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RESUMO

Biocarvao na mitigagao de gases de efeito estufa e na remogao e reuso de fésforo

Medidas que visam a mitigacdao de impactos ambientais, especialmente os antropicos, estao
sendo cada vez mais estudadas. A crescente emissao de gases de efeito estufa (GEE) esta entre os
maiores problemas mundiais, sendo a agricultura um dos grandes contribuintes para este impacto.
A eutrofizacao de aguas, ocasionada pelo mau uso do solo e dos sistemas agricolas, também se
encaixa em tal cenario de preocupagao. O biocarvio, produto da pirdlise de materiais organicos,
aparece como recuperador de uma lista de problemas ambientais, dentre eles a mitigagao de GEE
e a recuperagao de aguas eutrofizadas ou residuarias. Neste sentido, biocarvoes de palha de cana-
de-agtcar (BPC) e de dejeto de galinha (BDG), foram utilizados em ensaios de emissio de GEE
em solos com texturas contrastantes. Para tal, duas temperaturas de pirdlise (350 e 650 °C), trés
doses (12,5; 25 e 50 Mg ha™), duas classes texturais (arenoso e argiloso) e dois pHs (pH original e
pH 5.5), foram utilizados. Estes mesmos biocarvoes foram submetidos a processos de dopagem
pré-pirdlise com Mg** e pos-pirdlise com A’ para a adsor¢io de fésforo (P). Ensaios de dessor¢io
e de adsor¢do em competi¢do com outros anions pelo sitio de troca foram feitos. O potencial
mitigador de GEE de ambos os biocarvoes foi comprovado nos ensaios de emissio de gases. O
aumento da temperatura de pirdlise (350 para 650 °C) eleva ainda mais a mitigacio dos gases, sendo
que a acidifica¢ao do pH original do biocarvao causa efeito semelhante. Os beneficio de se pirolisar
tais materiais organicos sao melhores vistos no solo arenoso, sendo a produgio de biocarvao a
partir destes residuos uma forma ambientalmente segura de deposi¢ao destes materiais, a0 menos
no que se diz respeito a emissao de GEE. Ambos os biocarvoes nao possuem capacidade de
adsor¢ao de P sem passar por modifica¢ao quimica, sendo que o processo de dopagem, seja ele
com Mg ou Al, concedeu tal habilidade. O processo de pré-dopagem com Mg”" gerou uma
capacidade maxima de adsor¢io de P (CMAP) de 250,8; 163,6; 17,7; 17,6 mg ¢ para o BDG
pirolisado a 350 e 650 °C e para o BPC também pirolisado a 350 e 650 °C, respectivamente. O
processo de dopagem por pos-pirdlise com Al gerou uma CMAP de 701,6 € 758,9 mg g para o
BDG e BPC, ambos pirolisados a 350 °C, respectivamente. A superior CMAP dos biocarvées
dopados com Al foi atribuida ao fato de o cation que faz a ponte (Al’") ser trivalente, com elevada
afinidade pelo P. A elevada adsor¢ao de Al pelos biocarvées corrobora com tal afirmacao. Ambos
os biocarvoes, produzidos pelos dois processos de dopagem, tiveram uma dessor¢ao de P em torno
de 80 % do valor adsorvido, permitindo a inferéncia de que estes produtos possuem a capacidade
de serem utilizados no reuso de nutrientes, mitigando outro problema ambiental: o uso das reservas
finitas de P. Com os resultados positivos advindos da pirolisacio dos materiais nesta tese,
constatamos o potencial do biocarvao como mitigador de GEE e recuperador de aguas.

Palavras-chave: Cana-de-acguUcar; Dejeto de galinha; Estoques de C no solo; Adsorcdo de P;
Dopagem



ABSTRACT

Biochars in the mitigation of greenhouse gases and on phosphorus removal and reuse

Measures aimed at mitigating environmental impacts, especially the anthropic ones, are being
progressively studied. Increasing greenhouse gases (GHG) emissions are among the biggest
environmental problems in the world, with agriculture one of the major contributors to this impact.
Water eutrophication from land misuse and agricultural systems also fits into such a scenario of
concern. Biochar, the product of the pyrolysis of organic materials, appears as a recover of a list of
environmental problems, among them the mitigation of GHG and the recovery of eutrophic or
wastewater. In this sense, biochars of sugarcane straw (BCS) and poultry manure (BPM) were used
in GHG emission tests in soils with contrasting textures. To do so, two pyrolysis temperatures (350
and 650 °C), three doses (12.5, 25 and 50 Mg ha), two texture classes (sandy and clayey) and two
pH values (original pH and pH 5.5) were used. These same biochars were submitted to doping
processes pre-pyrolysis with Mg** and post-pyrolysis with AI’* for the adsorption of phosphorus
(P). Desorption and adsorption experiments in competition with other anions by the exchange sites
were done. The potential GHG mitigation of both biochars has been proven in the gas emission
tests. The increase of the pyrolysis temperature (350 to 650 °C) further increases the gas mitigation,
and the acidification of the original pH of the biochar causes a similar effect. The benefits of
pyrolyzing such organic materials are best seen in sandy soil, with the production of biochar from
these residues being an environmentally safe way of depositing these materials, at least with regard
to the emission of GHG. Both biochars do not have P adsorption capacity without passing through
chemical modification, and the doping process, with Mg or Al, granted this ability. The pre-doping
process with Mg”* generated a P maximum adsorption capacity (PMAC) of 250.8; 163.6; 17.7; 17.57
mg g for the pyrolyzed BPM at 350 and 650 °C and for the BCS also pyrolysed at 350 and 650
°C, respectively. The post-doping process with Al’" generated a PMAC of 701.6 and 758.9 mg g
for BPM and BCS, both of which were pyrolysed at 350 °C, respectively. The superior PMAC of
the Al doped biochars was attributed to the fact that the cation that makes the bridge (AI’") is
trivalent, with high affinity for P. The high adsorption of Al by the biochars corroborates with such
a statement. Both biochars, produced by the two doping processes, had a desorption of P around
80 % of the adsorbed value, allowing the inference that these products have the capacity to be used
in nutrient reuse, mitigating another environmental problem: the use of the finite reserves of P.
With the positive results coming from the pyrolysis of the materials in this thesis, we certify the
biochar potential as a GHG mitigator, recovery for waters and a potential slow release fertilizer in
P reuse.

Keywords: Sugarcane straw; Poultry manure; Soil C stocks; P adsorption; Doping
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1. GENERAL INTRODUCTION

Problems caused by increase in the human population with the consequent growth in the
demand for food and manufactured goods, the misuse of soils and water resources and finite
reserves of most nutrients, make some environmental collapses predictable. The large waste
production follows this scenario, with researches for environmentally safe depositions of these
materials. Biochar, the product of pyrolysis of organic materials, may be the solution or at least
mitigation of some of these problems.

The pyrolysis process confers increase in the stability of the material, guaranteeing greater
stability of the C, with great generation of negative charges due to the high concentration of
phenolic, fulvic and carboxylic acids in the final product. With such positive characteristics, the
pyrolysis of organic materials has been applied to reduce the emission of greenhouse gases (GHG).
Due to their high average residence time, studies on the use of the source materials and their
respective forms of biochar in the soil point out not only to a reduction in GHG emissions
compared to their raw material, but also to a mitigation of emissions even from the soil, showing
the potential of this material as an environmentally safe disposal of tailings.

Due to its high cation exchange capacity (CEC), biochars have high adsorbent potential,
being used in the recovery of eutrophic or wastewater and in soils contaminated with heavy metals.
Anion exchange capacity (AEC), although not resulted from the pyrolysis process, can be
chemically developed by a process called doping. This process consists in adding metallic cations
such as Mg**, Ca**, AI’" and Fe*"*" in the biochar matrix, developing a cationic bridge that favors
the adsorption of anions.

With the natural or developed ability of ions adsorption, biochars applied in eutrophic or
wastewaters can be recovered for later reuse as a source of the adsorbed nutrients. As in the great
majority of cases, the elements that cause water eutrophication are of agronomic interest, such as
nitrogen (N), phosphorus (P) and sulfur (S). In their ionic forms, such nutrients when adsorbed
and recovered may be reused or recycled. From this reuse or recycling, they can be returned to the
soil, sparing finite reserves, such as P, or high energy consumption for the production of fertilizers,
such as N.

The reuse or recycling of these nutrients does not only have the benefit of reducing the
production of fertilizers. Tropical weathered soils, such as Oxisols in general, require slow release
sources of P, characteristic of these materials, so that the plant-sink is favored in detriment of the
soil-sink. In addition, the more stable matrix of the biochars guarantees a fertilizer with the
organomineral focus, without the environmental problems that the great use of the mineral

fertilizers can entail.
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Biochar seems to be the solution to a number of environmental problems that were not
thought to be connected. Its deposition on the soil not only guarantees a solution to environmental
problems, but also brings physical, chemical and biological benefits to the soil. Its use in eutrophic
or wastewater ensures its recovery with a possible reuse of the adsorbed ions. Nutrient reuse, like
P, also provides a solution to another problem, with a special focus on very weathered tropical
soils, in general so deficient in P and with a high demand for its finite reserves.

In this thesis, problems and solutions related to the production and use of biochars, their
induced chemical changes, their chemical and physical characterization, their potential for GHG
mitigation and some of their agronomic applications are addressed. In chapter I the potential use
of biochars of sugarcane straw and poultry manure as a GHG mitigator in a sandy soil is addressed.
In Chapter 11, the GHG mitigation potential of these same biochars is tested in a clayey soil and
compared to the data obtained in chapter I, in order to obtain a CO; emission model as a function
of the applied biochar dose, the pyrolysis temperature, biochar pH and soil texture. In chapter III
the adsorption capacity of P before and after the pre-doping process with Mg is verified, as well
as its desorption. In Chapter IV, the adsorption capacity of P and its desorption is also observed
before and after the post-doping process with Al’*. In this last chapter, we also tested the potential

of biochars doped as a recover of eutrophic or wastewater and their possible reuse in agriculture.
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2. MITIGATION OF GREENHOUSE GAS EMISSIONS FROM TROPICAL SOILS
AMENDED WITH POULTRY MANURE AND SUGAR CANE STRAW
BIOCHARS

ABSTRACT

Increases in greenhouse gases (GHG) emissions, upon changes in land use and
agricultural management, lead to a search for techniques that enhance carbon residence
time in soil. Pyrolysis increases the recalcitrance of organic materials and enhances their
activities as physical, chemical and biological soil conditioners. Emissions of CO,, CHy4
and N>O quantified from a sandy soil that was treated with three rates (12.5, 25 e 50
Mg ha') of either non-pyrolysed poultry manure and sugarcane straw or biochars,
pyrolysed at two contrasting temperatures (350 e 650 °C). Subsequently, the flux of the
three gases were converted and compared in a standard unit (CO.eq). The added
biochars, significantly reduced GHG emissions, especially CO», relative to the non-
pyrolysed materials. The greatest differences between applied rates of poultry manure,
relative sugarcane straw, both to biochar and raw material, and the positive response
to the increase of pyrolysis temperture, confirms the importance of raw material choice
for biochar production, with recalcitrance being an important initial characteristic.
Greater emissions occurred with intermediate rate of biochars (25 Mg ha™) amendment
to the soil. These intermediate rates had higher microbial biomass, provided by an
intermediate C/N ratio detived from the original soil and the biochar, promoting
combined levels of labile C and oxygen availability, leading to an optimal environment
for microbiota.

Keywords: COz; CHs; N2O; Weathered soil

Published as: Novais, S. V., Zenero, M. D. O., Junior, E. F. F., de Lima, R. P., Cerri, C.
E. P. (2017). Mitigation of Greenhouse Gas Emissions from Tropical Soils Amended
with Poultry Manure and Sugar Cane Straw Biochars. Agricultural Sciences, 8(09),
887.DOI: 10.4236/as.2017.89065

2.1. INTRODUCTION

The predicted increase in greenhouse gas emissions (GHG) and the growing demand for
manufactured goods [1] promotes the adoption of soil management techniques that mitigate these
emissions [2] and [3]. Soils can sequester and accumulate larger quantities of carbon than plant

biomass and the atmosphere [4]. For the global carbon cycle, any activity that favors the
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decomposition and mineralization of organic material, with consequent carbon emission, should
be avoided [1].

Numerous studies have investigated carbon residence time in soil, as in charcoal form
(“biochar”) [5] and [6]. Biochar is the product obtained from pyrolysis of various biomasses. This
process occurs in the absence of oxygen (anoxic environment) or at a very low level (hypoxic
environment), which produces condensable gases and vapor, as well as charcoal [7]. The pyrolysis
temperature alters the proportion of fulvic and humic acids in biochar [5], concentration of
nutrients, such as phosphorous and nitrogen [8], pH and porosity [9]. Aromatic and hydrophobic
structures give stability, enhancing recalcitrance, and acidic groups give reactivity [4], making
biochar useful to increase chemical, physical and biological qualities of soils. In regard of plant
biomass, hemicellulose is the first to be lost in the pyrolysis process, since it degrades at 200 °C.
From 240 °C to 350 °C, cellulose is degraded, followed by lignin at 280 °C a 500 °C [10].

There is a wide choice of raw materials that generate environmental problems upon their
accumulation in the fields [11] and [12]. According to [13], agricultural soils, enteric fermentation
and animal waste, are responsible for 70 % of GHG emissions in AFOLU areas (Agriculture,
Forestry and Other Land Use), making necessary an appropriate management of these materials.
For instance, sugar cane, planted on 8.8 million hectares in Brazil, which generates, approximately,
250 million tons of straw [14], had recent laws prohibiting straw burning, which limits the
management options for this residue [15]. The straw left in the field retards sprouting and tillering,
reduces productivity [16], and also affects the growth and development of sockets [16]. Since two
thirds of biomass produced by sugarcane is considered bagasse and straw [17], biochar production
is an alternative for the management of this waste [18]. Furthermore, animal residues also have a
large contribution in GHG emissions [19], and are difficult in transport and store. Increased poultry
production and concerns about the waste, poses the need for an environmentally secure deposit
for this residue [20].

Since biochar has higher carbon stability than the original raw material, it is relevant to
GHG mitigation [12]; [10]; [11] and [6]. [21] concluded that pyrolysis of wheat straw would avoid
the emission of 0.9 to 1.06 t COzeq per ton of dry weight, if the non-pyrolysed straw was allowed
to decompose in the field. [22] predicted that the use of biochar could sequester 3.7 to 6.6 Pg
COzeq by 2050, contributing 7 to 13 % reduction in GHG emissions. [23] calculated a reduction
of 0.7 to 1.3 t COseq per ton of miscanthus, when the waste is used on biochar production. [24]
compared biochar from corn and grass straw in the USA and demonstrated a reduction of 0.885 t
COseq per ton of dry weight in GHG emissions. [12] considered the energy used in pyrolysis and

calculated that the incorporation of biochar into the soil would reduce emissions by 2.8 to 10.2 Mt
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COzeq by 2030 and 2.9 to 10.6 Mt COzeq by 2050. The variation in emissions between these values
is influence by the type of raw material used to produce the biochars. This author [12] observed
that the highest potential for GHG emission reduction occurred with forestry residues, followed
by straw from cereals and pastures; the lowest potential was biochars derived from cattle manure.
[25] measured CO; and CH4 emissions and did not obtain a significant difference between the
untreated soil and soil amended with biochar from wheat straw; however, a significant difference
in N2O emission was observed. [26] observed an increase in CH4 emissions of 200 mg m” when
applying 20 Mg ha™ of biochar from forestry residues on an unfertile tropical soil. However, [27]
observed a reduction of 51.1 % in CH4 emission from a waterlogged paddy soil when applied
biochar from bamboo fragments and, a reduction of 91.2 %, when biochar from rice husks was
applied, likely due to a reduction in methanogenic.

Under tropical soil conditions, there are a limited number of published results on biochar
and its impacts on GHG emissions. Few investigations in Brazil compare different materials and
rates of applied biochar. Therefore, the objective of this study was to quantify and compare GHG
emissions from a tropical sandy soil, which received either different amounts of biochars from
sugar cane straw and poultry manure, pyrolysed in two temperatures, or their respective non-

pyrolysed materials.

2.2, MATERIAL AND METHODS
2.2.1. Soil characteristics

About 30 % of the Brazilian territory is occupied by sandy soils [28]. With proper
management and fertilization, these soils are intensively cultivated and are highly productive [29].
Samples from the 0-20 cm layer of a Typic Quartzipsamment soil type (Table 1) were collected
from the Anhembi region of Sdo Paulo State (22° 43* 31.1”S e 48° 01” 20.2 W) under natural
vegetation. The samples were dried, sieved to 2 mm size and 50 g of soil were incubated with the

raw materials and the respective biochars, in different treatments.

Table 1 — Characteristics of the tropical sandy soil used in the experiment.

Soil Sand/Silt/Clay pH C N C/N

————— gkg! —— - CaCl,-- %

Typic Quartzipsamment 900 / 22 /78 4.1%0.1 0.9£0.1 0.1£0.0 14.3+0.1

Source: Abruzzini, 2015.
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2.2.2. Raw materials selection

The raw materials were selected due to their abundant accumulation in the field, plus their
contrasting attributes and characteristics of agronomic interests. Sugar cane straw was collected
from a field of cane industry at Piracicaba-SP, and poultry manure was collected from a farm
located at ESALQ-USP. The raw materials were dried at 45 °C, ground in a ball mill and sieved to

2 mm, forming a homogeneous material.

2.2.3. Biochar production

Pyrolysis process was carried out by SPPT Company, in metallic reactors, with an No-
saturated atmosphere. The temperature was raised by 10 °C per minute during the first 30 min
followed by 20 °C per min up to the desired temperatures [30].

Two pyrolysis temperatures, 350 and 650 °C, were chosen based on values cited in the
literature. These temperatures cover the main phases of transformation of raw materials, that
results in the final characteristics of the produced biochar. Temperatures below 350 °C are
considered toast rather than pyrolysis, while above 650 °C results in weight loss of the material
[31].

[30] previously characterized these biochars according to their pH, electrical conductivity
(EC), cation exchange capacity (CEC), elemental analysis, humidity, relative proportions, yield and

biochemical composition (Table 2), as well as spectrometric analysis.
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Table 2 — Properties of the biochars from poultry manure (PM) and sugar cane straw
(CS) pyrolyzed at 350 and 650 °C.

Biochar
Properties PM350°C  PM650°C  CS350°C CS 650 °C
pH (CaCly) 8.3 10.0 8.8 9.2
EC (uS cm™) 4256.3 4022.5 1788.7 1911.4
CEC (mmol. kg™ 360.0 200.0 70.0 70.0
C (%) 36.3 32.6 60.8 68.2
N (%) 2.6 1.4 1.8 1.7
O (%) 37.5 26.8 53.4 62.3
H (%) 2.5 2.7 3.3 0.8
Moisture (%0) 3.8 4.2 2.9 1.7
Volatile Material (%o) 50.2 43.8 60.8 42.1
Ash (%) 24.2 13.9 32.2 48.8
C fixed (%) 21.9 36.7 0.0 7.5
Biochar yield (%) 41.5 32.8 59.6 40.2
Hemicellulose (g kg™) 53.2 78.8 211.5 291.0
Cellulose (g kg™ 56.9 72.3 82.3 75.3
Lignin (g kg™ 734.9 598.4 295.4 233.7

Source: Conz, 2015.

