U

UNIVERSIDADE FEDERAL DE LAVRAS

ANA MARIA VILLARREAL BARRERA

PHOSPHORUS ADSORPTION AND FERTILIZER
POTENTIAL OF MG/AL-LAYERED DOUBLE HYDROXIDE-
DOPED BIOCHAR

LAVRAS - MG
2025



ANA MARIA VILLARREAL BARRERA

PHOSPHORUS ADSORPTION AND FERTILIZER POTENTIAL OF MG/AL-
LAYERED DOUBLE HYDROXIDE-DOPED BIOCHAR

Thesis presented to the Federal University of
Lavras, as part of the requirements of the
Graduate Program in Soil Science,
concentration area Soil Fertility and Plant
Nutrition, to obtain the title of Doctor.

Advisor
Prof. Dr. Lednidas Carrijo Azevedo Melo

LAVRAS - MG
2025



Ficha catalografica elaborada pelo Sistema de Geracao de Ficha Catalografica da Biblioteca Universitaria da UFLA,
com dados informados pelo(a) proprio(a) autor(a).

Villarreal Barrera, Ana Maria
Phosphorus adsorption and fertilizer potential of Mg/Al-layered double

hydroxide-doped biochar / Ana Maria Villarreal Barrera. 2025.
114 p.

Orientador: Leonidas Carrijo Azevedo Melo.

Tese (Doutorado) - Universidade Federal de Lavras, 2025.
Bibliografia.

1. Phosphorus recovery. 2. Biochar-LDH composites. 3. Ball milling.
4. Maize plants. 5. Slow-release fertilizer. I. A. Carrijo Melo, Lednidas. I1.
Universidade Federal de Lavras. III. Titulo.




ANA MARIA VILLARREAL BARRERA

ADSORCAO DE FOSFORO E POTENCIAL FERTILIZANTE DE BIOCHAR
DOPADO COM HIDROXIDO DUPLO EM CAMADAS DE MG/AL

PHOSPHORUS ADSORPTION AND FERTILIZER POTENTIAL OF MG/AL-
LAYERED DOUBLE HYDROXIDE-DOPED BIOCHAR

Thesis presented to the Federal University of
Lavras, as part of the requirements of the
graduate program in Soil Science, area of
concentration in Soil Fertility and Plant
Nutrition, to earn the title of Doctor.

Approved on Jan 29, 2025

Dr. Lednidas A. Carrijo Melo UFLA
Dr. Carlos Alberto Silva UFLA

Dr. Maria Ligia de Souza Silva UFLA
Dr. José Ferreira Lustosa Filho UnB
Dr. Edson Marcio Matiello UFV

Dr. Lednidas A. Carrijo Melo
Advisor

LAVRAS, MG
2025



To God,

To my wonderful children Alejandra and Alex,

To my life partner Alex,

To my parents Lucy and Uly,

To my siblings Ana Isabel, Nilka and Ulises and to my beloved nephews,
I DEDICATE.



ACKNOWLEDGMENTS

I would like to thank all the people who supported me and were part of my PhD:
To the Federal University of Lavras, to the Faculty of Agricultural Sciences of Lavras and,
especially, to the Department of Soil Sciences.
To the Coordination for the Improvement of Higher Education Personnel (CAPES) for
providing the student scholarship.

To the National Council for Scientific and Technological Development (CNPq) and the Minas
Gerais Research Support Foundation (FAPEMIG Grant APQ-01159-21) for their financial
support.

To the National Secretariat of Science, Technology and Innovation (SENACYT) of Panama
for their financial support for my studies.

To the University of Panama (UP) for giving me the opportunity to improve my academic
development in another country.

To my advisor at UFLA, Prof. Dr. Leonidas Carrijo Azevedo Melo.

To all the professors of the Department of Soil Sciences of the Federal University of Lavras.
To Prof. Dr. Jairo Tronto, Federal University of Vicosa.

All the laboratory technicians, especially Livia Botelho, Mariene Duarte, Aline Mesquita and
Geila Carvalho.

