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RESUMO GERAL

Fertilizantes organominerais (FOMs), comparado a fertilizantes minerais, podem ter maior
valor agrondmico para o cultivo de plantas em Latossolos. Vérias rotas e matrizes podem ser
utilizadas para sintetizar FOMs, incluindo o uso de acidos humicos (AH), compostos e
biocarvao (pirdlise). Analises quimicas e espectroscopicas podem acessar formas e quantidades
de nutrientes nos FOMs, e técnicas espectroscopicas, como a espectroscopia de infravermelho
(IV), podem predizer os valores quantificados em andlises quimicas. Assim, o presente estudo
usou diferentes rotas na sintese de FOMs, com base em Zn-AH, NPK-composto produzido por
compostagem e NPK-biocarvdo com maior valor agrondmico comparado a fertilizantes
minerais, e além disso usou o IV para predizer propriedades, formas e quantidades de nutrientes
em NPK-FOMs. No primeiro estudo, a mistura de Zn e AH promoveu a complexagdo do Zn
pelo AH; quando essas moléculas foram aplicadas via solo, em relacdo ao sulfato de Zn, houve
aumento do Zn na solucéo do solo e aumento no crescimento e nutricdo do milho seguido do
cultivo de brachiaria em Latossolos. No segundo estudo, utilizando diferentes rotas foram
sintetizados Zn-FOMs a base de AH com liberacdo gradual do Zn o que modificou a dindmica
do Zn liberado no solo, aumentando a eficiéncia de uso do Zn em uma sequéncia do cultivo
milho-braquiaria. No terceiro estudo, diferentes FOMs foram produzidos a partir da
compostagem de diferentes propor¢des entre fontes de P, casca de café e esterco de galinha;
entre os FOMs produzidos, aqueles que incluiam fosfato de aménio (MAP) tiveram o maior
valor agronémico. Por meio da andlise de IV, foi possivel predizer as propriedades e as
quantidades de nutrientes nos FOMs. Em um quarto estudo, os FOMs sintetizados a partir de
MAP na etapa 3 foram testados em dois Latossolos contrastantes, e observou-se que os FOMs
tiveram uma liberacao gradual de P contribuindo para a redugéo do P inicial na solucao do solo,
aumento da biomassa e nutricdo do milho comparado ao uso exclusivo de MAP. No quinto
estudo, FOMs foram sintetizados a partir da acidulacdo do fosfato natural de Araxa (FA) e sua
mistura com residuo da pés-colheita de café antes da pir6lise. A producdo de FOMs a base de
biochar promoveram uma liberacdo gradual de P, e a producao e nutricdo em uma sequéncia de
cultivo de milho-braquiéria dependeu da propor¢édo de P soltvel em citrato neutro de aménio
mais dgua dos FOMs. O sexto estudo foi desenvolvido com base nos resultados do quinto estudo
avaliando novas rotas envolvendo a acidulacdo do FA, com mistura subsequente de biocarvao
produzido a partir de residuo da pds-colheita de café. Os novos FOMs sintetizados tiveram altos
teores de NPK, e o P dos FOMs foi liberado de forma gradual indicado por estudos de cinética
de liberacdo e pelos teores de P na solucdo do solo para o milho cultivado em Latossolo. A
liberagdo gradual de P na solucéo do solo correlacionou-se positivamente com o acimulo de P
na parte aérea do milho, o que aumentou a biomassa em relacdo ao uso de fertilizantes minerais.

Palavras-chave: Acidos Himicos. Biocarvdo. Compostagem. Latossolo. Solug&o do Solo.



GENERAL ABSTRACT

Organomineral fertilizers (OMFs) over mineral fertilizers may have higher agronomic value for
growing plants in Oxisols. Several routes and matrices can be used to synthesize OMFs,
including humic acid (HA), composts, and biochar (pyrolysis). Chemical and spectroscopic
analyses can access nutrient forms and pools in OMFs, and spectroscopic techniques such as
infrared analysis can predict the values quantified in chemical analyses. Thus, the present study
aims to use different routes in the synthesis of OMFs, based on Zn-AH, NPK-compost produced
by composting, and NPK-biochar with higher agronomic value over mineral fertilizers and use
infrared spectroscopy to predict properties and nutrient pools in NPK-OMFs. In the first study,
the mixture of Zn and HA promoted the complexation of Zn by the HA structure; when these
molecules were applied via soil, compared to Zn sulfate, there was an increase of Zn in soil
solution, and growth and nutrition of maize plants followed by the cultivation of brachiaria in
Oxisols. In the second study, using different synthesis routes of OMFs, Zn-OMFs based on HA
were synthesized with the aim to gradually release Zn that modified the dynamics of Zn released
in the whole soil and its solution, increasing the use efficiency of Zn in the sequence of maize-
brachiaria cultivation. In the third study, different OMFs were produced by composting
different mixtures between sources of P, coffee husk, and chicken manure; among the OMFs
produced, those that included monoammonium phosphate (MAP) in the composted mixtures
had the highest agronomic value. Through infrared analysis, it was possible to predict the
properties and nutrient pools in the OMFs. In a fourth study, the OMFs synthesized based on
MAP in step 3 were tested in two contrasting Oxisols, and it was observed that the synthesized
OMFs had a gradual release of P, which contributes to the reduction of the initial contents of P
in soil solution, increasing the maize biomass and nutrition over the exclusive use of MAP. In
the fifth study, OMFs were synthesized based on the acidulation of Araxd phosphate rock
(APR) and in its mixture with coffee post-harvest residue before pyrolysis. Production of OMFs
based on biochar promoted a gradual release of P, and the production and nutrition in a maize-
brachiaria crop sequence depended on the proportion of P soluble in neutral ammonium citrate
plus water in the OMFs. The sixth study was developed based on the outputs of the fifth study
evaluating new routes involving the acidulation of APR, a subsequent mixture of biochar
produced from coffee post-harvest residues. The new synthesized OMFs had high levels of
NPK, and the P from the OMFs was released gradually, either in studies of kinetics release in
water or citric acid or by evaluating the P contents in the soil solution during maize cultivation
in a medium textured Oxisol. This gradual release of P in soil solution correlated positively
with P accumulated in the maize shoot, which increased the biomass over soluble mineral NPK-
fertilizers.

Keywords: Humic Acid. Biochar. Composting. Oxisol. Soil Solution.
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FIRST PART

1 GENERAL INTRODUCTION

Tropical soils have low pH and low nutrient availability, mainly P (phosphorus), under
natural conditions; thus, the use of fertilizers and liming are necessary to increase soil nutrient
availability and, consequently, to improve crop yield (FAO, 2017; LOPES; GUILHERME,
2016; MONTALVO et al., 2016; WITHERS et al., 2018). In addition, in tropical soils, there is
a predominance in the solid phase of iron (Fe) and aluminium (Al) oxides, and low-activity
mineral colloids, such as kaolinite, which are matrices prone to adsorb P in stable bonds, which
consequently reduce the efficiency of phosphate fertilization (FINK et al., 2016; LOPES;
GUILHERME, 2016; MCLAUGHLIN et al., 2011). Different factors, including the increase in
soil pH to 5.5-6.5 promoted by liming and soils with higher soil organic matter (SOM) contents,
can increase fertilization efficiency (FINK et al., 2016; MCLAUGHLIN et al., 2011;
MONTALVO et al., 2016). SOM through different mechanisms increase the availability of the
nutrients such as nitrogen (N), P, potassium (K) and metallic micronutrients such as zinc (Zn),
blocking adsorption sites, complexing nutrients, reducing nutrient leaching and through the
mineralization process (DHALIWAL et al., 2019; FINK et al., 2016; NOVAIS et al., 2007).
However, due to intense weathering, increasing SOM levels in tropical soils is an enormous
challenge achieved in the long term (FINK et al., 2016; MCLAUGHLIN et al., 2011).

Soluble mineral fertilizers with a high concentration of nutrients are generally used in
Oxisols. Considering the main properties of these soils, mineral fertilizers generally have low
agronomic value due to free and highly soluble nutrients release by mineral fertilizers that
strongly interact with soil components and colloids (JOHAN et al., 2021; MCLAUGHLIN et
al., 2011; WITHERS et al., 2018). Organic fertilizers have nutrients in organic and mineral
forms; these nutrient-available forms interact positively with the organic matrix, increasing
crop nutrient use efficiency (MUMBACH et al., 2020). Despite these benefits, organic
fertilizers are characterized by low nutrient concentrations, which require high rates to
adequately nourish plants, restricting the use of organic residues to places close to the site of
organic residues production (MUMBACH et al., 2020).

One way to reconcile higher concentrations of nutrients with the interaction of these
nutrients with the organic matrix is the synthesis of organomineral fertilizers (OMFs) (ERRO et
al., 2012; KOMINKO; GORAZDA:; WZOREK, 2017; SA et al., 2017). OMFs generally have

a higher agronomic value than mineral sources due to the presence of mineral and organic
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forms, compared to the predominance of readily available nutrients in mineral fertilizers
(ERROetal., 2012; SAetal., 2017; SAKURADA et al., 2016). OMFs can be produced through
different routes, mineral nutrient sources and organic matrices. Among the routes and materials
used in the synthesis of OMFs, three OMF routes of synthesis stand out: the use of humic
substances such as humic acid (HA), the use of composted matrices derived from animal
manures and plant residues, and pyrolysis of manure and plant residues, and subsequent use of
biochar (BARBOSA et al., 2022; ERRO et al., 2012; FRAZAO et al., 2021; LUSTOSA
FILHO et al., 2017; MALUF et al., 2018; SANTOS et al., 2018).

The extraction of HA from organic waste is a laborious process, and a low proportion
of HA is recovered in relation to the total material mass, which makes this synthesis route of
OMFs more expensive (SWIFT, 1996). Thus, the use of HA in OMFs synthesis has a higher
potential to micronutrient-based OMFs since the amounts applied are lower than those required
for NPK fertilizers (MARSCHNER, 2012; ROSE et al., 2014; SANTOS et al., 2018). Among
the micronutrients, the metallic ones have a higher beneficial interaction with HA, such as Zn
(BOGUTA; SOKOLOWSKA, 2016; MORALIS; SILVA; JINDO, 2021; SANTOS et al., 2018).
The interaction between HA and Zn involves different mechanisms and processes, including
ionic or uncoordinated forms, unidentate complexes, bidentate chelates, and coordination
chemistry bidentate bridging ligands, as well as the interaction and complexation between
organic molecules and Zn shown by infrared spectroscopy (BOGUTA; SOKOLOWSKA, 2016;
JUSTI et al., 2021; OSTE et al., 2002; SANTOS et al., 2018). HA, when mixed with mineral
fertilizers containing Zn, promote the HA-Zn interaction, and when these forms are applied via
soil, the use efficiency of Zn by plants grown in Oxisols increased over Zn mineral sources
(MORAIS; SILVA; JINDO, 2021).

The composting process in the synthesis of OMFs is cheaper than the synthesis of
OMFs based on HA. The use of compost to promote the interaction of mineral fertilizers with
organic residues requires fewer steps than the use do HA, with a high potential to be used in the
synthesis of NPK-OMFs on a large scale (MALUF et al., 2018). Mineral fertilizers can be added
either before or after composting to increase the concentration of one or more nutrients, which
consequently increases the agronomic value of the OMFs produced (FRAZAO et al., 2019,
2021; MALUF et al., 2018; SA et al., 2017). During composting, nutrients added via mineral
fertilizers interact with the organic matrix, modifying nutrient forms, contents and availability,
and their Kinetics release, thus, properties that truly regulate the OMF agronomic value
(CRUSCIOL et al., 2020; MALUF et al., 2018).
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When monoammonium phosphate, coffee husk and chicken manure are mixed before
composting, P availability is improved since forms of P soluble in water and readily available
for plants are reduced, though P available in the long-term for plants is maintained, a factor that
may improve the agronomic performance of OMFs over P mineral fertilizers (MALUF et al.,
2018). Furthermore, in compost-based OMFs, there are mineral and organic forms of N, which
contribute to a more synchronized N release with crop nutritional demand, as the N-mineral can
be rapidly released and used in the early stages of plant growth, while organic N in OMF is
mineralized and released during plant growth cycle (ANTILLE; SAKRABANI; GODWIN,
2014; GROHSKOPF et al., 2020).

Despite being a viable process to produce OMFs fertilizers containing NPK,
composting takes a long time to generate stable composts due to the high time for organic
residue decomposition and the maturation (humification) process completed (MALUF et al.,
2018; MENGQI et al., 2021). Pyrolysis is a faster process than composting and with a high
potential to produce OMFs containing NPK, thus, generating biochar-based fertilizers (BBFs)
(AN etal., 2021; GWENZI et al., 2018; LUSTOSA FILHO et al., 2017; PIASH; IWABUCHI;
ITOH, 2022). In the production of BBFs, animal and crop residues waste are subjected to
pyrolysis, which is a process whose feedstocks are charred at high temperatures (300-750°C)
under oxygen-limited conditions (SINGH; CAMPS-ARBESTAIN; LEHMANN, 2017). As in
the composting process, during BBFs synthesis, mineral fertilizers can be added either in
processes before or after pyrolysis (LUSTOSA FILHO et al., 2017; MATOSO et al., 2019;
PIASH; IWABUCHI; ITOH, 2022). In the addition of materials in the process prior to
pyrolysis, the mixture between poorly soluble rock phosphate (Dorowa phosphate rock) and
maize residues did not promote significant gains in the agronomic value of the produced BBFs
compared to low-grade rock phosphate (TUMBURE et al., 2020). Thus, in routes involving the
synthesis of BBFs from poorly soluble phosphate rocks, the apatite acidulation process must be
used in a previous pyrolysis step, resembling the process used in the synthesis of P mineral
fertilizers (UNIDO; IFDC, 1998).

The use of different fertilizer routes, the modifications within each route, and the use
of different mineral or organic materials result in the synthesis of OMFs with different chemical
properties and nutrient pools, and these properties determine the agronomic value of the carbon-
fertilizers (CARNEIRO et al., 2022; ERRO et al., 2012; FRAZAO et al., 2021; LUSTOSA
FILHO et al., 2017; MALUF et al., 2018; SANTOS et al., 2018). The main properties that
differentiate organomineral fertilizers over mineral fertilizers are the presence of organic and

mineral nutrient forms in OMFs, complexation of nutrients by OMF organic matrix and
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functional radicals, retention of cationic nutrients in negative changes generate in the surface
of OMF organic matrix, and presence of C organic compounds capable of blocking adsorption
sites of nutrients, mainly phosphate, in soil, presence of organic compounds with the capacity
of plant biostimulants, and gradual release of nutrients as well (CARNEIRO et al., 2022;
ERRO et al., 2012; FACHINI; FIGUEIREDO; VALE, 2022; FINK et al., 2016; FRAZAO et
al., 2019; GHODSZAD et al., 2021; JING et al., 2022; KABIRI et al., 2017; LUSTOSA
FILHO et al., 2017). These properties mentioned above and nutrients pools in OMFs assessed
by different analytical methods affect the availability of nutrients in the whole soil and its
solution, consequently improving crop nutrition and production (AN et al., 2021,
GHODSZAD et al., 2021; ROSE et al., 2019; SHI et al., 2020; WANG et al., 2012). Thus, the
effects on these nutrient compartments must be evaluated when OMFs are used to fertilize
different crops and investigate residual nutrient effects for subsequent crops.

Forms and availability of nutrients in OMFs can be evaluated through different
methods, such as the determination of organic and mineral forms of nutrients, availability of
nutrients in different extractors, such as in water, citric acid, neutral ammonium citrate plus
water, and formic acid, the kinetics of nutrient release, cultivation of crops to evaluate the
availability of nutrients in the whole soil and its solution, and its relationship with plant nutrition
and biomass production; use of infrared spectroscopy (BARBOSA et al., 2022; CARNEIRO et
al., 2021; LOPEZ-RAYO et al., 2017; LUSTOSA FILHO et al., 2017; MALUF et al., 2018;
SHI et al., 2020). Through infrared analysis, it is possible to identify functional groups and
specific nutrient bonds in OMFs (BARBOSA et al., 2022; CHEN et al., 2018; LUSTOSA
FILHO et al., 2017; MALUF et al., 2018; SHI et al., 2020); thus, it is expected that the
compatibility of this method and chemical quantification methods commonly used in the
characterization of OMFs, as was already observed the prediction of properties and the
availability of P through the spectroscopic signature of OMFs (LU et al., 2019;
RUANGRATANAKORN et al., 2020; WANG et al., 2019).

Due to the gradual release of nutrients from OMFs, compared to mineral fertilizers,
OMFs may have a higher residual effect after the application to supply nutrients in a first crop,
which makes it necessary to evaluate theses effects in subsequent crops (CARNEIRO et al.,
2021; MARTINS et al., 2017; SAKURADA et al., 2019). In addition, the efficiency of the
application of OMFs has a higher relationship with soil properties, and in soils with higher
levels of SOM, the effects of OMFs may be smaller due to the natural effect observed by SOM
(ANTILLE et al., 2017; BORGES et al., 2019; DUBOC et al., 2022; ERRO et al., 2012;
FRAZAO et al., 2019; SA et al., 2017).
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Thus, this study had the following aims: i) to use different synthesis routes in the

production of OMFs with higher agronomic value than mineral sources; for the HA route, Zn

was used as a nutrient target, for composting and pyrolysis, NPK was used as target nutrients,

with a greater focus on P; ii) Use infrared analysis to predict nutrient properties and pools in

different compost-based OMFs. Thus, the thesis is structured in six chapters with the respective

specific aims of each chapter as follows:

Chapter 1: Humic acid interaction with Zn, increasing the efficiency of Zn fertilization
for maize and brachiaria successively grown in Oxisols with contrasting SOM content
and texture;

Chapter 2: Synthesis of Zn-OMFs using different HA produces fertilizers with different
rates of Zn release and with higher agronomic value for maize and brachiaria
successively grown in Oxisols with contrasting SOM content and texture;

Chapter 3: Use of infrared spectroscopy to predict properties and nutrient pools in NPK-
OMFs-derived compost produced through the mixing of chicken manure, coffee husk
and low-grade and soluble P sources;

Chapter 4: Evaluate the agronomic value of OMFs with a gradual P release produced
by composting of monoammonium phosphate, chicken manure and coffee husk for
maize cultivation in Oxisols with contrasting SOM content and texture, and to evaluate
the residual effect of NPK-OMF fertilization as well;

Chapter 5: Synthesize different BBFs containing NPK from the acidulation of Araxa
phosphate rock (APR), using different inorganic acids and mixing them with coffee
post- harvest residues, with the subsequent characterization of OMFs regarding nutrient
pools, the kinetics of P release, and their agronomic value for the successive growth of
maize followed by brachiaria in Oxisols with contrasting SOM content and texture;
Chapter 6: Synthesize new BBFs containing NPK from new routes involving APR
acidulation and the used inorganic acid in different stoichiometric ratios and with
subsequent incorporation of biochar with gradual release of NPK, mainly P; testing

OMF agronomic value for maize growth in a Sandy Loam Oxisol.
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Humic Acid Improves Zn Fertilization in Oxisols Successive ly Cultivated with Maize—
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Abstract: Zinc (Zn) is a micronutrient for plant growth, and Zn deficiency is a global issue,
especially in tropical soils. This study aimed to investigate the effects of humic acid (HA) and
the Zn addition (Zn sulfate + HA) on the growth of maize and brachiaria in two contrasting
Oxisols. The potential complexation of Zn sulfate by HA was evaluated by Fourier-transform
infrared (FTIR) spectroscopy analysis. Zinc content and its availability in solution and the shoot
and root biomass of maize and brachiaria were determined. FTIR spectroscopy revealed the
complexation of Zn sulfate by HA through its S and C functional groups. In both Oxisols,
solution Zn increased due to the combined use of Zn and HA. In a soil type-dependent manner,
maize biomass and Zn in its shoots were affected only by the exclusive use of Zn fertilization.

In the Yellow Oxisol, brachiaria growth and Zn accumulated in its shoot were positively
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affected by the combined use of Zn fertilization with HA. In the Oxisol with lower organic
matter content, HA can assure adequate supplying of residual Zn, while increasing growth of
brachiaria cultivated in sequence to maize.

Keywords: organometallic complexes; tropical soils; humic fertilization; residual zinc

1. Introduction

Zinc (Zn) plays a role in plant metabolism, acting as catalytic and structural
components of proteins, tryptophan, carbohydrate metabolism, and indoleacetic acid synthesis,
while maintaining cell membrane integrity and increasing lipid peroxidation [1]. Regarding
tolerance to Zn, maize (Zea mays) is highly sensitive, while some grass plants such as brachiaria
are less affected by low levels of Zn in the growth media [2]. The maize—brachiaria cultivation
sequence is adopted in many Brazilian cropping areas [3]. The efficient use and adequate Zn
fertilization are key issues to increase food production in Brazilian soils [2]. The Zn deficiency
in soils is a global concern [2,4], mainly in tropical soils such as the Brazilian soils where parent
material and intense weathering are key processes decreasing Zn availability in cerrado soils
[2,4,5]. In addition, the acidic conditions, low pH, and reduced P availability in the Brazilian
soils require other agronomic practices to improve crop production; liming and phosphate
fertilization are frequently used to correct acidity and increase soil available P levels though

these practices aggravate Zn deficiency in poor Zn fertilized cerrado soils [1,4].
In soil, Zn availability is controlled by the intensity of adsorption and precipitation

reactions [4]. Zn sorption increases as the soil pH is higher due to the rise of negative charges

on soil colloid surfaces and the increased presence of adsorbed and precipitated Zn forms in
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soil [4]. Organic matter (OM) content controls the magnitude of Zn sorption in soil [4]. OM is
composed of different fractions, including humic (HA) and fulvic acids, which are OM pools
characterized by low isoelectric points; thus, even at low soil pH levels, negative charges prevail
on the surface of organic colloids [6]. The increase of OM and soil pH augment Zn adsorption
due to the higher amount of organic ligands and the increase of density of charges in these
organic ligands, besides the increased stability of organic complexes with HA, as the pH is
increased [4,7]. An increase in clay content is a key factor to increase Zn adsorption in soils.
However, the density of negative charges in tropical clay minerals and Al and Fe oxides is
lower than those in organic colloids [1,2,4]. Moreover, Zn availability to plants is controlled by
soil type, minerals associated with clay and Fe and Al oxides, soil parent material, total Zn
content, soil pH, concentrations of organic matter, Ca, calcite, bicarbonate, and phosphate found
in the soil, solution or in labile forms prone to be solubilized and to react with zinc with
subsequent formation of precipitates and high-stability organometallic complexes [1,2,4,7].

In Brazilian cropland areas, the increase of OM and humic substances stored in the soil
IS not a simple task, even in no-tillage and conservative cropland fields. This is why the soil
amendment with exogenous OM such as humic acid should be tested to reduce specific Zn
adsorption into soil mineral colloids while improving Zn uptake by crops. Humic acid, a pool
of humic substances (HS), is prone to form complexes with Zn. However, the stability and
solubility of complexes formed depend on the Zn—HA stoichiometry, plant type, HA rate added
to soil, growing medium properties, and soil type [7—11]. Therefore, depending on the
combination of the factors mentioned above and soil management practices adopted, Zn uptake
by crops may be improved or diminished [8,9,11]. In combination with Zn, HA addition to soil
improves nutrient uptake and plant growth through direct and indirect effects of HS [9,11].
Direct effects occur when HA is in contact with the plant cell membrane and tissues, stimulating

several plant chemical, physiological, and biochemical processes [11-14]. The action of HS on
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plant tissues includes the stimulation of root proliferation, enhancement of H*-ATPase activity
in the cell membrane, and changes in the magnitude of nutrient uptake, assimilation, and use
efficiency [8,9,11-13,15,16].

Indirect effects of HS are related to the modifications in the growing medium in
response to humic fertilization [11,12]. In soil, HA may complex Zn [7], improving Zn nutrition
and plant growth [17]. Complexation of Zn by organic ligands is relevant to improve Zn uptake
by plants, considering that the organometallic complexes increase Zn content in soil solution
and Zn diffusion from solution to cell root surface as well [4,7,10,14]. Even though the Zn
concentration in solution is only a tiny fraction of soil total Zn content, Zn dissolved in the soil
liquid phase is a readily available Zn pool for plants [4]. Therefore, it is expected that HA has
organic radicals in its structure capable of complexing the Zn in soluble forms. Even at high
soil pH conditions (pH 7.2), the HA uses efficiently increased the Zn content in solution [10].

When present in soil solution, HA is also capable of buffering soil acidity, keeping the
pH in the optimum range required for plentiful nutrient supplying to crops, mainly of Zn, whose
availability is reduced as the soil pH is increased [1,2,4]. The HA effect on soil acidity buffering
is highlighted primarily in soils with low clay and organic matter contents. In less buffered
soils, pH oscillation is more frequent, and, when pH is within the alkaline range, less dissolved
Zn is found in soils, while low insoluble forms (ZnOH* and ZnOH>) are formed in the whole
soil [2,4]. When present in the growing medium, HA is capable of buffering soil acidity,
avoiding oscillations in soil reaction [14,18], which, consequently, favours the formation of
soluble Zn?* free hydrated forms, as well as soluble Zn-organic complexes [4].

Humic acid effects on plants also rely on the properties of HA’s structure-organic
functional groups-function [15,17]. The positive effects of humic acid on maize or brachiaria
were already reported, as well as the residual effects of humic fertilization on brachiaria after

successive cuttings [8,19]. In tropical soils, Zn is prone to be immobilized in the soil mineral
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phase, but little is known regarding the humic fertilization—Zn interaction on plant nutrition and
growth. Additionally, in the large area of Brazilian integrated crop-livestock systems, maize
and brachiaria are simultaneously cultivated [3], and both crops show different responses to HA
application and Zn fertilization [2,4,8].

The direct and indirect effects of HA occur simultaneously [9,11], and are linked to the
type and concentration of oxygen-, nitrogen-, and sulfur-containing functional groups in the
HA structure [14,15,20]. Infrared spectroscopy is a suitable technique to reveal the functional
groups and specific bonds formed between the metals and HA [6,7,14]. The use of infrared to
evaluate the chemical complexation was proved when ZnCl, was mixed with HA, considering
that the OH-stretching at 3290 cm™! increased when Zn was complexed by HA [7]. Other bonds
are involved in Zn complexation through organic molecules, such as the FTIR peak at 1075
cm! related to the formation of organic-SO4 >-metal complexes [21], reflecting the role played
by HA sulfur groups in complexing Zn [20]. When organic matrices and metal are mixed, HA
acts both as a source of complexed metal to plants and bioactive molecules capable of
improving plant nutrition, physiology, and growth [20]. Some functional groups found in the
HA structure are positively related to HA bioactivity [14]. Besides, the peaks related to the C-
Hs bending, C=C (aromatic-C), and aliphatic C—H stretching recorded in HA infrared spectra
contribute to improving plant growth medium capacity to buffer acidity [14,18].

This work is the first attempt to study the HA-Zn interaction in contrasting Brazilian
soils. HA is not supposed to play a role in plant growth and soil Zn chemistry, forms, and
availability in OM-enriched soils. In less-buffered soils, HA is prone to act as a buffer for
acidity, which may improve brachiara’s nutrition and growth, which is more adapted than maize
to acidic soil growth.

Zinc is prone to be adsorbed in Brazilian soils enriched with clay and Al and Fe Oxides.

However, in sandy soils, the simultaneous reduction of Zn adsorption, and the formation of Zn—
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HA complexes should act positively on soil Zn availability to crops, mainly for brachiaria,
which is not fertilized in most Brazilian pasture areas. The use of Zn in combination with HA
is a promising strategy to decrease Zn adsorption and precipitation while increasing the
formation of soluble Zn—HA complexes that are prone to nourish or to be acquired by roots.
When combined with HA, Zn is supposed to prevail in soils in soluble forms, thus increasing
its residual effect on brachiaria plants. In Brazil, the supply of Zn relies only on the Zn
fertilization of previous crops (maize) in rotation. Thus, it is interesting to investigate how soil
type influences Zn fertilization’s efficiency and the magnitude of HA action on plant and Zn
supplying to maize and brachiaria.

We hypothesized that when Zn sulfate (ZnSOs) (the main source of Zn for plants [4])
is mixed with HA, there are modifications in the HA structure due to the formation of Zn-HA
complexes. Some organic functional groups of HA can act by complexing with Zn, playing a
positive role in the efficiency of Zn fertilization for the maize—brachiaria rotation in a soil type-
dependent manner. The aims of the study were: (1) To demonstrate the formation of Zn—-HA
complexes through the use of FTIR spectroscopy analysis; (2) To study the capacity of HA in
increasing the effects of Zn fertilization on the nutrition and growth of brachiaria following
maize cultivation; (3) To evaluate the effects of HA on the Zn availability in soil and solution,
and soil residual Zn to brachiaria plants; (4) to verify if the combination of Zn—HA is effective

in improving plant growth in the two constrasting Oxisols.

2. Results
2.1. Maize Growth

The addition of HA and/or Zn did not significantly affect soil pH, as well as solution
pH (Figure 1a,b). YO had higher soil and solution pH values than RO. The soil-Zn DTPA

increased in response to Zn fertilization over control (no Zn added to the soil), regardless of the
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HA application (Figure 1c). Soil Zn-DTPA contents in the YO are significantly higher than RO.
In addition, it shows that RO had a higher soluble Zn content than YO (Figure 1d). For both
Oxisols, the Zn fertilization increased the solution Zn content over control. When HA was

combined with Zn, the solution Zn was more significant than the single-use of Zn fertilization

(Figure 1d).
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Figure 1. Effects of Zn fertilization and humic acid (HA) on soil pH and Zn availability in
contrasting Oxisols cultivated with maize. Soil pH (a); soil solution pH (b); soil available Zn
by the DTPA method (c); Zn in soil solution (d). Bars followed by the same capital letter means
that the soil type properties differ regarding the Zn fertilization strategies studied according to
the Tukey test (p < 0.05). Bars followed by the same lowercase letter mean that crop traits do
not differ regarding the Zn fertilization strategies adopted, again, according to the Tukey test (p
< 0.05), within each soil type. -Zn: no-Zn fertilization; Zn: Zn fertilization; Zn + HA: Zn
fertilization combined with HA application.

In RO, the SDM, RDM, and TDM increased in response to Zn fertilization, and maize
biomass production with HA combined with Zn was slightly greater in comparison to the single

use of Zn (Figure 2a). SDM and TDM increased due to Zn fertilization over control,
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independent of the HA use in YO (Figure 2a). However, the RDM decreased in response to HA
added in combination with Zn (Figure 2a). When Zn was applied to soil, maize growth is more
prominent in RO over YO, mirrored by a greater SDM, RDM and TDM. YO has a significantly
higher maize root: shoot ratio than RO. Root: shoot ratio reduced due to the HA application
compared to the single-use of Zn fertilization in YO (Figure2b). Zinc accumulated in maize
shoot increased in response to Zn fertilization, regardless of the HA use, with higher amounts

of Zn in maize shoots cultivated in YO over the plants grown in RO (Figure 2c).
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Figure 2. Effect of Zn fertilization and humic acid (HA) application on Zn nutrition and maize
growth in contrasting Oxisols. Dry matter production (a); Root: shoot ratio (b); Zn accumulated
in maize shoot (c). SDM: shoot dry matter; RDM: root dry matter; full bar in the biomass graph
represents the total dry matter production (TDM). Bars followed by the same capital letter do
not differentiate the soil types regarding the Zn fertilization strategies studied, according to the
Tukey test (p < 0.05). Bars followed by the same lowercase letter do not differentiate the Zn
fertilization strategies adopted within each soil type by the Tukey test (p < 0.05). The combined
use of bold-italic letters compare TDM means in response to treatments; the use of italics
compared RDM means in response to treatments. -Zn: no-Zn fertilization; Zn: Zn fertilization;
Zn + HA: Zn fertilization combined with HA application.
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2.2. Brachiaria Growth

When brachiaria was grown in sequence to maize, the soil pH was higher in YO than
RO (Figure 3a). Solution pH was similar in both Oxisoils when Zn fertilization was combined
with HA (Zn + HA); without HA application, YO had a greater solution pH than RO (Figure
3b). HA significantly reduced the solution pH in YO (Figure 3b). Soil Zn-DTPA content was
higher in RO over YO, regardless of the use of Zn and HA. (Figure 3c). Zinc fertilization
increased the soil Zn-DTPA content, independent of soil type and HA application (Figure 3c).
The solution Zn was higher in RO over YO, and HA applied together with ZnSO4 increased the

solution Zn in both Oxisols (Figure 3d).
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Figure 3. Effect of Zn fertilization and humic acid (HA) on soil pH and available DTPA Zn in
contrasting Oxisols cultivated with brachiaria. Soil pH (a); soil solution pH (b); Zn available
through the DTPA soil test (c); Zn in soil solution (d). Bars followed by the same capital letter
mean that the soil attributes did not differ in terms of the Zn fertilization strategies adopted,
according to the Tukey test (p < 0.05). Bars followed by the same lowercase letter mean that
the soil attribute means do not differ regarding response to Zn fertilization strategies within
each soil type, according to the Tukey test (p < 0.05). -Zn: no-Zn fertilization; Zn: Zn
fertilization; Zn + HA: Zn fertilization combined with HA application.
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The treatment of Zn+HA significantly increased SDM and TDM over control (-Zn) in
RO, mainly affected by the increased RDM in response to HA combined with Zn fertilization
(Figure 4a). In YO, the SDM, RDM, and TDM increased due to Zn fertilization over control
(no Zn addition), and HA acts in synergy with Zn fertilization considering that HA promoted a
higher SDM, RDM and TDM over the exclusive use of Zn in maize fertilization (Figure 4a). In
the absence of HA, the RO over YO produced a higher maize SDM, RDM and TDM. In the
presence of HA, YO over RO had a greater maize SDM and TDM (Figure 4a. In RO, HA
application increased the root: shoot ratio compared to the single-use of Zn. In YO, the HA use
decreased the root: shoot ratio compared to the exclusive use of Zn. Zinc accumulated in maize
shoot grown in RO increased due to Zn fertilization, but it was not influenced by HA (Figure
4c). In YO, the positive effect of Zn use on Zn in maize shoot was magnified when HA was
combined with Zn sulfate (Figure 4c). When compared, the plants grown in the RO over the
YO had a greater Zn accumulation in the shoots in response to the single use of Zn fertilization.
On the contrary, Zn fertilization in combination with HA assured the highest accumulation of

Zn in maize plants grown in YO (Figure 4c).
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Figure 4. Effect of Zn fertilization and humic acid (HA) application on brachiaria growth traits
and Zn nutrition of plants grown in contrasting Oxisols. Dry matter production (a); Root: shoot
ratio (b); Zn accumulated in brachiaria shoot (c). SDM: shoot dry matter production; RDM:
root dry matter production; full bar in the biomass graph represents the total dry matter
production (TDM). Bars followed by the same capital letter do not differentiate the soil types
according to the Zn fertilization strategies studied by the Tukey test (p < 0.05). Bars followed
by the same lowercase letter do not differentiate the Zn fertilization system adopted to each soil
type according to the Tukey test (p < 0.05). The combined use of bold-italic letters was used to
compare TDM treatment means; the use of italics compared the values of RDM across the
treatments. -Zn: no-Zn fertilization; Zn: Zn fertilization; Zn+HA: Zn fertilization combined
with HA application.

2.3. Principal Component Analysis

By reducing dimensionality, PCA is a multivariate analysis capable of identifying
potential correlations, dependencies, and features of the main clusters of a dataset in response
to Zn treatments investigated. When maize and soil attributes were analyzed, 87.1% of the
covariances can be explained by the PC1 and PC2 axes, while for the brachiaria experiment,
87.6% (Figure 5a) of the variations were explained. For the maize experiment, PCA showed

that the solution pH and soil pH are favoured by the absence of HA in YO. Soil pH and solution

pH are negatively related to solution Zn, Zn accumulated in shoot, SDM and TDM.
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On the contrary, plant traits are favoured by the Zn fertilization combined with HA.
The solution pH is positively related to RDM and root: shoot ratio for the maize trial. The
significance of some correlations aforementioned was confirmed by the Pearson’s linear
correlation matrix (p < 0.05) (Supplementary Material 1, maize experiment). Thus, soil solution
pH was negatively correlated with soluble Zn, Zn in shoot, positively associated to RDM and
root: shoot ratio (Supplementary Material 1); soil pH negatively correlated with soluble Zn,
SDM, TDM and Zn in a shoot, and positively correlated with the root: shoot ratio. Soluble Zn
is directly linked to SDM, TDM, Zn shoot accumulation and negatively related to RDM and
shoot: root ratio. The root: shoot ratio is negatively correlated with SDM, TDM and Zn

accumulated in maize shoots.

Red Oxisol with zinc fertilization = Yellow Oxisol with zinc fertilization
Red Oxisol with zinc fertilization plus humic acid Yellow Oxisol with zinc fertilization plus humic acid
Maize 4 Brachiaria
3
’ Soil pH RO
s S : o A
N & \
< 2! S
= I ; TDM
Solut H
3 | S ol Soopt | | [N T L
a . Soil pH R;8 rand
' -1
0ilZn-DTPA
2 2 Solution Zn
3 3
4 3 2 1 0 1 2 3 4 S 4 3 2 1 0 1 2 3
PC1 (70.7%) PC1 (67.7%)
(@) (b)

Figure 5. Biplot of principal component analysis (PCA) separated according to the crop grown
in pot Oxisols. The main clusters of plant traits and soil attributes in response to Zn with/without
humic acid (HA) use are shown in PCA graphs. The maize experiment variables (a); brachiaria
experiment variables (b); SDM, RDM and TDM: shoot, root and total dry matter production,
respectively; R:S ratio: ratio between shoot (SDM) and root (RDM) biomasses; Zn
accumulation: Zn accumulated in shoots.

As outcomes of PCA for the brachiaria experiment, it was verified that Zn accumulated
in shoots, and the RDM, SDM and TDM were favoured by the addition of Zn+HA in the case

of YO. Plant variables are negatively related to solution pH and root: shoot ratio (Figure 5b).
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The solution Zn and soil Zn-DTPA were related to each other and negatively associated with
soil pH. To check the statistical significance and association degree of the relationships as
mentioned above, Pearson’s linear correlation matrix analysis (p < 0.05) was performed
(Supplementary Material 2). With Pearson’s linear correlation analysis, a negative correlation
between soil pH and soluble Zn and soil-Zn DTPA was confirmed. The solution pH was
negatively correlated with soluble Zn, SDM, RDM, TDM, and Zn accumulated in brachiaria
shoot, and positively associated with root: shoot ratio. Root: shoot ratio also was negatively

correlated with SDM, TDM, and Zn in brachiaria shoots.

2.4. Infrared Spectroscopy

FTIR-ATR peaks (Figure 6) in HA spectra at 3290 cm™! are related to OH stretching,
at 2915 and 2845 cm™! to aliphatic CH groups, at 1560 cm™! is assigned to C=C stretching in
aromatic rings, while at 1365 cm™! is related to C-CHs groups bending [7,18]. Spectra of the
zinc sulfate revealed peaks at 3170 cm™! related to OH stretching, at 1640 cm™! assigned to
water, and at 1060 and 980 cm™! linked to SO4 stretching (free sulfate groups) [22,23]. When
ZnSO4 was mixed with HA, the peaks assigned to OH stretching (3290 and 3170 cm™),
aliphatic CH groups (2915 and 2845 cm™!), water (1640 cm™!), aromatic-C (1560 cm™!), C-CHs
groups bending (1365 cm™'), and SO4™ free groups (980 cm™!) were the main features recorded
in the HA-Zn spectra [7,22,23]. Additionally, for the ZnSO4+HA mixture, new peaks at 1315
and 815 cm! were related to SO stretching (sulfone) and, at 715 cm™!, to C-S stretching
(Methyl sulfone-CHs-SO;) [21]. The infrared peak at 1060 cm™! related to SO4 stretching (free
sulfate groups) from ZnSO. mixed with HA shifted to 1075 cm™!, which is assigned for SO
stretching (alkyl sulfate salts), indicating the formation of RSO4M*, where R is the humic

organic radical bonded to M (Zn?*)*, the complexed metal [21].
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Figure 6. Peaks and the main feature\za;eﬁlﬁglfﬁizl groups recorded by the Fourier-transform
infrared spectroscopy analysis with attenuated total reflectance (FTIR-ATR). FTIR bands were
assigned for pure samples of ZnSO4 (Heptahydrate zinc sulfate), humic acid and the mixture of
ZnS0O4 with humic acid.
3. Materials and Methods
3.1. Maize-Brachiaria Growth Conditions
3.1.1. Treatments and Growing Conditions

Effects of Zn fertilization, combined or not with HA, were tested on a sequence of
maize—brachiaria grown in greenhouse conditions. The HA used in the experiment was
extracted from Leonardite through a 0.05 mol L™! KOH solution [24]. The main HA properties
are described as follows: pH: 9.7, E4/E6 ratio: 4.84, C: 354.9gkg™!, N: 5.3 gkg™!, Zn: 76.3 mg
kg~'[10,17]. The Zn source was the heptahydrate zinc sulfate (ZnSO4.7H,0) pure per analysis
reagent [p.a.]). HA and Zn were added to Oxisols (two) with clay and organic matter (OM)
contrasting contents. Plants were grown in pots filled with 1.8 kg Oxisol samples. In the Red
Oxisol (RO), liming was performed to increase Ca and Mg optimum levels for maize-brachiara
and raise pH to 6.0. Soil samples were incubated for 30 days with CaCOz and MgCO3 (p.a.) at

the 4:1 ratio, keeping the soil moisture close to 70% of soil maximum water-holding capacity

(MWHC). In the Yellow Oxisol (YO), the soil pH and Ca content were already in levels
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considered optimum for both maize and brachiaria plentiful growth; thus, liming was not
performed, and only 15 mg kg~' Mg was provided to maize at the sowing fertilization through
the MgS04.7H20 p.a salt. After soil acidity correction, soil samples were dried and passed
through a 2 mm sieve and used in the lab to determine the main physical and physicochemical

properties of Oxisols (Table 1).

Table 1. Main chemical and physicochemical properties of Oxisols in which maize and
brachiaria were cultivated.

Available Zn (DTPA)
Oxisol pH C(gkg™) Clay(gkg™) Silt(gkg™) Sand(gkg™)

(mg kg™)
Red (RO) 6.4 19.8 770 100 130 0.93
Yellow (YO) 6.2 4.49 460 85 455 0.60

pH was determined in water at a ratio of 1:2.5 (w/v); C—total C determined (dry combustion) in
an automatic TOC analyzer., silt and sand were determined by the Boyoucos method; Zn was
determined by ICP-OES after extraction of Zn from the soil through the use of the DTPA
extraction method.

Treatments were displaced in pots using a complete randomized design with three
replicates in a 2 x 3 factorial scheme; thus, the first factor is related to soil type (RO and YO),
while the second one is related to Zn fertilization strategies as follows: no-Zn fertilization and
no-HA addition to Oxisols (1), only Zn fertilization (2), and Zn fertilization combined with HA
application (3). Oxisols were treated with 20 mg kg™! Zn and 50 mg kg™' C-HA was added to
soils when Zn was combined with HA. The rate of HA added to soils was based on previous
studies carried out to set the optimum HA level to plentiful plant growth [9,25]. Treatments
were homogeneously mixed with the whole soil mass at the beginning of maize cultivation.

At the maize sowing, nutrients were supplied to plants at the following concentrations:
135, 300, 100, 40, 0.81, 1.33, 3.66, 0.15, and 1.55 mg kg !, respectively, N, P, K, S, B, Cu, Mn,
Mo, and Fe, using, respectively, the following sources: NHsH2PO4, K>SOs, H3BOs,

CuS04.5H20, MnCl,.4H20, (NH4)6M07024.4H,0 and FeCls.6H20 p.a. In sequence, the soil
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moisture was kept at ~70% MWHC, then, five maize seeds were sowed per pot. Ten days after
maize planting, thinning was performed, and two plants were left in each pot. The top-dressing
fertilization was carried out at 15 and 20 days after maize planting, adding to soil 100 mg kg™
N, which was provided as NH4NO3z p.a. Maize plants were grown in greenhouse conditions for
30 days.

To evaluate the Zn fertilization residual effect after the maize cultivation, ten seeds of
Brachiaria brizantha cv. Paiaguas were planted in the same pot used to grow maize. Ten days
after planting, thinning was done, and two brachiaria plants remained in each pot. The
brachiaria planting fertilization was carried out by adding to soil 100 mg kg™' N and 100 mg
kg™! K, respectively, supplied through the NHsNOs; and KCI p.a. salts. The top-dressing
fertilization of brachiaria was carried out at 15, 25, and 35 days after planting, using 100 mg
kg! N, which provided to plants as NHsNO3 p.a. in each top-dressing fertilization. The
brachiaria was grown for 45 days, and Zn was only furnished to maize plants; thus, brachiaria

was nourished only with the residual Zn found soils previously cultivated with maize.

3.1.2. Soil and Solution Analysis

At the beginning of each cultivation, after 12 h of planting and keeping the soil moisture
at ~70% MWHC, an aliquot of the soil solution (20 mL) was collected using the Suolo Acqua®
sampler [26]. The soil solution sampler was inserted in the middle of the pot during its filling
with soil. Soil solution samples were filtered through a 0.45 um membrane, and their pH values
were determined through a Mettler Toledo bench pH meter. Zn content in soil solution (soluble
Zn) was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES).
After 18 h of planting, it was collected 30 g of soil in each experimental unit, then the soil
samples were dried and sieved (2 mm). The pH of soil samples were determined in a suspension

of 1 g soil plus 2.5 mL water. Available Zn content in soil (soil Zn-DTPA) was extracted by
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the DTPA soil test [27], and Zn was determined in an ICP-OES machine. A sampling of solution
and the whole soil was carried out for each experimental unit, thus, totaling three replicates for

each treatment investigated.

3.1.3. Biomass Production and Zn in Shoot

At the end of maize or brachiaria cultivation, plants were harvested, separated into
shoot and root, and dried in an oven with air circulation at 60 °C until constant weight. The
dried biomass was weighed, and shoot (SDM) and root (RDM) dry matter production was
determined. The total dry matter was obtained by summing SDM plus RDM. The root: shoot
ratio was calculated by dividing SDM by RDM. The shoot dried biomass was sieved (1-mm)
and digested in a mixture of nitric and perchloric acids at a 4:1 ratio [28], and Zn content in the
shoot was, in sequence, determined in an ICP-OES machine. Based on the SDM and Zn content
in a shoot of each experimental unit, Zn accumulation was calculated, as follows: ZnAc (mg
pot ') = SDM (g pot™ ') x ZnC (mg g !), in which ZnAc is the Zn accumulated in shoot; and

ZnC is the Zn content in maize or brachiaria shoots.

3.2. Infrared Spectroscopy

The spectra of HA and ZnS04.7H>0 samples were recorded by Fourier transform
infrared spectroscopy (FTIR) with attenuated total reflectance. The same proportion of HA and
ZnS04.7H-0 used to treat maize plants was dissolved in water; in sequence, the mixture was
dried at 60°C until constant weight, then, the FTIR analysis was performed. FTIR was
performed in an Agilent® Cary 630 spectrometer with a ZnSe crystal. The measurements were
performed in the wavenumber range of 4000 to 650 cm™! with a resolution of 4 cm™'. The FTIR
spectra dataset was pre-processed using the background correction and dataset normalization

procedures [29].
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3.3. Statistical Analysis

All statistical analysis was carried out using the base, stats, agricolae, corrplot,
factoextra and FactoMineR packages of the R software [30-35]. Effects of treatment on plant
and soil means were compared through the Tukey test (p < 0.05) after the assumptions of
analysis variance (ANOVA) were attended (p < 0.05). Before the ANOVA test, we assessed
the normality distribution (Shapiro-Wilk’s Test), homogeneity (Bartlett’s Test), and
independence of the observations and residuals (Durblin—-Watson’s test). Principal component
analysis (PCA) was performed after removing the no-Zn fertilization data from the whole
dataset due to the high negative influence of the absence and severe deficiency of Zn on plant
growth (biomass). In sequence, the dataset originating from the maize or brachiaria experiments
was staggered separately, and PCA was performed for the dataset of each crop grown in both
Oxisols. The Pearson’s linear correlation matrix (p < 0.05) was also carried out, aiming to
validate clusters and potential relationships of soil and plant attributes as outcomes of PCA
(Supplementary Materials 1 and 2). Before PCA and correlation analysis, each variable from
the dataset was tested regarding its normality through the Shapiro-Wilk test, and once the

normality was confirmed, the analysis was performed.

4. Discussion

When Zn is mixed with HA, free sulfates were kept in the complex formed (SO4*
stretching at 980 cm™!) (Figure 6). Additionally, bonds related to sulfone groups (S-O2
stretching and C-S methyl sulfone) are formed, which is indicative of the interaction of HA-
with ZnSO4 and synthesis of Zn—HA complexes. Sulfur groups present in the mixture of
HA+ZnSO; are indicative of Zn—HA complexation. This was possibly due to the presence of
oxygen-, nitrogen-, and sulfur-containing functional groups in the HA structure [15,20].

Another peak indicating the Zn complexation with HA is recorded at 1075 cm™!, which is an
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FTIR band related to the formation of a new spectral signature related to RSO4M* groups,
where R is the C-humic functional group and M* is the complexed metal [21]. FTIR bands
indicated that Zn from sulfate was complexed into the humic matrix. The peak recorded at 3290
cm! and related to OH stretching is more pronounced when ZnSOs is mixed with HA,
compared to the intact HA spectral signature, indicating the increase of hydration and
production of Zn aqueous complexes [7]. Hydroxide ions (OH") found in carboxylic and
phenolic groups and aliphatic domains of HA play a key role in forming soluble metal
complexes [15], resembling the spectral signature of the Zn--humic acid complex synthesized
in this study.

The specific spectral signature of Zn_complexes demonstrated the potential of FTIR
spectroscopy in identifying Zn sulfate bonded to HA, compared to the over bands recorded for
the intact HA. The interaction of HA with Zn was relevant to show changes in functional groups
of the new configuration and spectral signature of HA as an organic ligand for Zn, as well as to
indicate and changes in the intensity of FTIR bands’ shift [7]. The mechanisms and processes
of Zn interaction with HA included ionic or uncoordinated forms, unidentate complexes,
bidentate chelates, and bidentate bridging coordination bonds [7]. The interaction of organic
ligands with Zn is beneficial to Zn supplying to plants, considering that free Zn ions are prone
to react with soil components through sorption and precipitation, which are the main processes
regulating Zn availability in soils [4,11,16].

Zn deficiency is a global issue [2,4] and is frequently reported in tropical soils [5].
Plants have different sensitivities to Zn deficiency in the soil. While maize (Zea mays) has a
high sensitivity, grass such as Brachiaria brizantha is known to tolerate Zn deficiency [2]. The
natural deficiency of Zn in tropical soil limits crop production, as occurred in this study. Both
maize and brachiaria growth were hampered by the limited supply of Zn in both Oxisols with

contrasting OM and clay contents. Thus, regardless of the Oxisol cultivation, the maize and



40

brachiaria biomasses are sharply reduced when the supply of Zn is restricted in both highly
weathered soils (Figures 2 and 4).

Zn deficiency is frequently reported in other studies conducted in low pH tropical soils
with reduced P availability [5]. Zn is prone to interact with the surface of minerals found in soil
colloids negatively charged, which reduces its availability to crops; liming increases the
adsorption of Zn into soil colloids due to the increased density of negative charges on the
surface of clay minerals and Fe and Al (hydro) oxides [2,10].

In this study, the reduction of soil Zn deficiency by Zn fertilization was followed by
the significant effect of solution pH on solution Zn. Thus, changes in Zn availability affected
SDM, TDM, and the accumulation of Zn in shoots (Figure 5a,b, Supplementary Material 1 and
2). A negative correlation between the pH and solution Zn verified in the study was aligned
with results reported in other work relating Zn supplying to coffee plants treated with variable
rates of HA [10]. Another factor regulating Zn availability in soils is the OM and its pools; Zn
interacts with organic radicals present in the OM structure, forming stable complexes capable
of reducing Zn availability in soil [2].

