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Abstract: Biochar is a multifunctional tool that enhances soil quality, with particularly
positive effects on acidic soils with low nutrient content, common in tropical regions
worldwide, such as in the Amazon region in Brazil. This study investigates the effects of açaí
fruit waste biochar (Euterpe oleracea Mart.) amendment and phosphate fertilisation on the
chemical characteristics of a Ferralsol and on the biological components of cowpea (Vigna
unguiculata (L.) Walp). In a greenhouse setting, a randomised block design was employed,
testing five doses of biochar (0, 7.5, 15, 30, and 60 t ha−1) combined with four doses of
phosphorus (P) (0, 40, 80, and 120 kg ha−1), resulting in 20 treatments with three replicates
and 60 experimental units. Cowpea responded to inorganic fertilisation, with lower doses
of P limiting the biological components (height, leaves, leaf area, dry biomass, and dry
root mass). Higher doses of biochar and P increased the soil’s available P content by up
to 2.3 times, reflected in the P content of cowpea dry biomass. However, this increase in
biochar and P levels led to a maximum increase of 7.7% in agronomic phosphorus efficiency
(APE) in cowpea in the short term. The higher doses of biochar promoted increases in pH
value, cation exchange capacity (CEC), and the contents of potassium (K), calcium (Ca),
and total nitrogen (N). In contrast, a decrease in magnesium (Mg) and aluminium (Al)
levels was observed, while the concentration of easily extractable glomalin (EE-GRSP) was
not significantly affected during the evaluated period. We conclude that biochar altered the
soil environment, promoting the increased solubility and availability of phosphorus.

Keywords: acidic soils; biochar co-application; phosphate fertilisation; available P; plant
growth; açaí waste

1. Introduction
In tropical regions in general, such as the Amazon, there is a marked contrast between

the lushness of the forest and the low natural fertility of most of its soils. Acrisols and
Ferralsols dominate approximately 75% of the landscape and are characterised by high
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weathering, significant acidity, and a continuous renewal of organic matter [1,2]. Addition-
ally, these soils possess a high P-fixation capacity, with an elevated adsorption energy and
P capacity factor, especially in Ferralsols [3].

Unlike these soils, Amazonian Dark Earths (ADE), often formed over Acrisols and
Ferralsols, exhibit high nutrient availability, high organic matter content, and substantial
charcoal content (>1% by volume) [4,5]. This charcoal contributes to reducing organic
matter degradation [6], helping to maintain soil fertility over the long term. The properties
of ADE have inspired research into biochar utilisation, combining its agronomic potential
with climate change mitigation, as evidenced by the growing body of scientific studies in
recent years [7,8].

Biochar is a solid material obtained through thermochemical conversion of biomass at
temperatures above 250 ◦C under oxygen-limited or oxygen-free conditions [9,10]. This
process alters the physical and chemical properties of biomass, resulting in a carbon-rich
material (mainly aromatic compounds) with high alkalinity, a large surface area, porosity,
variable charge, and nutrient presence [11]. Biochar from different biomass sources and
with varying particle sizes interacts with soil in diverse ways, leading to distinct crop yield
responses [12], and determines its potential to be used as soil amendment.

In acidic soils, the agricultural application of biochar raises pH, influences nutrient
dynamics, and increases carbon stocks, both due to its stable fraction and by reducing the
decomposition rate of organic matter, prompted by a “negative priming” effect, especially
in clayey soils [13]. These effects provide benefits such as enhanced soil fertility, increased
agricultural productivity, and efficient long-term carbon sequestration [11,14]. Moreover,
biochar improves fertiliser retention and reduces nutrient loss, facilitating nutrient uptake
and utilisation by plants [15].

Biochar has also shown a potential to increase P availability across various soil types
(pH, texture), whether applied alone or in combination with fertilisers, regardless of
feedstock type, pyrolysis conditions, or C:N ratios [16]. Biochar has been reported to
influence soil P availability through several mechanisms: (i) acting as a direct source of P;
(ii) modifying P solubility by altering soil pH; (iii) changing adsorption and desorption
processes of specific chelates; and (iv) promoting the growth of P-solubilising bacteria [17].
The combined application of biochar with mineral fertilisers enhances soil chemistry and
enzymatic activities, enabling reductions in fertiliser use and food production costs [18],
which is particularly relevant in developing economies and remote regions, such as Central
Amazonia in Brazil.

Açaí (Euterpe oleracea Mart.), widely cultivated in the Amazon, presents substantial po-
tential for biochar production, as approximately 83% of the fruit’s residues, primarily in the
form of seeds and fibres, are discarded after processing [19], often causing environmental
pollution [20,21]. Açaí production is concentrated mainly in the states of Pará (~90%) and
Amazonas, the second-largest producer [22]. In 2022, Brazilian production reached approx-
imately 1.7 million tonnes of fruit, with revenues around USD 1.2 billion [22]. Growing
national and international demand has led to an expansion in cultivation areas, doubling
revenues compared to 2018. Increased açaí production results in greater waste generation
and presents an opportunity to add value by using it as a feedstock for biochar production.

Scientific studies on biochar produced from açaí waste are in the developmental stage,
with a focus on the physicochemical characterisation of this material [23,24]. Results from
laboratory experiments have demonstrated the potential of biochar to increase P, K, and
Mg levels while reducing Al concentrations in the soil [25]. The findings from these studies
suggest that biochar derived from this biomass holds significant potential for improving
soil fertility and contributing to carbon sequestration [23,24].
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The hypothesis of this study is that the application of biochar derived from açaí waste
significantly influences soil properties by reducing the adsorption of inorganic P, increasing
its availability to plants, and thereby enhancing cowpea yields as the selected experimental
crop. This hypothesis is based on the behaviour of available P in tropical soils, where its
availability is mainly limited by precipitation with aluminium (Al) and iron (Fe) ions. The
aim of this study was to evaluate the effects of adding açaí waste biochar in combination
with inorganic phosphorus fertiliser on the following: (i) the chemical and biological
properties of a clayey Ferralsol; (ii) P uptake by cowpea (Vigna unguiculata (L.) Walp); and
(iii) the biological components of cowpea.

2. Materials and Methods
2.1. Soil Collection and Biochar Production

Soil from the 0–20 cm layer was collected in a fallow agricultural area covered with
approximately 30-year-old secondary vegetation. The collection took place at the experi-
mental area of the Tropical Fruit Station of the National Institute of Amazonian Research
(INPA), located at coordinates 2◦37′11.8′′ S and 60◦02′28.8′′ W at kilometre 41 of the BR 174
highway, Manaus, Am, Brazil. Soil samples were air-dried, sieved to 2 mm, and subjected
to chemical analysis at the Thematic Laboratory of Soils and Plants at INPA. The soil was
classified as a Ferralsol (WRB/FAO) [26] (Table 1).

Table 1. Chemical and physical properties of the 0–20 cm layer of a Ferralsol used in the pot
experiments (n = 6).