To the city of Lavras for the welcome.

My research group, colleagues and friends: Aline Leite, Evanise Penido, Thiago Pereira,
Isabela Durdes, Daniela Queiroz, Thiago Viana, Andrés Montes, Felipe Sarto, Julian

Sandoval and Giovanna Fontes.



Resumo Geral

O fosforo (P) ¢ um nutriente essencial para o crescimento das plantas, e sua recuperacao de
fontes alternativas oferece uma estratégia sustentavel para reciclar esse elemento critico dentro
de uma economia circular. O biochar, derivado da pir6lise de biomassa, serve como matriz
promissora para adsorcdo de P de aguas residuais. No entanto, sua eficiéncia ¢ limitada,
exigindo funcionalizagdo com metais para criar locais de adsor¢do eficazes. Hidroxidos Duplos
Lamelares (LDHs), particularmente Mg/Al LDH, exibem excelente capacidade de adsor¢do de
P devido a sua estrutura em camadas. Compositos de biochar e LDH sido materiais promissores
que ganharam atengdo consideravel nos ultimos anos. Este estudo examinou os efeitos da
dopagem de biochar com Mg/Al LDH, via moagem com moinho de bolas, na capacidade de
adsor¢do e dessor¢ao de P em solugdes aquosas e seu desempenho como fertilizante em solos
tropicais. Biochars foram produzidos a partir de serragem de eucalipto impregnada com
Mg(OH):2 e pirolisada a 300 °C (BC300), 600 °C (BC600) e 900 °C (BC900). LDHs com razdes
molares Mg/Al de 1:1 (LDH1), 2:1 (LDH2), 3:1 (LDH3) e 4:1 (LDH4) foram sintetizados, e
compdsitos foram preparados usando 80% de biochar e 20% de LDH4 via moagem de bolas.
A caracterizacdo incluiu pH, condutividade eletrica (CE), umidade, teor de cinzas, teor total de
nutrientes e carbono, analises de espectroscopia de infravermelho por transformada de Fourier
(FTIR), difracao de Raios-X (DRX), analise termogravimétrica (TG), microscopia eletronica
de varredura (MEV-EDS) e espectroscopia de fotoelétrons de Raios-X (XPS), cinética de
adsorgao e isotermas. BC300 e BC600 atingiram as maiores capacidades de adsor¢ao de P (53,8
e 56,4 mg g'!) em uma dose de 10 g L', enquanto LDH4 exibiu adsor¢do superior (272 mg g
Nem 1 gL' A dopagem de BC300 com LDH4 aumentou a adsor¢do de P em 48,5%, e BC600
em 18,7%. O mecanismo mais provavel de remo¢do de P foi a formagdo de complexo de
superficie, conforme observado por XPS. O biochar dopado com Mg(OH)2 adsorveu
principalmente P por meio da precipitacio de fosfato de Mg. Experimentos em casa de
vegetacdo demonstraram que os compostos de biochar carregado com P e biochar-LDH
aumentaram significativamente o crescimento do milho e o acimulo de P em tecidos vegetais
em comparag¢do com LDH carregado com P. No segundo cultivo, BC300-LDH produziu 28%
mais materia seca que o superfosfato triplo. A andlise do solo revelou melhorias no pH, Mg e
disponibilidade de P, juntamente com aumento da saturagao de bases (V%), soma de bases (SB)
e P remanescente (P-rem). Isso demostra que esses compositos de biochar-LDH carregados
com P tem potencial como fertilizantes de liberagcdo lenta e podem apresentar eficiéncia
aumentada em solos tropicais. Concluindo, a dopagem a seco do biochar com Mg/Al LDH via
moinho de bolas provou ser um método simples e eficaz para a producao de compdsitos visando
aumentar a capacidade de adsor¢do de P. Além disso, os compositos de biochar-LDH
carregados com P mostraram-se promissores como fertilizantes alternativos, oferecendo uma
abordagem sustentavel para reduzir a dependéncia de fertilizantes de P totalmente soluveis.