However, the OM is also a source of soluble organic compounds capable of binding
micronutrients through the formation of soluble organo-metal complexes [36]. In this study,
RO, which had a higher OM content than YO, presented a lower soil Zn-DTPA content (maize
experiment). However, RO had a greater Zn-DTPA content (Figure 1c) and produced a higher
maize biomass and Zn in the shoots than the plants grown in YO (Figure 2). Thus, soil type is
a key issue influencing the magnitude of plant response to Zn fertilization [2,4], as well as the
role played by HA on plant nutrition and growth [8].

Regarding the soil’s physical and physicochemical properties, the texture (clay
content), OM, and pH were the factors that sharply influenced soil Zn availability. Soil

properties are capable of modulating Zn interaction, adsorption, and precipitation with soil
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components, including organic matter pools [1,2,4]. When associated with organic ligands, the
Zn availability to crops relies on the chemical stability, solubility, and reactivity of the bonds
formed between the humic matrix and the metal in the complexes formed [7,8]. Thus, RO, the
soil with the highest OM and clay contents and the lowest pH is initially more prone to adsorb
Zn than YO (Figure 1).

However, soluble Zn and maize biomass production were higher in RO over YO,
signaling the possible formation of soluble to complexes with natural OM fractions present in
RO, a key issue to be considered to supply Zn to plants in cultivation conditions where HA and
Zn are simultaneously added to the soil (Figure 1). A low supply of soluble Zn affects plant
growth, mirrored by the increased root: shoot ratio of maize plants grown in the soil with low
Zn contents in solution (Figure 1, 2, and 6a). Humic acid acts to relieve the stress of low contents
of readily available Zn in YO, and reduces the maize root: shoot ratio, which is a signal of
suitable conditions for plentiful plant growth.

An increase of the root: shoot ratio is strongly related to the capacity of the growth
medium (soil) to nourish plants. In low-fertility soils, plants promote a greater release of C-
exudates for root elongation, thus consuming energy that could be eventually driven to increase
shoot biomass [37,38]. Increased root proliferation at the expense of shoot could result in a
decrease in the plant above biomass. It is reported that an increase in the root: shoot ratio
resembles the low levels of soluble Zn in the growth medium [38]. In this study, the negative
correlation between soluble Zn and the root: shoot ratio was confirmed in the maize experiment
(Figure 5, Supplementary Material 1), though the main factor of stress to plants was the increase
of solution pH, followed by an increased root: shoot ratio, and reduced maize and brachiaria
biomass production (Figure 5, Supplementary Materials 1 and 2).

Contrary to the maize experiment, even with a higher maize biomass production and

Zn accumulation in RO over YO, the conditions of YO soil solution were essential to improve
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brachiaria growth (brachiaria) (Figures 3 and 4). However, the soil Zn-DTPA was higher in RO
over YO (Figure 3), indicating that the organic-Zn complexes in RO, naturally richer in OM
than YO, possibly reduced the soil Zn-DTPA in the maize experiment; thus, less residual Zn
was thought to be supplied to brachiaria plants. The effect aforementioned signals that the initial
formation of Zn complexes with natural OM pools of RO is less stable over time, thus not
suitable to attend Zn plant demand in the long term.

In the brachiaria experiment, the soil type effect on plants relies on HA application
(Figures 3 and 4). Despite the higher soil and solution pH of RO over YO, when brachiaria was
cultivated in sequence to maize, the HA application reduced the solution pH in YO, with values
similar to RO (Figure 3). This effect possibly eliminated the formation of insoluble forms of Zn
as the soil pH was increased [4].

In addition to the soil type effect, HA increased the soluble Zn contents in the two
Oxisols in both maize and brachiaria experiments, besides increasing soil Zn-DTPA contents
(Figures 1 and 3). The stoichiometry of the reaction between HA and Zn is an important factor
regulating the amount of soluble Zn in Zn—HA complexes [7]. When Zn was added to soil at
low concentration (5 mg kg™!), mainly in soils with low OM contents, the use of 50 mg kg™! C
as HA reduced Zn in soil solution, which was mainly due to the specific adsorption and
formation of Zn—-HA complexes of high stability, reducing Zn uptake by crops [9]. However, in
this study, with an adequate concentration of Zn (20 mg kg™!) added to soil, it was demonstrated
that HA acts positively on Zn contents in soil solution, as well as on crop Zn nutrition (Figures 1
and 3).

In solution, the main forms of Zn found are free hydrated Zn(6H.0)?* and soluble
organic complexes. When HA is applied together with Zn sulfate, Zn free ions become partially
complexed by HA radicals, as observed by the FTIR spectra, which demonstrated the

production of aqueous Zn-complexes and the formation of RSO4sM* bonds (Figure 6). The
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aforementioned factors contribute to an increase in the Zn content in the soil solutions of both
Oxisols due to Zn’s bond to organic molecules such as Has, thus contributing to the
improvement of Zn availability in soil [4,8,15]. When Zn interacts with organic molecules,
there are new forms of Zn capable of generating in soil-soluble Zn chemical species, which
improve Zn diffusion from solution to plant roots [4]. The increased release of Zn from the
solid phase to soil solution in response to HA application was already demonstrated elsewhere
[9]. Although the Zn in the soil solution is a small fraction of soil total Zn, this is the Zn pool
readily available to plants; thus, Zn in soil solution is a key issue regulating Zn uptake by crops
[1,4,26].

The role played by HA on soil physicochemical properties and nutrient available
contents are claimed as indirect effects of HS on plants. Humic acid changes the growing
medium in a way that plant growth is positively affected [8,9,11,15,16]. Besides the indirect
effect, in contact with plant tissues, HA plays a positive role in crop nutrition and growth
[11,12]. The direct effects of HS on plants include increased H*-ATPase membrane activity,
improved cell plasmatic membrane permeability, regulation of the levels and activity of reactive
oxygen species (ROS), increased activity of nutrient transporters, control of nutrient
translocation, and regulation of several plant physiological processes [8,9,11-13,15,16].

Recently, it was demonstrated that metal-HA complexes are a source of readily
available nutrients, besides increasing the bioactivity of humic molecules on plants [20]. Thus,
the direct and indirect effects of HA occur simultaneously, improving plant nutrition, growth,
and yield [9,11,15,20]. In this study, the potential direct effects of HA on plants are indicated
by the presence of peaks at 2915, 2845, 1560, and 1365 cm™! in the FTIR spectra when HA was
mixed with ZnSO4 (Figure 4). These FTIR spectral bands are indices of HA bioactivity on
plants, considering that these FTIR spectral fingerprints were positively related to improved

lateral root emergence in maize plants [14].
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When HA was combined with Zn fertilization in RO, the maize biomass production
was improved and positively related to Zn contents in soil solution. However, Zn in maize shoot
was not augmented (Figures 1 and 2). Despite the indirect effect of HA on soil solution
attributes, both direct and indirect (soil) effects of HA on plants occurred simultaneously,
considering that the increased availability of Zn in soil solution did no improve plant Zn uptake,
even with the increase in maize biomass production. HA positively affected brachiaria growth
in RO, improving root proliferation and Zn uptake (Figures 3 and 4). When HA was added to
YO, the brachiaria biomass increased, and plant Zn nutrition was improved (Figure 4). This
effect of HA on plants is more pronounced in YO over RO (Figure 4).

The results reported in this study showed that HA promoted positives effects on maize,
and guaranteed a residual Zn for brachiaria plants grown in sequence to maize, in a soil type-
dependent way. However, maize—brachiaria cultivated in a sequence is widely performed in
Brazilian cropping areas [3]; there is no study reporting how HA-Zn interaction exerts influence
on the brachiaria cultivated in sequence to maize. Evaluating only the effect of HA-Zn
interaction in single cultivation of coffee seedlings, Just et al. [10] reported that the application
of 50 mg kg™! C-HA increased the solution Zn in alkalinized soils (pH > 7.2), probably due to
the Zn—HA complexation. In this study, the main and residual effects of Zn fertilization+HA
are related to the increase in the solution Zn contents. In addition, in the soil with the lower OM
content (YO), HA acted as a buffer for soil acidification, thus, favoring Zn acquisition and
growth of brachiaria cultivated in sequence to maize.

The results of this study showed that humic increased the release of Zn from Oxisols,
mainly to soil solution, increased Zn availability, transport and uptake by crops. Release of Zn
relies on HA concentration, solution pH, and soil types, all of which influenced the degree of
Zn complexation, precipitation, and amount of Zn moving from solid to liquid soil phase [39].

Overall, precipitation reactions, formation of Zn—-HA complexes, and adsorption of humic acid
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to soil components reduce the amount of Zn released from soil [39]. Parent materials of highly
weathered Brazilian soils are poor natural sources of Zn. Thus, both under natural vegetation
and cultivation conditions, the Brazilian tropical soils are limited in their capacity to nourish
grasses (high-demanding Zn crops) with adequate Zn levels. Even in enriched OM soils,
organic compounds are chemically stabilized or bonded to clay and Fe and Al oxides in tropical
soils. Thus, it is suitable to add some exogenous humic materials to improve Zn nutritional
status and growth of maize-brachiara in Brazilian crop fields. Successive cultivation of maize—
brachiaria is very common in the large area of crop-livestock integrated systems established in
Brazil, and brachiaria usually is supposed to cope with the residual Zn derived from the
fertilization of the first crop of rotation. In this study, it was demonstrated that the Zn soil
chemistry and forms are affected by the presence of Zn—-HA complexes in highly weathered
soils, with a positive effect on Zn uptake and growth of maize and brachiaria. In line with
Boguta et al. (6), in a soil type-dependent way, the understanding of Zn—-HA interactions is the
first step to improve Zn fertilization in tropical soils and a suitable strategy to be used in the

synthesis of Zn—-HA fertilizers.

5. Conclusions

FTIR spectroscopy revealed the complexation of Zn sulfate by HA through sulfone and
carbon functional groups. A significant portion of Zn fertilizer applied to Oxisols is not
available for the first crop (maize), but it is prone to be acquired by brachiaria plants. It was
demonstrated that Zn in solution is sharply increased by the combined use of Zn sulfate and
HA. The humic acid that complexed to ZnSOa increased Zn contents in Oxisols solution while
reducing the negative reactions (e.g., adsorption and precipitation) of Zn in the whole soil. In
the lower organic matter Oxisol, the use of HA is capable of assuring adequate supplying of

residual Zn and increasing growth of brachiaria grown in sequence to maize. Oxisol organic
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matter content is a key factor regulating the action of HA on soil Zn availability and plant

growth,

Supplementary Materials: The following are available online. Supplementary Material 1: The
Pearson’s linear correlation matrix for soil attributes and maize traits. * and ** significant
correlation of soil and plant attributes at p < 0.05 and p < 0.01, respectively; blue ellipse with
right sloping top: positive correlation; red ellipse with left sloping top: negative correlation.
SDM, RDM and TDM: shoot, root and total dry matter production, respectively; R:S ratio: ratio
of shoot over proportion between the production of (SDM) over root dry matter in relation to
R(RDM); Zn accumulation: Zn accumulated in maize shoots. Supplementary Material 2 The
Pearson’s linear correlation matrix for soil attributes and brachiaria traits. * and ** significant
relationships between soil and plant traits at p < 0.05 and p < 0.01, respectively; blue ellipse
with right sloping top: positive correlation; red ellipse with left sloping top: negative
correlation. SDM, RDM and TDM: brachiaria shoot, root and total dry matter production,
respectively; R:S ratio: ratio of shoot (SDM) over root dry matter (RDM); Zn accumulation: Zn
accumulated in brachiaria shoots.
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Supplementary material 1. The Pearson’s linear correlation matrix for soil attributes and
maize traits. * and ** significant relationship of soil and plant attributes at p<0.05 and
p<0.01, respectively; blue ellipse with right sloping top: positive relationship; red ellipse
with left sloping top: negative correlation. SDM, RDM and TDM: shoot, root and total dry
matter production, respectively; R:S ratio: ratio of shoot over (SDM) over root dry matter
(RDM); Zn accumulation: Zn accumulated in maize shoots.
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Supplementary material 2. The Pearson’s linear correlation matrix for soil attributes and
brachiaria traits. * and ** significant relationhips between soil and plant traits at p<0.05
and p<0.01, respectively; blue ellipse with right sloping top: positive correlationship; red
ellipse with left sloping top: negative correlationship. SDM, RDM and TDM: brachiaria
shoot, root and total dry matter production, respectively; R:S ratio: ratio of shoot (SDM)

over root dry matter (RDM); Zn accumulation: Zn accumulated in brachiaria shoots.
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Abstract: Zinc (Zn) organomineral fertilizers (OMFs) contain Zn complexes less prone to react
with soil components. However, there are few synthesis routes of Zn-OMFs promoting Zn
complexation with a slow Zn release and sustained delivery of Zn for plants successively grown
in contrasting Oxisols. This study aimed to synthesize and characterize four Zn-OMFs based
on humic acid, indicate Zn complexation through infrared spectroscopy and evaluate the
features and patterns of OMFs over zinc sulfate (ZnSOa) on the kinetics of Zn release from
fertilizer, diffusion essays in Oxisols and biomass production and Zn and P accumulated in the
shoot for successively grown of maize and brachiaria in two Oxisols with texture and soil
organic matter constrasting. Infrared analysis indicated that Zn was complexed in OMFs
through S and C groups. Zinc complexed in OMFs was gradually released; consequently, Zn
diffusion was reduced in both Oxisols. OMFs initially reduced the Zn content in soil solution.
At least one of the OMFs over ZnSOs increased the maize biomass production, and Zn

accumulated in the shoot during the first cultivation. The OMFs over ZnSO4 may have a higher
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Zn residual effect in Oxisols for brachiaria grown cultivated after maize, thus, increasing the
brachiaria biomass production and Zn accumulated in the shoot in effect depending on OMFs
properties controlled by their synthesis route interacting with Oxisol properties. At least one
OMFs with Zn complexed by organic molecules increased the P availability in the soil and P
uptake by maize and brachiaria plants. Overall, maize and brachiaria growth and Zn and P
nutrition were improved by at least one of the OMFs synthetized over ZnSO4 due to Zn
complexed by organic molecules from humic acid promoting a slow Zn release from OMFs.

Keywords: organometallic complexes, residual Zn; zinc-humic acid synergy, tropical soils,

ATR-FTIR groups.
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1 Introduction

Zinc (Zn) is a component of several molecules and plays a role in many biochemical
and physiological plant processes®. Zinc deficiency in plants and humans is spread worldwide?.
The soil or foliar Zn fertilization is a sustainable strategy for correcting Zn deficiency in plants
enhancing plant Zn nutrition and yield?. In plants, Zn deficiency is due to Zn deficiency in the
soil, occurring in alkaline and tropical soils?. In tropical soils, the Zn deficiency in soil occurs
due to intense weathering that results in Zn leaching from soil parent material and due to high
oxide mineral content where Zn strongly interacts with Fe and Al (hydro)oxides; thus, high-
energy bonds are formed after Zn adsorption in mineral colloids?®™. In addition to Zn deficiency
in tropical soils, low P availability and pH have been verified, conditions inadequate for
plentiful plant growth*. Agronomic management, such as liming to increase soil pH and high P
fertilization rates to correct P deficiency are necessary for tropical soils; however, these
managements exacerbate Zn deficiency in soils, increasing Zn precipitation and adsorption?2S.
Thus, Zn fertilization needs to be carefully planned due to the specifics managements required
of tropical soils.

Overall, Zn availability in the soil is affected by several factors: mineralogy, texture,
soil parent material, Zn fertilizer sources, soil organic matter (OM) content, and interaction of
Zn with organic molecules®®. The Zn can be supplied through fertilization in different ways,
as a single nutrient or as a nutrient incorporated in macronutrient fertilizers®’. Zn sources used
include inorganic compounds, synthetic chelates, and natural organic and inorganic?’.
Inorganic compounds such as sulfate (ZnSO4) and oxide (ZnO) are most commonly used
fertilizers, and sulfate (ZnSO4.xH20) is the main source used to nourish plants and correct Zn
levels in soils?°. The Zn from sulfate is in soluble free forms resulting in Zn being highly soluble

with quick dissolution in the soil, which consequently can promote the formation of insoluble
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Zn precipitates and increase the Zn adsorption in the soil; besides, a rapid release of Zn from
ZnSO0yq is incompatible with the stages of higher demand of Zn for plants?>’.

In Oxisols successively grown with maize and brachiaria, when ZnSO4 was mixed with
humic acid (HA) over isolated ZnSO4 soil application, the agronomic performance of Zn
fertilization improved, increasing the Zn uptake and biomass production by maize and
brachiaria, in part due to complexation of Zn in organic molecules from HAS. Thus, the Zn-HA
interaction has high potential in synthesizing enhanced-efficiency organomineral fertilizers;
however, there is a lack of these fertilizers for soil application. The main organic groups
involved in Zn-HA interactions are related to oxygen, nitrogen, and sulfur functional groups
present in the HA structure®®°. The Zn-HA interaction and its effects on Zn forms present in
fertilizers are ruled by different mechanisms and processes, including ionic or uncoordinated
forms, unidentate complexes, bidentate chelates, and coordination chemistry bidentate bridging
ligands™®.

The infrared spectrum is a tool that indicates Zn complexation by organic molecules®®-
12" The infrared analysis has limitations, and the technique such as metal speciation in
synchrotron base X-ray absorption spectroscopy is used in a more detailed speciation
configuration of the Zn complex, involving Zn forms, coordination chemistry, monodentate or
bidentate linkages and distance of linkages'®!*. However, the interaction between HA and Zn
verified by infrared spectroscopy indicates the complexation degree, solubility and stability of
formed organomineral complexes (OMCs) explained by changes in absorbance intensity and
formation of new peaks as OMCs fingerprint in infrared spectra®®*2. When compared to HA
precursor, the mixture between HA and Zn forming HA-Zn complexes increases the absorbance
intensity at 3425-3450 cm™ related to OH-stretching, indicating the formation of metal aqua-
complexes; and reduces absorbance intensity at ~1710 cm™ (asymmetric COOH) and 1210-

1267 cm* (symmetric COOH) related to the formation of HA-Zn(I1) complexes in carboxylic
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groups®. In addition, when ZnSO. is mixed with HA compared to only ZnSQOa, the change from
the peak at 1060 cm™ (SO4%) to the peak at 1075-1080 cm™ indicates the interaction of sulfate
with a humic matrix, forming HA-alkyl sulfate salt with zinc (HA-SOs-Zn), where S groups
complex the Zn®. The formation of complexes between organic acids and Zn is also verified by
reducing absorbance intensity in carboxylate bands in infrared analysis, thus, confirming the
interaction of metals with carboxyl oxygen'?. Thus, infrared analysis is a potential tool to
indicate the metal complexation in organomineral fertilizers based on HA.

In contrast to mineral sources, Zn in organomineral fertilizers (OMFs) is present in
complexed forms?’. When complexed by organic compounds, Zn is less prone to being
adsorbed into soil mineral colloids and is a suitable strategy to avoid Zn precipitation with
different anions, such as phosphate in tropical soils fertilized with P26, When Zn-P precipitation
is reduced, soil P availability increases; thus, the use of OMFs as a Zn source may indirectly
improve the P uptake by plants. Thus, the supply of Zn in organic complexes is a suitable way
to improve the agronomic performance of Zn sources in tropical soils?%1°,

The agronomic performance of Zn fertilization is highly related to fertilizer properties,
soil type and plant species®>°>71°, Maize is highly susceptible to Zn deficiency in the soil, while
Brachiaria brizantha is supposed to grow well in soils with low levels of Zn3. Soils with high
OM levels should have more Zn complexed to organic molecules derived from native OM;
thus, the formation of OMCs in some OMFs may be less effective in soils with high rather than
low levels of OM2%15, Regarding fertilizer properties, the kinetics of nutrient release from
fertilizer indicates the fertilizer efficiency in supplies Zn to plants at different stages”®. The
release pattern from fertilizer depends on the crop; however, a rapid release is highly desirable
to attend initial plant nutritional requirements, followed by a slower nutrient release throughout

other plant growth stages’.
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Additionally, the synthesis of fertilizers that gradually releases Zn is useful for
determining fertilizer longevity and rate and the amount and time of splitting fertilization during
different plant growth stages. A more gradual Zn release can result in a more significant residual
effect of Zn fertilization in the soil on plants grown in succession to the fertilized main crop.
When HA is combined with ZnSO4, Zn organic metallic complexes can promote a higher Zn
residual effect in Oxisol to brachiaria grown in pots®. Thus, it is necessary to determine the
potential residual effects of Zn-HA fertilizers on grasses successively cultivated in sequence to
maize grown in tropical soils.

The use of OMFs is increasing in Brazilian crop fields. However, little is known about
their residual effect and agronomic performance of Zn organomineral sources for crops
successively cultivated in highly weathered soils. Besides, there are no HA-based Zn-OMF with
a more gradual Zn release from the fertilizer compatible with the demand of different crops in
Oxisols. Thus, this study aimed to synthesize new Zn-fertilizers based on HA enhancing
agronomic performance through Zn fertilizers containing Zn complexed with a more gradual
Zn release over conventional Zn source, besides improving P crop nutrition to grasses grown
in contrasting Oxisols. The specific objectives of the study were: (1) to synthesize and
characterize new Zn-OMFs and evaluate the potential formation of organic Zn complexes in
OMFs; (2) to use infrared spectroscopy to indicate the main organic groups capable of
complexing Zn in OMFs; (3) to measure the kinetics of Zn release in water from fertilizers and
diffusion in Oxisols treated with OMFs over ZnSOys; (4) to evaluate the main effects of OMFs
on Zn availability in whole soil and its solution and soil Zn residual Zn to brachiaria plants
grown successively to maize; (5) to test the capacity of at least one new synthesized OMFs in
supplying Zn in an efficient way to maize-brachiaria succession over the exclusive use of
ZnS0g; and (6) to verify the role played by Zn-OMFs in improving the supply of P to maize

and brachiaria.
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2 Material and Methods
2.1 Synthesis and chemical analysis of organomineral fertilizers

OMFs were formulated through different routes, using the insertion of Zn sources in
different phases of humic acid extraction, which were protected by the BR1020210079568
deposited patent at INPI*’. Details of OMFs synthesis were described in Supplementary
material 1. Four OMFs produced from routes described in the patent aforementioned were
characterized along with the ZnSOg. In all studies, zinc sulfate was used in a heptahydrate form
(ZnS04.7H20). All OMFs were produced with three repetitions.

OMFs and Zn sulfate were characterized for pH in a CaCl 0.01 mol L solution at the
ratio of 1:10 (m:v). The total carbon content of fertilizers was determined in a dry combustion
carbon analyzer (Elementar, model Vario TOC Cube, Germany). The total Zn content was
determined by digesting the fertilizers samples in a mixture of nitric and perchloric acids at a
4:1 ratio®®, The Zinc availability in citric acid was determined by boiling fertilizer sample (1 g)
in 100 ml of a 2% citric acid solution®®. The Zn soluble in water from fertilizers was extracted
by successive washings with deionized water of 2.5 g fertilizer until reaching a final volume of
250 mL*°. Total Zn content, Zn soluble in CA and water extracted from the methods mentioned
were determined in an inductively coupled plasma optical emission spectrometer (ICP-OES).

The solubility of various nutrient sources with different total nutrient contents must be
compared by indices that relate their solubility levels to the total nutrient concentration in
fertilizers, eliminating the effect of increased or decreased concentrated sources?. Thus, based
on the solubility of Zn in CA or water according to the total Zn content in each fertilizer, the
Zn index was calculated by the following equation (Eqg. 1):

Zn content soluble in water or in citric acid(g kg'l)
Total Zn content (g kg'l)

Zn fertilizer index (%) =< ) *100 (Eq. 1)
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2.2 Infrared spectroscopy

Using infrared spectroscopy, OMFs synthesized were scanned in the medium infrared
region and spectra were compared to pure HA used to synthesize OMFs. Thus, Zn sources
spectroscopic signature and features were assessed regarding the main peak, bonds, free
functional groups, and organic groups capable of complexing Zn. The FTIR spectrum of ZnSO4
was also recorded to identify the main peak features of the mineral Zn source. Spectra were
obtained using the Fourier transform infrared with attenuated total reflectance (ATR-FTIR)
spectroscopy and recorded in an Agilent® Cary 630 spectrometer. Peaks and bonds in spectra
were recorded at 4000 to 650 cm™ wavenumber range with a resolution of 4 cm™. For each
ATR-FTIR spectrum, pre-processing of the dataset was performed using the normalization
procedures®. The main peaks were identified, interpreted and assigned based on infrared

libraries spectra features, bands and peaks assignments available elsewhere®10.22-28,

2.3 Kinetics of Zn release

The four OMFs synthesized and ZnSO4 had their kinetics of Zn release in water
evaluated through periodic leaching of mini-lysimeters filled with fertilizer-sand mixtures
(Supplementary material 2), using three repetitions. The kinetics of Zn release was performed
in an incubation room with constant and controlled temperature and luminosity. From the
bottom to the upper chamber of mini-lysimeters, it was inserted a 0.45 um pore filter; in
sequence, a 2 cm of glass wool, 20 g sand; 35 mg of total Zn in the fertilizer; 20 g of sand; and
finally a 2 cm of glass wool, aiming to eliminate the direct contact of water with fertilizers
samples, as well as, to promote a regular flow of leachates in the sand-fertilizer mixtures, thus,
minimizing preferential water percolation in lysimeters. Sand and glass wool were pre-washed

with hydrochloric acid, followed by three samples washed with distilled water.
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To perform the kinetics of Zn release study, 50 ml of distilled water were initially added
to each sand-fertilizer mixture, characterizing the initial leaching time (0 h). Then, the water
leachates were collected to determine the nutrients released by each experimental unit over the
following times: 0, 4, 8, 12, 24, 48, 72, 120, 168 and 240 hours in cumulative water flow
equivalent to 7 mL h'%. In leachates, Zn concentration was determined in an ICP-OES machine.
Zinc leached from sand-fertilizer mixtures was calculated by multiplying Zn concentration by
the leachate volume; then, the Zn amount was presented as Zn accumulated over time and

normalized according to total Zn contents in OMFs and ZnSOa.

2.4 Diffusion of Zn from fertilizers

The Zn diffusion study was based on the methodology described in Degryse et al.®.
Four OMFs synthetized and ZnSO4 were evaluated regarding Zn diffusion with three repetitions
in two Oxisols, Red Oxisol (RO) and Yellow Oxisol (YO), with contrasting texture and soil
organic matter content (Table 1). In the RO, liming was performed to raise soil pH in water to
6.4, using CaCOs and MgCOs (Synth, reagent grade) at a 4:1 ratio. In the YO, liming was not
performed, considering optimum Ca exchangeable and base saturation levels in the soil for
plentiful plant growth. Petri dishes (5.5 cm diameter, 1 cm height) were filled with Oxisol
samples, and soil moisture was kept at ~70% of soil maximum water-holding capacity of the
soil (MWHC). Fertilizer samples were applied in a 5 mg of Zn based on fertilizer total Zn
content in powder form in the center of the petri dish, gently pushing it just below the soil
surface. The petri dishes were sealed to reduce water losses while keeping plentiful aeration.

Zn diffusion was measured after incubating soil-Zn sources at 25 °C for 48 hours.
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Table 1. Main chemical and physicochemical properties of Oxisols used in this study.

) C Clay Silt Sand P-resin  Zn-DTPA
Oxisol pH
g kg —mg kg'—
Red (RO) 4.9 19.8 770 100 130 8.3 0.9
Yellow (YO) 6.2 4.49 460 85 455 6.1 0.6

pH was determined in water; C: C determined (dry combustion) in an automatic TOC analyzer;
clay, silt and sand were determined following the Boyoucos method; P-resin: P available
determined by resin soil test; Zn-DTPA: Zn available by the DTPA soil test. The results

reported in this Table were adapted from Morais et al.®.

After incubation, the Zn diffusion was assessed using the method described in Degryse
et al.%. Initially, the filter papers (Whatman N°1, 55 mm diameter) were impregnated with
CaCOg, which acts as a sink for Zn. In sequence, the paper was placed on the soil surface of the
petri dish. After 1 hour of exposure, the Zn was captured in the paper; the filter was washed
with distilled water to remove adhered soil particles, and, then, the coloration process was
performed using the dithizone (Diphenylthiocarbazone)(Merck, reagent grade). In a further
step, filter papers were scanned, and images were processed using the GIMP (v. 2.10.24)
software to quantify the pink area corresponding to the high Zn diffusion zone. Finally, the Zn

diffusion radius (DR) of each fertilizer was calculated by the following equation (Eg. 2):

area of the high Zn zone (mm)
T

Diffusion radius (mm) = J (Eq. 2)

2.5 Maize and brachiaria growth conditions

Six treatments with three repetitions related to Zn fertilizers were tested on maize and,
in sequence, brachiaria in succession and grown in two Oxisols with contrasting texture and
soil organic matter content (Table 1) under greenhouse conditions. As aforementioned, in RO,
liming was performed to increase pH and base saturation to levels capable of optimizing maize

growth. The treatments tested were: four OMFs, ZnSO4 and control (no Zn added to the soil)
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and the fertilizers were applied in powdered form. Plants were grown in pots filled with 1.8 kg
of each Oxisol sample. During pot filling, the Suolo Acqua® soil solution sampler was inserted
in the middle of the pot®. Zinc fertilization for maize plants was based on citric acid at 2%
available Zn and added to soil at 20 mg kg™ of Zn, mixed and added to whole soil at the
beginning of maize cultivation. Zinc concentration added to soil was based on a previous study
done by Alvarez®!, where the Zn accumulation by maize was higher to Zn application of 20
over 10 mg kg? in pots experiments filled with weakly acidic soil and according to Zn
recommendation for same Oxisols during a study involving the Zn fertilization combined with
humic acid®.

In the maize growing experiment, in the sowing fertilization phase, it was applied 135,
300, 100, 40, 0.81, 1.33, 3.66, 0.15, and 1.55 mg kg, respectively, of N, P, K, S, B, Cu, Mn,
Mo, and Fe, using, respectively, the following nutrient sources: NHsH2PO4, K2SO4, H3BO3,
CuS04.5H20, MnCl2.4H20, (NH4)6M07024.4H,0, and FeClz.6H.0O (Synth, reagent grade). In
RO, Ca and Mg were supplied by calcium and magnesium carbonates. In YO, Mg was provided
at 15 mg kg! using MgS04.7H.0 (Synth, reagent grade). These nutrients were provided to
ensure an adequate supply for plentiful plant growth® based on the nutrient recommendation
for pot experiments using soil*3.

In sequence, soil moisture was kept at 70% MWH, and then ten maize seeds were
sowed per pot. Ten days after planting, thinning was done, and two maize plants were grown
in each pot. The topdressing fertilization was carried out at 15 and 20 days after maize planting,
and 100 mg kg N provided as NHsNOj3 (Synth, reagent grade) was added to the soil. Maize
was grown for 30 days. To evaluate the Zn fertilization residual effect (Zn residual), ten seeds
of Brachiaria brizantha cv. Paiagués, after maize cultivation, were sowed in the same pot used
to grow maize plants. Ten days after planting, thinning was performed, remaining two

brachiaria plants in each pot. In the planting fertilization of brachiaria was used 100 mg kg N
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and of K, respectively, supplied as NHsNOsz and KCI (Synth, reagent grade). The topdressing
fertilization of brachiaria was carried out at 15, 25, and 35 days after planting, using 100 mg
kg N provided by NHsNOj3 (Synth, reagent grade). Brachiaria plants were grown for 45 days,
and no Zn was supplied to the grass; thus, residual Zn supplied to the main crop (maize) plus
natural soil Zn were available in soils for brachiaria growth.

At the beginning of each crop cultivation, after 12 hours of sowing, an aliquot of 20 ml
of the soil solution was collected using the Suolo Acqua® sampler®® and filtered (<0.45 pm).
Soil solution was characterized for pH (solution pH) determined through a digital bench pH
meter in an aliquot of 10 ml of the soil solution. In another part of the soil solution (aliquot of
10 ml of soil solution), Zn (solution Zn) and P (solution P) contents were determined in an ICP-
OES machine. After 18 hours of sowing, 30 g of whole soil was collected in each experimental
unit, then soil samples were dried and sieved (2-mm). In the dried soil samples, pH was
determined in water (soil pH), soil available Zn (soil Zn-DTPA) was assessed by the DTPA soil
test, and available P by the resin soil test (soil P-resin)®.

After cultivation, maize and brachiaria plants were harvested and separated into shoot
and root. Plant tissues were dried in an oven with air circulation at 60°C until constant weight.
The dried biomass was weighed, and shoot and root dry matter production were determined.
Total dry matter was obtained by adding the shoot to the root. Shoot dried biomass was ground
in a Wiley mill (1 mm-sieve), and between each sample, the mill was cleaned to avoid
contamination. The shoot samples were digested in a mixture of nitric and perchloric acids at a
4:1 ratio®, and Zn and P contents in the plant shoot were determined in an ICP-OES machine.

Since concentration/dilution effects of nutrient concentration are commonly verified in
pots experiments due to effects on higher or lower biomass production and for the correct
comparison of Zn and P nutrition between fertilizers, the accumulation of Zn and P in the shoot

was calculated”*23®. In pots experiments realized by Leite et al.3” the concentration of Zn in the
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maize leaf for this element to be toxic to grasses growth can be higher than 175.2 mg kg* with
a critical deficiency limit of 34.07 mg kg™. The optimal range for grasses in Leite et al.*” study
varied from 34.07 to 175.16 mg kg, a range within the finding in our dataset contained in
Supplementary material 3. Thus, nutrient accumulation of Zn or P (NUuAc) in the shoot was
calculated by the following equation (Eqg. 3):

NuAc (mg pot™!) = shoot dry matter (g pot™!)*nutrient concentration in shoot (mg g!)(Eq. 3)

2.6 Quality of zinc and phosphorus analysis

In the Zn and P analysis performed in an ICP-OES machine, curves ranging from 0.03
to 1.2 mg L™ for Zn, and 2 to 80 mg L™ for P, with an ICP detection limit of quantification of
0,001 mg L for Zn and 0.019 mg L for P. The quality control of the Zn analysis was ensured
using reference material (zinc sulfate heptahydrate (CAS 7446-20-0, purity 99.67%), tomato
leaves SRM 1573a and NIST Montana Soil SRM 2710a) during laboratory analysis. In addition,
to ensure that the extracts mentioned were in the concentration ranges of the curves, dilutions
with distilled water were made. In distilled water used for dilution of extracts, the contain Zn
and P also were determined to verify the quality of distilled water used.

In addition, to verify the contamination during the analysis of each method, thus
subtracting this value in each methodology, two blank samples were carried out as follows: I)
In the case of solubility in water and CA, the methodology was carried out without the addition
of fertilizer; Il) In the kinetics of Zn release study, the mini-lysimeter was filled with sand in
the scheme of Supplementary material 2 without the addition of fertilizer and the kinetics of
Zn release was performed at times aforementioned; I11) In soil solution samples, the same
equipment (soil solution sampler) was used, collecting in a beaker the same water used during

plant irrigation (distilled water); IV) In the analysis of Zn-DTPA and P-resin methods, the
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methodology was performed without adding samples soil; In the nitro-perchloric digestion

samples, digestion was performed without the addition of plant material.

2.7 Statistical analysis

All statistical analysis were carried out using the R software® through the stats,
agricolae, corrplot, factoextra and FactoMineR, nlstools and Metrics R packages*®“3.
Treatment means of Zn index, Zn diffusion radius, and means of plant and soil attributes were
compared by the Duncan test (p<0.05) after basic assumptions of analysis variance (normality,
homoscedasticity, additivity, and independence of residuals) were attained, and the significance
of the F-test was reached (p<0.05). Principal component analysis (PCA) was performed to
evaluate the relationship of properties of the synthesized OMFs and ZnSQg, contents and release
constant parameters related to the kinetics of Zn release, and the diffusion radius of Zn in RO
and YO soils. In the kinetics of Zn release study, different nonlinear models were adjusted to
the dataset to verify the effect of leaching time on Zn release for each fertilizer**4®. The
mathematical models tested were Elovich model (Eg. 4), simple exponential model (Eg. 5),

power function (Eqg. 6), and hyperbolic model (Eq. 7) as follows:

Znt=a+tbInt

(Eq. 4)
Znt=NO(1-e™™) (Eq. 5)
Znt=a*tb

(Eq. 6)

_NO*t
T (NO*b+t)

(Eq.7)

/nt
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Where: Znt: fraction of Zn released from fertilizer in time evaluated; a, initial Zn content
released from fertilizer; b, Zn release rate constants from fertilizer, t, time of release (hour); NO,

the maximum amount of Zn released from fertilizer during the whole Kinetics study.

The chosen mathematical model that best fitted the kinetics of Zn release from the
fertilizer dataset was based on the highest value of the coefficient of determination (R?), the
lowest value of root-mean-square error (RMSE), and the Akaike information criterion (AIC)*.
Mathematical models adjusted to Zn kinetics to each Zn source were compared by adopting a
confidence interval generated through a 95% bootstrap confidence interval using 1000
bootstrap interactions. Based on the model that best fitted as a whole to OMFs and ZnSO4
dataset, Zn release constant parameters (b) were compared by the confidence interval generated

previously through the bootstrap interactions.

3 Results
3.1 Fertilizers properties

The chemical properties of OMFs and ZnSQq fertilizers investigated in this study were
shown in Table 2. Zn index was calculated to normalize different Zn concentrations in
fertilizers, allowing comparison of different sources regarding availability for plants of fertilizer
Zn solubility in CA or water. OMF3 had a lower Zn soluble index in CA than OMFs 1, 2, and
4, and ZnS0Os. The index based on Zn soluble in water showed that all OMFs synthesized had
a lower Zn index than ZnSO4. Within the OMFs, OMF1 and OMF3 had Zn water indices lower

than the other OMFs.
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Table 2. pH, total C and total and soluble Zn in water and citric acid of organomineral fertilizers
(OMF) and zinc sulfate (ZnSOa4).

Zn Zn index

Fertilizer pH C Total CA Water CA  Water
g kgt %
OMF1 59+0.01 246.4+2.7 146.1+16 145615 29.1+3.0 99.7A 159C
OMF2 5.2+0.01 140.5#51 133.2+2.1 133121 739294 999A 556B
OMF3 4.0+£0.01 290.9+0.7 146.7+1.0 114412 45415 779B 309C
OMF4 35001 175.8+1.8 156.8+2.8 156.0+3.1 76.5+19 995A 488B
ZnSO4  5.3+0.03 - 2354 +0.1 2353+0.1 2351+0.1 999A 999A

C: total content of C in fertilizer; CA: Zn soluble in citric acid at 2%, water: Zn soluble in water.
The means with the same letter in each column did not differ regarding fertilizer-Zn solubility

index based on the Duncan test (p<0.05).

3.2 Infrared spectroscopy

Compared to pure HA, OMFs, whose synthesis was based on HA with mineral Zn
sources, had specific infrared spectra, new peaks, and changes in spectral signature (Figure 1
and Supplementary material 4). The OH stretching related to H-bonded OH, free OH,
intermolecular bonded OH were found for all HAs and OMFs, and in ZnSQO4 as well, with peaks
recorded at 3370 cm™ (OMF3), 3290 cm™ (OMF1, HA3, and OMF4), 3170 cm* (OMF2,
OMF4, and ZnS0Q4) and 3100 cm™ (HAL1). Aliphatic CH groups were present in FTIR spectra
at 2915 cm™® (HA1, OMF1, HA3, OMF3, and OMF4), 2900 cm™ (HA2) and 2845 cm™ (HA3,
OMF3 and OMF4). Carboxylic radical (COOH) in the alkyl group was found only in HA2 at
2400 cm* spectra region. The carboxylic acid C=0 stretch was found in HA1 at 1700 cm™ and
in HA2 at 1720 cm™. The peak related to water at 1640 cm™ was found for HA3, HA4 and
ZnS04. The C=C aromatic stretching was found at 1620 cm™ (HA, OMF1 and HA2), 1590 cm’

1 (OMF2), 1560 cm™ (HA3 and OMF4) and 1495 cm™ (HA1 and OMF1). OH phenolic
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stretching was assigned for peaks at 1400 cm™ (HA1 and OMF2) and 1380 cm™ (OMF1 and

HA2).
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Figure 1. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy and

the main peaks and features of chemical groups in humic acid Zn-HA-based organomineral

fertilizer (OMF) and its respective precursor HA, as well as zinc sulfate (ZnSQOa).

C-CH3 groups bending were found in HA3 and their derived OMFs (OMF3 and
OMF4) with peaks at 1365 cm™. The SO stretches (sulfone) were found at 1315 cm™ (OMF3
and OMF4) and 815 cm™ (HA2, OMF3, and OMF4). The C=S thiocarbonyl was only found in
HA2 at 1200 and 1055 cm™. The polysaccharide C-O stretching was assigned for peaks at 1150
cm™? (HA1 and HA2) and 1045 cm™ (HA1 and OMF1). SO; stretching (alkyl sulfate)-RSO4 M*

at 1075 cm™ was found for OMF2 and OMF4. S as SO4? stretching (free sulfate groups) was
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assigned for peaks at 1060 cm™ (ZnSO.) and 980 cm™* (OMF2, OMF3, OMF4, and ZnSO4).
Aromatic C-H out-of-plane bend was verified only in OMF1 at 960 cm™. The C-Cl stretching
modes were found in OMF1 at 830, 735, and 720 cm™ and in OMF3 at 720 cm™. The C-S
stretching (Methyl sulfone - CH3-SO;) was found at 715 cm™ in OMF2 and OMF4.

Compared to the HAL chemical nature, changes in OMF1 spectral signature involved
the disappearance of peaks related to carboxylic acid C=0O stretching (1700 cm™),
polysaccharide C-O stretching (1150 cm™), and the formation of new peaks related to aromatic
C-H out-of-plane bending (960 cm™) and the C-ClI stretching mode (830, 735, and 720 cm™)
(Figure 1). Additionally, changes in peaks from 3100 to 3290 cm™ were related to OH
stretching; for example, the change from 1400 to 1380 cm™ was related to OH phenolic
stretching, and the increase in absorbance intensities was related to C=C aromatic stretching
(1620 and 1495 cm™) and polysaccharide C-O stretching (1045 cm™), and the decrease in
absorbance intensity was related to aliphatic C-H groups (2915 cm™).

Compared to its precursor HA (HA2), the spectral signature of OMF2 was
characterized by the disappearance of peaks related to aliphatic CH groups (2900 cm™), COOH
in alkyl groups (2400 cm?), carboxylic acid C=0 stretch (1720 cm™t), C=S thiocarbonyl (1200
and 1055 cm™), polysaccharide C-O stretching (1150 cm™), and SO stretching (sulfone) (815
cm™), and the formation of new peaks occurred from OH stretching (3170 cm™), SO stretching
(alkyl sulfate)-RSO4M* (1075 cmt), SO42 stretching (free sulfate groups) (980 cm™) and C-S
stretching (methyl sulfone-CHs-SO,) (715 cm™) (Figure 1). In the same direction, the peaks
from 1620 to 1590 cm related to C=C aromatic stretching and from 1380 to 1400 cm™ related
to OH phenolic stretching also were modified.

Compared to the HA precursor (HA3), OMF3 resulted in peaks that changed from 3290
to 3370 cm™ related to OH stretching, the peaks related to C=C aromatic stretching (1560 cm-

1y disappeared, and new peaks related to water (1640 cm™), SO stretching (sulfone) (1315 and



70

815 cm™) and the C-CI stretching mode (720 cm™) formed (Figure 1). In addition, the
absorbance intensities to aliphatic groups (2915 and 2845 cm™) and C-CHs groups bending
(1365 cm™) were reduced compared to HA precursor. HA3 was also the precursor of OMF4,
and compared to HA3, in OMF4, new peaks were formed related to OH stretching (3170 cm’
b, water (1640 cm™), SO, stretching (sulfone) (1315 and 815 cm™), SO stretching (alkyl
sulfate)-RSOsM* (1075 cm™), SO4> stretching (free sulfate groups) (980 cm™) and C-S
stretching (methyl sulfone - CH3-SO2) (715 cm™). In comparison to HA3, OMF4 had
absorbance intensities related to OH stretching (3290 cm™) increased; however, aliphatic CH
groups (2915 and 2845 cm™), C=C aromatic stretching (1560 cm™), and C-CHj; group bending

(1365 cm?) decreased.

3.3 The Kinetics of Zn release

In relation to OMFs, ZnSO4 had a higher initial (0 hour) and final (240 hours) Zn
release (Figure 2). After 4 hours, 95.8% of Zn from ZnSO4 was released in the water. The
OMF1 and OMF3 had Zn release similar to each other at time 0 hour (~1.3% of Zn), though
they released less Zn than other OMFs and ZnSOa.. In the final time analyzed (240 hours),
OMF1 and OMF3 had a lower Zn released with the lowest Zn leached from OMF1. The OMF2
and OMF4 had an intermediate Zn released; initially, OMF4 had a lower Zn released (10 % of
Zn) over OMF2 (17.4% of Zn). After 72 hours, the amounts of Zn released from OMF2 and
OMF4 were similar and constant at 240 hours (~ 70% of applied Zn).

The best models to explain the kinetics of Zn release by OMFs were the power model
for OMF1 and OMFS3, the hyperbolic model for OMF2 and OMF4, and the Elovich model for
Zn leached from ZnSO4 (Supplementary material 5). Only the Power model was analyzed to

compare the Zn release rate constant parameter (b) among fertilizers (Supplementary material
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5). Thus, it verified that ZnSO4 had a faster Zn release rate constant, followed by OMF2. OMF1,

OME3, and OMF4 had similar and lower release rate constants than OMF2 and ZnSOa.
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Figure 2. The Kkinetics of Zn release in water from organomineral fertilizers (OMFs) and zinc
sulfate (ZnSOa).

3.4 Soil zinc diffusion

The Zn diffusion was higher in YO over RO (Figure 3). In RO, the highest Zn diffusion

was verified for ZnSO4. The OMFs reduced the Zn diffusion, and OMF1 and OMF2 had a lower

Zn diffusion than other OMFs (Figure 3). In YO, only OMF1 and OMF4 had a lower Zn

diffusion than ZnSO4, while OMF2 and OMF4 diffused Zn in an equivalent radius of ZnSO4

diffusion in soils.
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Red Oxisol

Yellow Oxisol

Red Oxisol Yellow Oxisol
12 ~ 12 A

Effective radius of high Zn zone (mm)
Effective radius of high Zn zone (mm)
o

OMF1 ! OMF2 ! OMF3 ! OMF4 ! ZnSO, OMF1 | OMF2 ! OMF3 | OMF4 | ZnSO,

Figure 3. The effective radius of high Zn zone diffusion for the organomineral (OMF) and zinc
sulfate (ZnSOs) fertilizers in the Red and Yellow Oxisols. Bars with standard error followed
by the same letter did not differ by the Duncan test (p<0.05).

3.5 Znsources on maize growth and nutrition

Soil and solution pH was not affected by the fertilizers studied. Soil pH mean values
of 6.32 and 6.51 were verified, respectively, for RO and YO cultivated with maize
(Supplementary material 7). Solution pH means value for maize cultivated in RO and YO
were, respectively, 6.40 and 6.50. The slight differences in pH values from whole soil and soil
solution were related to differences in the determination process, mainly related to the
relationship between soil mass and water volume. When Zn was not added to both Oxisols, the

solution Zn and soil Zn-DTPA were lower than in Zn-treated soils (Table 3). Compared to
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ZnS0sg, solution Zn in RO was similar for OMF2, OMF3, and OMF4, and lower for OMF1-
treated samples. In YO, solution Zn was similar for all OMFs and ZnSO4. Among the OMFs,
OMF2 and OMF4 reduced the solution Zn over OMF3. Compared to ZnSO4, OMF3 increased,
and OMF1, OMF2, and OMF4 decreased Zn-DTPA in RO. In YO, all OMFs reduced soil Zn-
DTPA over ZnSO4. Among all fertilizers, in RO, OMF1, OMF2 and OMF3 increased the
solution P over ZnSOg4. Solution P in YO increased in response to OMF2 and OMF3 though
they were lower than other fertilizers studied, though a higher level of P in whole soil was
verified for OMF3. Compared to ZnSOg, soil P-resin was not affected by Zn sources added to

RO, while OMF2 and OMF4 increased soil P-resin in YO.
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Table 3. Contents of Zn and P in soil solution, Zn and P available in the whole soil as a function

of OMFs, zinc sulfate (ZnSOs4), and Oxisol type used for maize cultivation.

Soil solution
Red Oxisol Yellow Oxisol
Treatment Zn P Zn P
(mg LY (mg LY (mg LY (mg LY

-Zn 0.071 +0.006 C 6.11 +0.36 A 0.006 + 0.002 C 0.21+0.01C
OMF1 0.132 +0.008 B 2.03+0.07C 0.035 + 0.003 AB 0.25+0.07C
OMF2 0.169 +0.009 A 2.85+0.10B 0.033+0.003B 1.10+0.22B
OMF3 0.178 £0.008 A 2.23+0.08 C 0.043 £ 0.003 A 423 +0.28 A
OMF4 0.182 £0.009 A 1.85+0.15CD 0.028 £ 0.003 B 0.53+0.11C
ZnS0Oq4 0.163 +0.010 A 1.40 +0.09 D 0.035 + 0.003 AB 0.36 £0.10 C

Whole Soil
Red Oxisol Yellow Oxisol
Treatment Zn-DTPA P-resin Zn-DTPA P-resin
(mg kg™) (mg kg*)N® (mg kg™) (mg kg™

-Zn 0.08+0.01 F 91.6 £2.6 0.05+0.01E 173.4+2.3C
OMF1 490+0.15E 84.6 £3.3 4.85+0.07D 172.0+0.7C
OMF2 5.42 £0.07D 92.5+3.9 5.47 +0.13C 200.1 +2.0 A
OMF3 7.26 £0.09 A 81.3+4.4 6.50 +0.12 B 193.1 +2.8 AB
OMF4 5.68 £0.04 C 83.8 £2.7 5.73+0.09 C 196.6 +t8.3 A
ZnS0Oq4 6.52 £0.05 B 95.8 4.0 7.26 £0.07 A 180.6 +4.7 BC

Means with standard error followed by the same letter in each column were not differ by the

Duncan test (p<0.05). NS: difference not significant (p<0.05). -Zn: no-Zn added to the soil.

