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Abstract

Purpose Compared with mineral fertilizers, the use efficiency of nitrogen (N), phosphorus (P), and potassium (K) from
organomineral matrices increases as biochar is mixed with acidulated apatite to produce slow-release NPK-biochar-based
fertilizers (BBFs). The BBFs reduce P losses while improving plant nutrition in Oxisols. Thus, the aim of this study was to
synthetize and evaluate the effects of slow-release BBFs produced by mixing coffee waste-derived biochar with acidulated
apatite.

Methods The agronomic efficiency of BBFs was evaluated through the cultivation of maize in greenhouse conditions. The
availability of NPK in whole soil and solution and the kinetics of P released by fertilizers in water and citric acid leachates
were evaluated as well.

Results Compared with mineral fertilizers, N and K supplied by BBFs did not improve the nutrition of maize plants. Triple
superphosphate (TSP) released nearly all the total P, while the BBFs released less than 10% of the P released by the TSP
in the first 24 h. Biochar based-fertilizers, depending on the synthesis route adopted, produced a greater or similar maize
biomass. The acquisition of P from BBFs was greater than that of NPK supplied via mineral fertilizers. Thus, BBFs can slow
the release of P in water leachates and, simultaneously, release high levels of P in citric acid leachates.

Conclusions The BBFs formulated with coffee husk-derived biochar and acidulated apatite are a sustainable and efficient
approach to producing NPK sources with higher agronomic effectiveness than soluble mineral fertilizers. The BBFs improved
the nutritional status and growth of maize and the residual available soil P content in the Oxisols as well (Ferralsols).

Keywords Organomineral fertilizers - Soil solution - Fertilizer composites - Apatite solubilization - High P-fixing soils

1 Introduction

Tropical soils naturally contain low levels of nitrogen (N),
phosphorus (P), and potassium (K), which reduce plant
growth and yield (FAO 2017; Lopes and Guilherme 2016).
In addition, P is specifically and highly adsorbed in Fe and
Al oxides and kaolinite, reducing the availability of soil P to
crops (Fink et al. 2016). Phosphorus fertilization is essential
to increasing crop yield in Oxisols. Soluble mineral fertiliz-
ers are the main P sources used to nourish crops, although
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the efficiency with which plants utilize soluble P-fertilizer
is generally low (5-25%) (Maluf et al. 2018; Raniro et al.
2023; 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. Increase
of SOM content is a difficult task only achieved in the long
term in a few cropland areas, which is partially explained
by low amounts of crop residues and C inputs, scarcity and
poor distribution of precipitation, high mean temperature,
and elevated SOM decomposition rates in most tropical crop
fields (Fink et al. 2016; Gmach et al. 2020; Raniro et al.
2023). Tropical soils exhibit a reduced capacity to retain
N as ammonium and K*, which increases the leaching of
soluble N and K chemical species from the surface to the
highly weathered subsoil layers.

The use of organic fertilizers in replacement of mineral
fertilizers is one strategy to increase the efficiency with which
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crops utilize and uptake P, although organic fertilizers contain
a low P concentration, besides N in forms that need to be min-
eralized before being uptake by crops, and low levels of avail-
able K as well; thus, high organic fertilizer rates are required
to fulfill the NPK plant requirement (Mumbach et al. 2020).
Organomineral fertilizers (OMFs) are a class of fertilizers
that combine the best properties of mineral fertilizers (high,
balanced and readily available nutrient concentrations) with
those of organic fertilizers (nutrient gradual release, organic
ligands capable of blocking soil phosphate fixation sites,
complexation of metals) (Bai et al. 2022; Gwenzi et al. 2018;
Piash et al. 2022; Suwanree et al. 2022). Different synthesis
routes and organic and mineral sources can be used to produce
OMFs. Among the fertilizer formulation processes currently
used, pyrolysis and its product (biochar) are a promising route
and matrix to formulate novel fertilizers that exhibit a higher
agronomic performance than mineral soluble fertilizers (Bar-
bosa 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 stable and rich C matrices produced through
the pyrolysis of renewable organic residues or wastes with-
out or with a limited supply of oxygen (Singh et al. 2017).
During pyrolysis, N, sulphur (S), oxygen (O), and some car-
bon (C) acidic compounds are volatilized; thus, commonly,
the biochar alkaline character is not a suitable matrix to
promote full apatite solubilization, which requires a strong
acidic media to release readily available P to crops. Potas-
sium is not volatilized during pyrolysis; in contrast, potas-
sium is relatively enriched in charred matrices, mainly those
produced at high (>600 °C) pyrolysis temperatures. Expen-
sive and strong acids such as sulfuric and phosphoric acids
are normally employed in the apatite solubilization process,
although the whole process in the industry takes a long
time to convert apatite-P into available P forms for crops,
besides generating by-products such as dehydrated calcium
sulfate (gypsum). We have invented a new fertilizer synthe-
sis route in which the pyrolysis of coffee residues produced
a K-enriched biochar, which was mixed with an acidulated
and fully solubilized apatite in a fast way and without the
generation of gypsum (Silva and Morais 2022). The mixture
of biochar with the solubilized apatite at room temperature
generated N and P-soluble fertilizers, which were mixed
with coffee residue-derived biochars (K source) to produce
novel NPK composites, which are hereafter called biochar-
based fertilizers (BBFs). In addition, there were high levels
of N in the BBFs because the source of N in the BBFs was
added after pyrolysis; thus, there were no significant losses
of N during pyrolysis.

In biochar-based fertilizers, the myriad nutrient pools
control the kinetics of P release, in addition to gradually
releasing K and N to plants (Shi et al. 2020; Suwanree et al.
2022). When mineral-soluble N is mixed with biochar, part
of the N interacts with the pyrolyzed organic matrix, forming
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organic N-containing compounds, while the remaining N
could be adsorbed on the surface of the charred matrices,
thus becoming part of the biochar organic N pool (Barbosa
et al. 2022; Phillips et al. 2022; Shi et al. 2020). Therefore,
in BBFs, mineral and organic N pools in which the min-
eralization rate (organic N) and availability of mineral N
forms control the amount of N supplied to crops (Phillips
et al. 2022). Potassium interacts with biochar through weak
electrostatic bonds through negative charges present in the
charred organic functional groups, K diffusion into biochar
micropores, and being trapped in charred hydrophobic radi-
cals, which decreases K dissolution and release rate to plants
(Fachini et al. 2022; Hossain et al. 2020).

When P interacts with the biochar organic matrix, it is grad-
ually released by BBFs, and P losses due to specific adsorption
and precipitation are reduced; consequently, the availability of
P in soil is increased (Bai et al. 2022; Ghodszad et al. 2021). A
more gradual release of P is revealed by the amounts in ferti-
lizer of P soluble in water and by the kinetics rate of P release
in water by the P source (Carneiro et al. 2021; Suwanree et al.
2022). In addition, other fertilizer-P availability indices, such
as P soluble in citric acid, which dissolves phosphate chemi-
cal species in OMFs, show potential to be used as a P eluting
solution in P kinetics release studies (Johan et al. 2021). In
organomineral fertilizers, P is complexed in organic forms;
consequently, it is less prone to precipitation with Ca and other
cations found in soils. Additionally, organic ligands found in
OMF:s are capable of blocking phosphate adsorption sites that
are massively present in tropical soils, thus increasing the P
content in soil solution (An et al. 2021; Bai et al. 2022; Ghod-
szad et al. 2021; Johan et al. 2021). Fertilizers that gradually
release nutrients to crops, besides reducing nutrient losses,
may exhibit greater agronomic performance than that of solu-
ble mineral P fertilizers (Guelfi et al. 2022).