Palavras-chave: recuperacdo de fésforo, compostos biochar-LDH, moagem de bolas, plantas de
milho, fertilizante de liberacao lenta



General Abstract

Phosphorus (P) is an essential nutrient for plant growth, and its recovery from alternative
sources offers a sustainable strategy to recycle this critical element within a circular economy.
Biochar, derived from biomass pyrolysis, is a promising matrix for P adsorption from
wastewater. Nevertheless, its efficiency is limited, requiring functionalization with metals to
create effective adsorption sites. Double layer hydroxides (LDHs), particularly Mg/Al LDH,
exhibit excellent P adsorption capacity due to their layers structure. Biochar and LDH
composites are promising materials that have gained considerable attention in recent years. This
study examined the effects of biochar doping with Mg/Al LDH, through ball milling on the
adsorption and desorption capacity of P in aqueous solutions and their performance as fertilizer
in tropical soils. Biochars were produced from eucalyptus sawdust impregnated with Mg(OH):
and pyrolyzed at 300 °C (BC300), 600 °C (BC600) and 900 °C (BC900). LDHs with Mg/Al
molar ratios of 1:1 (LDH1), 2:1 (LDH2), 3:1 (LDH3) and 4:1 (LDH4), and composites were
prepared using 80% biochar and 20% LDH4 via ball milling. Characterization included pH,
electrical conductivity (CE), humidity, ash content, total nutrient and carbon content, Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (DRX), thermogravimetric analysis
(TG), scanning electron microscopy (SEM-EDS) and X-ray photoelectron spectroscopy (XPS)
analyses, adsorption kinetics and isotherms. BC300 and BC600 achieved the highest P
adsorption capacities (53.8 and 56.4 mg g') at a 10 g'' dose, while LDH4 displayed upper
adsorption (272 mg g') at 1 g'!. Doping BC300 with LDH4 increased P adsorption by 48.5%,
and BC600 in 18.7%. The most likely P-removal mechanism was the formation of surface
complex as observed by XPS. Biochar doped with Mg(OH)2 adsorbed P primarily through the
precipitation of Mg phosphate. Greenhouse experiments showed that P-loaded biochar and
biochar-LDH composites significantly enhanced maize growth and P accumulation in plant
tissues compared to P-loaded LDH. In the second cultivation cycle, BC300-LDH produced 28%
more dry matter than triple superphosphate. Soil analysis showed improvements in pH, Mg and
P availability, along with increased base saturation (V%), bases (SB) and P remaining (P-rem).
This demonstrates that these P-loaded biochar-LDH composites have potential as slow-release
fertilizers and may exhibit increased efficiency in tropical soils. In conclusion, the dry doping
of biochar with Mg/Al Idh via ball milling proved to be a simple and effective method for
composites production to increase P adsorption capacity. Furthermore, P-loaded biochar-LDH
composites showed promise as alternative fertilizers, offering a sustainable approach to reduce
reliance on fully soluble P fertilizers.

Keywords: phosphorus recovery, biochar-LDH composites, ball milling, maize plants, slow-
release fertilizer



Indicadores de Impacto

O fosforo ¢ um elemento essencial para a vida, pois faz parte do DNA, membranas celulares e
¢ fundamental no armazenamento e transferéncia de energia nos seres vivos. Sua presenca ¢
vital para o crescimento das plantas e, portanto, para a producao de alimentos. No entanto,
atualmente enfrenta uma situacdo critica devido a superexploracdo de suas fontes nao
renovaveis, principalmente rochas fosforicas. Portanto, a reciclagem de fosforo na agricultura
se torna fundamental para preservar esse recurso escasso € garantir a seguranca alimentar
futura. Este estudo avaliou a eficiéncia de um biochar a partir da serragem do eucalipto dopado
com hidréxido de dupla camada de Mg/Al na recuperagao de fosforo e subsequente uso como
fertilizante com base em P. Os impactos sociais € econdmicos sdo evidentes na promogao do
uso praticas ou materiais ecologicos sustentdveis, com um efeito bilateral: melhoria da
fertilidade do solo e da qualidade da 4gua; e um menor custo de producdo. A reciclagem do P,
através desse tipo de materiais ecologicos (resultante da transformagdo de residuos) pode
reduzir a dependéncia de fontes soluveis de P, reduzindo os custos de produgdo, fornecendo
valor agregado a fertilidade do solo. Do ponto de vista ambiental, os resultados obtidos mostram
que esses compositos biochar-LDH da serragem de eucalipto sdo eficientes como fontes de P.
Isso sugere que, culturas como milho, respondem positivamente a essas fontes ecologicas de P,
reduzindo a pressdo das fontes convencionais desse nutriente e os impactos negativos que os
carregam.