The absence of Zn in fertilization sharply reduced shoot, root, and total dry matter, Zn

and P accumulated in maize shoot, in both Oxisols (Figure 4). In RO, shoot biomass was higher

when plants were fertilized with OMF1 and OMF4 over ZnSQOa, while root biomass was higher

for all OMFs over ZnSQOs. In RO, total biomass production was higher for OMF1, OMF2, and

OMF4 over ZnS0Oa4. The Zn accumulated in maize shoot cultivated in RO was higher for OMF3
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and OMF4 over ZnSQO4, while OMF2 reduced Zn accumulated in maize over ZnSO; fertilized
plants. In RO, P accumulated in maize shoot was improved only by OMF4 compared to ZnSQa.
In YO, over Zn sulfate, shoot biomass increased in response to OMF2 and OMF3, root biomass
increased due to OMF1 and OMF3, and total biomass production only increased in OMF3-
treated soils. In YO, Zn and P accumulated in maize shoot increased by OMF2, OMF3, and
OMF4 as Zn sources over ZnSOg, and the highest Zn accumulated in maize shoot was verified

for OMF3-treated plants.
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Figure 4. Total (full bar), shoot (Shoot) and root (Root) maize biomass production, and Zn and

P accumulated in shoot according to organomineral (OMF) and zinc sulfate (ZnSQOa) fertilizers

in Red and Yellow Oxisols. Bars with standard error followed by the same letter were not differ

by the Duncan test (p<0.05). Uppercase-italic, uppercase, and lowercase letters compared

respectively total, shoot, and root dry matter production respectively. - Zn: no-Zn added to the

soil.
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3.6 Znresidual: brachiaria growth and nutrition

After maize cultivation, soil pH was not affected by the fertilizers studied
(Supplementary material 7). Soil pH means were 5.99 and 6.53, respectively, for RO and YO.
Solution pH mean in RO and YO were, respectively, 6.69 and 7.09. The Solution Zn and soil
Zn-DTPA were lower in control (no Zn addition) over Zn-treated Oxisols (Table 4). In RO,
solution Zn increased in OMF3 and OMF4-treated soils over ZnSO4. OMF1 and OMF2 had
similar contents of Zn in RO solution over ZnSO4. In YO, all OMFs increased the solution Zn
over ZnSOs, and greater solution Zn was verified for OMF3-treated soils. Regarding Zn-DTPA
in the whole RO samples, compared to ZnSO4, OMF1 and OMF4 reduced soil Zn-DTPA, while
availability (DTPA) of Zn in the whole soil was higher for OMF3. In YO, OMF3 had similar
values of soil Zn-DTPA compared to ZnSO4, and OMF1, OMF2, and OMF4 reduced levels of

Zn-DTPA over ZnSOsa.
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Table 4. Contents of Zn and P in soil solution, Zn and P available in the whole soil in the

successive cultivation of brachiaria as related to soil type and OMFs and zinc sulfate (ZnSQOs)

used in the fertilization of maize.

Soil solution
Red Oxisol Yellow Oxisol
Treatment Zn P Zn P
(mg L) (mg L) (mg L) (mg L)

-Zn 0.038+0.005C  0.296 +0.011 A 0.010 +0.001 D <tb
OMF1 0.061 +0.006 B 0.202 +0.013 B 0.021 +0.002 B <tb
OMF2 0.059 +0.005B  0.023 +0.002 D 0.023 +0.001 B <tb
OMF3 0.089 £0.002 A 0.097 £+0.011C 0.032 £0.001 A 0.095 +0.006
OMF4 0.095+0.005 A  0.085+0.012C 0.024 £0.002 B <tb
ZnS0O4 0.064 £0.004 B 0.041 +0.007 D 0.014 £+0.001 C <tb

Whole soil
Red Oxisol Yellow Oxisol
Treatment Zn-DTPA P-resin Zn-DTPA P-resin
(mg kg™) (mg kg™) (mg kg™) (mg kg™)

-Zn 0.13+0.02D 12019 A 0.08 £0.02 D 180 £5.0 A
OMF1 5.85+0.09 C 121 £5.0 A 4,94 +0.14 C 168 £7.3 AB
OMF2 6.07 £0.03 BC 90+3.2B 4.91+0.12C 164 £5.1 AB
OMF3 7.32+0.14 A 65+1.9D 6.24 £0.03 A 153+5.0 B
OMF4 5.88+0.12C 77+33C 5.28+0.16 B 154 +3.4 B
ZnS0Oq4 6.41+0.02B 619D 6.3510.02 A 156 +4.9 B

Means with standard error followed by the same letter in each column were not differ by the

Duncan test (p<0.05). <'°: Values below the nutrient detection limit of ICP-OES machine. -Zn:

no-Zn added to the soil.

The absence of Zn in maize fertilization increased the contents of P in RO solution at

the beginning of brachiaria cultivation (Table 4). Among Zn fertilizers applied to RO, over Zn

sulfate, OMF1 OMF3 and OMF4 increased solution P contents. In YO, increasing levels of

solution P were only found for maize-OMF3 fertilized pots. In RO, a greater P-resin was only
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found for control (no Zn) and OMFL1 pots over other Zn sources. OMF1, OMF2, and OMF4
increased soil P-resin over ZnSQO4 in RO. In YO, the OMFs studied did not differ statistically
regarding soil P-resin content compared to ZnSOa.

In RO, in control pots (no-Zn added to the soil), Zn deficiency was a factor ruling plant
growth as it was in YO; the absence of Zn in the maize fertilization in RO caused a lower shoot,
root, and total biomass production, and Zn and P accumulated in the shoot in relation to the use
of other Zn sources (Figure 5). Thereby, OMF2 and OMF3 increased shoot, root, and total
biomass production, and Zn and P accumulated in the brachiaria shoot compared to plants
fertilized with ZnSO4 and cultivated in RO. However, OMF1 and OMF4 reduced the shoot
biomass, and Zn accumulated in the brachiaria shoot over ZnSO4. The OMF1 increased root

biomass compared to ZnSOs, and total biomass production was reduced by OMF4 over ZnSQOa.
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Figure 5. Total (full bar), shoot (Shoot) and root (Root) maize brachiaria production, and Zn
and P accumulated in shoot according to organomineral (OMF) and zinc sulfate (ZnSOs)
fertilizers in Red and Yellow Oxisols. Bars with standard error followed by the same letter were
not differ by the Duncan test (p<0.05). Uppercase-italic, uppercase, and lowercase letters
compared respectively total, shoot, and root dry matter production respectively. - Zn: no-Zn
added to the soil.

When Zn was not supplied to maize, brachiaria growth was sharply limited in YO, with

a reduction of shoot, root, and total biomass production, and Zn and P accumulated in the
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brachiaria shoot as well (Figure 5). The OMF1, OMF2 and OMF4 increased the shoot, root
and total biomass production, Zn and P accumulated in brachiaria shoot over ZnSOs-fertilized
plants cultivated. In the sandy Oxisol (YO), the greatest brachiaria biomass productions (shoot,
root, and total) were verified for OMF4-fertilized plants; and OMF3 and ZnSQO4 had a similar

shoot, root, and total biomass production, and Zn and P accumulated in brachiaria shoot as well.

3.7 Multivariate analysis approach

Using the multivariate approach, PCA outputs showed that total C content in fertilizers
and Zn release rate constants (b parameter in the fitted mathematical power model) were
positively related. The C content in fertilizers was negatively related to water-soluble Zn index,
initial and final content in the kinetics of Zn release from fertilizer, and diffusion radius of Zn
in RO and YO (Figure 6). The pH and Zn-CA index were positively related and little influenced

by other variables depicted in the PCA diagram.

Fertilizers properties and Zn diffusion
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Figure 6. Principal component analysis (PCA) between fertilizers properties, the kinetics of Zn
release, and the Zn diffusion in Red and Yellow Oxisols. C content: total C content of fertilizers.
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CA and water index: soluble Zn in fertilizers in relation to the Zn total content evaluated by
citric acid at 2% solution and water, respectively. Initial and final release: The content of Zn
release in water respectively to initial (O hour) and final (240 hours) time in relation to the Zn
total content evaluated to the kinetics of Zn release. Release rate (b): Zn release rate constant
in kKinetics of Zn release adopting the power model in all fertilizers. RO and YO Diffusion: Zn
diffusion radius in Red (RO) and yellow (YO) Oxisols respectively. COS2: represents the

quality of representation for variables on the factor map.

4 Discussion
4.1 Chemical properties, pools and kinetics of Zn release from OMFs

Compared to readily available Zn sulfate, Zn-OMFs may have higher agronomic
performance for crops increasing the biomass production and Zn uptake for plants, an effect
dependent on OMF properties such as pH of fertilizer, Zn-organic matrix interaction,
complexation and adsorption of Zn in the organic matrix, Zn solubility in different extractors
and Zn release rate evaluate by kinetics studies®>710-1948,

Among the properties of fertilizers, the pH of OMFs synthetized varied between 3.5-
5.9, conditioned by the synthesis route (Table 2). The pH of fertilizer affects the nutrient
dynamics in the soil-plant system, controlling the dissolution and reactions of nutrients in the
soil-fertilizer interface®. Besides, the increase in pH of fertilizer increases the formation of
insoluble mineral precipitate forms of Zn; thus, overall, a negative relationship between pH and
% water-soluble Zn content is commonly reported for fertilizers2. However, in our dataset, the
relationship between the increase of pH of fertilizer and the reduction of Zn solubility in water
was not observed (Figure 6) due to the presence of the humic matrix in Zn-OMFs. When the
pH of this humic matrix is increased, the HA supramolecular structure reduces its condensation
degree, and the formation of more soluble OMCs is magnified'®°, possibly contributing to the

increase of Zn availability for plants. Thus, in Zn-OMFs synthesized, there is a double effect of
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pH of fertilizer on the availability of Zn in water, either on controlling the formation or
dissolution of mineral precipitates or on changes in the conformation of the humic matrix.

As shown in the PCA plot (Figure 6), the pH of fertilizer only positively influenced
Zn solubility in CA. The influence of this pH on the CA-Zn index is partly explained due to the
use of humic acid in the OMFs synthesis. Since in humic matrices, the increase in pH reduces
the condensation degree of HA supramolecular structure, citric acid is a low molecular weight
organic acid that interacts more efficiently with the humic supramolecular structure; thus,
consequently destabilizing and fragmenting them into more bioactive smaller humic fragments
capable of interacting with and consequently increasing Zn solubility®® as observed by the
relation between pH and Zn availability accessed by CA extractor.

In addition to this feat of CA in destabilizing the HA supramolecular structure, the
solubility of fertilizer Zn in CA is commonly used because the CA solution simulates the
capacity of roots to acquire and uptake Zn from fertilizers'®>! and is the official method adopted
by the Brazilian Ministry of Agriculture - MAPA®, Besides, the solubility of Zn in different
extractors allows the differentiation of Zn sources concerning the availability of Zn for plants
and in the behavior of Zn release, since the Zn soluble in water indicates the readily soluble Zn
and Zn available in CA indicates the Zn available in the short and long term for plants!®®!, A
faster release of Zn-fertilizer enables rapid plant growth, although this rapid release can be not
a suitable strategy to manage fertilizer in Oxisols due to the high affinity of Zn to adsorption
sites prevalent in weathered mineral colloids found in Brazilian soils?®. Thus, new fertilizers
routes of production should be proposed to increase the efficiency of Zn fertilization in Oxisols.

According to these Zn solubility assumptions aforementioned, we developed routes of
synthesis of new OMFs promoted fertilizers with different solubility in CA and water, allowing
the development and selection of Zn fertilization management strategies. Zinc sulfate used as a

standard Zn source has almost all soluble Zn in water and CA (Zn water and CA index: 99.9%)



84

(Table 2). In our synthesized OMFs, high Zn solubility was found in CA (77.9-99.9% Zn CA
index), with OMF1, 2 and 4 having values similar to ZnSO4. However, the Zn soluble in water
of all OMFs (15.9-55.6% Zn water index) was lower than that of ZnSO4. The reduction of Zn
soluble in water (Zn water index) from the OMFs is related to the presence of functional carbon
from HA in the OMF matrix, as demonstrated by the close relationship between the total C
content and water-soluble Zn index (Figure 6). The interaction of Zn and functional organic
matrix caused causes both fertilizers with a lower proportion of water-soluble Zn and fertilizers
with a slow Zn release to favor Zn uptake by plants’.

The kinetics of nutrient release in water is the fertilizer property to release a specific
nutrient as a function of the time, allowing to differentiate speed patterns of dissolution and
release of nutrients from different fertilizers’2. Similar to results found in Carneiro et al.*®, in
our dataset, the presence of carbon in OMFs reduced the proportion of Zn release in the kinetics
of Zn study and the velocity of the release of Zn (Figure 6 and Supplementary material 6).
Once higher total C content in the fertilizers decreased the initial and final releases of Zn in the
kinetics of Zn release in water from fertilizers and increased b parameter in the power model
used in the Zn release kinetics study showed the more gradual Zn release according to the time
evaluated.

In our study, the final release amount of Zn decreased as follows: ZnSO4 > OMF2 =
OMF4 > OMF3 > OMF1, while the velocity of Zn release was as follows: ZnSO4 > OMF2 >
OMF1 = OMF3 = OMF4, highlighting that at 4 hours, 95.8% of Zn from ZnSQO4 was released,
while in OMFs, the amount of Zn released enhanced the limit value of OMF2 and OMF4 at 240
hours, and in OMF1 and OMF3, the limit was not reached. However, after 240 hours, the
amount of Zn released was low for all OMFs over ZnSOa (Figure 2). In line with the results of
Kabiri et al.” that compared ZnSO4 with Zn-graphene fertilizer (Zn-OMF), and Carneiro et al.*®

that compared ZnSO4 with biochar-graphene oxide composite (Zn-OMF), the Zn-OMFs
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promoted a more gradual release of Zn when compared to soluble mineral sources. When Zn
is bound to organic compounds, either by complexation or adsorption in OMFs, there is a
nutrient protection reaction offered by organic radicals that contribute to a more gradual nutrient
release® 1% as observed in our study, considering that in comparison to ZnSOs, the OMFs had

a smaller amount of Zn and gradual release the nutrient over time (Figure 2).

4.2  Zn diffusion from OMFs in Oxisols

The Zn diffusion is controlled by soil pH, clay and OM contents, clay mineralogy and
fertilizer properties’%2, The increase in pH, OM, clay and Fe oxide contents in soils was
followed by a decrease in Zn diffusion, possibly due to more Zn adsorbed in soil colloids?. For
these reasons, Zn diffusion was lower in RO with higher clay and OM contents than in YO. In
the same soil type, the Zn diffusion radius compared to the velocity of Zn diffusion'®?° and, as
verified in our study (Figure 3) and reported by Kabiri et al.”, compared to ZnSOa, slow-release
fertilizers promoted a lower Zn diffusion.

According to readily soluble Zn in fertilizers was reduced (Zn soluble in water) by
OMFs; consequently, Zn diffusion radius decreases in both Oxisols (Figure 6). Zn diffusion in
Petri dishes with colored papers is strongly correlated with the water-soluble Zn in fertilizers®e.
The higher the water-soluble Zn content favored, the faster the Zn dissolution; consequently,
the Zn diffusion is greater in the soil”®. Fertilizers with the slower Zn dissolution contribute
initially to reducing the Zn diffusion radius®?, being a strategy to increase biomass production
and the accumulation of Zn by plants’. In our OMFs synthesized compared to ZnSO4, a lower
diffusion radius was verified for OMF1 and OMF4 in both Oxisols (Figure 3). Compared to
ZnSQ0g, a reduction in Zn diffusion for only OMF2 and OMF3 was verified in RO; thus, our
OMFs were promised to increase the fertilization efficiency with Zn from the study of Zn

diffusion in Oxisols.
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4.3 Infrared as an indicator of Zn complexation in OMFs

When Zn is applied together with organic sources as in OMFs, there is greater
efficiency in using Zn by plants’“. The beneficial effects of organic sources and Zn are closely
related to the complexation of Zn by organic molecules®® as happened in Zn-HA interaction®©
and verified through changes in the infrared spectrum. The water solubility of Zn-HA
complexes depends on the chemical stability and reactivity of the formed humic-metal
complexes, which are regulated by the stoichiometry of the Zn-HA mixture, pH, and humic
acid properties’®>®, Compared to slow Zn fertilizers com Zn complexed, the rapid Zn
dissolution with free forms of Zn?* in mineral fertilizers favored reactions with phosphate
fertilizers, with subsequent precipitation of Zn with phosphates and other anions present in
soils?>’,

The main information extracted from the infrared analysis is which organic functional
groups are related to Zn complexation; once when Zn is mixed with humic matrix, there are
changes in peaks and absorbance intensity that indicate the Zn-HA complexation!®. The
complexation of Zn mixed HA indicated by the infrared spectrum analysis of OMFs showed
that Zn interacts with the HA through bonds between Zn and C or S from HA, reducing the
formation of Zn?* ions and the prevalence of free forms of Zn found in ZnSO4 (Figure 1).

The formation of a new peak at 3290 cm™ related to OH stretching verified in OMF1
and OMF4 compared to HA precursor used in the synthesis is an indicator of the hydration and
production of Zn aqueous complexes in HA structure®°, When HA3 was used in the synthesis
of OMF3, the OH stretching peak at 3290 cm™ moved to 3370 cm, indicating the interaction
of the Zn mineral source and HA during OMF3 synthesis forming Zn-HA complexes as
demonstrated by Boguta and Sokotowska'®, where increasing the proportion of ZnCl, over HA

promotes changes in the peaks in the ranges mentioned above.
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The interaction of Zn-HA also involves aliphatic C-H groups through the reduction of
the absorbance intensities of the Zn-HA samples compared to those of the HA precursor®® as
observed in this study for those of the OMFs (OMF1, 3 and 4) compared to those for the HA
precursors (Figure 1). The changes in C=C aromatic, polysaccharide C-O, carboxylic acid C=0
and OH phenolic stretching, C-CH3s group bending and COOH in alkyl groups are also
fingerprints of the formation of Zn-HA complexes®!®??, In all OMFs compared to HA
precursor used in the OMFs synthesis, this interaction of Zn-HA was indicative of C=C
aromatic stretching (Figure 1); however, polysaccharide C-O stretching, carboxylic acid C=0
stretching and OH phenolic stretching were important indicators of Zn complexation to OMF1
and OMF2, COOH in alkyl groups occurred and characteristic to OMF2, while C-CH3 group
bending was recorded for OMF3 and OMF4.

The sulfur groups found in OMF2 and OMF4 are related to SO stretching (alkyl
sulfate)-RSO4M* (1075 cm™) and C-S stretching (methyl sulfone-CH3-SO2) and indicated Zn-
HA complexation because in OMF2 compared to in the HA precursor, the peaks related to C=S
thiocarbonyl and SO> stretching (sulfone) disappeared, indicating the reactions between S
organic groups with Zn from mineral sources (Figure 1). In the OMF4-HA precursor, S-groups
were not found; however, the Zn mineral source used in the synthesis contained sulfur in free
forms, and the formation of C-S bonds indicated reactions between HA and Zn sulfate®. In
OMF2, the mineral source of Zn did not contain sulfur, although peaks of SO4*(free sulfate
groups) appeared; thus, it is possible that the Zn source with the humic matrix also formed
complex forms of HA-Zn, as well as free sulfate forms that were bonded to Zn.

SO, stretching (sulfone) occurred in OMF3 synthesis rather than in the HA used in its
synthesis, indicating the interaction of the Zn mineral source and HA during the synthesis
process. The sulfur groups present in Zn-HA complexes are reported elsewhere for single

mixtures of HA and Zn without the aim of producing fertilizers®. Complexation of Zn by HA



88

through sulfur groups promotes composted-based fertilizers with low stability and high water
solubility as verified for OMF2 and OMF4. In comparison, the C-Cl stretching mode may be
related to lower water solubility, as the OMFs had lower water solubility, and C-CI groups were
found only in OMF2, OMF4, and OMF3. Thus, OMF synthesis involving the HA type,
stoichiometry, and Zn sources and process control during the OMF manufacturing process
promote fertilizers with Zn complexed in different organic functional groups that promote

differences in fertilizers when their properties.

4.4  Agronomic performance of OMFs for maize and brachiaria

Evaluating the agronomic performance of the OMFs over ZnSOs, it showed differences
of the OMFs in the availability of Zn and P in the soil solution and the solid phase, and the
production of biomass and accumulation of Zn and P in the shoot of maize and brachiaria in a
soil-dependent effect (Tables 3 and 4, Figures 4 and 5). Besides, it was observed that no Zn
fertilization limited the maize and brachiaria grown in both Oxisols studied (Figures 4 and 5).

At least one of the OMFs overcame the biomass production and Zn accumulation by
maize and brachiaria in both Oxisols (Figures 4 and 5). The effect happens because, in tropical
soils, soluble Zn mineral sources are less efficient in delivering Zn to crops, considering that
readily available Zn compounds are prone to react with soil components through sorption and
precipitation processes>®’**, Thus, supplying Zn via OMCs is a feasible and smart solution for
minimizing the substantial loss of Zn in highly weathered soils, as organic ligands in Zn
complexes prevent the adsorption on the clay surface and the formation of Zn precipitates; thus
positively regulating Zn availability in whole soil and its solution?®75,

Using the buffer solution to simulate the ability of Zn-OMFs to release Zn complexed
by humic acid to the soil solution, it was observed that Zn-OMFs have the ability to release Zn

to the soil solution gradually®®. However, little is known about the effect of Zn complexed in
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OMFs on the soil solution evaluated under plant growing conditions. Positive effects of Zn-
complexed forms on Zn-free forms have been observed mainly in soil solution in response to
humic substances added to the soil with Zn complexed in a HA structure®.

Soil solution is the pool where plants acquire readily available nutrients23, Overall,
Zn contents in the soil solution are low, in the range of 0.000026 to 0.26 mg L™ Zn, which is in
line with the Zn soluble contents determined in this study and close to the Zn threshold level
(0.131 mg L) recommended for plant plentiful growth in nutritive solution for plant growth?32,
It is important to highlight that only for Zn-fertilized maize plants Zn contents RO solution
were above the aforementioned critical level for nutritive solutions (Tables 3 and 4). However,
due to the balance between the solid phase and the liquid phase, the critical value of a nutrient
in solution may not be an adequate fertility index for crops; the reason why new nutrient indices
in solution should be investigated across soil types and plant species. According to the
assumption mentioned, Zn in the soil solution was correlated with total biomass production to
determine the critical levels of Zn in soil solution for maize grown in both Oxisols and
brachiaria cultivated in YO. At the beginning of each cultivation cycle, the critical levels for
solution Zn were 0.164, 0.045 and 0.025 mg L Zn for maize cultivated in RO and YO and
brachiaria cultivated in YO, respectively (Supplementary material 9).

In soil solution, the main forms of Zn are free hydrated Zn(6H.0)?" and soluble organic
complexes, although the abundance of Zn mainly depends on the Zn source and soil type
properties, with mineral sources favoring Zn free forms, while OM favors the formation of Zn
in organic complexes®?. A higher Zn availability was verified when organic molecules complex
Zn instead of being precipitated by other anions and, or adsorbed into soil colloids?,
consequently improving Zn content in soil solution®. In the maize experiment, in comparison
to ZnSO4, OMFs produced with different HA sources did not increase Zn in the soil solution

(Table 3). In addition, RO fertilized with OMF1 decreased Zn in solution, mirrored by the
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kinetics of Zn release study (Figure 2). The main effect of OMFs was verified in soil solution
when brachiaria was cultivated in sequence to maize. In addition, in comparison to ZnSQOa, all
OMFs increased the Zn in solution in YO. In RO, OMF3 and OMF4 improved Zn availability
in the soil liquid phase when brachiaria was cultivated in sequence to maize (Table 4).

Despite the null effect of OMFs on solution Zn contents, when maize was cultivated,
compared to ZnSO4, OMF1, OMF2 and OMF3 increased the solution P in RO, and OMF2 and
OMF3 increased the solution P in YO, indicating the secondary effect of OMFs on P chemistry
and available forms in soil solution (Table 3). The positive residual effect of OMFs on solution
P was demonstrated through the brachiaria experiment, considering that OMF1, OMF3 and
OMF4 (the Zn source with the lowest Zn rate constant release) over ZnSQO4 increased solution
P contents. In YO, an increase in solution P content was only verified in OMF3-treated samples
(Table 4).

The main sources of P in agriculture are fully acidified phosphate fertilizers, which can
rapidly increase the P content of soil solution®®". The readily available P from soluble
phosphate sources is prone to react with Zn in soil solution®3, with a subsequent synthesis of
insoluble precipitates such as Znz(POas)2. Precipitation of Zn in soil solution reduces the
availability of Zn and P for plants, and such a negative interaction is usually termed “P-induced
Zn deficiency” °. When bonded to organic compounds, Zn experiences some protection, which
translates into fewer amounts of Zn adsorbed into mineral colloids and or precipitated in soil
25. consequently, soil Zn and P availability increases. In addition, when humic fractions are
present in soil and combined with P soluble sources, the formation of metal-P-HA complexes
inhibits P fixation and improves the agronomic performance of P sources in different cropping
systems®8. This effect of OMFs increasing the availability of P in the soil was observed for soil

P-resin levels; it was observed for OMF1, OMF2 and OMF4-fertilized plants, including
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brachiaria plants grown in RO, and OMF2 and OMF4-treated maize plants grown in YO
(Tables 3 and 4).

Concerning Zn availability in whole soil, soil Zn-DTPA contents were reduced due to
the use of Zn slow-release fertilizers (OMFs) rather than the use of ZnSOa, excepted for OMF3
in RO, the Zn source with the highest amount of total Zn added to the soil (Tables 3 and 4).
Results contrary to ours were found by Carneiro et al.*® where the application of Zn-OMFs
based on biochar-graphene oxide composite increased the availability of Zn in the soil. The
main effect of OMFs increasing the soil Zn-DTPA is related to Zn recommendations based on
the CA-Zn index, and the Zn-CA index in OMF3 was the lower (77.9%) between OMFs, which
promoted greater amounts of total Zn applied. The close relationship between the total Zn added
by the OMFs, and increased contents of soil Zn-DTPA in RO was probably due to the relatively
high OM content and consequently higher levels of lower molecular weight organic acids®.
Because some organic acids can ptomote HA supramolecular structure fragmentation into small
bioactive humic units that can increase Zn availability®°, thus accessing destabilized and release
Zn in organic forms not accessed in Zn availability chemical extractor for Zn recommendation
for plants.

It is expected that OMFs with Zn in complex forms will gradually release Zn, affecting
the Zn availability in the soil and may have a higher agronomic performance than mineral
fertilizers. In fact, OMFs positively affected the maize and brachiaria successively cultivated in
a soil type-dependent way (Table 5). The maize and brachiaria successively cultivation was
adopted to study plants with high sensitivity (maize) and less affected (brachiaria) to soil Zn
deficiency®. The Oxisols investigated are contrasting regarding clay and OM contents, with a
greater potential of Zn deficiency in RO, considering that a higher clay and OM increased Zn

adsorption, inducing Zn deficiency in soils?3°.
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Table 5. Summary of main effects of OMFs over ZnSQa.

Red Oxisol
OMF1 OMF2 OMF3 OMF4
Variable
Mai. Brac. Mai. Brac. Mai. Brac. Mai. Brac.
Solution Zn ! - - - - 1 - 0
Solution P 0 1 1 - 1 1 0
Soil Zn-DTPA l ! ! - 1 1 | l
Soil P-resin - 1 - 1 - - - 0
TDM 1 : (R : (I B
SDM 1 ! : 1 : 1 1 !
RDM 1 1 1 1 1 1 1 :
Zn in shoot - ! ! - 1 ) ) !
P in shoot - - - 1 - 1 1 -
Yellow Oxisol
OMF1 OMF2 OMF3 OMF4
Variable _ i i i
Mai. Brac. Mai.  Brac. Mai.  Brac. Mai. Brac.

Solution Zn - 1 - 0 - 0 - 0
Solution P - - 1 - 0 0 - -
Soil Zn-DTPA l l l ! l - l |
Soil P-resin - - 1 - - - 1 -
TDM - 1 - 1 1 - 1
SDM - 1 1 1 1 - 1
RDM T T - i T - T
Zn accumulation - 1 1 0 0 - 1 0
P accumulation - 1 1 1 1 - 1 1

1. improving, |: reducing; -: similar effect. Solution Zn and P: Zn and P soluble in soil solution,
respectively; Soil Zn-DTPA: Zn available in soil by the DTPA method; Soil P-Resin: P
available in soil by the resin method; SDM, RDM and TDM: shoot, root and total dry matter
production respectively; Zn and P accumulation: Zn and P accumulation in the shoot

respectively. Mai: maize cultivation; Brac.: Brachiaria cultivation.
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Similar to our results, Zn-OMFs can affect the availability of nutrients in the soil and
increase the production and accumulation of Zn compared to ZnSO4*. In RO, OMF1 improved
shoot and total biomass production for maize plants (Figure 4). OMF2 improved total maize
and root biomass production for the maize-brachiaria succession in RO (Figures 4 and 5),
although Zn in the maize shoot decreased for the main crop, while for brachiaria plants, shoot
biomass and P in the shoot were increased in response to OMFs as Zn sources. In RO, OMF
was used to nourish brachiaria, considering that root biomass and Zn in shoot increased
compared to ZnSOs-fertilized plants. In addition to improving brachiaria, in comparison to Zn
sulfate-nourished plants, those that received OMFs were characterized by a high residual Zn
effect in soils, ensuring greater total, shoot and root brachiaria biomasses, as well as a greater
Zn and P in brachiaria shoot. When applied to RO, OMFs had a high potential to improve maize
biomass production and Zn and P in their shoot.

In YO cultivated with maize, in comparison to ZnSO4, OMF1 promoted greater root
biomass production, while OMF2 and OMF3 increased maize shoot biomass, and OMF2 and
OMF4 increased Zn and P in the shoot. In RO, compared to ZnSQO4, the OMF3 had a higher
residual effect (brachiaria experiment). An increase in Zn in soil solution in response to OMF1,
OMF2 and OMF4 in RO cultivated with brachiaria improved the total, shoot and root biomass,
and the Zn and P in the grass shoot. Thus, OMF1, OMF2 and OMF4 slightly improved maize
growth, but these Zn sources were capable of supplying Zn to brachiaria plants. On the contrary,
OME3 effectively improved maize growth while its effect on brachiaria growth is limited, as
well as the Zn residual for the grass grown in succession to maize.

As observed in our study, the zinc fertilization and OMF effects on soil and crops are
soil type-dependent, and soil OM is one of the main factors controlling the effect of mineral
and organic fertilizers on plants?3>%%, Zinc strongly interacts with tropical soil components,

including OM compounds, as the functionalized organic fragments increase in response to OM
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increased storage in soils, promoting the complexation of Zn with subsequent formation of
organometallic complexes whose stability and solubility are regulated by the strength of bonds
formed'®*2, In addition, some OM fractions and functional groups act to block adsorption sites
in clay minerals and Fe and Al (hydro) oxides, with subsequent improvements of Zn and P
availability in soil*>®*. Results reported in this study corroborate the role played by soil OM on
Zn and P chemistry, considering that Zn and P availability for maize and brachiaria were
improved in the Oxisol enriched in OM (RO) (Tables 3, 4 and 5).

Zinc sulfate is commonly used to nourish plants, including maize, an annual crop, at least
in the short term, considering that Zn residual of sulfate was not yet appropriately studied
according to different crop successes>®2. However, over a long period (36 years), the
simultaneous application of zinc sulfate plus NPK fertilizer provides a residual effect of Zn,
increasing the proportion of Zn bound to organic components of the soil, which contributes to
improving the production and nutrition of Zn®3. However, in this study, only one source of Zn
was tested. The synthesis of slow-release Zn fertilizers could be a new approach for improving
plant growth and Zn uptake in crops successively cultivated. According to Kabiri et al.”, Zn
complexed to graphene reduced Zn water solubility due to Zn incorporation into the graphene
structure, hampering Zn uptake and growth of durum wheat, although the residual effect of Zn
was not evaluated.

The residual effect of Zn fertilization relies on the fertilizer rate, soil type, and crop?.
The residual effect of Zn evaluated in successive crop cultivation requires the correct evaluation
of fertilizer agronomic value. In such studies, different plants should be tested and successively
studied. The results reported by Mattiello et al.% attested that ZnSO4 rather than ZnO resulted
in higher biomass production of a wheat-ryegrass-maize sequentially cultivated. The longer Zn
stays in contact with soil, the lower the agronomic performance of fertilizers, as Zn tends to be

slowly released to plants due to previous strong sorption reactions with soil components.
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Improving the knowledge of the residual value of Zn fertilizer is necessary for determining the
rate and frequency of fertilizer application to different crops or plant rotation schemes?.

In the same Oxisols used in our study, evaluating the residual effect of HA application
combined with ZnSOs, the HA effect on Zn complexation and maize-brachiaria rotation was
also soil-dependent, with a higher growth of brachiaria grown in YO in a sequence of Zn-
fertilized maize cultivation®. Mirroring the results reported, in YO, OMF1, OMF2 and OMF4
rather than Zn sulfate showed a higher residual Zn effect, increasing brachiaria biomass
production. The new Zn-OMFs improve agronomic management of the first crop and the Zn
residual effect on brachiaria, a successively grown sequence to the main crop, maize. We
demonstrated that OMFs improve maize and brachiaria growth and Zn nutrition with secondary
and positive effects on crop P uptake.

In addition, there were effects due to the application of organic sources on the
availability of Zn, and its absorption by the culture can happen as the increase of the C-input
stimulates the microbial activity that can solubilize the Zn®%. However, these effects do not
usually happen in the short term, such as at the experiment time. However, this increased C-
Input showed correlated with an increase in biomass production and the accumulation of Zn in
maize in soil with the lower OM content (Supplementary Material 8), without affecting the
Zn availability in the soil and its solution. In addition, OMFs contain organic molecules in

humic substances that may have biostimulant effects®®.

4.5 Study limitations and future perspectives

The importance of pot studies is to indicate promising materials to be tested at stages
after the field level, being an initial and crucial stage in validating technologies, reducing the
cost of experimentation, and field validation steps should be performed after the first. In

experiments, contrary to what happens at the field level, leaf nutrient contents are not the best
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index for evaluating adequate Zn nutrition, and concentration in leaf tissues can be much higher
than found in the field as in our experiment (Supplementary Material 3). However, once the
potential of our synthesized Zn-OMFs to more adequately supply maize and brachiaria
successively cultivated, as well as other Zn-OMFs in studies already performed, there is a need
to validate these fields to the field level evaluating its potential in different agricultural scenarios
defining more efficient management of fertilization with Zn improving the crops production
and concentration of Zn in leaves.

In addition, very little explored the OMF effect is related to the C-Input on microbial
activity and the possible biostimulant effects related to this C. For example, humic substances
have a biostimulant role on plants which can increase nutrient acquisition by the stimulus on
H+-ATPase of the plasmatic membrane, carries and transports of nutrients in plants, and
increase the root growth®®. Thus, fertilizers based on the organic matrix can also have
biostimulant effects on plants, stimulant effects on microbial activity and chemical effects.
These effects need to be better elucidated for OMFs in future papers indicating the chemical

and biological mechanisms responses due to OMFs application.

5 Conclusions

Synthesis of humic acid-based Zn organomineral fertilizers (OMFs) reduced the water
solubility of Zn due to the formation of organic Zn complexes, as indicated by infrared analysis.
This gave the OMFs slow-release property of Zn and reduced diffusion of this micronutrient in
Oxisols tested. These new properties provided OMF2 with greater agronomic performance over
zinc sulfate in nourishing maize and brachiaria in successively grown. Zinc source effects on
plants are highly dependent on the interaction of OMF-soil properties, especially organic matter
content and size particle distribution, and on the crop studied. Zn diffusion was largely

controlled by attributes of the OMFs, mainly water solubility and the Oxisols properties.
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Regardless of the soil investigated, Zn diffusion is greater for zinc sulfate than for OMFs, except
in Yellow Oxisol, where OMF2 has diffusion similar to this soluble source. The OMFs
increased the available contents of Zn and P in soil and solution and can be suitable slow release

Zn sources to nourish maize and brachiaria (Zn residual) in highly weathered Oxisols.
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Synopsis

We synthesized new Zn fertilization based on humic acid, capable of adequately nourishing

plants and reducing the loss of this nutrient in Oxisols.
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SUPPLEMENTARY DOCUMENT

Supplementary material 1. Production routes developed to formulate Zn-organomineral
fertilizers, which are protected by BR1020210079568 deposit patent of OMF1 (10), OMF2
(11), OMF3 (18) and OMF 4(19) ¥’. The new fertilizers were formulated by two different routes
(A and B). Process for obtaining the new slow-release Zn-humic based-fertilizers (10 and 11)
through A route; organic material (1); addition of a solution of KOH 0.5 mol L-1 (2); extraction
of humic substances (3); addition of monoprotic acid (4) or diprotic acid (6) until the reduction
of the pH of the solution to 1 (4); Humic acid fraction separation (5 e 7); Addition of alkaline
sources of Zn (8); drying in the stove at 70 °C (9). B: Process for obtaining the new slow-release
Zn-humic based-fertilizers (18 and 19) through the B route; Commercial humic acid with a pH
in the alkaline range (12); humic acid solubilization in distilled water (13); reduction of pH to
5-6 by the use of organic and or inorganic acids (14); addition of monovalent Zn salts (15) or
divalent acids (16); the reaction of the aqueous mixture and drying in an oven at 70 °C (17).

A B
E 18

@4 ..... 4 4....&....; G- Q@ .

é v 15 €rerennnennnnnens j ---------------- +»> 16

; 8 a o :

: 9 i : ;
r_(_)-l F_é‘l 7—61 r—aﬁ
Loy 1S | lee vige



Supplementary material 2. Scheme of the kinetics of Zn release adopted.
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Supplementary material 3. The concentration of Zn and P in shoot tissue of maize and
brachiaria according to soil type and OMFs and zinc sulfate (ZnSOa) used in the fertilization.

Maize
Red Oxisol Yellow Oxisol
Treatment

Zn (mg kg™) P (g kg™) Zn (mg kg™) P (gkg™)

-Zn 129+11D 7.2+0.2 A 1.1+0.2B 5.9+x0.2 A
OMF1 62.5+34C 20+0.1C 64.0+4.1 A 20+0.1C
OMF2 68.7 £2.0 BC 2.2+0.1BC 67.1+15A 26+0.2B
OMF3 84.0+3.3A 25+0.1B 67.8 3.9 A 2.4 +0.2 BC
OMF4 846121 A 25+0.1B 68.0 £0.6 A 26+0.1B
ZnS0Oq4 77.3+4.1 AB 2.3+0.1BC 63.7 35 A 2.3+0.1BC

Brachiaria
Red Oxisol Yellow Oxisol
Treatment

Zn (mg kg™ P (gkg™) Zn (mg kg™) P (gkg™)

-Zn 28.0+35B 20+£0.1A 62.8+32.7B 1.2+05B
OMF1 104.2 +39 A 1.7+0.1B 107.2 +8.6 AB 25+0.2 A
OMF2 1109 +34 A 1.6+0.1B 108.9 +5.5 AB 22+0.1A
OMF3 1152 +6.0 A 1.7+0.1B 135.0+5.7 A 21+0.1A
OMF4 106.1 +2.2 A 1.5+0.1B 134.7 45 A 2.7+£0.1 A
ZnS0Oq4 1142 +7.2 A 1.6+0.1B 108.3 +9.5 AB 20+0.1 A

Means with standard error followed by the same letter in each column did not differ by the

Duncan test (p<0.05). -Zn: no-Zn added to the soil.
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Supplementary material 4. Main peaks identified in humic acid (HA) matrix, Zn organomineral (OMF) and sulfate (ZnSQO.) fertilizers.

Bond related '(Dfr";‘]f HAL OMFL HA2 OMF2 HA3 OMF3 OMF4 ZnSO4
3370 - - - - - Yes - -
OH stretching: H-bonded OH, free OH, intermolecular bonded 3290 - Yes - - Yes - Yes -
OH 3170 - - - Yes - - Yes  Yes
3100 Yes - - - - - - -
2915 Yes  Yes - - Yes  Yes Yes -
Aliphatic CH groups 2900 - - Yes - - - - -
2845 - - - - Yes  Yes Yes _
COOH groups in alkyl groups 2400 - - Yes - - - - -
o 1720 - - Yes - - - - -
Carboxylic acid C=0 stretch
1700 Yes - - - - - - -
Water 1640 - - - - - Yes Yes Yes
1620 Yes Yes  Yes - - - - -
_ ) 1590 - Yes - - - -
C=C aromatic stretching
1560 - - - - Yes - Yes -
1495 Yes  Yes - - - - - -
1400 Yes - - Yes - - - -
OH phenolic stretching
1380 - Yes  Yes - - - - -
C-CHzs groups bending 1365 - - - - Yes  Yes Yes -

SO stretching (sulfone) 1315 - - - - - Yes Yes -



C=S thiocarbonyl 1200 - - Yes - - - -

polysaccharide C-O stretching 1150 Yes - Yes - - - -

SO; stretching (alkyl sulfate)-RSO4 M* 1075 - - - Yes - Yes -
SOy stretching (free sulfate groups) 1060 - - - - - - Yes

C=S thiocarbonyl 1055 - - Yes - - - -

polysaccharide C-O stretching 1045 Yes  Yes - - - - -
SOy stretching (free sulfate groups) 980 - - - Yes - Yes Yes

Aromatic C-H out-of-plane bend 960 - Yes - - - - -

C-Cl stretching mode 830 - Yes - - - - -

SO, stretching (sulfone) 815 - - Yes - Yes Yes -

C-Cl stretching mode s i ves ] i i i i

720 - Yes - Yes - -

C-S stretching (Methyl sulfone - CH3-SO,) 715 - - - Yes - Yes -
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Supplementary material 5. Parameters of models adjusted to the kinetics of Zn release from
Zn organomineral (OMF) and sulfate (ZnSQO,) fertilizers.

Kinetics of Zn release as related to Zn total content (%)

Elovich Exponential Power Hyperbolic
freat R?> RMSE AIC R? RMSE AIC R? RMSE AIC R? RMSE AIC
OMF1 092 161 120 0.72 3.00 157 095 134 109 094 152 116
OMF2 094 482 172 087 566 195 090 497 187 0.95 443 203
OMF3 092 268 150 0.71 502 188 096 195 131 091 278 152
OMF4 084 745 212 059 1191 240 093 501 188 096 4.60 183
ZnSO4 0.82 284 154 081 295 156 081 290 155 0.81 295 156

R?: coefficient

information criterion. Treat.: Treatments studied.

of determination; RMSE: root-mean-square error (%); AIC:

The Akaike

Supplementary material 6. The kinetics of Zn release in water by the organomineral fertilizers

(OMFs) and zinc sulfate (ZnSO4) adopting the same model regardless of the fertilizer studied.
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Supplementary material 7. Soil pH and soil solution pH according to Zn organomineral

(OMF) and sulfate (ZnSOg) fertilizers in each Oxisol type.

Maize cultive
Solution pH Soil pH
Treatments
Red Oxisol Yellow Oxisol Red Oxisol Yellow Oxisol
-Zn 6.49 £0.04 6.56 £0.15 6.40 £0.06 6.47 £0.12
OMF1 6.35 +0.01 6.62 +0.05 6.23 £0.03 6.50 £0.01
OMF2 6.40 +0.06 6.45+0.11 6.20 £0.06 6.50 £0.06
OMF3 6.47 £0.05 6.29 +0.03 6.23 £0.12 6.53 +0.09
OMF4 6.38 £0.05 6.46 +0.13 6.40 £0.10 6.57 +0.03
ZnS0Oq4 6.30 £0.07 6.62 +0.12 6.33 £0.07 6.57 +£0.03
Mean 6.40 £0.05 6.50 +£0.10 6.32 £0.07 6.51 £0.06
Brachiaria cultive
Solution Soil
Treatments
Red Oxisol Yellow Oxisol Red Oxisol Yellow Oxisol
-Zn 5.98 +0.08 6.90 £0.04 6.10 £0.09 6.63 +0.12
OMF1 6.73 £0.10 7.04 +0.04 6.00 +0.06 6.27 £0.15
OMF2 6.87 £0.07 7.28 £0.10 5.93+0.10 6.30 +£0.15
OMF3 6.98 +0.08 7.05 +0.08 5.93 +£0.09 6.70 £0.10
OMF4 6.84 £0.11 7.02 £0.05 5.83£0.15 6.57 £0.03
ZnS0O4 6.71 +0.08 7.17 £0.04 5.87 £0.12 6.73 £0.07
Mean 6.69 +0.09 7.09 £0.06 5.99 £0.10 6.53 £0.10

-Zn: no Zn added to soil.



110

Supplementary material 8. Correlation between amount of C applied and whole soil and
solution properties and biomass production, Zn and P concentration and accumulation by maize
and brachiaria according to Oxisol. The means of treatment related to no Zn added in soil was

removed from the dataset to perform correlation analysis.

Maize Brachiaria

RO YO RO YO
Soil solution Zn 0.03 0.43 0.42 0.86"

Soil solution P 0.39 0.73" 0.52" -
Soil Zn-DTPA 0.20 -0.35 0.45 -0.06
Soil P-resin -0.66" 0.09 0.15 -0.02
Shoot biomass 0.22 0.62" 0.31 0.05
Root hiomass 0.48 0.78" 0.60" 0.05
Total biomass 0.37 0.77" 0.43 0.05
Zn concentration in shoot 0.11 0.19 -0.03 0.45
Zn accumulation in shoot 0.28 0.61" 0.28 0.15
P concentration in shoot 0.24 -0.09 0.36 0.17
P accumulation in shoot 0.42 0.37 0.44 0.07

“Pearson correlation significant (p<0.05).
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Supplementary material 9. Relation between Zn content in soil solution and total dry matter

production.
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Abstract

Enrichment of organic residues with mineral fertilizers is a sustainable route to produce high
agronomic value organomineral fertilizers (OMFs). Partial least squares regression (PLS) based
on infrared analysis is a fast and alternative technique to assess the properties of OMFs, while
replacing laborious, non-environmentally friendly, time-consuming, and high-cost
conventional lab analytical procedures. OMFs were produced by composting of mixtures of
low-grade and soluble P sources with chicken manure and coffee husk. In lab conditions, OMFs
were analyzed for: pH in CaCly, electrical conductivity, total contents of C, P, N, and K, and C
soluble in water, as well as for fertilizer-P soluble in water, citric acid, and neutral ammonium
citrate. The compost MAP-based OMFs had a higher agronomic value than low-grade rock P-
based OMFs. PLS regression models based on the ATR-FTIR spectral signature were a suitable

tool to predict all OMFs chemical properties and nutrient pools evaluated through lab
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conventional analytical procedures. The good performance, robustness, and non-random
correlation of PLS regression models were attested by their high coefficient of determination
(R?) to calibration (0.92-0.99), cross-validation (0.87-0.99), and prediction capacity (0.89-0.99)
combined with the lowest values of the root-mean-square error (RMSE) and reduced values of
R? (0.19-0.44), as well as to high values of RMSE to y-randomization. PLS based on ATR-
FTIR is a rapid and alternative chemometric approach to assess the properties and nutrients
pools of OMFs and may replace laborious, time-consuming, and high-cost lab chemical routine
and laborious analytical protocols used for the same purpose.

Keywords: Multivariate calibration; ATR-FTIR; chemometrics; compost-based fertilizers;

composting.

1 Introduction

Composted in the right way, mixing wastes, manures, and crop residues with low-grade
phosphorus (P) rocks and soluble mineral P fertilizers is a suitable route to recycle nutrients
and produce high agronomic value organomineral fertilizers (OMFs) (Maluf et al. 2018; Frazéo
et al. 2019). The correct definition of rate fertilizer and the balanced nutrients supply are key
factors controlling plant growth, yield, fiber, and biomass production. Nitrogen (N), P, and
potassium (K) are supplied to plants through different sources, including mineral, organic, and
organomineral fertilizers, but mineral fertilizers are the main sources world widely used to
nourish plants (FAO 2017; Mumbach et al. 2020). Overall, nutrients supplied by mineral
fertilizers are readily available to attend plant nutritional requirements, while nutrient pools
contained in them are prone to negative reactions with soil components becoming unavailable
to plants (McLaughlin et al. 2011). Compared to soluble mineral sources, organic fertilizers are
characterized by their low or unbalanced contents of nutrients, such as those contained in

manures, composts, sewage sludge, and crop residues; thus, some organic fertilizers are not
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capable of attending in a balanced way most crop nutrient demands (Mumbach et al. 2020).
Additionally, high rates of organic fertilizers are needed to attend to plant nutritional
requirements; the reason why organic fertilizers can only be transported to short distances from
their local of production, which decrease the scale and profitability of organic fertilization
(Mumbach et al. 2020).

Synthesis of OMFs is a strategy to add value to organic fertilizers by increasing their
nutrient concentration, besides enhancing agronomic efficiency through a gradual release of
nutrients while decreasing negative reactions of nutrients in fertilizers with soil components
(McLaughlin et al. 2011; Erro et al. 2012; Kominko et al. 2017; Lustosa Filho et al. 2017).
OMFs can be produced by mixing crop residues, manures, sewage sludge, compost, food
wastes, wood wastes, humic substances, biodigester slurry, etc., and processes, such as
composting, pyrolysis, and fermentation; the reason why this category of fertilizers have
contrasting properties, and nutrient pools with variable kinetics of nutrient release (Erro et al.
2012; Maluf et al. 2018; Lustosa Filho et al. 2019). The agronomic value of OMFs is determined
by properties routinely assessed by classical laboratory analyses, including pH, electrical
conductivity (EC), contents of C as well as P soluble in water, in citric acid (CA) at 2% and in
neutral ammonium citrate plus water (NAC+H20), and total contents of C, P, N, and K as well
(Erro et al. 2012; Maluf et al. 2018; Lustosa Filho et al. 2019; Ruangratanakorn et al. 2020).
Classical methods commonly used in lab analysis of OMFs are destructive, time-consuming,
require lab maintenance, have a high cost, enclose multiple-step during analyses, and generate
several non-ecofriendly chemical wastes (Yao et al. 2010; Ruangratanakorn et al. 2020).

Infrared spectroscopy analysis is a tool already used to predict the agronomic value and
properties of fertilizers (Wang et al. 2019; Ruangratanakorn et al. 2020). With the infrared
spectroscopy analysis is possible to generate a big dataset that mirrors the OMF organic and

inorganic nutrient pools. Multivariate analysis can extract additional information from the
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whole infrared spectra to predict fertilizer properties and capacity to supply nutrients to crops
while reducing the time required to perform lab conventional analysis methods (Higashikawa
et al. 2014; Wang et al. 2019). The partial least squares regression (PLS) based on infrared
spectroscopy is a potential tool to replace conventional fertilizer invasive analysis chemical
methods (Van Vuuren & Groenewald 2013; Lin et al. 2018; Lu et al. 2020). The use of infrared
spectroscopy conjugated with PLS regression mainly using the Attenuated Total Reflectance
with Fourier Transform Infrared Spectroscopy (ATR-FTIR) has many advantages over
traditional chemical lab analyses, including ease of sample preparation, fast and non-invasive
spectrum acquisition, non-destructive nature of the analysis, portability of the infrared machine,
and low generation of wastes; thus, this approach is an environmentally friendly low-cost
technique (Chen et al. 2013; Higashikawa et al. 2014; Wang et al. 2014; Lin et al. 2018; Lu et
al. 2019; Ruangratanakorn et al. 2020). If the prediction analysis involving PLS and infrared
spectroscopy is robust and has good prediction performance, the classical lab methods used for
the same purpose could be replaced. PLS regression based on infrared analysis was already
used to predict fertilizer properties, nutrient pools, and indices of fertilizer agronomic efficiency
(Chen et al. 2013; Wang et al. 2014; Lin et al. 2018; Ruangratanakorn et al. 2020).

PLS regression based on infrared spectroscopy was also effective to predict the
contents of N, P, and K in mineral fertilizers (Van Vuuren & Groenewald 2013; Lin et al. 2018;
Lu et al. 2019). In a broad review, the potential of PLS models based on infrared spectroscopy
was reported in predicting the total contents of C, N, P, and K in manure (Chen et al. 2013).
Current literature also reported the high accuracy of PLS regression based on the infrared
spectra dataset to predict the pH, EC, contents of C soluble, and total contents of C and N of
organic fertilizers (Wang et al. 2014). However, few studies aimed to predict the main

properties of OMFs through PLS based on the infrared analysis, although the potential of this
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technique to predict pH, C and N organic contents, and available P in OMFs was reported
(Ruangratanakorn et al. 2020).