Nutrient pools and properties of BBFs are influenced
by the adopted synthesis route and pyrolysis conditions
as well (An et al. 2021; Lustosa Filho et al. 2019; Piash
et al. 2022). When low-grade phosphate rocks were mixed
with plant residues, the synthesized BBFs did not have a
greater agronomic value than the raw igneous phosphate
rock (Tumbure et al. 2020). Thus, for BBF synthesis routes
that include poorly soluble phosphate rocks, apatite must
be acidulated before the pyrolysis to produce composites in
which soluble mineral P fertilizers prevail (United Nations
Industrial Development Organization Staff 1998). When
low-grade phosphate rocks are acidulated and mixed with
charred matrices, the solubilized P chemical species react
with C, forming P-organic complexes with higher agronomic
performance and availability than those of non-complexed
soluble P mineral fertilizers (Erro et al. 2012).

When the right pyrolysis conditions are employed, the
biochar yield is greater than 50% and a mean K,O content
of 16% in the final coffee husk-derived biochar is achieved



Journal of Soil Science and Plant Nutrition (2023) 23:4937-4954

4939

(Domingues et al. 2017). At the same time, post-harvest
coffee residues, which are massively produced in Brazil,
are poorly used as K sources; on the contrary, they are
burned by farmers in the process of coffee bean drying
(Hoseini et al. 2021; IBGE 2021). Due to low levels, N
volatilization is not a serious issue when coffee residues are
pyrolyzed. By combining solubilized apatite with coffee
residue-derived biochar to produce composites, e.g., BBFs,
a more agronomic cost-effective and friendly option is pro-
vided to minimize the specific adsorption and precipitation
of P, leaching of K, and volatilization of N in highly weath-
ered soils. Despite the several benefits of biochar (cation
exchange capaacity (CEC), water holding capacity, inter-
action of organic matrix with soil, plant, water and biota,
long C persistence in soils, etc.), the application of biochar
to add nutrients to soils and nourish plants is limited due
to low NPK levels and losses (volatilization) of N, S, O,
and some C compounds during pyrolysis (Bai et al. 2022;
Munera-Echeverri et al. 2018; Piash et al. 2022).

Thus, we hypothesize that the use of a feedstock rich in
K, the optimization of pyrolysis conditions, and the mixing
of K-enriched biochars with low-cost, solubilized P com-
pounds, and available N chemical species produced during
apatite solubilization are a suitable route to create slow-
release, cost-effective, high agronomic value, and environ-
mentally eco-friendly fertilizers, e.g., BBFs. The aims of
this study were the following: (i) create a novel and effective
synthesis route of NPK based on the mixing of acidulated
apatite with a postharvest coffee-derived biochar; (ii) char-
acterize the novel BBFs and evaluate their kinetics of NPK
release; and (iii) evaluate the effect of BBFs on soil NPK
availability and maize growth.

2 Material and Methods

2.1 Synthesis and Biochar-Based Fertilizer
Characterization

Biochar-based fertilizers were formulated using different
routes protected by the patent BR1020220127840 depos-
ited at the Instituto Nacional da Propriedade Industrial

(INPI) (National Institute of Industrial Property) (Silva
and Morais 2022), following the registration procedure
regulated by Brazilian laws. Briefly, BBFs synthesis
includes the preparation of two materials that were later
mixed in sequential steps, the first material is character-
ized as biochar samples, and the second one consist of
acidulated phosphate rock.

The first material is biochar produced with coffee posthar-
vest residues pyrolyzed at low (300°C) or high (500°C) tem-
peratures. Pyrolysis was performed in a muffle furnace at a
heating rate of 10 °C min™! and the feedstock was kept in the
pyrolysis chamber (retention time) at the target temperature
for 60 min. The acidulated phosphate rock was produced as
follows: (i) the acidulation of Arax4 phosphate rock (APR)
was performed using two proportions of a strong inorganic
acid (nitric acid 65%, - Reagent grade, Synth)-apatite; (ii)
mixtures of apatite and inorganic acid were left to rest for 30
min; and (iii) the apatite-acidulated mixtures were shaken at
120 rpm for 1 h in a horizontal shaker.

After the acidulation process, samples of the modified
apatite were immediately mixed with coffee husk-derived
biochars. After the mixture of the acidulated phosphate
rock with biochar, the final synthesized BBF was left to
rest for 30 min. In sequence, the BBFs samples were dried
in an oven at 60° C until constant weight. Therefore, the
use of different strong acid-apatite stoichiometric ratios
and the production of two contrasting coffee residue-
derived biochars produced four BBFs whose main prop-
erties are shown in Table 1.

The biochar-based fertilizers synthesized and conven-
tional sources of NPK were fully characterized using three
replicates. Mineral sources used were ammonium nitrate
(N source), triple superphosphate (TSP) (P source), and
potassium chloride (KCl) (K source). The fertilizer sam-
ples (BBFs and mineral) 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 1:10 (m/v) (Brazil 2017; Singh et al. 2017).
Nitrogen as ammonium (N-NH,*) and nitrate (N-NO;")
contents in fertilizers was extracted using a 2 mol L™! KCl
solution and, in sequence, determined using the distillation
(Kjeldahl method) procedure (Singh et al. 2017).

Table 1 Acronyms of the

Description

0 . Acronyms
different biochar-based
fertilizers (BBFs) produced BBF1
from different synthesis routes BBE2
BBF3
BBF4

Acid proportion 1 + APR + biochar produced at low pyrolysis temperature
Acid proportion 2 + APR + biochar produced at low pyrolysis temperature
Acid proportion 1 + APR + biochar produced at high pyrolysis temperature
Acid proportion 2 + APR + biochar produced at high pyrolysis temperature

APR Araxa phosphate rock. The proportions of acid and the properties and conditions of the biochar used
in the synthesis of BBFs are patented at the INPI under the number BR1020220127840 (Silva and Morais

2022).
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Total nitrogen content in fertilizers was determined
using the Kjeldahl method after digesting the samples
with concentrated sulfuric acid (Brazil 2017; Phares
et al. 2020). Total N content was determined through the
Kjeldahl method; thus, the fertilizer organic matrix was
digested, and, in sequence, the acid digested samples were
distilled to convert N chemical species into ammonium.
It should be taken into consideration that the nitrate con-
tent was not determined in the fertilizer samples (Bremner
1965). Thus, due to the high content of N-NOj™ in some
BBFs, the contents of N determined by the Kjeldahl
method and N-NO;™ were summed to obtain the total N
content of each fertilizer.

Samples of mineral fertilizers and BBFs were digested
using the nitric-perchloric acid analytical procedure to
assess their total contents of P and K (Brazil 2017; Enders
and Lehmann 2012). Phosphorus and K soluble in water in
fertilizer samples were determined through the successive
washing of 1 g of sample with distilled water until a final
volume of 250 ml was reached (Brazil 2017). One gram of
fertilizer sample was stirred with 100 ml of a 2% citric acid
(CA) solution for 30 min to assess the soluble contents of P
and K in CA (Brazil 2017). One gram of fertilizer samples
was boiled in a 50 ml of neutral ammonium citrate plus
water (NAC+H,0) solution to assess the soluble contents
of P and K in NAC+H,0 (Brazil 2017). To assess the solu-
ble contents of P and K in formic acid (FA), the recom-
mended method for assessing nutrient availability in BBFs,
0.35 g fertilizer samples were mixed with 35 ml of a 2%
acid formic solution, ultrasonicated for 10 min, and then
shaken for 30 min (Singh et al. 2017). The contents of P in
extracts (total and soluble methods) were determined by
the vanadomolybdate method (Kitson and Mellon 1944),
and the contents of K were determined by the photometry
method (Fox 1951). The main properties, contents, and
pools of NPK in the BBFs and mineral fertilizers are shown
in Table 2.

Nitrogen forms (mineral and organic N) and soluble con-
tents of P and K in fertilizer samples were normalized in
relation to total NPK contents in order to calculate N, K,
and P indices according to Eq. 1 (N index), Eq. 2 (P index),
and Eq. 3 (K index). This approach is suitable to compare
fertilizers with different total nutrient contents, consider-
ing that it eliminates (through the normalization procedure)
the effect of the increase or decrease of NPK concentra-
tion in contrasting nutrient sources (Morais et al. 2023).
Therefore, the NPK indices allow comparing the agronomic
value of nutrient sources, besides guiding crop fertilization
management.