Embora seus efeitos sejam claramente observaveis no campo experimental, os resultados deste
estudo tém alto potencial de expansdo, especialmente quando se integra em iniciativas de
extensdo rural e transferéncia tecnologica. A disseminacdo desse conhecimento pode incentivar
a implementacdo de praticas agricolas responsaveis no cultivo do milho, alcangcando um
equilibrio entre eficiéncia produtiva, protecdo do ambiente natural e seguranca alimentar.

Os impactos deste estudo sdo divididos em trés areas tematicas da Politica Nacional de
Extensdao: Meio Ambiente, prometendo o uso de tecnologias amigaveis ao meio ambiente;
Tecnologia e produgdo, sugerindo o uso dos compostos biochar-LDH como fontes de
fertilizantes de P; e Trabalho, permitindo que técnicos e agricultores melhorem as condigdes de
trabalho no campo. Além disso, contribui para sete dos 17 Objetivos de Desenvolvimento
Sustentavel (ODS) da ONU: ODS 2. Fome Zero e Agricultura Sustentdvel, promovendo
préaticas agricolas ecoldgicas sustentaveis e produtivas SDG 6. Agua potavel e saneamento,
contribuindo para a descontaminacao das aguas; ODS 9. Inovacao e infraestrutura, aplicando
tecnologias inovadoras e replicaveis; ODS 12. Consumo e produgao responsaveis, reduzindo a
pressdo sobre fontes completamente soliveis de P; ODS 13. Acdo contra as mudangas
climaticas globais, capturando C através do biochar e reciclando de forma limpa do P; ODS 14.
Vida na 4gua, limpando as 4guas, permitindo o equilibrio deste Recurso SDG 15. Vida terrestre,
contribuindo para a seguranga alimentar.

Impacts Indicators

Phosphorus is an essential element for life as it is part of DNA, cell membranes and is
fundamental in storage and energy transfer in living beings. Its presence is vital for plant growth
and therefore for food production. However, it currently faces a critical situation due to the
overexploitation of its non-renewable sources, especially phosphoric rocks. Therefore,
phosphorus recycling in agriculture becomes fundamental to preserve this scarce resource and
ensure future food security. This study evaluated the efficiency of a biochar from eucalyptus
sawdust doped with Mg/Al-layered double hydroxide in the recovery of phosphorus and



subsequent use as a P-based fertilizer. Social and economic impacts are evident in promoting
sustainable ecological use, with a bilateral effect: improving soil fertility and water quality; and
a lower cost of production. P recycling, through this type of ecological materials (resulting from
waste transformation) can reduce dependence on P-sources of P, reducing production costs,
providing value added to soil fertility. From an environmental point of view, the results show
that these biochar-LDH composites of eucalyptus sawdust are efficient as P sources. This
suggests that crops such as maize respond positively to these ecological sources of P, reducing
pressure from the conventional sources of this nutrient and the negative impacts that carry them.
Although its effects are clearly observable in the experimental field, the results of this study
have high expansion potential, especially when it is part of rural extension and technological
transfer initiatives. The dissemination of this knowledge can encourage the implementation of
agricultural practices responsible for corn cultivation, reaching a balance between productive
efficiency, natural environment protection and food safety.