Accurate analysis of OMFs properties and nutrient contents and pools is the first step
to enhancing crop response to fertilization, while the fast, reliable, and low-cost analysis of
fertilizers properties remain an important issue in different countries (Lin et al. 2018). The
prediction of OMFs properties through PLS models based on infrared spectra need to be better
elucidated, especially regarding evaluation of the agronomic value of contrasting composted-
based OMFs. We hypothesized that the mixture of organic residues and soluble and low-grade
mineral P sources can generate OMFs with contrasting properties and variable agronomic
efficiency. It is possible to anticipate that the PLS regression based on infrared analysis is a
suitable approach to predict the main properties and nutrient pools contained in the synthesized
low and high agronomic value OMFs. The aims of this study were: 1) to show the agronomic
value of OMFs produced after composting of different proportions of chicken manure (CM),
coffee husk (CH), and soluble and low-grade and high soluble phosphates; I1) to generate PLS
regression models based on the ATR-FTIR spectra to predict the pH, EC, contents of C as well
as the pools of P soluble in water, CA and NAC+H-O, and the total contents of C, P, N and K

in the compost-based OMFs.

2 Material and Methods
2.1 Organomineral fertilizers synthesis

The OMFs were produced by composting during 150 days of mixtures of three sources
of phosphorus (Araxa, Bayovar (low-grade phosphates), and monoammonium phosphate
(MAP)) with two organic residues (CM and CH) in six different proportions, thus totaling 54
OMFs samples. Moisture during composting was kept close to 70 % of the maximum water

retention capacity for each mixture. Each OMF was produced with three repetitions, and
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composting conditions and management of compost piles are described in detail in (Maluf et
al. 2018). After composting, the OMFs were dried in an air circulation stove at 60 °C until
constant weight. In sequence, OMFs samples were ground to passing a sieve size of <1 mm.
The mixture and proportions of the composted P sources -organic residues in each composting

pile and their respective derived-OMFs were shown in Table 1.

Table 1. Description of mixture and proportions of phosphate sources and organic residues

(CM and CH) used to synthesize compost-based organomineral fertilizers (OMFs).

P source Chicken manure Coffee husk

Identification Phosphate source Proportion (%)
AP?»CM?37SCH?3"S 25 37.5 37.5
AP*CM2CH* 40 20 40
AP*CM*CH? Araxé bhosoh K 40 40 20
APSOCMZCHZ phosphate roc 50 25 25
APSCM?°CH? 60 20 20
AP’ CM25CH5 75 12.5 12.5
BP?CM?3SCH?3"® 25 37.5 37.5
BP*CM?°CH* 40 20 40
BP*°CM*CH? Bavévar phosph K 40 40 20
BPSOCMZCHZ yovar phosphate rock g, 25 25
BPCM?°CH?° 60 20 20
BPSCM?*5CH?!%5 75 12.5 12.5
MAP?CM?3"SCH?3" 25 37.5 37.5
MAP*CM?°CH* 40 20 40
MAP*CM*CH? Monoammonium 40 40 20
MAP®CM?CH» Phosphate 50 25 25
MAPSCMZCH 60 20 20
MAP’>CM25CH25 75 12.5 125

“ Proportion based on dry mass.
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2.2 Infrared spectroscopy analysis

The OMFs samples (54 samples) were ground and homogenized and sieved to have
particles less than 0.149 mm diameter and dried. Identification of the main infrared band
assignments of OMFs was performed using the attenuated total reflectance with Fourier
Transform Infrared Spectroscopy (ATR-FTIR) in a Bruker Vertex 70v series
spectrophotometer with a ZnSe crystal. Infrared spectra were recorded at the Mid-infrared
region (4000 to 400 cm™ wavelength) by collecting 32 scans with a resolution of 2 cm™. All
ATR-FTIR spectra samples were submitted to minimum normalization (Gautam et al. 2015).
ATR-FTIR spectra of each OMF and the main absorption bands were identified through
libraries and assignments for organic and inorganic functional groups and compound bonds
(Stevenson 1994; Silverstein et al. 2005; Berzina-Cimdina & Borodajenko 2012; Maluf et al.

2018).

2.3  OMFs lab chemical characterization

The pH of OMFs was determined in a 0.01 mol L™ CaCl; solution at the ratio of 10 g
of OMF to 50 ml of CaCl> solution and determined in a bench digital pH meter. EC was
determined in water at the ratio of 10 g of OMF to 50 ml of water and measured through a
bench digital electrical conductivity meter. One g of the fertilizer was stored in a funnel with a
quantitative filter paper (grade 40), then washed successively with distilled water up to a final
volume of 250 ml. In sequence, the filtered extract was used to determine the contents of C and
P soluble in water. Dissolved C contents in OMFs were determined in the liquid mode of a dry
combustion analyzer (Elementar, Vario Cube model, Germany). Phosphorus was determined
in an inductively coupled plasma optical emission spectrometer (ICP-OES, Spectro Blue,
Spectro Analytical Instruments, Germany). Total C content in OMFs was quantified in the solid

mode of that already mentioned TOC combustion analyzer.
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Content of P soluble in a CA solution was extracted by stirring for 30 min 1 g OMFs
mixed with 50 ml of a 2% CA solution. The P soluble in NAC+H.0 was extracted by boiling
0.5 g of OMF with 25 ml neutral ammonium citrate solution (pH 7). The P extracts in CA or
NAC+H0 had their volume completed to 250 ml with distilled water; in sequence, the OMFs
derived samples were filtered using quantitative filter paper (grade 40), and P was quantified in
an ICP-OES machine. OMF samples were also digested in a nitric-perchloric solution at a 4:1
ratio (nitric acid: perchloric acid); in sequence, the extract was diluted in water, and the total
contents of P and K were determined in an ICP-OES machine. Total N contents in OMFs were
determined by digesting 0.1 g of OMF sample in glass flasks containing 3 ml of sulfuric acid
combined with a catalytic mixture (K2SO4+CuS0O4.5H,0). After digestion, N was determined
by the Kjeldahl distillation method. Analytical methods used in the OMFs characterization were
based on the official analytical protocols and methods described and required by the Brazilian

Ministry of Agriculture (Brazil 2017).

2.4  Statistical analysis

All statistical analyses were carried out using the R software (R Core Team 2020). The
classical lab OMF chemical properties dataset was staggered using the stats package (R Core
Team 2020); then, the heatmap analysis was performed through the gplots package (Warnes et
al. 2020) to cluster OMFs regarding their evaluated chemical properties.

ATR-FTIR spectral signature of the 54 OMFs samples (three repetitions x 18 OMFs)
was used to generate and validate the PLS regression models (part of the dataset used for
calibration and cross-validation phase (80%) and the other part for independent external
validation (20%). The ATR-FTIR spectra signatures recorded in the 4000 to 400 cm™ range
were calibrated against the respective properties of each OMF chemical indices (previously

determined by classical lab routines) using the PLS regression. Among the 54 observations,
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20% of samples (11 independent random samples) were not included in the calibration, defined
as “blind samples”; thus, they did use in the modeling PLS procedures and steps. The blind
samples were randomly chosen as an external group to test the robustness of PLS models. PLS
models were developed to predict with accuracy the OMFs properties routinely determined in
wet classical lab methods. PLS regression was performed using the stats, base, and pls packages
(R Core Team 2020; Liland et al. 2021).

The PLS models developed were characterized for the following statistics indices: root
mean square error (RMSE) of calibration (RMSEca) and the squared correlation coefficient (R?)
of calibration (R%al). The models were validated by the leave-one-out cross-validation, using
the RMSE of cross-validation (RMSEc) and R? of cross-validation (R%y). The validation of
PLS regression models was also performed by the y-randomization test, with the calculation of
RMSE of y-randomization (RMSEy-rand) and R? of y-randomization (R?%y-rand). The RMSE of
prediction (RMSEpred) and R? of prediction (R%yeq) Were used as statistical parameters to
evaluate the performance of the regression model prediction (Kiralj & Ferreira 2009). The

RMSE and R? were calculated as follows:

Z?: 1(yl_§]l)2
n

RMSE = 1)

2 _ 4 ZR,Gi-9i)?
RT=1 Y (vi-)?

()
Where, yi is the reference value of the dependent variable, Vi is the predicted value, y is the

mean value, and n is the number of samples.
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To validate the PLS models, it was calculated the squared correlation between the
experimental and predicted values for the tested dataset (r’m), and the R? of y-randomization

prediction (%) as described in Equations 3 and 4 (Roy et al. 2009).

r?m = R?[1— (R? —R?)) "2 ©)

1
I'zp = chal(chal - Rzy—rand) 2
(4)
Where R? and R% were the R? values between the observed versus predicted values for the

tested dataset with and without the use of intercept, respectively.

3 Results and discussion
3.1 Infrared spectroscopy

In ATR-FTIR spectra of OMFs, the main bands were assigned for O-H bonds at 3300
and 1640 cm™, C-H aliphatic at 2918 cm™, N-H bonds at 3220, 3050, 2850, and 1420 cm™,
COs% groups at 1460 and 870 cm™, P-O bonds at 1100, 1010, 1000, 968 600, 560, and 470 cm"
! P=0 bond at 1270 cm™, P-OH bond at 890 cm™ (Figure 1). These organic and mineral
chemical groups were identified based on the mid-infrared spectral peaks and bands
assignments, and libraries mentioned in the section of material and methods (Stevenson 1994;
Silverstein et al. 2005; Berzina-Cimdina & Borodajenko 2012; Maluf et al. 2018). The main
features and ATR-FTIR spectral bands and spectral signature of the raw phosphate rocks, MAP,

CM, and CH used in the synthesis of OMFs are discussed in detail in Maluf et al. (2018).
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Figure 1. Mid-infrared spectral signatures and the main band signals assigned for the
organomineral fertilizers formulated after composting variable mixtures and proportions of P
sources (soluble and low-grade phosphates) with chicken manure and coffee husk. AP: Araxa
phosphate; BP: Baydvar phosphate; MAP: monoammonium phosphate; CM: chicken manure;
CH: coffee husk; superscripted numbers after abbreviations refer to the proportion (%) of each

material (P source or organic residue) used in the mixtures composted to produce OMFs.

OH bands were identified in all OMFs spectra, while MAP-based OMFs were richer in
this spectral peak than low-grade phosphate-based OMFs (Figure 1 and supplementary material
1). C-H aliphatic bands were also recorded for all OMFs, with stronger peaks observed for low-
grade phosphate-based OMFs. A greater presence of N-H groups was found in the spectra of
MAP-based OMFs. As the proportion of MAP over organic residues increased in the
composting piles, the greater the N-H groups present in OMFs. The CO3? bands were only
verified in low-grade phosphate-based OMFs. A greater presence of organic residues in the

composting piles favored the presence of CO3> in the OMF-ATR-FTIR spectra. P-O bonds
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were verified in all OMFs with a higher intensity in low-grade phosphate-based OMFs. P=0
and P-OH bonds were founded only in MAP-based OMFs. A higher proportion of organic
residues in compost-based OMFs increased the presence and intensity of P=O bands and
reduced the P-OH peaks. Thus, it was generated an ample ATR-FTIR dataset covering a large
amplitude of spectral signatures of the contrasting OMFs synthesized with high or poor soluble
P sources and different proportions of CM and CH, which is suitable for creating a large dataset
of ATR-FTIR bands and OMF spectral signatures, which mirror the contrasting properties, and

nutrient contents and pools of fertilizers investigated in this study.

3.2 Chemical properties and agronomic value

The chemical and physicochemical properties of OMFs determined by classical
methods were shown in Table 2. The OMFs pH ranged from 4.9 to 9.7, EC was in the range of
1.9-62.3 dS m, C soluble in water ranged from 6.2-22.0 g kg™, and total C encloses contents
from 34.9 to 218.3 g kg*. Contents of P soluble in water were in the range of 0.2 to 159.2 g kg"
1. The following ranges of values were determined and accounted for P soluble in citric acid
(14.4-179.2 g kgl), P soluble in NAC+H0 (5.3-187.3 g kg}), total P in OMFs (68.2-219 g kg-
1), total N (4.4-97.3 g kg?) and total K (7.4-33.9 g kg'). The wide amplitude of OMFs
properties allowed to build a robust and reliable relation between the infrared spectral signatures
and OMFs properties (Wang et al. 2014). Thus, from the OMFs characterized in this study, a
wide range of chemical properties, nutrient contents, and pools were identified and representing

most of the OMFs marketed in Brazil.



Table 2. Chemical properties of the composted-based organomineral fertilizers.
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o EC CWater CT PWater PCA PNAC PT NT KT
Fertilizer pH ds m g kg™

APBECMPSCH¥*  97+0.1 73+03 20301 167.7+15 17+01 160+0.2 9.9+06 69.0+04 163+0.7 26.7+0.6
APYCM2OCH* 95+01 59+01 216+02 1308+13 12+01 152+04 72+01 86.2+05 124+01 240+09
APYCMACH?" 96+01 6.1+02 189+02 1093+16 13+x01 172+02 105+0.2 898+12 121+02 229+09
AP*CM*BCH?" 94+01 48+01 156+04 1040+x07 09+x01 16.2+04 77+x03 1052+03 101+03 19.0+13
AP®CMAPCHZ 93+01 33+01 129+05 583+03 09+01 172+02 7.0+x02 1204+08 75+04 16.7+x0.2
APPCM!2°CH?%*  89+01 19+01 7.1+06 369+12 0501 176+01 56+02 1342+17 47+03 100+0.3
BPACM3¥°CH¥** 95+01 74+01 201+01 169.1+43 15+01 203+1.0 89+02 753+04 162+05 29.3+0.6
BP4CM?°CH 93+01 53+01 17.7+05 1346+10 08+01 215+14 74+x05 1029+34 119+0.7 238+11
BPCM*CHZ" 93+01 58+01 179+01 1224+33 12+01 21.2+03 9.0+x02 1049+26 11.2+05 26.1+0.8
BP*CM*CH?»" 92+01 43+02 132+02 1123+13 06+01 235+08 84+04 1157+28 91+x03 216+04
BP®°CM¥CH? 87+01 36+01 93+x04 750%+20 03+x01 244+08 7.0+x02 1320+21 69%+02 169+0.2
BP°CM!?2°CH!?5 79+0.1 30+0.1 64+01 519+11 04+01 379+06 85+04 147.7+16 52+02 11.0+0.2
MAPZ®CM3°CH¥®" 65+0.1 250+06 196+03 2147+20 452+32 842+13 736+16 97.0x05 499+14 321+16
MAP®CM? CH® 55+0.1 39.4+04 213+01 1843+47 867+10 1053+40 987+11 147+26 67.2+0.9 239+0.3
MAP®CM#®CH?* 6.1+0.1 41.6+05 19.6+0.3 1390+28 80.5+04 117.9+23 1124+0.9 173.3+0.8 639+16 23.4+0.2
MAP*CM?»*CH?»®* 55+0.1 458+0.9 166+0.3 1228+23 955+23 116.1+4.0 1224+12 1779+18 729+13 20.1+0.8
MAP®CM?CH?® 53+0.1 527+03 13.2+03 1151+17 1144+24 1406+18 141.9+26 2151+24 767+21 134+0.6
MAP®CM!2°CH!?%" 49+0.1 61.9+05 7.3+02 50.8+04 1580+0.7 178.4+04 1841+16 1865+04 943+17 7.7%0.1

Mean 8.0 18.1 155 116.6 32.9 55.0 46.1 126.7 30.5 20.5

SD 1.8 20.4 5.1 49.1 50.7 53.2 59.1 41.0 30.6 6.8

Means of three replicates with standard error. “:Source: adapted from Maluf et al. (2018). EC: electrical conductivity; C&" and CT: content of carbon
soluble in water and total, respectively; PWete" PSA and PNAC: content of phosphorus soluble in water, citric acid at 2% and neutral ammonium citrate plus
water, respectively; PT, NT and K: total content of phosphorus, nitrogen and potassium, respectively; SD: standard deviation. AP: proportion of Araxa
phosphate; BP: proportion of Baydvar phosphate; MAP: proportion of monoammonium phosphate; CM: proportion of chicken manure; CH: proportion
of coffee husk; overscribed numbers refer to the proportion (%) of each material used in OMFs mixture synthesis.
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The heatmap analysis showed that classical lab methods are clustered mainly in four
groups regarding the OMFs properties (Figure 2), as follows: increase of pH (group I) was
favored by the use of MAP during OMFs synthesis; total content of K and C, and C soluble in
water (group 1) prevail over those of OMFs with proportions of organic residues higher than
50% in the composted OMFs; N total content, EC and P soluble in water or citric acid or
NAC+H20 (group I11) favored by the use of MAP in the OMFs synthesis; and P total content
(IV) favored by proportions of MAP higher than 25% and proportion of low-grade phosphates

of 75% in the OMFs synthesis.
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Figure 2. The heatmap of different organomineral fertilizers based on their chemical and
physicochemical properties evaluate through wet fertilizer chemical analysis methods. AP:
proportion of Araxa phosphate in composting piles; BP: proportion of Baydvar phosphate in
composting piles; MAP: proportion of monoammonium phosphate in mixtures composted;
CM: proportion of chicken manure in mixtures composted; CH: proportion of coffee husk in
the mixtures composted; overscribed numbers refer to the proportion (%) of each material used
in OMFs mixture synthesis. Each variable from the dataset has been scaled to have the same

weight during the statistical step used to generate the Heatmap.

The pH of fertilizer affects the nutrient dynamics in the soil-plant system, controlling
the fertilizer dissolution and reactions in the soil-fertilizer interface (Lombi et al. 2005). In
OMFs, total and soluble contents of C affect the dynamics of nutrients in the soil due to the role

of humified compounds in complexing metals, blocking P adsorption, and bioactivity of some
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organic compounds and functional groups on roots and plant growth (McLaughlin et al. 2011;
Erro etal. 2012; Rose et al. 2014; Abd EI-Mageed & Semida 2015; Fink et al. 2016). High total
C and K contents and C soluble in water were favored by the enrichment of compost piles with
organic residues (CM and CH) over proportions of P sources (MAP and low-grade phosphates).
Potassium contents are positively correlated with the proportions of CH in the compost-based
OMFs. Coffee husk is an alternative and fast-release source of K for plants (Zoca et al. 2014);
therefore, K total content is a suitable index of K availability for plants in CH-based OMFs. EC
is an index used to estimate the agronomic efficiency of fertilizers as it can infer fertilizer
nutrient availability, and predict fertilizer nutrient release over time (Cancellier et al. 2018;
Maluf et al. 2018). Nitrogen total and soluble contents were favored in MAP-based OMFs due
to the higher presence of readily available forms of N as ammonium in MAP.

Extractant solutions used to measure fertilizer-available P pools simulate the capacity
of roots to acquire different forms of phosphate (Binh & Zapata 2002). According to the
Brazilian Legislation, the NAC+H20 solution is recommended fertilizer test to measure P forms
soluble in ammonium phosphates, while the 2% citric acid solution is the recommended to
evaluate low-grade rock available P forms to crops (Brazil 2017). P soluble in water is an
additional index to determine the readily available phosphate pools to crops (Brazil 2017).
Overall, the increased agronomic efficiency of P fertilizers added to soils is related to the high
levels of P soluble in NAC+H,0 or CA at 2%, and levels of P soluble in water (Urrutia et al.
2014; Maluf et al. 2018; Lustosa Filho et al. 2019). For fertilizers, the high solubility of P in
water promotes a high amount of readily available phosphate in soil solution, favoring P
specific adsorption in tropical soils, which hamper the acquisition of phosphate by crops (Fink
et al. 2016). In this sense, the fertilizer agronomic value is higher when the OMFs formulated
have pH fertilizer values optimum range (5-6.5), high values of EC, and total contents of C, N,

P, K, and soluble C, as well as high levels of P soluble in NAC+H>0 and CA, and intermediate
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levels of P soluble in water. Thus, considering all properties of the OMFs formulated, it is
possible to anticipate the agronomic efficiency of the compost-based fertilizers as sources of
nutrients to crops in different soils.

OMFs were mainly subdivided into categories based on the high or poor soluble P
sources used in the OMFs synthesis. A trend was observed in grouping the OMFs from MAP
with higher P solubility, subdivided into groups with MAP proportions lower than 40%,
between 40 and 50%, and higher than 50%. These groups related to MAP-based OMFs had
higher P and N total contents, EC and P soluble in water or CA or NAC+Hz0O over other low-
grade phosphate-based OMFs. The OMFs derived from the low-grade phosphate rocks had their
pH increased during composting; the reason why this class of OMFs was clustered around pH
value ranges, as follows: OMFs were subdivided into two groups, one formed for proportions
of Araxa and Bayovar phosphates with higher than 40% in composting piles; on the contrary,
proportion lower than 40% of low-grade phosphate-based OMPFs resulted in higher values of K
and C total, and C soluble in water, compared to P-phosphate proportions below 40%. The
prevalence of organic residues over the mineral P sources increased C and K contents and
decreased P contents in OMFs.

In a multifaceted analysis, the MAP-based OMFs have a greater agronomic potential
to nourish plants than low-grade phosphates-based OMFs, considering that MAP-based OMFs
showed pH values in the optimum range for plentiful plant growth, besides a greater total and
soluble P contents (Figure 2 and Table 2). Within MAP-based OMFs, MAP proportion in
composting piles lower than 60% generate OMFs with high agronomic value, characterized by
the higher P contents. Carbon and K contents in OMFs were increased as the proportions of
organic residues in OMFs were increased. The OMFs are effective multi-functional fertilizers
capable of supplying P, K, and most of the N required by plants, besides acting as a soil

conditioner, depending on the rate applied.
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3.3 Prediction capacity of PLS models

Based on the ATR-FTIR -spectra of OMFs, a multivariate calibration using the PLS
regression was performed to obtain models capable of predicting different properties of OMFs
evaluated by classical lab methods. The parameters of PLS regression modeled for each OMF
property were shown in Table 3. The number of latent variables (LV) in each PLS model was
determined by a lower value of RMSE obtained during the cross-validation phase. The
regression coefficients of PLS regression to each variable measurement were contained in

supplementary material B.

Table 3. Parameters of PLS regression models generated and used to predict the chemical

properties of organomineral fertilizers.

EC CWater CT PWater PCA PNAC PT NT KT
dSm g kgt

LV 14 4 12 4 6 ) 6 13 4 6
RMSEcal 0.1 1.1 0.4 12.2 2.2 3.4 1.9 2.6 1.8 1.3
R2cal 099 0.99 099 092 099 099 099 099 099 0.95
RMSE.v 0.1 1.5 0.8 150 3.1 4.8 28 113 24 18
R2v 099 0.99 097 087 099 099 099 093 099 091
RMSEy.rana 1.4 18.5 3.5 376 461 469 496 337 276 54
R2y-rand 039 0.20 044 020 021 025 032 035 019 024
I 0.78 0.89 074 081 088 086 082 080 089 0.83
RMSEpreds 0.1 1.2 1.0 186 34 5.6 4.0 42 27 31
R2pred 099 0.99 097 093 099 099 099 098 099 0.89
m 098 0.95 097 08 09 092 096 097 096 0.68

EC: electrical conductivity; C"®" and CT: content of carbon soluble in water and total,
respectively; PWet" pCA and PNAC: content of phosphorus soluble in water, citric acid at 2% and
neutral ammonium citrate plus water, respectively; PT, N and K': total content of phosphorus,
nitrogen and potassium, respectively; LV: latent variable; RMSE: root mean square error; R?
or r%: squared correlation coefficient; RMSEca: RMSE of calibration; R?%.: R? of calibration;
RMSEw: RMSE of cross-validation; R?%y: R? of cross-validation; RMSEy.rang: RMSE of y-
randomization; R?.rana: R? of y-randomization; r?,: r? of y-randomization prediction; RMSEpred:
RMSE of prediction; R%yeqs: R? of prediction; r’m: r? between the experimental and predicted
values for the test set.

pH
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All PLS regression models had low values of RMSE_ca over the predicted value range
for each property of OMFs (Table 3). PLS models were also characterized by the high
correlation coefficient with R?., values above 0.92 (Table 3). R? values are considered good
for PLS models during the calibration and cross-validation process when R? is higher than 0.81
(Wang et al. 2014). During the cross-validation phase, R? values above 0.60 are acceptable
(Kiralj & Ferreira 2009). In this study, R% reported for the models developed had R?, values
above 0.90, except for the total C content whose PLS model had R% of 0.87, classified both as
good. In the cross-validation phase, the RMSE.y prevails in low values. The difference between
RZ%:a and RZy for each PLS regression was lower than 0.2, a limit that indicates that the models
are not characterized by overfitting, being an index to validate PLS models (Kiralj & Ferreira
2009).

The variable y was randomized and used in the calibration and to measure the
robustness of each PLS model. Low R?y-rang Values and high RMSE,.rang Values suggest that the
correlation obtained for each model was non-randomized. The r?, parameter was proposed to
ensure that the models developed are not obtained by chance, penalizing the R? of models for
the difference between the R? of randomized and non-randomized models (Roy et al. 2009).
The value of r?, should be greater than 0.5 for a model to be an acceptable model (Roy et al.
2009). All models in this study presented values above 0.5, considering that r?, values obtained
in this study ranged from 0.71 to 0.89.

The RMSE and R? of prediction obtained by validation external from the test dataset
showed the good predictive ability of PLS since R%peq Values ranged from 0.89-0.99. However,
the R%yred may not be sufficient to indicate external predictability; even maintaining an overall
good inter-correlationship, the PLS models may have a considerable numerical difference
between the values predicted and observed. Thus, the r?, was calculated to eliminate this effect

aforementioned, and all PLS models confirmed had a good correlation between measured and
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predicted values from the external validation; once the values of r’y values ranged from 0.68-
0.98, being the 0.5, the value limit to attest a good correlation (Roy et al. 2009).

Measured versus predicted values of classical methods used to determine OMFs
properties of calibration, cross-validation, and test dataset validation were shown in Figure 3,
mirroring the good correlation coefficient of PLS models obtained. The classical methods used
to determine the properties of the mineral, organic, and organomineral fertilizers are an essential
step in inferring the use efficiency of fertilizers by crops. Additionally, they are factors ruling
fertilizer rate and o anticipating crop nutrient use efficiency (Chien et al. 2011; Vaclavkova et
al. 2018; Frazao et al. 2019). For example, the determination in OMFs of P soluble difference
in NAC+H0 or H20 has a relationship with its use by crops (Maluf et al. 2018; Lustosa Filho

et al. 2019).
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Figure 3. Relationships between the measured and predicted values of pH, electrical
conductivity (EC), content of water-soluble C (C in H20), total carbon content (Total carbon),

content of phosphorus soluble in water (P in H20), citric acid at 2% (P in CA) and neutral

ammonium citrate plus water (P in NAC+H-0), total content of phosphorus (Total P), nitrogen

(Total N) and potassium (Total K) in OMFs. o: calibration; A: cross-validation; m: test.
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Use of PLS regression models based on infrared spectroscopy to predict with accuracy
the pH of mineral, organomineral and organic fertilizers were reported by Ruangratanakorn et
al. (2020) and Wang et al. (2014) with values of R%a (0.73), R%y (0.71-0.73), R?%pq (0.88), the
RMSEca (0.11), RMSE.y (0.11-0.96) and RMSEpred (0.27). In this study, we reported that the
PLS models had greater accuracy due to similar values of RMSEca, RMSE.y, and RMSEpred,
and higher values for R%a, R%y, and R%yeqs (Table 3) over those studies already mentioned.
Regarding the OMFs EC prediction reported by Wang et al. (2014), R?. verified it was similar
(0.99), while the R?yreq Observed in this study (R%preqd:0.99) was higher than the values reported
in the literature as mentioned earlier (R%preq:0.74).

Prediction of soluble C in OMFs showed good accuracy, as shown in Table 3 and
Figure 3. The prediction of soluble C contents in plant substrate using PLS regression and
infrared was also reported by Higashikawa et al. (2014) for growth media with different
maturity indices. PLS regression models proved to effectively predict the soluble C contents in
organic commercial fertilizers (Wang et al. 2014). Compared to the results reported in this
study, the studies already mentioned reported lower values of R% (0.75), R?% (0.64-0.88), and
R2yred (0.76-0.76), and higher values of RMSE.,, RMSEpred Were reported by Wang et al. (2014)
and similar values to RMSEca, RMSE.y, and RMSEreq Were reported by Higashikawa et al.
(2014). Also evaluated others parameters to determine the accuracy of models, Higashikawa et
al. (2014) showed values of RMSEy-rand (1.8 g kg1), R%y.rand (0.11) similar C soluble prediction
in this study. Compared to Higashikawa’s PLS models (Higashikawa et al. 2014), the regression
models used to predict soluble C in this study had higher values of r%, and r?p.

Among all classical analysis to evaluate the properties of OMFs through PLS, the total
C content prediction models showed a lower R? however, the PLS models had a good
performance in predicting C (Table 3). R%v, R%red, RMSEc and RMSEpred values for the

prediction models of total C content (Table 3) were similar to that reported by Wang et al., 2014
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for commercial organic fertilizers (R%w:0.93; R%ped:0.78; RMSEc: 22.92 g kg! and
RMSEpred:19.38 g kg™). Upon the parameters for the models used to predict organic C in OMFs
reported by Ruangratanakorn et al. (2020), we verified higher values of R%a, R%v, RMSEca
and RMSE. (Table 3), the values presented by these authors were RZ%: 0.82, R%.: 0.67,
RMSEca: 7.1 g kgt and RMSEcy: 9.7 g kg™

PLS based on infrared spectroscopy effectively predicted the P availability for plants
inferred by different soil tests (Ma et al. 2019; Péatzold et al. 2020). In OMFs, the P available
evaluated through the AOAC 957.02 method was predicted by PLS based on infrared spectra
with the following parameters of the regression models: R?%cai, R%v, RMSEca, RMSEcy, of 0.82,
0.80, 2.21 and 2.31, respectively (Ruangratanakorn et al. 2020). However, following the
assumptions described in Ruangratanakorn et al. (2020), the methodology used to evaluate P
may not represent the accurate contents of P available to plants, considering that strong acids,
such as nitric acid, were used as P extractants (Horwitz 2000). In the three approaches used to
determine fertilizer-available P contents (P soluble in water, CA, or NAC+H20), it was possible
to predict with high accuracy the P indices through PLS based on the ATR-FTIR spectra dataset
(Table 3 and Figure 3), with R%a and R?% values higher than those reported by
Ruangratanakorn et al. (2020), though the values of RMSEca and RMSEc, were similar.

There are few literatures reporting the conjugated use of PLS regression and infrared
spectroscopy to predict the total content of N, P, and K in OMFs. In this direction, the study
carried out by Ruangratanakorn et al. (2020) should be highlighted since PLS regression based
on the infrared spectroscopy to predict the N content in NPK mineral and organomineral
fertilizers had a high prediction capacity considering the high values R?%:a and R%. of 0.98 and
0.97, and RMSEca and RMSEy of 1.91 and 2.00 g kg™. In this study, it was found values ~
0.99 to R%a and R%y and RMSEc and RMSEc, within the range of 1.8 to 2.4 g kg™, values of

statistics parameters similar to those reported by Ruangratanakorn et al. (2020).
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PLS regression and infrared spectroscopy also were effective in predicting N, P, and K
total contents in swine, poultry, and beef cattle manures, with R%. and R ranging from 0.74-
0.97, 0.50-0.91, and 0.63-0.95, respectively, as it was demonstrated by Chen et al. (2013) in an
huge literature review. Evaluating the capacity of PLS regression to predict N, P, and K total
content in mineral fertilizers, reported R?q values of 0.90, 0.87, and 0.83, respectively, for N,
P, and K in fertilizers originated from different production processes in China (Lin et al. 2018).
Van Vuuren & Groenewald (2013) reported R%.a values of 0.92, 0.91, and 0.89, respectively,
for N, P, and K in mineral fertilizers. Based on the results shown in Table 3, in this study, in
the OMFs formulated with different proportions of P sources, CM and CH, the R%z and R%
values for N, P, and K total prediction was higher than those reported for regression models

used to predict mineral and organic fertilizers properties and nutrient pools.

3.4 Economic and environmental implications

Chicken manure and coffee husk are organic residues massively produced in Brazil.
CM has a pH > 7.0, and it is an enriched carbonate species and Ca chemical species, is an
important source of N and K as well, while P contents on it are considered low to medium. CH
is an important source of K among organic residues, though post-harvest coffee waste is poor
in N and P and has a low liming value. Depending on the proportions, the mixture of CM and
CH with MAP is suitable for producing high agronomic value OMFs as demonstrated in our
study. Composting of CH and CM is not a suitable route to increase the solubilization of apatite,
as well, a process to increase P agronomic indices of Low-grade P rock-derived OMFs. The use
of organic residues in the synthesis of OMFs is a way to recycle nutrients while avoiding
pollution of water and soil and the excessive use of non-renewable raw materials employed in

the synthesis of soluble mineral fertilizers. Waste recycling through composting in the fertilizer
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sector is a strategy to improve the agronomic value of soluble P sources such as MAP,
potentially enhancing fertilization efficiency and crop yield (Maluf et al. 2018).

PLS regression models based on ATR-FTIR are an alternative, suitable and reliable
technique to predict classical laboratory methods employed in the OMFs characterization. PLS
regression based on infrared analysis has some advantages over the conventional lab methods,
such as a lower time to infer OMFs properties, a lower cost per analysis, faster and non-invasive
lab routine that does not employ chemical reagents; thus, it is an environmentally friendly
analysis (Van Vuuren & Groenewald 2013; Chen et al. 2013; Higashikawa et al. 2014; Wang
et al. 2014; Lin et al. 2018; Wang et al. 2019; Ruangratanakorn et al. 2020).

In Brazil, the complete analysis of OMFs properties in official and certified
laboratories, on average, has the following prices: as a whole, analysis of pH, total C, N, P, and
K contents, on average, costs US$ 18.66; EC: US$ 4.02 and each fertilizer-solubility index
regarding P (P soluble in water or 2% citric acid or NAC+H20): US$ 6.77. thus, the total price
per fertilizer sample analyzed is US$ 42.99, taking as standard the U.S. dollar in its current
exchange ratio to the Brazilian currency, the Real (ESALQ. 2021). It is worth mentioning that
carbon soluble in water is not determined as an index for fertilizers in commercial laboratories.
Compared to the price of analysis per sample, the ATR-FTIR analysis price is about US$ 10.97
(IQSC-USP 2021), thus, lower than those values already mentioned for conventional lab
analyses. Once the ATR-FTIR can be used to estimate the OMFs properties aforementioned
though PLS regression, the cost per fertilizer full analysis was 3.92 folder lower than the wet
lab and invasive routine methods adopted in Brazil. For this reason, PLS models based on ATR-
FTIR can replace classical lab methods to evaluate a range of OMFs properties, contributing to
a fast and accurate analysis of OMFs whose production and use in crop fields are increasing in

Brazil.
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4 Conclusion

The mixture and composting of soluble and low-grade P sources, chicken manure, and
coffee husk produce organomineral fertilizers (OMFs) with contrasting nutrient pools, and
chemical and physicochemical properties determined by the wet classical laboratory methods.
The monoammonium phosphate-based OMFs had a higher agronomic value than low-grade
phosphate-based OMFs. Partial least square (PLS) regression based on attenuated total
reflection with Fourier Transform Infrared Spectroscopy (ATR-FTIR) predicted with
robustness and accuracy the pH, electrical conductivity, C, P, N, and K total contents, and C
and P soluble in water, as well as P soluble in citric acid (2%) or neutral ammonium citrate plus
water. All PLS regression models used to estimate OMFs properties and nutrient pools were
reliable, robust, and had no chance of correlation. PLS regression based on ATR-FTIR was an
alternative new approach to assess key properties and nutrient pools in organomineral fertilizers

in a simple, non-invasive and low-cost technique without the generation of lab wastes.
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Supplementary material 1. Mid-infrared spectral signatures and the main band signals of
organomineral fertilizers formulated after the composting of multiple mixtures of P sources,
chicken manure and coffee husk highlight each group according to each P source (Araxa,
Baydvar and Monoammonium phosphates). P: proportion of P source; CM: proportion of
chicken manure; CH: proportion of coffee husk; overscribed numbers refer to the proportion

(%) of each material used in OMFs mixture synthesis.
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Supplementary material 2. Regression coefficient of partial least square regression to each
variable measured according the Mid-infrared spectral signatures of organomineral fertilizers
formulated after the composting of multiple mixtures of P sources, chicken manure and coffee
husk. Variables mensured: pH, electrical conductivity (EC), content of water soluble C (C in
H20), total carbon content (Total carbon), content of phosphorus soluble in water (P in H20),
citric acid at 2% (P in CA) and neutral ammonium citrate plus water (P in NAC+H20), total

content of phosphorus (Total P), nitrogen (Total N) and potassium (Total K).
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Abstract

The composting of chicken manure (CM), coffee husk (CH), and monoammonium phosphate
(MAP) in the correct proportion may create organomineral fertilizers (OMFs) with a gradual
release of nutrients and higher agronomic performance in Oxisols. The study aimed to recycle
CM and CH mixed with MAP through the composting in the production OMFs, characterizing
them and evaluating agronomic performance. Four OMFs were produced and characterized by
chemical and spectroscopic analysis using the mixture of four proportions between CM, CH,
and MAP (MAPZ*CM3S%CH35% — MAPY%CMA%CH2% ~ MAP®*CMZ*CH»% and
MAP*CM!25%CH25%) The mineralization of nitrogen (N) and phosphorus (P) and release

of potassium (K) were evaluated in soil-OMFs incubated mixtures study, and NPK dynamics
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of OMFs were evaluated in whole soil and its soil solution during maize (hybrid Pioneer 30F53)
cultivation in greenhouse conditions for 36 days in two contrasting Oxisols. Nitrogen and P
compounds and bonds identified in infrared analysis positively correlated with N and P forms
in both OMFs and MAP sources. In a soil type-dependent way, an increase in the proportions
of CH+CM over MAP in the OMFs promoted a more gradual release of N, P, and K. Reduction
of readily N and P forms for maize increased the efficiency of OMFs over MAP in Oxisol with
the lowest organic matter (OM) content, and the proportion in OMF of MAPZ%CM37S%CH37:5%
increased shoot biomass in approximately 26% and shoot P in 22% over MAP-fertilized maize
plants. In the Oxisol with higher OM content, the N and P fertilizer-availability indices did not
affect maize nutritional status and growth. The proportion of MAP**CM4%CH2% gver MAP
increased about 22 and 50 % of the shoot biomass and shoot P, respectively. Compared to MAP,
the amount of N mineralized in the incubation-kinetics study only varies for OMFs added to
soil with higher OM content, while the kinetics of P and K release rely on OMF type used to
treat both Oxisols. The composting of CM, CH, and MAP was an alternative to improve the

fertilization efficiency in tropical soils.
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Statement of Novelty

Organomineral fertilizers (OMFs) based on MAP over isolated application of MAP has a higher
fertilization efficiency in Oxisols. Coffee husks (CH) and chicken manure (CM) are organic
residues produced in high quantities in Brazil with high potential for use in the production of
MAP-OMFs; however, CH has a high Carbon: nitrogen ratio (C:N ratio), which can immobilize
N, while chicken manure has high pH values that can reduce the availability of nutrients. The
mixture and composting of CH, CM, and MAP in a correct proportion is a sustainable way of
making OMFs with an adequate value of pH and C:N ratio and higher levels of N, phosphorus

(P), and potassium (K) in forms with higher agronomic performance for plants cultivation.

Keywords: soil solution; composting-based fertilizers, nutrient cycling; highly weathered

soils, N mineralization rate, kinetics of P and K release.

1 Introduction

Tropical soils as Brazilian soils, have low natural availability of nutrients, and nitrogen
(N), phosphorus (P), and potassium (K) are the main nutrients used in fertilization practices to
attend to the demand of plants, supplied mainly through mineral fertilizers; however, the
mineral fertilizers have a low agronomic performance [1-3]. In soils rich in soil organic matter
(SOM), part of the N required for plants may be supplied after the mineralization of SOM,;
however, in tropical soils, native OM is low [4]. In Brazilian soils, P availability is low, and
phosphate is strongly adsorbed in Fe and Al oxides and low-activity mineral colloids, such as
kaolinite, especially when soils are fertilized with mineral soluble P fertilizers [2, 3, 5, 6]. Soil
K availability is low to medium in Brazilian soils, and most of the K added to the soil by mineral
fertilizers tends to remain in solution due to the low cation exchange capacity of tropical soils

making the K more prone to the leaching process [2, 7].
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Increasing OM content in soils is a suitable long-term strategy for improving the use
efficiency of P by plants due to OM is capable of blocking P fixation sites in tropical soils,
increasing P availability for plants; however, achieving high levels of OM stored in tropical
soils remains an enormous challenge [3, 5, 6]. In the short term, another strategy to achieve the
beneficial effect of OM on soil P dynamics and availability is the mixture of mineral fertilizers
with organic residues, hereafter named organomineral fertilizers (OMFs) [8-10]. OMFs
combine the benefits of organic and inorganic nutrient sources resulting in stable forms and
known nutrient concentrations, improving nutrient pools available in the short, medium and,
long term [8, 9, 11]. Additionally, the synthesis of OMFs is an eco-friendly route to recycle
wastes and organic residues to produce high-agronomic value inputs and fertilizers [12, 13].

In Brazil, chicken manure (CM) and coffee husk (CH) are available and have an
enormous potential to produce OMFs, because CM is a source of N and P, and CH is a relevant
source of K from Brazilian coffee plantations; however, CM has higher values of pH that may
reduce the availability of the nutrients, and CH has a higher Carbon: N ratio (C:N ratio) that
may immobilize N [14, 15]. Composting CM, CH, and monoammonium phosphate (MAP) in
a correct mixture can be a suitable route to produce MAP-based OMFs with adequate properties
and higher agronomic efficiency than the exclusive use of MAP to nourish plants [9, 16, 17].
Compared with mineral fertilizers, OMFs have slow-release nutrients, reducing NPK losses and
increasing the use efficiency of NPK by crops, mainly for P, due to a more gradual release that
reduces the specific P adsorption in tropical soils [5, 11, 18, 19]. Besides, organic ligands from
organic residues from OMFs are capable of blocking phosphate-specific adsorption sites, and
the formation of P-metal-organic ligand complexes in OMFs minimizes the specific P
adsorption in tropical soils [6, 8, 20].

One of the main effects of OMFs is related to the forms in which nutrients are supplied

to plants since both organic and mineral forms are simultaneously present in OMFs [16]. The
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chemical bonds and compounds in OMFs may be identified by infrared spectroscopy analysis
[21-23]. In addition, chemical analysis in OMFs is used to assess both organic N and mineral
N forms, the solubility of P in different extractor solutions, as well as the fraction of organic N
and P more prone to mineralized, controlling the capacity of OMFs to supply nutrient to crops
[24-28]. Compared with mineral fertilizers, OMFs maintain high levels of nutrients; however,
the nutrients are gradually released for crops [29, 30], which may promote a higher nutrient
residual effect across different cropping seasons [11, 31, 32]. Besides, the soil type and its
properties control the OMFs effects, and among soil properties, native OM content is a key
factor controlling OMFs effects since organic compounds linked to soil native OM may hinder
the positive role played by exogenous organic ligands found in OMFs [8, 9, 12, 17, 33].

Thus, we hypothesized that recycling of CM and CH and production of compost-based
OMFs through the composting in the correct proportion of MAP, CM, and CH mixtures, have
a higher agronomic performance and gradual NPK release over the exclusive use of MAP-KCI
on the maize growth in a soil type-dependent way. This study aimed to: i) evaluate the chemical
properties and kinetics of P release from OMFs and MAP; ii) identify the main N and P
chemical forms present in OMFs through the spectroscopy analysis (ATR-FTIR); iii) evaluate
the effects of OMFs on maize growth in two contrasting Oxisols; iv) elucidate how OMFs
properties affect the kinetics of NPK release across soils and their solutions, as well as to relate
fertilizer nutrient pools with maize nutritional status and biomass production, and; v) evaluate

the dynamics of mineralization/release of NPK from OMFs incubated in contrasting Oxisols.

2 Material and Methods
2.1 OMFs characterization
OMFs were produced through the composting of mixtures of different proportions of

MAP, CM, and CH in three repetitions over 150 days; once the input of organic residues and
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their ratios in mixing during the synthesis of OMFs control the properties, pools, and nutrient
availability of the resulting OMFs. Characterization of organic residues and MAP were
described in Table 1, and more details of the synthesis of OMFs are described in Maluf et al.
[16]. Besides OMFs, MAP was tested and evaluated regarding properties, such as forms and
agronomic value of their N and P pools. The OMFs investigated were: P20 (25% MAP +
37.5% CM + 37.5% CH), P*°0° (40% MAP + 40% CM + 20% CH), P*0%° (50% MAP + 25%

CM + 25% CH) and P">0% (75% MAP + 12.5% CM + 12.5% CH).

Table 1. Nutrient contents, pools and P availability of matrices used in organomineral fertilizers

synthesis.
P
_ Total N Total K _
Material pH (CaCly) Total Water Citricacid NAC+H20
gkg™
MAP 4.1 110.0 - 237.0 219.0 225.0 235.0
CM 7.1 30.2 28.4 34.2 54 23.9 17.9
CH 4.6 17.3 42.4 1.2 1.0 1.1 1.2

pH was determined in CaC; solution at a ratio of 1:5 (w/v); "Modified from Maluf et al. [16].
Water, citric acid NAC+H2O: soluble P in water or in citric acid at 2% or in neutral ammonium

citrate plus water, respectively.

The pH of OMFs and MAP was determined in a 0.01 mol L CaCl; solution, and the
total N content was determined by the Kjeldahl method after the digestion of samples in sulfuric
acid [24]. Total P and K contents of fertilizers were determined, respectively, using the
vanadomolybdate and flame photometry methods after the digestion of samples in a nitric-
perchloric (4:1) solution [24]. Mineral N was extracted with a 2 mol L™ KCI solution (10 mL
extractant: 1 g fertilizer) [34, 35], and N as N-NHs*"and N-NOs™ contents were determined by
distillation followed by titration. OMFs organic N content was determined by subtracting the

N-NH4" amount from the total N content determined through the Kjeldahl method [35].
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In OMFs and MAP samples, the content of soluble P in water was extracted by
successive washing with distilled water of one gram fertilizer samples placed on filter paper, P
soluble in neutral ammonium citrate plus water (NAC+H20) was extracted by boiling the
sample with a NAC solution, and P soluble in citric acid (CA) was extracted by shaking
fertilizer samples in a 2% CA solution [24]. P contents in extracts were determined by the
vanadomolybdate method [36]. The compare the N and P pools related to the N forms and
solubility of P fertilizer samples, N or P indices were calculated according to N forms (N-
mineral and N-organic) (Eq. 1) and soluble P (Eq. 2) fractions (water or CA or NAC+H20 or

FA) according to respectively nutrient total content:

. o N-form content (g kg'l)
N index (%)= " =5 | x100 (Eq. 1)
otal N content (g kg )

. Soluble P content (g kg'l)
P index (%)= - | X100
Total P content (g kg )

(Eq. 2)

2.2 Kinetics of P release

Two methodologies were tested to evaluate the kinetics of P release by OMFs and
MAP. In both methodologies, a completely randomized design was adopted with three
repetitions. Firstly (Method A), one gram of each dry fertilizer was mixed with 200 ml of
distilled water and, agitated on a horizontal shaker at 80 rpm up to 240 h at 25°C. The kinetics
of P released were assessed by analyzing water leachates collected at 0.25, 0.5, 1, 6, 12, 24, 48,
72, 120, and 240 hours. An aliquot of 2 mL of supernatant from each flask was collected and
filtered (<0.45 um) for the quantification of P concentration in the supernatant of each kinetics
sampling time [30].

In the second kinetics method, Method B, OMFs and MAP were incubated with sand

in a mini-lysimeter regularly leached with distilled water. Each mini-lysimeter
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(Supplementary material 1) was prepared and filled from the bottom to its top as follows: In
the lysimeter bottom, it was inserted a 0.45 um pore filter; in another layer, in sequence, was
packed 2 cm of glass wool over the filter; in layers, it was packed 20 g sand; 200 mg P fertilizer
based on dry weight (inserted in the mini-lysimeter center); 20 g sand; and, finally, 2 cm of
glass wool to eliminate the direct contact of water with sand, aiming to avoid preferential water
flow in mini-lysimeters [37]. The sand and glass wool were pre-washed with hydrochloric acid,
then repeatedly washed with distilled water. Initially, 50 ml of distilled water were passed
through each experimental unit, setting the initial leaching time, O h; then, the incubated
samples were periodically leached with water at 4, 8, 12, 24, 36, 48, 72, 120, 168 and 240 hours,
in a water flow equivalent to 7 ml h'.,

In both kinetics methods (A and B), the P concentration in leachates sampled was
determined by the vanadomolybdate method [36]. In the Kinetic of P release, the amount of P
released was reported as the percentage of P in leachates over the total P total content in each
fertilizer. In the leachates collected, electrical conductivity (EC) was determined in an EC
Meter-Toledo bench meter, aiming to correlate EC with P content in the mass of fertilizer (g

kg™) as proposed by Maluf et al. [16].

2.3 Spectroscopy analysis

ATR-FTIR analysis (attenuated total reflectance with Fourier transform infrared
spectroscopy) was performed, and spectra were generated in the middle spectral range of 4000
to 650 cm™?, with 2 cm™® resolution, using an Agilent Cary 630 FTIR spectrometer. ldentifying
FTIR bands was performed based on group assignments described in Maluf et al. [16] and Stuart
[38]. For each FTIR spectrum, a pre-processing step was performed aiming at correcting the

baseline, as well as separating N and P chemical groups recorded in the fertilizer spectra. Thus,
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a simultaneous normalization of the bands and peaks was performed to allow comparison
among spectra and their peaks [38].

FTIR spectra and N and P groups were normalized in relation to the total area of N and
P chemical groups bond peaks recorded in spectra for each fertilizer. In this direction, the

relative peak area was calculated as follows (Eqg. 3):

(Eq. 3)

. -1
N or P area (%): (Spemﬁc peak area of N or P (g kg )) % 100

Total peak area of N or P (g kg'l)

Where specific peak areas for N is related to peaks features and areas between 3350-2650 or
1490-1340 cm™*, while total peak area for N groups in spectra is assigned as the sum of peak
areas of N chemical species and groups already mentioned, specific peak of P chemical species
is the area recorded between 1340-1180, or 1180-1950, or 950-750 cm™. Total peak area for P
chemical groups present in fertilizers is the sum of peak area of P compounds assegnded for the

IR regions aforementioned.

2.4 Maize cultivation

Maize plants (hybrid Pioneer 30F53) were grown in greenhouse conditions for 36 days
after sowing in two Oxisols with contrasting chemical and physicochemical properties (Table
2). In the Red Oxisol (RO) (Dystrophic Red Latosol [39]; Typic Hapludox [40]), soil samples
were incubated for 30 days with CaCOsz and MgCOs pure per analysis reagents (p.a.),
respectively, at a 4:1 ratio to achieve a target soil pH of 6.2, as well as to increase in the soil the
exchangeable Ca and Mg contents to allow plentiful maize growth. Soil carbonate solubilization
for soil acidity correction was achieved by keeping soil moisture close to 60% of the maximum
soil water-holding capacity (MWHC). In the Yellow Oxisol (YO) (Dystrophic Yellow Latosol
[39]; Typic Hapludox [40]), pH and Ca?* content were already at levels considered optimum

for maximum maize growth; thus, liming was not performed, and 30 mg kg* of Mg was
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provided to maize plants at the sowing fertilization. The limed soil samples were dried and
passed through a 4 mm sieve for further analysis.

Table 2. Main chemical and physicochemical properties and texture of Oxisols used to cultivate

maize.
_ N-total  N-NHs" N-NOz P K P-rem
Oxisol pH
———mgkg? mg kgt— mg L*
Red 4.1 2,010 71.1 11 11.7 30.4 13.2
Yellow 6.0 329 4.1 - 6.1 2.5 11.7
_ Ca?* Mg?* A" C Clay Silt Sand
Oxisol
———cmolc kgt g kg
Red 0.3 0.1 1.1 24.0 625 95 280
Yellow 1.9 0.1 0.1 4.5 460 85 455

pH was determined in H>O at a ratio of 1:2.5 (w/v); P: soil available P determined by the resin
soil test~; available K determined by the Mehlich-1 soil test; P-rem: remaining phosphorous;
Ca?*, Mg?* and AI** determined after the use of al mol™? KCI as soil extractant; C: total C
determined (dry combustion) in an automatic carbon analyzer; clay, silt and sand were
determined by the Boyoucos method. All analytical protocols are described in details in
Teixeira et al. [41] and Raij et al. [42].