Content of N — form (g kg_l)
N index (%) = x 100

Total content of N (g kg™')
)]
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Soluble content of P (gkg™")
P index (%) = 100

Total content of P (g kg™")
)
Soluble content of K (g kg™) > 100
Total content of K (g kg™")

K index (%) = <
(3)

2.2 Infrared Spectroscopy

Two biochars produced at low or high pyrolysis temperatures
and used in the BBF synthesis, and four BBF samples were
scanned in the medium infrared region to identify the main
peaks and the fertilizer spectroscopic signatures. The infra-
red spectra were obtained at 4000 to 650 cm™! wavenumber
range with a resolution of 4 cm™ through the Attenuated
Total Reflectance Fourier transform infrared (FTIR) spec-
troscopy technique using an Agilent® Cary 630 spectrom-
eter. Pre-processing (normalization) of the infrared dataset
was performed for all samples to compare the spectrum
(Morais et al. 2023). The main peaks in infrared spectra were
identified according to the main infrared features and organic
functional groups assigned to BBFs and fertilizer samples,
following libraries already described in Janu et al. (2021),
Lustosa Filho et al. (2017), Morais et al. (2023), and Singh
et al. (2017). The main peaks and infrared spectra features
of biochars are shown in Supplementary Figure S1.

2.3 Maize Growth Conditions

The agronomic value of BBFs over NPK mineral sources
was assessed through the cultivation of maize in a Sandy
Loam Oxisol (Ferralsol). Maize plants were cultivated for
25 days under greenhouse conditions in a novel container
in which plants were grown in a mini-lysimeter filled with
0.550 kg of soil (soil particles < 2 mm) (Supplementary Fig-
ure S2). The cultivation time was delimited by the maximum
plant growth without compromising plant growth and nutri-
tion in the pot filled with the Ferralsol. Initially, 5 seeds were
sown per pot, and after 5 days, thinning was performed, with
the subsequent cultivation of one plant per pot during 25
days (V5 growth stage). Six treatments were tested in a com-
pletely randomized design with three replicates. The treat-
ments evaluated are described as follows: four synthesized
BBFs, positive control (NPK added to the soil via single
mineral fertilizers), and a negative control (maize cultivated
without the addition of NPK fertilizers). The main properties
of the soil used in maize cultivation are shown in Table 3.
Phosphorus fertilization was homogeneously added
to the whole soil at 200 mg kg™' P. The phosphorus
rate was based on the fertilizer-soluble contents of P in
NAC+H,0 as proposed by Morais et al. (2023). There
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Zﬁg';jolsgfarﬁfrggzge?ﬁ), Fertilizer pH ot N-NH,* N-NOy Noreanic
phosphorus (P), and potassium gkg!
(K) in the biochar-based BBF1 3.23 +0.01 78.8 £ 0.9 0.40 + 0.04 36.8 + 0.87 41.7+0.19
fertilizers (BBFs) and mineral BBF2 2.62 +0.01 849+ 1.1 0.69 + 0.10 476 +0.71 36.6 + 0.87
fertilizers BBF3 352 +0.03 50.5+0.7 021 +0.13 39.0 + 0.47 112 +0.15
BBF4 2.32 +0.01 577+ 1.6 0.04 + 0.02 51.8 + 1.42 583 +0.22
AN - 345 +0.01 172.7 +0.03 172.4 +0.03 .
TSP - - - - -
KCl - - - - -
Fertilizer PTOtal PHZO PCA PNAC+H20 PFA
gkg'!
BBFI 53.4+0233 102 +0.21 39.1 £0.76 38.9 +0.39 36.3 + 0.90
BBF2 44.8 +0.26 340 +0.13 38.0 + 0.58 442 +033 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 482 +0.48 25.7 +0.26 31.2 +0.60 35.6 +0.26 27.0 +0.34
AN . . . . .
TSP 196 + 2.35 175 + 1.1 175 + 0.57 185 +0.12 178 +0.94
KCl - - - - -
Fertilizer KTolal KHZO KCA KNAC+H20 KFA
gkg!
BBFI 273 +0.33 204 +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 +0.38 231+ 1.01
BBF4 28.4+0.33 20.6 + 0.46 18.8 + 0.40 25.4 + 0.40 21.0+0.93
AN . . . . .
TSP - - - - -
KCl 524 +0.05 523 +0.03 524 +0.02 524 +0.02 524 +0.05

Means of values followed by standard error. -Values below of the limit of detection of method; AN ammo-
nium nitrate, TSP triple superphosphate, KCI potassium chloride, NTotal N-NH/*, N-NOj, and Nerganic,
respectively, total N, N as ammonium, N as nitrate, and organic N contents; pTotal  pH20 - pCA = pNAC+H20.
and P™, respectively, total P, P soluble in water, P soluble in citric acid, P soluble in neutral ammonium
citrate plus water, and P soluble in formic acid contents; Kol | gH20  gCA - gNAC+H20 o q KFA respectively,
total content of K, and contents of K soluble in water, K soluble in citric acid, K soluble in neutral ammo-

nium citrate plus water, and K soluble in formic acid.

was no standardization of the amount of N and K sup-
plied to maize plants by BBFs. Thus, when BBFs were
used to fertilize plants, no additional fertilization with
N and K was provided to maize plants. The amounts of
N and K added to the Oxisol via mineral fertilizers were
based on the average amounts of N and K added to soil
by BBFs, considering fertilizer recommendations for
plants grown in pots filled with Oxisols (Novais et al.
1991). Therefore, concentrations of 200 and 150 mg kg'l,
respectively, of N and K were supplied to maize through
ammonium nitrate and potassium chloride. Amounts
of N and K were divided; thus, 20% of the N and K
rate was added to the soil at sowing fertilization and the
remaining 80% as topdressing fertilization (13 days after
sowing). The amounts of mineral N and soluble con-
tents of K and P in different fertilizer tests are shown

in Supplementary Table S1. In sowing fertilization, it
was also considered the fertilization recommendation for
plants grown in experiment carried out in pots filled with
Oxisols (Novais et al. 1991). The following nutrient rates
were supplied to maize: 30, 40, 0.81, 2, 7.3, 0.15, 5, and
10 mg kg'l, respectively, of Mg, S, B, Cu, Mn, Mo, Zn,
and Fe, which were supplied as MgS0O,.7H,0, H;BO;,
CuS0O,.5H,0, MnCl,.4H,0, (NH,)¢Mo,0,,.4H,0,
ZnS0,.7H,0, and FeCl;.6H,0 (Reagent grade, Synth).
Before and after maize cultivation (25 days), 15 g of
the whole soil were sampled in each experimental unit
(pot filled with soil plus treatments). Soil samples were
dried and passed through a 2-mm sieve. In the whole
soil samples, pH was determined in water at a ratio of
1:2.5 (w/v) (Sparks et al. 2020); N—NH4Jr and N-NO;’
were extracted using a 1 mol L' KCI solution (10 mL

@ Springer
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Table 3 Properties of Sandy

Loam Oxisol used in the Sample pH Clay
experiment gkg!
Oxisol 6.1 230
Sample Total N P
mg kg
Oxisol 496 10.8

Silt Sand Ca* Mg** APt Total C
cmol, kg! gkg!
25 745 1.30 0.50 0.10 6.98
K Zn Fe Mn Cu B $-S0,>
49.8 0.5 24.3 11.8 0.25 0.12 22

pH was determined in water (1:2.5 ratio - w:v). Clay, silt, and sand were determined by Bouyoucos
method. Ca*, Mg?*, and AI** were determined by 1 mol”! KCI method. Total carbon was determined in a
dry combustion carbon analyzer (Elementar, model Vario TOC Cube, Germany). Total N was determined
by Kjeldahl method. The available contents of phosphorus by soil P-resin method. The available contents
of K, Zn, Fe, Mn, and Cu determined by the Mehlich-1 soil test. B was determined by hot water method. S
as sulfate was determined by monocalcium phosphate mixed with acetic acid method. All analytical proto-
cols are described by Sparks et al. (2020).

of the extractant solution: 1 g of soil). Soil mineral N
content was determined through the distillation method,
followed by the titration procedure (mineral N in the
soil) (Bremner and Keeney 1966; Sparks et al. 2020).
Available contents of K were determined through the
Mehlich-1 soil test and quantified in a flame photometer
(Sparks et al. 2020). The available contents of P in the
soil were assessed by the resin soil test and determined
through the molybdenum blue method (Raij et al. 1986).