The impacts of this study are divided into three thematic areas of the National Extension Policy:
Environment, promising the use of environmental technologies; Technology and Production,
suggesting the use of Biochar-LDH compounds as s sources of P fertilizers; and Work, allowing
technicians and farmers to improve working conditions in the field. In addition, it contributes
to seven of the 17 United Nations Sustainable Development Goals (SDGs): SDG 2. Zero hunger
and sustainable agriculture, promoting sustainable and productive agricultural practices SDG
6. Drinking water and sanitation, contributing to water decontamination; SDG 9. Innovation
and Infrastructure, applying innovative and replicable technologies; SDG 12. Responsible
consumption and production, reducing pressure on completely soluble sources of P; SDG 13.
Action against global climate change, capturing C through biochar and cleanly recycling P;
SDG 14. Life in water, cleaning the waters, allowing the balance of this resource SDG 15.
Earthly life, contributing to food safety.
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FIRST PART

General Introduction

Biochar is a carbon-rich material produced through pyrolysis; a thermal decomposition
process carried out at relatively low temperatures (300-700 °C) under limited oxygen
conditions (Lehmann et al., 2024). This process prevents complete combustion, allowing
carbon to be locked into a more persistent and solid form rather than being released as carbon
dioxide or other greenhouse gases (Brown, 2021). Biochar can be derived from a wide range of
natural and waste feedstocks, including forest and agricultural residues, industrial by-products,
animal manure, and municipal solid waste (Ponnusamy et al., 2020; Yi et al., 2020). The
feedstock type and pyrolysis conditions play a crucial role in determining the physicochemical
characteristics of the resulting biochar, including its carbon content, surface area, pore structure,
and chemical composition (Zhang et al., 2017).

Due to its unique physicochemical properties, such as high surface area, porosity, acid
buffering capacity, cation exchange capacity, and enriched surface functional groups, biochar
holds significant potential for diverse applications. In agriculture, biochar is widely recognized
as a soil amendment that improves soil fertility, enhances water retention, and reduces nutrient
leaching, ultimately leading to increased crop yields (Alkharabsheh et al., 2021). Its ability to
sequester carbon in soils for extended periods makes it a valuable tool in mitigating climate
change (Lehmann et al., 2021). In environmental remediation, biochar has shown promise in
adsorbing heavy metals, organic pollutants, and excess nutrients from wastewater, thereby
contributing to water purification and pollution control (Chabi et al., 2020; Liu et al., 2019;
Wang et al., 2018). In addition, biochar can serve as a feedstock for bioenergy production,
supporting sustainable energy systems (Lee et al., 2020). Its role in biomass waste management
also helps reduce environmental burdens by converting organic waste into a stable and valuable
product. Overall, biochar represents a versatile and sustainable material with significant
contributions to agriculture, environmental protection, renewable energy, and climate change
mitigation efforts.

Given the abundance of potential feedstocks, low biodegradability, and low
environmental risk, biochar emerges as a valuable material with exceptional adsorption

qualities (Singh et al., 2024).
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Forest production in Brazil is 10,2 million hectares planted with eucalyptus, pine trees
and other species (IBA, 2024). Minas Gerais represents more than 2.3 million hectares of trees
planted nationwide, of which 96.8% correspond to eucalyptus plantations (AMIF, 2023).

The use of biochar produced from eucalyptus residues, which is an abundant and easily
acquired material in several countries (Heidari et al., 2019) and due to its high efficiency and
rapid growth, especially in Brazilian plantation conditions, eucalyptus plays a prominent role
in biochar research. In addition to traditional uses such as paper, construction and furniture,
wood can be used with high efficiency in bioenergy generation, with important by-products
such as biochar (Maia, et al., 2021).

While traditionally used for soil remediation and amendment, there is a growing number
of studies exploring the application of biochar for the removal of pollutants from water, largely
due to its cost-effectiveness and sustainability (Choudhary et al., 2020). The role of biochar in
wastewater treatment aligns with the principles of circular economy, which focuses on resource
efficiency, waste minimization, reduced raw material consumption, and environmental
protection, all while generating economic benefits (Morseletto, 2020). Thus, biochar can be
specifically designed for water remediation and subsequently reintegrated into production
systems, contributing to a sustainable and closed-loop economic model.