2.2.4. Treatments and experimental conditions

Each biochar and their respective raw material were homogenized with the soil at 60 %
field water holding capacity. This soil moisture content approximated the filling of the micro-pores
[32], guarantying microorganisms preservation. Each soil treatment mixture was placed in 650 mL
glass pots, with a septum in the top, allowing gas collection with a syringe after sealing. A small vial
containing deionized water was positioned in the glass pots to maintain humidity and the water
was replenished upon observation of weight loss in the experimental unit.

The experiment consisted in a factorial treatment combination [3 x (2 + (2 x 2))] + 1, with
three rates (12.5; 25 and 50 Mg ha™) of applied biochar or non-pyrolysed material, two raw materials
(sugar cane straw and poultry manure), two biochars (from sugar cane straw and from poultry
manure), and two pyrolysis temperatures (350 and 650 °C), totaling 18 treatments, with four
replicates and a control with untreated soil.

The application rates, defined according to [22], correspond to the maximum viable amount
of applied biochar, considered by these authors as 50 Mg ha'. The other two rates (12.5 and 25 Mg

ha™) are fractions of this value.
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The experimental units were maintained for 6 months in the Soil Organic Matter
Laboratory, in Soil Science Department at ESALQ/USP, at a constant temperatute of 25 °C.

Starting time was when the biochar was incorporated into the soil and incubated in the glass pots.

2.2.5. Gas sampling

Gas emissions, collected daily during the first two weeks and less frequently during the rest
of the experimental period, were sampled after sealing the vials for 30 min, using a 25 mL syringe
and needle. Five empty flasks, used as control samples, were the background established levels used
to calculate the effective concentration of the gasses emitted from each treatment (Equation 1).
The gas samples were immediately transferred to vials under vacuum and analyzed by gas-
chromatography (SRI 8610 — SRI Instruments) with a flame ionization detector (FID) and an
electron capture detector “Ni (ECD), which permitted the detection of CO,, CHs and N2O in the

same sample.

NET = AET — BEC (Equation 1)

Where: NET is the net emission of GHG for the treatment; AET is the accumulated

emission of GHG for the treatment; BEC is the background emissions in the control sample.

2.2.6. Post-experiment analysis

After the end of the experiment, carbon (C) and nitrogen (N) contents from each
experimental unit were analyzed by dry combustion using a Leco TruSpec® CHN elemental
analyzer, according to [33] Microbial biomass C and N (MBC and MBN) were determined by the
fumigation-extraction method proposed by [34]. The extracts from each experimental unit were
analyzed using a Shimadzu Total Organic Carbon Analyzer (TOC-L) and a Total Organic Nitrogen
Analyzer (TON-L).

2.2.7. Data analysis and statistics

Mean gas concentrations were used to calculate flow and accumulation and were subjected

to an adjustment by a second order polynomial equation (gas concentration versus time), as
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proposed by [35]. The flows at zero time (empty vials) were calculated by the second order
derivative equations and expressed per gram of C or N per unit area (m®) or per unit time (h).
The conversion of the flux of the three gases into a standard unit (CO; equivalent), allowing

a critical and ensemble view of GHG emissions, was obtained according to equation 2 and 3.

COseq= € — CHy * = 25 (Equation 2)

COzeq= N — N0 * == % 298 (Equation 3)

Where: C-CH, and N-N>O are gases fluxes (mg.m~h™); 16/12 is the ratio between the
molecular mass of CH4 and C; 44/28 is the rate between the molecular mass of N,O and N; 25 is
the Global Warming Potential (GWP) of CH4 and 298 of N,O [30].

The data from the raw materials, combined by application rate and feedstock, were subjected
to a variance analysis, where a completely randomized design was adopted, in a factorial 2x3, with
a control treatment and four replicates. To analyze the data from the biochars, the same
experimental design was adopted, in a factorial 2x3x2. The factors were combined with the raw
material used in pyrolysis process, application rates and temperatures, four replicates and the
control. The means, treated as separate events, were compared between treatments at a confidence
interval of 95 %. The treatments were considered not to be statistically different among themselves
when there was an overlap of the mean intervals. Results on MBC, MBN, C and N contents and
C/N ratio were statistically analyzed using a Tukey test at 5%. The statistical analyses and graphs

were performed using the “plotrix” and “agricolae” packages available in the R software [37].

2.3. RESULTS
2.3.1. Raw materials

Poultry manure (PM) provided the largest CO, emissions and the largest amplitude between
the applied rates (Figure 1a). The greater emissions of CO, by the raw materials, relative to their
respective biochars (Figure 1a and 1b), can be observed by the magnitude of the y-axis, which are
three times larger for the raw materials. Even though there was little or no statistical difference in
CH, emissions among rates and raw materials, the pattern of higher emission occurred for the

highest application rate (Figure 2a).
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Figure 1 - Emission of CO; from a tropical sandy soil (S) amended with a) raw materials: poultry
manure (S+PM) and sugar cane straw (S+CS); and b) biochars: biochar poultry manure
(S+BPM) and biochar of sugar cane straw (S+BCS).
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Figure 2 - Emission of CHy4 from a tropical sandy soil (S) amended with a) raw materials: poultry manure

(S+PM) and sugar cane straw (S+CS); and b) biochars: biochar poultry manure (S+BPM) and
biochar of sugar cane straw (S+BCS).

2.3.2. Biochars

When the emissions of CO; from the biochars were compared (Figure 1b), the same trends

between raw materials were observed. Even after pyrolysis, PM emitted higher levels of CO,, and
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showed a greater variation among rates, despite no statistical difference between the poultry
manure biochar (BPM) rates of 25 and 50 Mg ha'', regardless pyrolysis temperature. The BPM also
presented a statistical difference between the two pyrolysis temperatures. The sugar cane straw
biochar (BCS) had a small amplitude of gas emissions between treatments, with little or no

significative response.

2.3.3. Application Rate

The lowest rate (12.5 Mg ha™) of both raw materials showed higher emissions of CO; than
the control (Figure 1a). As expected, there was an increase in CO; and CH4 emissions (Figure 1a
and 2a) with increased application rate, such that the highest rate of both raw materials (50 Mg ha’
" provided the greatest emission of these gases. For CH, emissions (Figure 2a), only the application
of 25 and 50 Mg ha" of SC resulted in higher emissions than the control. For N.O (Figure 3a),

only the application of 25 Mg ha! of PM resulted in a superior emission compared to the control.
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Figure 3 - Emission of N>O from a tropical sandy soil (S) amended with a) raw materials: poultry manure (S+PM)
and sugar cane straw (S+CS); and b) biochars: biochar poultry manure (S+BPM) and biochar of sugar
cane straw (S+BCS).

The intermediate rate of applied BCS had higher CO; emissions than the other rates, at both

pyrolysis temperatures (Figure 1b). This pattern, also observed for CH4 emissions (Figure 2b), had
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the largest emission values observed with the 25 Mg ha™ rate, regardless biochar raw material source

or pyrolysis temperature. Both observations are in agreement with the higher MBN values found

for this rate (Table 3).

Table 3 — Effects of raw materials, biochar application rates and pyrolisis temperature on C and N in a tropical sandy

soil.
Treatment Dose MBC® MBN® c® N© C/N Cmic:Ctot®
Mg.ha' mg L' %
Raw Materials

12.50 38.78 Cb 673 Ab 0.75 Bb 0.06 Ba 12 Aa 0.19 Ca

S+PM 25.00 72.69 Ba 2030 Ab 0.90 Abb 0.08 Aba 11 Ab 0.80 Ba
50.00 17025 Aa  25.67 Aa 112 Ab 0.11 Aa 10 Ab 1.53 Aa

12.50 7371  Aa  29.84 Ba 095 Ca 006 Aa 17 Ba 0.82 Aa

S+CS 25.00 3632 Cb 4149 Aa 119 Ba 005 Ab 26 Aa 0.31 Aa
50.00 5498 Bb 1562 Ba 191 Aa 007 Ab 28 Aa 0.29 Ab

Biochar

12.50 17049 Ca 9319 Ba 093 Ba 0.06 Aa 15 Aa 1.85 Aa

S+BPM 350 °C 25.00 204.04 Ba 12495 Aa 122 Ba 008 Aa 17 Aa 1.68 Aa
50.00 22396 Aa 3995 Cb 179 Aa 012 Aa 16 Aa 1.29 Aa

12.50 190.16 Ba 101.16 Bb 095 Ca 006 Aa 16 Ba 2.00 Aa

S+BPM 650 °C 25.00 116.51 Ca 11213 Aa 1.16 Ba 0.07 Aa 17 Ba 1.03 Ba
50.00 21399 Aa 9446 Ba 170 Aa 009 Aa 21 Aa 1.27 Aba

12.50 12793 Aa 7224 Aa 125 Ca 008 Aa 16 Ba 1.04 Aa

S+BCS 350 °C 25.00 10628 Ba 7691 Aa 192 Ba 012 Aa 17 Ba 0.58 Ba

50.00 126.04 Aa  63.09 Aa 280 Aa 011 Aa 26 Aa 0.41 Ba

12.50 10341 Ab 4987 Ba 134 Ba 0.07 Aa 22 Ba 0.77 Aa
S+BCS 650 °C 25.00 8558 Ba 6324 Aa 178 Ba 007 Aa 29 Ba 0.50 ABa

50.00 111.84 Aa  59.65 Aba 318 Aa 0.09 Aa 37 Aa 0.36 Ba

S+PM: Soil + Poltry Manure; S+CS: Soil + Case Straw; S+BPM 350 °c: Soil + Biochar of Poultry Manure pyrolysed at
350 °C; S+BPM 650 °C: Soil+ Biochar of Poultry Manure pyrolysed at 650 °C; S+BCS 350 °C: Soil + Biochar of Case
Straw pyrolysed at 350 °C; S+BCS 650 °C: Soil + Biochar of Case Straw pyrolysed at 650 °C; “’Microbial Biomass Carbon;
@Microbial Biomass Nitrogen; “'Total C and N of the treatments; “Ratio of Microbial Biomass C/Total C. Averages
followed by the same capital letter refer to the comparison among doses of the same treatment; Averages followed by the
same lowercase letters refer to the comparison of the same dose among treatments.

The application of BCS at the lowest rate resulted in a higher emission than the control

treatment, regardless of the pyrolysis temperature (Figure 3b). Emission values for NoO decreased

with the increasing application rates above 12.5 Mg ha™. No statistical differences were detected

for N,O emissions by BPM, regardless the applied rate or pyrolysis temperature (Figure 3b).
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2.3.4. Pyrolysis temperatures

When the pyrolysis temperatures were compared for BPM (Figure 1b), the higher GHG
emission levels at 350 °C were to be expected. For BCS the pyrolysis temperature did not affect
COz emission (Figure 1b), since no significant differences were observed between temperatures,
comparing the same rate.

The CO; emissions for the soil without the addition of residue (control) did not significantly
differ from the emissions obtained from the soil after the BCS addition, regardless of the applied
rate or pyrolysis temperature (Figure 1b). When the addition of CS (Figure 1a) is compared to its
respective biochar, produced at 350 °C (Figure 1b), the emissions were 1.89, 1.90 and 3.60 times
higher for non-pyrolyzed material at the rates 12.5, 25 and 50 Mg ha™, respectively. When compared
to the biochar produced at 650 °C the non-pyrolyzed material produced emissions 2.19, 2.13 and
3.82 times higher, at the same rates. For BPM the same pattern was observed. Although the
emissions were slightly higher than the control, when compared to the raw material, the non-
pyrolyzed form showed emissions 1.36, 2.58 and 3.03 times higher than the biochar produced at
350 °C, for the rates 12.5, 25 and 50 Mg ha™, respectively. Using a pyrolysis temperature of 650 °C,

the emissions from the raw materials were 1.67, 3.95 and 5.78 times higher, at the same rates.

2.3.5. CO: equivalent

The same pattern obtained in CO; emissions (Figure 1) was observed for CS and biochars
(BPM and BCS) at the standard unit (Figure 4), regardless the different treatments. For poultry
manure as a raw material, the highest rates (25 and 50 Mg ha™') were not statistically different, which

does not occur for CO; emission (Figure 1a).
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Figure 4- Emissions in COsequivalent from a tropical sandy soil (S) amended with a) raw materials: poultry manure
(§+PM) and sugar cane straw (S+CS); and b) biochars: biochar poultry manure (S+BPM) and biochar of

PM

sugar cane straw (S+BCS).

day 306, treatments were no longer statistically different from the control, confirming that the gas
emissions had already stabilized and no longer needed to be collected (Figure 5). The gas sampling
continued for more 103 days, in order to confirm that the microbiota had already stabilized and

would not have a new peak of emission, as sometimes reported by few authors [38]; [39] and [40].
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Figure 5 - Flow of CO, measured in the chamber during 139 days. Control = Only soil; PM 1 = poultry manure dose 12.5 Mg.ha; PM 2 = poultry

manure dose 25 Mg.ha''; PM 3 = poultry manure dose 50 Mg.ha'; CS 1 = Cane Straw dose 12.5 Mg.ha'; CS 2 = Cane Straw dose 25 Mg.ha
'; CS 3 = Cane Straw dose 50 Mg.ha'; BCS 1 = Biochar Cane Straw dose 12.5 Mg.ha™ Temperature of pyrolysis 350 °C; BPM 1 = Biochar
poultry manure dose 12.5 Mg.ha™ Temperature of pyrolysis 350 °C; BCS 2 = Biochar Cane Straw dose 12.5 Mg.ha" Temperature of pyrolysis
650 °C; BPM 2 = Biochar poultry manure dose 12.5 Mg.ha' Temperature of pyrolysis 650 °C; BCS 3 = Biochar Cane Straw dose 25 Mg.ha
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The higher emissions by both raw materials, relative to the control, demonstrates that even
small quantities of applied feedstocks increase CO, emissions (Figure 1a). The higher values of
CO; emissions by the addition of PM, non-pyrolysed or pyrolysed, than with applied CS (Figure
1a and 1b), suggests greater stability of cane straw and a less drastic effect on the environment,
from GHG emissions point of view.

For the raw materials, the CO, and CH4 emissions (Figure 1a and 2a) increased with
increasing application rates. According to [41], the waste management is one of the principle causes
of GHG emissions in the agricultural environment, which corroborates the loss of C and N after
the application of these residues to soil. The higher emission of N2O (Figure 3a) for the 25 Mg ha’
! rate of applied PM (the only one that differs statistically from the control) was attributed to a
combination of oxygen and C availability. The hypothesis, based on a perfect environment, which
combines oxygen availability and labile C for the microbiota, was found on the intermediate rate.
However, this assumption was not confirmed by the values found in the microbial biomass (Table
3), perhaps because these data were obtained only at the end of the experiment, when the GHG
emissions were already stable.

We could imply that the absence of statistical difference between the BPM rates of 25 and
50 Mg ha’, for both pyrolysis temperatures, is due to a “maximum point”, above which there is no
effect on CO, emission. According to [27], the flow of CO, presents higher relative reductions
with application of raters lower than 20 Mg ha™ of biochar, while the total organic carbon increases
at applied rates from 20 to 40 Mg ha™. This is due to an increase in microbial biomass of 50% in
rates lower than 20 Mg ha’, in contrast to an increase of only 8 % in 20 to 40 Mg ha™' rates. The
negative effect of applying high rates of biochar to the soil microbiota is justified by the high C/N
ratio of the applied material, inducing N immobilization and reducing microbial activity (Table 3).

The higher emissions of CO, and CH4 (Figure 2b and 3b) from the intermediate rate (25
Mg ha™) of the BCS, are in agreement with the higher MBN values for these treatments (Table 3)
and was attributed to a more beneficial environment at this application rate. [42] and [43] also
found a similar pattern in their studies, with application of three different rates of biochar. These
authors assumed that the higher gas emission values for the intermediate rate could be due to a
combined C/N ratio, coming from the original soil and the biochar. Considering that the soil’s
C/N ratio will prevail in the lowest applied rate whereas the biochar’s C/N ratio will prevail at the
highest rate, it is plausible to assume that on the intermediate rate there will be an intermediate
C/N ratio providing an optimal environment for microbiological growth. Although we did not

find a statistical difference for all treatments, we can observe this pattern occurring among
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treatments, where the C/N ratio of the intermediate application rate approaches the average of the
extreme rates (Table 3).

The higher emissions of GHG for BPM pyrolysed at 350 °C was due to the maintenance
of the original characteristics of the material. With pyrolysis temperature at 650 °C, aliphatic chains,
aromatic rings and elemental composition of C, N and O are reduced, making the biochar more
recalcitrant [44]. Many characteristics, such as ash content, CEC and C/N ratio, vary according to
the raw material [45] and [46], which justifies similar CO, emission values for the BCS, whether
pyrolyzed at 350 or 650 °C. The BCS material is already highly recalcitrant, producing a biochar
with lower ash content, lower nutrient diversity and greater surface area [47]. We can also infer that
BPM pyrolysed at 650 °C is more efficient in GHGs mitigation, since this procedure will increase
surface area, ash content and stability of the biochar [48] and [49], reducing, CO, emissions, mostly
at higher applied rates. In a study with biochar from sugar cane straw, [50] observed an 80 % loss
of N from the material, using a pyrolysis temperature of 750 °C. These authors reached a C/N
ratio of 47 after using pyrolysis at 450 °C, whereas the C/N ratio was 280 when pyrolyzed at 750
°C. They also observed a reduction in the H/C and O/C ratios and an increase in the ash content
with the increase in the pyrolysis temperature. This suggests an increase in aromatic structures and
degree of carbonization, when compared to the raw material. The similarity in CO, emissions
between the pyrolysis temperatures of BCS (Figure 1b) can be attributed to the nature of the raw
material, allowing the inference that there is no advantage in GHG mitigation when pyrolyzing
material such as straws at temperatures above 350 °C.

The lower CO; emission values of biochars relative to the raw materials, in the same applied
rate and pyrolysis temperature (for the biochars), allowed the conclusion that the production of
biochars from these raw materials is a viable solution for adding these residues to soil, without an
increase in GHG emissions. [51] observed a decomposition of 56 % of the C added as wheat straw
after 84 days, while over the same period, only 2.8 % of the C from its respective biochar had
decomposed.

