosphorus Content

The treatments resulted in significant differences in the phosphorus contents, being more pronounced between
the doses of P,Os applied. However, there was a considerable increase among treatments that received 400 kg
ha P,0s, where in the absence of biochar the P content was 21.70 mg kg and with only 20 t ha™ biochar the P
was 38.77, which was statistically equal to the other biochar levels.

Coal samples taken from different black earth sites and at different depths showed different P adsorption and
desorption properties (Falcdo et al., 2003). These results allowed us to infer that this coal has the potential to
retain significant amounts of solubilized P from mineral fertilizers, thus avoiding its chemical fixation by iron
and aluminum oxides and type 1:1 clay present in high concentrations in tropical soils.
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Table 3. Effect of different doses of biochar and P,Os in Yellow Oxisol on Phosphorus contents available 365 days
after the installation of the experiment

1 Biochar (t ha™)
P20s (kg ha™) 0 20 40 60 80
0 2.44C 217D 248D 256 C 268 B
100 8.57 BC 9.68 CD 7.91 CD 6.70 C 6.58 B
200 1971 Abab 1646 BCab  16.75BCab  14.19BCb 2827 Aa
300 24.47 A 2522 B 2281 B 21.19B 25.14 A
400 21.70 Ab 38.77 Aa 4155 Aa 35.78 Aa 32.19 Aab

Note. Averages followed by the same lowercase letters in horizontal do not differ statistically from each other.
Averages followed by the same capital letters in vertical do not differ statistically from each other.

With the application of P,Os doses without biochar, a significant increase up to 300 kg ha” P,Os dose was
observed, but the application of 20 t of biochar the increase was linear until the maximum dose of P,Os. The
levels of phosphorus decreased when 40 t of biochar was applied, which may be linked to the increase in pH,
leading to the increase of available micronutrient contents in the soil solution and thus forming insoluble
compounds such as Fe phosphate and Mn phosphate, the higher the amount of biochar, the greater the adsorption
effect of P. However, Nelson et al. (2011) and Qayyum et al. (2015), reported that the application of 5,0 t of
biochar temporarily reduced the available P content in two soil types, but in Oxisol did not significantly affect
the availability of P with extra amounts of P was applied.

Since approximately 75% of P applied to Brazilian soils, as soluble phosphate fertilizer, is sorbed on the
colloidal soil particles resulting in a low agronomic efficiency of this element (Raij, 2011), the presence of
biochar may represent an “ally” in the soil cost reduction process in phosphate fertilizer.

Oliveira et al. (2019), working with bamboo biochar under different temperatures and different phosphate
sources, reports that the P levels were higher in the treatment with biochar (500 °C) and triple superphosphate, in
a rotation of 4 successive cycles, also allowing the observation of a longer effect of this soluble source

It is also noted that P levels, regardless of P,Os levels, were affected by the presence of biochar, which may be
associated with P sorption capacity by biochar, and may play an important role in the sorption and desorption of
P in the process soil, acting as a more efficient P adsorbent per gram of material than soil clay fractions.
Rajapaksha et al. (2015) reported that the presence of biochar in the soil resulted in increased pH, CTC and P
content.

These results may also be related to the characteristics of biochar, since pyrolysis performed at high temperature
generally produces biochars with high surface area (> 400 m?*/g) (Downie et al., 2009; Keiluweit et al., 2010),
highly aromatic and consequently very recalcitrant to decomposition (Signh et al., 2010), and is considered good
adsorbent (Mizuta et al., 2004; Lima & Marshall, 2005), of cationic and anionic charges (Morales et al., 2013).

The reasons for the high efficiency of pyrogenic carbon in nutrient retention are: (a) biochar has a larger specific
surface than coal resulting from burning wood at higher temperatures and (b) has a higher negative charge
density per unit area consequently a higher charge density (Liang et al., 2014). This high charge density may, in
principle, cause greater oxidation of the pyrogenic carbon itself or by non-pyrogenic carbon adsorption
(Lehmann et al., 2005).

Although no significant difference was observed, in the absence of P, the treatments that received 80 t ha™ of
biochar showed a slight increase compared to the control. Comparing the control treatment with that received 40
t of biochar in the absence of P,Os and the treatment that received 40 t of biochar with 100 kg of P,Os, we can
see a highly significant increase in soil available P content, with a variation from 2.44 to 2.48 jumping to 7.91,
going from a range “very low or low” to “medium”, considering ideal levels according to Raij (2011). In an
economic aspect, it can be noted that the lower amount of P,Os may be more efficient in the availability of P.

The total phosphorus contents increased as increased the levels of biochar independent of the amounts of P
applied. A big part of this P liberated from different sources of fertilizer was, probably, linked to formations with
Fe and Al It is also observed that only the application of 80 t ha™ of biochar, the amount of P increased by
approximately 500%, and it can be inferred that biochar can be considered a source of total P (Table 4).

In Brazilian soils, Guerra et al. (1996), and Cunha et al. (2007) found a variation of 13 to 47% of the total P
occurring in the form of Po and Duda (2000) reports from 7 to 83%, and this variation may be, according to
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these authors, related to the contents of C and total soil phosphorus. Wang et al. (2012) describe that some raw
materials and carbonization temperatures, between 250 °C and 550 °C, and which have high ash content generate
high carbon content with higher P content and larger element recoverability, thus may be potential sources of P
with high agronomic efficiency.

Table 4. Effect of different doses of biochar and P,Os in Yellow Oxisol on total Phosphorus contents 365 days after
the installation of the experiment

Biochar (t ha'!
P,0s (ke ha™) iochar (tha™)

0 20 40 60 80
0 7.02 Bb 9.25 Db 15.10 Dab 23.00 Dab 34.6 Ba
100 27.10B 3287C 37.55C 40.97 CD 3845B
200 57.32 Ab 54.15 BCb 58.60 BCb 62.45 BCab 80.87 Aa
300 64.72 A 69.30 AB 73.30B 79.55 B 82.82 A
400 62.32 Ad 89.40 Ac 122.47 Aa 112.55 Aab 97.27 Abc

Note. Averages followed by the same lowercase letters in horizontal do not differ statistically from each other.
Averages followed by the same capital letters in vertical do not differ statistically from each other.

When comparing the available phosphorus and total phosphorus contents, as a function of the biochar doses, it is
observed that for the total phosphorus, there was a significant increase even the material with P contents (0.6 g
Kg), and 5.1 mg kg. Wang et al. (2013), showed that the effect of P availability by biochar can be influenced by
the P content present in the material, however, it is available P, which in this experiment showed a slight
increase.

Chintala et al. (2014) also found that P adsorption in biochar was significantly (p < 0.0001) affected by the initial
concentration of P and biochar type. These results indicate that not all biochars can be used to increase retention
of P fertilizers in soils. However, biochar's ability to increase P retention in soils is quite variable and varies with
P concentration in the soil solution.

Jorio et al. (2012), report that in black earth coal grains were found, through microscopy techniques, P contents
at the edges of the material, showing inert internal structure, similar to graphite external structure with some
nutrients such as Ca, P and Al

4. Conclusion
The biochar produced from shell of Brazil nut fruit presented high yield for biochar production.

The biochar produced from shell of Brazil nut fruit showed high potential to corrective action and also as a
source of total phosphorus.

The increase of biochar levels promoted the increase of availability of phosphorus from mineral sources.
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