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Abstract

The residual biomass of leaves and branches of fast returning species, such as bamboo, are the most promising
for biochar production, and could be used as an excellent soil conditioner to recuperate degraded areas, stock
carbon and recycling nutrients. The experiment was carried out on greenhouse condition as completely
randomized design, under a factorial arrangement (3x3), been three pyrolysis condition (400 °C, 500 °C and 600
°C), applied at 40 t ha" and three phosphate sources: Nature Phosphate (NP), Simple Superphosphate (SS) and
Triple Superphosphate (TS) (100 kg ha™ as P,0s), during one year with four crop rotation of cowpea and corn.
The presence of biochar, independently of pyrolysis temperature, allowed value of shoot dry matter highest in
the first two crops rotation and the P contents in the soil were increased up to third crop, however, it is showing
statistic difference only in the soil after the two cowpea crops, in which the interaction showed similar behavior
between the more soluble source (TS) and the less soluble source (NP). The concentrations of foliar P were
similar between the two cowpea crops, thus in the corn crops the concentrations of foliar P were higher in the
second crop and showed significance in the two crops. The presence of biochar modified the nature behavior of
the phosphate sources, becoming similar P availability.

Keywords: black carbon, soil fertility, phosphate fertilizers
1. Introduction

The maintenance of high levels of stable organic matter and nutrients available in Dark Earth of Indian soils is
associated with a large and prolonged incorporation of pyrogenic carbon (Glaser et al., 2001; Lehmann et al.,
2002, 2003b). The use of biochar as a physical, chemical and biological conditioner in tropical soils has been
motivated by researches developed with Dark Earth coal, which show its importance in the stability of organic
matter, in the increase of cation exchange capacity, and in the reduction of acidity and aluminum content toxic to
plants (Glaser et al., 2002; Falcio et al., 2003; Van Zwieten et al., 2010; Zornoza et al., 2016). The Biochar may
exhibit different physicochemical characteristics and properties depending on the source and the carbonization
temperature of the plant material (Bird et al., 2015; Roberts & Nys, 2016). The biocarbon of bamboo presents a
great advantage in relation to that of any other woody species, since it has approximately double the surface area
of the biochar and a great quantity of micropores, which give to the bamboo biochar greater adsorption power of
solids and gases (Silva, 2005; Xu et al., 2012).

Considering that the high levels of phosphorus (P) found in dark earths are linked to large amounts of organic
biocarbonated material over decades (Kern, 2001; Weliton et al., 2011), the hypothesis of this work is that the
presence of biochar in the soil can contribute to increase the amount of soluble phosphorus from conventional
phosphate fertilizers, increasing the agronomic efficiency of these fertilizers. The high cost of soluble phosphate
sources has led producers to become interested in natural phosphate, more specifically natural phosphate
(Resende et al., 2006), but which have little agronomic efficiency due to its slow solubilization.
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Biochar may play an important role in P sorption and desorption processes in the soil and may be a more
efficient adsorbent of P per gram of material than the clay fractions of soils. Coal samples collected from
different sites of black soil and at different depths presented different adsorption and desorption properties of P
(Falcdo et al., 2003). The results allowed 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 the
type 1:1 clays present in high concentrations in tropical soils. The objective of this study was to evaluate the
effect of different carbonization temperatures of bamboo on the availability of P in the soil and in cowpea and
corn plants from the application of different phosphate sources.

2. Material and Methods
2.1 Location and Experimental Design

The experiment was carried out on greenhouse of the Agronomy Departaments in the Campus III of the National
Institute of Amazonian Research (INPA), Manaus, Amazonas, Brazil. According to the classification of K&ppen
(1948), the climate in Manaus is classified in Am (Tropical humid and subhumid) with average temperature of
27.4°C.

The experiment was conducted follow a completely randomized design, in a factorial (3x3). The study factors
were: three sources of P (NP-Natural phosphate from ARAD, 33% total P and 9% citric acid; SS-Simple
Superphosphate, 19% P,Os total and 18% citric acid and TS-Triple superphosphate, 45% P,0Os total and 40%
citric acid) and three carbonization temperatures (400 °C, 500 °C and 600 °C) with nine treatments and four
replicates. Samples were collected from the subsurface layer (20-40 cm) of a soil classified as a distrofic yellow
oxisoil (EMBRAPA, 2018), with the chemical characteristics described in Table 1.