However, regardless the higher N>O emission for the lower rate of BCS application at either
pyrolysis temperature (Figure 3b), relative to the control, is probably due to the formation of
aerobiotic sites in the extremely porous biochar. This observation leads us to think that increases
in this biochar application would increase the availability of oxygen, reducing the anaerobic
environment and N>O emissions. No statistical difference was observed for NoO emissions from
BPM, regardless the applied rate or pyrolysis temperature (Figure 3b). We assume that this material
reduces the chance of anaerobiosis through a higher amount of micropores than the BCS, and its

lower C/N ratio (Table 3) limits the amount of soluble C available for microbiota performance.



28

The CO: equivalent graph (Figure 4) indicates there are few differences between the
combined emission of the three gases and CO; emissions alone. In soils that are not flooded or for
any reason have hypoxic/anoxic condition, there are no expressive emissions of CH4 and N,O.
Even though we found statistical differences among some treatments of these two gases, the
emission were small. The lack of differences between the highest rates of PM (Figure 4a),
differently from CO; emissions alone (Figure 1a), is due to the high emission of N>O in the
intermediate rate (25 Mg ha™) that raised the value close to the rate of 50 Mg ha" when added into
the standard unit. Even though the initial value of N>O emission in 25 Mg ha™' rate is low (0.23 mg
N.O m*h'), its GWP is high (298); when calculated for COx.q (Equation 3) this contribution is
amplified.

Agricultural production, since 1970, has grown 118% and livestock production 102 %, with
an increase in emissions of 65 and 119%, per harvest and per head, respectively [19]. This implies

that a secure environmental destination has to be found, for plant and animal residues.

2.5. CONCLUSIONS

The biochar from poultry manure causes higher GHG emissions than the biochar
produced from sugar cane straw, but both cause a significant reduction in the COsq emission and
represent an environmentally secure way of depositing residual material in the field. For the poultry
manure biochar, higher pyrolysis temperatures have a significant effect in reducing GHG
emissions, however this was not observed for the biochar produced from sugar cane straw thus it
is much more recalcitrant and is not affected by different managements. There is a greater emission
of the three gases when applying the intermediate rate, demonstrated by a greater microbial biomass
in this treatment, nevertheless, the cause is still not well known and deserves to be furthered

studied.
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3. MITIGATION OF GREENHOUSE GASES BASED ON THE APPLICATION OF
BIOCHARS WITH DIFFERENTE PH VALUES IN SOILS WITH DIFFERENT
TEXTURES

ABSTRACT

The need to reduce greenhouse gas (GHG) emissions means that
environmentally safe waste disposal techniques are sought. Biochar, a product of
pyrolysis under controlled atmosphere, appears in several studies as a mitigator of the
emissions of waste used for its production and of the soil that receives it. In this work,
biochars of poultry manure and sugarcane straw, pirolysed at 350 and 650 °C were
applied in three doses (12.2, 25 and 50 Mg ha™), with their original pH and modified
to 5.5, in a sandy soil and a clayey soil. The quantification of the three GHGs (CO»,
CH, and N>O) was done by gas chromatography and a model for the CO; emission of
poultry manure biochar was proposed at the end of the experiment. The pyrolysis of
these materials significantly reduces the emission of gases, and the increase in the
pyrolysis temperature increases the mitigation potential of the biochars. The reduction
of the original pH to 5.5 causes an effect similar to elevation of pyrolysis temperature.
The mitigating effect of biochars is better seen in the sandy soil, since the clayey soil
has high buffering power and needs higher doses for the same response. The CO,
emission is explained by the variables dose, pyrolysis temperature, pH and soil texture,
with high R* for the proposed model.

Keywords: COz; CHas; N2O; Pyrolysis; Sandy soil; Clayey soil; Model

3.1. INTRODUCTION

It is increasingly necessary to reduce greenhouse gas (GHG) emissions, based on improved
land use and soil management techniques, as well as environmentally secure forms of waste disposal
(Lamb et al., 20106). The various types of organic waste may undergo a pyrolysis process, becoming
more stable, thereby increasing their residence time in the soil and their ability to sequester carbon.
This pyrolyzed waste is referred to as “biochar” (Brunn et al., 2017; Deng et al., 2017). The pyrolysis
process occurs in an environment with little or no oxygen (hypoxic or anoxic) and leads to the
thermal degradation of the biomass constituents, producing, in addition to charcoal, condensable
gases, and vapors. This process increases the number of aromatic components, which are more
resistant to microbial degradation, making the pyrolyzed material more recalcitrant compared to its

original biomass (Lehmann & Joseph, 2015).
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The wide choice of raw materials for biochar production and the pyrolysis temperature
define many of its characteristics and determine its capacity as a GHG mitigator (Lehmann &
Joseph, 2015, Shackley et al., 2016). Higher-recalcitrance raw materials (higher lignin content, lower
nutrient content, higher C content, and higher C/N ratio, among other characteristics) and higher
pyrolysis temperatures produce biochars with greater potential for mitigation (Agegnehu et al.
2016; Conz et al., 2017). Soil characteristics such as water retention capacity and texture also exert
an influence on biochar’s GHG mitigation potential (Lehmann & Joseph, 2015), but little is known
about these effects.

Ameloot et al. (20106) reported the biochar mechanisms involved in reducing N>O emission.
The application of biochar resulted in an increase in soil porosity, leading to greater aeration and
the subsequent inhibition of denitrification while suppressing the emissions of this gas. These
authors found support in works such as Abel et al. (2013), who report that the application of
biochar reduces soil density.

Soil texture plays a role in favoring C and N mineralization, while clayey soils have greater
protection against decomposition and less biochar exposure to microbial activity (Stewart et al.,
2013). Butnan et al. (2015) conclude that biochar is more beneficial to sandy than clayey soils.
These authors found an ideal dose of 1 % m/m for sandy soil and 2 % m/m for clayey solil,
considering the same biochar. The reason for this effect lies in the finer texture and higher buffering
power of the clayey soils, requiring a higher dose to observe the positive effects of the biochar
application.

Some biochars produce high ash content, which is usually accompanied by high nutrient
content, an attribute that controls soil pH and CEC (Butnan et al., 2015). These characteristics
depend on the material used in the production of the biochar and its pyrolysis temperature. Lower
temperatures during the process produces a biochar with characteristics closer to its source material
(Agegnehu et al., 2016). Beneficial biochar characteristics such as increased CEC and pH are more
significant in clayey soils (Abujabhah et al., 2016). These authors have found, after application of
eucalyptus biochar, a greater increase of CEC and pH in soils with higher clay content, leading to
higher ammonium leaching in these soils.

In Brazil, a large portion of the territory is covered by very weathered soils, typical of
regions of tropical climate, where acidity provides aluminum toxicity (Ferraz et al., 2015). Yuan et
al (2012) reported the reduction of aluminum toxicity in acidic soils in China after the application
of biochar. This fact was corroborated by the decrease in the exchangeable acidity of the soil and
the increase in CEC due to the basic cations from the source material. According to Yuan et al

(2011), during the incubation, exchanges occur between the exchangeable acidity of the soil and
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the basic cations of the biochars, leading to its decrease. The concentration of basic cations depends
on the raw material used to produce biochar, and these authors found the highest levels in the
biochars produced from legumes and corn straw. Dai et al. (2014) have demonstrated the
importance of the alkalinity of biochar on its ability to reduce soil acidity. In the comparison
between biochar produced from pig manure and sugarcane straw, these authors found a six-fold
higher pH soil conditioning power for the swine manure biochar. This fact being corroborated by
the higher concentration of alkaline substances inherited from the raw material. These authors also
reported an increase in the pH buffering power of soils, the highest values being found on biochar
from swine manure.

The purpose of this paper was to quantify GHG emissions based on the application of
biochar from poultry manure and sugarcane straw, in two pH values, in a sandy soil and a clayey

soil, compared to their respective raw materials.

3.2. MATERIAL AND METHODS
3.2.1. Raw material and biochar production

Sugarcane straw and poultry manure were used as raw materials for this study. The
sugarcane straw was collected in a planting area of a power plant in Piracicaba, state of Sao Paulo,
while the poultry manure originated in a farm located at the Luiz de Queiroz College of Agriculture
(ESALQ-USP). Such materials were chosen due to their large production, which raises concern
regarding their accumulation in the field. With recent laws prohibiting the burning of sugarcane
straw and the high GHG emissions from the poultry manure, along with its difficult storage and
transportation, biochar becomes an interesting option for this waste (Conz et al., 2017).

The raw materials were dried at 45 °C, ground in a ball mill and sieved to 2 mm, forming a
homogeneous material, to be mixed later in the soil. For the production of their respective biochars,
the raw materials were submitted to pyrolysis at two temperatures — 350 and 650 °C. The pyrolysis
process was carried out by the company SPPT in a metal reactor, saturating the sample with N,
and raising the temperature by 10 °C every minute during the first 30 min and after the initial 30
min at 20 °C at each minute, until reaching the desired temperature (Conz et al., 2017). The biochars
were passed through a 2-mm sieve until they formed a homogeneous material that could be mixed

with the soil.
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3.2.2. Soil characteristics and sampling

Two soils with distinct textures, under native forest, were used in this study (Table 1): (1)
Typic Quartzipsamment, collected in the region of Anhembi, state of Sao Paulo (22°43°31.1” S and
48°01°20.2” W); (2) Oxisol collected at ESALQ), (22°42°05.1” S and 47°37°45.2” W). The soils were
sampled in the 0-20 cm layer, air-dried and passed through a 2-mm sieve. Samples with 50 g of soil

were incubated with their raw materials and respective biochars.

Table 1. Properties of soil samples used to evaluate the effects of biochars from sugarcane straw
and poultry manure and their raw materials.

Soil Sand/Silt/Clay pH* C N C/N
(g kg™ %
(1) Quartzipsamment 900 /22 /78 41+0.1 0.9+0.1 0.1+0.0 14.3+0.1
(2) Oxisol 406 / 277 / 317 6.2+0.0 1.940.1 0.2+0.0 11.3+02

Source: Abruzzini, T. F. The role of biochar on greenhouse makes offsets, soil improvement and
nutrient use efficiency in tropical soils. 2015. 104 p. Thesis (Doctorate in Sciences) - Luiz de
Queiroz College of Agriculture, University of Sao Paulo, Sao Paulo. 2015.

Mean * standard deviation (n = 3). *pH in CaCl..

3.2.3. Experimental units

The raw materials and their respective biochars were placed in glass vials with a capacity of
650 mL and homogenized with soils with humidity corresponding to 60 % of the field capacity.
This value was necessary to maintain the activity of the microorganisms (Reichardt, 1988). A small
vial of deionized water was placed in each experimental unit to maintain moisture during the
experiment. The experiment consisted of three levels of the dose factor (12.5, 25, and 50 Mg ha™),
two levels of the biochar factor (sugarcane straw biochar and poultry manure biochar), two
pyrolysis temperatures (350 and 650 °C) two pH values (original pH of the biochars — 7.5 for the
BPM and 8.8 for the BCS; and pH 5.5), two soils (sandy and clayey) — only the treatment with
modified pH being carried out in the sandy soil, and two controls (sandy soil only and clayey soil
only), with four replications. For the clayey soil, an additional treatment was carried out, with the
addition of the raw materials, in the same three doses. The values emitted by the raw material
incubated with the sandy soil and by the sandy soil in its original pH for the different treatments
were obtained in a previous experiment (Novais et al, 2017) and used in the analysis and

comparison of the results.
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The highest dose of biochar applied (50 Mg ha™) was suggested by Woolf et al. (2010),
which assume that this is the maximum application rate of biochar in agricultural soils, which still
causes positive response of the biochat/soil interaction. The other doses were defined based on its
division.

The alteration of the original biochar pH of 7.5 in the poultry manure and 8.8 in the
sugarcane straw to a final pH of 5.5 for both occurred daily with the biochars suspended in distilled
water and addition of HCl 0.1 mol L, until the desired pH was reached, guaranteeing its
maintenance for three days. After the pH adjustment, the biochars were oven-dried and mixed with
soils, following the same procedures as the other treatments.

The experimental units were maintained at the Soil Organic Matter Laboratory of the
Department of Soil Science of ESALQ/USP at a constant temperature of 25 °C. The experiment
was conducted for six months, guaranteeing that, at the end of the experiment, the treatments did

not differ statistically from the control, with the gases emissions stabilized from day 30.

3.2.4. Gas collection

Gas collection was carried out daily during the first 15 days of incubation and spaced as the
experiment was extended. The vials were closed for 30 minutes for the collection of gases with 25
mL syringes. Six empty vials, considered time zero, were added to the experiment to subtract the
gases emitted by the environment at the time of collection (Equation 1). The gas volumes collected
at each time were immediately transferred to vials under vacuum and then analyzed in a
chromatograph (SRI 8610 — SRI Instruments) using a Flame Ionization Detector (FID) and a 63Ni
Electron Capture Detector (ECD), which allowed the quantification of CO,, CH4 and N,O, all in

the same sample.

ELT = EAT — EAA (Equation 1)

Where: ELT is the net GHG emission from the treatment; EAT is the cumulative emission of
GHG in the treatment, disregarding the emission of the environment; EAA is the accumulated

emission of GHG in the empty vials and regarding the emission of the environment at that time.
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3.2.5. Post-incubation analyzes

At the end of the experiment, the mixtures with soil, biochars and source materials were
recovered and used for analysis of carbon (C), nitrogen (N), and microbial biomass carbon and
nitrogen (MBC and MBN). To obtain the C and N contents, the samples were analyzed by
combustion using Leco TruSpec” CHN the elemental analyzer, according to ASTMD 5373/2008.
The MBC and MBN were determined by the fumigation-extraction process proposed by Tedesco
etal. (1995) and the extracts were analyzed in the Shimadzu Total Organic Carbon Analyzer (TOC-
L) and Total Organic Nitrogen Analyzer (TON-L).

3.2.6. Data analysis

The data obtained from the raw materials were submitted to variance analysis. The
experimental design was completely randomized in a 2x2x3 factorial scheme, with additional
treatment [(2x2x3) +1] and four replications. The factors were combined for raw material, texture,
doses, and treatment control, respectively. The data from the biochars were treated with the same
experimental design, in a 2x2x2x2x3 factorial scheme, and factors combined with biochars,
temperature, texture, pH, and doses, with four replications, respectively, as well as additional
treatment.

The gas concentration averages were used in the flow and accumulation calculation and
were submitted to the adjustment of a second-order polynomial equation (gas concentration versus
time), according to Sanchez-Monedero et al. (2010). The flows at time zero were calculated by the
derivative of the second-order equations and expressed per gram of C or N per unit area (m®) and
time (d). The means were discriminated and compared in the treatments using a 95 % confidence
interval. The treatments were considered statistically non-different when the mean intervals
overlapped. Statistical and graphical assessment were performed using the plotrix and agricolae

packages, available in the R software program (R Core Team, 2017).

3.2.7. Model

The effects of clay content (Caay), pH, pyrolysis temperature (Tpyonsis) and biochar doses
applied (Duiochar) 0 CO» emission were evaluated quantitatively by multiple linear regression for
the biochars of poultry manure and sugarcane straw (that is, a model generated and tested for each

raw material), in which the model was statistically adjusted according to the expression:
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Vi = SO + Blcclay + BZPH + Bf}prrolysis + B4Dbiochar +te (l)

in which y; is the i-th observation of CO, (1= 1, 2, ..., n), §j are the model parameters j =0, 1, ...,
7), ei is the random error associated with observation yi.

The least square estimates of the $3j parameters were obtained using the Gauss-Newton
algorithm. Student’s t-test was applied to these estimations for selection of variables with significant
effects at 95 % probability.

The quality of the equation adjustment was evaluated by means of the adjusted multiple

coefficient (R’4) for the number of parameters (p), considering # observations, given by:

ne _R(-D-p @
A n-p-1

Confidence bands at 95 % probability were adjusted to the prediction of the significant
models using the “predict” function in the R software program (R Core Team, 2017), in order to
compare predicted and measured values. All modeling, adjustment and significance testing

procedures were performed through the R software (R Core Team, 2017).

3.2.8. Model validation

To validate the model, two procedures, described here as internal (IV) and external (EV)
validation, were used. The IV was performed with experimental data from the adjustment stage of
the equation, while the EV was performed with independent experimental data (Conz et al., 2017).
For this purpose, the procedure described by Smith et al. (1997), which compares the sensitivity of

predictions with respect to measurements via statistical parameters, was used.

3.2.9. Simulations

Simulations with the adjusted model were made to investigate the behavior of CO; as a function
of each explanatory variable (i.e., Cey, pH, Tpyolysis, and Dhiochar). The simulations were performed by
numerically changing the explanatory variable under analysis, within the scope of this study, and

setting the other explanatory variables, according to the scenarios in Table 2.
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Table 2. Scenarios for simulation of CO; emission as a function of the variation of clay content
(Cay), pH, pyrolysis temperature (Tpyoysis) and doses of biochar applied (Duiochar).

Cclay p H prr( olysis D biochar
Explanatory variable evaluated
gk’ - °C Mg ha
Colay 78 - 17 7.5 350 and 650 50
pH 78 55-75 350 and 650 50
prrolysis 78 7.5 350 - 50 50
Duiochar 78 7.5 350 and 650 12.5-50

In order to observe the effects of the variations of the attributes on the emission of COx,
the vatiable dose was set at 50 Mg ha', as this value is considered as the maximum viable biochar
amount to be applied to the soil (Woolf et al., 2010). The pH variable was set at 7.5 — the average
pH value of the biochars — and the pyrolysis temperature variable was fixed at 350 °C (a) and at
650 °C (b), as they covered the main transformation phases of the raw material. Temperatures
below 350 °C are considered to be roasting, as opposed to pyrolysis, wheteas pyrolysis above 650
°C results in insufficient yields (Crombie et al., 2015). The clay content was fixed at 78 % — the
value corresponding to the sandy soil used in the experiment and responsible for the greater

responses to the treatment variations.

3.3. RESULTS AND DISCUSSION

The emission values for the raw materials and the respective biochars, in their original pH,
and after being applied to the sandy soil, were obtained in a previous experiment (Novais et al.,

2017) and will be used throughout the discussion of this article.

3.3.1. Source material

The application of the source material — Poultry manure (PM) or cane straw (CS) — leads
to gas emissions (Figure 1) equal to or greater than the control (soil only), with both residues being
higher than the emissions of their respective biochars (Figure 2, 3, and 4). Despite the non-
statistical difference for the lower dose (12.5 Mg ha™) of both raw materials compared to the control

(Figure 1a), the pattern is not maintained for the higher doses, with CO, emissions exceeding soil
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as a control, which encourages us to find a way to dispose of this waste in an environmentally safe

manner.
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Figure 1. Emissions of CO,, CH, and N,O of the poultry manure (PM) and cane straw (CS) as raw materials and the

control (C).
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Figure 2. CO; emissions from the clayey soil with sugarcane straw biochar applied (a), from the sandy soil
with sugarcane straw biochar applied (b), from the clayey soil with poultry manure biochar applied (c) and
from the sandy soil with poultry manure biochar applied (d).
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Figure 3. CH4 emissions from the clayey soil with sugarcane straw biochar applied (a), from the sandy soil
with sugarcane straw biochar applied (b), from the clayey soil with poultry manure biochar applied (c) and

from the sandy soil with poultry manure biochar applied (d).
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Figure 4. N>O emissions from the clayey soil with sugarcane straw biochar applied (a), from the sandy soil
with sugarcane straw biochar applied (b), from the clayey soil with poultry manure biochar applied (c) and

from the sandy soil with poultry manure biochar applied (d).