After maize cultivation, plants were harvested, separated
into shoot and root, and dried at 60 °C until constant weight.
In sequence, shoot (SDM) and root (RDM) dry matter were
weighed. Total dry matter production was obtained by adding
SDM to RDM. The shoot tissue samples were ground through
a 1 mm sieve in a Wiley Mill. In shoot tissues, the content of N
was determined by the Kjeldahl method, and the contents of P
and K were determined by digestion of samples in a nitric per-
chloric acid solution, followed by the determination of the con-
tent of P by the molybdenum blue method, while the contents
of K were determined in a flame photometer (Kalra 1998).
The accumulation of N, P, and K (NuAc) in maize shoot was
calculated as follows (Eq. 4):

NuAc (mg pot_l) = SDM (g pot") X nutrient concentration in shoot (mg g_])

“4)
2.4 Kinetics of P Release

Based on an equal amount of P added to Oxisol through
P fertilization, the kinetics of P release for the four BBFs
and TSP were carried out using water or a 2% citric acid
solution as extractant solutions (Morais et al. 2023).
The extractors used in the kinetics of P release allowed
the determination of readily soluble P in the fertilizer
(P-water) and P potentially available to plants (P-citric
acid solubility) (Morais et al. 2023). The mini-lysimeter
packing and sequence of layers, washed sand, and other
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materials are shown in detail in Morais et al. (2023). The
method consists, briefly, of a mixture of fertilizer sam-
ples with sand (pre-washed with hydrochloric acid) and
incubation in sequence in a 250-ml mini-lysimeter. After
the initial leaching time (0 h), 50 ml of distilled water or
citric acid solution were used to leach the sand-fertilizer
mixtures packed in the mini-lysimeters. In sequence, P
was leached from each lysimeter in a cumulative volume
of water or citric acid solution equivalent to 7 mL h™! at
the following leaching times: 0, 4, 12, 24, 48, 72, 120, 168,
216, and 264 h. The contents of P in the leachates were
determined by the vanadomolybdate method (Kitson and
Mellon 1944). The amounts of P released from each exper-
imental unit were calculated by measuring the volume of
leachate and the content of P in it (Morais et al. 2023).

2.5 Statistical Analysis

All statistical analysis was carried out through the R soft-
ware (R Core Team 2020), using the base, stats, corrplot
nlstools, 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 means of the N, P, and K fertilizer indices were
compared by the Dunnett test (p<0.05), after the basic
assumptions of analysis variance (normality, homosce-
dasticity, additivity, and independence of residuals) were
attained, and the significance of the analysis of variance
(ANOVA) was reached (p<0.05). The dataset of maize
cultivation (biomass production, nutrient accumulation,
and whole soil) was also 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; however, the dataset of soil solution was ana-
lyzed as a split-plot experiment design (4 times of soil
solution collectionx6 fertilizer treatments).
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In the kinetics of P release studies, different nonlin-
ear models were adjusted to explain the P released for
each fertilizer (Liang et al. 2014; Lustosa Filho et al.
2017). The chosen mathematical model of the kinet-
ics of P released was based on the highest value of the
coefficient of determination (R?), the lowest value of
root-mean-square error (RMSE), and the Akaike infor-
mation criterion (AIC) (Akaike 1979). Mathematical
models adjusted to the kinetics of P release of each ferti-
lizer were compared by a confidence interval generated
through a 95% bootstrap confidence interval using 1000
bootstrap interactions. The mathematical models tested
were the Elovich model (Eq. 5), the simple exponential
model (Eq. 6), the power function (Eq. 7), and the hyper-
bolic model (Eq. 8).

Pt=a+DbInt (5

Pt=NO(1-e™) ©)

Pt=axt’ @)
NO x t

= NOXb+10) (®)

where Pt, fraction of P released from fertilizer in each leach-
ing time evaluated; a, initial content of P released from fer-
tilizer; b, P release rate constant for each fertilizer; t, leach-
ing nutrient release time (hour); NO, maximum amount of
P released from fertilizer during the whole kinetics study.
The dataset from plants cultivated without NPK fertili-
zation was removed from the whole dataset, and then, the
maize biomass production and NPK accumulated in maize

shoot were correlated with the respective available contents
of nutrients in the whole soil and soil solution through the
Pearson correlation matrix (p<0.05).

3 Results
3.1 Fertilizer Characterization

The BBFs had a lower (~32%) proportion of mineral N
(ammonium-+nitrate) according to total N content compared
with mineral fertilizers. All BBFs had a lower proportion
of P soluble in water and FA as related to fertilizer total P
content compared with TSP. Compared with TSP, BBF1,
BBF3, and BBF4 reduced the soluble P in CA (—32%)
and NAC+H,0 (—31%). Similar proportions of soluble P
in CA and NAC+H,O0 according to total P content were
observed for BBF2 and TSP. The soluble contents of K in
water and in CA (% of total K in fertilizer) were lower for
BBFs compared with KCI, on average, a reduction of 23%
and 26%, respectively. However, the soluble contents of K in
NAC+H,0 were only reduced in BBF4 (—11%) compared
with KCl, while BBF1, BBF2, and BB3 had a similar K
soluble content in NAC+H,O compared with KCI (Table 4).

3.2 Infrared Spectroscopy

Infrared spectra of raw coffer residue biochars used in the
BBF synthesis showed 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), and C-O stretching (Supplementary
Figure S1A). Araxd phosphate rock showed peaks related

Table 4 Indices related to

- Fertilizer ~ Index (%)
contents of nitrogen (N) forms, i i
phosphorus SOlublllty (P), and Nmin Norganic PHZO PCA PNAC+H20 PFA KHZO KCA KNAC+H20 KFA
potassium solubility (K) related
to total contents of N, P, and BBF1 47* 53%* 19* 73% 3% 68*  75% 76* 95 79*
K, reSPeCt.iYely, in the biochar- BBF2 57* 43* 76* 85 99 79%  81%* 77% 97 79%
based fertilizers (BBFs) and BBF3 78% 20 1% 66 6l 63 79%  T9% 99 68*
mineral NPK fertilizers . .
BBF4 90* 10* 53* 65%  74%* 56%  72%* 66* 89* 74%
AN 100 0 - - - - - - - -
TSP - 89 89 98 95 - - - -
KCl1 - - - - - - 100 100 100 100

*The means followed by standard error differ from the standard fertilizer used in comparison with the
standard fertilizer by the Dunnett test (p<0.05). The standard fertilizer for N was ammonium nitrate
(AN), for P index was triple superphosphate (TSP), and for K index was potassium chloride (KCl). -
Values below of the limit of detection of method; N"" and N°'c, respectively, index of mineral N
(ammonium-nitrate) and organic N according to total contents of N; PH20, pCA pNACHH20 anq PFA | respec-
tively, index of soluble contents of P in water, in citric acid, in neutral ammonium citrate plus water, and
in formic acid according to total contents of P; KTotal | gH20 - gCA - gNAC+H20 4 KA, respectively, index
of soluble contents of K in water, in citric acid, in neutral ammonium citrate plus water and in formic acid

according to total contents of K.
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to CO; groups and P-O bonds (Supplementary Figure S1B).
Infrared spectra of BBFs had peaks related to OH stretching
(3415 cm™!) and carbon groups assigned as C—H stretch-
ing of aliphatic groups (2905 cm™!), C—H deformation from
CH, groups (1380 cm™). It was also assigned for BBFs
groups related to N-H bonds (3240 cm™), N-H flexural
acid amides (1634 cm™'), and NO, asymmetric stretching
(1340 cm™!). Phosphorus peaks found in BBFs spectra were
related to P-O bonds (740, 820, 950, and 1040 cm'l), P=0
bonds (1235 cm’!), ionic bond P™-O in the structure of acid
phosphate esters (1080 cm™) and P-H in organophospho-
rus groups (2353 cm’™h) (Fig. 1). The peaks observed and
assigned for organic and mineral compounds in all BBFs
were similar; however, the intensity of the peaks varied
among BBFs.