Initially, 10 seeds were sown in a pot (diameter of 14 cm and height of 16 cm) filled
with 1.8 kg of soil in each experimental unit, and after 7 days, the thinning was performed,
leaving two maize plants per pot. In each Oxisol (RO and YO), six P treatments were tested,
and a completely randomized design was adopted with three repetitions. The treatments tested
were: four OMFs (P07, P08, P50 and P">0?%°), the exclusive use of MAP as mineral N
and P source, and control (no P added to the soil). When fertilizers were used, it was applied
phosphorous (300 mg kg*) was homogeneously mixed with the whole soil in pots based on the
P solubility of fertilizer in NAC+H>0 following the Brazilian legislation to recommend soluble

MAP fertilizers [24].
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The fertilizers investigated in this study had different N and K total contents; thus, N
supplied as NH4sNOs and K as KCI were added complementarily to furnish the same amount of
N and K added to the soil by OMFs, regardless of the nutrient source used in each treatment. In
the standardization of N recommendation, the total amount of N applied was based on the
amount suggested to compare OMFs with mineral N sources [12]. During maize sowing
fertilization, it was provided to plants 120, 40, 0.8, 1.3, 3.7, 0.2, 4, and 1.6 mg kg2, respectively,
of K, S, B, Cu, Mn, Mo, Zn, and Fe. Additionally, in YO, Mg was supplied to plants at 30 mg
kg. The top-dressing fertilization was carried out 20 days after maize planting by adding to
soil 100 mg kg N as NH4NOs. All nutrients were supplied to plants as pure per analysis
reagents and according to the recommendation of nutrients for the plentiful growth of plants in
pots [43].

One day after maize planting, an aliquot of 20 ml of soil solution was collected with
the Suolo Acqua® sampler installed in the middle section of the pot [44]. Twelve hours before
the soil solution sampling, soil water content was kept at 70% soil MWHC. Soil solution was
collected between 07:00-09:00 a.m. and, in sequence, filtered (<0.45 pum). Soil solution samples
were characterized for pH using a pH bench meter, and N-NH4* and N-NOs™ contents through
the distillation method followed by titration [35]. N-mineral content in soil solution (solution
N-mineral) was determined by summing N-NH4" and N-NOscontents in soil solution. Contents
in the soil solution of P (solution P) and K (solution K) were determined in an inductively
coupled plasma optical emission spectrometer (ICP-OES).

After the solution sampling, 30 g of the whole soil was collected, dried and passed
through a 2 mm sieve for further analysis. In the whole soil, pH was determined in water at a
ratio of 1:2.5 (w/v) (soil pH) [41], N-NHs* and N-NO3™ were determined by the distillation
method followed by titration (soil N-mineral) after extraction of soil mineral N with a 1 mol L

1 KCI solution (10 mL extractor solution: 1 g soil) [35, 41]. Available contents of K were
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determined by flame photometry after extraction of K using the Mehlich-1 soil test (soil K)
[41], and soil available P was determined using the resin soil test (soil P-resin)[42].

At the end of the experiment (36 days after planting), the threshold period from which
conduction would be limited by pot size, plants were harvested and separated into shoot and
root, then dried in a laboratory oven at 60° C until constant weight. Thus, shoot (SDM) and root
(RDM) dry matter were determined, and total dry matter production (TDM) was calculated as
the sum of SDM and RDM. N content in maize shoot was determined by the Kjeldahl method
after the sulfuric acid digestion of plant tissues. P and K contents were determined in an ICP-
OES machine after the digestion of plants in a nitric-perchloric acid solution (ratio of 4:1)[45].
The N, P and K accumulated in the shoot were calculated as Eq. 4. After the maize cultivation,
the residual effect of fertilization was evaluated by sampling soil solution and, again, the whole
soil, following the same protocols and analytical procedures aforementioned for determination
of nutrients in the soil solution and the whole phase collected at the beginning of maize
cultivation (one day after maize sowing).

Nutrient accumulated (mg pot!)=SDM (g pot™')xnutrient content in shoot (mg g™!) (Eq. 4)

2.5 Mineralization and release of N, P, and K in OMF-Oxisols mixtures

As references the amounts of OMFs and MAP added to soils for maize fertilization,
mineralization of N and P and K from OMFs, and nutrients released from MAP incubated in
the two contrasting Oxisols were determined. In the kinetics study, the same statistical design
and environmental conditions adopted for the maize cultivation experiment were used to set up
the kinetics experiment. Fertilizers were mixed with 50 g soil and 50 g sand (pre-washed with
hydrochloric acid, followed by distilled water washing). Excluding the amount of N added to
soil, the amounts of all nutrients were standardized according to levels previously used to

fertilize maize plants grown in pots. The amount of N was not standardized; thus, N
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mineralization from soil or OMFs was correctly evaluated. The soil+sand mixed with fertilizer
samples were incubated for 36 days in a mini-lysimeter (Supplementary material 2). During
the incubation, the sand-fertilizer mixtures kept their moisture kept at 60% MWHC.

At 1, 4,8, 12, 20, and 36 days of incubation, the leaching phase was performed using
100 ml of 0.01 mol L CaCl, solution [46]. The leached volume of each experimental unit and
time were measured, then leachates were filtered (< 0.45 um) and, in sequence, N-NH4" and N-
NOs" contents were determined by the distillation method followed by the titration of N evolved
from samples an ammonia [35]. P and K contents in leachates were determined in an ICP-OES
machine. The N mineralized and, P, and K leached were calculated as Eq. 5, and accumulated
amounts of N, P, and K leached were related to the soil mass incubated and depicted as a
function of incubation time.

Leached volume (mg kg'l) X nutrient content in leachate (mg L'l)

Soil amount in each experimental unit (Kg)

Nutrient leached (mg kg'1)=< ) (Eq. 5)

2.6 Statistical analysis

All statistical analysis was carried out using the R software through the stats, base,
tidyverse agricolae, corrplot, factoextra, FactoMineR, nistools, and Metrics packages [47-54].
The dataset of fertilizer properties and maize traits were subjected to analysis of variance, and
when significant differences were verified (p<0.05), the treatment means were compared by
the Duncan test (p<0.05). The Pearson correlation analysis was performed to verify the
relationship between N forms and P-fertilizer solubility indices with the FTIR spectra
normalized dataset. Mathematical models were adjusted to the P release dataset as a function
of EC for the two kinetics methods investigated. The principal component analysis (PCA) was
performed to evaluate the relationship between nutrient availability (sampled at the sowing
phase) in soil and solution, N, P, and K accumulated in the shoot, SDM, RDM and TDM, and

N and P forms supplied to maize by fertilizers. The Pearson correlation analysis was also
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performed to verify the statistical significance of variables used as inputs and the cluster shown
in the PCA diagram.

The dataset of the kinetic of P release and NPK mineralization/release studies were
adjusted to different non-linear mathematical models as an output of the relationship between
incubation time versus the amount of nutrient released or mineralized from each fertilizer [30,
55, 56]. The mathematical models adjusted to the kinetics of the nutrients release dataset were
the Elovich model (Eq. 6), the simple exponential model (Eqg. 7), the power function model (Eq.
8), and the hyperbolic model (Eq. 9).

Pt=atblInt

(Eqg. 6)
Pt=NO(1-¢™)

(Eq.7)

Pt=a*t® (Eq. 8)

NO*t
P= (NO*b+t)

(Eq. 9)

Where Nt: fraction of nutrient released or leached in time-analyzed; a, the initial nutrient

released or leached; b, nutrient released or leached constant rate, t, time of nutrient release or
mineralization/leaching; NO, the maximum amount of nutrient released or leached over
sampling time. The selection of the model that best fitted to dataset was performed based on
the highest value of the coefficient of determination (R?), the lowest value of root-mean-square
error (rmse), and lowest value of the Akaike Information Criterion (AIC) [57]. Mathematical
models generated for each fertilizer with its nutrient dynamics evaluated were compared by

adopting a 95% bootstrap confidence interval, using 1000 bootstrap interactions.
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3 Results
3.1 OMFs and MAP characterization

Chemical properties and NPK availability indices of OMFs and MAP were described
in Table 3. Mixing of organic residues (CM and CH) with MAP increased organic over mineral
N content and forms in OMFs over MAP. Mineral N related according to total N content
increased by MAP over OMFs, and between OMFs, PO had lower proportions of mineral
N over other OMFs. As the proportions of organic residues in OMFs increased, the fertilizer-P
water index diminished for P07°, P90% and P°0° compared to MAP. The fertilizer P-CA
index increased as follows: MAP > P"0% > P%Q" > p500% = p9Q® while the fertilizer P-

NAC-+H0 index follows this sequence: P40 < P00 < p2°Q" < P> 0% = MAP.
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Table 3. Nutrient contents, pools and P availability indices of organomineral fertilizers (OMF)

and MAP.
Fertilizer pH (CaCly) _ N (kg) K (g kgh)”
Total N-NH4* N-Organic
P07 5.92 +0.05 51.3+1.2 31.3+0.8 20.0 £1.0 32316
P40Q80 5.59 + 0.06 69.8 £1.0 54.0£2.3 15.8 +1.3 24.1+£0.3
P00 4.94 +£0.01 76.0£1.1 62.3+1.1 13.7 £1.9 19.9+0.8
P0? 4.43 +0.01 97.2+1.2 82.9 0.9 143 +2.1 75+0.1
MAP 3.86 +0.01 113.7+2.1 113.4 +1.8 0.0+0.1 0.0£0.0
Fertilizer Pgke?)
Total Water Citric acid NAC+H20
P07 97.0+1.0 47.9 £0.9 64.6 £3.1 81.5+0.5
P40Q80 173.4 £1.0 90.0 £1.6 96.3 0.4 116.6 £0.6
P00 178.4 £2.1 108.9 £2.8 104.7 £2.7 127.6 £1.9
P™0%» 186.5 +1.3 169.3 £1.9 149.0 +3.8 183.3 1.2
MAP 236.7 £1.1 225.8 0.6 223.1+0.4 233.6 +1.5
N-index (%) P index (%)
Fertilizer
Mineral Organic H20 Citric acid NAC+H20
P»0" 61.0+1.4D 39.0x14A 494+1.1D 66.7 £3.4 C 84.0+0.8B
pA0Q®0 77.2+22C 228+22B 50.1+0.7D 556+02D 67.3+0.6D
PY0%  820+23BC 18.0+23BC 61.0+1.6C 587+20D 715%19C
P™0% 85.4+2.0B 146+20C  90.8+0.6B 799+25B 983106 A
MAP 99.8+0.1 A 0.0+£0.1D 95.4£0.7 A 94.3+0.6 A 98.7+x11A

“Modified from Maluf et al. [16]. Means with standard error followed by the same letter in each

column are not different by the Duncan test (p<0.05). Organomineral fertilizers (PZ°0"°, P4°0%°,

P90 and P™0%) were produced from the mixture of different proportions of coffee husk,

chicken manure, and monoammonium phosphate (MAP).

3.2 Kinetics of fertilizer P release in water

Considering the lower values of rmse and AIC combined with higher values of R? to

evaluate the mathematical models that best fitted the P released dataset, for the kinetics method

A, the Elovich model (Supplementary material 3) was the one that best fitted the dataset. For
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kinetics method B, the power model was the one that best adjusted to the P-released dataset.
The fertilizer with higher total P content released a greater amount of P soluble in water over
the mass of fertilizer for both methods A and B used to study the kinetics of P release
(Supplementary material 4). The P released according to fertilizer mass over time was

accurately predicted using the leachate EC (Fig. 1).
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Figure 1. Relation of P release in the kinetics of P release and electrical conductivity (EC) from

organomineral and monoammonium phosphates (MAP) fertilizers.

When P released was calculated as a function of total P content in OMFs and MAP, the
adequate method to cluster the different sources of P with different total P content was the
kinetics Method A. The initial and final amount of P released was higher for MAP than OMFs,
following this decreasing order of P release: P"°0?° > P30 > p2507 > 4080 (Fig. 2). When
kinetics method B was used, P"0?° over MAP had a lower initial released of P, though after
12 hours, OMF samples had a similar P release pattern up to the sampling time of 240 hours
(Fig. 2). P*°0% had a lower P release than P?®Q™, though, in the range of 4 to 8 hours, the P
release of both OMFs was similar, after 8 hours, the P4°0% was the OMF with the lower P
release rate. In both methods A and B, the b parameter allowed to infer the P release constant

rate, showing that the P”°O% had a lower release rate constant over MAP, P°0% was higher
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over MAP, and P07 and P*0®%° did not differ in relation to MAP (Supplementary material
5). Using method A, the EC of leachates increased over the incubation time of both OMFs and
MAP (Supplementary material 6), though, for method B, the EC of leachates decreased as

the incubation evolved (Supplementary material 7).
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Figure 2. Kinetics of P release of organomineral fertilizers (P?°0"°, P40, P>°0° and P™°0%)

and monoammonium phosphate (MAP) as related to methods used in the evaluated.

3.3 Infrared spectroscopy and correlation analysis

FTIR analysis revealed that the prominent N peaks were assigned as N-H bonds
recorded between 3350 and 2650 cm™ (N-H33%0-26%0) "whose areas increased in spectra as the
proportion of organic residues over MAP increased in OMFs. N bonds between 1490 and 1340
cmt (N-H499-1340) \were favored due to the increased MAP proportions in OMFs (Fig. 3). FTIR
bonds recorded in the region between 3350 and 2650 cm™ were assigned to N in the form of
organic groups, while those between 1490 and 1340 cm™ regions were used to characterize N

in mineral forms in fertilizers.
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Figure 3. Absorption peaks areas and P and N chemical groups recorded in FTIR spectrum
after pre-processing for each OMFs (P?°0", P°08, p500°0: and P">0%) and monoammonium
phosphate (MAP) and correlation analysis between N and P groups and chemical forms **:
significant correlation (p<0.01). P-water, P-CA, and P-NAC+H2O: P solubility index in water,
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in citric acid at 2%, and in neutral ammonium citrate solution plus water, respectively; P-initial
- Met. A, P-final — Met. A, P-b — Met. A: initial, final and constant rate release from kinetic of
P release, respectively, according to method A; P-initial - Met. B, P-final — Met. B P-b — Met.
B: initial, final and constant rate release from kinetic of P release, respectively, according to
method B.

Phosphorus FTIR P group peaks were mainly recorded for regions between 1340-1180,
1180-950, and 950-750 cm, which are assigned to P=0, P-O, and P-OH bonds, respectively
(Fig. 3). Regarding P total area in FTIR spectrum, a decreased of P-O and an increased of P-
OH bonds area related to the enrichment of OMFs with MAP (over organic residues in the
composting mixtures), compared to the analysis of pure MAP. The P=0O area bonds did not
follow the same trend for P-OH, considering that the highest percentage area was recorded for
P chemical species for P"°0?°, Fertilizer-P availability indices, such as P in water, CA, and
NAC+H-0, and initial and final P released by OMFs and MAP were positively correlated with
P-OH chemical groups and negatively related to P-O chemical groups (Fig. 3). Constant rate
of P release had no relationship with P chemical groups identified by FTIR spectroscopy

analysis.

3.4 Maize cultivation and soil properties
3.4.1 N and P forms used in maize fertilization

Fixing the amount of P added to soil based on fertilizer-NAC+H.0O solubility and total
N content in OMFs, the OMFs with higher proportions of MAP increased the amount applied
of fertilizer-P soluble in H2O, as well as N-mineral forms, and reduced the organic N amounts
added to the soil (Table 4). Due to the lower proportion of P soluble in NAC+H.O according
to total P content, the highest amount of P applied per pot was reported for the P*°0%° and P°0%°

sources. The amount of P soluble in CA added in each pot was higher for MAP than OMFs.
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Table 4. Amounts of P and N supplied by organomineral fertilizers (P07, P40, P>°0* and

P0%) and monoammonium phosphate (MAP) to maize grown in Oxisols.

o N (mg pot™) P (mg pot™)
Fertilizer

Mineral Organic Total Water Citric acid
P®0™ 3875+57D 137.6+57A 6428+6.1C 317.2+44D 428.2+186B
PP0O%  4322+9.1C 928+9.1B 803.0+7.4A 4025+68C 446.2+42B
P00  466.8+9.0B 58.3+9.0C 755.8+199B 461.2+147B 443.1+9.7B
P®0%®  483.0+6.2B 42.1+62C 5493+35D 4986+3.0A 438.9+119B
MAP 525.0x04A 0.0x04D 547259D 5220+£25A 515723 A

Means followed by the same letter in each column did not differ by the Duncan test (p<0.05).

3.4.2 Soil solution

OMFs affected soil solution properties in a soil type-dependent way (Fig. 4). Compared
to MAP, in RO, the initial solution pH increased in response to the addition of P?Q0", while
mineral N forms were similar for P*O%, though they reduced following this order: P>°0* =
no-P fertilization > P*°0% > PQ7, Initial solution P content in RO was reduced by about 40%
for all OMFs compared to MAP. Soil solution initial K content was not affected by the sources
or nutrients investigated. In YO, initial solution pH was lower for control (no-P added to the
soil) and P”*0O% over MAP (Fig. 4). Solution initial mineral N contents in YO was greater for
P00 (+28%) and P"°0?° (+44%) over MAP, lower for P20 (-40%) over MAP, and similar
to P40, In YO, the content of initial solution P was similar for P>°0% and MAP, while the
other OMFs had P in soil solution lower than MAP, a reduction of about 57%. Initial solution
K was greater (66%) for P 0% over MAP and similar to P07, P*0, and P>°0%, compared

to MAP.
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Figure 4. Initial and residual soil solution pH (a, b) and contents of N (c, d), P (e, f) and K (g,
h) as a function of organomineral fertilizers (P?°07, P08 P5°0% and P7°0%) and

monoammonium phosphate (MAP) used to nourish maize grown in contrasting Oxisols. Bars

with standard error followed by the same uppercase or minuscule letters did not differ,

respectively, regarding initial and residual pH and attributes compared by the Duncan test
(p<0.05). NS or ns: not significant by the Anova F-test (p>0.05). —P: no-P fertilization.
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After the maize cultivation, soil solution pH was higher for all OMFs compared to MAP
in RO (Fig. 4). Residual solution mineral N verified after maize cultivation (N residual) was
similar among fertilizers (OMFs and MAP) and lower for fertilizers over control (no P added).
No residual solution P (solution content after maize cultivation) was verified for control, P°0%,
and MAP. In RO, residual P in the solution was ranked in the following order: P*°08 > p5°Q>0
> P20, A higher residual solution K (K verified after maize cultivation) contents were
verified for control (no-P), and only P*0® increased solution K over MAP. In YO, solution
pH after maize cultivation was not affected by using OMFs and MAP. Residual solution N-
mineral and available K were higher when P was not added to soils (control) compared to P-
fertilized soils. Compared to MAP, residual solution mineral N in YO was higher of about 69%
for P°0% over MAP, and lower for P07 and P40, over MAP, a reduction of 83%. At least
in the YO solution, the residual effect of P was not verified for OMFs and MAP used to fertilize

maize plants.

3.4.3 Whole soil properties

Initial pH in RO increased to P20 and P*°0® over MAP and to the addition of P20,
P0% and P*°0* to YO (Fig. 5). In RO, compared to MAP, P’°0? had similar mineral N
contents, and the use of P*°0%°, P0%: and P?0" in RO reduced the mineral N of about 18,
13 and 6% respectively for P°°0%, P*0f: and PO compared to MAP as a source of N to
maize. P*0% treated RO soil had a greater initial P-resin level than MAP-treated samples with
an increase of 18%; for the other OMFs, soil P-resin contents were similar to MAP. Initial soil
K was not affected by OMF and MAP applied to RO. In YO, all OMFs reduced the initial
solution mineral N compared to MAP, with an average reduction of 18%. Initial soil P-resin
increased in response to P fertilization over control. All OMFs reduced the initial soil K over

MAP, with lower available K contents verified for soils treated with P20, a reduction of 38%.
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Figure 5. Initial and residual whole soil pH (a, b) and available contents of N (c, d), P (e, f) and
K (g, h) as affected by organomineral (P?°0"°, P40%°, P5°0° and P°0?%) and monoammonium

phosphate (MAP) fertilization for maize cultivated in contrasting Oxisols. Bars with standard

error followed by the same uppercase or minuscule letters did not differ, respectively, regarding

initial and residual pH and attributes compared by the Duncan test (p<0.05). NS or ns: not

significant by the Anova F-test (p>0.05). —P: no-P fertilization.
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At the end of maize cultivation, in RO, pH was greater for control (no-P addition),
P20 and P*0® over MAP, while in YO soil pH after maize cultivation was not affected by
P sources investigated (Fig. 5). Residual soil N-mineral verified after maize cultivation was
higher in control (no P) over P-fertilized soils; however, OMFs did not differ over MAP
regarding soil residual P. In RO, P07, P00, and P*0% increased about 15% of the residual
soil P after maize cultivation over MAP; however, in YO, the availability of P did not differ for
OMFs and MAP. After maize cultivation, a higher residual soil K was verified when P was not
added to both Oxisols. P*°0% increased of about 57% residual soil K over MAP in both Oxisols,

while P20 decreased residual soil K in RO, a reduction of 28%.

3.4.4 Maize nutritional status and growth

No-P fertilization reduced the biomass production, and N, P, and K accumulated in the
shoot of maize plants grown in both Oxisols (Fig. 6). Among P fertilizers, the OMFs effects on
maize growth relied on the Oxisol type. In RO, the SDM, RDM, and TDM reduced in response
to the use of P®0™ to fertilize maize, a reduction of 20, 13, and 10%, respectively for SDM,
RDM, and TDM; while P*0% and P*0% increased SDM and TDM of about 20 and 40%
respectively compared to MAP. In YO, PO and P*0® increased RDM and TDM over MAP
an average of about 118 and 53%, respectively, while SDM only increased in P?°0"-treated
soil, with an increase of 26%. Compared to MAP, N in shoot increased in response to P4°0%°,
P00 and P">0?® with an increment of about 29%, and P and K in shoot relied on the use of
P90% and P>°0% with an average increment of the two OMFs of 48 and 52% for P and K,
respectively. In YO, P in the shoot reduced when plants were fertilized with P">0% (reduction
of 23%). However, the P accumulated in the shoot by OMFs did not differ in relation to MAP-
treated plants. N and K accumulated in the shoot of maize grown in YO did not show any

statistical differences between OMFs and MAP-fertilized plants.
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Figure 6. Total (TDM) (full bar), shoot (SDM) and root (RDM) dry matter production (a, b)
and N, P and K accumulated (c, d) in shoot according to organomineral (P?°07%, P4Q%°, p500%0

and P"50?%) and monoammonium phosphate (MAP) fertilization for maize cultive in contrasting

Oxisols. Bars with standard error followed by same italic-bold-uppercase or uppercase or

minuscule letter not differentiate, respectively the TDM, SDM and RDM in dry matter

production of N, P and K accumulation in the shoot by Duncan test (p<0.05). —P: no-P

fertilization.



170

3.4.5 Principal component analysis

The variation explained by PCA in RO was 74.5% (PC1+PC2) and in YO was 62.9%
(PC1+PC2) (Fig. 7). In both Oxisols, the increase of N-mineral forms applied via fertilizers
increased the solution N-mineral, as well as the whole soil mineral N contents, which was
confirmed by Pearson correlation analysis (p<0.05) (Supplementary material 8 and 9). In
pots, the increase of fertilizer-P water or CA availability indices increased P in RO solution,
though P in soil solution was only correlated with the amount of fertilizer-P CA index (p<0.05).
The total P added to RO positively related to soil P-resin and biomass production (TDM, SDM,
and RDM), besides controlling N, P, and K accumulated in the shoot, mirroring the Pearson
correlation analysis (p<0.05). Soil pH of both Oxisols and solution pH of RO was positively
correlated with the organic N amount added to the soil (p<0.05) (Supplementary material 8).
In YO, soil P-resin and solution P were not related to the amount of total P or P soluble in water
added to soil; however, solution P was regulated by the fertilizer-P-solubility CA index
(p<0.05). The Reduction of P soluble in water in fertilizers increased maize biomass production
(TDM, SDM, and RDM), and P accumulated in the shoot of plants grown in YO. In YO, whole
soil and solution K contents and K in maize shoot were slightly explained by variables depicted

in the PCA diagrams.
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Figure 7. Principal component analysis by maize growing in contrasting Oxisols. N souton p
solution gpg KSolution: spj| solution contents of N-mineral, P and K respectively; pH¥Mt": pH in
soil solution; N, Pso and K*°'": soil availability of N, P and K respectively; pH®": pH in soil;
TDM, SDM and RDM: total, shoot and root dry matter production respectively; NSt pshoot
and K"°°: Shoot accumulation of N, P and K respectively; N Min-applied gng N 0rg- applied: N-mjneral
and N-organic forms applied added in soil though fertilizers respectively; pWaterapplied pCA applied
and Ptowlapplied: Amoynts of P added in soil though fertilizers based on solubility in water, and

citric acid at2 % and total P contents respectively.

3.5 Mineralization and release of NPK from OMFs incubated in Oxisols

Mathematical models adjusted to mineralized N and kinetics models for P and K
released over time for fertilizers incubated in Oxisols were chosen based on the highest values
of R?, and lowest values of rmse and AIC (Supplementary materials 10 and 11). N
mineralized, P and K leached in RO, and N mineralized and P leached in YO were best fitted
to the hyperbolic model. K released in YO was best fitted to the Elovich model (Fig. 8). In RO,
initial and final mineralized N contents followed this order: P*°0% > MAP > P750% = pQ™ =
P40% while the N mineralization rate constant did not differ among OMFs and MAP

(Supplementary material 12). However, among OMFs, P°0% was characterized by the
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lowest N mineralization constant rate in RO (Supplementary material 12). Amounts of P
released in RO presented the following order: MAP > P40 > p750% = p2°Q" > P00, while
P00 had a lower P leaching rate constant than MAP. P20 released a greater K content over
other fertilizer sources added to RO. K release constant rate in RO did not differ among

fertilizers and control (no-P added to the soil).
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Initial and final N mineralized in YO, as well as N mineralization constant rate, was

not affected by OMFs, compared to MAP (Fig. 8 and Supplementary material 12). P leached
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was not verified for P not treated soil (control) in YO; however, when P was verified in
leachates, P had a higher amount of P released in leachates as follows: MAP > P%0% > p»Q7®
> P70 > P%0%, MAP had a lower P leaching constant rate due to the higher amount leached.
The initial amount of K leached in YO was lower for P">0?® and control compared to the other
nutrient sources. Final leached K was higher for P20 and PO over other treatments.

Among treatments studied, P20 had a lower K-leached constant rate.

4 Discussion
4.1 OMFs and MAP characterization and P release

The main benefits of OMFs over mineral fertilizers are partly explained by their specific
nutrient pools and forms, availability, and gradual release to crops [8, 16, 31]. The proportion
of mineral and organic N in OMFs depends on the proportion of mixtures between MAP, CH,
and CM during composting, and an increase in MAP proportions in OMF mixtures increased
mineral N according to total N content (Table 3). In OMFs, the proportion of N forms regulates
the N supplying to crops, being N-NHs" and N-NOs" are readily available to crops, while N
organic from OMFs needs to be converted into mineral N; thus, the organic N forms in OMFs
are to release N to crops in a lower rate than mineral N forms [4, 26, 28].

The fertilizer FTIR spectral signature can also infer forms and fertilizer-N and P
availability indices [21, 22]. FTIR analysis revealed that the N-H4%0-1340 area increased and the
N-H3350-2650 decreased due to an increase in MAP in OMFs (Fig. 3). As the organic matrix
increased in the OMFs, a sharp increase in the 2920 and 2850 cm™* peak areas were recorded in
the fertilizer FTIR spectra, peaks more evident in P®O™ and assigned to C in aliphatic
methylene chains in organic molecules [58]. The main features of the FTIR spectra related to
N33%0-2650 honds (Fig. 3) were probably linked to the N-organic compounds as the primary amine

salts identified in the region between 3200 and 2800 cm™ [59].
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Amine salts are formed by reactions between mineral N and organic C compounds with
carboxylic acid groups [59]. Thus, the N from the MAP and the C from the organic residues
probably react during composting, with the subsequent formation of primary amine salts (R-
NHz*) in OMFs, with H atoms of N- NH4" from the MAP being replaced by organic groups
(aliphatic methylene groups) present in the organic residues (CM and CH). The formation of
more amine salts than amines promotes the synthesis of more soluble N forms, however less
soluble than mineral N forms [23]. Thus, a fraction of the N from MAP was possibly
incorporated into the OMF organic matrix, reducing the levels of N readily available to plants.
However, due to the overlapping areas and peaks in the FTIR spectra, the assignment of N
chemical species and functional groups could be a possible limitation of the FTIR technique to
infer the chemical nature of N compounds present in OMFs.

The P contents available to plants were strongly related to the fertilizer-P solubility
indices, and CA and NAC+H20 solubility predict the amounts of P capable of being acquired
by roots, while the P soluble in water mirrors P forms readily available to plants [60, 61]. A
combination of different fertilizer-P availability indices is a strategy to increase the agronomic
efficiency of P sources; once the same amount of NAC+H,0O-soluble P was added to soils, a
reduction of water-soluble P may decrease the phosphate-specific adsorption in tropical soils
[16, 20]. The highest amount of P soluble in NAC+H20, CA, and water as a % of total P content
in fertilizer were found for MAP and P°0?, the compost-based OMF most enriched in MAP
(Table 3). The lowest P-CA and P-NAC+HO fertilizer indices were found for P*°0® and
P00, followed by P?°0". P solubility in water (P water index) decreased as the proportion of
CM+CH increased in the OMFs, and this effect occurred due to an increase in the free soluble
P forms as the proportion of MAP increased in the formulated OMFs [16].

Regarding the total P area in the FTIR spectra, the P-O bond signal decreased, and the

P-OH bond area increased as the proportion of MAP in OMFs increased (Fig. 3). The fertilizer-
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P solubility indices (water, CA, and NAC+H:0) was positively correlated with the P-OH
chemical groups and negatively correlated with P-O groups from OMFs and MAP (Fig. 3).
Depending on the waste composted, an increase in the pH of the compost-based OMFs [16]
leads to the conversion of HoPO4™ into HPO4?" as one electron is donated to the latter phosphate
group [62], which decreases the fertilizer-P solubility indices (Erro! Fonte de referéncia nao
encontrada.3). This effect promoted an increase in the relative abundance of P-O over P-OH
and may be associated with the deprotonation of P groups during composting. The effect
observed related to P groups in the FTIR spectrum was also related to the Kinetics of P release
study, with a positive correlation between P-OH groups and the initial and final kinetics of P
release (Fig. 3).

The amount of P released according to both kinetics methods can be predicted by
measuring the fertilizer EC of leachates collected over time (Fig. 1) as proposed by the use of
EC to estimate soluble P contents in fertilizers has previously been proposed and used by Maluf
et al. [16]. The behavior and amounts of P in the kinetics study depended on the proportion of
CM+CH+MAP in OMFs and the method evaluated (Fig. 2 and Supplementary material 5).
The dynamics of P release in water for both the kinetics methods investigated (A and B) were
similar for P20, P40%, PO, and MAP and different for the P”>0?°. Method A is a closed
system, and in a closed system, no reactants or products can enter or escape, limiting the
reaction rate; in contrast, in an open system (Method B), the products are free to escape, so that
a new chemical equilibrium can be established during the formation of new products [63]. The
open system method is similar to nutrient uptake for plants from soil solution and equilibrium
formed between the solid and liquid phases [3].

The initial and final P release in water was reduced for all the OMFs compared with
MAP in Method A (Fig. 2). In method B, the reduction was only verified for P*0", P40,

and P>°0 over MAP. Using method B, the initial P release from P">0?® was lower than that of
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MAP, although the final P releases from P”°0? and MAP were similar, indicating that P"°0?°
had a more gradual release of P than MAP (Fig. 2 and Supplementary material 5). A more
gradual release of P but compatible with nutritional demand of plants is suitable a strategy to

reduce P fixation, increase soil P availability, and increase P uptake for plants [19, 56, 61].

4.2 Agronomic performance and mineralization/release of NPK

The differential properties of OMFs over MAP resulted in at least one of OMFs being
more efficient than MAP in nourishing maize plants in soil type-dependent effect (Fig. 6).
Fertilizers that gradually release P have a higher agronomic performance than the fully soluble
P fertilizers to nourish plants [19]. The effects of OMFs on plants were related to effects on
nutrient pools and contents in the soil solid phase and soil solution, especially in Oxisols, which
have inherent and characteristic low levels of P in the liquid phase and high P fixation [2, 3, 6].
While nutrient present in mineral fertilizers is soluble and readily available to crops, in OMFs,
the presence of organic compounds protect nutrient from negatively interacting with tropical
soil components, as happened with P, while reducing nutrient losses through leaching (K and
N), improving the efficient use of nutrients by crops [5, 8-10, 12, 17, 33, 64].

Additionally, during OMF synthesis, it is possible to convert waste and nutrients
contained in them into inputs of high agronomic value to be used in crop fields as fertilizers
contributing to reducing soil and water pollution and the impact of inadequate disposal of
wastes in the environment [9, 12, 13]. The production of OMFs with CH may also be a suitable
and effective source of K for crops [16], as observed in our study; because despite the little
effect on dynamics of K on maize cultivated by OMFs over MAP (Fig. 7), the CH used in
OMFs synthesis supplied the K required for maize plants (Table 3 and Fig. 6).

Although potassium is massively found in soil in the ionic form (K"), the nutrient

mineralization kinetics study indicated that a potential loss of K through soil leaching processes
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could be anticipated even when soils are treated with OMFs [7]. As observed by higher K
contents in leachates observed for OMF enriched in organic residues (P?°0”) over MAP
addition to composted piles in RO and the reduction of final amount leached of K by P?°0"
and P”°0? over MAP in YO (Fig. 8). In line with results mentioned the pattern of K release are
relevant to improve the management of K fertilizers, including the definition of rate, time and
number of topdressing fertilization and longevity of K sources in the soil-plant system [7].

Due to the different pools and solubility of N forms in OMFs may positively interact
with P and N, promoting greater fertilizer use efficiency, especially for crops responsive to N
(e.g., maize) [17, 29]. Readily available forms of N (N-mineral) from the OMFs and MAP
fertilization contributed to increasing the soil N-mineral and solution N-mineral in RO (Fig. 7
and Supplementary materials 8 and 9), an effect favored by an increase in the MAP
proportion used during OMF synthesis (Table 3). In YO (with the lower OM content), the N
accumulation in the shoots was favored by the more available N forms applied via fertilizers
(Fig. 7) due to the low contribution from the naturally occurring N in soil (Fig. 8).

In RO, due to higher levels of OM and N content (Table 2), there were higher available
contents of N, as observed in the soil N-mineral and by natural mineralization of N in this soil
(Fig. 8), and consequently, the N accumulated by maize was higher in RO than in YO (Fig. 7).
Thus, in the RO, OM contributed to an increase in the amount of N mineralized, while in YO
(with the lowest OM content), the amount of N mineralized and the rate of N mineralization
did not differ among the OMFs in relation to MAP nitrogen supplying (Fig. 8). The soil
contribution to the N supply is highly related to the OM content [3], and the N mineralization
rate is a process regulated by the interaction between OMFs and soil components biotic and
abiotic factors controlled by OM decomposition [4, 27, 28], as observed in our study.

In RO, in addition to the high contributions to the N mineralized from the soil native

OM, OMFs differed from MAP in their capacity to mineralize; thus, P*°O%® increased the
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amounts of N mineralized, and P20, P20, and P> 0% decreased N mineralization compared
with MAP fertilization. Effect in part explained by different amounts of N added to the soils in
mineralization study when were applied 189, 180, 179, 157, and 146 mg kg™ of total N and N
mineral concentrations of 115, 139, 147, 134, and 146 mg kg, respectively for by P?°0",
P40Q0%0, P00 P50?° and MAP (Fig. 8). Reduced mineralization rate of N from OMFs over
mineral fertilizers reported in this study has also already been reported to OMFs over urea, and
most N mineralized is limited up to 30 days of OMF incubation in soils [28]. Specific N
mineralization rates for the OMFs in soil resembled the P release dynamics reported by
Grohskopf et al. [27]. The role played by phosphate in retaining N is related to the temporary
retention of N-NH4* followed by the increase of the electronegative potential of soil when P is
bounded to adsorption exchangeable sites of Fe and Al oxides present in tropical soils [27].

The main effects observed of OMFs over MAP were related to the dynamics of P. By
adjusting the amount of P added to soils as a function of NAC+H20-soluble P fractions and
total N in OMFs, an increase in the proportion of MAP in the OMFs increases the applied
amount of P soluble in water added to the soil (Table 4). P soluble in water was negatively
correlated with biomass production, and P accumulated in the maize shoot (Fig. 7). Reducing
P soluble in water in fertilizers with high levels of P soluble in NAC+H>O is a suitable strategy
to prevent the negative reactions of P with soil colloids that reduce the efficiency of P fertilizers
[20].

Besides, applying OMFs or soil enrichment with OM has organic molecules that can
reduce the specific adsorption of P into soil minerals [6, 8, 33]. Because organic molecules
block specific P adsorption sites on the solid phase of tropical soils, altering the surface charge
of iron oxides, and promoting the electrostatic repulsion of phosphates [5, 6], preventing P
fixation and increasing the use efficiency of P fertilizers by crops [8]. The effect of organic

molecules input in soil with lower OM was observed in YO when the OMF nutrient sources
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containing higher proportions of organic residues (P?°0" and P*°0*) improved the total and
root maize biomass production, and the use of P20 increased shoot biomass over MAP
application (Fig. 6).

In RO, with a higher OM content and, consequently, more natural protection for the P
species, the PO formulation, which contained a lower amount of water-soluble P applied
(Table 4), reduced maize growth without affecting the N, P, and K levels in the maize shoots
(Fig. 6). This decrease in maize growth is explained in part by the short interval available for
the rapidly growing annual crops to acquire P, as well as by the high P requirement of the crops
and the high P solubility of the fertilizers [5]. In clay Oxisols, the slow P release due to the low
water-soluble P content of the OMFs compared with the mineral fertilizers seems to be the
reason for the lower production of maize biomass [11]. However, a more gradual P release is
predicted to increase P availability compared with fully solubilized mineral P fertilizers in the
long term (residual P) due to the P derived from the OMFs [31], and this prediction is mirrored
by the data shown in this study.

P#90% and P>°0 applications in RO increased the total P applied (Table 4), favoring
maize biomass production and N, P, and K levels accumulated in the shoot (Figs. 5, 6, and 7).
A higher OM content than YO characterizes RO, and the OM is supposed to enrich the soil with
different organic compounds, including organic acids that can block soil P adsorption sites [5,
6]. Besides, organic acids may interact with humic molecules in OMFs fragmenting them, and,
consequently, increasing nutrient release for plants [65]. This is a possible explanation for the
high P resin contents verified in RO but not in YO (Oxisol with the lowest OM content). The
effect of higher production of biomass due to a higher amount of total P applied in OMFs based
on the recommendation in P soluble in NAC+H20 seems to explain the effects of chicken litter-
based OMF over MAP on maize growth and another P-OMF on soybean growth, showed

positive effects of OMF application on maize growth but not on soybean growth [64].
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For maize growth, an OMF with a P-NAC+H0 solubility index of 79% was used and
compared with the positive control (triple superphosphate (TSP) with a P-NAC-H20 solubility
index of 96%)). Overall, the OMF added more total P to soil than TSP, e.g., for the
recommended application of 52 kg ha™* of P, the total P applied was 14 kg ha™* greater for OMF
than that of the TSP application. However, in the soybean experiment, the OMF used had a
solubility index of 95% in NAC+H-O, a value close to that of TSP. Thus, based on previous
studies by Frazdo et al. [64] and in results of this study, liming favors P mineralization, and the
release of organic acids by soil OM may contribute to the availability of P, which a NAC+H20
extractor test may not assess. Therefore, this additional P may have contributed to the greater P
accumulation in the maize shoot, and increased P availability in soil.

The aforementioned effect appears more related to a higher P availability throughout
maize growth, as the readily available P measured in the soil solution (solution P) was decreased
for both by P*0® and P%°0* and by other OMFs over MAP (Fig. 4). Although the P
concentration in the soil solution is low compared with the P levels in the solid phase, both soil
phases are in equilibrium with each other [3, 5], and the soil solution is the compartment from
which plants take up nutrients [5, 6].

Similar effects and higher agronomic efficiency and maize growth of OMFs produced
from poultry litter were observed over plants fertilized with MAP and grown in two Oxisols.
Maize biomass production was higher in the clay loam Oxisol with higher OM content than the
sandy loam Oxisol [9]. In this direction, a positive effect of OMFs on plants over P mineral
sources was dependent on the soil type in which wheat plants were cultivated by Erro et al. [8],
and the soil OM content was the key factor determining the potential response of plants to
OMFs. In this study, the effects of OMFs on fertilizer P solubility depended on soil type.

In addition to the main effect on the crops, fertilizers with a more gradual

release have a higher residual effect, thus increasing P levels in soils’ successive cultivation
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cycles [11, 31, 32]. However, the higher residual effect of the OMFs over the mineral fertilizers
may be due to the lower growth rate of the plants that consequently extracted fewer nutrients
from the production system [11, 31], as observed by the application of P®0” in RO and
reduction of maize growth, but with a higher residual effect on P availability in whole soil and
soil solution (Figs. 4, 5, and 6). When a higher total amount of P from OMFs was applied to
RO, a higher maize biomass production was verified, and a higher nutrient residual effect on
solution P and soil P-resin over MAP fertilization. The residual P effect of OMFs was not
verified in YO.

In studies performed in Oxisol samples to evaluate the OM mineralization dynamics,
N-NHs" and N-NOs™ mineralized and K* leached are easily moved by CaCl, solution[46].
However, due to the specific adsorption of P in tropical soils, the CaCl; solution is not strong
enough to remove all forms of P possibly released by fertilizers [3, 5, 6]. Thus, the use of CaCl;
solution only simulated elucidates the potential losses of P through leaching in Oxisols, and it
was observed that MAP promotes a higher amount of P in leachates of the kinetics study over
MAP (Fig. 8). P leaching is not a severe issue in highly weathered soils, such as Oxisols, due
to the specific phosphate adsorption in kaolinite and Fe and Al (oxi) hydroxides colloids of
tropical soils [5, 6]. High and soluble amounts of P in leachates from MAP mini-lysimeters are
explained due to the high amount of P applied in free forms (H2PO4") in soluble P fertilizers,

whose P chemical species are more susceptible to being lost in leachates, mainly in sandy soils.

5 Conclusion

Synthesis of organomineral fertilizers (OMFs) by mixing monoammonium phosphate
(MAP) with coffee husk and chicken manure generated fertilizers with a wide range of OMFs
with different N, P, and K contents, forms, and release rates. In a soil type-dependent way, the

kinetics of K release slightly relied on the OMF type, while contents of N mineralized relied on
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OMF tested and organic matter content of the Oxisol incubated. P release rates were lower for
OMFs over MAP. Soluble P was rapidly released in MAP-treated soils, and P released in soils
highly depended on the MAP proportion in OMFs. The amount of N mineralized from OMFs
relied on soil type, being strongly regulated by soil OM content. Regardless of the kinetics
method investigated, electrical conductivity was a suitable and fast index to predict soluble P
released from the composted-based OMFs and MAP. The abundance of N and P bonds and
assignments of peaks of N and P groups recorded in ATR-FTIR spectra were suitable indices
to predict mineral and organic N forms and fertilizer-P availability indices, and available and
residual P in soils. Proportions of MAP over organic residues (Chicken manure and coffee husk)
in OMFs were key factors controlling the availability of N, P, and K in whole soil and its
solution, as well as the residual P-resin, and maize nutritional status and growth. Compared to
the exclusive use of MAP, maize biomass, mainly that related to root, was favored by plant
fertilization with OMFs with higher proportions of organic residues over MAP. Maize biomass
production, agronomic value, and capacity of OMFs in supplying NPK to plants strongly relied
on soil type. Maize biomass (shoot+root) was approximately 31% greater for plants fertilized
with P0%-OMF over MAP+KClI fertilized plants in Red Oxisol. In the sandy soil (YO), maize
biomass was 55% for OMF over MAP-nourished plants, surprisingly, for the OMF with only
25% MAP in the composted mixture. As this was a greenhouse study, further studies must be
carried out for validation at the field level, testing different agricultural managements and crops

and evaluating the main and residual effects.
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Supplementary material 1. Kinetics of P release scheme.
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Supplementary material 3. Parameters of models adjusted to the kinetics of P release from
organomineral and monoammonium phosphates (MAP) fertilizers.

The Kinetics of P release as related to mass fertilizer (mg kg?)
Method A — Agitation
Elovich Exponential Power Hyperbolic
RZ rmmse AIC R?> rmse AIC R?> mse AIC R? rmse AIC
PO 089 096 89 052 206 134 0.88 1.02 92 0.85 1.12 144
P%0% 086 149 115 061 247 145 085 154 117 0.88 1.35 109
P00 0.74 152 116 0.78 1.39 111 0.73 153 117 0.88 1.02 92
P®0%® 095 152 116 037 531 191 095 154 117 068 3.78 171
MAP 083 261 149 049 455 182 0.83 266 150 0.83 2.62 154
Method B — Mini-lysimeter
Elovich Exponential Power Hyperbolic
RZ rmmse AIC R?> rmse AIC R?> Rmse AIC R? rmse AIC
P®0™ 0.80 231 155 052 357 184 0.84 209 148 0.73 11.02 258
P4%0% 087 3.16 176 0.67 509 208 0.89 290 170 0.83 953 248
PY0® 076 394 190 057 526 209 0.77 3.84 188 0.78 13.90 273
P™0%® 0.88 8.13 238 0.70 1298 269 090 753 233 0.88 16.42 284
MAP 096 4.09 193 087 7.71 234 0.96 439 197 0.93 18.86 294

Treat.

Treat.

Kinetics of P release as related to P total content (%)
Method A — Agitation

Elovich Exponential Power Hyperbolic
RZ rmmse AIC R? rmmse AIC R?> rmmse AIC R?> rmmse AIC
P®0™ 0.89 0.99 91 052 212 136 088 105 94 085 1.16 100
PP0% 086 086 82 061 142 112 085 0.87 84 088 0.78 76
PY0® 074 085 82 078 078 76 073 08 82 088 057 58
P®0® 095 082 79 038 285 154 095 083 80 0.67 202 134
MAP 083 110 97 049 192 130 083 112 98 0.82 1.12 103

Method B — Mini-lysimeter

Elovich Exponential Power Hyperbolic
RZ rmse AIC R? rmmse AIC R?> rmmse AIC R?> rmmse AIC
PO 080 239 158 052 3.68 186 0.84 215 150 0.73 10.70 256
PO 089 168 134 069 285 169 091 152 127 082 16.57 285
PO 090 1.32 118 067 235 156 091 122 113 0.66 2500 312
P0%® 088 4.36 197 070 6.95 227 0.90 4.03 192 0.88 30.64 326
MAP 096 172 136 0.87 325 177 096 1.85 140 0.93 4472 351

RZ: coefficient of determination; rmse: root-mean-square error (mg kg or %); AIC: The Akaike
information criterion. Treat: Treatment studied; P?°0": (25% MAP + 37.5% CM (chicken
manure) + 37.5% CH (coffee husk)); P*°0: (40% MAP + 40% CM + 20% CH), P>°0%°: (50%
MAP + 25% CM + 25% CH) and P"°0%: (75% MAP + 12.5% CM + 12.5% CH).

Treat.

Treat.




Supplementary material 4. The Kinetics
monoammonium phosphates (MAP) fertilizers.
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Supplementary material 5. Parameters of models related to the velocity of the kinetics of P
release in water according to organomineral and monoammonium phosphates (MAP)

fertilizers.
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Supplementary material 6. Electrical conductivity of samples in the study of the kinetics of
P release from organomineral and monoammonium phosphates (MAP) fertilizers in Method
A (Agitation method).

P¥07” PoQ60
1.7 . A5 A AD
AB 2.14
L6 ¢ Bc EJAB %'—T—’ ¢
C
154 D $ 201 pe P DE DE ﬁ
DE == 1.9- T ;
EF EF == ' $
14{ p EF
—==$
= 1.8
134
E P50050 P75025
) A | 32 A A A
g — 31 =[5
= B
B 22 c C ¢ c—T 3.0 é@
o - 04
S c C CD
i = E
LT hes M
= —
o 2.8
MAP 02505 1 6 12 24 48 72 120 240

3 AB A A Hours

AB
BC
38 E==lsul=s
E DE CD é
T E éﬁﬂ
s
02505 1 6 12 24 48 72 120 240

Hours

P?07: (25% MAP + 37.5% CM (chicken manure) + 37.5% CH (coffee husk)); P*°0%: (40%
MAP + 40% CM + 20% CH), P*°0%: (50% MAP + 25% CM + 25% CH) and P°0%: (75%
MAP + 12.5% CM + 12.5% CH). The means followed by same capital letter did not differ by
the Duncant test (p<0.05).
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Supplementary material 7. Electrical conductivity of samples in the study of the kinetics of P
release from organomineral and monoammonium phosphates (MAP) fertilizers in Method B

(Mini-lysimeter method).
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MAP + 40% CM + 20% CH), P%°0%: (50% MAP + 25% CM + 25% CH) and P"°0%: (75%
MAP + 12.5% CM + 12.5% CH). The means followed by same capital letter did not differ by
the Duncant test (p<0.05).



Supplementary material 8. Pearson correlation analysis in Red Oxisol to maize growing.
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0.8
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0.4

0.2

=1

“Significant Pearson correlation analysis (p<0.05). PTA?, PW-APand PCAAP: Amounts of P added
in soil though fertilizers based on total conents, solubility in water, and citric acid at 2%
respectively. NP and NM-AP: N-organic and N-mineral forms applied added in soil though
fertilizers respectively; N solution p solution g solution: g solution contents of N-mineral, P and
K respectively; pH*"": pH in soil solution; N, P! and K soil availability of N, P and K
respectively; pH®": pH in soil; TDM, SDM and RDM: total, shoot and root dry matter
production respectively; Nso°t, pshoot gpg Kshoot: Shoot accumulation of N, P and K respectively.
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Supplementary material 9. Pearson correlation analysis in Yellow Oxisol to maize growing.
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“Significant Pearson correlation analysis (p<0.05). PTA?, PW-APand PCAAP: Amounts of P added
in soil though fertilizers based on total conents, solubility in water, and citric acid at 2%
respectively. NP and NM-AP: N-organic and N-mineral forms applied added in soil though
fertilizers respectively; N solution p solution g solution: g solution contents of N-mineral, P and
K respectively; pH*"": pH in soil solution; N, P! and K soil availability of N, P and K
respectively; pH®": pH in soil; TDM, SDM and RDM: total, shoot and root dry matter
production respectively; Nso°t, pshoot gpg Kshoot: Shoot accumulation of N, P and K respectively.
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Supplementary material 10. Parameters of models adjusted to mineralization of N and release

of P and K in Red Oxisol according to organomineral and monoammonium phosphates (MAP)

fertilizers application.

