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Abstract: Copper (Cu) is a critical micronutrient for wheat (Triticum aestivum L.), essential
for growth and grain baking quality, yet its availability is limited because Cu is specif-
ically adsorbed on colloids of highly weathered tropical soils like Oxisols. This study
hypothesizes that Cu-doped biochar composites can outperform traditional Cu fertilizers
in improving wheat growth and Cu use efficiency. Composites were synthesized from
chicken manure (FCM), shrimp shells (FSC), and sewage sludge (FSS), doped with copper
sulfate (CuSO45H2O) or copper oxide (CuO), and pyrolyzed at 300 ◦C or 550 ◦C. The ex-
perimental design involved greenhouse trials in two Oxisols (RYL and DRL), assessing Cu
release kinetics, plant Cu uptake, and dry matter production. Fourier Transform Infrared
Spectroscopy (FTIR) confirmed successful Cu integration. Results revealed that CSS/CS-5
(FSS + CuSO45H2O at 550 ◦C) improved Cu uptake and shoot biomass in DRL soil, while
CSC/CS-3 (FSC + CuSO45H2O at 300 ◦C) enhanced wheat CuSO45H2O growth in RYL
soil. Peak Cu availability varied by CuSO45H2O soil and composite type, with residual
Cu highest CuSO45H2O in CuSO45H2O-treated soils. These findings demonstrate that
Cu–biochar composites, tailored to soil conditions, offer a sustainable alternative to mineral
Cu fertilizers by enhancing the nutrient availability and wheat grain yield.

Keywords: Cu-doping; chemometrics; Cu release kinetics; ATR-FTIR; soil Cu availability;
Cu adsorption in tropical soils

1. Introduction
Copper (Cu) is an essential element for plant growth, yet its availability is often limited

in tropical soils, such as those found in the Brazilian cerrado. These soils usually have high
concentrations of iron and aluminum oxides (Fe2O3, Al2O3) and kaolinite, low-activity
colloids, acidic pH, low to medium organic matter content and low cation exchange capacity
(CEC) (Vermaat et al., 1950) [1]. These properties enhance the adsorption of Cu within soil
colloids, mainly the mineral ones, significantly reducing its availability to crops [2]. As a
result, conventional Cu fertilizers, such as copper sulfate (CuSO45H2O) and copper oxide
(CuO), have limited effectiveness in these soils and are rarely used and marketed in Brazil,
particularly for crops such as wheat. Winter wheat, which has a high demand for Cu, often
receives insufficient Cu fertilization. As an essential micronutrient that is often limited
and specifically adsorbed onto Al and Fe oxides, which are abundant in highly weathered
tropical soils, this deficiency frequently results in reduced yields low quality grains [3].
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Copper-doped biochar composites offer a novel solution to the strong interaction
between Cu and clay minerals of tropical soils [4]. These composites, enriched with Cu
in the form of oxides or sulfates, show potential as high-value micronutrient sources.
They may minimize copper specific adsorption (fixation) in tropical soils and enhance
its availability for plant uptake [5,6]. The production conditions of biochar, including
the choice of right temperature and feedstock type, play a critical role in determining
its composition and properties, as well as the effectiveness of the charred matrices in
delivering Cu to crops. These factors, in turn, influence the availability of copper in
soil [7]. The feedstock selection influences the biochar elemental composition, pH, and
potential contaminants, as well as the effectiveness of biochar to act as true nutrient
source or, depending on the biochar rate, as a soil conditioner [8]. Consequently, Cu–
biochar composites can address Cu deficiency in soil and support sustainable, efficient Cu
fertilization strategies, thereby improving crop growth and yields in tropical soils [9], such
as winter wheat [10].

This study focuses on converting abundant organic wastes found in Brazil, specifically
chicken manure (FCM), shrimp shells (FSC), and sewage sludge (FSS), into biochar-Cu com-
posites. When pyrolyzed with Cu sources, these materials exhibit increased pH, specific
spectroscopic signatures, structural changes, and the presence of alkaline functional groups
in the biochar matrix, which enhance Cu surface complexation through deprotonation [11].
The selection of these feedstock is based on their availability in Brazil, degree of humifica-
tion, the chemical nature of the matrix organic groups, elemental composition, the richness
of functional N organic groups, including aminoacids and proteins, and their demonstrated
potential for nutrient complexation and for biochar production in previous studies [12–14].
Applying Cu–biochar composites can increase CEC, catalyze various reactions of Cu with
organic radicals, and is supposed to increase Cu availability to plants in a pH-dependent
way [15]. Analytical techniques, such as infrared spectroscopy, are used to identify chem-
ical bonds and compounds within the composites. Comprehensive chemical analyses
for Cu speciation, pools, and availability aim to meet plant Cu nutritional requirements
and enhance the agronomic effectiveness of Cu fertilizers in tropical, highly weathered
soils [15]. Higher pyrolysis temperatures typically produce biochar with enhanced Cu
sorption capacity, enriched inorganic constituents, and improved ash content but may also
destroy organic functional groups essential for Cu complexation or chelation [16]. The
reactivity, solubility, and stability of the Cu complexes in the charred matrices are tested
in this study using different techniques, such as spectroscopy, SEM-EDS, and elemental
composition of composites, in addition to assessing different Cu pools in the Oxisols and
wheat plants.

The hypothesis of this study is that Cu–biochar composites are more efficient than
traditional Cu fertilizers in enhancing wheat growth and nutrient uptake in Oxisols due
to the slow and protected release behavior of Cu. The study aims to (i) identify synthesis
routes and evaluate properties of Cu composites (CuSO45H2O and CuO) based on biochars
derived from FCM, FSC, and FSS pyrolyzed at 300 ◦C or 550 ◦C; (ii) assess the efficiency of
Cu–biochar composites in supplying Cu to wheat plants, and examine the release kinetics of
Cu release in Oxisols; (iii) determine the agronomic effectiveness of Cu–biochar composites
in ensuring robust wheat growth compared to plants fertilized with CuSO45H2O.

2. Materials and Methods
2.1. Feedstock Preparation and Characterization

Three types of feedstocks were used for the synthesis of biochars and composites as
follows: chicken manure (FCM), shrimp shell (FSC), and sewage sludge (FSS). FCM was ac-
quired from a farm located in Nepomuceno, Minas Gerais, Brazil (Latitude: −21.236110◦ S;
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Longitude: −45.234970◦ W); municipal FSS was collected from a sewage treatment sta-
tion at the Federal University of Lavras (UFLA) in Lavras, Minas Gerais, Brazil (Latitude:
−21.23008◦ S; Longitude: −44.98981◦ W); and FSC was obtained from a seafood processing
corporation located in Linhares, Espírito Santo, Brazil (Latitude: −19.373030◦ S; Longitude:
−40.054680◦ W), (Figure A1).

The feedstocks were initially air-dried at room temperature to remove constitutional
water. Subsequently, they were dried in a forced-air oven at 65 ◦C until reaching a constant
weight. After drying, the samples were ground and sieved to ensure a uniform particle
diameter of less than 0.25 mm. The processed feedstocks were stored in desiccators and
airtight plastic bags to prevent re-moisturization.

2.2. Synthesis of Biochar and Copper-Doped Biochar

Six biochar samples were produced by pyrolyzing each feedstock and two Cu sources
in a JUNG muffle furnace at either 300 ◦C or 550 ◦C, with a heating rate of 10 ◦C per
minute and a holding time of 60 min followed by slow cool-down to room temperature.
Twelve Cu-doped composites were synthesized by mixing feedstocks with either copper
sulfate (CuSO4·5H2O) or copper oxide (CuO), sourced from ISOFAR and Exodus Scien-
tific, to achieve a target Cu content of 20% (w/w) in the final composite. The selection
of a 20% Cu content was defined based on preliminary studies demonstrating that this
concentration optimizes the catalytic activity and structural stability of the composites,
preventing excessive agglomeration of Cu particles and ensuring uniform metal distri-
bution [17]. Additionally, this concentration was deemed appropriate to ensure efficient
synthesis without compromising the integrity of the biochar. The pre-treated mixture,
weighing 100 g, was subjected to pyrolysis under the same conditions as the untreated
biochars. After pyrolysis, all samples were ground and sieved through a 60-mesh screen for
consistency and homogeneity, and the ground, dried, and prepared samples were stored in
desiccators until further analysis. Refer to Table 1 for the nomenclature of feedstocks and
Cu sources, biochar, and the respective Cu–biochar composites synthesized.

Table 1. Identification of feedstocks, biochar sources, and synthesis temperatures for the biochar
composites.

Acronym Feedstock Temperature (◦C) Cu Source

FCM Chicken Manure
60 noFSC Shrimp Shell

FSS Sewage Sludge

BCM-3 Chicken Manure
300 NoBSC-3 Shrimp Shell

BSS-3 Sewage Sludge

CCM/CS-3 Chicken Manure

300

Copper Sulfate
CCM/CO-3 Chicken Manure Copper Oxide
CSC/CS-3 Shrimp Shell Copper Sulfate
CSC/CO-3 Shrimp Shell Copper Oxide
CSS/CS-3 Sewage Sludge Copper Sulfate
CSS/CO-3 Sewage Sludge Copper Oxide

BCM-5 Chicken Manure
550 NoBSC-5 Shrimp Shell

BSS-5 Sewage Sludge

CCM/CS-5 Chicken Manure

550

Copper Sulfate
CCM/CO-5 Chicken Manure Copper Oxide
CSC/CS-5 Shrimp Shell Copper Sulfate
CSC/CO-5 Shrimp Shell Copper Oxide
CSS/CS-5 Sewage Sludge Copper Sulfate
CSS/CO-5 Sewage Sludge Copper Oxide



Agronomy 2025, 15, 144 4 of 29

2.3. Characterization of Biochar and Composite Properties

The contents of volatile matter (VM), moisture (M), and ash (As) were determined fol-
lowing ASTM D1762-84 protocols, with modifications for biochar (Equations (1)–(3)) [18,19].
Biochar yield was calculated according to Equation (4). Post-VM determination, ash content
was quantified by incinerating the sample at 750 ◦C for six hours. Fixed carbon content
was computed as outlined in Equation (5).