Compared with the raw biochar used in the BBF synthe-
sis, the spectra of BBFs reduced the intensity of aliphatic
groups. Peaks related to COO-carboxylate anions and OH
from phenolic groups verified in biochar samples were not
recorded in the spectra of BBFs. The differences in BBFs
spectral signature were related to the intensity of NO; asym-
metric stretching peaks in the following decreasing order:
BBF3 > BBF2 > BBF4 > BBFI. The increased absorb-
ance in the FTIR range between 1500 cm™! and 1740 cm™
was assigned to N—H flexural acid amides in replacement
for NO; asymmetric stretching. Peaks related to P*-O~ in
acid phosphate esters and P=0 bonds increased in BBFs as
follows: BBF3 > BBF4 = BBF2 > BBF1. Peaks related to
P-O groups were higher in BBF1 than in the other BBFs.
However, peaks related to P-H organophosphorus and ali-
phatic carbon groups were higher in the BBF1 and BBF4
spectra compared with the FTIR spectral signatures of BBF2
and BBF3.

Fig.1 Normalized infrared
spectra and the main peaks
and organic functional groups

present in the biochar-based —BBF1
fertilizers (BBFs) BBE2
—BBF3
——BBF4

-

=* O-H stretching

3.3 BBFs Agronomic Value

The pH of soil is shown in Supplementary Figures S3a and
S3b, and the main difference was verified at 25 days of culti-
vation in soil solution, when BBFs-treated soils had a higher
pH in soil solution compared with mineral fertilization. The
no application of fertilizers reduced the contents of NPK
in the whole soil and its soil solution (Fig. 2a-e), and con-
sequently, there was a reduction of SDM, RDM, and TDM
and an accumulation of NPK in the shoot (Fig. 3). Among
the fertilizers used, BBF4 had a higher content of mineral
N in the whole soil (Fig. 2a), and BBF3 had the highest
available content of K (Fig. 2e). The available contents of
soil P resin (Fig. 2¢) increased by applying BBF1 (+28%),
BBF3 (+22%), and BBF4 (+7%) compared with TSP. The
available contents of P after maize cultivation were higher
for BBF1 (+29%), BBF2 (+15%), and BBF3 (+43%) com-
pared with mineral fertilizers. Compared with BBFs, the use
of KCl increased (+79%) the content of K in the whole soil
after maize cultivation.

In the soil solution phase, among BBFs, BBF4 increased the
N in soil solution at 1 (+24%) and 7 (+20%) days (Fig. 2b) as
well as the K in soil solution (Fig. 2f) at 1 day (+23%) and BBF3
atday 7 (+20%). The K in the soil solution at 15 days was higher
for mineral fertilization (+25%) compared with BBFs. BBFs,
compared with TSP at 1 and 7 days, initially released a lower
content of P in the soil solution (Fig. 2d), an average reduction
of 85%. However, at 15 days, compared with TSP, the contents
of P in soil solution were similar for BBFs, but at 25 days, some
BBFs (BBF1, BBF2, and BBF3) had higher contents in soil
solution, an average increase of 105%.

Some biochar-based fertilizers (BBF1, BBF3, and BBF4)
increased ~24% SDM, compared with TSP (Fig. 3a). All BBFs
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, stretching
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Fig.2 Contents of mineral N (N-NH,*+ N- NO;") (a) and available
contents of phosphorus (P) (¢) and K (c) in the whole soil before and
after the maize cultivation; and contents of mineral N (b), P (d), and
K (e) in soil solution at different times of collect of soil solution as
function of fertilizer treatments. In the whole soil ((a), (c), and (e)),
the bars with standard error followed by the same uppercase letter
mean did no differ fertilizer treatments regarding in the whole soil
evaluated before or after cultivation according to the Duncan test
(p<0.05). In the soil solution ((b), (d), and (f)), the bars with standard

in comparison with TSP increased TDM (BBF1 +25%, BBF2
+16%, BBF3 +33%, and BBF4 +25%) and RDM (an aver-
age of +37%). The accumulation of N in shoot did not differ
between BBFs and TSP (Fig. 3b). However, P in maize shoot
was higher for all BBFs compared with TSP (Fig. 3c), with a

error followed by the same uppercase letter mean did no differ fer-
tilizer treatments regarding in soil solution collected at 1, 7, 15, and
25 after maize sowing according to the Duncan test (p<0.05) and the
bars with standard error followed the same lowercase letter did not
differ the time evaluated in soil solution in each fertilizer treatment
tested according to the Duncan test (p<0.05). BBF: biochar-based
fertilizer; +NPK: NPK added via mineral fertilizers; -NPK: maize
cultivation without NPK application

higher accumulation of P for BBF3, an increase ~46%, com-
pared with TSP. The K accumulated in maize shoot was simi-
lar for BBF3, BBF4, and TSP-fertilized plants (Fig. 3d); this
group increased ~35%, compared with the average of BBF1
and BBF2.
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Fig.3 Biomass production (a) and accumulation of nitrogen (N) (b),
phosphorus (P) (c), and potassium (K) (d) in the maize shoot. The
bars with standard error followed by the same bold italic, upper-
case, and lowercase letter did not differ the fertilizer treatments,
respectively for total (full bar), shoot, and root dry matter produc-
tion according to the Duncan test (p<0.05). The bars with standard

3.4 Kinetics of P Release

In the study of the kinetics of P release, the equivalent
amount used for maize cultivation was 110 mg P per pot
based on the contents of P soluble in NAC+H2O; thus, the
total P content applied was different among fertilizers, and
the total contents of P by mini-lysimeter were 151.0, 111.4,
179.4, 148.8, and 114.6 mg, respectively, by BBF1, BBF2,
BBF3, BBF4, and TSP. The power model was the best model
fitted for P released in all fertilizers using water as an extrac-
tor solution (Supplementary Table S2). For the contents of
P released in CA, the power model was the best model fitted
to BBF2, BBF4, and TSP, while the hyperbolic model was
the best model fitted to BBF1 and BBF3 (Supplementary
Table S2).

Triple superphosphate released the highest contents of P
in water (Fig. 4a) compared with BBFs. In TSP, about 81.2
mg of P was released up to 12 h, with a constant release rate
from 12 h to 264 h, represented ~71% of the total content
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error followed by the same uppercase letter did not differ the ferti-
lizer treatments for accumulation of N or P or K in the maize shoot
according to the Duncan test (p<0.05). BBF: biochar-based fertilizer;
+NPK: NPK added via mineral fertilizers; -NPK: maize cultivation
without NPK application

of P added to mini-lysimeters (Fig. 4a). Among BBFs, at
the end of the kinetics study (264 h), BBF4 and BBF2 had
similar patterns of P released in water leachates, close to 74
mg P, equivalent to 67% and 49% of the total content of P
added, but P from BBF2 were gradually released compared
with BBF4. The P released in water by BBF2 and BBF4 was
lower compared with TSP and other BBFs. Initially, BBF1
and BBF3 had similar contents of P released in water; how-
ever, after 24 h, BBF1 had a higher release of water; thus,
at 254 h, BBF1 released 31.5 mg (21% of the total P added)
and BBF3 released 26.7 mg (15% of the total P added).
Compared with TSP, BBF2, and BBF4, the kinetics of
P release in CA (Fig. 4b) showed that BBF1 and BBF3 ini-
tially released the lowest contents of P in CA; however, at
264 h, they had higher contents of P released, reaching 129.3
mg (86% of the total P added) and 135.0 mg (75% of the
total P added). Between TSP, BBF2, and BBF4, initially,
the contents of P released in CA were similar (~45.1 mg
P), whereas, as the time of the kinetics study evolved, TSP
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Fig.4 The kinetics of P release
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released P at a faster pace and in higher contents than BBF2
and BBF4, reaching values close to 112.6 mg (98% of the
total P added) up to 264 h. Despite the faster P initial release
by BBF2 and BBF4, both BBFs had the lowest contents of
P released in CA, up to 264 h.