Soil Properties Unit Low Medium High

pH (H2O) - 3.99 4.10 4.43
Available P mg kg−1 0.67 1.97 2.90

Total N g kg−1 0.52 0.88 1.27
Soil organic carbon (SOC) g kg−1 15.16 16.00 16.17

K cmolc kg−1 0.03 0.05 0.07
Ca cmolc kg−1 0.10 0.15 0.16
Mg cmolc kg−1 0.03 0.04 0.05
Na cmolc kg−1 0.01 0.01 0.01
Al cmolc kg−1 0.91 1.10 2.45

Potential Acidity (H + Al) cmolc kg−1 4.47 4.69 5.81
CEC cmolc kg−1 1.08 1.35 2.72
Clay % - 53.0 -
Silt % - 17.7 -

Sand % - 29.3 -

Biochar was produced through the pyrolysis of açaí agro-industrial waste in a low-cost
mobile pyrolysis furnace with an average temperature of 431.7 ◦C and a residence time of
145 min [24]. Figure 1 presents the steps involved in the production of biochar from açaí
waste, and Table 2 provides the characterisation of açaí waste biochar, as described by [27].
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Table 2. Characteristic of açaí waste biochar (n = 4) produced by pyrolyse at a temperature of 431.7 ◦C.

Element Unit Mean Standard Deviation

Carbon (C) g 100g−1 76.96 3.19
N g 100g−1 0.41 0.12

Oxygen (O) g 100g−1 16.04 3.04
Hydrogen (H) g 100g−1 1.47 0.13

H/C - 0.23 0.03
O/C - 0.16 0.04
C/N - 232.85 58.45

pH (H2O) - 8.86 0.73
Electrical conductivity µS m−1 273 72.76

CEC mmolc kg−1 41.25 18.87
Ashes g 100g−1 5.20 1.00

CaCO3 equivalent g 100g−1 4.20 0.95
Organic C g 100g−1 23.69 3.81

Total N g 100g−1 0.51 0.60
P2O5 g 100g−1 0.59 0.17
K2O g 100g−1 1.44 0.43
Mg g 100g−1 0.12 0.02
Ca g 100g−1 0.15 0.02

Sulphur (S) % 0.12 0.10

2.2. Experimental Design

The experiment was conducted in a greenhouse at INPA, Campus V8. This study
tested the combination of increasing doses of biochar (0, 7.5, 15, 30, and 60 t ha−1) and
inorganic phosphate fertiliser (0, 40, 80, and 120 kg ha−1 of P2O5) using cowpea (Vigna
unguiculata (L.) Walp), cultivar BR3 Tracuateua (purified, with a typical 70-day growth
cycle), as the test crop. The treatment with 80 kg ha−1 of P without biochar addition was
considered to be the reference treatment for comparison with other treatments, according to
the technical recommendations from Embrapa Amazônia Ocidental [28]. The experimental
design was a randomised block design with 20 treatments and 3 replications, totalling
60 experimental units. The overview of the methodology is presented in Figure 2.
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Figure 2. Overview of the methodology.

Each experimental unit consisted of a 7 L pot with a drainage hole at the bottom, lined
with non-woven fabric (TNT). The pots were filled with 4 kg of sieved soil (<2 mm). Biochar
(<2 mm) was added at doses of 0 g, 21.43 g, 42.86 g, 85.71 g, and 171.43 g, corresponding to
treatments of 0, 7.5, 15, 30, and 60 t ha−1, respectively. Concurrently, all pots underwent soil
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acidity correction with dolomitic lime to raise the base saturation (V%) to 60% (Figure 3A).
The substrate was manually mixed and maintained at 60% field capacity for 30 days.
Cowpea seeds were sown with four seeds per experimental unit, sourced from farmers in
the southern region of Amazonas, Brazil.
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Figure 3. (A) Ferralsol with biochar and dolomitic lime. (B) Cowpea at 36 days of cultivation in
a greenhouse.

Thinning was carried out on the eighth day after germination, leaving two plants
per pot. During cowpea sowing, 40 kg ha−1 of K2O and 25 kg ha−1 of micronutrients
(FTE BR 12), containing S (3%), B (1.8%), Mn (2%), and Zn (9%), were applied for a plant
population of up to 187,000 plants ha−1 [28]. Fertilisers were dosed in each pot to meet the
nutritional requirements of two plants: 1.33 g of potassium salt (60% KCl) and 0.5 g of FTE
BR 12 micronutrients. Triple superphosphate (45% P2O5) was added in proportions of 0,
1.78 g, 3.56 g, and 5.34 g per pot. Urea was applied 15 days after leaf emergence, with 1.34 g
of urea (46% N) diluted in 100 mL of water. The pots were maintained at 60% field water
capacity. The volumetric water content was directly measured in each pot using a moisture
sensor, calculating the volume of water needed to restore moisture to field capacity. The
experiment continued until the 50% flowering phase, which occurred 36 days after seedling
emergence (Figure 3B).

2.3. Biomass and Nutrient Analysis in Cowpea

Plants from each experimental pot were collected, with the aerial part cut at soil
level and fresh weight measured using a precision balance. Roots were then removed
using a 1 mm sieve, washed under running water, and weighed. Biological components
(height, number of leaves, leaf area, and aerial and root biomass) were evaluated. Plant
height was measured using a measuring tape, and the number of leaves on each plant
was determined by manual counting. Leaf area was determined by selecting one plant
from each experimental unit; four representative leaves were decomposed, scanned, and
digitally analysed using the ImageJ® software (version 1.54g, National Institutes of Health,
Bethesda, MD, USA).

The aerial and root biomass of the two plants were placed in paper bags and dried in an
oven at 65 ◦C until a constant weight was reached (~72 h), and dry mass was determined us-
ing a precision balance. The aerial biomass samples were ground, homogenised, and stored
in plastic bags. Phosphorus content in the aerial biomass was analysed through digestion
with nitric and hydrochloric acids in a digestion block at 105 ◦C for 60 min, followed by
determination using inductively coupled plasma optical emission spectrometry (ICP-OES).

2.4. Soil Analysis

At the end of the experiment, a soil sample from each experimental pot was collected,
air-dried, sieved to 2 mm, and stored in plastic bags. Available P content was extracted using
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the Mehlich I extractor (HCl 0.05 mol L−1 and H2SO4 0.0125 mol L−1) and determined
using the molybdate blue method by spectrophotometry set at 660 nm [26]. APE was
calculated by comparing treatments with combined biochar and P application to those with
only P application at the same dosage [29], following Equation (1).

APE =
YB+P − YP

FP
(1)

where YB+P is the biomass yield from the experimental pots that received the biochar and
P treatments; YP is the biomass yield from the pots that received only P; and FP is the P
application rate (in kg P ha−1).

The chemical characteristics of other soil nutrients were performed according to the
procedures established in the Manual of Soil Analysis Methods by EMBRAPA [26]: pH
was measured using a combined electrode immersed in a soil-to-water suspension in a
ratio of 1:2.5, and total N was determined using the semi-micro Kjeldahl method after
sulphuric acid digestion. Al, Ca, and Mg contents were extracted using a potassium chloride
(KCl 1 mol L−1) extracting solution. Al was determined by titration with NaOH, while Ca
and Mg were determined by atomic absorption spectrophotometry. K and sodium (Na)
were extracted using the Mehlich I extractor and determined by flame spectrophotometry.