Nitrogen

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

AIC

RZ

rmse

AIC

RZ

rmse

AIC

R2

rmse

AIC

Control
P25075
P40060
P50050
P75025

MAP

0.95
0.85
0.93
0.92
0.91
0.93

7.57
21.13
14.34
15.05
15.40
13.66

130
167
153
155
156
151

0.80
0.76
0.93
0.86
0.91
0.84

16.77
28.69
17.89
21.45
17.94
23.19

159
178
161
167
161
170

0.92
0.81
0.88
0.87
0.86
0.89

9.79
23.35
19.61
19.17
20.08
17.63

139
171
164
163
165
160

0.93
0.84
0.96
0.96
0.96
0.94

9.74
22.04
10.78
10.76
10.27
12.63

139
168
143
143
141
148

Phosphorus

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

RZ

rmse

AlIC

RZ

rmse

RZ

rmse

AIC

Control
P25075
P40060
P50050
P75025

MAP

0.00
0.70
0.78
0.75
0.39
0.63

0.05
0.17
0.21
0.19
0.33
0.26

0.00
0.93
0.83
0.77
0.53
0.80

0.05
0.08
0.19
0.18
0.29
0.19

-50
-34
-3
-4
13
-3

0.00
0.67
0.74
0.71
0.37
0.60

0.05
0.18
0.23
0.20
0.34
0.27

0.00
0.93
0.91
0.86
0.52
0.81

0.05
0.08
0.13
0.14
0.30
0.18

Potassium

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

AIC

RZ

rmse

AIC

RZ

rmse

AIC

R2

rmse

AIC

Control
P25075
P40060
P5005O
P75025

MAP

0.90
0.83
0.87
0.86
0.85
0.93

14.47
25.09
19.72
20.72
23.36
14.99

153
173
164
166
170
155

0.92
0.87
0.91
0.92
0.87
0.98

14.01
22.64
16.91
16.39
21.45
8.75

152
169
159
158
168
135

0.84
0.77
0.78
0.78
0.76
0.85

18.51
29.54
25.69
26.29
29.33
22.07

162
179
174
174
178
168

0.93
0.88
0.91
0.90
0.88
0.96

12.32
22.41
16.26
17.62
20.85
11.02

147
169
157
160
166
143

R?: coefficient of determination; rmse: root-mean-square error (mg kg™); AIC: The Akaike
information criterion. Treat: Treatment studied; Control: no P-fertilization; P*0": (25% MAP
+ 37.5% CM (chicken manure) + 37.5% CH (coffee husk)); P*°0®: (40% MAP + 40% CM +
20% CH), P*°00: (50% MAP + 25% CM + 25% CH) and P°0%: (75% MAP + 12.5% CM +
12.5% CH).
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Supplementary material 11. Parameters of models adjusted to mineralization of N and release

P and K in Yellow Oxisol according to organomineral and monoammonium phosphates (MAP)

fertilizers application.

Nitrogen

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

AIC

RZ

rmse

AIC

RZ

rmse

AIC

R2

rmse

AIC

Control
P25075
P40060
P50050
P75025

MAP

0.66
0.82
0.63
0.92
0.82
0.54

1.48
7.28
11.80
4.25
7.32
11.98

71
129
146
109
129
146

0.73
0.66
0.58
0.81
0.76
0.50

1.71
9.97
12.63
6.49
8.47
12.48

76
140
148
124
134
148

0.79
0.79
0.60
0.89
0.78
0.52

1.19
7.74
12.26
4.98
8.02
12.24

63
131
147
115
132
147

0.70
0.80
0.66
0.94
0.86
0.60

1.61
7.61
11.32
3.58
6.34
11.57

74
130
144
103
124
145

Phosphorus

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

RZ

rmse AIC R?

rmse

RZ

rmse

AIC

Control
P25075
P40060
P50050
P75025

MAP

0.80
0.74
0.84
0.64
0.70

0.04
0.04
0.05
0.06
0.12

0.79
0.78
0.76
0.68
0.71

0.04
0.04
0.06
0.05
0.12

-55

-20

0.78
0.71
0.81
0.62
0.67

0.05
0.04
0.06
0.06
0.13

0.90
0.86
0.89
0.76
0.80

0.03
0.03
0.04
0.05
0.10

Potassium

Treat.

Elovich

Exponential

Power

Hyperbolic

RZ

rmse

AIC

RZ

rmse

AIC

RZ

rmse

AIC

R2

rmse

AIC

Control
P25075
P40060
P5005O
P75025

MAP

0.98
0.98
0.94
0.98
0.98
0.97

5.25
3.59
7.92
3.89
4.78
5.10

117
103
132
106
113
116

0.95
0.84
0.89
0.90
0.96
0.86

10.44
11.48
12.70
10.87
8.03

13.08

142
145
149
143
132
150

0.97
0.96
0.91
0.95
0.93
0.95

6.39
5.24
9.89
6.68
8.60
7.07

124
117
140
125
135
127

0.97
0.94
0.93
0.96
0.98
0.94

7.06
6.51
9.09
5.88
4.13
7.76

127
125
137
121
108
131

R?: coefficient of determination; rmse: root-mean-square error (mg kg™); AIC: The Akaike
information criterion. Treat: Treatment studied; Control: no P-fertilization; P*0": (25% MAP
+ 37.5% CM (chicken manure) + 37.5% CH (coffee husk)); P*°0®: (40% MAP + 40% CM +
20% CH), P*°00: (50% MAP + 25% CM + 25% CH) and P°0%: (75% MAP + 12.5% CM +
12.5% CH).
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Supplementary material 12. Parameters of models related to the velocity of the kinetics of

mineralization of N and release of P and K adjusted to release process in Red and Yellow

Oxisols according to organomineral and monoammonium phosphates (MAP) fertilizers

application.
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P?07: (25% MAP + 37.5% CM (chicken manure) + 37.5% CH (coffee husk)); P*°0%: (40%
MAP + 40% CM + 20% CH), P*°0%°: (50% MAP + 25% CM + 25% CH) and P°0%: (75%
MAP + 12.5% CM + 12.5% CH); control: no-P fertilization.
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Abstract

Biochar-based fertilizers (BBFs) were produced by acidulation of phosphate rock with different
acids, with or no addition of magnesium (Mg), using coffee husk as the feedstock for biochar
production. Properties of BBFs produced were assessed by different chemical methods, infrared
spectroscopy, and the kinetics of phosphorus (P) release in water or citric acid (CA). To
evaluate the agronomic performance, maize plants and, in sequence, brachiaria were grown in
pots filled with two Oxisols with contrasting texture and soil organic matter (SOM) contents. P
recommendation for plants was based on the total P content of fertilizers. In both maize and
brachiaria cultivation, it was evaluated the P availability in the whole soil and its solution, plant
biomass, and P accumulated in the shoot. Using the same chemical stoichiometric ratio, nitric
acid was more effective than hydrochloric and sulfuric acids in solubilizing P from P-apatite.
Regarding the kinetics of P release, the addition of soluble Mg reduced the amounts of P
released in water and maintained or increased P released in CA. The kinetics of P release in

water did not explain the variation of P accumulated by maize or brachiaria plants in two
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Oxisols; however, when CA was used as the extractor solution, a significant correlation was
verified. The higher proportions of P soluble in neutral ammonium citrate plus water
(NAC+H20) in BBFs increased maize biomass production in Oxisols. The higher residual
effect of P for brachiaria growth was found for BBFs produced with the solubilization using
nitric acid in Oxisol with the higher SOM. BBFs production by acidulation of low-grade
phosphate rock combined with the addition of Mg is an alternative to improve the efficiency of
P fertilization in tropical soils. P recommendation for maize and brachiaria should be based on

BBFs soluble P content in NAC+H>0.

Keywords: the kinetics of P release; organomineral fertilizer; soil solution; P-Mg interaction;

phosphorus residual effect, P-fertilizer availability chemical index.
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1  Introduction

Tropical Brazilian soils are highly weathered, have low availability of phosphorus (P),
and P is prone to be specifically adsorbed in Fe and Al oxides and low-activity mineral colloids,
such as kaolinite, which reduces the efficiency of phosphate fertilizers, mainly soluble
phosphate fertilizers (Fink et al., 2016; McLaughlin et al., 2011; Withers et al., 2018). Among
strategies to increase the efficiency of phosphate fertilization, the increase of the content of soil
organic matter (SOM) levels is very effective because organic molecules from SOM can block
P fixation sites, and SOM contains humic substances that can form a bond between metal-
organic ligand-P, forming new P complexed compounds with higher agronomic performance
(Erro et al., 2012). However, increasing SOM levels takes a long time and is an enormous
challenge in the tropical landscape due to the high SOM decomposition rate and low input of
organic residues in crop fields of most tropical soils (Fink et al., 2016; McLaughlin et al., 2011).

A strategy to ensure beneficial effects of organic molecules on the soil P availability is
the production of fertilizers containing both a mineral and an organic matrix, hereafter named
organomineral fertilizers (OMFs), with greater agronomic performance in nourishing plants
with P than soluble P mineral fertilizers (Erro et al., 2012; Fraz&o et al., 2021; Lustosa Filho et
al., 2017; Martins et al., 2017; Sakurada et al., 2016, 2019). OMFs may be produced through
different routes, including mixing of low-grade or acidified P sources with biochar that comes
from different feedstocks charring under the pyrolysis process, with the subsequent synthesis
of biochar-based fertilizers (BBFs) (Lustosa Filho et al., 2019, 2017). BBFs may be produced
with the pyrolysis of biomass rich in nutrients and a mixture between nutrient mineral sources,
including low-grade P rocks, and organic residues and wastes (Lustosa Filho et al., 2017; Rose
et al., 2019; Tumbure et al., 2020; Wang et al., 2012).

The mixture between phosphoric acid or triple superphosphate with coffee husk results

in BBFs with a more gradual P release in water due to the formation of P stable forms during
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pyrolysis (Lustosa Filho et al., 2017). Synthesis routes, including the mixture of organic
residues and igneous phosphate rock, were tested for the production of BBFs and this route is
not adequate to solubilize the apatite during the pyrolysis process because only a small portion
of P from phosphate rock are solubilized and becomes available to crops (Tumbure et al., 2020).
In addition, pyrolysis, by nature, is a process that involves the production of high pH charred
matrices. Therefore, biochar is supposed to have in most cases a pH in the alkaline range, and
this is not an adequate condition for complete solubilization of apatite, hence the need to acidify
charred matrices to solubilize apatite (Tumbure et al., 2020).

The low efficiency of pyrolysis in solubilizing low-grade phosphate rock is due to the
high recalcitrance and composition of phosphate rocks, which requires a crucial step of
phosphate acidulation to produce high agronomic value P fertilizers (UNIDO and IFDC, 1998).
Different acids could be used for this purpose, such as nitric, sulfuric and hydrochloric, resulting
in fertilizers with different properties and agronomic performance (UNIDO and IFDC, 1998).
In addition, inorganic acids can be mixed in the production of BBFs, before pyrolysis (Lustosa
Filhoetal., 2017). When inorganic acids interact with the biochar, there is a chemical activation
of the biochar matrix, functionalizing its organic matrix compounds, and effect whose
magnitude relies on the acid type used (Sahin et al., 2017).

When phosphate rock is acidulated and converted into highly water-soluble mineral
fertilizer P chemical species, the P solubilized presents low efficiency in the soil-plant system
of most soils (Withers et al., 2018). However, when the acidulation process is followed by
mixing of organic compounds with P solubilized chemical species, soluble phosphate reacts
with carbon (C) compounds, forming P-organic complexes with higher agronomic performance
than single superphosphate (Erro et al., 2012). In addition, other metals (Mg) can be added in
the BBFs synthesis the fertilizers produced have new properties as the formation of struvite

promotes a more gradual release of P to crops; besides, there is a synergistic effect between P
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and Mg on the uptake of both nutrients , mainly P, by plants (An et al., 2021; Lustosa Filho et
al., 2017; Suwanree et al., 2022; Talboys et al., 2016).

Pyrolysis has already been used to synthesize biochar-based phosphate fertilizers,
which presented a more gradual release of P over acidulated mineral P fertilizers with or without
addition of Mg (Lustosa Filho et al., 2017). Fertilizers with a gradual P release may present a
higher agronomic performance than readily soluble P sources, increasing P availability in whole
soil and its solution in crop stages of high nutritional demand, thus, reducing P losses in soil
through specific adsorption, precipitation, formation of low-soluble Ca phosphates etc. (An et
al., 2021; Ghodszad et al., 2021). However, in BBFs, if P release is too slow and does not meet
plant nutritional demand, growth may be hampered for crops with a short window to grow and
uptake P, such as maize (Lustosa Filho et al., 2017). Dynamics of P-fertilizer release is
anticipated by P Kinetics release studies. In most P Kinetics release studies, water is used as the
extractant solution, though 0.01 M CaCl> solutions are also employed to leachate soluble
phosphate (Baird et al., 2019; Carneiro et al., 2021; Lustosa Filho et al., 2017). The relationship
between P released in water and nutrient plant uptake was mathematical modeled for mineral
fertilizers, and its use for OMFs may be limited due to the unique properties of OMFs, as the
presence of nutrients in mineral and organic forms. For this reason, it is necessary to verify the
correlation between the amounts of P in water released in the kinetic studies, plant P uptake,
and other test solutions to leachate P in kinetics release studies.

Organic acids are capable to simulate the capacity of plants to acquire P; thus, P-BBF
kinetics release can correlate with P-fertilizer organic acid indices since plant roots can release
organic acids such as citric (CA), malic and oxalic acids to mobilize P chemical species in the
rhizosphere (Adeleke et al., 2017). Use of CA, neutral ammonium citrate plus water
(NAC+H20) and formic acid (FA) solutions are proposed to estimate the P solubility indices in

OMFs and their relation with P uptake by plants (Duboc et al., 2022; Rose et al., 2019; Wang
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et al., 2012). These P-fertilizer indices aforementioned extract different pools of P in OMFs,
though some chemical species of P can not be assessed by these extractant solutions, though
they may be available when plants are successively cultivated (Sakurada et al., 2016; Wang et
al., 2012). Even for the main crop, P pools in BBFs not assessed by fertilizer chemical solubility
indices may be partially responsible for possible greater agronomic performance of OMFs over
mineral fertilizers. A higher P uptake by maize was linked to the use of OMF over MAP due to
a lower proportion of contents of P soluble in NAC+H.O concerning total P, which resulted in
forms of applied P not assessed by NAC+HO solution since the recommendation was based
on soluble P contents in NAC+H>0, already in soybean cultivated using an OMF with a high
proportion of soluble P in NAC+H-0, there was no difference in P uptake by the use of OMFs
over MAP (Frazdo et al., 2021).

Fertilizer P pools can be assessed both by chemical analytical methods or predicted by
infrared spectroscopy (Duboc et al., 2022; Lustosa Filho et al., 2017; Wang et al., 2012). Due
to a more gradual release of P from different forms of P in organic-based fertilizers, OMFs can
promote a higher residual effect (residual P) than mineral fertilizers (Martins et al., 2017,
Sakurada et al., 2016). The first and second crops need to be successively grown and evaluated
to assess the P residual effect for the subsequent crop. The effect of OMFs is highly dependent
on soil properties, relying mainly on SOM content since certain pools of organic compounds in
soils are capable of improving the use efficiency of fertilizer P by crops, thus, masking less
evident the potential effect of the OMF organic matrix on the soil P chemistry and availability
(Erro etal., 2012; Fink et al., 2016). In this study, we hypothesized that the production of BBFs
from the mixture of coffee husk and the acidification of Araxa phosphate rock (APR) combined
with Mg addition and the formation of biochar produce the BBFs with spectroscopy properties,
and with contrasting P-fertilizer indices, which controls the P release and agronomic efficiency

of BBFs by maize-brachiaria successively grown in two Oxisol with contrasting texture and
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SOM contents. The aims of this study were: 1) To produce BBFs with different chemical
properties and P solubility indices; 1) To decrease P soluble in water by mixing coffee husk
biochar and Mg in the synthesis of BBFs; Ill) to investigate lab protocols to evaluate the
kinetics of P release using water and CA as extractant solutions; V) To correlate P pools with
the amounts of P released in the kinetics of P release study with the P uptake by maize and
brachiaria successively grown in two contrasting Oxisols; V) To evaluate in soils residual P

effect of BBF over triple superphosphate and low-grade Araxa phosphate.

2 Material and Methods
2.1 Biochar-based fertilizers synthesis

Twelve organomineral fertilizes based on pyrolysis of a mixture of the coffee husk
(CH), APR, inorganic acids and addition or no of Mg were performed. Coffee husk and APR
were mixed at a ratio of 2:1 (mass of CH: mass of APR). Coffee husk and APR were dried and
passed through a 1 and 0.25 mm mesh sieves, respectively. CH used had 17.3 and 42.4 g kg™
to N and K total contents, and 1.2, 1.0, 1.2, 1.1 and 1.1 g kg%, respectively, of P total, P soluble
in water, in NAC+H20, in citric acid at 2% (CA), and formic acid at 2% (FA). APR used had
126.22, 0.10, 6.52, 16.96 and 15.53 g kg, respectively, contents of P total, P soluble in water,
in NAC+H:0, in CA and in FA. Before pyrolysis, initially, the no-acidulation or acidulation of
APR was performed using three different inorganic acids (H2S04-98%), hydrochloric (HCI-
37%) and nitric (HNO3-65%) acids (Reagent grade, Synth). In sequence, CH and APR were
without (no Mg) or mixed with Mg supplied as a soluble Mg source (MgCl) (Reagent grade,
Synth) or as a low-grade serpentinite rock.

The proportion of inorganic acid was based on the H2SO4 amount used to solubilize
the low-grade P rocks in the phosphate fertilizer industry, as follows: 0.58:1 (w:w) ratio of

H2SO4 to AR low-grade rock (UNIDO and IFDC, 1998). Based on the stoichiometric ratio used
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to mix H2SO4 with AR, the amounts of HCI and HNO3z was also determined considering the
chemistry basis used by Sahin et al. (2017) to evaluate the chemical activation, as well as in the
same stoichiometry ratio to solubilize phosphate rocks by different acids (UNIDO and IFDC,
1998). Mg was incorporated at a 1:1 mol P:Mg ratio (Lustosa Filho et al., 2017). After the pre-
treatment, the mixtures were dried at 60 °C until constant weight and pyrolysis were performed
using a muffle furnace whose temperature was set to 300 °C at a heating rate of 10 °C min %,
maintaining the target temperature for 30 min. The pyrolysis and BBFs production were

performed with three repetitions. The treatments studied were shown and described in Table 1.

Table 1. Acronyms of treatments used in the production of biochar-based fertilizers (B).

Acronyms Acid type Mg source
B No Mg addition
BMg No acidulation MgClI
BSerp Serpentinite
BSA No Mg addition
BSAMg Sulfuric acid MgClI
BSASerp Serpentinite
BHA No Mg addition
BHAMg Hydrochloric acid MgClI
BHASerp Serpentinite
BNA No Mg addition
BNAMg Nitric acid MgClI
BNASerp Serpentinite

2.2 BBFs chemical characterization

Biochar samples were passed through a 1 mm sieve. The pH of biochar samples was
determined in water at a ratio of 1:10 (w:v) through a pH digital Toledo Meter (Singh et al.,
2017). After sulfuric digestion, total nitrogen (N) content was determined through the Kjeldahl
method (Phares et al., 2020). Ammonium (NH*") and nitrate (NO3") contents in biochar were

extracted with 2 mol Lt KCI solution (10 mL extractant g~* of biochar) and determined by
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distillation followed by titration (Singh et al., 2017). N loss during pyrolysis was calculated due

to the use of nitric acid in feedstockpre-treatment as follows (Eqg. 1):

N loss= <1oo- {100x [ (DWBe (&) N-Be (mg &) l}) (Eq. 1)

((DWBm(g)<N-Bm(mg g"1))+(DWAdd(2)N-Add (mg g')))

Where: DWBc, DWBmM and DWAdd are, respectively, the biochar mass, dry weight biomass
and dry weight additive (Mg and acid); N-Bc, N-Bm and N-Add are, respectively, N contents

in biomass, biomass mass, and the amount of additive (Mg or acid).

Total P and potassium (K) contents were determined through the nitric-perchloric acid
analytical method (Enders and Lehmann, 2012). P soluble in water was extracted by successive
washing of 1 g of BBFs using a paper filter with distilled water until reaching a final volume of
250 ml in a volumetric flask (Brazil, 2017). The P content soluble in CA was extracted by
stirring 1 g of fertilizer with 100 ml of CA solution at 2% for 30 min (Brazil, 2017). The P
content soluble in NAC+H.0 was extracted by boiling 1 g of fertilizer in 50 ml of NAC+H20
solution (Brazil, 2017). Based on the method recommended by P available in biochar, the
content of P soluble in FA solution at 2% was also determined; thus, 0.35 g of biochar were
mixed with 35 ml of 2% FA, ultrasonicated for 10 min, then shaked for 30 min (Singh et al.,
2017). The P contents extracted by water, CA, NAC+H>0 and FA were determined using the
vanadomolybdate method (Kitson and Mellon, 1944). To compare the P solubility of BBFs, a
P index was calculated, taking into account the ratio of soluble P fractions water or CA or

NAC+H20 or FA and total P content in BBFs, as follows (Eq. 2):

. Soluble P content (g kg'l)
P index (%)= ~= | <100
Total P content (g kg )

(Eq. 2)



208

2.3 Infrared spectroscopy

Twelve OMFs synthetized samples were scanned in the medium infrared region, the
main peak in spectra were identified, bonds, functional groups, features and spectroscopic
signatures determined as well. The infrared spectrum was obtained using the Attenuated Total
Reflectance (ATR) Fourier Transform Infrared (FTIR) spectroscopy technique in an Agilent®
Cary 630 spectrometer. Measurements and spectra were generated at 4000 to 650 cm™*
wavenumber range with a resolution of 4 cm™. In each FTIR spectrum, pre-processing
(normalization) of the dataset was performed (Gautam et al., 2015). The main peaks were
identified and interpreted according to the infrared library available elsewhere and assignments
for the main peaks (Maluf et al., 2018; Singh et al., 2017; Socrates, 2004; Stuart, 2004; Y. Wang

etal., 2014).

2.4 The kinetics of P release

Based on BBFs properties and spectroscopy analysis, a cluster analysis was performed,
and eight BBFs were selected and, together with APR and TSP properties, were evaluated
regarding their role in nourishing crops successively grown as well as related to the kinetics of
P release dataset and parameter of mathematical equations to predict P released. OMFs samples
produced with CH and serpentinite were not evaluated. The TSP used had 196.13, 175.00,
185.37, 175.33 and 177.62 mg kg, respectively, of P total, P soluble in water, in NAC+H0,
in CA and in FA contents. Two extraction solutions were chosen to evaluate the kinetics of P
release; therefore, water and CA were used at 2% as extractant solutions. The fertilizers were
incubated with sand in a mini-lysimeter with periodic leaching of incubated BBFs, using
distilled water (for more details, see manuscript 2 of thesis) or a CA solution at 2%, hereafter
defined as a new method to evaluate the dynamics of P in leachates of the sand incubated BBFs.

In the mini-lysimeter, it was added 200 mg kg™ of P based on the total P content of each BBF.
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Initially, 50 ml of distilled water or CA solution was passed through each fertilizer
incubated, delimiting this leaching time as 0 h, then the volume of water or CA solution used
in each leaching and leachates were sampled in the following incubation time: 0, 4, 12, 24, 48,
72,120, 168, 216 and 264 hours. Leaching solutions were added to the sand-fertilizer mixture
at a cumulative equivalent rate of 7 mL h™. P concentration in solutions leached was determined
by the vanadomolybdate method (Kitson and Mellon, 1944). The Kkinetics of P release in water

or in CA was normalized according to the total P content of each fertilizer packed added.

2.5 BBFs agronomic performance

To verify the agronomic efficiency of eight BBFs synthetized over APR and TSP,
maize plants and, in sequence, brachiaria were grown in Red (RO) and Yellow (YO) Oxisols
with contrasting texture and soil organic matter contents (Table 2). Plants were grown in pots
filled with 0.8 kg Oxisol and 300 mg kg P, which was based on the total P content of each
fertilizer and homogenously mixed with the whole soil in each pot. Eleven treatments were
studied in a completely randomized design with three repetitions for each Oxisol. One treatment
in which plants were cultivated without P application (negative control), and ten treatments
related to P fertilizers as follows: APR, TSP, B, BMg, BSA, BSAMg, BHA, BHAM(g, BNA,

BNAMg. All fertilizers were only added to Oxisols at the beginning of maize cultivation.
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Table 2. Main chemical, physicochemical, and texture of Oxisols used in maize-brachiaria

growing.
. C Clay Silt Sand P-rem
Oxisol pH g kg™ mg L™
Red 4.9 19.8 770 100 130 15.5
Yellow 6.2 4.5 460 85 455 11.7
. Total N P K Ca? Mg?* AlF*
Oxisol 1 1
mg kg — cmolc kg*—
Red 2,580 8.3 16.6 0.2 0.1 0.8
Yellow 329 6.1 2.5 1.9 0.1 0.1

pH was determined in H2O at a ratio of 1:2.5 (w/v); P: available phosphorus determined by
resin soil test, K: available potassium determined by Mehlich-1 soil test; P-rem: remaining
phosphorus; exchangeable calcium (Ca?*), exchangeable magnesium (Mg?*) and aluminum
(AP*) determined by KCI 1 mol? soil test; C: carbon determined (dry combustion) in an
automatic TOC analyzer; clay, silt and sand assessed by the Boyoucos method. All
methodologies are described in details in Teixeira et al. (2017).

Liming was performed in RO, aiming to raise pH to 6-6.5 and increase the contents of
exchangeable calcium (Ca) and Mg using carbonates (CaCOs and MgCOs at the 4:1 ratio using
Reagent grade, Synth). After mixing with carbonate, soil samples were incubated for 30 days,
and soil moisture was kept close to 70% of the soil maximum water holding capacity (MWHC).
In YO, soil acidity correction was not performed as the pH and Ca?" contents were already at
optimum levels for plentiful maize growth. Mg in YO was provided at the sowing fertilization.
According to the difference in total contents of N and K found in BBFs fertilizers, there was a
standardization of N and K amount applied, using in maize planting fertilization 100 mg kg
of N and 200 mg kg™ of K. N and K supplied in the sowing fertilization were supplied to plants
as NOsNOs3 and KCI (Reagent grade, Synth). In the maize planting fertilization, it was also
provided 30, 40, 0.81, 2, 7.3, 0.15, 5 and 10 mg kg™ respectively of Mg, sulfur (S), boron (B),
copper (Cu), manganese (Mn), molybdenum (Mo), zinc (Zn) and iron (Fe), which were
respectively supplied to plants with MgS04.7H.0, H3BOs, CuSO4.5H20, MnCl2.4H,0,

(NH4)6M07024.4H,0, ZnS04.7H.0 and FeCls.6H20 (Reagent grade, Synth).
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After the sowing fertilization, soil moisture was maintained close to 70% MWHC, then,
five maize seeds were sowed per pot. Five days after planting, thinning was performed to grow
only one maize plant per pot. Maize top-dressing fertilization was carried out at 14 and 21 days
after planting, adding to soil 125 mg kg™ N supplied as NHsNOs (Reagent grade, Synth), and
maize was grown for 30 days. After the maize cultivation, in each experimental unit, ten seeds
of brachiaria were sowed per pot. Ten days after planting, thinning was performed, and two
brachiaria plants were grown per pot. The Brachiaria planting fertilization was carried out using
50 mg kg N and 100 mg kg K, which were supplied as NOsNO3 and KCI (Reagent grade,
Synth). Brachiaria top-dressing fertilization was carried out at 15, 25, 35 and 45 days after
planting using 100 mg kg® N provided as NH4NOs (Reagent grade, Synth). To evaluate
fertilizers P residual effects in Oxisols, brachiaria, in sequence, was grown for 55 days.

After 12 hours of planting, an aliquot of the soil solution (20 ml) was collected through
the Suolo Acqua sampler (Carmo et al., 2016). The soil solution sampler were inserted in the
middle of the pot during the filling of the pot with soil. The soil solution samples was filtered
through a 0.45 um pore membrane, and solution pH was determined through a bench pH meter;
the content of P in soil solution (solution P) was determined by the vanadomolybdate method
(Kitson and Mellon, 1944). After 18 hours of planting, the 30 g samples of whole soil were
collected in each experimental unit using a pot soil auger; then, soil samples were dried and
sieved (2-mm) and stored for further analyses. In whole soil, it was determined pH at a ratio of
1g of soil to 2.5 ml of water (soil pH) and available P content by the ion-exchange resin method
(soil P-resin test) (Teixeira et al., 2017).

After maize and brachiaria cultivation, plants were harvested, separated into shoot and
root, and then dried in a laboratory oven at 60°C until constant weight. The dried biomass was
weighed, and shoot (SDM) and root (RDM) dry matter were determined. Total dry matter

(TDM) was obtained by adding SDM to RDM. SDM was sieved (1-mm), and samples were
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digested in a mixture of nitric and perchloric acids at a 4:1 ratio; P in the shoot was determined
by the molybdenum blue method (Silva, 2009). According to the SDM and P content in plant
tissue of each experimental unit, P accumulated in the shoot (P in shoot) was calculated as
follows (Eqg. 3):

P in shoot=shoot dry matter(g)*P content in the shoot tissue (mg g™!) (Eq. 3)

2.6 Statistical analysis

All statistical analysis was carried out using the following R Software packages: stats,
base, tidyverse, agricolae, factoextra, FactoMineR, pvclust and corrplot (Kassambara and
Mundt, 2020; L€ et al., 2008; Mendiburu, 2020; R Core Team, 2020; Suzuki et al., 2019; Wei
and Simko, 2017; Wickham et al., 2019). In the characterization of the twelve OMFs produced,
mean of N losses and soluble P indices were compared by the Duncan test (p<0.05), considering
that the assumptions of analysis of variance (ANOVA) were attained and the significant
difference was verified (p<0.05). The whole dataset of pH and P in whole soil and its solution,
besides maize and brachiaria biomass production and P in both crops shoot were also compared
by the Duncan test (p<0.05).

The dataset of the kinetics of P release in water or CA was adjusted to different non-
linear mathematical models as an output of the relationship between incubation time versus the
amount of P released from each fertilizer (Dou et al., 1996; Liang et al., 2014; Lustosa Filho et
al., 2017). The following mathematical models were adjusted to P kinetics dataset: Linear
model (Eqg. 4), Elovich model (Eqg. 5), simple exponential model (Eqg. 6), power function (Eq.

7), parabolic model (Eq. 8) and hyperbolic model (Eg. 9).

Pt=a+bt (Eq. 4)
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Pt=atblInt
(Eq. 5)
Pt=NO(1-¢™)
(Eq. 6)
Pt=a*t" (Eq. 7)
Pt=a+(bt")

(Eq. 8)

_NO*t
P= (NO*b+t)

(Eq. 9)

Where: Pt: fraction of P released from fertilizer in the leaching time evaluated; a, initial P

content released from fertilizer; b, P release rate constant for each fertilizer, t, time of release

(hour); NO, the maximum amount of P released from fertilizer during the whole Kinetics study.

The best model was selected according to the higher value of the coefficient of
determination (R?), the lowest value of root-mean-square error (rmse), and the lowest value of
the Akaike Information Criterion (AIC) (Akaike, 1979). Mathematical models fitted to each
fertilizer rate of nutrient release were compared using a 95% confidence interval and 1000
bootstrap interactions.

The synthetized BBFs were grouped in two ways, considering their chemical attributes
or Middle infrared spectral signature. Initially, the dataset was scaled, and the cluster analysis
was based on the matrix of Euclidean distances among samples, using the Ward's algorithm
hierarchical clustering (Ward, 1963). Each dendrogram branch was calculated using the
bootstrap support. To determine the relationship between the chemical properties of BBBs
synthesized (excluding dataset of BBFs produced with serpentinite) and the P nutrition status

of maize and brachiaria grown in the two contrasting Oxisols. Initially, it was removed from
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the dataset the data related to plants fertilized with TSP, APR and non-fertilized with P; using

this new and processed dataset, the Pearson’s correlation analysis was performed.

3 Results
3.1 BBFs chemical properties

Fertilizer pH and NPK pools were shown in Table 3. During pyrolysis, a higher losses
of N occurred when nitric acid was used in pre-treatment (88.5% of N added was volatilized
during pyrolysis) (Supplementary material 1). Addition of MgCl increased N losses during
pyrolysis in non-acidified and hydrochloric acid pre-treated feedstock. According to pH and
NPK pools, the cluster analysis formed five groups (clusters) of fertilizers (Figure 1). The BNA
formed the group with intermediate values of P soluble in water and higher values of P soluble
in CA, FA and NAC+H20, a high value of N-Total and N-mineral contents. The second group
was formed by BNAMg and BNASerp, which had properties similar to group I; however, the
main difference of BBFs of group Il was their lower N-mineral content over fertilizers from
group I. Group 111 was formed by BHASerp, BHA, BHAMg and BSAMg. The BBFs of group
I11 over other BBFs grouped had intermediate values of P soluble in CA, FA and NAC+H-0,
and lower contents of total N. The main properties of group 1V formed by BSASerp and BSA
were their higher contents of P soluble in water over other OMFs; however, over other BBFs
produced by acidulation of apatite, fertilizer from this specific group has a lower proportion of
P soluble in CA, FA and NAC+H>0. BBFs enclosed in group V with lower contents of P soluble

in water, CA, FA and NAC+H-0 (B, BMg and BSerp).



Table 3. pH, nitrogen (N), phosphorus (P), and potassium (K) pools and contents in biochar-

based fertilizers (B).

Total + - Total
Fertilizer pH N N-NH, 1 N-NGs K
g kg
B 5.3+0.1 10.72 £0.49 0.035+0.005 0.058 £0.002 34.90 £1.74
BMg 4.3+0.1 7.67 £0.23  0.038 £0.007 0.038 £0.007 35.81 £1.39
BSerp 54+0.1 8.99+0.35 0.033+£0.002 0.066 £0.003 33.15+0.13
BSA 2.9 £0.2 9.71£0.13 0.058 +0.003 - 36.62 £1.51
BSAMg 5.3+0.1 9.42 £0.05 0.118 +£0.007 - 36.49 £0.48
BSASerp 3.6 £0.2 7.73+0.06 0.146 £0.003 - 32.84 £1.57
BHA 4.4 0.2 10.74 £0.29  0.155 +0.007 - 28.52 £0.15
BHAMg 5.6 £0.2 9.30+0.13  0.240 +0.003 - 29.16 £1.05
BHASerp 4.8 +0.2 7.97 £0.10 0.170 +0.005 - 28.08 +2.13
BNA 6.8 £0.3 21.05+0.14 0.054 £0.003 2.702 +0.089 34.08 +3.89
BNAMg 7.5+0.1 15.88 £0.33  0.057 £0.003 0.114 +0.007 32.84 +2.00
BNASerp 10.3+0.1 14.55 +0.06  0.053 +0.004 - 29.34 £2.60
PTOtaI PHzO PCA PNAC+H20 PFA
Fertilizer 1
g kg

B 51.91+158 1.15+0.10 9.88 £0.31 473+0.16  12.26 +0.15
BMg 51.25+0.49 0.78 £0.01 9.03 £0.15 4.09 £0.15 9.02 £0.15
BSerp 50.16 £1.15  0.94 +0.04 8.71 +£0.11 3.91+£0.07 10.80 +0.17
BSA 54.64 £3.66  4.79 £0.14 7.01£0.23 12.83+0.26  6.96 +0.03
BSAMg 57.31+255 6.06+0.28 20.39+0.05 20.50+0.23 20.01+0.21
BSASerp 52.51+0.65 5.18 £0.15 9.67 +0.09 9.74 £0.21  10.64 +0.37
BHA 56.16 £0.71  1.94+0.02 23.14+1.19 21.96+0.04 21.64 +0.12
BHAMg 54.96+0.38 3.91+0.19 2547+0.11 24.09+0.21 22.39+0.22
BHASerp 58.73+2.11 250+0.09 12.32+0.05 14.93+0.03 11.27 +0.07
BNA 58.84 £0.65 4.31+0.02  30.69+0.26 31.79+0.54 29.69 +0.46
BNAMg 48.03+0.44 3.61%0.02 29.14+0.29 31544031 27.76 £0.63
BNASerp 52.94+0.55 1.03+0.04 25.12+0.36 25.80+0.24 27.09 +1.19

Not detected or low limit of detection of method. N™% N-NHs" and N-NOs: contents of
nitrogen total, ammonium and nitrate respectively; K™% total contents of potassium; PT®
NH20 NCA NNACTH03nd NFA: contents of total phosphorus (P), P soluble in water, in citric acid
at 2%, in neutral ammonium citrate plus water, and in formic acid at 2% respectively. More
details of the BBFs acronyms were shown in Table 1.



216

Figure 1. Cluster analysis between all biochar-based fertilizers (BBFs) synthetized. Percentage
means the similarity within each group formed by cluster analysis. K-T: total content of
potassium; N-M and N-T: contents of N-mineral and N-total; P-F, P-C, P-N, and P-W: the
content of P soluble in formic acid at 2%, in citric acid at 2%, in neutral ammonium citrate plus
water and water respectively; P-T: total content of P. The radar charts at the tip of terminal
branches display the ratio of value variable in each biochar/maximum valor of variable found
in all OMFs for each variable measured rescaled to vary between 0 and 1 (maximum across all
samples). More details of the BBFs acronyms were shown in Table 1.

The P solubility index related to contents of P soluble by different extractant solutions
as a percentage of total P content in BBF had a higher proportion of P soluble in CA, FA and
NAC+H:0 by nitric acid-based BBFs, followed by hydrochloric acid and sulfuric acid (Figure

2). Compared to the exclusive use of nitric, hydrochloric or sulfuric acids, Mg addition as
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magnesium chloride increased all fertilizer-P solubility indices. Thus, serpentinite as an Mg
source was not effective in increasing fertilizer-P solubility indices. A higher P soluble in water
index was verified when sulfuric acid was mixed with coffee husk and MgCl before pyrolysis

in order to produce BSAMg.
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Figure 2. Amounts of fertilizer-P solubility index different extractant solutions as a percentage
of total P content (P index) in fertilizers according to different acid and Mg source were used
before pyrolysis to produce BBFs. The bars with standard error followed by the same capital
letter did not differ the acid treatment in each Mg condition tested according to the Duncan test
(p<0.05). The bars with standard error followed the same minuscule letter and did not differ the
Mg condition in each acid treatment tested according to the Duncan test (p<0.05). No-Mg: no-
Mg addition; MgClz: Mg added via magnesium chloride; Serp: Mg added via serpentinite. More
details of the BBFs acronyms were shown in Table 1.

3.2 Infrared spectroscopy

The Mg sources used in BBFs synthesis did not generate new peaks in FTIR spectrum
(Figure 3). The OH stretching was founded for all BBFs at different IR spectrum, including
between 3400 and 3200 cm™ for non-acidified fertilizers, at 3380 and 3250 cm™ for
hydrochloric and nitric acids used previous to biochar production, and at 3620 and 3550 cm™

for sulfuric acid-derived BBFs; in fact, for sulfuric acid-derived biochars, the OH stretching
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was related to tertiary alcohols. Aliphatic C groups were recorded at 2915 and 2850 cm™ for all
BBFs. O-H bonds were also verified for all BBFs at 1615, 1620, 1625 and 1640 cm™,

respectively, to non-acidified, sulfuric, hydrochloric and nitric acid-derived BBFs.

P-O alkyl sulfate salts (RSO, M")

(@ ®) P-O |
- B = BSA P-O
= BMg = BSAMg
== BSerp = BSASerp

Aligketic aliphatic C-H
OH stretching P-H

P-H oH €0s

organophosphorus (tertiary alcohols) + 1 organophosphorus

OH stretching

4000 3695 3391 3086 2782 2477 2173 1868 1564 1259 955 650 4000 3695 3391 3086 2782 2477 2173 1868 1564 1259 955 650

Wavenumber (cm?) Wavenumber (cm?)
4= —
' . : BSAMgCI
3] 3 | A
'-. BSA- A
' ‘BSASerp
24 & l
I
& |
O 1
o 1
= BH
ol
|©]
-9
1

3 ——
7 -6 -5-4-3-2-10 L 2:3 4 5
PC1 (68.9%)

(© @
== BNA == BHA
— BNAMg — BHAMg
== BNASerp = BHASep
i ahp hatic C-H OH stretching At O H
OH stretching ! | P-H , K P-H

; organophosphorus

4000 3695 3391 3086 2782 2477 2173 1868 1564 1250 935 630 4000 3695 3301 3086 2782 2477 2173 1868 1564 1259 935 630
Wavenumber (cm™) Wavenumber (cm™)

Figure 3. Attenuated Total Reflectance Fourier Transform Infrared spectrum of biochar based-

fertilizers (BBFs) and its division by cluster analysis. More details of the BBFs acronyms were

shown in Table 1.
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The P-H organophosphorus groups were found at 2353 cm™ for all BBFs. The P-O
groups were founded in no-acid (1025, 960 and 670 cm), sulfuric (1150, 960 and 670 cm™Y),
hydrochloric (1040 and 670 cm™) and nitric-derived (1040 and 670 cm™) biochars. Peaks
related to the COs groups were found in non-acidified (1420 cm™), hydrochloric (1425 cm™)
and nitric acids-based BBFs. When sulfuric acid was used to treat coffee and produce BBFs,
the charred matrices had a peak at 1080 cm, which was related to RSO4*M alkyl sulfate salts.
When nitric acid was used before pyrolysis, resulting BBFs showed a peak at 1350 cm™, related
to the C-N stretch. Based on FTIR spectrum, three groups regarded the type of acid employed
before the pyrolysis and BBFs production. According to BBFs FTIR spectral signature and
PCA, three clusters were formed: group | (B, BMg and BSerp), group Il (BSA, BSAMg and

BSASerp) and group 111 (BNA, BNAMg, BNASerp, BHA, BHAMg and BHASerp).

3.3 The Kinetics of P release

The models chosen to fit P released over time (kinetics study) were based on the lower
values of RMSE, the highest value of the coefficient of determination and lower values of AIC
(Supplementary materials 2 and 3). For P released in water, the exponential model was the
best that fitted to P released by TSP, B, BSA and BNA, while the linear model explained most
of the variation of P released by BSAMg, BHAMg and BNAMg. The hyperbolic model fitted
better to explain P released by APR, BMg and BHA. When kinetics of P release was performed
using CA solution, the Power model was the one that best fitted to TSP and APR leached P,
while the hyperbolic model fitted better for B, BMg, BSAMg, BNA and BNAMg of P in
leachates, and the exponential model was the best one to explain variation of P released from
BSA, BHA and BHAMg.

Not acidified fertilizers (B and BMg) had a lower amount of P release in water among

BBFs (Figure 4). For P released in water, when Mg was added via MgCl, previously pyrolysis,
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the P release in water was reduced and a gradually and continuously released over leaching
time (linear model). Considering time of 264 hours, the amount of 3.3, 4.1 and 3.6% of total P
in BBFs, respectively, were released by BSAMg, BHAMg and BNAMg. When Mg not was
used in BBFs synthesis, up to 36 hours, the amount of P released by BNA and BHA were
similar. After 36 hours, BHA had a higher amount of P over BNA. From 72 to 96 hours, BHA
had similar amounts released compared. After 96 hours, BHA releases higher amounts of P
than other BBFs synthetized. Initially, the higher amount of P released in water was higher than
BSA, and from 72 hours, the amount of P released was constant. After 156 hours, the amounts

released of P by BSA and BNA were similar and lower than BHA.
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Figure 4. The kinetics of P release in water and citric acid at 2% as related to total P content of
biochar based-fertilizers (BBFs) and mineral fertilizers (TSP: triple superphosphate; APR:
Araxa phosphate rock). More details of the BBFs acronyms were shown in Table 1.

The TSP had a higher and faster release of P in water than BBFs; about 76% of the
total P content in TSP was released up to 24 hours. After 24 hours, the release of P from the
TSP tended to stabilize, reaching values of 78.9% at the end of the kinetics study using water.
The released of P in the water of APR was the lowest among fertilizers, inferior to 0.3% of total

P content. At 264 hours of the kinetics of P release in water, the amounts of P released were:



222

1.6,0.7,11.2, 3.3, 15.5,4.1, 10.7, 3.6, 0.2, and 78.9, respectively, for B, BMg, BSA, BSAMg,
BHA, BHAMg, BNA, BNAMg, AR and TSP.

When the kinetics of P release was performed using CA solution, the pattern of P
release was different among BBFs. Amounts of P released in CA increased when nitric acid
was used previously for BBFs production regardless of the Mg addition. A higher initial P
release was found for BNAMg; however, after 168 hours, the P release was similar for BNA
and BNAMg (Figure 4). Higher initial P release amounts were also verified due to Mg addition
when hydrochloric acid was used to produce BBFs; however, after 72 hours of incubation, the
amounts of BHA were higher than BHAMg. The lower P amounts after 264 hours were verified
for sulfuric acid-derived BBFs. Initially, Mg addition increased the P released; however, up to
264 hours, the amounts of P released by BSA and BSAMg were similar. Unlikely the kinetics
of P release in water, when CA was used, P release was higher for B, BMg and APR. P released
in CA by TSP was higher and faster than P amounts released by BBFs, reaching values close
to 92% at 48 hours of accumulated leaching time, while at 264 hours, the P release was about
99% of TSP total P. Comparing the confidence interval of models (95%) up to 264 hours, the
amounts of P release in CA followed this order: TSP (99.0%) > BNAMg (79.8%) = BNA
(82.0%) > BHA (73.8%) > B (69.3%) = FA (63.4%) > BHAMg (62.6%) = BMg (60.9%)

>BSAMg (53.9%) = BSA (51.9%).

3.4 BBFs agronomic efficiency: maize nutrition and growth

P availability in whole soil evaluated by the P soil resin method showed higher values
for TSP over BBFs in both Oxisols (Figure 5). In RO, among BBFs, the soil P-resin contents
followed this decreasing order: BNA = BNAMg > BHAMg = BHAMg > BSAMg; however,
compared to TSP, there was a reduction in soil P-resin of approximately 42, 39, 47, 48 and

60%, respectively, for BNA, BNAMg, BHAMg, BHAMg and BSAMg. B, BMg and BA did
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not increase the soil P-resin over APR for maize grown in RO. In YO, the acidulation process
before pyrolysis increased the soil P-resin over APR as follows: BNAMg > BNA > BHAMg >
BHA > BSAMg > BSA,; however, the soil P-resin was lower over TSP added to YO. Reduction
of soil P-resin were, respectively, 21, 29, 42, 47, 52 and 70% for BNAMg > BNA > BHAMg

> BHA > BSAMg > BSA, compared to TSP.
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Figure 5. Available Phosphorus (P) in whole soil assessed by the resin soil test, and contents
of P in soil solution for maize grown in the Red and Yellow Oxisols. Bars with standard error
followed by the same letter did not differ the treatments according to the Duncan test (p<0.05).
—P: no P fertilizer to plants; TSP: triple superphosphate; APR: Araxa phosphate rock. More
details of the BBFs acronyms were shown in Table 1.

The P content in soil solution in RO was higher for BNAMg and BNA over TSP,

increasing ~14.5% (Figure 5). The other BBFs reduced the solution P over TSP addition to
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RO. BBFs with lower P content in soil solution in RO than TSP, B, BMg, BSAMg, BHAMg
and BSA increased the solution P over APR application in RO. When maize was cultivated in
YO, TSP and BNAMg had a higher soil solution P than the other BBFs and APR. Compared to
APR, the following BBFs: BNA, BMg, BHAMg, BSAMg, and B increased the soil solution P
contents, although they were lower than solution P in TSP-treated soils.

Considering the recommendation of P to crops based on the fertilizer total P content,
TSP was the source of P that produced the highest maize biomass (SDM, RDM and TDM) in
both Oxisols (Figure 6). Among BBFs used to treat RO, the BNAMg promoted a higher SDM
and TDM than APR, and BSAMg, BHA, BHAMg and BNA had similar values regarding SDM
and TDM. The P in the shoot of maize grown in RO was higher by nitric acid-derived BBFs
regardless of Mg addition via MgCl> (BNA and BNAMg) than APR; however, the values were
lower than TSP; on average, 51 and 59% less P accumulated in the maize shoot fertilized with
BNA and BNAMg. Compared to APR in RO, the BSAMg, BHA, and BHAMg showed similar
values, and B, BMg and BSA decreased the P accumulated in the maize shoot. In YO with the
lowest OM, BSA, BSAMg, BHA, BHAMg, BNA, and BNAMg had higher SDM, RDM, TDM
and P in maize shoot, with a higher increase of to BSAMg, BNA and BNAMg. However,
compared to TSP, the BBFs reduced the P in maize shoot, with values of about 57, 44, 51 and

57% of the maize in the shoot of TSP, respectively, to BSAMg, BHAMg, BNA and BNAMg.
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Figure 6. Biomass production and phosphorus (P) accumulated in maize shoot for maize
growing in Red and Yellow Oxisols. The bars with standard error followed by the same bold
italic, capital, and minuscule letter did not differ the treatments respectively for total (full bar),
shoot (SDM), and root (RDM) dry matter production according to the Duncan test (p<0.05).
The bars with standard error followed by the same capital letter did not differ the treatments for
p accumulated in maize shoot according to the Duncan test (p<0.05). —P: no P fertilizer
application; TSP: triple superphosphate; APR: Araxa phosphate rock. More details of the BBFs
acronyms were shown in Table 1.

3.5 BBFs P residual effect on brachiaria nutrition and growth

In RO, evaluating the residual effect on soil P-resin, BHA, BHAMg, BNA, and
BNAMg had higher soil P-resin than TSP. Thus, soil P-resin increased about 40, 40, 26 and
36%, respectively, for BHA, BHAMg, BNA and BNAMg-treated soils (Figure 7). Residual
effect of BSA and TSP on soil P-resin was similar in RO. Among treatments with P application

for maize grown in RO, the soil P-resin residual effect on brachiaria was lower for APR, B and
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BMg over other BBFs. TSP had a higher soil P-resin residual effect in YO, followed by
BNAMg = BNA > BHAMg > BHA = BSAMg > BSA, with a reduction of 25, 28, 38, 43, 45
and 64 %, respectively for P-resin in BNAMg, BNA, BHAMg, BHA, BSAMg and BSA-treated
soils, compared to TSP. A higher residual effect of BBF on the content of P in the soil solution
of RO was verified for BNAMg, BNA and BSAMg over TSP, with an increase for BNA and
BNAMg of ~ 87% over TSP (Figure 7). In YO, the BSAMg, BSA, BNA and BNAMg

increased ~60% the content of P in soil solution over TSP-treated soils.
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Figure 7. Phosphorus (P) residual available in whole soil by resin method and contents of P in
soil solution for brachiaria growing in Red and Yellow Oxisols. The bars with standard error
followed by the same letter did not differ the treatments according to the Duncan test (p<0.05).
—P: no P fertilizer application; TSP: triple superphosphate; APR: Araxa phosphate rock. More
details of the BBFs acronyms were shown in Table 1.
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Despite the little effect on maize growth, the BSA, BNA and BNAMg showed the
positive residual effects of P on brachiaria biomass production (Figure 8). In RO, BSA, BNA
and BNAMg had lower SDM and TDM than TSP, reaching 51-74% and 61-96 % respectively
to SDM and TDM compared to TSP. However, the RDM was similar to BSA and BNAMg and
higher to BNA (increase about 32%) than TSP applied to RO. When P in brachiaria shoot was
evaluated in RO, the BNA had similar values to TSP. BSA, BHA and BNAMg increased the B
in brachiaria shoot over APR applied in RO, reaching values about 57, 61 and 61 % respectively
to BSA, BHA and BNAMg compared to TSP. In YO, the brachiaria biomass production (SDM,
RDM and TDM) and P in brachiaria shoot of BBFs and APR were very low compared to the
TSP, and the BNA with higher biomass production and P in maize shoot, compared to other
BBFs, only reached respectively to 15, 21, 18 and 21% of SDM, RDM, TDM and P in the shoot

compared to TSP.
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Figure 8. Biomass production and phosphorus (P) accumulated in brachiaria shoot for
brachiaria growing in Red and Yellow Oxisols after maize cultivation. The bars with standard
error followed by the same bold italic, capital, and minuscule letter did not differ the treatments
respectively for total (full bar), shoot (SDM), and root (RDM) dry matter production according
to the Duncan test (p<0.05). The bars with standard error followed by the same capital letter
did not differ the treatments for P accumulated in brachiaria shoot according to the Duncan test
(p<0.05). —P: no P fertilizer application; TSP: triple superphosphate; APR: Araxa phosphate
rock. More details of the acronyms of BBFs were described in Table 1.