VM(%) =
DW at 105 ◦C − DW at 950 ◦C

DW at 105 ◦C
× 100 (1)

M(%) =
RW − DW at 105 ◦C

RW
× 100 (2)

As(%) =
RW − DW at 750 ◦C

DW AT 105 ◦C
× 100 (3)

Y(%) = 100 × biochar mass
105 ◦C dried feedstock

(4)

C(%) =
DW at 105 ◦C − DW at 950 ◦C − DW at 750 ◦C

DW at 105 ◦C
× 100 (5)

The pH and electrical conductivity (EC) of the studied samples were assessed using a
1:10 ratio of biochar to wate measured with a digital meter from (Toledo CE, Mettler-Toledo
AG, Switzerland) [18]. Carbon (C) content was determined through a dry combustion
technique using a Vario TOC cube analyzer from Elementar, Germany. Total nitrogen (N)
content was measured following sulfuric acid digestion employing the Kjeldahl method [18].
The carbonized samples underwent a digestion process involving sulfuric acid mixed with
selenium and potassium sulfate in digestion tubes. The process began with a 12 h pre-
digestion phase, followed by a gradual increase in the aluminum block temperature up to
250 ◦C until the samples were completely solubilized. After digestion, the nutrient contents
were quantified using the inductively coupled plasma optical emission spectroscopy ICP-
OES machine from Agilent Technologies, USA, with the used of certified samples to control
the quality of the results during the digestion phase and elemental determination (Table A1).

All digestion procedures utilized certified tomato leaf samples from the National Insti-
tute of Standards and Technology (NIST) SRM 1573a; as well as biochar samples derived
from sewage sludge and wheat straw in the UK, supplied by the Biochar Research Centre,
School of Geosciences-University of Edinburgh (SS550, SS700, WSP550, and WSP700) [20].
These standard samples were utilized to ensure quality control, along with blank samples
whose nutrient contents were factored into the calculations to determine the final elemental
composition of feedstocks, biochars, and composites.

Water-soluble (W), 2% citric acid-soluble (CA%), and neutral ammonium citrate-
soluble (NAC) Cu levels were assessed in filtrate using standard methods [21]. The indices
of Cu in the sources used in this study were quantified through chemical analysis and
subsequently determined in the aforementioned ICP-OES machine. To compare the Cu
solubility of the samples, a Cu index was calculated, taking into account the ratio of the
soluble Cu indices in fertilizers (Cu in water, Cu-W, Cu in citric acid, Cu-CA% and Cu in
neutral citric acid solution, Cu-NAC) and the total Cu content of each matrix, according to
(Equation (6)).

Cu(%) =
Soluble Cu

(
g kg−1

)
Total Cu

(
g kg−1

) × 100 (6)
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2.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) with attenuated total reflectance (ATR)
was performed using an Agilent® Cary 630 FTIR spectrometer equipped with a ZnSe-
ATR crystal. Infrared analysis covered a wavelength range of 4000–650 cm−1 at a 4 cm−1

resolution. Each FTIR spectrum was normalized as described in [22]. Spectral interpretation
and identification of specific bands for Cu-treated biochars were based on existing libraries
and assignments of bands to organic functional groups [18,23].

2.5. Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) was used to analyze the elemental composi-
tion of the samples, utilizing the Schottky Field Emission Scanning Electron Microscope
JEOL JSM-7610F, located at the Electron Microscopy and Ultrastructural Analysis Lab-
oratory of the Federal University of Lavras (LME/UFLA) in Brazil-Department of Phy-
topathology. Non-conductive, dried samples measuring 0.5 × 0.5 × 0.5 cm were oven-dried,
mounted on stubs using double-sided carbon tape, and then carbon-coated.

2.6. Copper Release Kinetics

The kinetics of Cu release from various matrices (biochar and composites and Cu
mineral source) were assessed through sequential extractions of leached Cu over time.
The experimental procedure involved weighing 1.0 g of the sample, which was then
transferred to a 50 mL falcon tube and combined with 20 mL of 2% citric acid solution.
The mixture was horizontally shaken at 90 rotations per minute (rpm), and extracts were
collected at predetermined intervals as follows: 0.25, 0.5, 1, 2, 4, 12, 24, 48, 72, 120, and
250 h of sequential analysis to evaluate the Cu quantities released by the biochars and
their respective composites. After each extraction time, tubes containing samples were
centrifuged for 5 min at 3500 rpm. The resultant supernatant was carefully collected and
transferred to another falcon tube and reserved for further analysis of the extracted analytes.
Cooper concentrations in the leachate extracts were determined in an inductively coupled
plasma optical emission spectrometer (ICP-OES) machine.

2.7. Agronomic Performance t of Cu Composites

This agronomic study was conducted in a greenhouse experiment involving wheat
Triticum aestivum cultivation in surface samples (0–20 cm) of typical Dystrophic Red-
Yellow Latosol (RYL) and Dystroferric Red Latosol (DRL), whose main attributes are shown
in Table 2.

Table 2. Physicochemical properties of Oxisols (RYL and DRL) utilized in wheat cultivation experi-
ments, previously to liming and fertilization practices.

Oxisol pH C Clay Silt Sand N P K Ca Mg Fe Mn B Cu Zn

---------- g kg−1 ---------- --- mg dm−3 --- cmolc dm−3 ------------ mg dm−3 -------------

RYL 4.7 4.5 460 85 455 329 6.1 217.5 0.8 0.4 35.7 3.0 0.1 0.0 0.2

DRL 4.5 19.8 770 100 130 2580 8.3 30.1 0.3 0.2 50.6 3.4 0.06 1.1 0.3

RYL—Red-Yellow Latosol (medium texture); DRL—Dystroferric Red Latosol (clay texture). pH measured in a
soil-water ratio of 1:2.5; C—carbon content determined by dry combustion using an automatic Vario Cube TOC
analyzer, Elementar, Germany; clay, silt, and sand fractions analyzed using the Bouyoucos method. N—total
nitrogen determined by the Kjeldahl method; P—available phosphorus determined by the resin soil test; K,
Fe2+, Mn2+, Cu2+, and Zn2+—availability determined by the Mehlich-1 soil test; B—determined using an EDTA
extractor; Ca2+ (exchangeable calcium) and Mg2+ (exchangeable magnesium) extracted using a 1 mol L−1 KCl
solution soil test. All analytical methods are described in detail in [24].

Soil samples underwent air-drying, grounding, and sieving (2 mm) to obtain air-dried
fine earth. Soil acidity was corrected using calcium carbonate (CaCO3) and magnesium
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carbonate (MgCO3) at a 4:1 molar ratio to achieve a target pH of 5.5 ± 0.2, aiming to
maximize the availability of essential macro- and micronutrients and optimize growth
conditions for the plants, avoiding the aluminum toxicity that is common in these soils.
This approach ensures that the soil conditions are optimized for the specific crop, providing
a balanced environment for plentiful plant development [25]. The lime application aimed
to optimize growth conditions for wheat and ensure the availability of calcium (Ca) and
magnesium (Mg) in the soil [24]. A randomized complete block design with the use
of a 5 × 3 factorial arrangement was employed, combining five biochar–Cu composites:
CCM/CS-3, CSC/CS-5, and CSS/CS-5, alongside the treatment without Cu addition
to soil. Regardless of the source, Cu was added to both Oxisols at a concentration of
4.0 mg kg−1 [26]. The choice of the composites CCM/CS-3, CSC/CS-5, and CSS/CS-5
over others shown in Table 1 was based on their specific properties and their potential to
improve soil fertility and plant growth, besides the specific capacity to release Cu (kinetics
study) over time.

These composites were selected to assure an ideal combination of physical and chem-
ical characteristics capable of maximizing nutrient availability in the soil, in addition to
showing uniform Cu distribution and thermal stability, making them more effective for the
experimental conditions of this study.

After liming, each pot containing 3 kg of soil was fertilized, and wheat was sown
with four seeds per pot, incorporating a nutrient fertilization scheme that includes 300;
(600 DRL and 300 RYL), 300; 40; 1.80; 5, 20 and 0.15 mg kg−1, of N, P, K, S, B, Mn, Mo,
Zn, and Fe, respectively, and using the following sources: NH4H2PO4, K2SO4, H3BO3,
MnCl2.4H2O, and (NH4)6Mo7O2.4H2O (p.a), except for N and K, which were split into
three applications at 7, 15, and 30 days after wheat seed germination [27]. Irrigation was
maintained at approximately ~70% of the soil’s maximum water-holding capacity. The trial
lasted 90 days, with daily soil water level adjustments.

At the beginning of the experiment, a Suolo Acqua® sampler (Lavras, Minas Gerais,
Brazil) [28] was installed in the lower third of the pots, centrally, where the soil was carefully
packed and slightly compressed around the soil solution sampler to avoid the entry of
air into the soil–water–sampler system. After 12 h following the wheat sowing, the first
aliquots of the soil solution (20 mL) were collected throughout the experimental period at
1, 7, and 15 days. The collected solution was filtered through a membrane with a pore size
of 0.45 µm, and soil Cu content was determined by an ICP-OES machine. After 190 days
of wheat sowing, 50 g of soil was collected from each experimental unit. The soil samples
were then dried and sieved (2 mm). The Cu content in the soil was determined at the end of
the experiment to evaluate the residual Cu available in the soil after wheat cultivation [24].

Upon harvest, 190 days after sowing, wheat plants were separated into shoot, root,
and grain parts. The weight (dry matter, DM) r of each plant part was obtained after drying
at 60 ◦C. Shoot (SDM), root (RDM), and grain yield (GP) were ground in a mill (Model
TE-648, Tecnal, Piracicaba, São Paulo, Brazil) using (1 mm); plant materials were digested in
a nitric-perchloric mixture [29], and the Cu content in the plant tissue was determined using
an ICP-OES machine, while Cu accumulation in the SDM was calculated by multiplying
the dry matter by the Cu concentration in shoot (Equation (7)).