Total content of organic carbon was determined by the oxidation method for organic
compounds [30] and was used to estimate SOC. For the extraction of easily extractable
glomalin (EE-GRSP), a 20 mM sodium citrate solution was added to fresh soil samples. The
samples were autoclaved for 30 min at 121 ◦C and centrifuged at 10,000 RPM for 5 min. The
assessment was performed in triplicate, totalling 180 samples [31]. Finally, EE-GRSP levels
were determined using the Bradford method [32] with a spectrophotometer set at 595 nm;
the results were fitted to a calibration curve, yielding the concentrations for each treatment.

2.5. Statistical Analysis

Statistical analysis was performed using R software (version 4.3.3, R Foundation for
Statistical Computing, Vienna, Austria). Experimental data were initially tested for nor-
mality using the Shapiro–Wilk test and for homogeneity of variances with Levene’s test.
Subsequently, a two-way analysis of variance (ANOVA) was conducted to investigate the
relationships among the variables of interest. This procedure evaluated potential signifi-
cant differences between the means of dependent variables concerning the independent
variables using Bonferroni post hoc tests with a significance level of p < 0.05. Pearson’s
correlation was employed to examine the relationship between the measured parameters.

3. Results
3.1. Biological Components of Cowpea

All biometric parameters of cowpea were significantly influenced by the addition of
P (p < 0.001), as shown in Table 3. Leaf area was significantly affected by the addition
of biochar (p < 0.01). Leaf area increased with the application of 60 t ha−1 of biochar
and 80 kg ha−1 of P, reaching an average of 323.58 cm2, which was statistically similar
to the reference treatment (268.65 cm2). Treatments that received only biochar exhibited
a greater leaf area compared to the control treatment (68.58 cm2). However, the results
were lower than those observed in treatments that included P application either alone or in
combination with biochar.
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Table 3. Effects of increasing doses of biochar and P on the biological components of cowpea after
36 days of greenhouse cultivation.

Biochar
(t ha−1)

P
(kg ha−1) Height (cm) Number of

Leaves Leaf Area (cm2)
Aerial

Biomass (g)
Root

Biomass (g)

0 0 34.33 ± 4.93 Bb 4.17 ± 1.04 Ab 68.58 ± 10.32 Cb 9.27 ± 0.34 Bb 0.48 ± 0.2 Ab
40 101.00 ± 15.62 Aa 14.83 ± 1.53 Aa 230.22 ± 7.43 Aa 28.4 ± 0.66 Aa 3.06 ± 0.6 Aa
80 101.83 ± 15.18 Aa 14.17 ± 0.29 Aa 268.65 ± 3.22 Aa 28.94 ± 0.66 Aa 2.71 ± 0.13 Aa

120 83.33 ± 2.89 Aa 17.33 ± 3.62 Aa 265.84 ± 78.54 Aa 28.49 ± 2.66 Aa 3.05 ± 1.22 Aa
7.5 0 33.92 ± 10.52 Bb 3.17 ± 1.26 Ab 114.28 ± 12.1 BCb 9.69 ± 1.6 Bb 0.71 ± 1.12 Ab

40 91.83 ± 8.95 Aa 13.33 ± 1.44 Aa 242.4 ± 17.91 Aa 28.5 ± 0.65 Aa 2.2 ± 0.88 Aab
80 86.67 ± 13.16 Aa 14.0 ± 1.8 Aa 240.31 ± 55.64 Aa 29.06 ± 1.92 Aa 2.49 ± 0.28 Aab

120 93.33 ± 15.97 Aa 13.67 ± 4.31 Aa 256.59 ± 65.46 Aa 28.78 ± 1.64 Aa 2.94 ± 0.21 Aa
15 0 32.83 ± 4.04 Bb 5.0 ± 1 Ab 142.47 ± 27.27 ABCb 10.27 ± 0.49 Bb 0.32 ± 0.04 Aa

40 118.17 ± 24.76 Aa 13.17 ± 1.26 Aa 258.67 ± 49.71 Aa 28.27 ± 0.55 Aa 2.2 ± 0.83 Aa
80 96.00 ± 12.12 Aa 15.67 ± 2.25 Aa 269.82 ± 31.94 Aa 28.98 ± 3.18 Aa 2.25 ± 0.34 Aa

120 110.67 ± 29.62 Aa 16.0 ± 1.5 Aa 272.79 ± 69.31 Aa 27.93 ± 1.73 Aa 2.09 ± 0.82 Aa
30 0 55.58 ± 7.8 ABb 6.33 ± 0.58 Ab 168.00 ± 32.39 ABb 12.44 ± 0.79 ABb 1.37 ± 1.13 Ab

40 85.63 ± 16.87 Aab 14.17 ± 1.89 Aa 252.31 ± 38.96 Aab 29.74 ± 1.09 Aa 3.57 ± 1.64 Aa
80 88.00 ± 9.99 Aab 14.83 ± 0.76 Aa 231.59 ± 15.15 Aab 28.39 ± 0.72 Aa 2.25 ± 0.73 Aab

120 94.17 ± 13.61 Aa 15.33 ± 0.76 Aa 273.36 ± 39.93 Aa 29.62 ± 1.54 Aa 2.24 ± 0.28 Aab
60 0 79.00 ± 21.66 Aa 7.5 ± 2.18 Ab 224.79 ± 18.47 Ab 14.45 ± 2.42 Ab 0.86 ± 0.3 Ab

40 91.33 ± 9.36 Aa 13.67 ± 2.31 Aa 253.54 ± 29.6 Aab 27.96 ± 1.73 Aa 3.68 ± 1.42 Aa
80 86.5 ± 9.12 Aa 14.5 ± 0.5 Aa 323.58 ± 26.83 Aa 29.15 ± 1.91 Aa 3.6 ± 2.04 Aa

120 96.08 ± 22.74 Aa 13.0 ± 0.87 Aa 264.49 ± 22.83 Aab 28.89 ± 1.38 Aa 3.06 ± 1.03 Aa

B NS NS ** NS NS
Anova P *** *** *** *** ***

B × P * NS NS NS NS

Mean ± standard deviation (n = 3). P indicates phosphorus doses. *, **, ***, Significant at p < 0.05, p < 0.01, and
p < 0.001, respectively. NS = not significant (p > 0.05). Uppercase letters compare different doses of biochar for each
phosphorus dose, while lowercase letters compare different phosphorus doses for each biochar dose according to
the F-test from ANOVA and Bonferroni’s multiple mean comparison test at the 95% significance level.

Plant height was the only biometric variable that showed a significant interaction
between the factors studied (p < 0.05). The greatest plant height was observed with the
combined application of 15 t ha−1 of biochar and 40 kg ha−1 of P, averaging 118.17 cm. This
represents an increase of approximately 16 cm in plant height compared to the reference
treatment (101.83 cm), although they were statistically similar. The absence of P resulted
in the shortest cowpea plant heights, especially at the lowest biochar doses (0, 7.5, and
15 t ha−1).