3.6 Correlation matrix analysis

When maize was grown in RO and YO, significant correlations were found between P
in maize shoot and the pH of BBFs, soluble P index (CA, water, NAC+H20 and FA) (Figure
9). Higher correlation coefficients for BBFs chemical properties were observed between
NAC+H20 and P accumulated in maize shoot, respectively, with r equal to 0.97 and 0.85 for

RO and YO, respectively. The kinetics of P release in water was not correlated with P in maize
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shoot in both Oxisols. Amounts of P released in Kinetics study using a 2% CA solution
positively correlated with P in maize shoot, and the higher coefficient of correlation was
observed between P in shoot and the amount of P released up to 48-72 hours for RO (r: 0.93)
and between 12-24 hours in YO (r: 0.79-0.80). An increase in soil solution pH, soil solution P
and soil P-resin contents due to BBFs application positively correlated with P in maize shoot
for both Oxisols, and it was related to soil pH and P in maize shoot in YO. The highest

coefficients of correlation were verified for Soil P-resin and P in maize shoot (r = 0.85-0.89).
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Figure 9. Pearson’s correlation analysis between phosphorus (P) accumulated in maize or
brachiaria shoot and biochar based-fertilizers (BBFs) properties or whole soil and its solution
properties. pH-BBFs: pH of BBFs, CA, NAC, Water, FA: index of P soluble in citric acid (2%),
neutral ammonium citrate plus water, water, and formic acid (2%), respectively; Water Kin. 0,
4,12, 24,48, 72, 120 168, 216 and 264: amounts of P release in kinetics of P release in water
at0, 4, 12, 24, 48, 72, 120 168, 216, and 264 hours, respectively; CA Kin. 0, 4, 12, 24, 48, 72,
120 168, 216 and 264: amounts of P release in the kinetics of P release in citric acid (2%) at O,
4, 12, 24, 48, 72, 120 168, 216 and 264 hours, respectively; Solution pH and soil pH: pH
determined in whole soil and its solution, respectively; Solution P and soil P-resin: P available
determined in whole soil and its solution, respectively.

* Significative correlation (p < 0.05)
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When brachiaria was grown after maize, the same significant correlations were found
for P in brachiaria shoot and CA, NAC+H-0 and FA soluble P index (Figure 9). The relation
between the water-soluble P fertilizer index and P in brachiaria shoot was observed only for
plants grown in YO. Coefficients of correlation between soluble P indexes and P in the shoot
were lower for brachiaria than maize plants. For the brachiaria grown in RO, the kinetics of P
release in water or CA correlated positively with P in the plant shoot, with a higher correlation
of P with amounts of P released in water. The P in brachiaria shoot only positively correlated
with amounts of P released in water up to 120 and 264 hours; for P in brachiaria shoot, P
released in CA between 72-120 hours was the best correlated with P in shoot. In the brachiaria
experiment, an increase in soil solution pH, solution P, and Soil P-resin also positively
correlated with P in maize shoot in both Oxisols, as well as with soil pH and P in maize shoot
in YO. A higher correlation coefficient (r) was observed between soil P-resin and P in maize

shoot; thus, in this case, r was 0.75 for plants grown in RO and 0.54 for YO-cultivated plants.

4 Discussion
4.1 BBFs chemical and spectroscopic characterization

Organic residues can be mixed after the synthesis of mineral fertilizers or even during
the synthesis creating a organomineral fertilizers (OMFs), which potentially might have a
higher agronomic performance than mineral fertilizers, depending on fertilizer properties, as
happened with using biochar in OMFs synthesis (Carneiro et al., 2021; Erro et al., 2012; Frazéo
etal., 2021; Lustosa Filho et al., 2017; Maluf et al., 2018; Sakurada et al., 2016). For this reason,
we synthesized different OMFs called biochar-based fertilizers (BBFs) with different chemical
properties and nutrient pools (Table 3). The pH of BBFs varied from 2.9 to 10.3, which is
relevant because fertilizer pH is an important property determining fertilizer solubilization and

reactions of nutrient with components in the soil-fertilizer interface. At the same time, chemical
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forms and pools of nutrients evaluated by different extractant solutions control the nutrient
release Kkinetics in the soil-fertilizer interface, determining, thus, agronomic efficiency and
capacity of OMFs in nourishing plants (Binh and Zapata, 2002; Lombi et al., 2005; Urrutia et
al., 2014).

Based on P pools in BBFs, evaluating the P soluble in different extractor methods,
when APR and CH were mixed to produce BBFs using the pyrolysis process without
acidulation, a lower soluble P content was verified in relation to total P in BBFs over acidulated-
rock phosphate derived BBFS (Figure 2). The mixture between Dorowa phosphate rock and
maize residue pyrolysed at 450 °C was not effective in destabilizing the phosphate rock and
solubilize P (Tumbure et al., 2020). Thus, in this study, pyrolysis at 300 °C without acidulation
of APR was also not effective solubilizing P from apatite. The BBFs produced without
acidulation regardless of Mg addition formed one group through cluster analysis of chemical
or FTIR spectrum (Figures 1 and 3).

Due to the low natural availability of P in phosphate rocks, commonly in the synthesis
of phosphate fertilizers, phosphate rock is commonly converted into highly soluble mineral
fertilizers through the acidulation process using inorganic acids, which has a low agronomic
performance of fertilizers produced and is therefore unsustainable (Withers et al., 2018).
However, the addition of organic matrix during the synthesis of fertilizers may increase the
agronomic performance of fertilizers by generating OMFs with P complex (Erro et al., 2012).
Besides, when inorganic acids are contacted with biochar, inorganic acids may disestablish
biochar structure, promoting the chemical activation (Sahin et al., 2017), effects indicated by
changes observed in infrared analysis (Figure 3).

The same stoichiometric ratio used in acidulation of P-phosphate rock or activation of
biochar allows comparing the efficacy of different acids on the final fertilizer properties (Sahin

et al., 2017; UNIDO and IFDC, 1998). Based on the same stoichiometry (mol of acid: g of P-
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APR), the nitric and hydrochloric acids promote a higher P solubilization of APR over sulfuric
acid (Figure 2). P-apatite rock dissolves readily when nitric acid is mixed with low-grade
phosphate as it happens in the nitrophosphate production route (UNIDO and IFDC, 1998).
When sulfuric acid is mixed with P-rock phosphate, initially, there is a fast reaction, with
subsequent formation of phosphoric acid (HzPO4) and calcium sulfate (CaSOa). In sequence, in
a much slower process the phosphoric acid formed in first step of apatite solubilization reacts
again with the P-rock forming monocalcium phosphate (Ca(H2PO4).H20). Although the
reactions take place simultaneously, the second step is slower and occurs after several days or
weeks of sulfuric acid-rock phosphate incubation. Thus, the material is stored in piles for the
final curing process from 2-6 weeks (UNIDO and IFDC, 1998). In our process of BBF
synthesis, a curing process was not required, since the reaction is instantaneous, which explains
a lower amount of soluble P in CA, NAC+H20 and FA when sulfuric acid was used in the
acidulation process (Table 3).

Although the main effects on the P solubility index were related to the type of acid used
during the acidulation step, the Mg addition also showed different effects in a Mg source
depend-effect (Figure 2). Serpentinite could not promote changes that would allow it to
differentiate the resulting BBFs when no-Mg was added or Mg added via magnesium chloride,
as demonstrated by grouping always similar to the no-Mg added or Mg added via magnesium
chloride (Figure 1). When compared to different sources of Mg, the Mg provided via
serpentinite over magnesium chloride reduced the proportion of P soluble in both solution
extractor methods evaluated (water, CA, NAC+H.0 and FA) (Figure 2). The lower proportion
of soluble P when serpentinite was used, regardless of the type of acid in the acidulation process,
is due to the need for acid solubilization of serpentinite so that Mg in stable and insoluble forms
can be solubilized to soluble forms of Mg more prone to chemical reactions with other chemical

compounds and ions (Teir et al., 2007; Vieira et al., 2022). In summary, part of the acid used



234

to solubilize apatite was consume in phosphate rock solubilization, while the remaining acid
possibly was consumed in serpentinite solubilization, thus, the effectiveness of the P
solubilization from APR reduces.

When Mg was supplied as magnesium chloride, a soluble source of Mg, all the added
acid could be used to solubilize P from APR. The Mg added via magnesium chloride had the
best results increasing the contents of P soluble in CA, NAC+H20 and FA when combined
with the acidulation process regardless type of acid (Figure 2). However, the higher increase
was observed in sulfuric acid plus Mg over isolated sulfuric acid treatment, increasing about
177, 52 and 174 %, respectively, to P soluble in CA, NAC+H20 and FA. The Mg added via
magnesium chloride also increases the P soluble in water to acidulation using sulfuric and
hydrochloric acids. Mg added during synthesis of P-biochar reacts with phosphates forming
magnesium pyrophosphate (Mg2P207) or struvite (NH4sMgPQO4.6H.0), composts with low-
solubility in water but soluble in other extractors as the citric acid solution (Lustosa Filho et al.,
2017; Suwanree et al., 2022; Talboys et al., 2016), being CA which is an extractor that simulates
the capacity of roots acquired P (Binh and Zapata, 2002) with high potential to be used in studies
of P release kinetics, although there are no studies. The effect of Mg addition on the reduction
of P soluble in water was observed in the kinetics of P release in water; however, the Mg
addition increased the kinetics of P release in citric acid, effects regardless type of acid used in
acidulation (Figure 4).

The main effects observed due to the type of acid used in the acidulation process were
also confirmed by dividing groups from the cluster analysis based on the FTIR spectrum
(Figure 3). The hydrochloric and nitric acids were the most effective in the acidulation process
and formed the same groups through cluster analysis based on the FTIR spectrum. The group
formed by hydrochloric and nitric acids had similarities in the behavior of some functional

groups as follows: higher intensities of absorption of OH groups, more prominent peaks of CO3
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and reduction of the intensity of P-O groups, groups that P-O that also decreased in the
following order of Mg addition (serpentinite > non-Mg > MgCl). Besides, the hydrochloric and
nitric acids cluster group had higher absorbance intensity related to aliphatic C-H groups over
no-acidulation or acidulation with sulfuric acid.

OH stretching found at 3400-3200 cm™ in non-acidified fertilizer, and hydrochloric
and nitric acids-derived BBFs are related to 3500-3250 cm™ -OH stretching vibration in
phenolic groups (Lago et al., 2021). The e peak of OH stretching when sulfuric acid was used
in acidulation was related to tertiary alcohols (3620 and 3550 cm™)(Socrates, 2004), and OH-
stretching from tertiary alcohols over from phenolic groups apparently contributed to the
increase of P solubility in water. The COs groups found in BBFs are related to the IR
assignments peaks already found in raw APR, and C-aliphatic groups found in all BBFs are
derived from organic material (coffee husk) used in the biochar production (Maluf et al., 2018).
The maintenance or increase of C-aliphatic groups is a new property of organomineral
fertilizers, and its presence indicates a possible biostimulant role of organomineral fertilizers.
The role of C-aliphatic groups as plant biostimulants due to the application of humic materials
(humic acid) promotes stimulation of plasma membrane H-ATPase (Aguiar et al., 2013), a
proton pump that has an important role in the process that triggers plant nutrient uptake
(Marschner, 2012). Thus, organomineral fertilizers can act as both nutrient sources and plant
biostimulants. Among the synthesized BBFs, those produced with the acidification of apatite
with nitric acid may have a more important biostimulant role due to the higher intensity of C-
aliphatic groups (FTIR spectral signature) over FRIR spectra of other BBFs.

It was observed that a part of P from APR was incorporated into the biochar matrix as
observed by the formation of P-H organophosphorus in BBFs, peaks already described at 2353
cm® (Y. Wang et al., 2014) and not found in coffee husk before pyrolysis (Maluf et al., 2018).

The P-O peaks at 960 cm™, verified in non-acid and acidulation using sulfuric acid, and
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reduction in the intensity of P-O peaks at 1040 cm™ may be related to the lower proportions of
soluble P in the different extractors because the BBFs with this tendency of P groups had lower
proportions of soluble P in CA, NAC+H>0 and FA (Figures 2 and 3).

The group formed in the infrared analysis when sulfuric acid during the acidulation
process had a different peak than the other BBFs, a peak related to an alkyl sulfate salts (RSO4
M), showing an interaction between organic radicals from coffee husk pyrolysis, S from sulfuric
acid and Ca from APR (Cas(PO4)3(CI/F/OH)). Thus, new C-SO4Ca compounds were produced,
which, together with the peaks of OH from tertiary alcohols, seem to have contributed to the
increase of soluble P in water over other synthetized BBFs. A higher losses of N was observed
due to acidulation using nitric acid before pyrolysis; however, part of N was incorporated into

biochar structure as observed by C-N stretch in BNA, BNA Mg and BNAMg (Figure 3).

4.2 BBFs agronomic efficiency as related to P pools and the kinetics of P release

Based on the cluster analysis, the following BBFs were chosen to fertilize plants: B,
BMg, BSA, BSAMg, BHA, BHAMg, BNA, and BNAMg. The BBFs were compared using
TSP and APR as positive and negative controls to plants. Phosphorus recommendation was
based on the BBFS total P contents. Over P soluble in water, a higher biomass production was
verified for fertilizers with greater proportions of soluble P in NAC+H20, CA, and FA (Figures
6 and 8), fertilizer P indices that are supposed to simulate P acquired by plants (Binh and
Zapata, 2002; Duboc et al., 2022; Santos et al., 2019; Singh et al., 2017).

When only BBFs were used to fertilizer plants, a higher correlation between P in
NAC+H20 and P in maize and brachiaria shoots (in both Oxisols), compared to P extracted
with CA, FA or water (Figure 9). Evaluating seventy-nine P-rich wastes and fertilizers added
to three soils (alkaline and two acid soils) cultivated with rye (Secale cereal L.), the extraction

of P by NAC+H>0 extractor solution had a correlation coefficient of 0.52 for the acid soil with
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294 g kg clay and 0.19 for acid soil with 101 g kg* clay (Duboc et al., 2022). However, due
to the high diversity of fertilizers in the Duboc's study (Duboc et al., 2022), better statistical
approaches could be made to divide fertilizers into groups with common properties because the
P extraction methods had different chemical reactions. These chemical reactions interact with
the fertilizer properties, thus determining their efficiency in simulating the P plant uptake.

Different chemical extractors may or not extract larger amounts of P depending on the
type of fertilizer; as an example, we have that P from rock phosphates as APR can be partially
solubilized by acidification when using CA or FA; however, the NAC+H0 extraction involves
strong cation complexation (mainly Ca and Fe) inducing P co-dissolution (Duboc et al., 2022;
Santos et al., 2019). The extractant solution effect was higher values for P soluble in CA and
FA of B and Mg of lower solubility in P soluble NAC+H20O (Figure 2). In biochar, the FA
extraction solution with an ultrasonication process is the recommended technique because the
ultrasonication improves the wetting of the biochar, allowing, in some cases, higher extractions
of P from biochar (Singh etal., 2017). In addition to the extractors, the P soluble in water shows
the P readily available for plants (Brazil, 2017).

Despite the high correlation of NAC+H>0 and P accumulated by maize and brachiaria
in our study, the NAC+H20O solution use is limited in the kinetics of P study studies due to
preheating samples such as NAC+H20 extractor solution (Brazil, 2017; Duboc et al., 2022)
cannot be done in the proposed kinetics of P release scheme. Thus, CA is an excellent
alternative to extract P in the kinetics of P release over time, given its significant correlation
with P uptake by maize and brachiaria plants (Figure 9) due to its simple preparation and use.
The P release in CA evaluated by the new proposed method of the kinetics of P release showed
a high correlation with the accumulated amounts of P in maize and Brachiaria plants in both

Oxisols (Figure 9), being 48-72 and 12-24 hours for maize cultivate in RO and YO
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respectively, 120 or 264, and 72-120 hours to brachiaria cultivated in RO and YO respectively.
Thus, a new method to study the rate of P released from OMFs was proposed in this study.

Other solution extractors as a solution of 0.01 M CaCl> adjusted to pH > 6 with 0.1 M
NaOH were indicated to simulate the P availability of mineral fertilizer for temperate climate
soils to represent better the ionic strength conditions of the soil solution (Baird et al., 2019).
However, there is not a suitable solution to study the kinetics of P release from fertilizers for
tropical soils and for BBFs, BBFs that have different properties over mineral fertilizers due to
the presence of P-mineral and P-organic in BBFs. Due to the high potential of root exudation
of organic acids as citric, malic, and oxalic acids (Adeleke et al., 2017), CA is a potential
extractor to use in the kinetics of P release studies, mainly due to the greater practicality and
lower cost of CA solutions combined with high efficiency to estimate the P accumulated by
maize and brachiaria plants due to BBFs application as shown in our study (Figure 9) and as
observed in relation of P soluble in CA and P uptake by ryegrass plants (Rose et al., 2019).

In both kinetics of P release performed (using water or CA), it was verified that TSP
has high and faster P release compared to BBFs (Figure 4), results similar to those found by
Lustosa Filho et al., (2017) compared the kinetics of P release in the water of P-biochar over
TSP. The gradual release is a property of fertilizers that reduces P loss, as happens with P-BBFs
with more gradual P release, which contributes to increasing the soil available P (An et al.,
2021; Ghodszad et al., 2021). In the kinetics of P release of BBFs, it was observed that the
acidulation process found the higher values using water as an extractor without the addition of
Mg. The addition of Mg +acidulation promotes slow and lower P release in water over
acidulation without Mg added via magnesium chloride. The slow P release of biochar produced
by the addition of Mg before pyrolysis is controlled by the dissolution of Mg2P.O7 crystals
formed during pyrolysis (Suwanree et al., 2022). Contrary behavior was observed using CA as

extractor solution when Mg addition or no-Mg addition had similar amounts of P release when
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nitric and sulfuric acids were used in acidulation; however, the lower P release was verified
when used hydrochloric acid.

Mg added over no-Mg added during acidulation, in the no-Mg BBFs had slow P release
in CA (Figure 4). When Mg was added during the production of BBFs from the mixture of
poultry litter (PL) and TSP or phosphoric acid (Hz3PO4) or monoammonium phosphate (MAP),
the P release in water was lower, reducing the P release from 99.8 to 31.6, 86.0 to 28.9 % and
37.0% to 9.1% respectively to Mg addition over no-Mg on PLXTSP, PLx H3PO4 and PLXMAP
(Lustosa Filho et al., 2017). The rapid release of P from fertilizer may promote strongly
adsorbed by Fe and Al oxides in Oxisols due to high P fixation capacity in tropical soils, and a
smart approach to increase fertilizer efficiency is the fertilizers with high solubility in extractors
that simulate nutrient uptake capacity of the root as NAC+H20 solution extractor, with low
solubility in water (Fink et al., 2016; Maluf et al., 2018; Urrutia et al., 2014). The effect is
reached when Mg is added during BBFs synthesis (Figures 2 and 4).

The relationship found in our study proves that P soluble in FA from biochar is a
sensitive indicator of P bioavailability for plants (Figure 9), also was found by Wang et al.,
(2012). However, in general, the higher response of BBF was related to higher amounts of P
soluble in NAC+H-0 that improve the soil P-resin; consequently, it improves the maize and
brachiaria growth and P nutrition (Figures 2, 5, 6, 7, 8, and 9). In three successive resin
extractions, the P extracted by resin method was efficient similar to the P accumulation capacity
in ltalian ryegrass (Lolium multiflorum Lam.) (T. Wang et al., 2014). However, in the
aforementioned model that relates soil P resin and P accumulation, there is a mixture in the
dataset of data from mineral sources of P (calcium dihydrogen phosphate) and P-biochar
sources, which can compromise applications due to the unique properties of OMFs over mineral

fertilizers, as observed by an apparent higher influence on the data point of source data on the
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created model (T.Wang et al., 2014). Thus, the best option would be to establish relationships
only for the BBFs dataset without mineral sources.

The properties of BBFs interact with the soil, and the effects of biochar on the soil are
due to changes in physical, chemical, and microbiological properties of soil, thus affecting the
P chemical by interaction with mineral and organic soil components (Ghodszad et al., 2021).
The P available in soil increases due to biochar application by the following mechanism:
increase of cations adsorption of soil into biochar, consequently reducing the P sorption and
precipitation with these cations; increase of water retention capacity, improving the P diffusion
process; an increase of soil pH that increases the stronger anionic repulsion and improves the P
contents in soil solution; competitive reactions between P and C organic molecules from
biochar by adsorption sites, thus blocking P adsorption sites; more gradual release of P, increase
of fertilizer efficiency when biochar is the mixture with mineral fertilizers, and this effects may
increase the yield of crops in effect dependent of rate and properties (temperature, feedstock,
C:N ratio) of biochar and its interaction with soil and plant type (An et al., 2021; Bai et al.,
2022; Carneiro et al., 2021; Ghodszad et al., 2021; Johan et al., 2021).

When analyzing the P contents in the soil solution during the first crop using maize as
a test plant, different trends were observed compared to P available in whole soil determined
by the soil resin test method (Figure 5). At the beginning of the maize cultive, the solution P
in RO increased by 14% for BNA and BNAMg over TSP. Two hypotheses may be related to
the higher solution P values observed; the first includes the formation in BNA and BNAMg of
compounds such as calcium nitrate with higher hydrophobicity and solubility since nitrate-
containing compounds are generally higher soluble and hygroscopic (Nasiraee et al., 2021).
Thus, the higher hygroscopicity may have increased hydration and consequently the dissolution
of BNA and BNAMg, especially in soil with greater water retention capacity (RO), due to the

higher SOM levels of RO over YO (Table 2). In addition, the FTIR spectrum was observed
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with the interaction of P from APR and organic matrix (Figure 3), and the presence of these
bonds may favor a higher P availability, as already demonstrated by the interaction between a
reactive organic matrix (humic acid), Ca and P forming Ca-P-humic acid complex (Erro et al.,
2012).

In YO during maize cultive, BBFs did not increase solution P over TSP (Figure 5).
Only BNAMg had similar values of solution P compared to TSP. Among the BBFs, the BNA
increased the soil solution P values, and Mg addition in BBFs improved solution P. Mg
increasing soil solution P was also observed in BHAMg over BHA and BSAMg over BSA;
thus, Mg showed the synergic effect of magnesium and phosphate of BBFs. The presence of
Mg in BBFs having a synergistic effect on P uptake due to the application of Mg-enriched BBFs
has already been demonstrated (Carneiro et al., 2021); however, our work shows that initially,
this effect is related to changes in P availability in the whole soil and its solution.

These effects of BBFs on soil solution could not promote gains of maize biomass
production for both Oxisol compared to TSP, and within the BBFs, the ones that obtained the
highest yields were BNA in RO and BSA, BNA and BNAMg in YO (Figure 6). The main
effect on maize growth and P was conditioned by the fraction of P soluble in chemical extractors
(CA,NAC+H20, and CA) and by the amount of P release in the kinetics of release in CA. These
effects on the soil solution are promising and should be better studied in other research using
the standardization of P applied preferentially by the solubility of P in NAC+H20. The
standardization of P recommendation based on the soluble contents of P in NAC+H-0O was used
to compare TSP and P-biochar produced by different routes with addition or no-Mg addition.
It was observed that P-biochar reduced the maize biomass production P in shoot compared to
TSP, an effect that seems to be related to the low solubility of P in water (less than 2%) due to
the formation of P stable forms during pyrolysis and once that for high P-demanding crops,

such as maize, if P is not released at the right time and amount, the initial plant growth is reduced
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and consequently grain yield as well (Lustosa Filho et al., 2019, 2017; Rose et al., 2019). Thus,
the ideal BBFs with intermediate solubility of P in water and high solubility in NAC+H20O.In
addition to the main effect on the first crops observed, fertilizers with a more gradual release
have a higher residual effect, thus increasing P levels in soils during successive cultivation
cycles; thus, OMFs over mineral fertilizers had a potential nutrient residual effect (nutrient
residual) across different crop seasons (Martins et al., 2017; Sakurada et al., 2016, 2019). For
this reason, we used a second brachiaria crop after the maize crop. The gradual release of P, as
happens in OMFs, e.g., BBFs, can either positively affect the short and long-term during
cultivation (Carneiro et al., 2021). The more P nutrient residual is due to a more gradual P
release in OMFs that may increase P availability than fully solubilized mineral P fertilizers in
the long term (residual P), as shown by Sakurada et al., (2019). Due to the residual effect of
OMFs, after the first cultivation, mainly due to nutrient forms in OMFs, there is the need to be
evaluated P availability in the soil to check if the residual nutrient effect is enough to meet the
nutritional demand of plants grown in sequence to the crash crop (Sakurada et al., 2016, 2019).
The residual effect of P (soil P resin) in RO for brachiaria was higher for BHA,
BHAMg, BNA, and BNAM over TSP (Figure 7). However, in YO, the soil P resin is higher
by TSP over BBFs, showing the influence of soil type controlling the residual effect of fertilizer.
When evaluating the soil solution in the RO, it was observed that the same pattern of increasing
levels in the soil solution was greater, about 66% for BNA and BNAMg over TSP. In YO, BSA,
BSAMg, BNA, and BNAMg had higher soil P resin (Figure 7). In YO, solution P and soil P
resin effects do not reflect in higher production of brachiaria biomass or P in the shoot, and TSP
with higher residual soil P resin had higher brachiaria biomass production and P in the shoot.
However, in RO, BNA residual effect allows maintaining the same P accumulation in the

brachiaria shoot with a lower brachiaria biomass production over TSP.
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Thus, it is observed that the residual effect of fertilizers was highly dependent on soil
properties. As observed in our study, P-HA-based OMFs were highly dependent on soil
properties, with SOM the key factor conditioning the effect of OMFs (Erro et al., 2012). In the
study evaluating the combination application of humic acid plus zinc sulfate over isolated
application of zinc sulfate for maize-brachiaria growing in the same soil used in our study, YO
had a high residual effect for brachiaria and the observed effects of increasing Zn in the soil
solution in YO due to the humic acid+zinc sulfate promotes higher brachiaria biomass
production and P accumulated in the shoot (Morais et al., 2021). In our work, the effects on soil
solution P were also correlated with brachiaria and P in brachiaria shoot when TSP, APR, and

no-P fertilization treatments were excluded from the dataset (Figure 9).

4.3 Study limitations and future perspectives

Our study proposed and evaluated the synthesis routes of BBFs produced from the
acidulation and mixing of phosphate rock with coffee husk. We provide a basis for choosing
the best fertilizer solubility indices and extractants and agronomic basis for the recommendation
of BBFs to nourish a maize-brachiaria succession. Furthermore, we propose a new method to
evaluate the kinetics of P release. However, in future studies, for a better comparison between
BBFs and mineral fertilizers, the amount of P recommended to crops should be based on the
soluble contents of in NAC+H-0. Since experiments under controlled conditions have shown
the potential of these new BBFs fertilizers to nourish plants, it is necessary to test the carbon-
based fertilizers under field conditions across different crops and soils. We have shown the
potential of using nitric acid in the synthesis of BBFs; however, due to high N losses during

pyrolysis, other strategies of acidulation with nitric acid should be investigated.
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5 Conclusion

Acidulation of Araxd phosphate rock (APR) with different acids and subsequent
mixing with coffee husk and OMF production by pyrolysis creates biochar based-fertilizers
(BBFs) with different chemical properties, NPK pools, and infrared spectral signature. The Mg
addition via magnesium chloride before pyrolysis was more effective than serpentinite in
promoting positive changes in BBFs properties. The Mg addition during acidulation of APR
aiming at the production of BBFs reduced the amounts of P release in water and increased the
P released in citric acid (2%). The new kinetics of P release in citric acid proposed was an
effective approach to investigate the agronomic performance of BBFs on cultive of maize and
brachiaria in sequence in contrasting Oxisols. The main effect on maize and residual P effect
on brachiaria growth was conditioned by BBFs properties and its interaction with P pools in
Oxisols. P residual effect of BBFs was higher in the Oxisol with the highest organic matter
content. The P content soluble in neutral ammonium citrate plus water (NAC+H20) was the
best fertilizer-P index for maize and brachiaria plants cultivated in Oxisols. Plant growth and P
nutrition were the main plant traits related to with the P amounts added to soil based on P in
neutral ammonium solution. For the correct comparison of BBFs and mineral fertilizers, P
recommendation to plants should be based on the soluble contents of P in NAC+HO,
considering that the agronomic recommendation based on fertilizer total P content was not a

factor governing plant P uptake and growth.
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Supplementary material 1. Nitrogen losses during pyrolysis and biochar-based fertilizers

production.

Materials used in biochar synthesis N loss (%)
Coffee husk 20.5+2.1 Bb
Coffee husk + MgCl 36.5+1.0 Ba
Coffee husk + Serpentinite 17.5+1.2Bb
Coffee husk + H2SO4 17.6 1.9 BCa
Coffee husk + MgCl + H2SO4 14.3 £0.2 Da
Coffee husk + Serpentinite + H2SO4 16.0 £0.6 Ba
Coffee husk + HCI 14.7 +0.8 Cb
Coffee husk + MgCl + HCI 19.2 £2.7 Ca
Coffee husk + Serpentinite + HCI 15.3+0.2 Bb
Coffee husk + HNO3 87.9 £0.5 Aa
Coffee husk + MgCIl + HNO3 88.2 +0.4 Aa
Coffee husk + Serpentinite + HNO3 89.5+0.1 Aa

The bars with standard error followed by the same capital letter did not differ the acid treatment
in each Mg condition tested according to the Duncan test (p<0.05). The bars with standard error
followed the same minuscule letter did not differ the Mg condition in each acid treatment tested
according to the Duncan test (p<0.05).
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Supplementary material 2. Coefficients of the kinetics of P release in water for each fertilizers studied.

Linear Elovich Exponential Power Parabolic Hyperbolic
RZ mmse AIC R?> Rmse AIC R?> rmmse AIC R?> Rmse AIC R?> rmse AIC R? rmmse AIC
APR 072 004 -68 057 005 -60 094 002 -91 090 002 -89 08 002 -8 094 002 -9
TSP 038 17.18 177 0.75 1095 159 097 595 134 083 9.02 151 0.62 1351 167 094 6.80 139
B 0.40 0.50 35 061 041 27 092 0.19 -4 0.75 0.33 18 0.62 0.40 26 089 0.22 3
BMg 064 014 -17 062 014 -16 090 008 -41 087 008 -37 082 010 -30 091 0.07 -45
BSA 056 270 102 0.66 2.38 97 0.97 0.76 52 0.87 1.49 79 078 1.93 89 096 083 55

Fertilizer

BSAMg 097 018 -5 032 093 60 - - - 097 018 -5 089 037 23 - - -
BHA 087 205 91 050 397 118 098 0./5 51 097 106 65 097 102 64 099 0.68 47
BHAMg 099 015 -13 031 116 69 - - - 099 013 -20 090 045 31 - - -

BNA 077 19 90 052 283 104 098 057 41 092 114 68 092 118 69 098 065 45
BNAMg 097 021 -1 039 095 61 098 020 -066 098 023 -2 095 0.26 9 098 022 -1
R2: regression coefficient; rmse: root mean squared error; AIC: Akaike Information Criterion; TSP: triple superphosphate; APR: Araxa phosphate
rock. More details of the BBFs acronyms were shown in Table 1.
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Fertilizer Linear Elovich Exponential Power Parabolic Hyperbolic
RZ rmmse AIC R?> Rmse AIC R?> rmmse AIC R?> rmmse AIC R?> mse AIC R?> rmse AIC
APR 093 584 133 050 1552 172 099 241 98 099 1.83 87 099 191 89 099 200 91
TSP 050 9.40 152 091 3.90 117 082 1797 178 095 3.03 107 0.73 6.88 140 0.87 1757 177
B 094 573 133 047 1770 178 099 1.95 89 0.99 204 91 099 240 98 099 159 81
BMg 095 4.72 125 045 1583 173 1.00 1.42 77 099 171 84 099 226 9 099 117 69
BSA 090 6.04 135 048 1382 168 0.99 0.79 53 0.98 2.88 105 098 275 103 099 110 66
BSAMg 0.71 1039 156 0.62 1187 162 0.99 2.07 92 094 484 126 090 6.16 135 099 201 91
BHA 078 13.04 165 054 1880 180 099 1.91 89 094 6.87 140 093 7.38 143 099 299 107
BHAMg 0.66 1288 165 0.64 1334 166 0.99 2.05 91 092 6.20 136 087 811 146 099 222 95
BNA 073 1461 170 063 16.95 176 099 2.77 104 095 6.16 135 091 8.25 147 0.99 200 90
BNAMg 0.64 16.18 174 0.70 1498 171 098 4.31 121 094 6.79 139 0.86 10.20 156 0.99 288 105

R?: regression coefficient; rmse: root mean squared error; AIC: Akaike Information Criterion; TSP: triple superphosphate; APR: Araxa phosphate

rock. More details of the BBFs acronyms were shown in Table 1.
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Supplementary material 4. pH of whole soil and its solution for maize and brachiaria grown
in Red and Yellow Oxisols.

Maize cultivation

Treatments Whole soil Soil solution
RO YO RO YO
-P 6.0 +0.02 E 5.9+0.06 C 5.9 +0.04 EF 6.4 +0.08 B
APR 6.0 +0.01 E 5.9+0.06 C 5.9 £0.04 EF 6.3+0.05B
TSP 6.1 +0.04 CD 5.9+0.06 C 5.9 +0.06 DEF 6.3 +0.08 B
B 6.3+0.02B 6.0 £0.06 C 6.3+0.03 B 6.3 +0.08 B
BMg 6.1+0.04 C 6.0 £0.04 C 6.0 £0.02 DE 6.2 +0.08 B
BSA 5.9+0.04 E 6.0 £0.04 C 5.8+0.03 F 6.3+0.07 B
BSAMg 6.0 +0.04 E 6.3 +0.03 B 6.1 +0.07 CD 6.4 +0.05 B
BHA 6.0 +0.03 DE 6.3+0.01 B 5.9 £0.06 EF 6.3 +£0.06 B
BHAMg 6.0 +0.01 E 6.3 +0.04 B 6.2 +0.07 CD 6.3 +0.09 B
BNA 6.4 +0.01 A 6.8 £0.04 A 6.5 +0.02 AB 6.8 +0.04 A
BNAMg 6.4 +0.01 A 6.8 £0.05 A 6.6 +0.07 A 6.8 £0.06 A
Brachiaria cultivation
Treatments Whole soil Soil solution
RO YO RO YO
-P 6.4 +0.01 A 6.4 £0.09 B 5.5+0.03 F 6.3 +0.05 A
APR 6.3+0.02B 6.4 £0.05 B 5.5+0.05 F 6.3 +0.03 A
TSP 6.1+0.02C 6.4 £0.09 B 6.0 £0.04 CD 6.5+0.12 A
B 6.4 £0.04 A 6.3 £0.06 B 6.1 +0.09 BC 6.4 £0.08 A
BMg 6.3+0.02B 6.3 +0.05B 5.8 +0.03 DE 6.4 £0.08 A
BSA 5.9+0.03D 6.4 +0.06 B 5.7+0.03 E 6.3 +0.09 A
BSAMg 6.0+0.02 D 6.3+0.11 B 6.0 £0.03 CD 6.5 +0.06 A
BHA 6.0+0.01 D 6.5+0.04 B 5.9 +0.02 DE 6.6 +0.01 A
BHAMg 6.0 +0.03 D 6.4 +0.06 B 5.8+0.05E 6.4 £0.05 A
BNA 6.3+0.03B 6.8 £0.06 A 6.4 +0.06 A 6.7 £0.07 A
BNAMg 6.3+0.02B 6.7 £0.04 A 6.2 +0.07 BC 6.5+0.20 A

The means with standard error followed by the same letter did not differ the treatments
according to the Duncan test (p<0.05). —P: no P fertilizer application; TSP: triple
superphosphate; APR: Araxa phosphate rock. More details of the BBFs acronyms were shown
in Table 1.
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Abstract

Biochar-based fertilizers (BBFs) containing nitrogen (N), phosphorus (P), and potassium (K)
may have higher use efficiency of NPK by plants than mineral fertilizers. Our study aimed to
synthesize BBFs containing NPK with a gradual release, characterizing and evaluating the
agronomic performance. BBFs were produced by acidulating Araxa phosphate rock whose
mixture with coffee post-harvest-derived biochar formed a composite. BBFs were characterized
for N forms, P and K solubility in different extractors, the kinetics of P release, and tested as
NPK source for maize grown in pots filled with Oxisol. BBFs contained N and P in organic
forms and K with lower water solubility than mineral fertilizers. The main effect of BBFs on
maize biomass was related to P nutrition, and BBFs over mineral fertilizers improved P
accumulated in the maize shoot. BBFs had a more gradual release of P over mineral fertilizers,
which initially reduced the P in the soil solution; however, at the phase of the higher required
evaluated (25 days), the BBFs increased the P in the soil solution, effect positively correlated
with P accumulated in the shoot. BBFs with a more gradual release of P was an effective

strategy to increase the use efficiency of P in Oxisol.
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1 Introduction

Tropical soils naturally have low levels of nitrogen (N), phosphorus (P), and potassium
(K), which hamper plant growth and yield (FAO, 2017; Lopes and Guilherme, 2016). In
addition, tropical soils have a specific P adsorption in Fe and Al oxides and low-activity mineral
colloids, such as kaolinite, reducing the P availability in the soil (Fink et al., 2016). P
fertilization is essential to increase crop yield in tropical soils like Oxisols, and the highly
soluble mineral fertilizers are generally used in fertilization practices with a low recuperation
of P added (5-25%) (McLaughlin et al., 2011; Withers et al., 2018). One of the strategies used
to increase the efficiency of P fertilization is to increase the soil organic matter (SOM) content
in tropical soils; however, SOM is achieved in few crop fields in the long term and it is a
challenge overcome in tropical regions due to scarcity and lousy distribution of precipitation
and high mean temperature (Fink et al., 2016; Gmach et al., 2020; McLaughlin et al., 2011).

Another strategy to increase the efficiency of P use is the use of organic fertilizers;
however, organic fertilizers generally have a low concentration of P, which requires high rates
to fulfill P plant demand (Mumbach et al., 2020). Organomineral fertilizers (OMFs) are a class
of fertilizers that combine higher nutrient concentrations over organic fertilizers, with a more
gradual release and positive effects of the organic matrix over soluble mineral fertilizers (Bai
et al., 2022; Gwenzi et al., 2018; Piash et al., 2022; Suwanree et al., 2022). Different routes,
organic matrix and mineral sources of nutrients can use to produce OMFs; and among synthesis
routes, biochar-based fertilizers (BBFs) is promising in synthesizing fertilizers with higher
agronomic performance (Barbosa et al., 2022; Fachini et al., 2022; Gwenzi et al., 2018; Johan
et al., 2021; Piash et al., 2022; Suwanree et al., 2022). Biochars are rich C and stable matrices

produced through the pyrolysis of organic wastes in the absence of oxygen (Singh et al., 2017).
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In BBFs, the diversity of nutrient pools controls the dynamics and release rate of P and
other nutrients (Shi et al., 2020; Suwanree et al., 2022). Regarding N forms, when mineral N
is mixed with biochar, part of the mineral N interacts with the pyrolyzed matrix, forming
organic N-containing compounds, N also may be adsorbed in the surface of charred matrices;
in addition, biochar may already contain organic N (Barbosa et al., 2022; Shi et al., 2020; Wang
etal., 2012). Thus, in BBFs, there are mineral and organic N chemical species, pools that control
the supply to plants (Wang et al., 2012). Potassium can interact with the biochar by weak
interaction through negative charges in organic functional groups, physical protection of K
inside micropores, besides being trapped in the hydrophobic radicals of biochars, which
difficult K dissolution and release (Fachini et al., 2022; Mukherjee et al., 2011).

Fertilizers with a gradual release of P may have higher agronomic performance than
soluble mineral P fertilizers (Everaert et al., 2016). When P interacts with the biochar, it is
gradually released by BBFs, and P losses due to specific adsorption are reduced; consequently,
soil P availability is enhanced (Bai et al., 2022; Ghodszad et al., 2021). A more gradual release
of P is mirrored by the amounts of P soluble in water and through kinetics of P release in water
(Carneiro et al., 2021; Suwanree et al., 2022). Besides, other extractor solution as citric acid
acting dissolving phosphates in OMFs have a potential to be used in the kinetics of P release
studies (Johan et al., 2021). In OMFs, P is complexed in organic forms, consequently it is less
prone to precipitated with Ca and other cations found in soils; in addition to organic ligands
from OMFs compete with P for specific sites of fixation in soils, which increases P in the soil
solution (An et al., 2021; Bai et al., 2022; Ghodszad et al., 2021; Johan et al., 2021).

Nutrient pools and properties of BBFs are influenced by their synthesis route (An et
al., 2021; Lustosa Filho et al., 2019; Piash et al., 2022). When poorly soluble P sources such as
low-grade phosphate rocks and plant residues were mixed, BBFs synthesized did not increase

their agronomic value over the raw phosphate rock (Tumbure et al., 2020). Thus, BBF synthesis
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routes that include poorly soluble phosphate rocks require previous acidulation of rock as
happened in the route used to produce soluble mineral P fertilizers (UNIDO and IFDC, 1998).
When phosphate rocks are acidulated and mixed with organic compounds, the P chemical
species solubilized reacts with carbon (C), forming P-organic complexes with higher agronomic
performance than mineral fertilizers (Erro et al., 2012).

Thus, we hypothesize that the novel NPK synthesis routes of BBFs through acidulation
of low-grade phosphate to formulate a new BBF in which N, P, and K are gradually released
with higher agronomic performance on maize growth. The aims of this study were: i) to propose
a novel synthesis route of NPK based on the mixing of acidulated apatite with coffee post-
harvest residues; ii) To characterize the novel BBFs and to study the kinetics release of NPK;

iii) to evaluate the effect of BBFs on soil nutrient availability and maize growth as well.

2 Material and Methods
2.1 Biochar-based fertilizers (BBFs) synthesis

The routes of BBFs production were developed and patented at the BR1020220127840
deposit patent (Silva and Morais, 2022). Briefly, BBFs synthesis involves the acidulation of
Araxa phosphate rock (APR) using two proportions of inorganic acid; it shaking the mixture in
a horizontal shaker for 30 min at 120 rpm for one hour. After the acidulation process, samples
were immediately mixed with coffee post-harvest residues-derived biochars produced at low
(300°C) and high temperature (500°C). Pyrolysis was performed in a muffle furnace at a heating
rate of 10 °C min and pyrolysis of feedstock at the target temperature for 60 min. After the
mixture of inorganic acid + phosphate rock + biochar, the final fertilizers was left to rest for 30
min; then, charred samples were dried in an oven at 60° C until constant weight, with the

subsequent production of four BBFs (Table 1). BBFs were produced using three repetitions.
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Table 1. Acronyms of process used in the production of biochar-based fertilizers (BBFs).

Acronyms Description
BBF1 Acid proportion 1 + APR + biochar produced at low temperature
BBF2 Acid proportion 2 + APR + biochar produced at low temperature
BBF3 Acid proportion 1 + APR + biochar produced at high temperature
BBF4 Acid proportion 2 + APR + biochar produced at high temperature

APR: Araxa phosphate rock. Acid proportions and biochar properties and conditions during
BBFs synthesis were patented at the BR1020220127840 deposit patent (Silva and Morais,
2022).
2.2 BBFs chemical characterization

Four BBFs synthetized and conventional sources of NPK were characterized. Mineral
sources of nutrients were: ammonium nitrate, triple superphosphate, and potassium chloride.
BBFs and mineral fertilizers samples were passed through a 1 mm sieve, dried, and stored for
further analysis. The pH of BBFs was determined in a 0.01 mol L CaCl, solution at a ratio of
1g biochar:10 ml CaCl; solution (Brazil, 2017; Singh et al., 2017). Mineral (ammonium (N-
NH4*) and nitrate (N-NO3)) N contents were extracted using a 2 mol L™ KCI extractant
solution, and determined by distillation followed by titration (Singh et al., 2017). Total N was
determined following the Kjeldahl method after sulfuric digestion (Brazil, 2017; Phares et al.,
2020). Due to the high contents of N-NOgs", total N content was determined by adding N-
Kjeldahl to N-NOs".

Total P and K contents were determined by the nitro-perchloric acid method (Brazil,
2017; Enders and Lehmann, 2012). P and K contents soluble in water were extracted by
successive washed of 1 g of fertilizer samples with distilled water until a volume of 250 ml
(Brazil, 2017). One g of fertilizer samples was stirred with 100 ml of citric acid (CA) solution
at 2% for 30 min extracting the P and K contents soluble in CA (Brazil, 2017). One g of
fertilizers samples was boiling in 50 ml of neutral ammonium citrate plus water (NAC+H20)
solution extracting the P and K content soluble in NAC+H>O (Brazil, 2017). Based on the

method recommended by P and K available in biochar, the content of P and K soluble in formic
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acid (FA) solution at 2% was also measured; 0.35 g of biochar were mixed with 35 ml of 2%
AF, ultrasonicate for 10 min, then was shaken for 30 min (Singh et al., 2017).

The P contents extracted by water, CA, NAC+H-O, and FA were determined by the
vanadomolybdate method (Kitson and Mellon, 1944) and K contents determined by the flame
photometry method (Fox, 1951). To compare the NPK pools related to the N forms and
solubility of P and K in BBFs samples, N or P or K indices were calculated according to N
forms (N-mineral and N-organic) (Eq. 2) and soluble P (Eg. 2) and K (Eq.3) fractions (water or

CA or NAC+H20 or FA) according to respectively nutrient total content:

. o N-form content (g kg'l)
N index (%)= " =5 | x100 (Eq. 1)
otal N content (g kg )

. Soluble P content (g kg'l)
P index (%)= - | X100
Total P content (g kg )

(Eq. 2)

. Soluble K content (g kg'l)
K index (%)= — | x100
Total K content (g kg )

(Eq.3)

2.3 Infrared spectroscopy  analysis

Two biochar produced (low and high temperature), and four BBFs samples were
scanned in a medium infrared region identifying the main peaks and spectroscopic signatures.
The infrared spectrum was obtained at 4000 to 650 cm™ wavenumber range with a resolution
of 4 cm™ by Attenuated Total Reflectance Fourier transform infrared (FTIR) spectroscopy using
an Agilent® Cary 630 spectrometer. Pre-processing (normalization) of the dataset was
performed in each FTIR spectrum (Gautam et al., 2015). The main peaks in FTIR spectra were

identified and interpreted according to the infrared library already described (Kennedy et al.,



261

2004; Lustosa Filho et al., 2017; Singh et al., 2017; Trivedi and Dahryn Trivedi, 2015; Wang
etal., 2014). The FTIR spectra of biochars are shown in Supplementary material 1.
2.4 BBF agronomic performance

The agronomic performance of four BBFS synthetized was tested in Sandy Loam
Oxisol. Maize was used as a plant test cultivated for 25 days under greenhouse conditions in a
new model involving plant growth in a mini-lysimeter filled with 0.550 kg of soil
(Supplementary material 2). Six treatments were tested in a completely randomized design
with three repetitions, as follows: four BBFs synthetized, positive control (NPK added via
mineral fertilizers), and negative control (without NPK fertilization). The soil used had 230, 25,
745 g kg respectively to clay, silt, and sand, 6.98 g kg™ of total carbon determined in a dry
combustion carbon analyzer (Elementar, model Vario TOC Cube, Germany), 496 mg kg of
N-total (Kjeldahl method), 6.1 to pH in water (1:2.5 ratio - w:v). In addition the soil contained
1.3, 0.50 and 0.10 cmol. kg* respectively to Ca?*, Mg?* and AI** evaluated by KCI 1 mol*
extraction method. The contents available of K, Zn, Fe, Mn, and Cu evaluated by the Mehlich-
1 soil test method were respectively 49.8, 0.5, 24.3, 11.8, and 0.25 mg kg™ . Besides, the soil
contained 0.13 mg kg* of B (hot water method) and 2.2 mg kg™ of S (monocalcium phosphate
in acetic acid method). All protocols are described in detail in Teixeira et al., (2017).

The phosphorus was applied homogeneously in whole soil at 200 mg kg of P based
on recommendation in P soluble in NAC+H,O (Paper 5 of the thesis). The mineral fertilizers
used to add NPK were ammonium nitrate, triple superphosphate, and potassium chloride. There
was no standardization of the amount of N and K applied by BBFs; thus, in BBFs, additional
fertilization with mineral fertilizers was not used. The amount of N and K applied via mineral
fertilizers was based on the average amount of N and K provided by the BBFs and amounts
based on plants fertilization in pots experiment (Novais et al., 1991); thus, 200 and 150 mg kg

! was applied respectively for N and K. The application of N via ammonium nitrate and K via
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potassium chloride was divided during maize cultivation, with 20% applied at planting
fertilization and 80% at top-dressing fertilization 13 days after planting. The N forms and P and
K solubility in different extractors applied during maize cultivation were different by
treatments, as shown in Supplementary material 3. In the planting fertilization also was
provided at 30, 40, 0.81, 2, 7.3, 0.15, 5, and 10 mg kg!, respectively, to Mg, S, B, Cu, Mn, Mo,
Zn, and Fe, through MgS04.7H,0, H3BO3, CuSO4.5H20, MnCl2.4H,0, (NH4)sM07024.4H20,
ZnS04.7H20, and FeCls.6H20 (Reagent grade, Synth).

Before and after maize cultivation (25 days) 15 g of the whole soil in each experimental
unit) was collected. The soil samples were dried and passed through a 2 mm sieve. In the whole
soil samples, soil pH was determined in water at a ratio of 1:2.5 (w/v) (Teixeira et al., 2017),
N-NH4" and N-NO3™ were extracted with a 1 mol L™* KCI solution (10 mL extractor solution: 1
g of soil), and N mineral contents determined through the distillation followed by titration (soil
N-mineral) (Bremner and Keeney, 1966; Teixeiraetal., 2017). The K availability contents were
extracted by Mehlich-1 solution and determined by flame photometry (Teixeira et al., 2017),
and P available in the soil was extracted by the resin soil test (Raij et al., 1986) and determined
by the molybdenum blue method (Murphy and Riley, 1962).

The soil solution was collected in each mini-lysimeter at 1, 7, 15, and 25 days after
maize planting during maize cultivation. During the collection of soil solution, the soil moisture
was maintained at 70% of MWHC (overnight). After 12 hours, the soil solution was removed
through the bottom of the mini-lysimeter using the vacuum process. The vacuum was performed
using a vacuum pump model 12 CFM 110V-220V double stage SURYHA®. The vacuum was
performed individually in each mini-lysimeter, using the pump's maximum power for 1 min.
(time required for the end of the soil solution flow from the bottom of the mini-lysimeter), then
10 ml of soil solution was removed and stored. The rest of the soil solution collected was

replaced on the top of the mini-lysimeter aimed at the return of this solution in each
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experimental unit. The soil solution samples were filtered (<0.45 um), and pH was determined
in a pH bench meter; contents of N-NH.* and N-NOs~ contents were determined through the
distillation method followed by titration (Bremner and Keeney, 1966), P contents determined
by molybdenum blue method (Murphy and Riley, 1962) and K contents determined by flame
photometry method (Fox, 1951).