Table 1. Chemical characteristics of soil used in experimentation

Attributes Soil characteristics
pH (H,0) 32

pH (CaCl,) 3.7

Ca (cmol, dm™/g kg™) 5.7

Mg (cmol, dm™/g kg™) 3.1

K (cmol, dm™/g kg™) 1.4

P (mg dm-3/g kg-1) 2.9

Fe (mg dm~/mg kg™) 139.1

Zn (mg dm™/mg kg™") 3.6

Al (cmol, dm™) 4.0

2.2 Preparation of Biochar

The Biochar was obtained from the carbonization of fresh biomass of bamboo (Bambusa vulgaris “vittata”) in
furnace under three temperatures (400 °C, 500 °C and 600 °C). In the production of the biochar was used a
refractory brick oven with a capacity of 20 kg at INPA. With removal of the carbonization temperatures (400 °C,
500 °C and 600 °C), the residence time of the material was about 30 minutes, followed by 24 hours of standing
to cool and be withdrawn. Subsequently, the materials were sieved in a 2.00 mm mesh and subjected to chemical
attributes analysis, using a standardized methodology for the analysis of organic material (Embrapa, 2011)
(Table 2).

Table 2. Biochar chemical characteristics produced from Bamboo (Bambusa vulgaris “vittata”) according to
pyrolysis temperatures (400 °C, 500 °C and 600 °C).

Biochar of Bamboo pHw.0) Ca Mg K P Fe Zn Mn Cu
---------- cmol, kg! mg dm™>
400 °C 10.4 0.34 0.56 17.36 171.19 10.9 33 9.2 1.2
500 °C 10.2 0.37 0.62 12.48 132.42 10 2.3 11.1 0.7
600 °C 10.1 0.26 1.06 8.31 115.36 9.2 5.7 13.9 1.3

Extractor: Ca/Mg/K/P/Fe/Zn/Mn/Cu (Mehlich I)
2.3 Experimental Conditions and Analysis
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Two rotation cycles with cowpea (Vigna unguiculata L. Walp) and two with corn (Zea mays) were used in pots
with a capacity of 3 kg of soil. The amount of fertilizer applied before each rotation cycle as a complementary
was 90 kg ha™' of urea; 120 kg ha of potassium chloride. The treatments of phosphorus fertilization were 326 kg
ha natural phosphate from ARAD; 555 kg ha™ of single superphosphate; 222 kg ha™ of triple superphosphate.
The amount of phosphate were 100 kg ha™ of P,0s, this applied amount of P,0Os ha is equivalent to a 22.22 mg
kg' of P for all sources of phosphorus used, and 40 t ha' of biochar (2.00mm diameter) both in a single
application.

Cultures were performed at intervals of approximately 30 days and after each cultivation the soil was cleared for
root withdrawal. The plants were harvested at 45 days after germination. Samples were processed in the
laboratory to determine the dry mass of the aerial part and the concentration of P. Representative soil samples
was colected at the same time of the crop havest for determination of the pH values in CaCl, (active acidity) -
CaCl, 0.01 mol L™, Phosphorus contents by means of the ion exchange resin method (Raij et al., 2001), titratable
exchange aluminum (KC1 1 mol L") and H + Al (potential acidity).

2.4 Statistical Analysis

Data were submitted to analysis of variance using the statistical program ASSISTAT 7.7 beta. When the
significance was determined using the F test, we compared the means by the Tukey test at the 5% probability
level.

3. Results

In the first cultivation of cowpea, the aerial dry mass (ADM), in the treatment that received biochar produced
under the temperature of 400 °C plus simple superphosphate (SS), presented higher value without, however,
presenting a significant difference in relation to the treatment received (NP), this result may be a reflection of the
calcium and sulfur supply through the application of simple superphosphate. On the other hand, the treatment
that received the most soluble source (triple superphosphate-TS) presented the lowest production of MSPA
(Table 2). The ADM production of the bean plants that received biochar produced at 500 °C increased with
supply of the P sources in the following order TS = NP > SS.