The addition of P significantly affected (p < 0.001) cowpea leaf production, with no
significant effects from biochar or the interactions between factors. In the treatment with
15 t ha−1 of biochar and 80 kg ha−1 of P, plants showed the highest number of leaves,
averaging 15.67 leaves per plant, which was statistically similar to the reference treatment
that recorded 14.17 leaves per plant. Overall, the lowest leaf production was observed in
treatments without P addition, which differed statistically (p < 0.05) from the other groups.

The treatments with P significantly affected cowpea biomass production (p < 0.001).
The addition of 30 t ha−1 of biochar and 40 kg ha−1 of P resulted in the highest biomass
production, with an average of 29.74 g. However, this was not statistically different from
the reference treatment, which produced 28.94 g of dry weight. The absence of P led to the
lowest biomass yields, differing statistically from treatments that included this nutrient.
Phosphorus application also significantly affected (p < 0.001) the dry weight of roots, with
no significant effects observed from biochar or the interactions between factors. The highest
root dry weight was observed after addition of 60 t ha−1 of biochar and 40 kg ha−1 of P
(3.68 g), which did not differ statistically from the reference treatment (2.71 g). Treatments
without P addition had the lowest root dry weight.
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3.2. Soil Available P Content, P Content in Biomass, and Agronomic Efficiency in Cowpea

The treatments significantly influenced (p < 0.001) available soil P levels (Table 4),
showing an interaction between biochar and P. Biochar demonstrated greater efficacy in
increasing the soil’s available P content at higher doses of P (120 kg ha−1), with significant
effects observed with the addition of 7.5 t ha−1 of biochar. The application of 60 t ha−1

of biochar combined with 80 kg ha−1 of P raised available P levels to 146.43 mg kg−1,
representing a 1.6-fold increase compared to the reference treatment (88.99 mg kg−1). When
combined with 120 kg of P, the addition of 60 t ha−1 of biochar increased available P levels
by 2.3 times compared to the reference treatment. Treatments without P or with reduced
doses (40 kg ha−1) recorded the lowest P levels, differing statistically from treatments with
higher P doses.

Table 4. Effects of increasing doses of açaí residue biochar and P on soil available P content and P
content in cowpea biomass after 36 days of cultivation in a greenhouse.

Biochar
(t ha−1)

P
(kg ha−1)

Soil Available P
(mg kg−1)

P Plant Content
(g kg−1)

APE
(%)

0 0 11.12 ± 4.23 Ac 1.64 ± 0.18 Ad -
40 49.60 ± 9.98 Ab 4.01 ± 0.39 Bc 109.69 ± 3.77 a
80 88.99 ± 9.85 Ba 6.49 ± 0.38 Ab 56.38 ± 1.89 b

120 96.37 ± 9.03 Ca 8.29 ± 1.03 Aa 36.74 ± 5.08 c
7.5 0 9.15 ± 0.54 Ad 2.28 ± 0.69 Ac -

40 43.58 ± 5.28 Ac 4.31 ± 0.49 ABb 110.26 ± 3.70 a
80 90.63 ± 16.41 Bb 6.88 ± 0.43 Aa 56.75 ± 5.50 b

120 166.67 ± 25.65 Ba 7.99 ± 0.23 Aa 37.30 ± 3.14 c
15 0 12.57 ± 0.52 Ac 2.22 ± 0.33 Ad -

40 49.60 ± 7.52 Ab 4.47 ± 0.24 ABc 108.96 ± 3.18 a
80 62.18 ± 13.96 Bb 6.72 ± 0.35 Ab 56.52 ± 9.11 b

120 174.32 ± 3.28 Ba 8.9 ± 0.57 Aa 35.66 ± 3.30 Ac
30 0 15.86 ± 2.41 Ad 2.2 ± 0.48 Ad -

40 52.34 ± 8.10 Ac 5.05 ± 0.18 ABc 117.37 ± 6.25 Aa
80 92.27 ± 13.03 Bb 6.55 ± 0.83 Ab 54.83 ± 2.05 Ab

120 170.22 ± 22.15 Ba 8.77 ± 0.64 Aa 38.89 ± 2.94 Ac
60 0 23.47 ± 1.43 Ad 2.8 ± 0.74 Ad -

40 56.71 ± 7.76 Ac 5.45 ± 0.1 Ac 107.17 ± 9.93 Aa
80 146.43 ± 29.68 Ab 6.88 ± 0.75 Ab 56.98 ± 5.47 Ab

120 208.79 ± 11.83 Aa 8.83 ± 0.82 Aa 37.51 ± 2.65 Ac

Anova
B *** ** NS
P *** *** ***

B × P *** NS NS
Mean ± standard deviation (n = 3). APE = agronomic P efficiency. P = indicates phosphorus doses. **, ***,
Significant at p < 0.01 and p < 0.001, respectively. NS = not significant (p > 0.05). Uppercase letters compare
different doses of biochar for each phosphorus dose, while lowercase letters compare different phosphorus doses
for each biochar dose according to the F-test from ANOVA and Bonferroni’s multiple mean comparison test at the
95% significance level.

Regarding P content in cowpea dry weight, the treatments showed significant differ-
ences for both biochar addition (p < 0.01) and P (p < 0.001), as shown in Table 4. The P
content in biomass directly reflected the effects of the treatments, with increases propor-
tional to higher P doses, and statistically different from treatments using lower P dosages.
The highest P content (8.83 g kg−1) was observed in the treatment with 60 t ha−1 of biochar
and 120 kg ha−1 of P, statistically differing from the reference treatment, which presented
6.49 g kg−1 of P. The increase in plant biomass P content showed signs of stabilisation from
the application of 15 t ha−1 of biochar combined with 120 kg ha−1 of P.

APE was higher at the lower doses of P applied alone. The application of 40 kg ha−1

of P achieved an efficiency of 109.69%, while higher doses reduced efficiency to 36.74%
with the application of 120 kg ha−1 of P. The greatest increase in APE was observed in the
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treatment that combined 30 t ha−1 of biochar with 40 kg ha−1 of P, resulting in an efficiency
of 117.37%.

3.3. Soil Properties

The addition of biochar and P significantly affected soil pH value (p < 0.01), showing
an interaction between the evaluated factors (Table 5). In the control treatment, without
biochar or P addition, the recorded pH value was 4.86. The isolated addition of biochar
at doses of 30 and 60 t ha−1 significantly raised the pH (p < 0.05) to 5.76 and 5.97, respec-
tively, demonstrating that biochar had a predominant effect in raising pH, especially when
compared to treatments without biochar.

Total soil N levels were also significantly affected by the treatments (p < 0.05), with
an interaction observed between and actions of biochar and P (Table 5). The addition of
60 t ha−1 of biochar combined with 40, 80, or 120 kg ha−1 of P resulted in the highest total
N levels, reaching 2.59, 2.51, and 2.45 g kg−1, respectively, representing an increase of up to
54% compared to the soil reference treatment, which contained 1.68 g kg−1 of N.