3.5 Pearson’s Correlation Analysis

The properties and forms of N in the whole soil and soil solu-
tion had no correlation with N accumulated in maize shoot
(Fig. 5a), and the K accumulated in maize shoot only was
correlated with K forms added to the whole soil (fertilizer
total K content and fertilizer soluble K pools in water, CA,
FA, and NAC+H,0 as well). However, the maize dry matter
production (SDM, RDM, and TDM) was not correlated with
the N (Fig. 5a) or K (Fig. 5¢) accumulated in maize shoot
(p>0.05). The dry matter production was correlated with P
accumulated in maize shoot (p<0.05), with coefficients of
correlation of 0.85, 0.73, and 0.85, respectively, for SDM,
RDM, and TDM. The accumulation of P in maize shoot
was positively correlated with amounts applied of fertilizer-
soluble P soluble in CA, available resin P content before or
after maize cultivation, as well as with the P content in soil
solution at 25 days of cultivation (Fig. 5b). In addition, there
was a negative correlation between the accumulation of P
in maize shoots and variables that indicate the amounts of P
rapidly available, such as the contents of P in solution at 1
and 7 days of maize cultivation, water-soluble P in fertilizers,
amounts of P released in water in the kinetics study, as well
as the amounts of P released in CA leachates at 0, 4, and 12 h.

4 Discussion

The production of biochar from coffee postharvest resi-
dues is a way to generate BBFs with pH values in the alka-
line range (Lago et al. 2021). However, due to the apatite

168 216 264 01224 48 72 120 168 216 264

Time (hour)

acidulation and use of it in the OMFs synthesis, the pH of
BBFs ranged from 2.32 to 3.52. The production of BBFs
with reduced pH was already verified for the use of phos-
phoric acid previously in biochar production and BBF syn-
thesis, compared with pyrolysis and BBF production without
feedstock acidulation (Lustosa Filho et al. 2017). Fertilizer
pH controls the dissolution and reactions of nutrients in the
soil-fertilizer interface (Guelfi et al. 2022), and high pH and
the presence of Ca in BBFs are conditions that increase the
chemical stability of apatite and the formation of Ca-phos-
phate precipitates in soil, reducing the availability of P in
soils to crops (Maluf et al. 2018). However, in our BBFs,
controlling the BBF's final pH was a suitable strategy to
reduce Ca precipitation with phosphates.

The synthesis of novel BBFs created fertilizers with dif-
ferent proportions of mineral N (47-90%) and organic N
(10-53%) forms, depending on the route adopted. Mineral
N was the main source of N forms used in BBF synthesis.
However, part of the mineral N was converted to organic N
linked to the biochar structure, with subsequent formation
of N-H from acid amide organic forms, as demonstrated by
infrared spectroscopy analysis. Amides from biochar can
generate NH, " from amine and amide hydrolysis as the min-
eralization process advances. Thus, the N present in BBFs
in minerals and organic forms controls the capacity of BBFs
to supply and release N to plants (Phillips et al. 2022). In
BBFs, N in mineral forms supplies N to growing crops at
a fast pace, while organic N pools, when mineralized by
microorganisms, supply N to crops throughout the plant cul-
tivation growth stages (Phillips et al. 2022).

Regarding the P pools, in our BBFs, it was possible
to reduce the proportion of fertilizer-P soluble in water
(11-76%) compared with TSP, whereas the formu-
lated BBFs maintained a high proportion of P-soluble
NAC+H,0, CA, and FA in the novel fertilizers. The P
solubilized during the acidulation process of APR (apa-
tite) reacted with C compounds from biochars and reduced
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Fig.5 Correlation analysis between nitrogen (N) or phosphorus (P)
or potassium (K) in maize shoot and nutrients forms applied, as well
as with the availability of N, P, and K in the whole soil and in soil
solution. T-N-Ap. and N-Min-Ap.: amounts of total and mineral N
forms applied during maize cultivation, respectively; NH,*-Sol.1,
NH,*-Sol.7, NH,*-Sol.15, and NH,"-Sol.25: ammonium contents in
soil solution at 1, 7, 15, and 25 days during maize cultivation, respec-
tively; NO;™-Sol.1, NO;3-Sol.7, NO5™-Sol.15, and NO5™-Sol.25: nitrate
contents in soil solution at 1, 7, 15, and 25 days during maize cul-
tivation, respectively; N-min-Sol.1, N-min-Sol.7, N-min-Sol.15, and
N-min-Sol.25: mineral content of N in soil solution at 1, 7, 15, and
25 days during maize cultivation, respectively; NH,*-Soil Bef. and
NH,*-Soil Aft.: ammonium contents in the whole soil before or after
maize cultivation, respectively; NO5™-Soil Bef. and NO;-Soil Aft.:
nitrate contents in the whole soil before or after maize cultivation,
respectively; N-min-Soil Bef. and N-min-Soil Aft.: mineral contents
of N in the whole soil before or 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-

P solubility in water. In the studies carried out by Lus-
tosa Filho et al. (2017, 2019) and Suwanree et al. (2022),
different sources of P, such as TSP or monoammonium
phosphate or phosphoric acid, were mixed with differ-
ent feedstocks previously to pyrolysis, with the subse-
quent production of BBFs with reduced levels of P solu-
ble in water in fertilizers while maintaining an optimum
amount of P released in the long term (P soluble in CA
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Ap: amounts of total P and P soluble in water, citric acid, and for-
mic acid applied 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 released in water in kinetics study at 0, 4, 12, 24, 48,
72, 120, 168, 216, and 264 h, 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 released in citric acid in kinetics study at 0, 4, 12, 24, 48, 72,
120, 168, 216, and 264 h, respectively; P-Sol.1, P-Sol.7, P-Sol.15,
and P-Sol.25: content of P in soil solution at 1, 7, 15, and 25 days
during maize cultivation, respectively; P-Soil Bef. and P-Soil Aft.:
available contents of P in the whole soil before or after maize cul-
tivation, 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: contents of K in soil solution at 1, 7, 15, and 25 days
during maize cultivation, respectively; K-Soil Bef. and K-Soil Aft.:
available contents of K in the whole soil before or after maize cultiva-
tion, respectively

or NAC+H,O or FA). The decrease in fertilizer P soluble
in water and the high levels of P soluble in citric acid are
effective strategies to improve the agronomic efficiency
of biochar and humic substance-based P fertilizers (Maluf
et al. 2018). On the contrary, the high levels of water-
soluble P-free forms in fully acidulated mineral fertilizer
tend to be specifically adsorbed or precipitated in tropical
soils (Raniro et al. 2023; Withers et al. 2018).
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In addition, the positive interaction of C and P in OMFs,
with the subsequent formation of metal-phosphate-humic
substance complexes, is a suitable strategy to improve the
agronomic efficiency of P fertilizers (Erro et al. 2012). The
BBFs formulated in this study mirror the positive proper-
ties of the high agronomic value of the P fertilizers synthe-
sized by Erro et al. (2012) when the P solubilized from APR
was incorporated into the biochar matrix, the formation of
organic P chemical species was verified, i.e., the appearance
of peaks related to P-H organophosphorus and ionic bond
P*-O~ in acid phosphate esters recorded in the FTIR spectra;
these peaks were also reported from P-BBFs formulated by
Lustosa Filho et al. (2017).