Shoot Cu content = shoot dry matter (g) × Cu concentration in the shoot tissue
(

mg g−1
)

(7)

2.8. Statistical Analysis

Data were processed using mean values of the plant and soil attributes assessed in
this study. The data were then subjected to a two-way ANOVA to discern any statistically
significant differences (p < 0.05) among treatments, followed by means comparison using
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Tukey’s test (p < 0.05). All assumptions for ANOVA were verified, and significance was
assessed at p < 0.05 using R software (version 4.2.1, R Core Team, Vienna, Austria) [30].
Multivariate analyses were conducted using R to elucidate the relationships between
the properties and Cu solubility indices and pools within the composites. The packages
employed in these analyses included agricolae, factoextra, FactoMineR, pvclust, corrplot,
tidyverse, and nlstools [31–37].

The dataset of Cu-release kinetics in 2% citric acid (CA%) was fitted to different non-
linear mathematical models, as an output of the relationship between incubation time
versus the amount of Cu released from each Cu source. The following mathematical
models were fitted to the Cu kinetics dataset: Elovich model (Equation (8)), simple ex-
ponential model (Equation (9)), power function (Equation (10)), and hyperbolic model
(Equation (11)).

Nt = a + blnt (8)

Nt = N0
(

1 − e−kt
)

(9)

Nt = a × bt (10)

Nt =
N0 × t

(N0 × b + t)
(11)

Model selection for Cu-release kinetics was performed based on the highest determi-
nation coefficient (R2), the lowest root mean square error (RMSE), and the smallest Akaike
information criterion (AIC) values [38]. Notation: Nt is the fraction of Cu released at time t;
a represents the initial Cu release rate; b is the constant rate of Cu release; and N0 is the
maximum amount of Cu released during the kinetics study.

3. Results
3.1. Chemical Properties of the Composites

The pH of the biochars varied within a range of 6.2 to 10.7 (Table 3). Biochars derived
from FCM and FSC exhibited higher pH values, indicating a more alkaline nature. In
contrast, those derived from FSS showed lower pH values, which could influence their
application in acidic soils [39]. The high alkalinity of the FCM and FSC biochars may
be beneficial for neutralizing acidic soils. Although the FSS biochars have a lower pH
of 6.2, this does not necessarily limit their effectiveness in such conditions. Overall, the
pH of the biochars increases with the pyrolysis temperature for all feedstocks due to
the increased generation of ash, which contains basic cations that can be associated with
alkaline species such as carbonates, oxides, and hydroxides [40], especially in nutrient-rich
raw materials [41], such as FCM and FCS.

Electrical conductivity ranged from 1.3 to 8.2 dS m−1, with BCM-3, BCM-5, and BSC-
3 showing the highest values. This suggests a higher concentration of soluble salts in
these biochars, which could affect their applicability in soils depending on soil salinity
and the crops to be grown. In general, the yield percentage of the biochars decreased
with increasing pyrolysis temperature, as expected, due to greater mass loss at higher
temperatures [42]. The inorganic constituents present in the ash of FSS-derived biochars
act as flame retardants, thereby reducing mass loss during pyrolysis [43]. The volatile
matter (VM) content was higher in biochars pyrolyzed at 300 ◦C, as seen in BSC-3 with 72%,
compared to those pyrolyzed at 550 ◦C, such as BSC-5 with 42%. This pattern indicates
that higher pyrolysis temperatures promote greater volatilization of organic compounds,
resulting in a biochar with a lower volatile matter content and a higher proportion of fixed
carbon [44].
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Table 3. Properties, elemental composition (C and N) and value of pH and EC of the biochar
produced.

Biochar pH EC Yield VM Ash FC Elemental Composition C:N Ratio

(dS m−1) --------------------------------(%)-------------------------------------

C N C:N

BCM-3 9.1 6.4 69 57 52 9.3 35 2.1 16.6
BCM-5 10.7 8.2 53 56 60 11.1 26 1.9 13.1
BSC-3 9.2 7.3 81 72 32 3.9 41 6.5 6.4
BSC-5 10.4 2.9 60 53 60 12.5 25 2.4 10.7
BSS-3 6.2 1.3 88 34 71 4.8 16 2.1 7.6
BSS-5 7.1 1.5 69 28 78 5.4 12 1.2 10.3

Values are mean (n = 3), except yield (%) (n = 1); EC: electrical conductivity; VM: volatile matter; Ashes; FC: fixed
carbon; C: Carbon; N: nitrogen; C:N: carbon/nitrogen ratio. BCM-3: chicken manure biochar at 300 ◦C; BCM-5:
chicken manure biochar at 550 ◦C; BSC-3: shrimp shell biochar at 300 ◦C; BSC-5: shrimp shell biochar at 550 ◦C;
BSS-3: sewage sludge biochar at 300 ◦C; BSS-5: sewage sludge biochar at 550 ◦C.

Ash contents ranged from 32% to 78%, with biochars from FSS showing the highest
ash contents, which reflects the large number of inorganic minerals present in sewage
sludge, which do not volatilize during pyrolysis, remaining in the biochar matrix [45].
The fixed carbon percentage increased with pyrolysis temperature, consistent with the
thermal degradation of volatile materials and the concentration of chemically stable carbon.
For example, BCM-5 had 11.1% fixed carbon, while BCM-3 had 9.3%. Biochars derived
from FSC had a higher carbon content (41% for BSC-5) compared to those from sewage
sludge (FSS) (12% for BSS-5). However, the carbon concentration in FCM biochar decreased
with increasing pyrolysis temperature, which is consistent with findings reported by other
studies [41].

Nitrogen content was highest in biochars from BCS-3 (6.5%) compared to other com-
posites, as the nitrogen content and chemical species of N in the biochars are determined
by the choice of feedstock and its initial N content [46]. The C/N ratio, an important factor
in biochar application in soil, varied significantly. Biochars from (BCM-3 and BCM-5) had
higher C/N ratios (16.6 and 13.1, respectively), which could suggest potential benefits for
carbon stability in the soil. In contrast, biochars from FSS had lower C/N ratios (10.3 for
BSS-5), indicating a relatively higher potential for N mineralization [47]. While the C and
N in biochar are generally stable, especially at lower pyrolysis temperatures, these ratios
provide insight into the comparative dynamics of these elements among different biochars.

In summary, the type of feedstock and pyrolysis temperature significantly affect the
properties of biochar. Biochars from FCM and FSC showed higher alkalinity and C content,
while those from FSS had higher ash content and lower C: N ratio. These characteristics
should be considered when selecting biochar for specific soil applications to optimize
agronomic and environmental benefits of Cu sources.

The composites derived from CCM/CS-5 and CCM/CO-5 exhibited substantial in-
creases in pH, illustrating the impact of high-temperature treatment on the alkalinization
of carbonized matrices (Table 4). Notably, CCM/CS-5 exhibited a considerable increase in
pH from 5 at 300 ◦C to 10, alongside a sharp decrease in EC from 21 dS m−1 to 9 dS m−1.
Similarly, the pH of CCM/CO-5 increased to 10.6, while its EC decreased to 8.4 dS m−1.
These changes suggest that higher pyrolysis temperatures, depending on the biochar rate
added to soil, can enhance the composite’s ability to correct soil acidity. The lower solubility
of CuO results in fewer free ions in the solution, thereby reducing EC. Additionally, the
basic nature of CuO contributes to a higher pH level in the biochar, making it more alkaline
in character than the more acidic CuSO45H2O [48].
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Table 4. Comparative analysis of composite properties: impact of feedstock type, doping agents, and
pyrolysis temperatures on chemical parameters.

Composite pH EC Yield VM Ashes FC Elemental Composition C:N Ratio

(dS m−1) --------------------------------------------(%)--------------------------------

C N C:N

CCM/CS-3 4.8 ± 0.1 21 ± 0.1 65 25 ± 0.5 36 ± 0.1 36 ± 0.5 17 ± 0.1 3 ± 0.1 5 ± 0.1
CCM/CS-5 10 ± 0.1 9 ± 0.1 47 14 ± 0.1 19 ± 0.9 66 ± 0.9 19 ± 0.1 2.3 ± 0.1 8 ± 0.1
CCM/CO-3 8 ± 0.1 7 ± 0.1 71 44 ± 0.1 45 ± 1.4 10 ± 1.4 27 ± 0.1 4.6 ± 0.1 6 ± 0.1
CCM/CO-5 11 ± 0.1 8 ± 0.1 59 29 ± 0.5 33 ± 1.3 37 ± 1.8 22 ± 0.1 2 ± 0.1 11 ± 0.5
CSC/CS-3 5 ± 0. 1 23 ± 0.1 64 56 ± 0.1 33 ± 1.3 9 ± 1.1 13 ± 0.1 4 ± 0.1 3.5 ± 0.1
CSC/CS-5 10 ± 0.1 3.5 ± 0.1 44 20 ± 0.8 15 ± 0.9 64 ± 1.5 19.5 ± 0.1 4 ± 0.1 5.5 ± 0.1
CSC/CO-3 9 ± 0.1 5 ± 0.1 84 50 ± 0.4 46 ± 0.1 1.6 ± 0.5 26.5 ± 0.1 4.4 ± 0.4 6 ± 0.5
CSC/CO-5 10 ± 0.1 3 ± 0.1 54 22 ± 0.2 32 ± 1.2 46 ± 1.3 21 ± 0.1 3.3 ± 0.1 6.3 ± 0.2
CSS/CS-3 4 ± 0.1 25 ± 0.1 72 30 ± 0.2 29 ± 0.4 39 ± 0.6 6 ± 0.1 1.4 ± 0.2 4 ± 0.6
CSS/CS-5 7 ± 0.1 2 ± 0.1 48 8 ± 0.04 19 ± 0.1 73 ± 0.1 6 ± 0.1 1.2 ± 0.1 5.4 ± 0.1
CSS/CO-3 5 ± 0.1 3 ± 0.1 90 33 ± 0.1 27 ± 1.7 40 ± 1.6 13.5 ± 0.1 2.2 ± 0.1 6 ± 0.1
CSS/CO-5 8 ± 0.1 1 ± 0.1 72 28 ± 0.5 19 ± 1.4 46 ± 2.0 11 ± 0.1 1.4 ± 0.1 7.5 ± 0.1