For exchangeable cations, increasing doses of biochar and P showed a significant
interaction between the factors studied for Ca, Al (p < 0.001), and Mg (p < 0.05). On the
other hand, K and Na contents showed significant effects (p < 0.001) for both biochar and P,
with the availability of both increasing proportionally with biochar doses. Effective CEC
also showed a significant interaction (p < 0.01) between the factors (Table 5).

Regarding exchangeable Ca, the highest content was observed in the control treatment,
without the addition of biochar or P, with a content of 2.45 cmolc kg−1. In contrast,
significant changes in Ca availability were noted in treatments that combined different
biochar doses with the highest dose of P (120 kg ha−1), differing statistically from those
without P addition.

Exchangeable Mg content significantly decreased with increasing biochar doses, par-
ticularly from doses of 15 t ha−1. The highest Mg content was observed in the control
treatment, at 1.89 cmolc kg−1, while the lowest content (1.13 cmolc kg−1) was found in the
combination of 30 t ha−1 of biochar and 40 kg ha−1 of P.

The highest K levels in the soil were recorded in combinations of biochar (7.5, 30,
and 60 t ha−1) with 120 kg ha−1 of P reaching 0.11 cmolc kg−1, an increase of 37.5%
compared to the reference treatment (0.08 cmolc kg−1). Na levels increased significantly
with the addition of 60 t ha−1 of biochar without P, reaching 1.07 cmolc kg−1, approximately
eight times higher than the reference treatment (0.13 cmolc kg−1).

The decrease in Al levels was proportional to the increase in biochar doses, dropping
from 0.15 cmolc kg−1 in the control treatment to 0.01 cmolc kg−1. Consequently, soil CEC
was highest in the control treatment, with a value of 4.99 cmolc kg−1. The addition of
60 t ha−1 of biochar, in combination with different doses of P, resulted in a reduction of
approximately 12% in CEC, a value lower than that observed in the other treatments.
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Table 5. Effects of increasing doses of biochar and P on soil chemical properties after 36 days of cowpea cultivation in a greenhouse.

Biochar
(t ha−1)

P
(kg ha−1) pH N Ca Mg K Na Al CEC

(g kg−1) (cmolc kg−1)

0 0 4.86 ± 0.08 Cb 1.78 ± 0.05 Ba 2.45 ± 0.04 Aa 1.89 ± 0.04 Aa 0.07 ± 0.01 Aa 0.44 ± 0.05 Ca 0.15 ± 0.01 Aa 4.99 ± 0.1 Aa
40 5.33 ± 0.01 Ca 1.81 ± 0.08 BCa 1.97 ± 0.08 Ab 1.52 ± 0.09 ABb 0.08 ± 0 Aa 0.14 ± 0.03 Cb 0.14 ± 0.01 Aab 3.84 ± 0.13 ABb
80 5.37 ± 0.01 Ba 1.68 ± 0.08 Ca 2.14 ± 0.04 Ab 1.57 ± 0.08 Ab 0.08 ± 0.01 Aa 0.13 ± 0.02 Cb 0.11 ± 0.02 Abc 4.03 ± 0.05 ABb
120 5.32 ± 0.03 Ba 1.56 ± 0.07 Ca 2.15 ± 0.11 Ab 1.66 ± 0.1 Ab 0.08 ± 0.02 Ba 0.11 ± 0.01 Cb 0.09 ± 0.01 Ac 4.09 ± 0.22 ABb

7.5 0 5.11 ± 0.29 BCb 1.76 ± 0.06 Ba 1.95 ± 0.11 Cbc 1.67 ± 0.09 Aa 0.06 ± 0.02 Ab 0.46 ± 0.09 Ca 0.07 ± 0.02 Ba 4.22 ± 0.25 Ba
40 5.42 ± 0.03 BCab 1.61 ± 0.16 Ca 1.88 ± 0.05 Ac 1.54 ± 0.05 Aab 0.08 ± 0 Aab 0.16 ± 0.02 Cb 0.07 ± 0.01 Ba 3.73 ± 0.07 Bb
80 5.44 ± 0.06 Ba 1.74 ± 0.01 Ca 2.15 ± 0.12 Ab 1.65 ± 0.09 Aa 0.09 ± 0 Aa 0.17 ± 0.01 Cb 0.06 ± 0.02 Ba 4.12 ± 0.18 Aab
120 5.41 ± 0.06 Bab 1.85 ± 0.16 BCa 2.37 ± 0.07 Aa 1.35 ± 0.26 Bb 0.11 ± 0.01 ABa 0.21 ± 0.04 Cb 0.06 ± 0 ABa 4.08 ± 0.34 Bab

15 0 5.31 ± 0.18 Ba 1.94 ± 0.08 Ba 2.28 ± 0.11 ABa 1.35 ± 0.09 Ba 0.06 ± 0.02 Ab 0.48 ± 0.11 Ca 0.06 ± 0.02 Ba 4.23 ± 0.33 Ba
40 5.45 ± 0.05 BCa 1.93 ± 0.15 Ba 2.02 ± 0.01 Ab 1.21 ± 0.04 Ca 0.09 ± 0.01 Aa 0.25 ± 0.01 Cb 0.07 ± 0.01 Ba 3.64 ± 0.05 Bb
80 5.42 ± 0.13 Ba 1.80 ± 0.09 Ca 2.04 ± 0.18 Ab 1.22 ± 0.04 Ba 0.09 ± 0.01 Aa 0.21 ± 0.01 Cb 0.07 ± 0.02 Ba 3.63 ± 0.23 Bb
120 5.49 ± 0.03 ABa 1.94 ± 0.02 Ba 2.27 ± 0.02 Aa 1.22 ± 0.05 Ba 0.09 ± 0.01 ABa 0.22 ± 0.03 Cb 0.07 ± 0.01 ABa 3.88 ± 0.06 Bab

30 0 5.76 ± 0.43 Aa 2.00 ± 0.21 ABa 2.07 ± 0.18 BCab 1.3 ± 0.08 Ba 0.07 ± 0.01 Ab 0.7 ± 0.05 Ba 0.05 ± 0 Ba 4.19 ± 0.3 Ba
40 5.7 ± 0.07 ABa 1.94 ± 0.20 Ba 1.92 ± 0.07 Ab 1.13 ± 0.17 Ca 0.1 ± 0.01 Aa 0.44 ± 0.02 Bb 0.04 ± 0.01 BCa 3.62 ± 0.24 Bb
80 5.49 ± 0.05 Ba 2.14 ± 0.08 Ba 2.09 ± 0 Aab 1.26 ± 0.02 Ba 0.1 ± 0.01 Aa 0.46 ± 0.03 Bb 0.04 ± 0.01 BCa 3.96 ± 0.05 ABab
120 5.58 ± 0.13 ABa 2.11 ± 0.16 Ba 2.27 ± 0.08 Aa 1.3 ± 0.05 Ba 0.11 ± 0.01 Aa 0.45 ± 0.02 Bb 0.06 ± 0.02 ABa 4.19 ± 0.1 ABa