Phosphorus (P) is an essential nutrient for all living organisms. However, its natural
sources are finite, increasingly scarce, and irreplaceable. The rising global population drives a
higher demand for food production and, consequently, for phosphate-based fertilizers (Desmidt
etal., 2014). This growing dependency may lead to the depletion of easily accessible P reserves
(Iwaniec et al., 2016). Additionally, the extraction and processing of phosphate rock are energy-
intensive and environmentally damaging, contributing to habitat destruction and pollution
(Fayiga and Nwoke, 2016). As a result, P recycling is becoming increasingly critical to sustain
agricultural productivity while minimizing environmental pollution.

A significant portion of P is lost through improper waste and wastewater disposal,
contributing, along with nitrogen (N), to the eutrophication of aquatic ecosystems, which leads
to algal blooms, oxygen depletion, and loss of aquatic biodiversity (Cai et al., 2019).
Furthermore, inefficient fertilizer application practices exacerbate these losses, reducing the
overall efficiency of P use in agriculture (Bindraban et al., 2020). In tropical agricultural
systems, P dynamics are particularly complex due to the unique characteristics of tropical soils.
These soils are often highly weathered, acidic, and rich in iron (Fe) and aluminum (Al) oxides,
which strongly bind P, making it largely unavailable to plants (Gérard, 2016). Even with

substantial P fertilizer inputs, a significant fraction becomes immobilized through adsorption
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onto soil mineral surfaces or precipitation as insoluble compounds (Zhu et al., 2018).
Furthermore, tropical regions frequently experience intense rainfall, which accelerates soil
erosion and P runoff, leading to substantial nutrient losses from agricultural fields and
contributing to downstream eutrophication (Lucas et al., 2023). Inefficient fertilizer application
practices, such as overuse, poorly timed application, and reliance on soluble phosphate
fertilizers, exacerbate these losses, reducing P use efficiency and increasing environmental risks
(Bindraban et al., 2020). To address these challenges, sustainable P management strategies
tailored to tropical soil conditions are essential, including the use of slow-release fertilizers,
organic amendments, precision agriculture techniques, and innovative materials like biochar to
minimize losses, and enhance crop uptake efficiency.

Recovering P from wastewater using biochar is a promising and sustainable approach
to facilitate P recycling and reuse in agriculture. Additionally, biochar-based P recovery
systems can be integrated into wastewater treatment plants, providing an economically viable
and environmentally friendly solution. This approach not only reduces dependency on finite
phosphate rock reserves but also mitigates water pollution, supporting a circular economy
model in nutrient management. The surface of biochar, however, can be predominantly
characterized by negative charges, primarily due to a high pH and the presence of oxygen-
containing functional groups. This results in a low adsorption capacity for phosphate ions
(H2PO4 or HPO4*) from aqueous solutions (Takaya et al., 2016; Shepherd et al., 2016).
Additionally, the adsorption of phosphate ions on biochar is influenced by factors such as
biochar feedstock, pyrolysis temperature, and the chemical composition of the resulting biochar
surface. For example, biochars produced at higher pyrolysis temperatures tend to have a higher
degree of carbonization, leading to a decrease in surface functional groups, which further
reduces their ability to bind phosphate anions (Li et al., 2017).

An effective approach to enhance the specific surface area, pore volume, and pore
structure of biochar for various environmental applications is through chemical or physical
modifications that improve its physicochemical properties. Chemical treatments, such as
impregnation with metal ions (e.g., magnesium, iron, or aluminum), or physical treatments,
such as thermal activation, have been shown to significantly increase phosphate adsorption
capacity by introducing positively charged adsorption sites (Shin et al., 2020). In this context,
the combination of biochar and Layered Double Hydroxides (LDHs) emerges as a promising
strategy to overcome these limitations.