The production of BBFs by mixing NPK mineral sources,
coffee organic residues, and acidulated apatite can trigger a
more gradual K release, as observed by a reduction in the
amounts of K in water leachates, which may increase the
use efficiency due to the positive interaction of K with bio-
char negative charges and the potential diffusion of K into
the pores of the biochar matrix (Piash et al. 2022). A more
gradual release of K linked to the biochar matrix mimics the
process commonly found in soils of retention and gradual
release of K to crops. Thus, the development of negative
charges on the biochar surface and in the soil itself increases
the cation exchange capacity (CEC) and enhances the K
retained in the charred matrices by electrostatic bonds.

Considering that N and K supplied by mineral sources
were added to the whole soil at the maize sowing (20%)
and at 13 days after maize sowing (80%), the N availability
was initially higher in BBFs-treated soils compared with N
mineral fertilizers; however, the effects of BBFs on N avail-
ability in the whole soil and in soil solution did influence
the N in maize shoot and N accumulation by plants, which
was similar for BBFs and NPK from mineral fertilizers and
not explained (low correlation) with amounts of N applied
to soils by fertilizers.

In line with Barbosa et al. (2022), a mixture of N-urea
with biochar confirmed the interaction of mineral N and bio-
char due to the interaction and formation of primary amides
and amide carbonyls as demonstrated by infrared spec-
troscopy analysis. Despite the interaction, the N supplied
via BBF did not increase N in the shoot in the first com-
mon bean cultivation, mirroring the results reported in this
study. However, for crops successively grown after maize,
the N-BBFs increased the accumulation of N in maize shoot
over the exclusive use of urea. The biochar-based N fertiliz-
ers formulated with urea show a longer N residual effect
than that produced from the exclusive use of urea, which was
explained by the gradual N release pattern of BBFs (Barbosa
et al. 2022). When N interacts with biochar, N is adsorbed
(ammonium) in the negative charges of organic radicals
found on biochar surfaces, which can decrease the rate of N
release (N kinetic pattern). This specific and gradual release

of N by biochar is supposed to increase plant growth and the
efficiency of N use by crops over soluble N fertilizers, with
an increase in soil residual N (Shi et al. 2020).

In addition to being adsorbed by electrostatic bonds, N
is found in biochar in different organic forms, whose min-
eralization rate is governed by biotic (decomposer activity)
and abiotic factors, i.e., soil type (Phillips et al. 2022). Con-
sidering the short duration of our experiment (25 days) and
the high amounts of N prevailing in BBFs in organic forms
over time, BBF1 and BBF2 are more prone to mineralize
N (increased residual N effect) for crops successively cul-
tivated after maize. For this reason, further sequential incu-
bation studies should be performed to assess the potential
of BBFs to supply and nourish crops with N in the medium
and long term.

The K supplied by BBFs was gradually released in the
soil, reducing K leaching while improving soil K availability
and the use efficiency of K by crops, which decreased the
K rate required in topdressing fertilization (Fachini et al.
2021, 2022; Gwenzi et al. 2018; Piash et al. 2022). However,
in our study, a more gradual release of K from BBFs on
soil K availability and maize nutrition was not verified. The
mechanisms involved in the gradual release of K by BBFs
are the following: (i) K retention due to electrostatic attrac-
tion in negatively charged functional groups of the biochar
matrix, such as carboxyl and phenolic groups; (ii) physical
protection and diffusion of K inside the biochar micropores;
and (iii) the hydrophobic nature of biochar, which decreases
water diffusion and, consequently, K dissolution (Fachini
et al. 2022; Hossain et al. 2020). For this reason, the use of
biochar-based K fertilizers in topdressing fertilization cannot
be ruled out. Instead of powder, C-based K fertilizers should
be added to soil in granular or, in some cases, pellet form to
decrease the rate of K release and improve the uptake of K
by crops (Fachini et al. 2022).

Potassium accumulated in maize shoot did not govern
the growth of maize plants, considering that K added by
fertilizers did explain the K in shoot and maize dry matter
production. The lack of a relationship between K in the shoot
and maize biomass is partially explained by the relationship
between K concentration in the plant tissue and plant growth.
If K in the plant leaf is above 50 g kg! K (Marschner 2012),
increasing the K concentration in the leaf does not translate
into higher crop growth. In this study, the K concentration
in maize tissue ranged from 88 to 174 g kg™!. Although the
availability of K does not explain the accumulation of K in
shoot, after maize cultivation, the KCl fertilization splitting
practice effectively supplied the K required by maize plants
and to the plant and promoted a higher residual effect over
the K furnished to plants by BBFs and fully added to soil in
a single application at sowing fertilization. Thus, the practice
of splitting K improved the efficiency of K use by maize
plants. In cropland areas, K is added to soil at sowing and in
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plant stages in which the root system is abundantly devel-
oped, which favors the uptake of K by crops while reducing
K leaching in soils (Torabian et al. 2021).

In tropical soils, there is a generalized natural deficiency of
NPK and micronutrients that sharply limits crop production
in Cerrado soils (Lopes and Guilherme 2016). In our study,
no NPK was used, which drastically reduced maize, and the
addition of NPK in the maize fertilization improved maize
biomass. Soil P availability was the factor governing maize
growth, mainly the P contents in the soil solution. Maize
SDM, RDM, and TDM were positively correlated with P in
the shoot. Use of all BBFs leads to greater maize TDM, RDM
and P, N and K in maize shoot than single NPK mineral fer-
tilizers. An improved P acquisition by crops fertilized with
BBFs encloses many mechanisms, including (i) the positive
effect of BBFs on soil resin P availability; (ii) complexation
of P by organic functional groups in biochar; (iii) reduction of
P adsorption and phosphate precipitation with cations, nota-
bly calcium, in soil solution; (iv) reduction of adsorption in
phosphate fixation sites of colloids found in tropical soils; (v)
competitive reactions between the P and C organic radical
soluble C compounds released by biochar can compete with
phosphate for sorption sites in colloids of tropical soils; and
(vi) a more gradual release of P from BBFs, which improves
the use efficiency of P by crops (An et al. 2021; Bai et al.
2022; Carneiro et al. 2021; Ghodszad et al. 2021; Johan et al.
2021). Concerning soil P-resin content, compared to the NPK
mineral sources, the BBFs increased the soil P-resin levels,
with greater availability of P in soils treated with BBF1 and
BBF3, compared with the other BBFs.

Phosphorus availability is enhanced in biochar-treated
soils, and consequently, the uptake and use efficiency of P
by crops are improved (Bai et al. 2022). In this study, the
increase in P-resin levels in BBF-treated soils positively cor-
related with P in maize shoot. Additionally, a more gradual
release of P by BBFs promoted greater levels of residual P in
soils successively cultivated with different crops compared
to that of plants nourished with mineral phosphate-soluble
fertilizers (Carneiro et al. 2021). In the same direction, the
BBFs promote a greater accumulation of P in maize shoot,
and a higher residual P (resin P) in BBF1, BBF2, and BBF3
compared with TSP.

A more gradual release of P by BBFs is related to the
reduction in the amounts of soluble P in water in fertiliz-
ers or the decreased release of P in water leachates, as
previously reported (Carneiro et al. 2021; Lustosa Filho
et al. 2017; Suwanree et al. 2022). Compared to TSP, our
BBFs produced a more gradual release of P, reducing read-
ily available P in water. The reduction in the amounts of
readily available and fertilizer-water-soluble P content, the
decreased amounts of P released in water throughout the
kinetics study (0 to 264 h), and the reduction in the amount
of P released in CA leachates explain the positive correlation
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of fertilizer-P solubility indices, soil-available P content, and
P in maize shoot.