60 0 5.97 ± 0.13 Aa 2.31 ± 0.18 Aa 2.05 ± 0.05 Cab 1.41 ± 0.1 Ba 0.08 ± 0.01 Ab 1.07 ± 0.11 Aa 0.01 ± 0.01 Cb 4.62 ± 0.26 ABa
40 5.95 ± 0.08 Aa 2.59 ± 0.18 Aa 1.93 ± 0.04 Ab 1.29 ± 0.02 BCa 0.1 ± 0.01 Aab 0.91 ± 0.04 Ab 0.02 ± 0.02 Cab 4.25 ± 0.01 Aa
80 5.87 ± 0.04 Aa 2.51 ± 0.15 Aa 2.1 ± 0.11 Aab 1.31 ± 0.03 Ba 0.11 ± 0.01 Aa 0.83 ± 0.09 Ab 0.02 ± 0.01 Cab 4.36 ± 0.04 Aa

120 5.82 ± 0.08 Aa 2.45 ± 0.08 Aa 2.16 ± 0.13 Aa 1.34 ± 0.08 Ba 0.11 ± 0.01 Aa 0.90 ± 0.06 Ab 0.04 ± 0.01 Ba 4.55 ± 0.19 Aa

B *** *** * *** *** *** *** ***
Anova P * NS *** *** *** *** NS ***

B × P ** * *** * NS NS *** **

Mean ± standard deviation (n = 3). P indicates phosphorus doses. *, **, ***, Significant at p < 0.05, p < 0.01, and p < 0.001, respectively. NS = not significant (p > 0.05). Uppercase letters
compare different doses of biochar for each phosphorus dose, while lowercase letters compare different phosphorus doses for each biochar dose according to the F-test from ANOVA and
Bonferroni’s multiple mean comparison test at the 95% significance level.
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3.4. Soil Organic Carbon (SOC) and Easily Extractable Glomalin (EE-GRSP)

The treatments significantly influenced SOC content (p < 0.05), showing an interaction
between biochar and P action (Table 6). The highest SOC content was observed in the
treatment with 30 t ha−1 of biochar without P addition, reaching 39.37 g kg−1, representing
a 6% increase compared to the reference treatment (37.01 g kg−1). In general, the addition
of biochar at doses starting from 15 t ha−1, combined with higher doses of P (between 80
and 120 kg ha−1), resulted in SOC levels that did not differ statistically from the reference
treatment. Additionally, the treatments showed no significant effects (p > 0.05) from the
study factors on EE-GRSP levels (Table 6).

Table 6. Effects of increasing doses of biochar and P on SOC and EE-GRSP after 36 days of cowpea
cultivation in a greenhouse.

Biochar
(t ha−1)

P
(kg ha−1)

SOC
(g kg−1)

EE-GRSP
(mg g−1)

0 0 37.35 ± 2.13 ABa 0.79 ± 0.14 ABb
40 35.94 ± 3.83 ABa 1.05 ± 0.09 Aab
80 37.01 ± 0.78 Aa 1.14 ± 0.14 Aa

120 31.52 ± 0.52 Aa 0.94 ± 0.12 Aab
7.5 0 31.71 ± 2.13 Bb 0.73 ± 0.06 Bb

40 31.29 ± 3.80 Bb 1.05 ± 0.1 Aa
80 38.34 ± 2.21 Aa 0.84 ± 0.16 ABab

120 36.32 ± 3.59 Aab 0.92 ± 0.03 Aab
15 0 37.44 ± 2.43 ABa 0.93 ± 0.04 Aba

40 38.22 ± 1.25 Aa 1.01 ± 0.08 Aa
80 35.65 ± 4.50 Aa 0.79 ± 0.11 Ba

120 35.21 ± 3.19 Aa 0.88 ± 0.15 Aa
30 0 39.37 ± 4.28 Aa 1.05 ± 0.27 ABa

40 34.24 ± 0.87 ABa 0.98 ± 0.24 Aa
80 36.96 ± 1.85 Aa 0.97 ± 0.09 ABa

120 37.25 ± 1.97 Aa 1.01 ± 0.06 Aa
60 0 37.62 ± 1.04 ABa 1.06 ± 0.03 Aa

40 35.19 ± 0.42 ABa 1.02 ± 0.18 Aa
80 36.58 ± 2.89 Aa 0.89 ± 0.18 ABa

120 36.95 ± 1.58 Aa 1.03 ± 0.03 Aa

B NS NS
Anova P NS NS

B × P * NS
Mean ± standard deviation (n = 3). SOC = Soil organic carbon. EE-GRSP = easily extractable glomalin. P indicates
phosphorus doses. *, Significant at p < 0.05, NS = not significant (p > 0.05). Uppercase letters compare different
doses of biochar for each phosphorus dose, while lowercase letters compare different phosphorus doses for
each biochar dose according to the F-test from analysis of variance (ANOVA) and Bonferroni’s multiple mean
comparison test at the 95% significance level.

3.5. Correlation Between Soil Factors and Biological Components of Cowpea

Pearson’s correlation analysis showed a very strong positive correlation between
cowpea biomass and leaf number (r = 0.91, p < 0.01), a strong positive correlation with leaf
area (r = 0.80, p < 0.01), P content in plant dry weight (r = 0.78, p < 0.01), cowpea height
(r = 0.78, p < 0.01), and root dry weight (r = 0.71, p < 0.01). Additionally, a moderate positive
correlation was observed between biomass and exchangeable soil K content (r = 0.66,
p < 0.01) and available P (r = 0.62, p < 0.01), as shown in Table 7.
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Table 7. Pearson correlation matrix between soil factors and biological components of cowpea after a greenhouse experiment with 36 days of cultivation.

Variables Height Leaves Leaf
Area Biomass Root pH E. Al SOC Total N Soil AP E. Na E. K E. Ca E. Mg CEC PPC EE-

GRSP

Height 1
Leaves 0.73 ** 1

Leaf area 0.63 ** 0.70 ** 1
Biomass 0.78 ** 0.91 ** 0.80 ** 1

Root 0.45 ** 0.62 ** 0.65 ** 0.71 ** 1
pH 0.37 ** 0.26 * 0.51 ** 0.29 * 0.39 ** 1

E. Al −0.12 −0.06 −0.34 −0.12 −0.18 −0.76 1
SOC 0.03 −0.15 0.04 −0.07 −0.06 0.19 −0.02 1

Total N 0.11 0.03 0.22 0.07 0.17 0.71 ** −0.63 0.26 * 1
Soil AP 0.50 ** 0.60 ** 0.58 ** 0.62 ** 0.41 ** 0.28 * −0.20 0.02 0.28 * 1
E. Na −0.23 −0.36 −0.06 −0.33 −0.04 0.61 ** −0.62 0.21 0.81 ** −0.02 1
E. K 0.49 ** 0.52 ** 0.52 ** 0.66 ** 0.48 ** 0.35 ** −0.34 0.08 0.41 ** 0.66 ** 0.17 1
E. Ca −0.15 −0.14 −0.18 −0.16 −0.20 −0.26 0.20 0.33 * −0.03 0.34 ** −0.09 0.10 1
E. Mg −0.36 −0.40 −0.46 −0.36 −0.24 −0.55 0.53 ** −0.07 −0.41 −0.29 −0.21 −0.36 0.30 * 1
CEC −0.44 −0.55 −0.39 −0.51 −0.25 0.00 −0.02 0.28 * 0.36 ** −0.01 0.57 ** −0.01 0.57 ** 0.56 ** 1
PPC 0.61 ** 0.77 ** 0.67 ** 0.78 ** 0.47 ** 0.23 −0.16 −0.04 0.12 0.89 ** −0.21 0.68 ** 0.18 −0.29 −0.22 1