For the CH4 emissions (Figure 1b), only the lowest dose of PM applied as raw material

results in an emission superior to the control, finding support in its higher MBC value (Table 3),

compared to the MBC of the control and the intermediate dose (25 Mg ha™). The higher doses (25

and 50 Mg ha') of PM applied generated higher N>O emissions than the control (Figure 1c), which
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are also in agreement with the higher MBN values (Table 3), compared to the lower dose and the

control.

Table 3. Crbon (C), nitrogen (IN), and microbial biomass carbon and nitrogen (MBC and MBN) in the clayey soil
and in the sandy soil.

Raw material

Treatment Dose MBC MBN C N C/N
-—Mg ha'l—- mg L
Clayey soil®
Control 0 71.29 26.33922 0.27 2.763 10
12.50 95.15 a§ 41.85 be 0.35 3.19 a 9 a
PM 25.00 76.84 b 68.44 b 0.36 3.19 a 8 a
50.00 108.63 a 311.8 a 0.42 3.35 a 7 a
12.50 83.38 b 18.29 b 0.29 3.03 ab 10 ab
CS 25.00 60.19 b 29.25 b 0.30 3.49 ab 11 ab
50.00 166.01 a 41.53 a 0.31 4.37 a 13 a
Biochar
Sandy soil (pH 5.5)?
12.50 202.41 a 122.54 b 0.06 0.95 a 15 a
PMB 350 °C 25.00 178.97 b 119.25 b 0.16 1.29 a 9 b
50.00 185.46 a 145.46 a 0.10 1.45 a 16 a
12.50 117.80 b 76.86 b 0.07 0.96 ab 16 b
PMB 650 °C 25.00 129.84 b 95.64 a 0.07 1.18 ab 17 b
50.00 153.65 a 67.53 b 0.09 1.74 a 20 a
12.50 126.85 a 75.33 a 0.07 1.23 be 17 be
CSB 350 °C 25.00 81.63 b 60.40 a 0.08 1.67 b 20 b
50.00 90.19 b 76.76 a 0.11 2.96 a 27
12.50 88.76 a 75.67 b 0.07 1.24 c 21 b
CSB 650 °C 25.00 39.37 93.59 a 0.08 2.03 b 29 ab
50.00 67.71 b 67.00 b 0.09 3.03 a 34 a
Clayey soil (original pH)
12.50 119.14 b 39.34 0.29 3.17 a 10 a
PMB 350 °C 25.00 69.00 c 21.07 0.30 3.45 a 11 a
50.00 160.67 a 19.51 0.33 3.89 a 11 a
12.50 11.04 b 12.05 ab 0.31 3.32 a 10 a
PMB 650 °C 25.00 10.41 b 16.41 a 0.29 3.34 a 11 a
50.00 70.94 a 17.29 a 0.31 3.69 a 11 a
12.50 37.32 b 23.51 a 0.26 3.63 ab 14 ab
CSB 350 °C 25.00 23.15 be 27.81 0.26 3.96 ab 15 ab
50.00 60.63 a 15.30 b 0.28 5.03 a 18 a
12.50 46.49 a 17.61 a 0.28 3.36 ab 11 ab
CSB 650 °C 25.00 47.56 a 12.87 ab 0.28 3.97 ab 13 ab
50.00 45.97 a 12.26 ab 0.31 5.09 a 16 a
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Clayey soil (pH 5.5)

12.50 112.96 a 41.96 a 0.31 a 3.26 a 10 a
PMB 350 °C 25.00 82.17 ab 28.08 b 0.34 a 3.56 a 10 a
50.00 89.64 ab 22.27 b 0.36 a 4.00 a 10 a
12.50 74.76 a 10.18 b 0.29 a 3.06 a 10 a
PMB 650 °C 25.00 48.05 b 21.77 a 0.31 a 3.38 a 10 a
50.00 57.54 b 21.14 a 0.32 a 3.88 a 11 a
12.50 45.32 a 17.81 a 0.30 a 3.40 a 11 ab
CSB 350 °C 25.00 47.71 a 16.75 a 0.32 a 4.15 a 12 ab
50.00 3391 b 5.67 b 0.33 a 4.87 a 14 a
12.50 101.70 a 15.45 a 0.30 a 3.34 ab 10 b
CSB 650 °C 25.00 17.00 c 8.65 ab 0.31 a 3.97 ab 12 b
50.00 31.60 b 12.15 a 0.32 a 5.52 a 16 a

(1) Raw material values applied to the sandy soil are found ih Novais et al., 2017 as well as the
sandy soil values for the original pH (2).
Numbers followed by the same letter within the column do not differ statistically from each other.
The comparison between these raw material emission values obtained in the clayey soil with
the values previously obtained in the sandy soil (Novais et al., 2017) shows that, although the
pattern is maintained, the proportion is not preserved, with the highest values observed in the
sandy soil. Stewart et al. (2013) justified the higher CO, emission in sandy soils due to the lower
protection against decomposition offered by these soils, in addition to exposing biochar to
microbial activity. Harrison-Kirk et al. (2013) reported the importance of soil organic matter texture
and content in carbon and nitrogen mineralization and production of CO, and N,O. These authors
noted an increase in C mineralization in soils with higher organic matter content and a lower CO.
emission (2.13 times lower) in soil with higher clay content. In two riverside areas in North
Carolina, greater CO; flows were observed in the restored area, while higher CH, flows were noted
in the unrestored area (Vidon et al., 2015). The authors justified the difference found in soil texture,
as the soil of the restored area, with higher clay content and slightly higher humidity, implying areas

of aerobic respiration depletion, which leads to low CO; flows and high methanogenesis.

3.3.2. Pyrolysis temperature effect

The application of the poultry manure biochar (PMB) to the clayey soil shows a reduction
in CO; emissions (Figure 2c) based on the increase of the pyrolysis temperature of the material
(350 to 650 °C). The same is observed for the sandy soil, but with a larger amplitude between the
emission values and no statistical difference between the applied doses for the temperature of 650

°C (Figure 2d). A number of authors related this fact to the greater maintenance of the
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characteristics of the source material when pyrolyzed at lower temperatures, while the reduction of
aliphatic and aromatic chains of the material occurs at high pyrolysis temperatures, leaving it more
recalcitrant (Cimo et al., 2014; Heitkoétter et al., 2015).

The effect of the pyrolysis temperature is observed for the PMB at its original pH when
applied at the highest dose (50 Mg ha) to the clayey soil (Figure 3a). The statistically significant
reduction of this dose after pyrolysis at the highest temperature is in agreement with the reduction
of the microbial biomass (MBC and MBN) and the increase in the C/N ratio (Table 3). Pyrolyzing
the material at high temperatures, it becomes more recalcitrant and, subsequently, more difficult to
break down (Cimo et al., 2014). Additionally, the biochar pyrolyzed at higher temperatures has a
higher pore density, which reduces the chance of metanogenesis, as such metabolism requires

anaerobiosis to occur (Jeffery et al, 2010).

3.3.3. Texture effect

In the observation of the lowest CO, emission values in the clayey soil (Figure 1a), it was
concluded that the benefits of PMB as a GHG mitigator are higher when applied to this soil, mainly
when pyrolyzed at higher temperatures (Figure 2). Jein et al. (2005) found higher values of CO;
emissions in a soil with a higher sand content (594 mg Kg' C-CO,) compared to a soil with a higher
silt content (213 mg Kg' C-CO») this fact was related to the high content of readily oxidizable
carbon of the silty soil compared to the others.

In the clayey soil (Figure 2c), the emissions of the highest doses (25 and 50 Mg ha™) of
PMB at their original pH do not differ statistically from the lowest dose (12.5 Mg ha™) applied to
the sandy soil (Figure 2d), with 25 and 50 Mg ha” being deposited in the soil with higher sand
content than all other treatments. This fact was related to the greater buffering of the clayey soils,
which are more resistant to changes (Maluf et al., 2015). Borges et al. (2015) observed an important
contribution of soil texture and its total organic carbon content (TOC) to CO; emissions. The
highest values of CO, emitted were found in the forest area, due to its clayey texture, which
corresponds to the higher humidity values and higher content of organic matter, providing greater
microbial activity compared to the sandy soil area. These authors observed a close relationship
between soil TOC and its texture. In turn, in clayey soil, with its higher reactivity and greater specific
surface area, contributed to the stabilization of the aggregates and higher TOC content.

Due to the high recalcitrance of the sugarcane straw, which causes this material to be
indifferent to variations, the same is not observed for its biochar (Figure 2a and 2b), while all

comparisons between doses, pyrolysis temperature, and texture are statistically the same. In a meta-
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analysis of 46 surveys that applied biochar to the soil, Sagrilo et al. (2015) reported increased CO»
emissions in clayey soils only when applying a biochar with a C/N ratio of less than two, the raw
material being responsible for this ratio. Variations between CO, emissions due to the raw material
used for biochar production are also observed by Sigua et al. (2015). These authors observed a
higher evolution of C-CO; for poultry manure biochar, followed by swine manure biochar, and
lower values for grass and pinus bark biochars. Due to the high C/N ratio of the pinus bark biochar
(213/1), its mineralization was slower, leading to a lower CO; emission compared to swine manure
biochar (C/N ratio of 8/1) which resulted in the highest emission values and a higher rate of
mineralization. In this paper, the authors observed the highest emissions in the soil with higher

sand content, regardless the biochar applied.

3.3.4. pH effect

The reduction in the CO; emission in the sandy soil becomes clear after reducing the pH
of the PMB, originally at 7.5 (Figure 2d). When observing the non-statistical difference between
the biochar pyrolyzed at 350 °C (pH 5.5) and the biochar pyrolyzed at 650 °C (original pH of 7.5),
it can be concluded that the reduction of the original pH in the biochar pyrolyzed at 350 °C is the
same as pyrolyzing this biochar at 650 °C for the lowest doses (12.5 and 25 Mg ha™), also causing
a reduction by 1.15 in CO; emissions (Figure 2d). This fact allows us to conclude that, when there
is interest in reducing GHG emissions, one can simply reduce the pH of the biochar, as opposed
to pyrolyzing it at high temperatures, causing loss of many characteristics of interest. The same
pattern is not observed when applying the biochar of poultry manure in the clay soil (Figure 2c),
with no statistical difference between the biochars and their respective pyrolysis temperatures when
reducing their original pH. This fact was related to the greater buffering power of clayey soils and
the subsequent lower response to changes.

Luo et al. (2011) used biochar pyrolyzed at two temperatures (350 and 700 °C) and at two
pH values and observed a higher mineralization of the biochar C in the soil with the highest pH
value, justifying the fact by the lower Al and Mn content in this soil, both toxic to the microbiota.
In this work (Luo et al., 2011), a higher CO, emission was reported for the biochar pyrolyzed at
350 °C in the soil with lower pH value and a similar emission was reported for the biochar
pyrolyzed at 700 °C at both pH values. This fact may be due to non-neutralization of the inorganic
C (carbonate) in the soil with high pH and the low contribution of carbonate C in the biochar

pyrolyzed at 700 °C. In a similar paper, Blagodatskaya & Kuzyakov (2008) reported a higher
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priming effect in soils with lower pH values, as the biochar neutralization capacity is higher,
reducing microbial activity as nutrient and soil organic matter (SOM) adsorption by the biochar
surface increased.

For the sugarcane straw biochar - CSB (Figure 2a, 2b), as mentioned previously, the increase
in the pyrolysis temperature did not cause a reduction in the CO; emission, nor does the increase
of the applied dose leads to an increase in emissions. For this biochar, regardless the soil texture,
the pH reduction did not lead to a reduction in CO; emissions between the pyrolysis temperatures.
This fact was again related to the greater recalcitrance of its source material, not being influenced
by changes in the environment.

For CH4 emissions (Figure 3a), the pH effect is subtler, although still observed. The
emission values of this gas are slightly higher for the original pH, compared to pH 5.5, when
applying the PMB to the clayey soil, again showing that reducing in the original pH value of this
biochar may be an interesting technique to increase the mitigating potential of this material. N,O
emissions (Figure 4) do not vary with the changes, all emissions being statistically equal across

treatments.

3.3.5. Biochars mitigating potential

When comparing the application of cane straw biochar (Figure 2a, 2b) with its raw material
(Figure 1a), an emission 1.72, 2.30, and 3.01 times higher is observed for doses of 12.5, 25 and 50
Mg ha’, respectively, in the non-pyrolyzed material compared to biochar at its original pH
incorporated into the clayey soil. In the sandy soil, Novais et al. (2017) obtained an emission 1.89,

1.90 and 3.60 times higher for the doses of 12.5, 25 and 50 Mg ha’, respectively, in the non-

pyrolyzed material compared to biochar at its original pH. This fact allows us to conclude that the
production of biochar from cane straw is an environmentally viable solution to deposit this material
in the soil, at least in regards of GHG mitigation.

The same pattern can be observed for the poultry manure biochar (Figure 2¢, 2d) compared
to its respective raw material (Figure 1a). Higher emission values were obtained at 1.71, 2.43 and
3.64 for the doses of 12.5, 25 and 50 Mg ha’, respectively, in the material pyrolyzed at 350 °C,
while values 1.75, 3.02 and 4.36 times higher were obtained for the doses of 12.5, 25, and 50 Mg
ha', respectively, in the material pyrolyzed at 650 °C, when applying these materials in the clayey

soil. Emissions found in sandy soil by Novais et al. (2017) were 1.36, 2.58 and 3.03 times higher
for the doses of 12.5, 25 and 50 Mg ha™, respectively, in the material pyrolyzed at 350 °C, while
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values 1.67, 3.95 and 5.78 times higher were found for the doses of 12.5, 25 and 50 Mg ha’,
respectively, in the material pyrolyzed at 650 °C. This fact confirms that the production of biochar
from this raw material is a solution for the deposition of this residue to the soil without propitiating

an increase in GHG emissions.

3.3.6. Model

3.3.6.1. Significance of models and adjustment quality

The analysis of variances for PMB and CSB showed a significant effect of the explanatory
variables (Ceiay, pH, Tpyrolysis, a0d Dhiochar) 0n CO2 emission. For CSB, there was a significant effect
only of Cauy and Dhiochar, but these effects explained only 28 % (R?) of the CO, variation. For PMB,
a significant effect of the combination of Ceiay, pH, Tpyrolysis and Dhiochar Was observed, which explains
the 65 % CO, emission. The result of the analysis of variance for the PMB, a significant effect of

the explanatory variables by the t-test and the adjusted model are presented in Table 4.

Table 4. Result of the analysis of variance for the multiple regression model according to the
expression CO, = Bo + B1Cauy + B2pH + B3 Tpyrotsis + PaDbiochar for the biochat produced with poultry

manure.

Parameter Variable Estimate p-value

Bo Intercept 82.2835 <0.001

B Tetay -0.0528 <0.001

B> pH 6.9836 <0.001

Bs Tpyrolysis -0.0866 <0.001

B, Duiochar 0.6414 <0.001
Fitted model R?

CO; = 82.2835 - 0.0528Crgita + 6.9836pH - 0.0866 T pirotise + 0.6414Diochar 0.65

The model for the PMB, presented in Table 4, is represented in Figure 5 as a function of
the variation of Ceay, pH, Tpyroiysis and Dhiochar in @ comparison of the predicted and measured values.
The black color line represents the CO; variation measured over the course of the treatments, while
the red color line denotes the adjusted model and its respective confidence band at 95 %

probability. In the projection, we noted a slight underestimation of the CO, emission for the
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highest emissions (greater than 120 mg m™ h™"). Along the variation, the model closely follows the

measurements with overlapping bands (shaded area) of confidence to the measured values.
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Figure 5. CO; variation in response to changes in clay content, pH, pyrolysis temperature and doses
of chicken manure biochar. Trusted bands at 95 % probability built for the model and prediction.

The quality of the model adjustment can also be verified in a 1:1 projection, given in Figure
6. Figure 6 shows a low dispersion of the measured values in relation to the projection of a perfect
ratio of measurements and predictions (1: 1 line). A good adjustment can be verified mainly in
values up to 120 mg CO> m”h™ (where most of the observations are concentrated), in agreement
with the results of the variation of the predictions given in Figure 5. The correlation between
measured and predicted data, estimated by the Pearson correlation coefficient was 0.79, being

statistically significant with a p-value < 0.001.
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Figure 6. Comparison of predicted CO, values
(estimated by the adjusted model) and measured
experimentally based on a 1:1 line. r: Pearson
correlation coefficient. ***p-value <0.001.

3.3.6.2. Internal and external model validation

The internal validation gave us a good perspective of the model (Figure 5), with emission
values of up to 100 mg CO; m*h" (Figure 6) showing excellent prediction (p < 0.001). The
parameters obtained through the model proposed by Smith et al. (1997) prove this statement.

Both correlation coefficients (r) are greater than zero (0.83 and 0.98 in Table 5), showing a
positive correlation between simulated and measured values. The estimated values close to zero (-
1.29 for internal validation) for the mean difference between observation and simulation (M)
indicate that bias (or consistent error) was small for the internal validation. As M does not include
a square term, simulated values above and below the measurements are canceled out, and thus,

inconsistent errors are ignored (Smith et al., 1997).
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Table 5. Parameters of the internal and external validation.

Parameter
r RMSE EF CD M E CRM
Internal validation 0.83 13.79 0.68 1.37 -1.29 -2.63 -0.01
External validation 0.98 44.56 0.42 4.40 28.44 -1.07 0.20

r: Correlation Coefficient; RMSE: Root mean square error of model; EF: Modelling Efficiency;
CD: Coefficient of Determination; M: Mean difference; E: Relative error; CRM: Coefficient of
Residual Mass; ME: Maximum Errot.

Therefore, the coincidence between measured and simulated values was assessed by
calculating an absolute value for total difference, expressed as the root mean square error (RMSE).
Our results showed good fit for internal validation (RMSE = 13.79) but, as expected, with a
reduction in quality in external validation (44.50).

The efficiency of the model (EF) provides a comparison between the efficiency of the
chosen model and that of describing the data as the mean of the observations (Smith et al., 1997).
Positive values of 0.68 (internal validation) and 0.42 (external validation) indicate that the simulated
data describe the trend of the measurements better than the mean of the observations (Table 5).
In addition to the results reported for EF, the coefficients of determination (CD) with values 1.37
and 4.40 (Table 5) represent a measure of the proportion of the total variance. Considering that
both values are greater than 1, it is verified that the deviation from the mean of the measured values
is lower than that observed in the measurements, i.e., the model again describes the measured data
better than its mean.