On the other hand, in the treatments that received biochar produced at 600 °C the ADM was higher in the
treatment with FSS that showed a significant difference in relation to the treatment with natural phosphate.
Analyzing the sources of phosphorus, it can be observed that the plants of the treatments that received bamboo
biomass biochar produced at 500 °C and 600 °C with NP and TS presented similar ADM production (Table 2).
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Table 2. Dry shoot mass, P foliar concentration and P content in the soil after each sequential cultivation of
cowpea and maize as a function of bamboo carbonization temperature for biochar and P sources (Natural
Phosphate-NP, Superphosphate Simple-SS, triple superphosphate-TS) in typical dystrophic Yellow Oxisol under
greenhouse conditions in Manaus, AM, between 2011 and 2012.

Biocarbonization Temberatures Aerial Dry Mass Foliar concentration P P content in soil
1 Z T
P NP sS TS NP SS TS NP sS TS

g gkg! T S —
1" cultivation of cowpea (Vigna unguiculata)
400°C 6.93*% 727 5708 273 314  3.03 11.25*%  10.75* 10.50**
500°C 6.62**  6.08% 6.62% 279 340  3.51 11.00*  11.50*® 13.50*
600°C 615t 625% 618 324 282 352 11S0 1075 1150
I’ cultivation of maize (Zea mays)
400°C 5.73 5.75 5.86 0.66° 0.66™ 0.63** 1425 1025 13.00
500°C 5.62 5.66 5.66 1.39" 0.69® 139  11.50 12.00  13.50
600°C 585 581 607 077" 072 088" 1300 1150 1525
2% cultivation of cowpea (Vigna unguiculata)
400°C 10.81% 755 10.11* 229 231 225 13.50*  10.25® 15.25
500°C 10.07*4 8.68*B 756" 215 214 242 13.25%  13.75"* 14.25™
600°C 70 761 761 245 206 225 12257 1150% 1375
2% cultivation of maize (Zea mays)
400°C 4.00 3.29 3.83 2,03 175 213 8.00 8.00 9.50
500 °C 4.17 4.47 4.44 1.99°* 216 2.08**  10.00 9.50 10.00
600 °C 4.75 4.07 423 2218 301" 199  8.00 7.75 8.00

Note. Case-sensitive, followed by the same letter in the row and in the column respectively, do not differ
statistically from each other by the Tukey test 5%.

In the soil collected after the first cultivation of cowpea in the treatments that received the biochar produced at a
temperature of 400 °C, the P contents were higher in the treatment with natural phosphate, however, there was
no significant difference in relation to the other sources of phosphate. It was observed that phosphorus sources
(NP < SS < TS) with 0.75 mg dm’ of phosphorus plus natural phosphate were present in the soil and in the
treatments with biochar produced at 500 °C, the phosphorus content increased as a function of the solubility of
the sources phosphates, significant differences with higher content of application of triple superphosphate.

This result may be related to the less condensed structures of C found in the of lower biocarbonization
temperatures, which increases the reactivity and may have influenced the behavior of the natural phosphate,
resulting in greater availability of phosphorus than the more soluble sources (Keiluweit et al., 2010). Moreover,
in the treatments with triple superphosphate, it is noticed that the presence of biochar produced at 500 °C showed
higher phosphorus content with significant difference in relation to the temperature of 400 °C and 600 °C, which
presented higher contents, however, the pH values showed no significant difference.

It was observed that in the treatments that received biochar produced at 600 °C, soil P contents did not differ
significantly considering the applied sources, it is possible that biochar interfered with the availability of P,
resulting in similar behavior regardless of the degree of solubility of the source, since the pH values also did not
present a significant difference, even with pH increase in relation to the soil pH values at the beginning of the
experiment (Table 2). Although no significant difference was observed in pH, Al and H+Al values, it was
observed that in the treatments that received biochar produced at 500 °C, Al levels were lower, regardless of the
source of phosphorus, in relation to the others temperatures (Table 3).
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Table 3. Values of pH, Al and H+Al in the soil after each sequential cultivation of cowpea and maize as a
function of the carbonization temperature of bamboo for biochar and of the sources of P (natural phosphate-NP,
single superphosphate-SS, superphosphate triple-TS) in pots with typical dystrophic Yellow Oxisol in a
greenhouse in Manaus, AM, between 2011 and 2012