Layered double hydroxides (LDHs) are a class of crystalline materials characterized by

a layered structure composed of positively charged metal hydroxide sheets and interlayer spaces
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containing charge-balancing anions and water molecules (Hassani et al., 2017; Gao et al., 2020).
These materials have gained significant attention due to their wide range of applications,
particularly in water treatment. The combination of LDHs with biochar as composite materials
has shown significant improvements in physicochemical properties, including increased
specific surface area, enhanced surface functional groups, structural heterogeneity, stability,
and superior adsorption performance (Chen et al., 2018; Meili et al., 2019). The production of
biochar-LDH composites is a sustainable and cost-effective alternative with exceptional
efficiency in removing various toxic pollutants. Moreover, their high reusability can
significantly reduce the overall cost of water treatment processes. The porous biochar structure
acts as an ideal support matrix, providing a large reactive surface area for effective LDH
deposition while preventing LDH aggregation (He et al., 2019). However, further studies are
needed to fully understand the underlying adsorption mechanisms and to evaluate how this
material would function as a P fertilizer in tropical soils. Moreover, most studies combining
biochar and LDH (Chen and Qu, 2004; Zhang et al., 2013, Yang et al., 2019) have relied on
wet processes, which pose significant challenges for large-scale production. To address this
limitation, we propose, for the first time, the evaluation of a dry synthesis method using ball
milling to produce biochar—-LDH composites, aiming to simplify the process and enhance
scalability. A deeper understanding of this approach is presented in the next two chapters, which
explore the mechanisms of phosphorus (P) adsorption by biochar-LDH composites and,
following P recovery from aqueous solutions, assess their potential as phosphate fertilizers
under tropical soil conditions.
This research was guided by the following questions:

e (Can Mg-enriched eucalyptus sawdust biochar doped with LDH improve P adsorption
compared to unmodified biochar? Under which pyrolysis and LDH doping conditions
does this improvement occur?

e Do biochar—LDH composites have potential as P fertilizers? How do they influence
maize growth? Can they fully or partially replace conventional soluble P fertilizers?

In Chapter 1, we hypothesize that doping biochar with LDH to form biochar—LDH
composites enhances P adsorption capacity. In Chapter 2, we hypothesize that maize dry matter
production and other growth parameters will be improved when using biochar—LDH

composites produced at lower pyrolysis temperatures.
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Dissertation outline

In Chapter 1, we examined the production of biochar and layered double hydroxides
(LDHs), along with their individual phosphorus (P) adsorption properties. We then investigated
the synthesis of biochar—LDH composites and their mechanisms for P adsorption from aqueous
solutions. To achieve this, we applied kinetic and isotherm adsorption studies alongside
advanced characterization techniques, including X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy coupled with energy-dispersive X-
ray spectroscopy (SEM-EDX), and X-ray photoelectron spectroscopy (XPS).

In Chapter 2, we assessed the desorption capacity of P from these materials using
different chemical extractants to simulate P release. A greenhouse experiment was then
conducted to evaluate the effectiveness of these materials as P sources under tropical soil

conditions using maize as the test crop.
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Abstract