The CRM close to zero (a perfect fit would be equal to zero) for both internal and external
validations indicates the low tendency of the model to overestimate or underestimate the
measurements. Positive values for CRM, such as 0.2 for the external validation indicate that the
model underestimates the measurements and negative values for CRM (-0.01 for internal

validation) indicates a tendency to overestimate (Table 5).

3.3.6.3. Influence of explanatory variables on CO; variation
3.3.6.3.1. Effect of clay content for different pyrolysis temperatures

Ceay had a negative influence on CO; emissions. The simulated scenarios using the model
adjusted for the PMB, with a variation in Cesy to a pH of 7.5, Tiyrelysis of 350 and 650 °C and Duiochar

of 50 Mg ha', show a decrease in CO; emission with the increase of Ce.y (Figure 3), and this
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decrease was lower for Tpyoyss at 650 °C. The emission of CO, with the largest Ceay was
approximately 120 mg m>h™ in the Tpyoysis of 350 °C, whereas, for the 650 °C Tyyrolsis, this emission

fell to approximately 92 mg m~h™ (Figure 7).
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Figure 7. Simulation with the adjusted model (Table 2) for CO, emission in response
to the clay content variation for the pyrolysis temperatures of 350 and 650 °C, pH
7.5 and dose of biochar of poultry manure of 50 Mg ha, according to the scenarios
established in Table 4.

3.3.6.3.2. Effect of pH for different pyrolysis temperatures

The simulations presented in Figure 8 show that pH, in the range from 5.5 to 7.5, had a
positive influence on CO; emission for a Caay of 78 g kg™, Tpyrolysis at 350 and 650 °C and Duiochar Of
50 Mg ha. The CO; emission increased lineatly from approximately 120 mg m>h™" to 135 mg m™
h™' for Tpyolyss at 350 °C, and from approximately 90 mg m>h™ to 105 mg m>h™" for Tpyolsis at 650
°C.
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Figure 8. Simulation with adjusted model (Table 2) for CO, emission in response to
pH variation for pyrolysis temperatures of 350 and 650 °C, clay content of 78 g kg’
and biochar dose of chicken manure of 50 Mg ha', according to the scenarios
established in Table 4.

3.3.6.3.3. Effect of the biochar dose applied at different pyrolysis temperatures

CO; emission simulations varying with Dhyiocher in a range of 12.5 to 50 Mg ha™', with a Cy
of 78 g kg™, Tpyrosis at 350 and 650 °C and a pH of 7.5, are given in Figure 9 The Dhyiochar positively
influenced CO; emission, where increases were observed in the increase of Duiochar. FOr Tpyrotysis Of
350 °C, the CO: concentration went from about 110 to 132 mg m™”h™, whereas for Tpyriysis at 650
°C, the concentrations increased from 80 to 105 mg m~h™, showing a drop in CO; emissions

influenced by the Tpyronsis in the higher Dyiochar.
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Figure 9. Simulation with adjusted model (Table 2) for CO, emission in response to
the variation of doses of poultry manure biochar for pyrolysis temperatures of 350 and
650 °C, pH of 7.5 and 78 g kg clay content, according to the scenarios established in
Table 4.

3.3.6.3.4. CO; variation trend

As the clay content increases, the same trend is observed for both pyrolysis temperatures
(Figure 7), with a reduction in CO; emission. Nevertheless, the higher pyrolysis temperature (Figure
7b) presents CO; significantly lower emissions than the lower pyrolysis temperature (Figure 7a),
and this observation was confirmed in the experimental data. Similarly, as the pH value is increased,
the same pattern observed for the increased clay content occurs (Figure 8). This arrangement is in
agreement with the measured data, where the reduction of the original pH values of the biochar
(alkaline pH) to 5.5 resulted in a significant reduction of the CO, emission. Again, the higher
pyrolysis temperature (Figure 8b) presents reduced emissions compared to the lower temperature
(Figure 8a). As noted in this work and in several others (Subedi et al., 2016; Deng et al., 2017,
Novais et al., 2017), the increase in the pyrolysis temperature leads to a reduction in the CO;
emission. That is because, at high pyrolysis temperatures, a reduction in aliphatic and aromatic
chains in the material occurs, leaving it more stabilized (Cimo et al., 2014; Heitkotter et al., 2015).

Although a number of articles note that biochar’s GHG mitigating ability has its potential

expanded, not always proportionally, by increasing the applied dose (Abbruzzini et al., 2017; Deng



57

et al., 2017), others, as was the case in this experiment (Novais et al., 2017; Awasthi et al., 2017)

report an increase in the applied dose, resulting in an increase in CO; emissions.

3.4. CONCLUSIONS

The application of the pyrolyzed raw material (biochar) causes a significant reduction in
CO; emissions compared to the non-pyrolyzed material, with biochar as an environmentally safe
way of depositing these materials in the soil. Poultry manure and the respective biochar have higher
CO; emissions compared to sugarcane straw and its biochar. Additionally, this biochar has lower
CO; emissions when pyrolyzed at 650 °C, and with its original pH reduced to 5.5, presenting lower
CO; emissions. Changing the original pH of the poultry manure biochar to 5.5 causes reductions
in emissions similar to reductions caused by increased pyrolysis temperature. The sugarcane straw
biochar, made of a more recalcitrant material, does not have emission values altered according to
pyrolysis temperature or when the pH value is altered. Nevertheless, when transformed into
biochar, its emission is less than that of its raw material — or equivalent to the emission of the soil.
The beneficial effects of biochar as a GHG mitigator are better observed in sandy soil, compared
to clayey soil. The CO; emission can be explained by the variables of soil texture, pH, applied dose,

and pyrolysis temperature.
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4. BIOCHAR MODIFIED WITH MgCl, FOR PHOSPHORUS ADSORPTION

ABSTRACT

Increases in agricultural productivity associated to the crescent use of the finite
reserves of phosphorus improved the demand for ways to recycle and reuse this
nutrient. Biochars, after doping processes, seems to be an alternative to mitigate such
impasse. Sugarcane straw and poultry manure were submerged in an MgCl, solution in
a 1:10 solid/liquid ratio and subsequently pyrolyzed at 350 and 650 °C producing
biochar. The P adsorbed in its maximum adsorption capacity (MPAC) was extracted,
successively, with H.SO4 (0.5 mol L"), NaHCOj3 (0.5 mol L™ a pH 8.5) and H,O, until
no P was detected in the solution. Biochars without the addition of Mg did not have
the ability to adsorb P but had this property developed after the doping process. The
poultry manure biochar presented higher MPAC (250.8 and 163.6 mg g of P at 350
and 650 °C, respectively) than that of sugarcane straw (17.7 and 17.6 mg g of P at 350
and 650 °C, respectively). The pyrolysis temperature changed, significantly, the MPAC
values for the poultry manure biochar, with an increase in the adsorbed P binding
energy for both biochars. The H.SO, showed the best extraction power, desorbing,
with a lower number of extractions the greater amount of the adsorbed P. These
materials doped with Mg and subjected to pyrolysis have characteristics that allow their
use in P adsorption from eutrophic and wastewaters.

Keywords: Sugar cane straw; Poultry manure; Mg doping; P desorption; Potencial
reuse; Langmuir isotherm

4.1. INTRODUCTION

Increases in population associated with the consequent increase in the demand for food
and reduction of the finite reserves of phosphorus (P), have generated great concern in agriculture,
mainly about the increasing use of phosphate fertilizers. Particularly in tropical soils, where reduced
levels of available P are associated with elevated levels of Fe and Al oxyhydroxides, large doses of
phosphate fertilizers are necessary for high yields, directing the main focus of this concern to
agriculture based countries such as Brazil (Roy et al., 2016).

P recycling and reusing strategies have thus become recently studied (Drenkova-Tuhtan et
al., 2016; Fink et al., 2016). The reuse of P can be achieved by immobilization, from the locations
where it previously caused an environmental problem, such as in eutrophic or wastewater, for latter
use as a phosphate fertilizer in agriculture. Eutrophic waters, according to CONAMA (2005), have
values equal to or greater than 0.025 mg I of P, but in some countties this value is not permitted

to exceed 0.020 mg L' (Klein and Agne, 2013).
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Among several approaches aiming P reuse, biochar can be used as a P adsorbent. Biochar
is the product formed by pyrolysing vegetable or animal residues at high temperatures and under
hypoxic conditions (Lehmann and Joseph, 2015). Previous studies, however, have proven that
biochars without any additional treatment have very low or none P adsorption capacity (Jung et al.,
2015; Cui et al., 2010), due to its behavior as a "great anion", with a high proportion of carboxylic
and phenolic groups, which prevents the adsorption of anions such as phosphates (Agegnehu et
al., 2016). Enhanced biochar P adsorption capacity can be achieved through the “doping”
treatment. This procedure consists in adding metallic cations, such as Mg®" and Ca**, to the raw
material. These cations are precipitated onto the surface of the biochar during the pyrolysis
reaction, creating cationic bridges that can adsorb anions such as phosphate (Jing et al., 2015).

Doped biochars have high capacity for P adsorption and can be used efficiently in P
recovery from eutrophic or wastewater. Cui et al. (2016) observed that although untreated biochar
did not adsorb P, even at high P concentrations (50 mg "' of P), the doping process with MgCl,
reached 98.3% removal of the P from a eutrophic water, which contained 1.82 mg L. of P. Jung
et al. (2016a) observed an increase of almost six times in the P adsorption by a biochar doped with
MgCl; and Yu et al. (2016) reported a maximum P adsorption capacity (MPAC) of 129.9 mg g
with a biochar from cotton pyrolyzed at 600 °C and doped with MgCl.

Variations in the MPAC depends on the pyrolysis process and the raw material
characteristics. The increase in temperature leads to an increase in surface area, in C content and
reduces the H content, leading to an increase in the P adsorption, besides increasing the KL and
KF values (Langmuir and Freudelich isothermic constants respectively), proportionally associated
with adsorption energy (Fang et al., 2015). Fang et al. (2014) reported an increase in adsorption of
2.5, 5.0 and 6.2-fold after doping with Mg at pyrolysis temperatures of 300, 450 and 600 °C,
respectively. Fang et al. (2015) reported a MPAC of 293.2, 315.3 and 326.6 mg g, respectively, for
a biochar doped with Ca and Mg and pyrolyzed at 300, 450 and 600 °C. A 1.1-fold increase in the
KL constant and a 1.3-fold increase in the KF constant, with the temperature increase from 300
to 600 ° C were observed.

Additionally, raw material characterisitics and the properties of its respective biochar after
pyrolysis reaction influence the MPAC. Biochar produced at lower pyrolysis temperature will have
similar properties that of their respective raw material, while higher pyrolysis temperaure cause
greater changes biochat’s properties, with little resemblance to its original material, but to
grafite.(Lehmann and Joseph 2015). The doping treatment is affected by the stability of the original
material. In this sense, unreactive materials produce biochars with lower MPAC when compared

to biochars derived from reactive materials. Zhang et al. (2012), observed a high variation in MPAC
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when studying biochars of five raw materials doped with Mg under an electric field. The highest
adsotrption was obtained for the biochar from sugarcane beet tailings (835 mg g™), followed by
those from cotton, sugarcane bagasse and pinus bark. The lowest MPAC was obtained with the
biochar from pinus bark (3.17 mg ¢™). This variation was consistent with the surface area of the
biochars produced, with the lowest specific surface area observed for pinus bark (2.8 mg g) and
the highest (122.5 mg g') for sugarcane bagasse

There are some works that modifie biochar with Mg for P adsorption with positive
response (Sizmur et al., 2017), but few look after its possible reuse in agriculture or what to do with
the material after de recovery of P in waste waters. Thus, the present work aimed at the production
and characterization of biochars from sugarcane straw and poultry manure, doped with MgCl, and
pyrolyzed at 350 and 650 °C, as well as the determination of their MPAC values and their abilities

to release adsorbed P.

4.2. MATERIAL AND METHODS
4.2.1. Raw material Selection

The raw materials used were sugarcane straw, collected from a plantation in Piracicaba-SP
and poultry manure collected from the University of Sao Paulo farm (ESALQ-USP). The raw
materials were selected because of their contrasting physical and chemical attributes, permitting the
investigation of the effects of contrasting materials on the P adsorption capacity. In addition, the
high production of these residues and their accumulation in the field have created a management

problem for many companies.

4.2.2. Biochar production

The raw materials (sugarcane straw and poultry manure) were immersed in a solution of
MgCl, (60 g MgCl, 6H,O in 90 mL of deionized water) in a proportion solid: liquid of 1:10 and
incubated for 2 h, as suggested by Jung et al. (2016a). The material was dried in an oven at 80 °C
for 3 h and pyrolysis was carried out by SPPT Research Technologies, in a metallic reactor, under
a Ny atmosphere, heating rate of 10 °C/min for the first 30 min and 20 °C/min until the final

temperature. The raw untreated materials were pyrolyzed under the same conditions.
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Two pyrolysis temperatures were used, 350 and 650 °C. The main physical and chemical
changes of raw biomass are carried within this temperature range and largely affect the final
characteristics of biochars, generating products with contrasting attributes (Novotny et al., 2015).

After processing, eight biochars were produced: sugarcane straw pyrolyzed at 350 °C (BCS
350 °C); sugarcane straw pyrolyzed at 650 °C (BCS 650 °C); sugarcane straw pyrolyzed at 350 °C
and doped with MgCl, (BCS-Mg 350 °C); sugarcane straw pyrolyzed at 650 °C and doped with
MgCl, (BCS-Mg 650°C); poultry manure pyrolyzed at 350 °C (BPM 350 °C); poultry manure
pyrolyzed at 650 °C (BPM 650 °C); poultry manure pyrolyzed at 350 °C and doped with MgCl,
(BPM-Mg 350 °C) and poultry manure pyrolyzed at 650 °C and doped with MgCl, (BPM-Mg 650
°C).

4.2.3. Biochars characterization

Chemical and Physical analysis followed the methodology recommended by the
International Biochar Initiative Guideline (IBI, 2015) and are thoroughly described in Conz et al.
(2017) and were previously done in Nowvais et al. (2017). The crystallography of the biochars was
carried out using X-ray diffraction (LabX, XRD-6000, Shimadzu X-ray Diffractometer) with a
scanning angle between 4 and 70 © 20 (A 0.02 °s-1). The biochars were investigated in infrared
spectroscopy (ATR/FTIR-4100, Jasco, Foutier Transform Infrared Spectrometer). Finally, the
biochars were coated with gold (SCD 050 Sputter Coater, Bal-Tec) and photographed using a
scanning electron microscope-SEM (EVO 50, Catl Zeiss). Qualitative analysis of the chemical
composition was performed using X-ray dispersive energy and EDS-Energy Dispersive

Spectroscopy (500 Digital Processing, IXRF Systems).
4.2.4. Adsorption isotherms

Each point of the adsorption isotherm consisted of 0.15 g of the doped or undoped biochar
and 75 mL of the KH,POy solution as the raw of P. Increasing concentrations of P, ranging from
0 to 1500 mg 1. (0; 10; 25; 50; 75; 100; 150; 200; 250; 375; 500; 560; 620; 750; 850; 1000; 1250;
1500 mg L") for the biochar from poultry manure and 0 to 1000 mg L' (0; 105 25; 50; 75; 100; 150
250; 500; 750; 1000 mg L") for the biochar from sugarcane straw. Biochar and the respective P
solution was shaken in horizontal stirrer, for 24 h, at 120 rpm, and the solution was filtered through
a Whatman filter paper (white band). The P in the filtrate was read in a UV/VIS
spectrophotometer, A 720 nm (600 Plus, FEMTO), allowing the adjustment of the adsorption
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curves, plotted from Langmuir (Equation 1) and Freundlich (Equation 2) isotherms, with the aid

of the Origin-Pro 8 program.

g =KiC. / (1 + KiC)) (Equation 1)
qe = KpC" (Equation 2)

Where K. represents the interaction energy (L. mg') and Kr represents Freudlich’s
coefficient of affinity (mg (1-n) Ln g"), qc is the maximum adsorption capacity (mg g), C. is the

concentration of P in the equilibrium solution (mg I.") and n is Freudlich’s lineatity constant.

4.2.5. Desorption

Biochar samples previously doped with the P content at their MPAC, were submitted to
successive extractions with HoSO4 (0.5 mol L"), NaHCO; 0.5 mol L™ at pH 8.5 (Olsen’s extractor)
and H»O, individualy, in order to recover the largest amount of the adsorbed P. These extractors
cover different pH ranges and have different extraction powers, all of which are representative of
P-available to the plant (Zhang et al., 2010).

A 1.0 g of each biochar, doped with Mg and at their MPAC, was shaken at a ratio solid:
liquid of 1:300 for 48 h on a horizontal stirrer at 120 rpm (Zhang et al., 2016). After that the samples
were filtered through a Whatman filter paper (white band) and the P in the filtrates analyzed in a
UV/VIS spectrophotometer to determine the level of P desorption. This process was repeated
until the concentration of P was below the detection limits of the spectrophotometer using a 10mm

wide cuvette.

4.3. RESULTS

4.3.1. Characterization of the biochars

4.3.1.1.  X-Ray Difraction

The X-ray diffractograms confirm the efectiveness of the Mg doping process, showing
several peaks which identify Mg precipitated within the crystal structure of the biochars (Figure 1).
Biochars obtained from sugarcane straw - BCS (Figure 1a and 1b) possess “shoulders” on the

diffractogram, characteristic of amorphous material. In addition, BCS have low background noise
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and almost no peaks beyond those related to the added Mg and silicon, the principal component.

Poultry manure biochar - BPM (Figure 1c and 1d) had high background noise, with several other

peaks besides those of the Mg added caused by the predominant component, Ca in its various

forms. From the diffractograms it is possible to observe the predominant formation of pyroxene

(MgSiO) in the biochar pyrolyzed at 350 ° C (Figure 1a and 1c), but at the highest temperature (650

° C) the formation of periclase (MgO) is predominant (Figure 1b and 1d).
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Figure 1. X-ray diffractograms of sugarcane straw biochar pyrolyzed at 350 °C (a) and at 650 °C (b) and biochar of
poultry manure, pyrolyzed at 350 °C (c) and 650 °C (d). The simbols are for: ®SiO2 (Quartz); #MgSiO (Pyroxene);

4MgO (Periclase); mCaMgO (Dolomite); NKCI (Silvite); X CaO (Calcite); +AISiO (Kyanite).

4.3.1.2.