Biocarbonization Temperatures pH CICa, AL H+Al
NP SS TS NP SS TS NP SS TS
g gkg! mg dm’

1" cultivation of cowpea (Vigna unguiculata)

400°C 414 406 412 240 2.00 2.00 30.40 34.20 32.60
500°C 430 420 424 1.00 1.00 1.00 29.60 32.80 35.00
600°C 412 406  4.02 1.60 1.60 2.00 33.00 3720  40.60

I’ cultivation of maize (Zea mays)

400°C 428 430 422 1.00 140 1.60 36.60 36.00 34.40
500°C 440 440 434 1.00  1.00 1.00 32.60 33.40 35.00
600°C 422 428 418 120 120 1.40 37.40 37.80 34.80
2 cultivation of cowpea (Vigna unguiculata)
400°C 3.96°%  4.02°4  3.92%A 3.00 3.80 3.20 39.80 38.00 38.40
500°C 4104 3988 4,008 200 240 2.20 33.60 34.60 36.00
600°C 3.96°%  3.94%  3.82°B 3.00 320 3.80 34.60 37.20 41.00
2 cultivation of maize (Zea mays)
400°C 404 396  3.84 420 4.80 3.80 30404 3420 3220
500 °C 4.14 404  3.90 140 2.00 2.20 39.00**  25.60°®  28.60°®
600 °C 390 376 372 320 3.40 4.00 31.60°*  34.80*  33.40™

Note. Case-sensitive, followed by the same letter in the row and in the column respectively, do not differ
statistically from each other by the Tukey test 5%.

The significant results presented for the variables of MSPA and P content available in the first cowpea crop were
not observed in the first maize crop, however, leaf P showed significance (Table 2). It was observed that in the
treatments that received biochar produced at 400 °C, 500 °C and 600 °C with the least soluble source (natural
phosphate) and the most soluble source (triple superphosphate), leaf concentrations of P did not show significant
differences between, indicating that the biochar may have acted to equalize the uptake of P by the plants of the
different sources, by the adsorption and desorption process of P (Morales et al., 2013).

Although foliar concentration of P showed significant differences, considering the mineral nutrition, the foliar
concentrations of P observed remained below the appropriate range for the species (2.5 to 4.0 g kg'') (Malavolta,
2006). For pH values, Al and H+Al, the behavior was similar to the values obtained in the soil of the first
cowpea crop, which may be a reflection of the corrective effect of the biochar after 2 cultures, since the original
pH was of 3,7.

In the second cowpea cultivation (Table 2), ADM increased in the treatments that received biochar produced at
400 °C with natural phosphate and triple superphosphate in relation to the treatment with single superphosphate.
It was concluded that the presence of biochar facilitated the availability of phosphorus even though it comes
from sources with different degrees of solubility. In the treatments that received biochar produced at 500 °C, it
was verified that the less soluble source (natural phosphate) promoted a significant increase of ADM in relation
to the treatment that received the most soluble source.

The available P content in the soil in this second cowpea crop did not show a significant difference between the
different phosphorus sources, regardless of the carbonization temperature, indicating that the biochar may have
acted on the availability of P, either in increasing availability from natural phosphate or in reducing or regulating
availability with triple superphosphate (Table 2).

It was verified that being the simple superphosphate a more soluble source than the natural phosphate, in the
treatments that received the biochar produced at 400 °C and 600 °C the levels of P in the soil were smaller, when
compared to the treatments with natural phosphate in this second culture. However, in the treatments with
biochar produced at 500 °C this behavior was not observed, indicating that this temperature can act in order to
make the sources with different degrees of solubility with similar behavior in the availability of phosphorus.
Rajkovich et al. (2012), mentioned that the physical characteristics, such as the high amount of macro and
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micropores formed at this temperature and chemistry as the formation of functional groups that are influenced by
the carbonization temperature.