Table 4 presents mean values (± standard deviation) for pH, electrical conductivity
(EC), yield, volatile matter (VM), ash content, fixed carbon (FC), elemental composition
(C and N), and the C:N ratio. Composites: CCM/CS-3: chicken manure + copper sulfate
pyrolyzed at 300 ◦C; CCM/CO-3: chicken manure + copper oxide at 300 ◦C; CCM/CS-
5: chicken manure + copper sulfate at 550 ◦C; CCM/CO-5: chicken manure + copper
oxide at 550 ◦C; CSC/CS-3: shrimp waste + copper sulfate at 300 ◦C; CSC/CO-3: shrimp
residue + copper oxide at 300 ◦C; CSC/CS-5: shrimp residue + copper sulfate at 550 ◦C;
CSC/CO-5: shrimp residue + copper oxide at 300 ◦C; CSS/CS-3: sewage sludge + copper
sulfate at 300 ◦C; CSS/CO-3: sewage sludge + copper oxide at 300 ◦C; CSS/CS-5: sewage
sludge + copper sulfate at 550 ◦C; CSS/CO-5: sewage sludge + copper oxide at 550 ◦C.

In contrast, lower pH values in CSS/CS-3 may indicate greater metal solubility and
lower Cu adsorption on soil colloids, although Cu compounds’ solubility and availability
are conditioned by the degree of Cu complexation by organic compounds and the reactivity
and stability of Cu-organic complexes formed during pyrolysis [48]. Depending on the
composite rate added to soil, the high EC observed for CSC/CS-3 could limit its application
in saline soils or those susceptible to salt stress. The addition of CuO generally resulted
in lower EC and higher pH compared to CuSO45H2O across all feedstocks due to its
basic nature, which neutralizes more acidic components present in the biochar [48] and
accelerates the production of hydroxyl and oxygen radicals in the synthesis media [49].

Increasing the temperature typically resulted in a decrease in biochar yield, but there
was an increment in FC content, indicating a higher degree of carbonization. For instance,
CCM/CO-3 had a higher yield (71%) and a lower FC of 10%, in contrast to CCM/CO-5,
which yielded a 59% greater amount of biochar but increased the FC to 37%. The elemental
composition of Cu-enriched biochars revealed variations in C and N contents, signifi-
cantly impacting the C:N ratio, crucial for nutrient release in soil applications. Remarkably,
CSS/CS-3 displayed lower C:N ratios, such as CSC/CS-3 at 3.5, enhancing nutrient avail-
ability compared to those treated at 550 ◦C such as CSC/CS-5 and CCM/CO-5, which
exhibited C:N ratios of 5.5 and 10.8, respectively.

Values shown in Table 4 refer to the treatments’ mean (n = 3), except yield (%)
(n = 1); pH, electrical conductivity (EC), yield, and proximate composition (volatile matter
(VM), ash content, fixed Carbon (FC), Carbon (C), Nitrogen (N), and C:N. Composites:
CCM/CS-3: chicken manure + copper sulfate pyrolyzed at 300 ◦C; CCM/CO-3: chicken
manure + copper oxide at 300 ◦C; CCM/CS-5: chicken manure + copper sulfate at 550 ◦C;
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CCM/CO-5: chicken manure + copper oxide at 550 ◦C; CSC/CS-3: shrimp waste + copper
sulfate at 300 ◦C; CSC/CO-3: shrimp residue + copper oxide at 300 ◦C; CSC/CS-5: shrimp
residue + copper sulfate at 550 ◦C; CSC/CO-5: shrimp residue + copper oxide at 300 ◦C;
CSS/CS-3: sewage sludge + copper sulfate at 300 ◦C; CSS/CO-3: sewage sludge + copper
oxide at 300 ◦C; CSS/CS-5: sewage sludge + copper sulfate at 550 ◦C; CSS/CO-5: sewage
sludge + copper oxide at 550 ◦C.

These findings underscore that pyrolysis temperature is a pivotal factor in optimizing
the properties of the composites. Higher temperatures increase pH and FC, which are
advantageous for improving soil structure and soil acidity correction [50]. However, these
conditions can also decrease N availability due to volatilization [51], which is associated
with higher C:N ratios and suggests carbon stabilization and the biochar’s higher aromatic
character [44].

The increase in FC content and the decrease in yield at elevated temperatures in-
dicate the enhanced thermal stability of the composites [52]. This stability is beneficial
for applications requiring long-lasting C-rich materials, such as sustained soil amend-
ment. Furthermore, the reduction in EC with increased temperature points to a decrease
in soluble salts, which is favorable for preventing soil salinity. Nonetheless, this could
also imply a reduction in readily available Cu levels in soil or adsorption in soil colloids,
necessitating a balanced approach for the application of these composites, especially in
micronutrient-deficient soils [53].

The synthesized CSS/CS-5 composites exhibited the highest Cu retention, with a total
Cu content reaching 338 g kg−1. This high retention rate suggests an effective interaction
between the raw material enriched with CuSO45H2O, regardless of the pyrolysis temper-
ature. Conversely, composites such as CCM/CS-5 and CSC/CS-5, also produced with
CuSO45H2O, maintained high Cu levels regardless of the pyrolysis temperature but did not
surpass the FSS matrix regarding Cu retention. In contrast, composites produced with CuO
exhibited lower Cu retention, reflecting less effective Cu immobilization in the charred
matrices, regardless of the pyrolysis temperature.

The FSS composites doped with CuSO45H2O exhibited higher Cu content due to
the presence of oxygen-containing functional groups, such as C-OH and COOH, which
have a high capacity for Cu sorption [54]. Additionally, FSS biochars produce a high
nutrient content and offer considerable soil acidity neutralization capacity, highlighting
their potential as fertilizers and soil conditioners [40,41]. On the other hand, composites
(CSC/CS-3) achieved higher Cu levels due to their greater aromaticity, which surpasses that
of FCM, as shown in the study by [51]. The enhanced aromatic structure of FSC biochars
contributes to a more efficient retention and stabilization of Cu, making them more effective
in agricultural applications.

Additionally, the solubility of Cu varied among the composites, assessed via Cu-source
water solubility index, NAC index, and CA% index. CSS/CS-3 had the highest solubility
indices for different extracting solutions (W: 63%, NAC: 69%, CA%: 50%), indicating its
capacity for controlled Cu release, which is beneficial for environmental applications and
wheat nutrition in the long term (Table 5).

Values are the treatment means (n = 3); copper in H2O was determined ± 0.01 in
water at a ratio of 1:10 (w/v); content of soluble copper in total (T) was determined by total
digestion of the composites; copper in neutral ammonium citrate water (NAC); copper
in content of copper soluble in citric acid at 2% (CA%); H2O Index, NAC Index, and
CA% Index represent the copper content with the extractors and the total copper content.
Composites: CCM/CS-3: chicken manure + copper sulfate pyrolyzed at 300 ◦C; CCM/CO-
3: chicken manure + copper oxide at 300 ◦C; CCM/CS-5: chicken manure + copper sulfate
at 550 ◦C; CCM/CO-5: chicken manure + copper oxide at 550 ◦C; CSC/CS-3: shrimp
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waste + copper sulfate at 300 ◦C; CSC/CO-3: shrimp residue + copper oxide at 300 ◦C;
CSC/CS-5: shrimp residue + copper sulfate at 550 ◦C; CSC/CO-5: shrimp residue + copper
oxide at 300 ◦C; CSS/CS-3: sewage sludge + copper sulfate at 300 ◦C; CSS/CO-3: sewage
sludge + copper oxide at 300 ◦C; CSS/CS-5: sewage sludge + copper sulfate at 550 ◦C;
CSS/CO-5: sewage sludge + copper oxide at 550 ◦C.

Table 5. Solubility and availability index of Cu–biochar composites.

Copper (Cu)

Acronym W T NAC CA% W Index NAC Index CA% Index

------------------------(g kg−1)----------------------- -----------------(%)----------------

CCM/CS-3 78 ± 8.2 233 ± 3.3 147 ± 6.7 79 ± 6.2 33± 3.5 63 ± 2.6 34 ± 2.6
CCM/CS-5 0.1 ± 0. 1 282 ± 1.2 57 ± 0.7 30 ± 0.1 0.1 ± 0.1 20 ± 0.2 11 ± 0.1
CCM/CO-3 0.3 ± 0.1 111 ± 0.4 73 ± 3.9 8 ± 2.0 0.3 ± 0.1 65± 3.3 7 ± 1.8
CCM/CO-5 0.1 ± 0. 1 237 ± 1.0 141 ± 0.6 52 ± 1.3 0. 1 ± 0.1 60 ± 0.5 22 ± 0.6
CSC/CS-3 66 ± 0.1 302 ± 2.8 221 ± 0.7 135 ± 0.1 22 ± 0.2 72 ± 0.4 45 ± 0.4
CSC/CS-5 0.1 ± 0. 1 281 ± 0.8 29 ± 5.2 28 ± 2.3 0. 1 ± 0.1 10± 1.9 10 ± 0.8
CSC/CO-3 1.2 ± 0.2 241± 0.1 168 ± 2.1 16 ± 2.0 0.5 ± 0.1 70 ± 0.9 6.5 ± 0.8
CSC/CO-5 0.1 ± 0.1 233 ± 3.3 142 ± 0.1 42 ± 10.7 0.1 ± 0.1 61 ± 0.9 18 ± 4.5
CSS/CS-3 194 ± 7.2 309 ± 1.7 213 ± 1.5 155 ± 4.5 63 ± 2.1 69 ± 0.4 50 ± 1.6
CSS/CS-5 0.2 ± 0.1 338 ± 5.6 19 ± 1.1 31 ± 2.4 0.1 ± 0.1 6 ± 0.4 9 ± 0.6
CSS/CO-3 6 ± 0.1 204 ± 1.7 138 ± 4.2 55 ± 5.5 3 ± 0.3 68 ± 1.5 27 ± 2.9
CSS/CO-5 0.2 ± 0.1 215 ± 0.8 89 ± 2.4 30 ± 0.2 0.1 ± 0.1 42 ± 1.0 14 ± 0.1