EE-GRSP 0.20 0.20 0.26 * 0.22 0.25 0.40 ** −0.12 0.18 0.17 0.06 0.10 0.01 −0.10 −0.15 −0.07 0.07 1

**, Correlation is significant at the 0.01 level. *, Correlation is significant at the 0.05 level. E. = exchangeable cations. Soil AP = Soil available P. PPC = Plant P content.
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Available P content also showed a strong positive correlation with P content in cowpea
dry weight (r = 0.89, p < 0.01) and a moderate positive correlation with exchangeable soil K
(r = 0.66, p < 0.01), leaf number (r = 0.60, p < 0.01), leaf area (r = 0.58, p < 0.01), and cowpea
height (r = 0.50, p < 0.01). In turn, P content in cowpea dry weight also demonstrated a
strong positive correlation with leaf number (r = 0.77, p < 0.01) and a moderate positive
relationship with leaf area (r = 0.67, p < 0.01) and plant height (r = 0.61, p < 0.01).

For soil pH, a strong positive correlation was observed with total N content (r = 0.71,
p < 0.01) and a moderate positive correlation with exchangeable Na content (r = 0.61,
p < 0.01) and leaf area (r = 0.51, p < 0.01). Total N content also showed a strong positive
relationship with exchangeable Na content (r = 0.81, p < 0.01). Finally, CEC demonstrated a
moderate positive relationship with exchangeable Na and Ca contents (r = 0.57, p < 0.01)
and with exchangeable Mg content (r = 0.56, p < 0.01).

4. Discussion
The P content in cowpea dry biomass increased with rising doses of P, especially when

combined with biochar, suggesting that biochar enhanced P availability to the plants [33,34].
The high positive correlation (r = 0.89, p < 0.01) between available soil P and P content
in cowpea dry weight indicates a strong association between soil available P content and
its accumulation in cowpea tissue (Table 7). These correlations suggest that overall plant
growth is closely related to P uptake [35], highlighting the essential role of inorganic
fertiliser in promoting cowpea height, leaf number, leaf area, biomass, and root growth.
The linear fit (R2 = 0.791) indicates that 79.1% of the variation in P accumulation in biomass
can be explained by soil available P content, with an increase of 0.04 g kg−1 in P in plant
dry biomass for each increment in available soil P content (Figure 4).
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Although the combination of biochar and P increased pH, total N, exchangeable
cations, and available P content, no significant interaction between the study factors was
observed for the biological components of cowpea, except for height (Table 3). This effect
may be attributed to biochar, which temporarily immobilises P and releases it gradually [36].
However, this slower release may not have sufficed to meet the demands of cowpea, a short-
cycle plant requiring rapid nutrient availability [28], particularly in tropical ecosystems,
where P is often the primary limiting factor for primary production [36].
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The increase in biochar and P levels had a limited impact on APE in cowpea in the
short term. The addition of 60 t ha−1 of biochar and 80 kg ha−1 of P resulted in only a 0.60%
increase in APE compared to the reference treatment, which showed 56.38%. The most
significant increase in APE was observed in the treatment with the addition of 30 t ha−1 of
biochar and 40 kg ha−1 of P, which enhanced phosphorus efficiency by 7.7% compared to
the treatment using only P, which achieved an APE of 109.69%.

The application of P in reduced doses (40 kg ha−1), combined with different doses of
biochar, did not represent an increase in P availability. P availability at low concentrations
in soil solution is reduced due to the formation of bidentate complexes by P anions at
high-energy sorption sites on the sorbent surface, making P less accessible to plants [37]. In
contrast, the authors argue that high P concentrations in the solution, in addition to forming
bidentate complexes, promote the formation of exchangeable monodentate complexes,
which are more readily available to plants.

The increase in available P content was particularly observed with biochar application
starting from 7.5 t ha−1 combined with 120 kg ha−1 of P. The application of 60 t ha−1

of biochar combined with 80 kg ha−1 of P showed potential to substantially enhance
phosphate fertilisation efficiency. This effect may be attributed to the high P adsorption
capacity in clayey Ferralsol, which required high doses of biochar or P to increase P
availability for plants, possibly due to the presence of free oxides of Fe, Al, and Mn [33,34].

Furthermore, P adsorption by the soil may also have been favoured by its pH, which,
even at higher biochar doses (from 30 to 60 t ha−1), remained below the optimal range for
P availability (between 6.0 and 6.5), making P more susceptible to immobilisation by Fe
and Al [35]. Even so, in this pH range, the dominant form of P is the H2PO4

− ion, which
has lower adsorption free energy, facilitating its adsorption by biochar [15].

Biochar characteristics, such as the C:N ratio, mainly influenced by feedstock type
and pyrolysis temperature, explain 59% of the variability in available soil P response [16].
In this regard, the high C:N ratio of açaí waste biochar (232.85), derived from lignin-rich
biomass with low P content, appears to enhance its efficacy in promoting P availability,
particularly at high biochar doses [16].

The addition of açaí waste biochar at doses of 7.5 t ha−1, 15 t ha−1, 30 t ha−1, and
60 t ha−1 resulted in the application of approximately 44.25 kg, 88.5 kg, 177 kg, and 354 kg
of P to the soil, respectively. Starting from 15 t ha−1, biochar could potentially supply the
required amount of P for cowpea development [28]. Between 5 and 20% of the P in biochar
may be considered available [36]. Pyrolysis conditions influence retained and lost nutrients,
making nutrient availability to plants highly variable [38].

P release from biochar is regulated by the same factors that determine P availability
in the soil [39]. According to these authors, the water and soil environment, such as pH
and the composition and concentration of cations, determines whether P derived from
biochar will be used by plants, leached, or immobilised. Açaí waste biochar had a CaCO3

equivalent content of 4.2%, with liming power classified as class 1 on a scale from 0 to 3,
according to the International Biochar Initiative (IBI) [27].

In acidic soils, small pH changes can result in a substantial reduction in P precipitation
with Al and Fe [36]. The increase in soil pH favoured cowpea growth by reducing the
negative effects of acidic soils, making nutrients more available and plants less susceptible
to pests and diseases [40]. This effect was particularly observed with total N (r = 0.71,
p < 0.01), a macronutrient related to plant growth.