After maize cultivation, plants were harvested, separated into shoot and root, and dried
at 60 °C until constant weight until samples were weighted, determining shoot (SDM) and root
(RDM) dry matter production. The total dry matter production was obtained by the sum of SDM
and RDM. In shoot tissues, the N content was determined by the Kjeldahl method, and P and
K were determined by nitric perchloric acid digestion followed by determination of P contents
by molybdenum blue method and K contents by flame photometry method (Silva, 2009). The
nutrient accumulation of N or P o K (NuAc) in the shoot was calculated as follows (Eq. 4):

NuAc (mg pot™!) = shoot dry matter (g pot™!)*nutrient concentration in shoot (mg g!)(Eq. 4)

2.5 The Kinetics of P release

Based on the same amount applied for maize growing in a mini-lysimeter scheme, two
studies of the kinetics of P release of four BBFs and TSP was carried out, related to two
extractors, water or CA at 2% (Paper 5 of the thesis). The scheme of mini-lysimeter used was
described in detail in paper 2 of the thesis. Briefly, the BBFs and TSP were mixed and incubated
in a mini-lysimeter with sand (pre-washed with hydrochloric acid), and periodic leaching was
carried out, thus determining the release of P in water or CA. In time 0, 50 ml of distilled water
or CA solution, depending on the study, was passed in each mini-lysimeter, and from that, the
solution was passed in a cumulative volume equivalentto 7 mL h at 0, 4, 12, 24, 48, 72, 120,
168, 216 and 264 hours. The P release was calculated by volume leached, and P concentration

in leachates determined by the vanadomolybdate method (Kitson and Mellon, 1944).
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2.6 Statistical analysis

All statistical analysis was performed in R software (R Core Team, 2020), using the
base, stats, corrplot nistools, tidyverse, Metrics, emmeans packages (Baty et al., 2015; Hamner
and Frasco, 2018; R Core Team, 2020; Russel, 2021; Wei and Simko, 2017; Wickham et al.,
2019). The NPK indexes were compared between each BBF and the reference mineral fertilizer
according to nutrient studied through the Dunnett test (p<0.05) after basic assumptions of
analysis variance (normality, homoscedasticity, additivity, and independence of residuals) were
attained, and the significance of the analysis of variance (ANOVA) was reached (p<0.05). The
dataset related to maize cultivation was compared by the Duncan test (p<0.05) after ANOVA
showed a significant difference (p<0.05) and the basic assumptions of analysis variance
attended. In the dataset from the soil solution, the split-plot experiment was used is 4 x 6 (four-
time of cultivation x 6 fertilizers treatments) to compare the treatments.

In the kinetics of P release studies, different nonlinear models were adjusted to the
dataset of P released for each fertilizer (Dou et al., 1996; Liang et al., 2014; Lustosa Filho et
al., 2017). The chosen mathematical model of kinetics of P released dataset was based on the
highest value of the coefficient of determination (R?), the lowest value of root-mean-square
error (RMSE), and the Akaike information criterion (AIC) (Akaike, 1979). Mathematical
models adjusted to kinetics of P release of each P source were compared by confidence interval
generated through a 95% bootstrap confidence interval using 1000 bootstrap interactions. The
mathematical models adjusted were the Elovich model (Eg. 5), simple exponential model (Eq.

6), power function (Eq. 7), and hyperbolic model (Eg. 9), as follows:

Pt=atbInt

(Eq.5)
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Pt=NO(1-¢™)
(Eq. 6)
Pt=a*t" (Eq. 7)

NO*t
Pt= (NO*b+t)

(Eq. 8)

Where: Pt: fraction of P released from fertilizer in leaching time evaluated; a, initial P content
released from fertilizer; b, P release rate constant of fertilizer, t, leaching nutrient release time

(hour); NO, the maximum amount of P released from fertilizer during the whole kinetics study.

The data of cultivation without NPK fertilization was removed from the dataset; then
biomass production and NPK in the shoot were correlated with amounts of nutrients applied

and available contents in whole soil and its solution using the Pearson correlation (p<0.05).

3  Results
3.1 BBFs and mineral fertilizers characterization

The main properties and features of BBFs synthetized and mineral fertilizers were
shown in Table 2. Compared to mineral fertilizers (Table 3), the BBFs had a lower proportion
of mineral N (ammonium+nitrate) according to total N content. In relation to total P, all BBFs
had lower proportion of P soluble in water and FA than TSP. Compared to TSP, BBF1, BBF3,
and BBF4 had a lower proportion of P soluble in CA and NAC+H,0. BBF2 and TSP had a
similar proportion of P soluble in CA and NAC+H0. Contents of K soluble in water, CA, and
FA according to total K content were lower for BBFs over KCI. However, the proportion of K
soluble in NAC+H>0 was only reduced in BBF4 over KCI, while BBF1, BBF2, and BB3 had

similar proportion of K soluble in NAC+H>O compared to KCI.
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Table 2. pH and nitrogen (N), phosphorus (P), and potassium (K) contents and forms in
biochar-based fertilizers (BBFs) and mineral fertilizers used to nourish maize.

| ¥ - i
Fertilizer pH N N-NH, 1 N-NGs NP
g kg
BBF1 3.23+0.01 78.8 0.9 0.40 £0.04 36.8£0.87  41.7 £0.19
BBF2 2.62 £0.01 849 +1.1 0.69 £0.10 476 £0.71  36.6+0.87
BBF3 3.52 £0.03 50.5+0.7 0.21 £0.13 39.0+0.47 11.2+0.15
BBF4 2.32 £0.01 57.7 £1.6 0.04 +0.02 51.8+1.42 5.8310.22
NA - 345 +0.01 172.7 £0.03 172.4 £0.03 -
TSP - - - - -
KCI - - - - -
PTOtaI szO PCA PNAC+H20 PFA
Fertilizer 4
g kg
BBF1 53.4 £0.33 10.2 £0.21 39.1 £0.76 38.9 £0.39 36.3 £0.90
BBF2 44.8 £0.26 34.0 £0.13 38.0 £0.58 44.2 £0.33 35.3 £0.69
BBF3 60.1 £0.72 6.67 £0.15 39.7 £0.61 36.9 £0.60 37.6 £0.95
BBF4 48.2 £0.48 25.7 £0.26 31.2 £0.60 35.6 £0.26 27.0 £0.34
NA - - - - -
TSP 196 £2.35 175 1.1 175 £0.57 185 +0.12 178 £0.94
KCI - - - - -
Total KHzO KCA KNAC+H20 KFA
Fertilizer 1
g kg
BBF1  27.3+0.33 20.4 +0.18 20.7+0.17 25.8 £0.60 21.5+0.71
BBF2  24.1+0.25 19.6 £0.06 18.7 £0.33 23.5+0.80 19.0 £0.21
BBF3  34.1+1.01 26.9 £0.41 27.0 £0.33 33.9+0.38 23.1+1.01
BBF4  28.4 +0.33 20.6 +0.46 18.8 £0.40 25.4 +0.40 21.0 £0.93
NA - - - - -
TSP - - - - -
KCI 524 +0.05 523 +0.03 524 +0.02 524 +0.02 524 +0.05

-Not detected or below the method limit of detection; NA: ammonium nitrate; TSP: triple
superphosphate; KCI: potassium chloride; N™2 N-NH4*, N-NOs™ and N°%"¢: | respectively,
contents of total N, and N as ammonium, nitrate and in organic forms; PTo®! pH0 pCA
PNACHH20 “and PFA respectively, contents of total P, P soluble in water, in citric acid, in neutral
ammonium citrate plus water and in formic acid; K™@ KMH0 KCA KNACHHO gng KFA
respectively, contents of total K, K soluble in water, in citric acid, in neutral ammonium citrate
plus water and in formic acid.
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Table 3. Index of nitrogen (N) forms, and phosphorus (P) and potassium (K) solubility in the
different extractors for biochar-based fertilizers (BBFs) and mineral fertilizers according to the

total content of N, P, and K respectively.

Index (%)
Nmin Norganic PHzO PCA PNAC+H20 PFA KHzO KCA KNAC+H20 KFA

* *

BBF1 47 53" 19" 73" 73" 68" 75 76" 95 79"
BBF2 57" 43" 76° 85 99 79" 81" 71T 97 79
BBF3 78" 22" 11" 66" 61" 63" 79" 79" 99 68"
BBF4 90" 10" 53" 65 74" 56" 72" 66 89" 74"
NA 100 0 - - - - - - - -
TSP - - 89 89 98 95 - - - -
KCI - - - - - - 100 100 100 100

*: the means differed from the standard fertilizer used in comparison with the standard fertilizer
by the Dunnett test (p<0.05), the standard fertilizer for N forms was ammonium nitrate (NA),
for P solubility index was triple superphosphate (TSP) and for K solubility index was potassium
chloride (KCI). -Not detected or low limit of detection of method; N™"and N°9": respectively
index of N mineral (ammonium-+nitrate) and N organic according to total N contents; PHz°, PCA,
PNAC*H20 “and PA: respectively index of P soluble in water, in citric acid, in neutral ammonium
citrate plus water and in formic acid according to total P contents; K™ KH2O KCA KNAC+H0
and KM respectively index of K soluble in water, in citric acid, in neutral ammonium citrate
plus water and in formic acid according to total K contents.
3.2 Infrared spectroscopy

FTIR spectrum of biochar showed the peaks related to OH stretching, C-H stretching
of aliphatic groups, COO- carboxylate anions, C-H deformation from CH> groups, C-H
bending, OH (phenolic groups), C-O stretching (Supplementary material 1A). APR showed
peaks related to the COz groups and P-O bonds (Supplementary material 1B). In the FTIR
spectrum of BBFs were observed peaks related to OH stretching (3415 cm™) and carbon groups
related to C-H stretching of aliphatic groups (2905 cm™), C-H deformation from CH, groups
(1380 cm™). It was verified N groups related to N-H bonds (3240 cm™), N-H flexural of acid
amides (1634 cm™), and NOs asymmetric stretching (1340 cm™). P peaks found in the FTIR
spectrum of BBFs were related to P-O bonds (740, 820, 950, and 1040 cm™), P=0 bonds (1235

cm™), ionic bond P*-O™ in acid phosphate esters (1080 cm™) and P-H organophosphorus (2353
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cm?) (Figure 1). All BBFs showed similar FTIR peaks but with different absorbance

intensities.
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Figure 1. Normalized FTIR spectra of biochar-based fertilizers (BBFs) identifying the main

peaks and groups.

Compared to Biochar used in the synthesis, the BBFs reduced the absorbance intensity

of aliphatic groups, and peaks related to COO-carboxylate anions and OH (phenolic groups)

from biochar disappeared in BBFs. The mains different between BBFs was related to higher

absorbance in NOs asymmetric stretching as follows BBF3 > BBF2 > BBF4 > BBF1. The

increased absorbance area between 1500 and1740 cm™ related to the N-H flexural of acid

amides was in the opposite direction of the NOz asymmetric stretching. P*-O™ in acid phosphate

esters and P=0O bonds was higher as follows by BBFs: BBF3 > BBF4 = BBF2 > BBF1. Peaks

related to P-O groups were higher in BBF1 than in other BBFs. P-H organophosphorus and

aliphatic C was higher by BBF1 and BBF4 compared to BBF2 and BBF3.
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3.3 BBFs agronomic performance

Values of pH analyzed in whole soil and soil solution was shown in Supplementary
material 4. The main difference in maize growing and nutrition due the pH of soil solution was
verified at 25 days when BBFs had higher pH values in soil solution compared to TSP. The
negative control treatment where there was no NPK fertilization reduced the mineral N and the
available levels of P and K over fertilization treatments (Figure 2). Due to the splitting of N
and K in mineral fertilizers the lower values of N-mineral in the whole soil and soil K-Mehlich
was verified when compared BBFs. Among the BBFs, BBF4 had higher N-mineral contents,
and BBF3 had the highest soil K-Mehlich over other BBFs. The soil P-resin increased by BBF1,
BBF3, and BB4 over TSP with higher increase for BBF1 (+28%) and BBF3 (+22%) over TSP.
After maize cultivation, the higher N-mineral values were verified by no-NPK fertilization over
fertilization treatments. Soil P-resin contents after maize cultivation were higher for BBF1
(+29%), BBF2 (+15%), and BBF3 (+43%) over TSP. K added via mineral fertilizer showed

higher values of soil K-Mehlich over BBFs after maize cultivation increased of about 79%.
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Figure 2. Contents of nitrogen mineral (N-mineral), phosphorus (P) available by the resin
method, and potassium (K) available by the Mehlich-1 soil test method before and after maize
cultivation; and N-mineral (NH4+"+NOg3"), P, and K contents in the soil solution according to
biochar-based fertilizers (BBFs), NPK added via mineral fertilizers (+NPK) and maize
cultivation without NPK application (-NPK) at different times of soil solution collection. The
bars with standard error followed by the same capital letter did not differ fertilizer treatment in
each time evaluated (before or after cultivation or day 1, 7, 15, and 25) according to the Duncan
test (p<0.05). The bars with standard error followed the same minuscule letter and did not differ

the time evaluated in each fertilizer treatment tested according to the Duncan test (p<0.05).
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Due to the splitting of N and K with the rest of fertilization applied at 13 days, in the
soil solution collected at 1 and 7 days, there were higher solution contents of N-mineral and K
by the BBFs over mineral fertilizers. Between BBFs, BBF4 had higher solution N- mineral at
1 and 7 days over other BBFs increases of about 24% and 20% respectively. For K in the soil
solution among the BBFs, BBF4 had the higher values at day 1 (+23%) and BBF3 at day 7
(+20%). Evaluating the content of K in the soil solution at 15 days, NPK added via mineral
fertilizers over BBFs increased of about 125% the K content; at 25 days, there was no difference
between BBFs and NPK added via mineral fertilizers. For N-mineral and K in the soil solution
there was a decrease according to the time evaluated from 1 to 25 days for all BBFs.

The TSP initially released a higher amount P for the soil solution compared to BBFs;
however, there was a reduction of P the soil solution to TSP throughout the time of cultivation.
BBFs, on the other hand, reduced the initial contents of P in the soil solution (-85%) over TSP,
with higher reductions for BBF1 and BBF3, reduction of about 95% compared to TSP. At 15
days, there was no difference between the P contents in the soil solution for BBFs and TSP. At
the final time evaluated (25 days), BBF1, BBF2, and BBF3 had higher contents of P in the soil
solution over TSP, increase of about of 105% for BBFs over TSP.

When maize was not fertilized with NPK, the SDM, RDM, TDM, and accumulation of
NPK in the shoot were lower over plants fertilizers with mineral fertilizers or BBFs (Figure 3).
BBF1, BBF3 and BBF4 increased of about 24% SDM over TSP. All BBFs over TSP increased
TDM (+25%) and RDM (+37%) over TSP. The accumulation of N in the shoot did not differ
between BBFs and TSP. P accumulated in the shoot was higher for all BBFs over TSP, with a
higher accumulated of P for BBF3, increase of about 46%. The K accumulated in the shoot was
similar between BBF3, BBF4, and TSP, and this group increased of about 35% of K

accumulated in shoot compared to BBF1 and BBF2.
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Figure 3. Biomass production and nitrogen (N), phosphorus (P), and potassium (K)
accumulated in the maize shoot. The bars with standard error followed by the same bold italic,
capital, and minuscule letter did not differ the fertilization treatments respectively for total (full
bar), shoot, and root dry matter production according to the Duncan test (p<0.05). The bars with
standard error followed by the same capital letter did not differ the fertilization treatments for
N or P or P accumulated in maize shoot according to the Duncan test (p<0.05).BBF: Biochar
based-fertilizer; +NPK: NPK added to soil via ammonium nitrate, triple superphosphate, and

potassium chloride; -NPK: maize cultivated without NPK fertilization.

3.4 The kinetics of P release

In the study of the kinetics of P release, the equivalent amount used for maize cultivation
was used (110 mg of P per pot based on the P solubility in NAC+H20); thus, the total P content
applied was different between fertilizers, applying 151.0, 111.4, 179.4, 148.8 and114.6 mg of
total P by mini-lysimeter (experimental unit), respectively by BBF1, BBF2, BBF3, BBF4, and

TSP. The power model was best fitted for all fertilizers for P released in water (Supplementary
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material 5). For P released in CA, the power model was the best model for BBF2, BBF4, and
TSP, while the hyperbolic model for BBF1 and BBF3 (Supplementary material 5).

TSP had higher amounts of P released in water, about 81.2 mg until 12 hours with
constant release from that 12 hours, equivalent to 71% of the total P applied (Figure 4). At the
end of the Kkinetics study (264 hours), BBF4 and BBF2 had similar P released in water close to
74 mg of P, equivalent to 67% and 49% of the total P applied, respectively for BBF2 and BBF4.
The P release in water for BBF2 and BBF4 was lower than TSP and higher over BBF1 and
BBF3. Between BBF4 and BBF2, the P released from BBF2 was more gradual than BBF4.
Initially, BBF1 and BBF3 had similar P released in water; however, during the time evaluated,
BBF3 released lower amounts, closed to 26.7 mg (15% of the total P content) at 264 hours,

compared to the amounts released from 31.5 mg to BBF1 (21% of total P content).

BBF1 ! BBF2 & BBF3 @ BBF4 TSP

140 Water Citric acid at 2%

H
~]
S a

|95}
W
'

P release (mg mini-lysimeter™)

01224 48 72 120 168 216 264 01224 48 72 120 168 216 264
Time (hour)

Figure 4. The kinetics of P release in water and citric acid at 2% as related to the total P content
of biochar based-fertilizers (BBFs) and triple superphosphate (TSP).
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In the kinetics of P release in CA, BBF1 and BBF3 initially released the lower amounts
of P in CA; however, with the evaluation of time, this release was higher, reaching values of
129.3 and 135.0 mg of P at 264 hours, respectively for BBF1 and BBF3, values higher than the
other fertilizers, equivalent to the released of 86 and 75% of the total P applied for BBF1 and
BBF3. Initially, the P released in CA by TSP, BBF2, and BBF4 was similar at about 45.1 mg
of P; however, with the evaluation of time, the P released from TSP was faster and higher than
BBF2 and BBF4, reaching values close to 112.6 mg (98% of total P content applied) at 264
hours. Despite the faster initial releasesdof BBF2 and BBF4 over the other BBFs, both had the
lowest released amounts of P in CA up to 264 hours, with BBF2 having the lowest amount
released at 93.6 mg of P (84% of total P content), compared to the released amount of 106.0

mg of P (71% of total P content) using BBF4.

3.5 Correlation analysis

SDM, RDM, and TDM positively correlated (p<0.05) with P accumulated in the maize
shoot, with coefficient of correlation of 0.85, 0.73, and 0.85, respectively, for SDM, RDM, and
TDM, and not correlated (p>0.05) with N or K accumulated in the shoot. It was observed that
the properties of whole soil and soil solution and N forms applied or evaluated in whole soil
and its soil solution did not affect the N accumulated in the maize shoot (Figure 5). The P
accumulated in the maize shoot positively correlated with solution pH at 25 days, amounts of
total P applied and contents soluble in CA, soil P-resin before and after cultivation, and contents
of P in soil solution at 25 days. There were negative correlation between P accumulated in the
shoot and amounts of P release in water of kinetic of P release at all times evaluated, as well as
the amounts of P release in the kinetics of P release study in CA at 0, 4, and 12 hours, the P

contents in soil solution at 1 and 7 days, and amounts of P applied soluble in water. K
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accumulated in the shoot positively correlated with K forms applied in soil (total K content,

content of K soluble in water, in CA, in FA, and in NAC+H0).
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Figure 5. Correlation analysis between nitrogen (N) or phosphorus (P) or potassium (K)
accumulated in the maize shoot and nutrients forms applied and availability in whole soil and
soil solution. T-N-Ap. and N-Min-Ap.: amounts of total and mineral nitrogen forms applied
during maize cultivation, respectively; NHs"-Sol.1, NH4*-Sol.7, NH4*-Sol.15 and NH4"-Sol.25:
Ammonium content in soil solution at 1, 7, 15 and 25 days during maize cultivation,
respectively; NOs™-Sol.1, NOs™-Sol.7, NOs-Sol.15 and NOs-Sol.25: nitrate content in soil
solution at 1, 7, 15 and 25 days during maize cultivation, respectively; N-min-Sol.1, N-min-
Sol.7, N-min-Sol.15 and N-min-Sol.25: mineral N content in soil solution at 1, 7, 15 and 25
days during maize cultivation, respectively; NH4*-Soil Bef. and NH4™-Soil Aft.: ammonium
content in whole soil before and after maize cultivation, respectively; NOs-Soil Bef. and NOz
-Soil Aft.: nitrate content in whole soil before and after maize cultivation, respectively; N-min-
Soil Bef. and N-min-Soil Aft.: mineral N content in whole soil before and after maize
cultivation, respectively; pH-Sol.1, pH-Sol.7, pH-Sol.15 and pH-Sol.25: pH in soil solution at
1,7, 15 and 25 days during maize cultivation, respectively; pH-Soil Bef. and pH-Soil Aft.: pH
in whole soil before and after maize cultivation, respectively; T-P-Ap., P-W-Ap., P-CA-Ap.

and P-FA-Ap: amounts of total P and P soluble in water, citric acid and formic acid applied
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during maize cultivation, respectively; P-Kin.W-0, P-Kin.W-4, P-Kin.W-12, P-Kin.W-24, P-
Kin.W-48, P-Kin.W-72, P-Kin.W-120, P-Kin.W-168, P-Kin.W-216 and P-Kin.W-264:
amounts of P release in water by the kinetics of P release at 0, 4, 12, 24, 48, 72, 120, 168, 216
and 264 hours, respectively; P-Kin.CA-0, P-Kin.CA-4, P-Kin.CA-12, P-Kin.CA-24, P-
Kin.CA-48, P-Kin.CA-72, P-Kin.CA-120, P-Kin.CA-168, P-Kin.CA-216 and P-Kin.CA-264.
amounts of P release in citric acid by the kinetics of P release at 0, 4, 12, 24, 48, 72, 120, 168,
216 and 264 hours, respectively; P-Sol.1, P-Sol.7, P-Sol.15 and P-Sol.25: P content in soil
solution at 1, 7, 15 and 25 days during maize cultivation, respectively; P-Soil Bef. and P-Soil
Aft.: P content available in whole soil before and after maize cultivation, respectively; T-K-
Ap., K-W-Ap., K-NAC-Ap., K-CA-Ap. and K-FA-Ap: amounts of total K and K soluble in
water, neutral ammonium citrate plus water, citric acid and formic acid applied during maize
cultivation, respectively; K-Sol.1, K-Sol.7, K-Sol.15 and K-Sol.25: K content in soil solution
at 1, 7, 15 and 25 days during maize cultivation, respectively; K-Soil Bef. and K-Soil Aft.: K

content available in whole soil before and after maize cultivation, respectively;

4 Discussion
4.1 BBF chemical properties and FTIR-spectral signature

Due to the acidulation process involved in the BBFs synthesis, the pH of BBFs were
acid (pH between 2.32-3.52) (Table 2). As in our study, however, using another inorganic acid
(phosphoric acid) during BBFs synthesis, the pH of BBFs was reduced by acidulation compared
to producing biochar without acidulation (Lustosa Filho et al., 2017). The pH of fertilizer
controls dissolution and reactions in the soil-fertilizer interface (Lombi et al., 2005). In general,
residues such as post coffee harvest used in our BBFs synthesis, when pyrolyzed, create biochar
with alkaline pH (Lago et al., 2021). Alkaline pH of biochar can be a problem for P-BBFs
synthesis because when Ca is present as in the use of APR, the increase of pH favors the
formation of chemical stability reactions and stable precipitates between P and Ca that is
unavailable to plants (Maluf et al., 2018); however in our synthesis, by controlling the synthesis

we create BBFs that do not favor this type of reaction due to acid pH of BBFs.
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The control during the synthesis of the new BBFs provided new properties such as
different proportions of N-mineral (47-90%) and N-organic (10-53) forms, depending on the
synthesis route (Tables 2 and 3). The main source in BBFs synthesis is N added via mineral
forms; however, it was observed that part of N added was incorporated into biochar structure,
transforming it into N-organic evaluated by chemical analysis and confirmed by the appearance
of peaks in the FTIR spectrum of BBFs related to flexural N-H (acid amides) (Figure 1).
Amides from biochar can generate NHs" from amine and amide hydrolysis through the
mineralization process (Wang et al., 2012). Part of N added remained in mineral forms as
observed by chemical analysis and peaks related to NOs asymmetric stretching in the FTIR
spectrum of BBFs. The N in materials based on biochar was founded in N-mineral and N-
organic forms, and N-forms controlled the release of N (Wang et al., 2012). The different pools
in organomineral fertilizers are essential to improve the efficiency of nitrogen fertilization
because N-mineral supplies the N for the rapid growth of plants, while N-organic, when
mineralized, supplies the N throughout the other phases of cultivation (Antille et al., 2014).

Highly soluble free forms of P in mineral fertilizers are prone to P losses in the soil,
mainly in tropical soils due to specifically P adsorbed in Fe and Al oxides and low-activity
mineral colloids, such as kaolinite (Fink et al., 2016; McLaughlin et al., 2011; Withers et al.,
2018). Two strategies in OMFs are promising for increasing the agronomic efficiency of this
class of fertilizers; one strategy is the reduction of readily available P evaluated by water
solubility with the maintenance of the amount released in the long term evaluated by other
methods such as CA, NAC+H,0 or FA (Maluf et al., 2018; Urrutia et al., 2014). In our BBFs,
through the controls of the synthesis, it was possible to reduce the proportion of soluble P in
water (11-76 %) compared to TSP, maintaining high levels of soluble P in NAC+H>0 (61-99

%), CA (65-85 %) and FA (56-79 %) (Tables 2 and 3).
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The effect of P solubility occurs because the P is solubilized from the APR during the
synthesis step, and the P is incorporated into the biochar matrix, forming organic P as observed
in the FTIR spectrum by the appearance of peaks related to P-H organophosphorus and ionic
bond P*-O" in acid phosphate esters (Figure 1), peaks already found in P-BBFs (Lustosa Filho
et al., 2017). The reactions of P added via mineral forms and C from biochar promoting
differences in solubility of P evaluated by different extractors such as water, FA, CA, and
NAC+H,0, were demonstrated using different sources of P as TSP or monoammonium
phosphate or phosphoric acid mixed with biochar (Lustosa Filho et al., 2019, 2017; Suwanree
etal., 2022). Besides, these effects of the interaction of C and P are related to the second strategy
that includes a reaction between P and C, forming complexes with higher agronomic
performance in plants (Erro et al., 2012).

The synthesis of NPK-BBFs on mineral sources has a more gradual release of K that
can increase crop nutrient use efficiency, an effect related to the interaction of K and biochar
(Piash et al., 2022). In our BBFs over the mineral source of K (KCI), the interaction of K and
biochar was observed in the solubility of K in different extractors; according to the content of
total K, BBFs over KCI reduced the proportion of K soluble in water (72-81 %), maintaining
the high levels of K soluble in NAC+H>0 (89-99 %), indicating a more gradual release of K
(Tables 2 and 3). In biochar, similar to what happens in the soil, there is the development of
negative charges biochar, responsible for promoting the cation exchange capacity (CEC); CEC
able to retain nutrients such as K in electrostatic adsorption bonds (Domingues et al., 2017,

Lago et al., 2021; Munera-Echeverri et al., 2018).

4.2  Agronomic performance and the kinetics of P release of BBFs
Once the amount of N from the BBFs was applied fully at planting and the mineral

fertilization with N (ammonium nitrate) was split (10% planting and 90% splitting at 13 days),
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there were higher contents of N-mineral in whole soil before cultivation and in the soil solution
at 1 and 7 days by BBFs over mineral fertilization, (Figure 2) with BBF4 having the higher
values between BBFs due to the higher amounts of N-mineral by BBF4 fertilizer
(Supplementary material 3). From the mineral split-fertilization at 13 days, and evaluating
the N in the soil solution at 15 days, only the BBF4 had higher values over mineral fertilization.
At the end of the maize cultivation, in the whole soil and soil solution (25 days), BBF4 and
mineral fertilization had similar and higher values over others BBFs.

The effects on N availability in the whole soil and its solution from BBFs did not
modify the N accumulation in the maize shoot since the N accumulation was similar for the
BBFs and mineral fertilization, and the N forms applied and contents of N-mineral in the whole
soil and its solution were not correlated with N accumulated in the maize shoot (Figures 3 and
5). Similar to our results, evaluating the mixture of N-urea with biochar and confirming its
interaction by the formation of primary amides and amide carbonyl in the FTIR spectrum, the
N-BBF produced did not increase N accumulation in the shoot in the first cultivation using
beans as plant test; however, in successive cultivation in the same pots using maize, the N-
BBFs increased the accumulation of N in the shoot over isolated application of urea, showing
a residual effect of N fertilization with BBFs (Barbosa et al., 2022).

Where N interacts with biochar, N is retained by the biochar surfaces, decreases the
release rate of N, and consequently may increase plant growth and efficiency of N by plants
over mineral fertilization (Shi et al., 2020). Since in addition to this interaction, N in biochar
can be found in different organic forms, more or less be mineralized over time according to the
soil type (Wang et al., 2012), and taking into account the short time of our experiment (25 days)
and the higher amounts of N-organic applied by BBFs (Supplementary material 3), there is a

higher potential for BBFs over mineral fertilizers to mineralizer this N, so subsequent
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incubation studies should be done to assess the potential of BBFs to mineralizer N, and the
plants use this N.

When K is applied at the same amounts and phase of cultivation, in BBFs over mineral
fertilizers, due to the gradual release of K, it is expected that the use efficiency of K by plants
is increased since this more gradual release reduces K losses by leaching in the soil, which
consequently increases the availability of K in the soil and can reduce the need to split the K
fertilization (Fachini et al., 2022, 2021; Gwenzi et al., 2018; Piash et al., 2022). The more
gradual release of K in BBFs involve the mechanisms as: i) K retention due to electrostatic
attraction in negatively charged functional groups in biochar, such as carboxyl and phenolic; ii)
physical protection of K inside the biochar pores; iii) hydrophobic nature of biochar that makes
it difficult to water diffusion and consequently the dissolution of K (Fachini et al., 2022;
Mukherjee et al., 2011). However, in our study due to splitting of K in mineral fertilization
these effects of more gradual release on K availability and K nutrition of maize were not
observed. Applying all the K of the BBFs at planting and the splitting used when the K was
added via mineral fertilizers (KCI); initially, the soil K-Mehlich and K in the soil solution at 1
and 7 days were higher for the BBFs over KCI (Figure 2). Among the BBFs, the higher soil K-
Mehlich was found to BBF3>BBF4>BBF1>BB2, increments related to higher amount of K
applied (total K and K soluble in FA, CA, water, and NAC+H>0) (Supplementary material
3).

The accumulation of K in the shoot was more affected by the amounts applied than by
the availability of K in the soil and the solution, as observed by the correlation analysis (Figure
5); however, this higher accumulation of K was not factor that limited the production of biomass
of maize, since there was no correlation between the accumulation of K in the shoot and the
production of maize biomass. The lack of relationship between K accumulation in the maize

shoot and biomass production is due to the relationship between K content and plant production,
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where if and K is found in concentrations in the luxury range (above 50 g of K by kg of shoot
tissue)(Marschner, 2012), increasing K concentration in the leaf does not increase biomass
despite proportionally increasing K accumulation, as observed by the concentration of K in the
maize shoot in our experiment, ranging from 88-174 g of K by kg of maize shoot tissue.

Although the availability of K does not explain the accumulation of K, after maize
cultivation, the soil K-Mehlich contents were higher for mineral fertilization over BBFs, so an
accumulation similar to BBFs (BBF3 and BBF4) by mineral fertilization (Figures 2 and 3).
Thus, the splitting practice effectively supplied the K to the plant and promoted a higher residual
effect over K incorporated in BBFs and fully applied in the planting fertilization. The practice
of splitting K improves the use efficiency of K by plants; as part of this, K is applied when there
is greater root development, which promotes favorable conditions for better K uptake (Torabian
etal., 2021).

In tropical soils, there is a generalized natural deficiency of NPK, nutrients that limit
crop production (Lopes and Guilherme, 2016), an effect found in our study where cultivation
without the application of NPK is either by mineral fertilizers or BBFs limited the plant growth
and NPK nutrition (Figure 3). In the use of fertilization with NPK, among the main effects of
the applied forms and availability of nutrients on maize production, P was the nutrient that
influenced the production of maize biomass since SDM, RDM and TDM were positively
correlated with P accumulated in the maize shoot (Figure 5). Compared to NPK added via
mineral fertilizers over BBFs, all BBFs increased TDM, RDM and P accumulated in the shoot,
and SDM was increased by BBF1, BBF3 and BBF4 over mineral fertilizers.

In relation to P dynamics, the BBFs increased the accumulation of P in the shoot
through different mechanisms; evaluating the soil P-resin, the BBFs over mineral fertilization
increased the soil P-resin, with greater values found for BBF1 and BBF3 (Figure 2). The main

effects of BBFs on P available include: i) the complexation of P in organic forms; ii) reduction
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the P sorption and precipitation with cations in the soil solution; ii) reduction of P-specific
adsorption in sites of tropical soils; iii) competitive reactions between P and C organic
molecules from biochar by adsorption sites in the soil, thus blocking P adsorption sites; iv) a
more gradual release of P from BBFs (An et al., 2021; Bai et al., 2022; Carneiro et al., 2021;
Ghodszad et al., 2021; Johan et al., 2021). Since the availability of P is increased by the use of
biochar, consequently the uptake and use efficiency of P is increased by the crops (Bai et al.,
2022). Similarly, our results showed that the increase of soil P-resin was positively correlated
with P accumulated in the shoot (Figure 5).

A more gradual release of P in P-BBFs may promote a higher residual effect in plants
successively cultivated compared to mineral phosphate fertilizers (Carneiro et al., 2021) as
verified in our study, where, besides the higher accumulation of P in maize shoot (Figure 3) by
the BBFs, related to the increase in the initial soil P-resin, it was possible to verify a higher
residual of fertilization with BBF1, BBF2 and BBF3, increasing the soil P-resin after maize
cultivation (Figure 2). A more gradual release of P in BBFs is related to the reduction of
amounts of P soluble in water, whether in traditional methods or studies of the kinetics of P
release in water (Carneiro et al., 2021; Lustosa Filho et al., 2017; Suwanree et al., 2022)..

Compared to TSP, BBFs had a more gradual release of P reducing readily available P
in water (Table 2), evaluating the standard method used in Brazil and studying the kinetics of
release using water (Figure 4). The reduction in the amounts of readily available and soluble P
in water, the reduction in the amount of P released in water throughout the study period (0 to
264 hours) of the kinetics of P release, and the reduction in the amount of P released in CA in
the kinetics of P release study from 0 to 12 hours, showed a positive correlation with the
accumulation of P in the shoot (Figure 5). The slow release from organomineral fertilizers as

BBFs, may reduce P losses by adsorption reactions on the surface of the soil mineral and
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consequently improve the P availability in soil and P uptake for plants (Bai et al., 2022; Frazédo
etal., 2019; Ghodszad et al., 2021; Sakurada et al., 2016), effect found in our study.

A more gradual release of P from BBFs reduced initial P contents in soil solution at 1
and 7 days (Figure 2). TSP rapidly released P into the soil solution, increasing P in the soil
solution over BBFs; however, the amount of P in the soil solution at 1 and 7 days was negatively
correlated with P accumulated in the shoot (Figure 5). Unlike TSP, BBFs gradually released P
into the soil solution. At the time of higher plant growth in the study (25 days), the gradual
release of P from the BBFs increased the solution P overt TSP. The amounts of P in the soil
solution at 25 days were positively correlated with the P accumulated in the shoot. Highly
soluble forms of P applied to the soil in the form of fertilizers promote a rapid increase in P
concentration in the soil solution, and over time this P chemically reacts through precipitation
or adsorption processes, which decreases its solubility (Johan et al., 2021), the effect observed
by the application of TSP.

Among the BBFs, the BBF that provided the higher accumulation of P in the shoot was
the one that had the lowest release of P in water but with the higher release of P when using CA
as an extractor solution (Figures 3 and 4). Extractors such as water extract the P readily
available and soluble P, while extractors such as CA extract P can be used by plants (Binh and
Zapata, 2002; Erro et al., 2007). Thus, a strategy to ensure and evaluate adequate P supply
would be the combination of low amounts of P released in release kinetics using water with
high proportions released using CA, as observed in our study. Organic acids such as CA can
dissolve phosphate in mineral compounds, and plant roots naturally secrete citrate into the soil
to improve their P acquisition by the roots. In addition, di- and tricarboxylic acid anions, mainly
by citrate and oxalate, can dissolve organic molecules to which P is bound, resulting in the

release of inorganic P (Johan et al., 2021). Thus, using CA in P-release kinetics in BBFs is
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promising as there is both mineral and organic P, where CA can access this P compared to
kinetics performed only using water.

Besides, the pH of soil solution evaluated at 25 days (Supplementary material 4)
increased by BBFs over TSP correlated with P accumulated in the shoot (Figure 5). The effect
of BBFs over TSP increasing soil pH before cultivation was demonstrated by Lustosa Filho et
al., (2019); however, this effect did not improve P nutrition in maize plants, contrary to what
was observed in our study. Pyrolysis usually results in biochar with a pH in the alkaline range,
so the soil pH is increased as a result of this effect (Bai et al., 2022; Domingues et al., 2017;
Ghodszad et al., 2021; Johan et al., 2021); however, in our BBFs, the pH was in the acid range
(Table 2). Furthermore, biochar can act as a buffer in the culture medium due to the presence
of organic radicals (Domingues et al., 2017; Ghodszad et al., 2021; Johan et al., 2021).
Comparing the initial and final pH (25 days) of the soil solution, the BBFs had lower variation
in the values over TSP, indicating a possible buffering due to the use of BBFs. The effect of
BBFs on the pH of the soil solution has a direct effect on the availability of P because as the
pH decreases, there is a reduction in the availability of P by specific adsorption and formation
of stable compounds between P and Fe and P and Al in tropical soils (Fink et al., 2016).

Thus, it was possible to observe that the synthesized BBFs influenced P nutrition and
consequently maize biomass production through different mechanisms such as i) interaction
between P and the pyrolyzed organic matrix forming complexes verified in the infrared; ii)
reduction of readily available and water-soluble forms of P with the maintenance of P in forms
released during cultivation; iii) gradual release of P contained in BBFs; iv) reduction of the
initial levels of P in the soil solution with the release of this P in times of greater demand for
the maize crop; v) increase in the initial availability of P in the whole soil; vi) Higher buffering

of the pH of the soil solution at the time of higher vegetative growth, contributing to the increase
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of P availability. In addition, BBFs promoted an increase in the residual effect of fertilization

with P compared to TSP.

4.3 Study limitations and prospects

The new proposed cultivation method (Supplementary material 2) collecting the soil
solution throughout the cultivation is promising for other experiments because, with a sampling
of soil solution throughout crop cultivation, the release of NPK can be determined in soil
solution throughout plant growth. Overall, soil solution is the compartment from which plants
acquire nutrients. Furthermore, since one of the main characteristics of BBFs is the gradual
release of NPK, in this new approach to assessing nutrient pools readily available to corps, it is
possible to observe and measure nutrient release in real-time. However, the approach was
developed for a short time for grown plants; thus, adaptations must be made to long-term plant
growth in different cultivation scenarios.

The new synthesized BBFs are promising either to reduce N and K topdressing with
all N and K added to soil at crop planting with the same efficiency of total N and K fertilization
over splitting N and K mineral sources. In addition, BBFs have properties that ensure higher
efficiency in using P than P soluble mineral sources. Therefore, it is necessary to test BBFs
agronomic value crop fields in different cultivation scenarios to determine the most promising
scenarios to promote more sustainable use of non-renewable NPK inputs.

According to BBF spectral signatures, the presence of C groups in the aliphatic form
predominates in the formulated fertilizers, which favors plant growth, considering that these
organic functional groups act as plant biostimulants. The role played by C-aliphatic groups as
biostimulants trigger the activity of plasma membrane H*-ATPase in response to the application
of humic substances-based materials (Aguiar et al., 2013). H*-ATPase is a proton pump in the

plant cell that improves nutrient uptake (Marschner, 2012); thus, further studies must be carried



286

out on the role played by the organic matrix of BBFs on plant physiology and metabolites

synthesis processes.

5 Conclusion

The production of biochar-based fertilizers (BBFs) promoted the interaction of N and
P with the biochar matrix forming N and P organic forms, while K was retained in the negative
charges of the biochar; consequently, NPK has a gradual release. The gradual release of N and
K had the same effect as the mineral fertilization split applied to N and K nutrition in maize.
The increased of P nutrition in maize by applying BBFs with gradual P release led to increased
maize biomass production. P nutrition dynamics was the main factor affecting maize biomass
production. The synthesized BBFs reduced the readily soluble and available P but maintained
high levels of available P for a long time. P having a gradual release initially reduced the P
levels in the soil solution; however, in times of higher requirements, this P was released with a
high relation with the absorption of P. In addition, the gradual release of P promoted a higher
availability of P in the whole soil, factors that increased P uptake by maize. In addition to

improving P nutrition, BBFs on mineral sources hada higher residual effect on P fertilization.
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Supplementary material 1. ATR-FTIR spectra of biochars (A) and Araxa phosphate rock (B)

used in the biochar-based fertilizers synthesis.
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Supplementary material 2. Scheme of the mini-lysimeter package used for maize growth, and
the process of vacuum used to collect and sampling soil solution.
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Supplementary material 3. Amounts of NPK forms and available applied by biochar-based

fertilizers (BBFs) and mineral fertilizers for maize growing.

Amount applied (mg kg9

Treatments NS N-NHs" N-NOz N-mineral NoTgane
BBF1 406 2 189 101 214
BBF2 384 3 215 218 165
BBF3 274 1 212 213 61
BBF4 324 0 201 201 33
+NPK 200" 100 100 200 0

Amoun lied (mg kg

Treatments pTotl pFz0 = tsgf ed(mg gN,)AC+H20 pFA
BBF1 275 53 201 200 187
BBF2 202 154 172 200 160
BBF3 326 36 215 200 204
BBF4 271 144 175 200 152
+NPK 208 189 186 200 192

: 1

Treatments K Total K20 Amountzgghed (mg k}g<N?AC+H20 KFA
BBF1 140 105 106 133 110
BBE2 109 89 84 106 86
BBF3 185 146 146 184 125
BBF4 159 115 105 142 118
+NPK 150" 105 106 133 110

“: the amounts were divided, 20% of the amount applied at the planting fertilization and 80%
applied after 13 days of maize planting. +NPK: NPK is added via ammonium nitrate, triple
superphosphate, and potassium chloride. N™® N-NH*, N-NOgz,, N™nedl and Norganic;
respectively amount added in the soil of N total, ammonium, nitrate, mineral
(ammonium-+nitrate); PTo®! pH20 pCA PNACH:0 and PFA: respectively amount added in the soil
of P total, soluble in water, in citric acid, in neutral ammonium citrate plus water and in formic
acid; KT®! KHO KCA KNACHR0 and KFA: respectively amount added in the soil of K total,
soluble in water, in citric acid, in neutral ammonium citrate plus water and in formic acid.
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Supplementary material 4. pH of whole soil before and after maize cultivation; and N-pH in
the soil solution according to biochar-based fertilizers at different times of planting (BBFs),

NPK added via mineral fertilizers (+NPK) and maize cultivation without NPK application (-
NPK).
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The bars with standard error followed by the same capital letter did not differ fertilizer treatment
in each time evaluated (before or after cultivation or day 1, 7, 15, and 25) according to the
Duncan test (p<0.05). The bars with standard error followed the same minuscule letter and did

not differ the time evaluated in each fertilizer treatment tested according to the Duncan test
(p<0.05).



Supplementary material 5. Coefficients of the kinetics of P release in water or citric acid of each fertilizer studied.

Kinetics of P release in water

Fertilizer Linear Elovich Exponential Power Parabolic Hyperbolic
RZ Rmse AIC R?> rmse AIC R? rmse AIC R?> Rmse AIC R?> rmmse AIC R? rmse AIC
BBFL 0.73 475 185 0.71 4.88 18 095 274 152 097 1.69 123 091 268 150 097 1.90 130
BBF2 040 12.36 242 0.88 542 193 093 839 219 092 448 181 063 9.69 227 095 8.00 216
BBF3 0.72 401 174 071 4.05 175 095 228 141 096 151 116 091 230 141 098 163 121
BBF4 039 645 203 093 215 137 0.86 14.72 252 095 1.89 129 0.63 5.08 189 0.88 14.61 252
TSP 027 749 212 091 263 149 0.87 20.19 271 091 265 150 048 6.35 202 0.87 20.15 271

Kinetics of P release in citric acid 2%

Fertilizer Linear Elovich Exponential Power Parabolic Hyperbolic
RZ Rmse AIC R?> rmse AIC R? rmmse AIC R?> Rmse AIC R?> rmmse AIC R? rmse AIC
BBF1 059 2435 283 0.77 18.08 265 096 8.85 222 094 919 224 081 1641 259 099 5389 198
BBF2 042 911 224 092 348 166 0.83 1765 263 094 295 156 066 6.99 208 0.88 17.36 262
BBF3 058 2547 285 0.80 1752 263 096 9.07 223 095 8.68 221 081 17.28 262 099 574 196
BBF4 0.65 12.14 241 082 8.68 221 0.77 1564 256 092 583 197 086 7.77 214 0.87 13.87 249
TSP 044 15.18 254 0.97 346 166 0.89 14.74 253 0.99 213 136 0.66 11.85 239 0.94 13.99 249
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FINAL REMARKS

Different routes of synthesis of organomineral fertilizers containing N or P or K or Zn
or fertilizers containing NPK promote properties in OMFs that can improve plant nutrition, as
well as soil and solution nutrient availability. When humic acid (HA) was mixed with zinc
sulfate, Zn was complexed in the organic matrix of organic radicals in HA. These molecules
increase Zn contents in soil solution over the exclusive use of zinc sulfate to nourish crops;
consequently, maize biomass production can be increased in the first crop. Subsequent
cultivation of brachiaria after maize increased Zn availability in soil solution was also verified.
In addition, during the cultivation of brachiaria in soil with a lower organic matter content, the
application of HA+ Zinc sulfate promotes a higher buffering effect of the pH of the soil solution.
Increased availability of Zn in the soil solution with a greater buffering of soil solution pH
enhanced biomass production and Zn accumulation in brachiaria shoot (Manuscript 1).

Based on the interaction between HA and Zn, new routes of synthesis of organomineral
fertilizers (OMFs) containing Zn complexed in the humic matrix were proposed and verified
by infrared spectroscopy analysis. Consequently, the Zn from the Zn-OMFs was gradually
released, and its diffusion in soil decreased, besides increasing the agronomic value of the Zn-
OMFs over Zn sulfate. When Zn-OMFs are applied in Oxisoisl with contrasting soil organic
matter levels and texture, there are different effects on the whole soil and its solution,
considering the Zn-OMFs agronomic performance relies on soil type; these better agronomic
performance of Zn-OMFs increased the biomass production of maize in the first cultivation,
and the brachiaria biomass successively cultivated after maize (Zn residual effect). In addition,
in Zn-OMFs, Zn-phosphate precipitates are less prone to be formed in soils; consequently, a
positive secondary effect of Zn-OMFs on maize and brachiaria P nutrition was verified
(Manuscript 2). The route of fertilizers synthesis was patented at INPI-Brazil
(BR1020210079568).

Many positive effects are related to the forms and availability of nutrients contained in
OMFs. Infrared analysis is used to qualitatively identify some of these forms in OMFs through
anon-invasive mode. The quantitative determination of these forms and availability of nutrients
are laboratory methodologies that are expensive, time-consuming, and generate laboratory
residues. However, the partial least square regression based on infrared analysis is the approach
for determining forms and pools of available nutrients found in OMFs in laboratory conditions.
In compost-based OMFs, different mixtures of variable proportions of coffee husk, chicken

manure and P sources (low-grade and soluble P sources) with different agronomic values, the
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infrared analysis showed promise to quickly predict the forms and availability of nutrients
evaluated in conventional lab methods by partial least square regression models based on
infrared spectroscopy. Besides, amongst the routes used in OMFs synthesis, composting of
monoammonium phosphate, coffee husk, and chicken manure is the most effective in
generating with OMFs of high agronomic efficiency (Manuscript 3).

When OMFs are synthesized using composting, and piles of mixtures of
monoammonium phosphate, coffee husk and chicken manure, the forms and nutrients readily
available in OMFs in water are reduced, mainly for the kinetics of P release. In the OMFs, there
is a lower release of P in water compared to the mineral soluble P source (monoammonium
phosphate), as was shown by different methods of the kinetics of P release. When OMFs were
added to Oxisols, with contrasting soil organic matter levels and texture, a reduction of initial
P content in soil solution was noted, and an increase in the P available in the whole soil was
verified in a soil type-dependent way. Thus, higher production of maize biomass improved NPK
nutrition, and a higher residual effect of P was observed. In addition, OMFs have a different
pattern in the release of NPK due to mineralization of N and P (OMF organic matrix) and
leaching of K contained in OMFs, in addition to N and P mineralized and released by the SOM
(Manuscript 4).

Compared to composting, pyrolysis is a new route that can be used faster in
synthesizing OMFs. The mineral sources and feedstock can be treated before or after biochar
production. When post-harvest coffee residue was mixed with low-grade phosphate sources,
OMFs had a lower high agronomic value than TSP. However, when the acidulation process is
used correctly, there is an increase in OMF agronomic value. Biochar-based fertilizers (BBFs),
when synthesized through acidulation of phosphate rock and mixing of biochar with post-
harvest coffee residue, is the suitable route t produce NPK fertilizers with gradual release of P.
In addition, when Mg is added during the fertilizer synthesis process, P release becomes even
slower. The agronomic value of BBFs produced and added to Oxisols to evaluate maize h grown
before brachiaria is highly dependent on the soluble P-fertilizer index contents, such as P in
neutral ammonium citrate plus water (NAC+H20), citric acid or formic acid, being NAC+H20
the best P-fertilizer solubility index. Among the acids during phosphate rock acidulation and
BBFs synthesis, nitric acid was the most effective in solubilizing apatite; however, when it is
used before pyrolysis, a high amount of N is volatilized (Manuscript 5).

Using a new synthesis route where N losses are decreased and standardizing the amount
of P applied via BBFs by its solubility in NAC+H20 are suitable for improving the agronomic

performance of BBFs in Oxisol. The new BBFs increased the P use efficiency for maize



301

cultivated in the Sand Loam Oxisol (YO). The improved P nutrition increased maize biomass
production. An increase in P use efficiency is related to different mechanisms and BBFs
properties, including P bound to the OMF organic matrix and the gradual release of P by the
organomineral fertilizers. Gradual release of P and the high P levels available in the long term
was observed by the reduction of the P amounts released in the kinetics study in which water
was used to leachate sand-fertilizer mixtures. However, when citric acid was the extractant
solution, the BBFs showed a higher P release over water leachates, though P was gradually
released. The BBFs initially reduced P levels in soil solution; however, in plant stages of high
P demand, P was released and capable of attending to and efficiently nourishing maize plants.
In addition, BBFs increased the initial availability of P in whole soil, besides having a higher
residual effect for brachiaria plants grown after maize cultivation (Manuscript 6). Thus,
different routes of the OMF produce OMFs with different properties, nutrient pools, rate of
nutrient release and infrared spectral signatures, and these factors combined determine the
OMFs effects on nutrient availability in whole soil and its solution, consequently affecting the
biomass production, nutrient uptake and residual effects positively. The route of fertilizers
synthesis was patented at INPI-Brazil (BR1020220127840).

Thus, the present thesis shows that different synthesis routes can produce new and
efficient OMFs, characterized by the gradual release of nutrients and higher agronomic values
that efficiently meet the supply of N, P, K and Zn to crops. In addition, a higher residual effect
of P and Zn from OMFs was observed, and these effects are highly dependent on OMFs
properties and synthesis routes. However, further studies must be carried out to determine the
agronomic value of these OMFs synthesized under field conditions for different soil types and
crops to validate these promising new technologies. In addition, due to the organic matrix
present in OMFs, they may have a biostimulant role on plants, so this effect must be better

elucidated in future studies.