Radar chart analysis emphasized the variable efficacy of different biochars in adsorb-
ing and retaining Cu, whose magnitude relies upon the feedstock and temperature applied
during pyrolysis (Figure 1). Biochars derived from BCM-3, BCM-5, BSC-3, and BSC-5
displayed enhanced Cu chemical species and composite Cu solubility indices, contrasting
with those from BSS-3 and BSS-5, which showed reduced agronomic effectiveness. Cluster
analysis highlighted distinct chemical behaviors among the composites, particularly con-
cerning Cu content and solubility indices. Variations were noted in the chemical properties
of the composites, such as pH, EC, VM, ash content, FC, and C and N levels, influenced by
both the temperature and the feedstock used in the composite production.

The composites synthesized at higher temperatures tend to increase FC and reduce
VM, which not only enhances the longevity of Cu in the soil but also minimizes nutrient
leaching, making it a more sustainable option for enhancing soil fertility over the long-term.
In addition to improving nutrient use efficiency, this strategy contributes to C sequestration
in the soil, reducing carbon emissions associated with the decomposition of organic matter.
These characteristics align with the findings of other studies, which have noted that higher
pyrolysis temperatures generally improve biochar’s chemical and physical stability, thereby
reducing the environmental mobility of macro- and micronutrients [55].

Incorporating CuO into the matrix provides a strategic advantage in the dynamics
of Cu delivery. Unlike CuSO45H2O, CuO is much less soluble, which regulates the Cu
release rate, preventing excessive initial bioavailability that could lead to plant toxicity.
This slow-release mechanism ensures a steady supply of this essential micronutrient, which
is crucial for plant health. It supports enzymatic processes, chlorophyll synthesis, and
promotes root development by enhancing root elongation and biomass accumulation. The
controlled Cu availability also improves nutrient uptake efficiency, ensuring a balanced
allocation of nutrients between roots and shoots. This not only fosters robust root systems
but also contributes to better overall plant growth and resistance to environmental stresses.
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leaching, making it a more sustainable option for enhancing soil fertility over the long-
term. In addition to improving nutrient use efficiency, this strategy contributes to C se-
questration in the soil, reducing carbon emissions associated with the decomposition of 
organic matter. These characteristics align with the findings of other studies, which have 
noted that higher pyrolysis temperatures generally improve biochar’s chemical and phys-
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Figure 1. Normalized cluster analysis of biochar attributes (300 ◦C and 550 ◦C) shows the similarity
percentage within each formed group (I, II, III, IV, and VI). Total copper content (T-Cu); copper
content in neutral ammonium citrate (NAC); 2% citric acid copper content (CA%); water-available
copper content (W-Cu); index representing the copper NAC content in relation to the extractors and
the total (I-NAC); index representing the copper AC% content (I-CA%); index representing the water
copper content (I-W); pH; electrical conductivity (EC); yield content; volatile material content (VM);
ash content; fixed carbon content (FC); carbon content (TOC); nitrogen content (N). Radar charts
at the ends of the terminal branches display the variable value ratio for each biochar or composite
normalized by the maximum value of the analyzed variable. The range of normalized attributes
varies from 0 to 1 (maximum in all samples).

This controlled release also aligns with sustainable agricultural practices, minimizing
the risk of Cu leaching into groundwater, thus protecting the environment and adhering to
increasingly stringent regulations concerning soil and water quality [56]. The application
of CCM/CO-5 has the potential to significantly improve Cu retention capacity, offering a
more controlled and sustained release of Cu in the soil. This is particularly advantageous
in agricultural contexts, where Cu toxicity can be a concern [57].

3.2. Infrared Spectroscopy

Fourier transform infrared spectroscopy with attenuated total reflection (ATR-FTIR)
was employed to characterize the functional groups present in the composites produced
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from biochar doped with CuSO45H2O and CuO at two different temperatures, 300 ◦C and
550 ◦C (Figure 2).
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Figure 2. Fourier transform infrared spectroscopy with attenuated total reflection (ATR-FTIR) and the
main peaks and characteristics of the chemical groups found in composites produced from biochar,
doped or not with copper sulfate or copper oxide. (a) Composites doped with copper sulfate at
300 ◦C; (b) composites doped with copper sulfate at 550 ◦C; (c) composites doped with copper oxide
at 300 ◦C and (d) composites doped with copper oxide at 550 ◦C.

The FCM e FSC, rich in nitrogenous compounds and organic matter, provides an excel-
lent base for composite production. Upon doping, especially at higher temperatures, there
is an enhancement in the functionalization of specific groups, such as amides and amines,
as evidenced by the FTIR peaks. At the same time, the FSC, which is rich in chitin, showed
an increase in chitin-related functional groups, such as amines and amides, evidenced by
peaks at 1650 cm−1 and 1550 cm−1 [51]. The samples treated with CuSO45H2O and CuO at
300 ◦C and 550 ◦C show significant differences in their FTIR spectra.

In the composites doped with CuSO45H2O at 300 ◦C (Figure 2a), significant peaks are
observed in the 3200–3600 cm−1 region, attributed to the stretching vibrations of hydroxyl
(O-H) groups, suggesting the presence of alcohols or phenolic compounds. Peaks around
1650–1750 cm−1 indicate the presence of carbonyl-containing compounds, such as ketones,
aldehydes, or carboxylic acids, while the C-O stretching vibrations (1000–1300 cm−1)
suggest the presence of alcohols, esters, and ethers. In the composites treated at 550 ◦C
(Figure 2b), there is an increase in the intensity of peaks related to oxygenated functional
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groups, such as C=O and C-O, indicating more pronounced oxidation of the material. This
suggests that higher temperatures promote more intense thermal decomposition of volatile
organic compounds, exposing more functional sites in the carbon structure [58]. Peaks at
1100 cm−1, 650 cm−1, and 1000–1200 cm−1 correspond to S=O stretching, O=S=O bending,
and S-O stretching in sulfates, respectively.

For the composites doped with CuO at 300 ◦C (Figure 2c), the less pronounced peaks in
the 3200–3600 cm−1 region indicate a reduction in OH-containing compounds. The presence
of peaks around 1650–1750 cm−1 suggests the presence of carbonyl compounds. The C-O
stretching between 1000 and 1300 cm−1 indicates the presence of esters, ethers, and alcohols.
At 550 ◦C (Figure 2d), the composites doped with CuO show broadening or shifting of
the C=O peaks around 1700 cm−1 and OH peaks around 3400 cm−1, indicating possible
interactions with organic compounds, potentially forming hydroxides or by adsorbing
water. The presence of C≡C stretching in the 2100–2260 cm−1 region suggests the formation
of triple carbon bonds. Materials doped with CuO exhibited ester stretching, primarily
observed in the ranges of 1050–1150 cm−1 for simple C-O stretching and 1735–1750 cm−1

for C=O stretching, differentiating from carboxylic acids [59].

3.3. Kinetics of Cu Release

The pyrolyzed composites at 300 ◦C exhibited a more gradual release of Cu than those
processed at 550 ◦C. This indicates that lower temperatures may facilitate the formation of
more stable Cu complexes within the matrix, which could benefit applications requiring
controlled Cu release, such as in agricultural settings or crop fertilization (Figure 3).

Composites such as CCM/CS-3 and CSC/CS-3 showed a less gradual Cu release com-
pared to those containing CuO as the Cu source. This suggests that CuSO45H2O may form
chemical bonds within the biochar matrix, resulting in a controlled and consistent release
of Cu ions over time, as observed by [60]. The type of organic matrix and the Cu additive
significantly impacted the release kinetics, as revealed by CSS/CS-3, which released more
slowly than CuO. Composites with CuO exhibited a slower and more controlled release
profile compared to those made with CuSO45H2O, indicating that CuSO45H2O interacts
more effectively with organic components.

The release kinetics followed various models, including the Elovich model, the Power
Function model, and the Simple Exponential model, with different degrees of fit (R2

values). For instance, composites fitting the Elovich model, such as CCM/CO-3 (R2 = 0.94),
suggest a chemisorption process, whereas those following the Power Function model
indicate a more complex, multi-phase release process. These differences emphasize the
importance of selecting appropriate models to predict the behavior of biochar composites
under different conditions.

At 550 ◦C, all composites demonstrated an increased rate of Cu release, with CSC/CO-
5 showing the fastest release. This higher release rate can be attributed to the increased
temperature destabilizing the Cu matrix interactions, leading to quicker dissolution and
availability of Cu, as reported by [53]. Higher pyrolysis temperatures also raise pH levels,
transforming Cu salts into CuO and causing, especially in ash-rich matrices, a reduction in
the release rate of the composite in CA% solution. The type of biomass used for biochar
production influences these outcomes, with high-ash content materials further increasing
pH and promoting Cu precipitation. Therefore, understanding the interplay between
pyrolysis temperature, biomass composition, and pH is essential for optimizing biochar for
Cu fertilization in tropical soils.
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3.4. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) images revealed differences in the microstructure
of composites processed at varying temperatures (Figure 4). At 300 ◦C, the composites
retained a more defined and structured morphology, indicating that this lower temperature
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is sufficient to preserve the composite matrix’s integrity. In contrast, at 550 ◦C, the SEM
images showed clear signs of deformation and structural breakdown, suggesting that
higher temperatures cause more intense thermal degradation of organic components.
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temperatures 300 and 550 ◦C and doped with CuSO45H2O or CuO. Images magnified at 10 µm.