The highest phosphorus levels were observed in the treatments that received triple superphosphate, regardless of
the biocarbonization temperatures, but were statistically the same as the natural phosphate treatments, even with
the pH values showing a significant difference only when applied biochar produced at 600 °C. The presence of
biochar produced at 400 °C and 600 °C showed a significant difference for the treatments with simple
superphosphate with lower available phosphorus levels, although the Al contents were not significant, it was
observed that in the treatments that received biochar under a temperature of 500 °C there was a reduction of
contents of Al in relation to the treatments with temperature of 400 °C and 600 °C. In general, we have seen that
this third crop had a reduction in pH values and increase in Al content when compared to previous cultures.

At the same way as the first cultivation of this rotation, P concentrations in the leaves during the second cowpea
crop showed no significant difference (p > 0.05). The same results was observed for ADM variables and P
content in the soil during the second crop that did not altered. In the other hand, the concentrations of P in maize
leaves were influenced by treatments in both the first and second crops. In the second maize crop was a
significant difference in the H+Al content, showing the lowest levels in the treatments with biochar produced at
500 °C. The lack of significance in the weight of the ADM as a function of the treatments can be explained in
part by the increase of the soil acidity, as well as the decrease of P available in the soil.

By analyzing leaf P concentrations as a function of the lower and higher biocarbonization temperature in this
second maize crop, it was observed that treatments that received natural phosphate and single superphosphate
resulted in increased foliar P concentrations whil those that received triple superphosphate decreased. In Table 2,
it can be seen that the concentrations of P in maize showed no difference between the sources used, probably due
to the presence of biochar, except in the treatments that received biochar produced at 600 °C where as the simple
superphosphate resulted in a higher concentration of P in the plants, even after the four successive cycles.

4. Discussion

The result that may be considered the most relevant in this study was the way in which the different sources
behaved in the presence of biochar. It is observed that, although the availability of P in the soil decreased with
successive crops, the presence of the biochar increased the availability of P from the different phosphate sources.
Nemati (2015) described the ability of the biochar to regulate by physical adsorption the availability of nutrients.

The contents and composition of the nutrients present in the biochar vary depending on the sources used, while
the carbonization temperature has an effect on the surface properties of the biochar produced (Chan & Xu, 2009;
Zimmerman, 2010; Gautam et al., 2014).

It is observed that the biochar affected the P availability of the phosphate sources, resulting in different behavior
when the sources of P act in the absence of biochar which highter growth of the plants in the treatments that
received the most soluble sources. Lehmann et al. (2003a) found an increase in the ADM of rice and beans by
17% and 43%, with application of biochar doses of 68 and 135 t C ha™, respectively, attributing this growth to
the capacity that the biochar presents as a chemical conditioner of the soil, increasing the availability of P, K and
Cu from other sources. Other studies have attributed higher plant growth to positive changes in soil
biogeochemistry resulting from biochar additions (Lehmann et al., 2003b; Van Zwieten et al., 2010).

The weight of the ADM obtained in the first cowpea crop that received biochar produced at 400 °C can be
explained by the characteristics obtained by the biochar during the low temperature biocarbonization (< 550 °C),
resulting in a biochar with high soil reactivity and high recovery rate of C, N, K and S, contributing to soil
fertility (Steinbeiss et al., 2009; Keiluweit et al., 2010). In addition, this result may also have occurred due to the
physical and chemical characteristics of ST and FN in which ST presented a higher degree of dissolution and
solubilization and, possibly, a greater fixation of the P in solution with the iron and aluminum oxides, hydroxides
and clay minerals such as kaolinite. It can be inferred that the application of biochar produced at a temperature of
400 °C did not interfere in this behavior, perhaps because of the lower porosity acquired with the lower pyrolysis
temperature (Downie et al., 2009).

The ADM was lower in the first harvest crop cowpea compared to the second crop, and this effect may be related
to the higher sorption of the phosphorus by biochar, not ocurring in the second crops out the desorption of the
nutrients (Morales et al., 2013). Based on results we can inferred that an increase of 100 °C in the bamboo
biocarbonization may provide changes in the physical and chemical properties of the biochar produced, directly
reflecting the dynamics of the nutrients from the applied fertilizers. High temperature pyrolysis produces, in
general, high surface area biochar (> 400 m* g') (Downie et al., 2009; Keiluweit et al., 2010), highly aromatic
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and therefore very recalcitrant to decomposition (Sign & Cowie, 2008), and is considered good adsorbent
(Mituza et al., 2004; Lima & Marshall, 2005), of cationic and anionic charges (Morales et al., 2013).