The addition of 30 and 60 t ha−1 of açaí waste biochar, combined with different doses
of P, significantly raised soil pH value, which ranged from 5.49 to 5.97, favouring cowpea
development, which requires a pH around 5.5 [41]. Compared to the control soil, these
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same treatments increased pH by up to 1.1 units, indicating a significant effect in reducing
soil acidity with biochar application [42].

Soil pH neutralisation primarily occurred through the neutralisation of exchangeable
Al in the soil, which was initially at 0.15 cmolc kg−1 in the control soil and reduced to
0.01 cmolc kg−1 with the addition of 60 t ha−1 of biochar. This reduction can be attributed to
the increased precipitation of Al as hydroxides, as well as the formation of organometallic
complexes with organic ligands released by the biochar [33].

Additionally, the chemical and physical properties of açaí biochar can directly influ-
ence the acid–base balance in the soil. In this study, factors inherent to açaí waste biochar,
such as its alkalinity (pH of 8.86 in H2O), high CEC (41.25 mmolc kg−1), and the presence
of functional groups on its surface, such as carboxyls (COO−), carbonates (CaCO3), phos-
phates (PO4

3−), and other alkaline substances [43], likely acted together to neutralise soil
pH. Alkaline biochars release basic ions, such as hydroxyls (OH−) and carbonates (CO3

2−),
which help neutralise soil acidity [43].

The alkaline substances present in biochar, derived from equivalent base cations,
interact with soil minerals, raising the pH value. This interaction is considered more
relevant to soil pH elevation than the biochar’s inherent pH [44]. Soil solution pH influences
both nutrient mobility and nutrient release from biochar itself, affecting nutrient availability
in the soil solution, especially P [38].

The basic cations present in biochar can impart a high positive charge potential to its
surface, facilitating the formation of divalent cation bridges, which favour the sorption
of negatively charged P ions [33]. The Ca content in açaí biochar contributed to greater
P availability in the soil, considering that maximum P release in soil is favoured by low
Ca concentrations in the biochar (<1%) and soil solution, as well as a Ph value below
7.5 at the soil–biochar interface [39]. The high K concentration in biochar may have
intensified competition for cation exchange sites, disadvantaging Mg absorption, although
CEC selectivity is often reported as preferential for the following cations: Al3+ > Ca2+ >
Mg2+ > K+ ≈ NH4

+ > Na+ [45].
Açaí biochar also significantly impacted available N content in the soil, suggesting

that this material positively influences soil N availability. These findings are supported by
observations indicating that the combined application of biochar and phosphate fertiliser
increases total soil nitrogen (N) levels with increasing doses of biochar [42]. An increase in
total nitrogen (N) content in maize and wheat crops promoted by forest waste biochar was
also reported [46].

In this study, although effects on SOC levels were observed due to the interaction
between biochar and P, which can positively affect soil health and fertility [47] and provide
a potential source of bioavailable C for soil microorganisms [48], no significant impacts
of these factors were found on EE-GRSP concentrations. In the reference treatment, the
EE-GRSP concentration (1.14 mg g−1) was lower than the values reported in another study,
which ranged from 2.41 to 3.5 mg g−1 of EE-GRSP in the Brazilian Amazon forest [49].
EE-GRSP produced by arbuscular mycorrhizal fungi contributed 8.67% to SOC storage,
within a total of 23.26% of total glomalin, acting as a potent carbon sink [48].

The observed results for EE-GRSP can be attributed to the high recalcitrance of the
biochar used in this study, characterised by a low content of labile carbon fraction and a
higher proportion of stable organic carbon, as indicated by the H/C ratio of 0.23. It is esti-
mated that 538 g kg−1 of this C will remain in the soil for at least 100 years, corresponding
to class 4 of the IBI carbon storage classification [24]. This characteristic favours a gradual
increase in SOC due to the stabilisation of labile carbon by biochar [50]. The low labile car-
bon content of açaí biochar, combined with the short interaction period with the soil, may
have been insufficient to induce significant changes in the mycorrhizal fungal community
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and, consequently, EE-GRSP production. The addition of biochar and P improved key soil
properties related to mycorrhizal response, such as pH, SOC, and CEC [49]. In the short
term, this improvement may not have been sufficient to influence EE-GRSP production.

Therefore, based on the evaluated parameters, the increase in the soil’s available P
content can be attributed to enhanced P solubility, promoted by reduced soil acidity and
increased exchangeable cations [17]. In acidic soils, the addition of alkaline metals (Ca, Mg,
the K), either as soluble salts or through biochar exchange sites, likely represents the most
significant effect of biochar on short-term P solubility [36]. The authors further suggest that
biochar may influence long-term P bioavailability through several mechanisms associated
with P precipitation, such as the adsorption of biochar-induced chelating organic molecules.

5. Conclusions
The application of P had a significant effect on the biological components evaluated

for cowpea (length, number of leaves, leaf area, aerial dry biomass, and root dry mass),
while reduced P doses negatively impacted plant growth and biomass production. Açaí
residue biochar exhibited significant effects only on leaf area. The increase in biochar and P
levels resulted in a maximum short-term enhancement of 7.7% in APE for cowpea, possibly
due to the high recalcitrance of açaí residue biochar and the strong adsorption energy
of Ferralsol.

The application of açaí residue biochar in combination with P improved the chemical
properties of Ferralsol. Compared to the control treatment, the available P content in the
soil increased by 2.3 times with the application of 60 t ha−1 of biochar and by 1.87 times
with 7.5 t ha−1 of biochar, both combined with 120 kg ha−1 of P.

The application of 60 t ha−1 of biochar yielded the most notable results in increasing
soil pH value (without the addition of P). It also promoted a 54% increase in total N content
(with 40 kg of P) and a 37.5% increase in K content (with 80 kg of P). The co-application of
increasing rates of biochar and P also enhanced the levels of Ca, Na (eight-fold), effective
CEC, and SOC (6%), while significantly reducing the exchangeable Mg and Al contents. In
contrast, the EE-GRSP levels were not influenced by the studied factors.

In the short term, biochar did not demonstrate a significant effect as a P source, as
observed in treatments with reduced P doses. Instead, biochar modified the soil environ-
ment, promoting increased P solubility and availability. The tested hypothesis was partially
confirmed by the improvement in soil chemical properties and increased P availability;
however, no significant interaction between action of different doses of biochar and P on
cowpea biological components was observed.

The agronomic utilisation of this biochar can be implemented gradually through
annual fractional applications, as it accumulates over time, similar to the practises devel-
oped by the Indigenous peoples of the Amazon for the formation of Amazonian Dark
Earth. This management approach enables the achievement of multiple benefits, including
improvements in soil fertility and the sustainability of agricultural systems.

Açaí waste biochar has the potential to generate more significant effects in future
cultivation cycles, due to its slow nutrient release. It is therefore recommended that future
studies explore its long-term impacts under field conditions. The use of this biochar emerges
as a promising approach, particularly in remote regions like the Amazon, where agricultural
inputs are costly. In addition to enhancing soil properties, biochar can contribute to carbon
emission reduction, aligning with Sustainable Development Goal 13.
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