Infrared spectroscopy (FTIR)
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Bands values for the carboxylic acids (1500 em™ region), with higher intensity for the material without
doping (Figure 2), especially for BPM pyrolyzed at 350 ° C (Figure 2a), as well as for the bands at 850 and
1400 cm™ region, related to aromatic C-H and aromatic C-O, respectively, indicates that in such regions the
added Mg is adsorbed. The higher intensity of the band at the 400 cm™ region for the doped biochats,
compared to the non-doped ones, also confirms the effectiveness of doping, since it is in this region that the
metals bounded to oxygen are found, as periclase (MgO) and pyroxene (MgSiO). The few bands with low
intensity for BCS (Figure 2a and 2c) is in agreement with the high stability of its raw material and agrees with
the low MPAC values for these biochars, for both pyrolysis temperatures.

The band in 1100 cm™ relative to P-O stretching vibration and in 540 relative to O-P-O have growth in
the dopped material with added P, as aspected. The region at 2927 and 2853 are CH3/CH, vibration. The
bands at 3230 and 2300 are responsible for O-H vibrations and CO of the surroundings, respectively.
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Figure 2. Infrared spectra (FTIR) for (a) biochar of sugarcane straw pyrolyzed at 350 °C (BCS 350 °C) and
biochar of Mg-doped sugatrcane straw pyrolyzed at 350 °C (BCS-Mg 350 °C); (b) biochar of sugarcane straw
pyrolyzed at 650 °C (BCS 650 °C) and biochatr of Mg-doped sugarcane straw pyrolyzed at 650 °C (BCS-Mg
650 °C) (c) biochar of poultry manure pyrolyzed at 350 °C (BPM 350 °C) and biochar of Mg-doped poultry
manure pyrolyzed at 350 °C (BPM-Mg 350 ° C); (d) biochar of poultry manure pyrolyzed at 650 °C (BPM
650 °C) and biochar of Mg-doped poultry manure pyrolyzed at 650 °C (BPM-Mg 650 °C).

4.3.1.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDS)

The elemental analysis (Table 1) showed an increase in C content and a reduction in O
content with increasing pyrolysis temperature (350 to 650 °C). Other elements, such as Mg, K and

P were released during pyrolysis of poultry manure, however, the same trend was not observed for
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sugarcane straw (Table 1). After the doping process, the increase in pyrolysis temperature caused a

higher accumulation of Mg in both biochars, also indicating the success of the treatment.

Table 1. Elemental analysis of the raw materials, the pre-treated biochars and the biochars doped with Mg and in their
maximum P adsorption capacity (MPAC).

Treatments C @) Mg P Si Ca K Cl S
%
Raw materials*
CS 43.3 51.1 1.53 0.98 - 7.67 9.52 - 0.43
PM 32.2 65.3 5.87 20.22 - 129.93 23.21 - 3.20
Biochar*

BCS 350 °C  62.3 38.4 2.28 0.94 - 291 6.75 - 0.59
BCS 650 °C  68.6 29.3 2.36 0.92 - 6.10 13.65 - 1.08
BPM 350 °C  43.8 37.5 1.16 1.73 - 52.51 3.13 - 0.75
BPM 650 °C  39.2 26.8 1.28 1.54 - 52.57 3.05 - 0.65

Mg-doped biochar in their MPAC
BCS 350 °C  39.02  22.86 5.29 0.32 20.64 1.29 2.72 1.59 0.07
BCS 650 °C  31.08  44.59 7.25 0.05 12.24 0.00 0.24 2.63 0.04
BPM 350 °C  1.34  43.17 8.31 10.54 0.59 17.90 5.90 12.46 0.89

BPM 650 °C  11.43  37.29 14.44 7.35 1.73 15.65 2.30 5.77 0.33
* Values obtained previously by Conz et al., 2015.

The success of the doping process is also confirmed by SEM and EDS (Figure 3), where
Mg peaks have a high intensity for all doped biochars. Again, the distinct composition of the
biochars is evident. On one hand BCS exhibited few peaks besides those of the added Mg and P,
with high Si peak, proper of the sugarcane straw tissue (Figure 3a, 3b). While on the other hand,
BPM possessed a greater variety of peaks with intensity equal to or greater than those of the added
elements, particularly for Ca in this biochar (Figure 3c, 3d). The total P levels were in accordance
with the MPAC of the materials: high MPAC for BPM (Figure 3c and 3d) and lower values for
BCS (Figure 3a and 3b).
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Figure 3. SEM and EDS of sugatrcane straw biochar pyrolyzed at 350 °C (a) and at 650 °C (b) and poultry manure

biochar, also pyrolyzed at 350 °C (c) and 650 °C (d) after doping process and in their maximum P adsorption capacity
(MPAC).

4.3.2. Phosphorus adsorption

The Langmuir isotherm presented a better fit, with a higher R? than Freundelich's isotherm
(Table 2). All of the biochars, before doping, did not have the capacity to adsorb P. Poultry manure,
having a higher natural content of this element, desorbed only a small amount (2.03 mg L") after
agitation with deionized water, as can be observed from the other points of the curve. On the other
hand, doping with Mg made them efficient P adsorbents.

The biochar from poultry manure (BPM), regardless of pyrolysis temperature, had a much
greater MPAC than the biochar from sugarcane straw (BCS) (Table 2). When comparing the
different pyrolysis temperatures within the same biochar for both materials, there was no effect of
the temperature on P adsorption. However, the constants that represent the binding energy (Kr

and Kj) increased for the higher pyrolysis temperature (650 ° C) for both biochars (Table 2).
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Table 2. Values of K, qe, Kr, n and R? for the Langmuir and Freudelich
isotherms for the biochars of poultry manure pyrolyzed at 350 °C
(BPM 350°C) and at 650 °C (BPM 650°C) and of sugarcane straw
pyrolyzed at 350 °C (BCS 350 °C) and at 650 °C (BCS 650 °C)

Langmuir
K., Qe R?
L mg’ mg g’
BPM 350 °C 0.00155 250.7 0.96
BPM 650 °C 0.00396 163.5 0.97
BCS 350 °C 0.00869 17.7 0.93
BCS 650 °C 0.00992 17.5 0.99
Freudelich
Kr n R?
mg (1-n) Ln g
BPM 350 °C 2.19 1.6 0.92
BPM 650 °C 6.40 2.2 0.92
BCS 350 °C 1.25 2.7 0.92
BCS 650 °C 1.54 2.8 0.94

4.3.3. Phosphorus desorption

The desorption process adopted did not allow the removal of 100% of the adsorbed P
from any of the biochars (Table 3). In agreement with the higher values of K. and K, the biochars
pyrolyzed at 650 °C (Table 2) released a lower quantity of P when treated with any of the three
extraction solutions (Table 3). In addition to extracting a larger amount of the total P adsorbed,
sulfuric acid required a lower number of extractions to complete extraction. The sulfuric acid
extraction corresponds to the exchange of ligands between the phosphate adsorbed and the sulfate
of the extractor. The sodium bicarbonate (pH 8.5), was less aggressive and extracted a smaller
quantity, needing a larger number of extractions, since the extraction corresponds to the exchange
of ligands between the adsorbed phosphate and hydroxyls of the extractor. With very low

extraction power, water did not desorb the P adsorbed with high binding energy (Table 3).
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Table 3. Concentrations of desorbed P after successive extractions with H.SO4, NaHCO; e H;O.

Successive extractions

Biochar 1t 2nd 3 4t 5t 6" 70 Total  Dessorbed
P mg 1. %
H,SO,
BPM 350 °C 145.5 75.4 2.8 - - - - 223.7 89.2
BPM 650 °C 86.7 33.5 8.5 3.2 2.8 - - 134.7 82.3
BCS 350 °C 5.5 3.3 0.0 - - - - 8.8 49.7
BCS 650 °C 3.8 2.8 1.9 - - - - 8.5 48.3
NaHCO;
BPM 350 °C 121.6 72.4 15.2 5.3 3.8 - - 218.3 87.0
BPM 650 °C 56.3 24.5 17.4 12.7 10.9 7.1 4.2 133.1 81.4
BCS 350 °C 4.5 2.4 - - - - - 6.9 38.9
BCS 650 °C 3.7 1.9 - . . . . 5.6 31.9
H,O
BPM 350 °C 24.0 5.4 - - - - - 29.4 11.7
BPM 650 °C 17.1 4.2 - - - - - 21.3 13.0
BCS 350 °C - - - - - - - 0.0 0.0
BCS 650 °C - - - - - - - 0.0 0.0

4.4. DISCUSSION

The effectiveness of the doping process in both biochars and the pyrolysis temperatures,
confirmed by X-rays, FTIR, SEM and EDS, is supported by several other studies (Cui et al., 2016;
Wang et al., 2016; Moazzam et al., 2017). Mg added in the doping process appears as pyroxene
(MgSiO) at lower pyrolysis temperature (Figure la and 1c), and is associated with a higher
concentration of this element in lower pyrolysis temperatures. For BPM, even forms of dolomite
(CaMgO) were found, since at low temperatures the Ca was not lost This information is in
accordance with the higher levels of Si found in BCS (Table 1). At higher pyrolysis temperature
(350 °C) (Figure 1a and 1c) the predominant form of Mg is periclase (MgO) and is associated with
a loss of elements when enhancing pyrolysis temperatures, forming, in some cases, even graphite
(higher peaks in Figures 1b and 1d).

By increasing the C content and reducing the O content during the pyrolysis process and
with a further increase in the applied temperature, the O/C ratio will be affected. This ratio is
related to the dehydration reactions that take place during pyrolysis and the biochar’s affinity to
water, thus these materials become more hydrophobic with pyrolysis. Moreover, this ratio is related

to the recalcitrance of the material and the development of more stable structures, indicating that
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pyrolysis at increasingly higher temperature lead to the development of aromatic structures in the
biochars. With a lower O/C ratio it can be inferred that the biochar will mineralize at a faster rate
when applied to the soil (Yao et al., 2011). This fact was confirmed by Nowvais et al. (2017) when
applying poultry manure biochar to the soil and measuring the emission of greenhouse gases
(GHG) and the microbial biomass of the soil. These authors observed higher GHG mitigation
when applying biochar in comparison to the raw material. Contrastingly, BCS presented a higher
GHG mitigation potential, presenting lower microbial biomass, despite having a smaller emission
difference when compared to its raw material. This fact was attributed to the recalcitrant nature of
sugarcane straw when compared to poultry manure.

Contrary to other findings in literature (Yao et al., 2011; Cantrell et al., 2012; Wang et al.,
2013) this study reported a reduction in macro and micronutrients for poultry litter biochar with
increasing pyrolysis temperature. The variability in poultry manure composition and the very high
initial concentrations of such elements could be the explanation for this observation.

The best fit of the Lagmuir isotherm data, compared to those of Freundlich (Table 1), is in
agreement with the main use of these isotherms. The Langmuir isotherm is considered a mono-
layer process, in which the MPAC shows the affinity between adsorbent and adsorbate (Desta,
2013). This isotherm is recommended for data that have a "plateau”, as is the case of elements like
P, adsorbed by covalence and with a well-defined MPAC. The Freundlich isotherm is considered
a multi-layered process, in which the amount of the adsorbed product increases gradually as the
concentratio of the adsorbent increases (Desta, 2013). This isotherm is commonly used in
processes of adsorption of contaminants, such as xenophobic ones (Niandou et al., 2016).

The inability of the biochars to adsorb P is developed by the doping process, which proves
that such materials, without a treatment, are incapable of adsorbing anions. The higher MPAC of
BPM is justified by the characteristics of the raw material, with its reactivity being superior to that
of the sugarcane straw. As found in other studies (Lehman and Joseph, 2015; Fang et al., 2015;
Jung et al., 2016b) the initial properties of the raw material greatly affect biochars properties,
consequently inlfuencing the MPAC. The negative effect of pyrolysis at high temperatures with
respect to P adsorption, is also related to the initial reactivity of the raw material, which is reduced
by increasing the pyrolysis temperature. Jung et al. (2016b) observed increased ash content, pH,
electrical conductivity and C content by raising the pyrolysis temperature from 200 to 400 and 600
to 800 °C. By gradually raising the pyrolysis temperature, these authors also observed a reduction
of the H, N and O contents, and consequently the H/C and O/C ratios, as well as surface area and
pote volume, which typically reduce the characteristics of the reactivity sites. These authors

encountered a higher MPAC in the biochar pyrolyzed at 400 °C (18.1 mg g™), with an increasing
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reduction of this value as the pyrolysis temperature was enhanced, with the lowest value (12.97 mg
g ") reported for the biochar pyrolyzed at 800 °C. Dai et al. (2017) also observed an increasing
reduction in MPAC in a biochar from crab shells when enhancing the pyrolysis temperature from
300 to 400 and 500 to 600 °C.

Takaya et al. (2016), while studying different biochars, pyrolyzed at various temperatures,
clearly observed an effect, not only of the raw material, but also the pyrolysis temperature, in further
distancing the biochar from the characteristics of the source material. The biochar from the filter
cake of an anaerobic digester, with higher reactivity (lower levels of C, H, N and O and higher ash
content), presented MPAC of 37 mg g when pyrolyzed at 250 °C, which was reduced to 7.8 mg
g by raising the pyrolysis temperature to 400-450°C. As a more recalcitrant material, oak wood
biochar presented a reduction in P adsorption from 26.6 to 5.5 mg g™ after raising the pyrolysis
temperature from 250 to 450 °C, respectively. The biochar from greenhouse residue, with a higher
CEC compared to the previous materials, did not adsorb P after pyrolysis at 250 °C, but presented
an MPAC of 18.7 mg g when pyrolyzed at 400-450°C and 9.1 mg g at 600-650 °C. The material
produced after pyrolysis at 250 °C is not considered a biochar, but a hydrochar by these and other
authors (Schimmelpgenning et al., 2017; Fornes et al., 2017).

The greater need for successive extractions to remove the adsorbed P in materials produced
at higher pyrolysis temperatures (Table 2) are in agreement with the higher values of the Ky and
Kr isotherm constants (Table 1) and demonstrate an advantage of pyrolysis at high temperatures.
On one hand, the treatment reduces the MPAC, but on the other hand it increases the P binding
energy, forcing the adsorbed P to be released at a slower rate, making the supply of this element
more sustainable, an ideal condition in weathered tropical soils where the soil competes with the
plant for this nutrient.

If a hypothetical recommendation of 90 kg ha™ of P,Os is considered for a highly weathered
tropical soil, with P deficiency, and knowing that Single Superphosphate (SS) contains 18 % P»Os
and Triple Superphosphate (TS) contains 43 % of soluble P>,Os, to achieve this recommendation,
500 kg ha” or 209.30 kg ha™ of SS or TS would be required, respectively. BPM pyrolyzed at 350
°C has an MPAC of 250.76 mg g"* (Table 2) and a desorption of 89.2 % (223.70 mg g of P), when
using the acidic extractor (Table 3). Based on this desorption value, 174.92 kg ha™ of this biochar
(BPM-Mg 350 °C) would be required to meet the recommendation of 90 kg ha' of P.Os.
Furthermore, the rest of the adsorbed P (27.06 mg g of P) that was not recovered by the extractor,
may be available to the plants in the medium to long-term.

With these calculations, it can be noted that the use of biochars to recover

eutrophic/wastewatet, possible only after doping, is not their only benefit. The application of
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biochars to agricultural soils has great potential, in this case the dose required is 2.8 times lower
than that of SS and 1.2 time lower than TS. Additionally, biochar has proven to be an approach to
enhance soil properties, especially in low fertility conditions (Lehman and Joseph, 2015; Agegnehu
et al., 2016; Sanchez-Garcia et al., 2016). For example, the application of hydrogel in planting pits,
to preserve moisture retention, especially in forest plantations, is not a recent practice (Navroski et
al., 2015). Biochar application, which also has this benefit, could be an interesting alternative from
an ecological point of view, since it is an organic product, contrary to some hydrogels that can
contain synthetic substances that are not biodegradable in the short-term (Senna and Botaro, 2017).
Morevoer, biochars have a high pH with an action similar to liming (Butnan et al., 2015). This
attribute is particularly interesting in tropical soils with elevated P adsorption capacity, due to the
low pH and consequent high Al’* levels, which limits P fertilization effectiveness. Finally, biochars
have the potential to improve the effectiveness of P fertilization in higly weathered tropical soils

by steadly releasing P for plant uptake (Novais & Smith, 1999).

4.5. CONCLUSIONS

The raw materials, poultry manure and sugarcane straw, after passing through the process
of pyrolysis, had their recalcitrance increased, making these residues ideal for the production of
biochars. All the biochars, independently of the pyrolysis temperature, did not possess the capacity
to adsorb P. However, after the doping process, such ability is installed. Due to the initial high
stability of the raw material, the pyrolysed sugarcane straw had a lower MPAC than that of poultry
manure biochar, even after a successful doping with Mg. The pyrolysis temperature significantly
affect the MPAC of the poultry manure biochar and the binding energy of the adsorbed P increased
with an increase in the pyrolysis temperature for both biochars. Thus, only the acid extractor
(H2SO4 0.5 mol L") removed considerly the P retained in both biochars produced at 650 °C.
Findings from this study suggest that doped biochar has a high potential to be used as slow-release
fertilizer, being an extremly important soil fertility strategy in highly weathered tropical soils.
Although further research is needed, we believe this approach can be combined to

eutrophic/wastewater treatment to develop a sustainable phosphate fertilizer.
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5. PHOSPHORUS REMOVAL FROM EUTROPHIC WATER USING MODIFIED
BIOCHAR

ABSTRACT

Increasing problems related to water eutrophication, commonly caused by the
high concentration of phosphorus (P), are stimulating studies aimed at an
environmentally safe solution. Moreover, some research has focused on the reuse of P
due to concerns about the end of its natural reserves. Biochar appears to be a solution
to both problems and may act as a tecovery of eutrophic/tresidual water with the
subsequent reuse of P in agriculture, the purpose of which is to test such an assertion.
Samples of biochar from poultry manure (BPM) and sugarcane straw (BCS) had their
maximum adsorption capacities of Al obtained by Langmuir isotherm. These values
were used to conduct the so-called post-doping process, conferring P adsorption
capacity to the pyrolysed materials. Langmuir and Freudelich isotherms were adjusted
for the same biochar types (Al-doped) at increasing P concentrations, in order to obtain
their maximum P adsorption capacities (MPAC) and their parameters. The desorption
of the adsorbed P in its MPAC was tested by three extractors: H.SO4, NaHCOs, and
H>O. Finally, these biochar types were used in competitive adsorption assays of
phosphate, sulfate, chloride and nitrate anions and applied in a hypothetical eutrophic
water. These materials underwent several characterization analyses that confirmed the
success of the post-doping process with Al and the adsorption capacity of P. The high
values of MPAC of the powder materials (701.6 and 758.9 mg g of P for BPM and
BCS, respectively) are reduced by almost half for the fragment materials (356.1 and
468.8 mg g of P for BPM and BCS, respectively), these values being almost entirely
extracted by acid and basic extractors. Its application in eutrophic/residual water, in
addition to presenting a good MPAC, these materials adsorbed, in equal proportions,
phosphates and sulfates, as well as to a lesser extent, nitrates and chlorides. Thus,
biochar from poultry manure and sugarcane straw, after post-doping with Al, have
high MPAC, being excellent materials for the recovery of eutrophic/residual water and
a possible subsequent reuse in agriculture.