FCM is rich in organic and inorganic nutrients, particularly N, P, and K [61]. SEM
analysis of composites containing FCM, such as CCM/CS-3 and CCM/CS-5, reveals a
relatively porous and homogeneous structure. This porosity benefits applications requiring
high specific surface areas, such as contaminant adsorption. However, thermal degradation
of organic components at 550 ◦C results in a less defined and more fragmented structure,
indicating the volatilization of organic materials [62].

FSC is rich in chitin, a polysaccharide that contributes to the rigidity and structural
integrity of the composites [63]. Thus, composites CSC/CS-3 and CSC/CS-5 exhibit a
distinct morphology with robust structures and more uniform Cu distribution when doped
with CuSO45H2O. The presence of chitin provides greater thermal resistance up to 300 ◦C.
However, at higher temperatures (550 ◦C), a more pronounced degradation occurs, resulting
in increased porosity and potential structural collapse.

FSS is a complex feedstock comprising organic and inorganic substances [39]. Com-
posites CSS/CS-3 and CSS/CS-5 derived from FSS show a highly porous structure and
heterogeneous distribution of elements. The chemical complexity of FSS can lead to varied
interactions with Cu dopants (CuSO45H2O or CuO), resulting in diverse morphologies.
SEM analysis shows that, at 300 ◦C, the composites maintain reasonable structural in-
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tegrity, while at 550 ◦C, the structure becomes significantly more porous, indicating intense
thermal decomposition.

3.5. Agronomic Impact of Composites on Wheat Growth

The effect of composite fertilization on the growth characteristics of wheat and Cu
nutrition in different types of Oxisols was evaluated by analyzing Shoot Dry Matter (SDM),
Root Dry Matter (RDM), Grain Dry Matter, and Total Dry Matter (TDM) under various
treatments (Figure 5). The study was conducted on two soil types: Yellow-Red Oxisol (RYL)
and Dystrophic Red Oxisol (DRL).
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Figure 5. Impact of fertilization with composites on wheat growth characteristics and Cu accumula-
tion evaluated in contrasting Oxisols: Shoot Dry Matter (SDM), Root Dry Matter (RDM), and Grain
Dry Matter (Grains) and Total Dry Matter (TDM). Soils: RYL: yellow-red latosol and DRL: dystrophic
red Oxisol. Lowercase letters were used to compare the means of each parameter evaluated between
treatments using the Tukey test (p < 0.05). Composites: CSS/CS-5: sewage sludge + copper sulfate at
550 ◦C; CSC/CS-3: shrimp waste + copper sulfate at 300 ◦C; CSS/CO-3: sewage sludge + copper
oxide at 300 ◦C; CS: copper sulfate (p.a); NO: without copper application.

In RYL, differences in TDM and SDM production were observed among the treat-
ments. The highest production was observed in the CSS/CS-5, CSC/CS-3, and CSS/CO-3
treatments, which outperformed both the control (NO) and copper sulfate (CS) treatments.
Similar results have been reported in other studies, where Cu in organic form showed
superior outcomes to the given controls [64]. RDM was notably higher in the CSC/CS-3
treatment. The CSS/CS-5 and CSS/CO-3 treatments for grain production were particularly
effective, indicating that combining FSS with a Cu source boosts productivity. This en-
hancement is attributed to the redox-active functional groups in the matrix, which play an
important role in facilitating electron transfer [65]. The NO treatment consistently resulted
in the lowest dry matter production, underscoring the importance of Cu supplementation
in this soil type.

In contrast, the DRL soil demonstrated a unique pattern in dry matter production.
The CSS/CS-5 treatment achieved the highest TDM, SDM, RDM, and grain production,
followed closely by the CSC/CS-3 treatment. The differences between the top-performing
treatments and the control (NO) were more pronounced in DRL, with the NO treatment



Agronomy 2025, 15, 144 18 of 29

showing significantly lower dry matter production across all parameters. In this context,
FCS is rich in calcium, chitin, and protein, and as a carbon source, can produce biochar
containing residual calcium and nitrogen [66,67], providing active functional groups that
form strong complexes with metals according to the literature [68].

Interestingly, the CuSO45H2O treatment performed better in DRL than in RYL, al-
though it still lagged behind the composite treatments. The CSS/CO-3 treatment also
showed an improvement in TDM compared to the control, similar to the results seen in
RYL but with a relatively larger increase. However, CuO (CSS/CO-3) was less effective in
enhancing wheat productivity than the other composites. This is due to the concentration
of H+ in the solution, as Cu atoms in CuO-biochar are not easily converted into free Cu2+.
This conversion affects the activation of superoxide radicals (O2−) [69], which in turn
modulates the intensification of the adsorption strength [70]. These findings indicate that
soil type significantly affects the efficacy of different fertilization treatments. The greater
effectiveness of composite treatments in both soil types underscores their potential for
boosting wheat productivity in the long term.

This study evaluated the impact of Cu accumulation on the dry matter production of
wheat in contrasting Oxisols. Understanding how different fertilization treatments influ-
ence nutrient uptake in nutrient-poor soils is crucial for developing sustainable agricultural
practices. In RYL, the treatments CSS/CS-5 and CSC/CS-3 resulted in the highest copper
accumulation in the total dry matter of wheat, with average values around 2.5 mg per pot.
These treatments were not notably different. Still, they were significantly higher than the
control (NO), which had the lowest Cu accumulation: less than 1.0 mg per pot (Tukey’s
test, p < 0.05). The CSS/CO-3 treatment also led to relatively high copper accumulation,
although not as high as that of CSS/CS-5 and CSC/CS-3. Treatment with pure CuSO45H2O
(p.a) resulted in intermediate Cu accumulation, indicating that adding organic compounds
to CuSO45H2O can further increase Cu uptake and accumulation by plants [71].

These results suggest that combining organic materials with Cu sulfate at high temper-
atures significantly improves Cu availability in RYL. The thermal treatment likely modifies
the organic matrix, enhancing the mobilization and solubility of Cu, which aligns with
previous studies that have shown improved nutrient uptake with organic amendments [72].

In DRL, the effects of the treatments were more pronounced. The CSS/CS-5 treatment
led to the highest Cu accumulation in total dry matter, averaging over 3.0 mg per pot,
significantly higher than all other treatments. The CSC/CS-3, CSS/CO-3, and CS treatments
had similar Cu accumulations, all significantly higher than the control (NO), which had the
lowest accumulation, around 1.0 mg per plant. This indicates that, while all Cu treatments
improved Cu nutrition compared to the control (no Cu supplied to plants), CSS/CS-5 was
the most effective in promoting wheat growth and grain yield.

This study also assessed the availability of Cu in the soil solution and the residual
Cu extracted by EDTA (Figure 6). The graph presents the results of Cu-based fertilization
on soil solution, comparing different treatments over 1, 7, and 15 days. Analyzing these
treatments in RYL and DRL provides insights into the dynamics of Cu availability in
various soil types.

In RYL, characterized by its sandy texture and low organic matter content, the concen-
tration of Cu in the soil solution varied significantly over time within each treatment. All
composite treatments (CSS/CS-5, CSC/CS-3, and CSS/CO-3) showed a notable increase in
Cu concentration from day 1 to day 7, followed by a reduction on day 15. This initial spike
and subsequent decrease can be attributed to the high initial solubility and subsequent
precipitation or adsorption of Cu onto soil particles. The CSS/CS-5 and CSC/CS-3 treat-
ments demonstrated effective initial Cu release due to their high ash content and thermal
processing, likely increasing the bioavailability of Cu. The drop in Cu concentration by
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day 15 suggests that these treatments provide a controlled release, preventing excessive
leaching and ensuring sustained availability of Cu.

Similarly, CSS/CO-3 peaked at day 7, followed by a decline at day 15, indicating its
lower solubility and gradual release of Cu, which is beneficial for maintaining adequate
nutrient levels over time. The pure CS treatment exhibited high solubility with no notable
difference between days 1 and 7. Still, there was a drastic decrease by day 15, reflecting
Cu’s quick release and rapid leaching, making it less effective for long-term nutrient supply.
The control (NO) treatment maintained consistently low Cu concentrations, indicating
negligible background Cu levels in the soil solution. These observations suggest that the
composite treatments, especially CSS/CS-5 and CSC/CS-3, are more effective in providing
a sustained release of Cu in RYL, enhancing nutrient availability and reducing the risk of
leaching in sandy soils.
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Figure 6. Impact of Cu-based composite fertilization on soil solution Cu availability and resid-
ual Cu extracted by EDTA in contrasting Oxisols cultivated with wheat. Lowercase letters were
utilized for comparing means of each evaluated parameter between treatments using the Tukey
test (p < 0.05). Composites: CSS/CS-5—sewage sludge biochar doped with copper sulfate at
550 ◦C; CSC/CS-3—shrimp waste biochar doped with copper sulfate at 300 ◦C; CSS/CO-3—sewage
sludge biochar doped with copper oxide at 300 ◦C; CS—pure copper sulfate (p.a.); NO—no
copper application.