Among BBFs, the highest P in maize shoot was verified
for plants fertilized with BBFs. A more gradual release of
P from BBFs reduced the initial contents of P in soil solu-
tion at 1 and 7 days, while TSP rapidly released P into the
soil solution, compared with BBFs. Contrary to TSP, BBFs
gradually released P into the soil solution in the later stages
of maize growth, in which P is more required by roots (25
days after maize sowing). Thus, a higher concentration of
P in solution at 25 days after maize cultivation observed
in BBF-treated soils explains the maize P nutritional sta-
tus and growth. High-soluble and fully acidulated P ferti-
lizers promoted a rapid increase in P concentration in soil
solution; over time, these high amounts of readily available
P to crops precipitate or are specifically adsorbed in soil
colloids, decreasing P available levels in whole soil and
solution (Johan et al. 2021). Thus, the slow release of P by
BBFs is a suitable strategy to reduce P fixation through spe-
cific adsorption or precipitation in highly weathered soils,
improving soil P available levels and acquisition by crops
(Bai et al. 2022; Frazao et al. 2019; Ghodszad et al. 2021).

Phosphorus readily available in water and in CA leachates
are the pools of fertilizer-P acquired by crops (Guelfi et al.
2022; Morais et al. 2023). Thus, a suitable strategy to fur-
nish P to crops involves the combined use of water-P ferti-
lizer content, slow release of P in water leachates (P-kinetic
study), and high P in CA leachates of BBFs. Phosphorus
availability is limited in high P-fixing soils, such as Oxi-
sols, due to the formation of covalent bonds between oxy-
hydroxides of iron and aluminum and phosphate in Oxisol.
Overall, P rates added to highly weathered soils are based
on NAC+H,O for fully soluble P sources, while CA-soluble
P content is the main factor governing the definition of low-
grade phosphate rock rates for crops.

Some microorganisms and plants exudate organic acids that
can sequester Ca from low-grade P chemical species, which
can increase the solubilization of phosphate (Johan et al. 2021).
Citric acid is able to simulate the capacity of plants to mobilize
P from sparing phosphates; thus, the use of CA and water is
a suitable protocol to assess both readily available and gradu-
ally released P by BBFs. Overall, both CA and water-soluble
P in BBFs are key indices to predict the capacity of charred
matrices to supply P to crops in the short and medium term.
These fertilizer P solubility indices can be employed to predict
the agronomic value of BBF, regardless of their capability to
nourish crops with P (Morais et al. 2023).

In addition to the fertilizer-P solubility index, the change in
the soil solution P levels, which increased in BBF-treated soils
over TSP, explained part of the variation in P in maize shoot.
The role played by BBFs in increasing soil pH before cultivation
was demonstrated by Lustosa Filho et al. (2019), who found that
a decreased soil acidity degree did not improve the P nutrition



Journal of Soil Science and Plant Nutrition (2023) 23:4937-4954

4951

in maize plants, contrary to the results reported in this study.
Pyrolysis usually results in the production of biochars with a
pH in the alkaline range; thus, depending on the rate and liming
value, biochars significantly increase soil pH (Bai et al. 2022;
Domingues et al. 2017; Ghodszad et al. 2021; Johan et al. 2021).
However, due to the specific synthesis routes and stoichiometric
ratio of strong acid:apatite, the BBFs produced and agronomic
tested in this work showed pH values close to those adequate
for plentiful plant growth in most soils; thus, the effect of BBFs
in correcting soil acidity was limited due to the low BBFs pH
itself. Biochar acts as a buffer in the growth medium, which is
explained due to the presence of organic functional groups and
compounds capable of complexing toxic Al, buffering soil acid-
ity, decreasing toxic Al activity, and generating organic metal-
lic complexes in soils (Domingues et al. 2017; Ghodszad et al.
2021; Johan et al. 2021). Regarding the soil solution pH, the
BBFs showed a lower variation in the active acidity than that of
TSP-treated soils, indicating that the soil acidity was possibly
buffered in response to the BBF use in the maize fertilization.
As the soil solution pH decreases, soil P availability is reduced
due to a greater rate of phosphate specific adsorption and pre-
cipitation of P with Fe and Al (hydro)oxid es in tropical soils
(Fink et al. 2016).

Thus, synthesized BBFs influenced P nutrition and
increased maize biomass production possibly through dif-
ferent mechanisms, such as (i) interaction between P and the
biochar organic functional groups, with subsequent forma-
tion of organic-metal-P-complexes, in which the presence in
BBFs was demonstrated by the FTIR analysis; (ii) increase
of readily available P in soil solution and water-soluble P
in BBFs was effective in keeping suitable amounts of P
throughout the maize cultivation in different plant growth
stages; (iii) gradual release of P from BBFs; (iv) reduction in
the initial concentration of P in soil solution with subsequent
release remaining P in BBFs, notably in maize growth stages
of a greater P nutritional requirement; (v) increase in the
initial availability of P (resin P) in whole soil; and (vi) higher
buffering of soil acidity, i.e., pH control in soils treated with
BBFs, which possibly contributed to maintaining P in avail-
able forms in different maize growth stages.

Study limitations and prospects BBFs are characterized
by the gradual release of NPK, and the proposed novel cul-
tivation method made it possible to sample the soil solu-
tion throughout the maize cultivation. Thus, this approach
is promising for other experiments because the release of
NPK can be simultaneously determined in soil solution as
maize growth proceeds in real time. However, the approach
was developed for short-term plant growth; thus, some adap-
tations must be made for long-term plant growth in different
soil and cultivation scenarios. The newly synthesized BBFs
are promising for reducing N and K topdressing, considering

that all N and K were added to the soil in a single fertiliza-
tion operation at crop sowing fertilization. Regarding agro-
nomic effectiveness, BBFS had the same efficiency in sup-
plying N and K than split N and K added to soil by mineral
fertilizer sources.

In addition, the method ensures a higher P use efficiency in
crops fertilized with BBFs compared with soluble NPK mineral
sources. Therefore, it is necessary to test the agronomic value
of BBFs in crop field conditions. Regarding the BBF spectral
signature, the presence of C groups in the aliphatic form implies
that BBFs contain organic compounds that may act as plant
biostimulants. Carbon in aliphatic groups triggers the activ-
ity of plasma membrane H*-ATPase in response to the use of
humic substance-based fertilizers (Nardi et al. 2021). Plasma
membrane H-ATPase is the initial pump that triggers cell
membrane potential in plants; thus, it contributes to improved
nutrient acquisition by crops and an improved soil microbiome
(Nardi et al. 2021). Therefore, further studies must be carried
out to elucidate the role played by BBF bioactive molecules,
i.e., water-soluble C content and chemical species, in triggering
plant physiological and biochemical processes and the produc-
tion of exudates by crops and the microbiome in BBF-treated
soils as well.

5 Conclusions

In the synthesis of biochar-based fertilizers (BBFs) through
nitric acid acidulation of phosphate rock and mixture with
biochar, there was an interaction of nitrogen (N) and phos-
phorus (P) with the biochar matrix. The BBFs had a more
gradual release due to a lower proportion of P and potassium
(K) soluble in water, but they maintained the high proportion
of nutrients soluble over a long period of time. A kinetic
study was performed and revealed that triple superphosphate
released nearly all the total P, and BBFs released less than
10% of the total P determined after the first 24 h. Biochar-
based fertilizers, depending on the synthesis route and the
amount of acid used in the apatite solubilization, lead to
attend a greater or similar maize biomass, relative agronomic
effectiveness, and higher phosphorus acquisition than NPK
supplied via soluble mineral fertilizers. When compared
with triple superphosphate, BBFs were capable of slowing
the release of phosphorus in water leachates while simulta-
neously releasing high levels of P in citric acid leachates.
Phosphorus in the soil solution was quickly released in the
mineral fertilizer, while the release of P in the soil solution
was low and regular by BBFs. After NPK mineral sources
were applied to soils, BBFs effectively increased the levels
of resin P in the soil after maize cultivation.
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