Keywords: Sugar cane straw; Poultry manure; Al doping; P desorption; Potencial
reuse; Langmuir isotherm

5.1. INTRODUCTION

Increasing concerns regarding the exhaustion of P natural reserves, after estimates for its
end by 2050 by [1], have caused researchers to seek the reuse or recycling of this element, reducing
somewhat the apprehension generated, mainly around its use as fertilizer in tropical soils, which

are so poor in P.
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Adsorption techniques have been used for several years for the recovery of eutrophic water,
which predispose the high growth of microorganisms and aquatic plants, causing a rapid
consumption of oxygen, with the subsequent death of the aquatic fauna. Adsorbent materials such
as Fe and Al oxyhydroxides are commonly used because of their low cost and easy handling in
water quality recovery [2, 3].

Recently, several authors have focused on biochar as a source of study for this purpose in
several experiments. The biochar generated after the pyrolysis of plant or animal residues is
characterized by several soil benefits, such as increased physical qualities, increased microbial
biomass, and soil organic carbon, as well as xenophobic removal, acting to recover contaminated
environments [4]. In addition to these positive aspects, the modified biochar has been shown in a
number of papers as a potent adsorbent of P, which can act in the recovery of eutrophic waters [5-
8]. Thus, the P of eutrophic and residual water can be reused. The recovery of this P in
solution/suspension and its subsequent application to the soil as a phosphate fertilizer is becoming
an increasingly widespread idea, thus closing a cycle of P utilization, which addresses not only the
problem but also ensures its reuse, thus increasing the time for the exhaustion of world reserves of
phosphate rocks [9, 10].

Nevertheless, such a scenatio is not as simple, and to close this reuse/recycling cycle as
desired, some biochar modification techniques are needed. The biochar, due to the large amount
of phenolic and carboxylic groups and a high proportion of fulvic and humic acids, is seen as a
large anion [11] which, without previous treatment, would not be able to adsorb significant
amounts of phosphate. A technique called “doping,” which consists of saturating the biochar with
a metal cation, making it an “anionic adsorbent,” ensures its electropositivity, allowing the material
to adsorb anions, no longer repelling them. A number of cations are used for doping, with Mg and
Ca being more commonly used due to their low cost and easy handling [5, 12-14].

[13] found an adsorption of 3.7 and 8.3 mg ¢ of P in the source material (seaweed) and
the biochar of this pyrolyzed material at 600 °C, respectively. The adsorption value rises to 16.1
mg g of P in this material after doping with MgCl,, increasing to 19.8 mg g by subjecting the
same doped biochar to an electric field. The electric field increases the surface area and amount of
micropores, promoting more adsorption sites of P. [14], in another work, using biochar from
seaweed pyrolyzed at 600 °C and doped with Ca found a P adsorption of 63.3, 94.5 and 127.5 mg
g, after maintaining the adsorption temperature at 10 °C, 20 °C and 30 °C, respectively. In the
adsorption/desorption work, [5] find a maximum P adsorption capacity (MPAC) greater than 100
mg ¢! of P in the Mg-doped tomato leaf biochar and a desorption of 7.55 mg g™ of P in the material

extracted with Mehlich-3. The value recovered accounts for 18 % of the total amount adsorbed,
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this value being higher than the concentration found in many phosphate fertilizers and sufficient
to meet the demand of the plant. The authors confirmed this fact after finding a germination of
53-85 % higher in seeds that received the doped biochar as a source of P.

These procedures, characterized by saturating the material to be pyrolyzed with metal
cations, following the pyrolysis process normally after immersion of the material in a solution of
Mg or Ca in excess (pre-pyrolysis doping). Nevertheless, some authors propose that the doping
process should be done after complete pyrolysis, i.e. following production of the biochar, using
cations such as AlI’* or Fe’* (post-pyrolysis doping). Such a procedure, according to [15], would
lead not only to a reduction in the time of production of the modified biochar, but also to an
increase in its physical and chemical qualities, such as an increase in surface area and production of
AlOOH nanoparticles. These authors found a MPAC of 647 mg g of P after 8 h of reaction with
the Al-doped seaweed biochar, which is much higher than that found in other experiments using
the pre-pyrolysis doping process. Contrarily, [12] found a MPAC of 1.35 and 17.41 mg g of P and
As, respectively, with AICl;-doped biochar, conducing the pre-pyrolysis process.

Nevertheless, such situations occur in an ideal environment where there is no competition
between anions for the adsorption sites. MPAC values are usually reduced by including other
anions in the solution. [16] found a small reduction (3.02 %) in the MPAC by adding 0.1 mol L."
of CI, NO3 and SO4* with 100 mg L. of P, and SO4* was the one that presented greater affinity
in the exchange sites due to their greater valence and predominance of covalent bonds. [17]
observed a reduction in P removal of 59.9 % and 72.5 % after addition of 0.15 and 0.50 mmol L',
respectively, of arsenate and a reduction of 26.2 % and 40.2 % on the P adsorption by adding
HCOj5 at the same concentrations. The addition of NO3 and SO4* did not significantly reduce the
P adsorption. The high adsorption of As by the Fe-doped biochar leads the authors consider their
removal in conjunction with P in water decontamination.

These techniques are being increasingly studied, aiming at the day when the use of these
materials can become routine, not only as a means to recover eutrophic/residual water, but also to
mitigate another major problem: the exhaustion of the natural reserves of P. Thus, the purpose of
this paper was the production of Al-modified biochars from sugarcane straw and poultry manure
doped by the post-pyrolysis process. The determination of adsorption and desorption isotherms
of P in a pure solution and with competitive anions was also the subject of this paper, closing a
cycle of adsorption (recovery of eutrophic and residual water) and desorption (reuse of P adsorbed

as phosphate fertilizer).

5.2. MATERIAL AND METHODS
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5.2.1. Selection of raw materials for biochar production

Two raw materials were selected according to their contrasting characteristics and their
large production, often being an environmental problem: poultry manure (PM), collected at a farm
called Frango Feliz, located at ESALQ-USP, and sugarcane straw (CS) from a sugar/ethanol

production site in Piracicaba, SP.

5.2.2. Biochar production

The pyrolysis process was performed by the SPPT company in a metallic reactor, in an
atmosphere saturated with N», raising the temperature by 10 °C every minute in the first 30 min
and then at 20 °C every minute until the desired temperature was reached.

Two pyrolysis temperatures — 350 °C and 650 °C — were used based on values mentioned
in the literature and because they cover the main phases of transformation of the raw material,
being responsible for its changes and for the characteristics of the biochar produced. Temperatures
below 350 °C are considered as torrefaction rather than pyrolysis, while pyrolysis above 650 °C

results in reduced biochar production [18].

5.2.3. Characterization of the material

5.2.3.1. Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA)

The DSC and TGA analyses were obtained using a Netzsch TGA-DSC device, STA 409
PC Luxx model, coupled to a Netzsch mass spectrometer, QMS 403 C-Aeolos model, using an
alumina crucible. The heating rate was 10 °C min™" until the maximum temperature of 1000°C was

reached in synthetic air (80 % Nz and 20 % O,).

5.2.3.2.  X-ray diffraction (XRD)
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Powder X-ray diffraction (PXRD) was conducted with the Shimadzu XRD-6000 device,
using graphite crystal as a monochromator to select the radiation of Cu-Ka; with A= 1.5406 A,

with a resolution of 0.02 s in the angular domain 4- 70°.

5.2.3.3. Molecular absorption spectroscopy in the infrared region (FTIR)

Fourier-transform infrared (FTIR) spectra of biochars were collected by an FTIR appliance
(Jasco ATR/FTIR 4100). The biochar was pressed into pellets for analysis, and the infrared spectra

were collected in the range of 4000-400 cm’! with 120 scans.

5.2.3.4. Scanning electron microscope (SEM) and energy-dispersive spectroscopy

(EDS)

Scanning electron microscopic observations were carried out with a JSN 5600 LV (Jeol,
Tokyo, Japan) instrument coupled to a NORAN energy dispersive spectrometer (ThermoFisher

Scientific, Waltham, MA, USA). Coating with gold was used to coat non-conductive samples.

5.2.3.5. X-ray photoelectron spectroscopy (XPS)

Chemical surface evaluations of raw biochars, Al-doped biochars and Al-doped biochars
after P adsorption, were carried out by X-ray photoelectron spectroscopy (XPS), using a K-Alpha
X-ray photoelectron spectrometer (Thermo Fisher Scientific, U.K.) equipped with a
monochromatic Al Ka (1486.6 eV) radiation source. High-resolution spectra for C, Al and P were
acquired using pass energy of 50 ¢V. The binding energies were referenced to the Cls peak at 284.6
eV for calibration. The deconvolution of XPS peaks was conducted using the CasaXPS software
with Gaussian-Lorentzian (30 %) and Tougaard background subtraction. The XPS results
correspond to an average of three independent measurements collected in different regions of each

sample.
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5.2.4. Al adsorption isotherm (post-doping)

To determine the concentration of Al used in the doping process, an adsorption isotherm
of this cation was adjusted, with increasing Al concentrations varying from 5 to 3000 mg L (5.0;
10.0; 25.0; 50.0; 70.0; 80.0; 90.0; 100.0; 120.0; 150.0; 200.0; 300.0; 500.0; 800.0; 1000.0; 1500.0;
1800.0; 2000.0; and 3000.0 mg I."). These concentrations wete shaken with 0.3 g of biochar and
300 mL of the AICl; solutions, and this high biochar mass/solution volume ratio with Al (1/1000)
allowed the pH to be maintained below 3.0, adjusted with HCI, enabling the permanence of the
Al’* form in solution (Greenland, 2015). Stirring occurred for 24 h, and the suspension was filtered
on white Whatman filter paper. The extracts were read in Inductively Coupled Plasma (ICP), and
the values were used in the LLangmuir adsorption isotherm adjustments (Equation 1), with the aim

of estimating the maximum aluminum adsorption capacity (MAIAC).

g = KiC. / (1 +KiCo) (Equation 1)

Where: Ky, represents the adsorption energy of Al (L. mg™), g is the maximum adsorption
capacity of this element (mg g™') and Ce is the Al concentration in the equilibrium solution (mg 1.
Y,

After the stirring period of the suspensions, the material was filtered and washed
successively with deionized water until the biochar buffer allowed the original pH value to be
sought (6.0), ensuring complete hydrolysis of Al ions in the biochar structure and establishing the
development of positive charges in the material by the cationic bridges formed. Finally, the doped

biochar was oven-dried for 20 minutes at 100 °C and passed through a 2-mm sieve.

5.2.5. P adsorption isotherms

For the determination of the MPAC, isotherms using 0.15 g of Al-biochar, in powdered
or fragmented form (pieces as out of the pyrolyzer, with approximately 1 cm in size) were used,
stirring with 75 mL of solutions with increasing P concentrations. These concentrations ranged
from 0 to 3000 mg L' of P (0.0; 10.0; 25.0; 50.0; 100.0; 250.0; 500.0; 750.0; and 3000.0 mg L")
were shaken with the Al-biochar for 24 h and subsequently filtered on white Whatman filter paper.
The determination of the P concentration in the solution was obtained in the UV/Vis
spectrophotometer [19] and subjected to the Langmuir (Equation 1) and Freudlich (Equation 2)

isotherm adjustments, obtaining its parameters.
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qe = KeCne  (Equation 2)

Where: Kr represents the Freudlich affinity coefficient (I. mg"), q. is the equilibrium
concentration (mg g), n is the linearity constant of Freudlich and C. is the concentration of the

sotbate in the equilibrium solution (mg I.™).

5.2.6. P desorption

After determination of the MPAC for each biochar, the desorption of P from these
materials was determined. To do this, successive extractions were made with deionized H,O, 0.5
mol L' NaHCO; at pH 8.5 (Olsen extractor), and 0.5 mol L' H,SO4, until all P adsorbed was no
longer detected. These extractors were also used by [20] to desorb P from different biochars and
were adopted in this work because they cover distinct situations (alkaline and acid medium), in
addition to being used in the extraction of available P from the soil [21].

A sample of 1 g of each biochar, with P previously applied, at a dose corresponding to its
MPAC, and 300 mL of each extractor (solid-solution ratio of 1:300) were stirred for 48 h on a
horizontal shaker at 120 rpm, as proposed by [20]. The suspensions were filtered on white
Whatman filter paper, and the extracts were analyzed in a UV/Vis Spectrophotometer [19] for the
determination of the P concentration desorbed. The process was repeated successively, in four
replicates, until the P desorbed was no longer detected. At each stage of separation (filtration), the
amount of biochar was reduced (a small portion was lost in the filter paper), requiring a

readjustment of the extractor amount, always maintaining the solid-liquid ratio of 1:300.

5.2.7. Effect of competitive anions on P adsorption

For the study of the anionic selectivity of the biochars regarding their affinity for the
phosphate anion, a test was conducted to verify the competitiveness of other anions on P
adsorption. Solutions were prepared with 0.1 mol L' or 0.2 mol L' of the anions in salts KCl,
KNO;, K:SO4 and KH;PO,, which were subjected to shaking with both biochars, separately,
doped with Al in their MAIAC for 48 h, on a horizontal shaker at 120 rpm, as proposed by [10].
The first concentration (0.1 mol L) was taken from the work of [16], this being the most

concentrated solution. Due to the high adsorption potential of the biochars, we chose to double
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this concentration, guaranteeing that, at the end of the contact time, there would be an excess of
anions, not adsorbed, for analysis. The solid-liquid ratio was maintained at 1:500 (0.15 g of biochar
in 75 mL solution) as in the assay for obtaining MPAC. All treatments were conducted in four
replicates and the extracts were determined by a continuous flow analyzer (FIAstar 5000) through
analysis of the remaining concentrations of CI, NO” and PO4” anions in solution. The

concentration of the remaining SO4* was made by Inductively Coupled Plasma (ICP).

5.2.8. Adsorption in eutrophic water

Both biochars (poultry manure and sugarcane straw) were applied in a hypothetical
eutrophic water for simulation of their use in a practical situation. The production of this water
took into account values of the anion concentrations found by [22] in the Pampulha lagoon, located
in Belo Horizonte, MG, one of the most well-known and studied lagoons in Brazil. Only the anions
contained in the analysis were considered, as only they will be adsorbed in the Al-biochars and will
compete for the P adsorption sites.

A “eutrophic water” was prepared with 4.53 mg 1" sulfate, in the form of K;SOs, 8.83
mg 1" chloride, in the form of KCl, 4.16 mg I." nitrate, in the form of KNO3, and 0.55 mg L"
phosphate, in the form of KH,PO,. These values were established based on the mean
concentrations found by [22], at the surface and in depth in several sampling points in the lake. For
the adsorption of P under these conditions, 0.15 g of biochar was stirred with 75 mL of the solution
(“eutrophic water”) for 12 h, on a horizontal shaker at 120 rpm, and the suspension was filtered
on white Whatman filter paper. To ensure exhaustion of the adsorption sites, the solution,
representing the eutrophic water, was replaced after every hour of shaking. The extract was
analyzed by a continuous flow analyzer (FIAstar 5000), obtaining the concentrations of the
remaining anions of NO™, Cl and PO4’ and by Inductively Coupled Plasma (ICP), obtaining the

concentration of the remaining SO4%,

5.3. RESULTS AND DISCUSSION
5.3.1. Characterization of materials

5.3.1.1. Thermogravimetric Analysis (TGA)



90

Two distinct processes of mass loss occurs in the TGA of the poultry manure (Fig 1a),
the first being an endothermic process, characterizing the initial water loss (m/z = 18), composed
of adsorbed water, and the second being an exothermic process in which the mass loss line (TGA)
did not stabilize at the maximum temperature of 1000 °C. The maintenance of the inflection, also
indicating a mass loss, shows that the process has not yet finished, as the end of such procedure

would be the graphitization of the material, which is not the purpose of this paper.
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Fig 1. Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA).
(A) Poultry manure as raw material and (B) sugar cane straw as raw material.

The second stage of water loss, characterized by the structural water, occurs around the
temperature of 250 °C, and in the pyrolysis temperature used in this experiment (350 °C), almost
all endothermic, water loss, adsorbed water or structural processes have already occurred.
Concomitantly, exothermic processes occur, characterized by loss of CO, (m/z = 44). Such loss is
small and occurs in three phases: 450 °C, 720 °C, and 860 °C. Mass reduction by the loss of CO»,
commonly reduced in non-oxidizing atmospheres, such as the N, used in this analysis, is of interest
for materials such as biochar and the use intended herein.

In summary, on the processes that occur for this source material (poultry manure), we
can say that the mass reduction is caused essentially by the loss of water (m/z = 18), being very
little influenced by the CO; loss (m/z = 44), culminating in a total mass loss of 70 % at the pyrolysis
temperature used in this experiment (350°C).

In contrast, sugarcane straw as the source material (Fig 1b) has a small loss of adsorbed
water (m/z = 18) in the region of 100 °C, which is common for dry materials such as straws,
characterizing the first difference between this material and poultry manure. In the 350 °C region,

the inflection of the mass loss curve occuts, in this case with a total mass loss of 50 % of the
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original material. Also at this temperature, the loss of structural water occurs, being the main agent
responsible for the large mass loss. Equally, at 350 °C, the largest exothermic loss (CO,) is also

reduced due to the N, atmosphere used in this analysis, as discussed above.

5.3.1.2.  X-ray diffraction (XRD)

In the X-ray diffractograms (Fig 2), the range of 10-23° 20 showed typical low-
crystallinity materials, likely from cellulose structures [23] also presented in the biochar [24]. After
the doping process, a low-crystallinity phase of the newly-prepared aluminum oxide hydroxide,
such as pseudoboehmite, may also contribute to a diffraction pattern in this region [25]. The
presence of quartz (SiO») was identified by a well-defined peak at 3.333 A, this being a common
impurity in the biochar from poultry manure [24]. The presence of periclase (MgO) was identified

by peaks at 2.046 A and 1.445 A.
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Fig 2. X-ray diffraction (XRD).

Biochar of poultry manure (PM), poultry manure doped with Al (PM_AI), poultry manure doped with Al
and in its MPAC (PM_AIL_P) and of biochars of sugar cane straw (CS), sugar cane straw doped with Al
(CS_Al) and sugar cane straw doped with Al and in it MPAC (CS_AI_P). The simbols are for: #MgSiO

(Pyroxene); 4MgO (Periclase); FAISiO (Kyanite).