In DRL, which is more clayey and has higher organic matter content, the concentration
of Cu in the soil solution also varied over time within each treatment, but with different
patterns compared to RYL. The CSS/CS-5 and CSC/CS-3 treatments showed an increase
in Cu concentration from day 1, followed by a marked decrease on subsequent days. The
high initial release could be due to the enhanced interaction between the clay particles
and Cu, which is then followed by adsorption onto the soil colloids, reducing the Cu
concentration in the solution by day 15. CSS/CO-3, unlike RYL, exhibited an increase in Cu
concentration from day 1 to day 7 and a decrease by day 15, with all means notably different
from each other, suggesting a more controlled release and efficient nutrient supply suitable
for the higher organic matter content of DRL. Similarly to RYL, the CS (p.a) treatment
showed a quick initial release of Cu with a drop by day 15, indicating its less effective long-
term nutrient availability due to rapid leaching. The control (NO) treatment maintained
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consistently low Cu concentrations, reflecting the minimal background levels of Cu in
the soil solution. The higher organic matter and clay content in DRL facilitate stronger
adsorption and complexation of Cu, leading to a more pronounced fluctuation in Cu
availability. The CSS/CS-5 composite, with its high-temperature treatment enhancing
porosity and nutrient retention, proved particularly effective in DRL, ensuring a more
sustained and controlled release of Cu.

The graph illustrates the effect of Cu-based fertilization on EDTA-extractable Cu
residues in contrasting Oxisols cultivated with wheat. In the sandy-textured RYL soil with
low organic matter, the CS (p.a) treatment resulted in the highest residual Cu concentration,
significantly surpassing other treatments (p < 0.05). This aligns with the high solubility of
CuSO45H2O, which enhances immediate availability but also leads to greater residual accu-
mulation, as reported by CuSO45H2O [73], potentially increasing the risk of phytotoxicity,
consistent with findings in [74].

The organic composite treatments (CSS/CS-5, CSC/CS-3, and CSS/CO-3) exhibited
similar residual Cu concentrations, significantly higher than the control (NO) but lower than
the CS treatment. Due to their high ash content and thermal processing, these composites
provide a more gradual Cu release, resulting in lower residual concentrations after initial
plant uptake. Studies have found that Cu–biochar can reduce residual Cu levels in the soil,
improving soil quality and plant health in the long term [74] while also reducing the risk
of leaching and environmental contamination [71]. This controlled release mechanism is
particularly advantageous in sandy soils with low cation exchange capacity (CEC), as it
reduces the risk of Cu leaching.

In the DRL, which has a clayey texture and a higher organic matter content, the pat-
tern was similar, with the CS treatment resulting in the highest residual Cu concentration,
significantly higher than other treatments (p < 0.05). However, there was greater vari-
ability among the organic composites. The CSS/CS-5 treatment exhibited a significantly
higher residual Cu concentration than CSC/CS-3 and CSS/CO-3 but was still lower than
the CS treatment. This can be attributed to differences in the composition and thermal
processing of the organic composites, affecting Cu release rates and mobility. The higher
CEC and organic matter content in DRL enhance Cu retention, resulting in more complex
interactions between organic matter and soil components, which may explain the observed
variability [73].

Comparative analysis between the two soils reveals that RYL retains less residual Cu
from organic composite treatments than DRL. This is likely due to the distinct physicochem-
ical properties of the soils, such as CEC, pH, and organic matter content, which influence
Cu retention and mobility. RYL’s sandy texture and lower CEC result in less effective Cu
retention, leading to lower residual concentrations. DRL’s higher clay content and organic
matter enhance Cu adsorption and retention, resulting in higher residual levels.

These findings highlight the significant effects of Cu-based fertilization on soil Cu
availability and residuals. The CS (p.a) treatment resulted in the highest residual Cu con-
centrations, reflecting rapid release and a higher tendency for accumulation. Conversely,
organic composites, particularly high-temperature treatments like CSS/CS-5, exhibited
controlled Cu release with lower residual accumulation. These results suggest organic
composites as a sustainable fertilization option, enhancing Cu availability while mini-
mizing soil accumulation. This approach supports long-term soil fertility management
and crop succession without excessive reliance on Cu fertilization [75]. This innovative
approach enhances agricultural productivity while promoting environmental sustainability
by mitigating the harmful effects of elevated Cu levels in contaminated soils.
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4. Discussion
4.1. Chemical Properties of the Composites

The influence of pyrolysis temperature and the type of organic matrix are critical
factors affecting Cu solubility. The pyrolysis temperature of 550 ◦C leads to decreased Cu
solubility, as evidenced in CCM/CS-5, CSC/CS-5 and CSS/CS-5 where Cu was nearly
insoluble in water, CA% and NAC solutions. This suggests that high pyrolysis temperatures
of 550 ◦C reduce the mobility of Cu in the soil–plant system by reducing its solubility [44].

The CuSO45H2O–biochar composites decrease the solubility of Cu in all tests as the
temperature increases, while the CuO–biochar composites increase the solubility of Cu in
response to rising temperature. An exception is the CSS/CO-5 composite, which shows a
reduction in solubility in CA%. This is consistent with studies showing the conversion of
Cu2+ to CuO and Cu monomers [48], CuSO45H2O–biochar decomposes CuSO4 into CuO,
releasing SO3 and/or SO2, resulting in a slight reduction in solubility.

The chemical stability and high solubility was notably identified in the CSS/CS-
3 composite, which maintained solubility in all tested indices (water, CA, and NAC),
indicating notable potential for use as a Cu source [76]. At 550 ◦C, CuO–biochar increases
solubility in CA%, an acidic chelating agent capable of solubilizing various forms of Cu,
including oxides and carbonates [77]. This enhances thermal stability and maintains Cu
availability after treatment, except in CuO–biochar composites, which remain more stable
with the FSS matrix charring at 550 ◦C. In alkaline conditions, less soluble Cu atoms of
CuO–biochar are converted into Cu2+, which effectively activates superoxide radicals
(O2−) [69], promoting the thermal degradation of organic functional groups and adsorption
and precipitation of Cu chemical species [70].

Organic matrices rich in humic substances, such as those found in the composted FSS,
tend to form more stable complexes and is supposed to be less prone to thermal degradation
during pyrolysis, particularly when treated at high temperatures, as seen in CSS/CS-5,
this not only enhances Cu retention but also alters its availability in the soil–plant system.
Studies have shown that the total concentrations of Cu and other elements increased with
the conversion of FSS into biochar and higher pyrolysis temperatures [78–80].

The choice of CuSO45H2O versus CuO and its interaction with the contrasting feed-
stocks significantly determine the composites’ physical and chemical properties. Overall,
CuSO45H2O interacts effectively with the feedstock during the pyrolysis process, likely
due to its higher solubility over CuO, influencing the stability, reactivity and solubility, and
the release rate of Cu in the final composite. These findings highlight the importance of se-
lecting appropriate Cu sources and the pyrolysis conditions to optimize the environmental
and agricultural benefits of Cu-enriched composites [53].

Radar data indicate that the highest temperature of 550 ◦C enhanced Cu stabilization,
as demonstrated by nutrient availability indices in different chemical extractors (I-NAC,
I-CA%, I-W). These findings suggest that the interplay between pyrolysis conditions and
feedstock type directly influences Cu availability in soil (Figure 1). A direct correlation
was observed between the pH values of the composites and EC with soil Cu availability,
suggesting that the alkalinity induced by pyrolysis, consequently by biochar, could affect
Cu mobility and availability in soil [7].

Composites formulated with CuSO45H2O might contribute to increased Cu availability
compared to those using CuO due to the sulfate component in CuSO45H2O, which can
enhance the solubility and availability of Cu. Conversely, composites with CuO exhibit
more restrained Cu release, indicating a more stable incorporation of Cu into the biochar
matrix [48]. This observation is vital for the applications of these composites as sources of
nutrients or as a strategy for contaminant remediation [81]. Moreover, composites made
with CuO may have a lower impact on the pH and EC of the resulting biochar compared to
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those treated with CuSO45H2O, as sulfate can potentially increase the acidity and electrical
conductivity of the composites. This aspect is crucial when considering biochar for soil
amendment, as pH and EC significantly influence soil chemistry and plant nutrition and
growth [44].

4.2. Infrared Spectroscopy

The different feedstocks resulted in varied FTIR profiles and spectroscopic signa-
tures, reflecting differences in the functionalization and organic and mineral groups and
interactions in the composite matrices doped with copper. Biochar derived from FCM
showed a high presence of nitrogenous groups, with C≡N stretching standing out in
the 2100–2260 cm−1 range, attributable to the high nitrogen content in the feedstock [59].
Conversely, FSC, rich in chitin, showed increased chitin-related functional groups, such as
amines and amides, evidenced by peaks at 1650 cm−1 and 1550 cm−1 [82].

The peaks observed in the samples doped with CuSO45H2O at 550 ◦C, such as those
in the 1000–1300 cm−1 (C-O) and 3200–3600 cm−1 (O-H) regions, suggest a greater incor-
poration of oxygen functional groups, which can be beneficial for pollutant adsorption
applications in which such functionalities facilitate the interaction of the charred matrix
with heavy metals and other organic compounds generated in the pyrolysis process [83].

As shown in the graph, the CuSO45H2O-doped composites exhibit notable peaks
around 1120–1080 cm−1 (SO4

2−) and enhanced absorption peaks around 1000–1100 cm−1,
are indicative of sulfate-related complexes, and at 1423.8 cm−1 are assigned as C-O from
carboxylic acids [84]. The CuO-doped composites show peaks around 1083.2 cm−1 (Cu-O),
1029.3 cm−1 (Si-O-Cu), and 1441.6 cm−1, with peaks around 600–700 cm−1 corresponding
to Cu-O stretching, indicating the formation of pure Cu [85]. The peaks related to carbonyl
groups (C=O) at 1700 cm−1 may be more pronounced due to oxidation processes as the
pyrolysis temperature rises [86].

In general, composites that are formulated and CuSO45H2O-doped exhibit more
prominent peaks associated with hydroxyl groups, carbonyl groups, and sulfur-containing
groups (sulfates). These peaks indicate a higher presence of alcohols, phenolic compounds,
and sulfate groups. Conversely, composites doped with CuO display less pronounced
hydroxyl group peaks, a broader or shifted carbonyl peak suggesting interactions with
organic compounds or water adsorption, and distinctive peaks for triple carbon bonds and
esters. These features of CuO–biochar composites suggest different chemical interactions
over those composed doped with CuSO45H2O, highlighting the formation of esters and
the possible generation of hydroxides.