Although the P of foliar concentration in cowpea did not indicate a direct relation with the weight of the ADM
and P availability in the soil, considering that the nutrient did not interfere directly in the development of the
plant, the foliar P concentrations did not present significant differences (p < 0.05). All treatments presented the P
leaves concentration above the range considered adequate for the species (from 1.2 to 1.5 g kg') (Malavolta,
2006). The fact that phosphorus sources with different degrees of solubility exhibited similar behavior with the
presence of the biochar produced at a temperature of 600 °C may have occurred due to the large amount of micro
or even nanopores and larger surface area of the (Silva, 2005), causing greater physical adsorption of the
available phosphorus from the more soluble source (triple superphosphate).

As the soil is a heterogeneous system formed with clay minerals, organic matter and nutrients it is possible that
applied biochar in the soil can also adsorb phosphate and nitrate by means of bonding bridge using residual
charge of electrostatic attraction or also forming bridges of binders with cations such as Ca*" and Mg*" or other
metals, including AI’" and Fe** (Mukherjee et al., 2011). Pergeron et al. (2012) report that the most important
changes in the physicochemical characteristics of the coal occurred when the carbonization temperatures were
between 450 °C and 650 °C. The increase in the percentage of C, and the decreases in the percentage of O and H
in this range are indicative of increase in the aromatic structure and gradual change generating graphite.

Based on degree of solubility of the applied sources and the characteristics of the biochar produced, it can be
inferred that in the treatments that received the natural phosphate, the biochar had contributed to reduce the
adsorption of the available P by the clay minerals, iron oxides and aluminum present in acid soils (Resende,
2006). The hypothesis that the biochar was responsible for the residual effect of triple superphosphate observed
in the second cowpea crop is based on the fact that this behavior is not a characteristic of the phosphate source,
which has high reactivity but low residual effect (Raij, 2011). On the other hand, the treatments that received the
natural phosphate presented levels of available P similar to the treatments with triple superphosphate,
independent of the temperature of biocarbonization, suggesting that the high residual effect of the natural
phosphate (Resende, 2006) decreased, in addition, it observed the increase of soil P contents in this second
cowpea crop.

Considering the availability of phosphorus from differents sources, it can be inferred that the presence of the
biochar has reduced the rapid reaction of the triple superphosphate in the soil, possibly by adsorbing and making
the nutrient available more slowly and increasing the residual effect of this source. Wang et al. (2013) showed
that the effect of P availability on biochar can be influenced by the P content present in the material, even at low
concentrations such as bamboo biochar. Coal samples collected from different sites of black soil and at different
depths presented different sorption and desorption properties of P (Falcdo et al., 2003), these results allowed
permited 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 clays present in high
concentrations in tropical soils.

In general, the beans responded more efficiently to the treatments when compared to corn, which is an extremely
nutrient demanding plant, especially in N and S, and, unlike beans, does not have N absorption strategies, such
as biological fixation of N (Malavolta et al., 2006). Major et al. (2010) evaluating application of up to 20 t ha of
biofuels from kitchen waste in Colombian Savana acid soils, found a decrease in maize yield only in the fourth
crop and attributed to the decline in the Ca and Mg stock in the soil.

5. Conclusions

The treatments that received biochar produced at 500 °C presented lower levels of exchangeable aluminum,
reflecting in higher pH values when compared to the other temperatures in the four cultures. Biochar increased
the agronomic efficiency of natural phosphate in the short term in relation to single superphosphate and triple
superphosphate. With application of biochar produced at a temperature of 400 °C, treatments with natural
phosphate resulted in higher P contents in the soil than the treatments with triple superphosphate after the first
bean cultivation and the first maize crop and similar contents after the third and fourth cultivations. The residual
effect of triple superphosphate after 12 months of application occurred due to the presence of biochar. The levels
of phosphorus in the soil with simple superphosphate were higher where biochar produced at 500 °C was applied
in relation to the other temperatures during the four cultures.
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