5.3.1.3. Infrared Spectrophotometer (FTIR)

The appearance of bands related to the carboxylic acids (1500 cm™ region) for the BPM

(Fig 3a) and bands related to the aromatic C-H (840 cm™ region) and their disappearances after
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application of Al (BPM_AI and BPM_AI_P) corroborate with the inference that this element is
being linked in these groups. This fact also occurs for BCS (Fig 3b), although with less intensity.
In the 1100 cm™ region, characterized by phosphates, we can observe the highest intensity for the
biochar doped in its MPAC, both for BPM (Fig 3a) and BCS (Fig 3b). Finally, by this analysis we
can also confirm the success of the doping process, with the highest intensity in the region of 400
cm’, responsible for the binding of metals with oxygen, for both biochars after the addition of Al
The region of 2927 and 2853 are responsible for CH,/CHjsvibrations and 2300 for the CO; of the

environment.
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Fig 3. Molecular absorption spectroscopy in the infrared region (FT-IR).
Biochars of poultry manure (PM), poultry manure doped with Al (PM_AL), poultry manure doped with Al and in its
MPAC (PM_AL P) and of biochars of sugar cane straw (CS), sugar cane straw doped with Al (CS_AI) and sugar cane
straw doped with Al and in it MPAC (CS_AL P).

5.3.1.4. Scanning electron microscopy and energy dispersive spectroscopy (SEM and

EDS)

The images obtained by SEM for BPM, before (Fig 4a) or after doping in their MPAC
(Figura 4b), do not demonstrate morphological alteration of the material after addition of Al or P.
Some pores are observed in the images, possibly coming from materials not well digested by
poultrys, such as corn (Fig 4c¢). In these pores, the EDS did not detect Al (or detected with little

intensity) when it was added to the sample, as opposed to the intense Al peaks found on the surface
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(Fig 4b), allowing us to infer that the attraction of this element to the material is so high that

adsorption occurs rapidly upon entering in contact with the surface, not migrating to the pores.
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Fig 4. Images of scanning electron microscope (SEM) and energy-dispersive X-

ray (EDS).
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(a) Biochar of poultry manure (BPM) before Al doping; (b) after Al doping and in its
MPAC and (c) approximate image of pores found in the material after Al doping and in
its MPAC.
The arrows in the pictures represent where the EDS was performed. The peak at 2.12keV
(Au) is due to the sample coating with gold. In image “a” the EDS wasa performed in
total area.

In contrast, the BCS images showed cubic Al crystals throughout their extent as a
consequence of their addition (Figs 5a and 5b). In this sample, EDS also finds Cl in the stomata in
low intensities, probably from the aluminum source used (AlCls) (Fig 5b). Phosphate structures in
cylindrical and longitudinal format were observed in this material after addition of Al and P (Fig
5¢). Such structures appear to be phosphate spicules and are commonly reported in urine with

alkaline pH [20], as is the case with the high pH of our biochar.
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Fig 5. Images of scanning electron microscope (SEM) and energy-dispersive X-ray (EDS).
(a)Biochar of sugar cane straw (BCS) before Al doping; (b) after Al doping and (c) after Al
doping and in its MPAC.

The arrows in the pictures represent where the EDS was performed. The peak at 2.12keV (Au) is
due to the sample coating with gold.
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5.3.1.5.

The chemical species distribution in the biochar surfaces from XPS has good
overlapping with the results of the abovementioned techniques. After Al doping and P adsorption,
the amount of high-reactivity carbon sites decreased (Table 1), in particular the carbonyl groups
(C=0). This group is responsible for adding elements and promoting chemical attack due to the
resonance between C and O, which creates polarity in the molecule. As the Al-doping process was

carried out in low pH (3.0) [27], which ensured high amounts of AI’* (= 100 %) in the solution,

X-ray photoelectron spectroscopy (XPS)

this cation is likely to have joined the carbonyl structure.

Table 1. Cls bonding state and its relative atomic percentage on biochar surfaces as

determined by 3.5 X-ray photoelectron spectroscopy (XPS).

Samples Cls @

284.6 eV 285.8 eV 287.2 eV 288.8 eV
aliphatic/aromatic hydroxyl and ether carbonyl groups (>C  carboxylic
carbon groups  groups (-C-OR) =0) esters and lactones
(CHx, C-C/C=C)

BPM 50 39 11 -
BPM-Al 67 23 - 10
BPM-AL-P 63 32 - 5
BCS 63 24 8 5
BCS-Al 60 31 2 7
BCS-AI-P 53 38 - 9
Al2p ®

74.8 eV 75.2 eV

Al(OH)3 AIO(OH)
BPM - -
BPM-Al - 100
BPM-AI-P - 100
BCS 100 -
BCS-Al 100
BCS-AI-P 100

P2p P
133.4 eV 134.4 eV
CaHPO, and Al-P (Alo54P0.4502
Cas(POy)2 and/or
AIPO4.2H,0)

BPM 100 -
BPM-Al - 100
BPM-AL-P - 100
BCS 100 -
BCS-Al - -
BCS-Al-P - 100

Compound definitions followed: (a) Yao et al., 2010; Srinivasan et al., 2015; Yang et al., 2016

and (b) NIST (https://strdata.nist.gov/xps)
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The pH increase after the doping process promotes the polymerization of newly-added
Al in the low crystallinity minerals, which could be viewed in the SEM analysis (Figs 4 and 5), as
well as in the XPS, whereas the Al peak was about 74.8 and 75.2 eV (Table 1), which is typical of
Al hydroxides [28], such as AI(OH); and AIO(OH). These new compounds are notable for having
high capacity for adsorbing phosphate in soils [29] and are presented in [30-32], which ensured
high P absorption by the doped biochar.

The P compounds identified in the raw material and doped biochar were those already
existing. Ca-P minerals are probes for formation after pyrolysis [33, 34| (Table 1). The BPM after
Al doping already presented Al-P complexation in accordance with the high P availability in this
material. The P signal from BCS after Al doping cannot be identified. Most likely, the Al structures
recovered, as seen in the SEM images (Fig 5), avoided the XPS signal from P. The same Al-P

species were identified after P landing in both biochars.

5.3.2. Al adsorption
The high adsorption capacity of Al by both biochars (Table 2) allows the doping process
by the technique used to be so advantageous. High values arise from the formation of many P
adsorption sites (Al bridges), which is confirmed later by the high MPAC of these biochars after
doping (Table 3).

Table 2. Ky, q., K¢, n and R? values for Langmuir and Freudelich

isotherms after Al doping.

Langmuir
Kp qe R?
L mg" mg g
BPM 0.000037 1072.8 0.90
BCS 0.000028 1183.5 0.94

BPM, biochars of poultry manure in powder; BCS, sugar cane straw

in powder
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Table 3. Ky, qc, K¢, n and R? values for Langmuir and Freudelich

isotherms, after Al doping and P addition.

Langmuir
K. e R?
L mg'! mg g!
BPM 0.00351 701.6 0.95
BPMF 0.00896 356.0 0.93
BCS 0.00295 758.9 0.98
BCSF 0.00689 468.8 0.95
Freudelich
K n R?
L mg'!
BPM 26.52 2.32 0.85
BPMF 1.70 1.44 0.89
BCS 22.80 2.17 0.91
BCSF 2.53 1.58 0.89

BPM, biochars of poultry manure in powder; BCS, sugar cane straw
in powder; BPMF, biochars of poultry manure in fragment; BCSF,

biochar of sugar cane straw in fragment.

Nevertheless, the low value of the binding energy (Ki) suggests that the interaction
between the biochars and Al is not high (Table 2), contrary to that of P, which has high binding
energy (Table 3). This fact, along with Al adsorption values greater than 100 % (1072.85 and
1183.54 mg g Al for BPM and BCS, respectively), allows us to infer that, besides adsorption, a
capping process occurs, thus causing high MPAC.

5.3.3. P adsorption isotherms

As expected, the best fit and, subsequently, the higher R* of the Langmuir isotherm,
compared to that of Freudelich (Table 3), confirms the fact that this model describes the adsorption
process in a more convenient manner, in addition to being more appropriate for the estimation of
maximum point, as observed in this and in several other papers [5, 12, 13, 35].

The high MPAC of both biochars (Table 3), regardless of the biochar texture,
corroborates with the theory that these materials, if doped, have a high potential for P recovery in

waters with a high concentration of this element. In addition, the post-doping process with Al
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generated a biochar with a higher MPAC than many values reported in the literature. For example,
[36] reported a MPAC of 46.37 mg g in a Lanthanum-doped oak batrk biochar; [37] found a MPAC
of 50 mg g using magnesium-doped cane straw biochar; and [38] obtained a MPAC of 125.40 mg
g for a bismuth-doped wheat straw biochar. Nevertheless, in studies where doping is performed
after pyrolysis, i.e., after the biochar is produced, MPAC values tend to be higher, such as that of
[39], who found a maximum adsorption of 318 mg g"' when using Fe-doped corn straw biochar in
the post-pyrolysis process, ot that of [40], who reported a MPAC of 250 mg g with Mg- and Al-
doped sugarcane straw biochar, also in the post-pyrolysis process.

The effect of the biochar texture, i.e., macerating the material, as expected, is of
paramount importance in the final adsorption value (Table 3). When repeating the isotherm for
the fragmented materials the initial MPAC value (701.65 and 758.96 mg g of P for BPM and BCS,
respectively) is reduced by almost half (356.04 and 468.84 mg g of P for BPM and BCS,
respectively), inferring that an important point for this technique is the specific surface. It is also
believed that, besides the contribution of the post-doping process in the high MPAC for biochars,
there is the effective involvement of the high affinity of Al, used as a cation for the generation of
electropositivity, by P, the retention of this nutrient being a major problem in tropical soils, which

act as a strong P drain [21].

5.3.4. P desorption

The need for larger successive extractions to desorb the P adsorbed to the BPM, regardless
of the extractor used (Table 4), and the lowest desorbed percentage, compared to BCS, is in
agreement with the higher Kr and K. of this material (Table 3). These rates are related to the P
adsorption strength, and the higher the binding energy, the more extractions are required for total

desorption [41].
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Table 4. Concentrations of P desorbed after successive extractions with H,SOy,

NaHCO3 and Hzo

Successive extractions

Extractor 1 2 3 4 5 6 Total Total
mg L1 %
BPM®
H2S04 417.23 12.67 7.63 0.71 0.43 0.23 438.90 62.5526
NaHCO; 21127 33948  91.68 8.16 - - 650.59 92.7229
HO 133.71 - - - - - 133.71 19.0565
BCS®@
H.SO4 642.16 3.08 1.71 - - - 646.95 85.2416
NaHCO;  602.34 77.95 39.66 8.19 - - 728.14 95.9392
HO 187.56 - - - - - 187.56 24.7128

(1)biochar of poultry manure; (2)biochar of sugar cane straw

Sulfuric acid for both biochars extracted a lower amount of adsorbed P (total percentage),
despite desorbing the largest amount already in the first extraction. Sodium bicarbonate extracted
significant amounts in all successive extractions, obtaining a 92 % and 95 % extraction of the
adsorbed P for BPM and BCS, respectively (Table 4). These observations are in agreement with
the mode of extraction of both extractors: while extraction by sulfuric acid corresponds to the
exchange of binders between adsorbed phosphate and the extractor sulfate, extraction by sodium
bicarbonate corresponds to the exchange of binders between the phosphate adsorbed and hydroxyl
groups from the extractor [42]. Water, as might be expected, was not an effective extractor in the

process.

5.3.5. Effect of competing anions

The affinity of the anions with the Al-doped biochar (Fig 6) seems to follow the order
proposed by Hofmeister, which states that the affinity increases with the increasing charge and
reduction of the hydrated ionic radius [43]. This fact is in agreement with the one found by [16],
who verified a reduction of 3.02 %, 4.80 % and 6.95 % in the phosphate adsorption of a rice husk
biochar by adding chloride, nitrate and sulfate to the solution, respectively. [12] noted a reduction
in P adsorption by corn biochar of 11.7 % and 41.4 %, respectively, after competition with NO*

and CO%Z
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Fig 6. Percentage of adsorption of chloride, nitrate, phosphate and sulphate anions,
in a competition test for the adsorption sites.

Equilibrium in the concentrations of 0.1 and 0.2 mol L." with the Al doped biochars of sugar
cane straw (CS) and poultry manure (PM).

The predominant form of phosphate is variable according to the pH of the solution [44],
and in pH values equal to 6, as is the case in this experiment, the predominant form is H,POy,
which is the reason why SO, was adsorbed with greater priotity after adding the highest
concentration solution (0.2 mol L") and with the same priority after adding the solution with the
lowest concentration (0.1 mol L"). [45] compared the competition between phosphate, chloride,
nitrate and sulfate in the rice bark biochar adsorption sites at different pH values and found that,
in a solution of pH 9.0, POs* which is the predominant form, with the possibility of forming
complexes with the Ca/Mg used in the doping process, makes the presence of anions such as CI',
NO; and SO4* not cause great effects.

Such a variation between the solutions and the non-occurrence of a two-fold adsorption,
for most anions, by doubling the added concentration, can be justified by ionic strength. The
increase in ionic strength when increasing the concentration, with a subsequent decrease in anion
activity, as reported by [45], allows the competition in the sites to be amplified and prevents the

response from being greater, as one might expect.
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5.3.6. Sorption in eutrophic water

With the successive changes of the solution in equilibrium, in order to guarantee the
saturation of the adsorption sites, the biochar buffer was ruptured and, after doping, had its pH set
at 6.0 and, with the addition of water, had its pH increased to 9.0 (the original pH value of the
biochar before the doping process). This fact caused the predominant form of P in solution to be
bivalent and trivalent rather than monovalent, as in the competition with anions at the same
concentration (pH set at 6.0), ensuring that the phosphate had preferential adsorption (Fig 7), as

opposed to the previous test (Fig 0).
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Fig 7. Percentage of adsorption of chloride, nitrate, phosphate and sulphate anions,
in a competition test for the adsorption sites.

After equilibrium with a hypothetical eutrophic water, with the Al doped biochars of sugar
cane straw (CS) and poultry manure (PM).

[46] found a preferential adsorption of fluoride (F), when the phosphate form in the
solution is monovalent (H,POy). The situation is reversed when the predominant form is bivalent
or trivalent (HPO4* and/or PO,Y), as the preferred exchange sequence is for higher-valence anions
(Hofmeister series). The presence of the dissociated or hydrolyzed form is defined by the pH
values, so the acidity of the medium changes the exchange preference, as illustrated by [47].

The chloride and nitrate anions follow the expected pattern, with lower adsorption

compared to the others (Fig 7).
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5.4. CONCLUSION

The high adsorption of Al by both biochars (poultry manure and sugarcane straw), with
the capping of these materials with this cation and its hydrolysis products, ensures the efficiency
of the post-doping process, allowing a high P adsorption capacity by the materials, its texture
(specific surface) being of great importance in the magnitude of this capacity. P desorption is
carried out in few successive extractions by the acid or base extractors, ensuring the removal of
almost the entirety retained P, thus allowing its reuse as a slow-release phosphate fertilizer. Its use
in eutrophic and residual water is plausible, despite the lower adsorption of P as a consequence of

the competition of anions such as sulfates, chlorides, and nitrates.
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6. FINAL REMARKS

The deposition of agricultural residues and animal wastes in the soil causes controversy
around the emission of greenhouse gases (GHG), as well as the leaching of chemical elements and
the consequent contamination of groundwater and watercourses. Enteric fermentation, animal
waste and agricultural soils are responsible for about 70 % of GHG emissions in agriculture, forest
and land use regions in general (IPCC, 2015), and the application of manure to soil causes a
constant debate between pros and cons (Owens & Silver, 2014; Millardi & Angers, 2014).

The controversial final destination of some waste along with criticism of its maintenance
in the soil, such as in the no-tillage system, makes environmentally safe forms of waste disposal to
be sought. For example, sugarcane, widely cultivated in Brazil, with a planted area of 8.8 million
hectares, generating around 250 million tons of straw (CONAB, 2013), has laws prohibiting its
burning. In this same scenario, intense animal husbandry leads to intense manure production and
its incorrect deposition to the soil, increasing GHG production (Kelly et al., 2016).

Biochar appears in these scenarios as a potential solution not only for GHG emissions, but
also for recidivism pest and disease control, as a sustainable management of such materials,
bringing a return to the physical, chemical and biological quality of the soil.

Chapter I we conclude that the pyrolysis of poultry manure and sugarcane straw leads to
the mitigation of GHG in sandy soil and that the increase in pyrolysis temperature reduces
emissions. The results allow inferring that the application of these biochars in the soil is an
environmentally safe deposition of their source materials, at least in regard of GHG emission.

In Chapter II we conclude that pyrolysis of poultry manure and sugar cane straw leads to
GHG mitigation and that regardless soil texture. Although such a benefit occurs despite the
beneficial effects of biochar as a GHG mitigator, this advantage is best seen in sandy soil compared
to clayey ones. The absence of variation between pyrolysis temperature for the biochar of sugarcane
straw was attributed to the recalcitrance of this source material, not being influenced by changes
of the medium. In this chapter, we also conclude (d) that the reduction of the originally alkaline
pH of the biochars leads to a reduction in the GHG emission similar to the elevation of the
pyrolysis temperature, which is an important consideration, since this would be an option to raise
the pyrolysis temperature to achieve the same GHG mitigation potential

In chapter III we observe that although poultry manure and sugar cane straw biochars do
not have the capacity to adsorb phosphorus (P), this ability is developed after a pre-doping process
with Mg®". In addition, the high P desorption allows to infer that this product has potential to be

used as slow release fertilizer, competing in quantity and quality with soluble commercial mineral
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sources, since doses 2.8 and 1.2 times smaller are needed to apply the same amount of P, compared
to simple superphosphate (SS) and concentrated superphosphate (CS), respectively.

In Chapter IV we find that the ability to adsorb anions can also be developed for these
biochars by the post-doping process with Al’*, conferring a higher maximum P adsorption capacity
(MPAC) compared to the pre-doping process with Mg”" in chapter III. We believe that an
explanation for the higher MPAC can be that Al’*is a trivalent cation, with high affinity for P. The
high adsorption of Al corroborates this assertion.

In this chapter we also observe desorption of almost all of the adsorbed P by few successive
extractions with chemical extractors, allowing to infer about their reuse as slow release fertilizer.
Using the same logic in the previous chapter, we reached a dose of 8.9 and 3.7 times lower for the
biochar of poultry manure and 9.7 and 4.1 times lower for the sugar cane straw biochar, compared
to SS and CS, respectively. Finally, we can conclude from the results of this chapter that the use of
these materials in the recovery of eutrophic or wastewater is plausible, despite the lower adsorption
of P as a consequence of the competition of anions such as sulfates, chlorides and nitrates.

With these studies with biochars we observe the various benefits and potentials of
pyrolyzing organic materials. The difference between products, being the poultry manure an
extremely labile animal residue and the sugarcane straw a recalcitrant vegetal residue, allowe us to
verify that the advantages are visible, independent of the raw material. We believe in the potential
of biochar as a GHG mitigator, as a recover of eutrophic or wastewater and in the reuse or recycling

of nutrients such as P, and as slow release fertilizer.
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