4.3. Kinetics of Cu Release

The observed variations in kinetics are primarily due to physicochemical interac-
tions between Cu sources and organic compounds and radicals, which are influenced by
the pyrolysis temperature. Lower temperatures seem to support the formation of more
chemically stable complexes, likely due to the relatively lessened degradation of organic
functional groups that interact with Cu [87]. On the other hand, higher temperatures
can lead to the chemical stabilization and low reactivity of the complexes formed, which
decrease the release of Cu [88]. The CSS/CO-3 composite (52%) exhibited the highest Cu
release when compared to CCM/CO-3 (10%) and CSC/CO-3 (12%). This may be due to the
inherent properties of sewage sludge, which may increase the solubility of Cu through the
presence of mineral compounds in the ash-rich composite matrix. Chicken manure matrix
composites showed moderate release rates. In contrast, those derived from shrimp shells
released the least amount of Cu, suggesting a potential for these compounds to stabilize
Cu, correlating with Cu mobility and availability in soil, as reported by [89].
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Furthermore, the difference in Cu release rates among the formulated composites
doped with CuSO45H2O and CuO suggests that CuSO45H2O can form more extensively
distributed complexes in the matrix, potentially due to its greater Cu release rate, solubility
and reactivity than CuO. Variability in Cu release rates has notable implications for en-
vironmental safety, agricultural use, and crop fertilization programs. For environmental
applications, slower release rates are preferable to minimize Cu leaching and potential toxi-
city to soil biota and contamination of water reservoirs. On the other hand, in agricultural
cultivation systems, a more controlled release of Cu can be beneficial to provide a sustained
supply of the nutrient though different crop growth stages.

4.4. Scanning Electron Microscopy

The inclusion of Cu, either as CuSO45H2O or CuO, significantly influenced the compos-
ites’ physical, physicochemical, and chemical properties, thereby affecting their suitability
for environmental and agricultural applications. For example, the composites CSS/CS-3
and CSS/CO-3 exhibited and produced more porous structures, which could enhance
their effectiveness in applications requiring large surface areas, such as adsorption and
desorption processes.

The type of Cu additive notably impacted the composites’ microstructures. Compos-
ites such as CCM/CS-3 and CSS/CS-3 showed a more homogeneous distribution of Cu
over the matrix surface, compared to formulated those with CuO. This can be attributed to
the superior solubility and integration capability of CuSO45H2O within the organic matrix.
Pyrolysis temperature variations also played a crucial role. Increasing the temperature from
300 ◦C to 550 ◦C generally led to greater porosity and surface roughness, indicating more
extensive thermal degradation of organic groups and structural changes in the composite
matrix. The choice of doping agent (CuSO45H2O versus CuO) affected the samples’ thermal
stability and structural development. CuO-doped samples usually exhibited smoother
surfaces at lower temperatures but developed notable porosity at higher temperatures.

Composites doped with CuSO45H2O (CCM/CS-3 and CSS/CS-3) displayed a more
uniform Cu distribution. This homogeneity can be attributed to the better solubility and
integration of CuSO45H2O in the organic matrix. In contrast, CuO-doped composites
(CCM/CO-3 and CSS/CO-3) exhibited less uniform Cu distributions, likely due to different
chemical interactions between CuO and the organic matrix [48] and stable matrices [90].
These findings underscore the importance of optimizing thermal processing conditions and
selecting appropriate Cu additives to enhance the structural and functional properties of
the composites, tailoring them for specific environmental and agricultural applications.

4.5. Agronomic Effectiveness of Composites on Wheat Growth

In conclusion, this study reveals substantial differences in the effectiveness of fertil-
ization treatments depending on soil type, highlighting the need for tailored approaches
related to Cu source synthesis to maximize wheat productivity. With its sandy texture and
low organic matter content, the RYL showed notable improvements in dry matter produc-
tion and total Cu accumulation when fertilized with CSC/CS-3 and CSS/CS-5 composites.
These composites, enriched with ash due to higher-temperature (550 ◦C)employed in their
synthesis, ensured a controlled release of Cu, improving retention and reducing leaching in
the sandy soil [74,91]. Their low solubility makes them particularly suitable for acidic soils,
providing Cu and basic cations in stable forms like carbonates, oxides, and hydroxides over
time [92]. Additionally, the CSS/CS-5 composite demonstrated higher stability due to its
lower solubility, which is advantageous for nutrient availability in soil over longer time.

By contrast, the CSC/CS-3 composite showed a more controlled initial release of Cu,
followed by a complete release after 50 h, making it ideal for soils needing an immediate
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yet sustained nutrient supply. Its higher solubility and abundance of functional groups,
including sulfate complexes, carboxylic acids, and nitrogen-linked groups [66,68], enhance
its efficacy as a source of Cu in the nutrient-deficient soils.

On the other hand, the DRL, a clay-rich soil with a higher organic matter content,
responded best to the CSS/CS-5 composite. The high-temperature treatment at 550 ◦C
likely enhanced the biochar’s porosity and surface area, improving its ability to retain and
gradually release nutrients, including Cu, vital for efficient nutrient uptake and overall
plant growth. This enhanced nutrient retention and release, combined with better soil
structure and water retention, supports robust root development and plant growth [93].

5. Conclusions
This study demonstrates the effectiveness of Cu–biochar composites in enhancing

wheat growth in two contrasting Oxisols. In the RYL, characterized by a sandy texture
and a low organic matter content, the CSC/CS-3 composite resulted in the highest shoot
and root dry matter and wheat grain production. This composite’s high solubility and
gradual Cu release improved nutrient uptake and may have addressed Cu retention
challenge in tropical soils. With a clayey texture and higher organic matter in the DRL, the
CSS/CS-5 composite showed superior results regarding shoot and root dry matter, grain
production, and Cu uptake. High-temperature (550 ◦C) charring enhanced biochar stability
and Cu retention.

Residual Cu levels were highest with the CS (p.a) as Cu source for the composites’
synthesis in both soils, indicating a fast release and higher accumulation of Cu in wheat
plants. In DRL, the CSS/CS-5 composite also exhibited notable residual Cu levels, which
was well correlated with increased wheat growth, suggesting an efficient strategy to man-
age Cu fertilizers in tropical cropland areas. This study underscores the importance of
selecting Cu–biochar composites based on specific soil characteristics to maximize agricul-
tural benefits to crops and minimize copper retention in highly weathered soils. Future
research should explore long-term environmental impacts, varying biochar application
rates, different Cu sources, and their interactions with crops grown in field trials to optimize
copper fertilization strategies for the Brazilian tropical soils.
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Appendix A

Table A1. Chemical characterization of the raw materials, biochars, and composites produced. The
table presents the concentrations of essential nutrients and elements (B, Ca, Cu, Fe, Mg, Mn, Na,
P, Zn) in the raw materials, biochars, and their respective composites. The results are expressed
in milligrams per kilogram (mg kg−1). Elemental analyses were performed using an inductively
coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Optima 8000, USA) after acid
digestion with a 4:1 mixture of nitric and perchloric acids. Each value represents the mean of three
replicates ± standard deviation.

ID
Al B Ca Cu Fe Mg Mn Na P Zn

--------------------------------------------- (mg kg−1) ----------------------------------------------------

FCM 2669 299 102,606 178 2533 6466 462 2929 21,060 551

FSC 1844 222 96,764 98 1137 8433 92 1774 18,473 109

FSS 6867 47 9471 348 11,106 2489 200 922 3843 623

BCM-3 2780 243 108,732 166 2170 9516 597 IN 30,035 787

BSC-3 2268 162 86,603 147 3437 8513 114 IN 23,074 1683

BSS-3 7399 94 10,293 423 5565 2347 230 IN 4745 812

BCM-5 4719 196 105,307 169 3657 13,158 882 IN 46,275 968

BSC-5 3648 164 125,101 188 4749 17,627 156 IN 44,359 2238

BSS-5 10,537 95 12,647 481 11,439 2738 301 IN 6129 922

CCM/CS-3 6334 129.5 101,517 232,979 3271 <LQ 1857 7527 27,145 567

CCM/CO-3 4879 10.0 108,679 111,412 2712 <LQ 1843 84,240 29,341 233

CCM/CS-5 7342 459.0 157,750 282,412 4312 <LQ 2143 11,461 32,208 412

CCM/CO-5 7169 18.4 142,800 237,358 4366 <LQ 2185 77,565 33,387 338

CSC/CS-3 2275 189.3 112,591 302,437 1601 12,482 52 20,552 44,250 4105

CSC/CO-3 2567 434.8 83,212 241,562 1547 9455 62 145,502 36,883 1238

CSC/CS-5 3356 958.9 237,362 281,037 1839 19,350 127 24,298 68,037 3865

CSC/CO-5 3446 491.4 292,200 233,291 1629 22,464 154 129,040 66,508 1640

CSS/CS-3 77,711 134.3 2465 309,250 41,466 3622 126 10,527 11,182 1366

CSS/CO-3 260,387 475.6 2411 203,825 135,316 4983 210 96,636 12,786 1151

CSS/CS-5 35,608 78.2 <LQ 337,858 28,450 <LQ 1240 677 <LQ 111

CSS/CS-5 35,104 147.8 <LQ 214,850 10,251 <LQ 1137 77,757 <LQ 163

B: Boron; Ca: Calcium; Cu: Copper; Fe: Iron; Mg: Magnesium; Mn: Manganese; Na: Sodium; P: Phosphorus; Zn:
Zinc. LQ: Limit of Quantification; IN: Not Informed. Raw materials include chicken manure (CM), shrimp shell
(SS), and sewage sludge (SL). Biochars are denoted as BCM, BSS, and BSC, representing biochars from CM, SS,
and SL, respectively. Composites are labeled as CCM/CS, CSC/CS, and CSS/CS, denoting biochar with copper
sulfate doped at different pyrolysis temperatures.
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