The use of biochar as a matrix for removing phosphate from wastewater is a promising approach
for phosphorus (P) recovery within the principles of circular economy, resulting in biochar-
based fertilizers. Doping biochar with metals is can create sites for even more effective P
adsorption. Layered-double hydroxides (LDH) have shown excellent P adsorption properties,
yet their association with biochar to form a composite is still poorly understood, especially
through dry methods (e.g., ball milling). This study investigated the effects of doping biochar
with Mg-Al-CO3-LDH through ball milling on P adsorption in aqueous medium. The biochars
were produced from eucalyptus sawdust impregnated with Mg(OH)2 and pyrolyzed at 300
(BC300), 600 (BC600) and 900 °C (BC900). Mg/Al-CO3 LDHs were synthesized in
proportions of 1:1 (LDHI), 2:1 (LDH2), 3:1 (LDH3) and 4:1 (LDH4) Mg/Al molar ratios; and
composites were prepared with 80% biochar and 20% LDH by 30 min of ball milling. P
adsorption kinetics and isotherms were performed. Characterizations included measurements
of pH, electrical conductivity, moisture and ash contents, total nutrient contents, total C, point
of zero chage (PZC), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM-EDS) and X-ray
photoelectron spectroscopy (XPS). The highest P removal by biochar was obtained in BC300
and BC600 (53.8 and 56.4 mg g'!, respectively) at a dose of 10 g L!. LDH4 showed the highest
P adsorption (272 mg g'') among the LDHs at a dose of 1 g L-!. Doping BC300 with LDH4
increased the P adsorption capacity of by 48.5% and BC600 by 18.7% at the dose of 5 g L.
This was likely due to the formation of complexes with functional groups containing in LDH
as demonstrated by XPS analysis. The main mechanism for P adsorption by biochar doped with
Mg was precipitation of magnesium phosphate. The dry doping of biochar with LDH using a
ball mill proved to be a straightforward and effective technique for biochar functionalization.
In conclusion, biochar doped with Mg/AI-CO3 LDH is an efficient alternative for enhancing P
removal from aqueous solutions. Further studies on the reuse of P-loaded biochar as a fertilizer
are crucial not only for closing the P cycle but also for enhancing its economic feasibility.

Keywords: recycling; fertilizer; slow-release; pyrogenic carbon

Highlights
e The Mg/Al molar ratio of 4:1 showed the highest P adsorption capacity for LDHs.
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e Low pyrolysis temperature had greater synergy between biochar and LDH for P
removal.
e Precipitation of magnesium phosphates was the main adsorption mechanism.

e The formation of P-O complexes with —OH after P adsorption improves P availability

1. Introduction

Phosphorus (P) is an essential element for living organisms, but its supply is limited and
irreplaceable. Phosphorus in soil primarily exists in insoluble mineralforms, limiting its
bioavailability and thereby restrict-ing plant uptake and utilization (Ringeval et al. 2024).

With global population growth in recent decades, it is crucial to improve the P recycling
to ensure adequate food production and minimize the damage caused by its misuse and
mismanagement. Misuse examples include the over-application of phosphate fertilizers, leading
to nutrient runoff into water bodies, harmful algal blooms, and eutrophication (Huang et al.,
2017). The extraction of phosphate rocks to produce soluble fertilizers is expected to increase
over time (Scholz et al., 2013), posing risks to agricultural production and, by extension, global
food security (Iwaniec et al., 2016). Increasing available P in agricultural soils is essential, as P
is a macronutrient critical for plant growth (Tian et al. 2024).

Brazil plays a major role in global agriculture as one of the largest producers and exporters
of key agricultural commodities such as soybeans, sugar, coffee, beef, and chicken,
significantly contributing to global food security. However, much of its territory consists of
soils with a high P fixing capacity due to advanced weathering and the presence of kaolinite
and Fe and Al oxyhydroxides in the clay fraction (Roy et al., 2016). This challenge is
exacerbated by the dependence on imports for >50% of the industrial phosphate needed for
food production (ANDA, 2022). Consequently, there is an urgent need for efficient,
economical, and environmentally friendly techniques to recover P, minimizing environmental
damage and supporting sustainable global agricultural production.

There are physical, chemical and biological methods to recover phosphorus (Witek-
Krowiak et al., 2022). Adsorption-desorption plays a crucial role in influencing phosphorus
availability (Wang et al., 2024). Adsorption has emerged as a promising and scalable method
for P recovery. This method offers some advantages, including high selectivity, relatively ease
to scale, and compatibility with a wide range of adsorbent materials such as activated carbon,
biochar, and zeolites (He et al., 2010). These characteristics make it a viable option for

sustainable P management (Zhang et al., 2025). However, the main challenge in this technology
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is developing low-cost, high-efficiency adsorbents that enable economical and simple
phosphate recovery (Zhang et al., 2018). In this regard, biochar is a standout material for P
adsorption due to its porous structure and high surface area, which can be prepared to capture
and retain P from various sources.

Biochar can be produced from various natural and waste materials, including forest and
agricultural residues, industrial by-products, and municipal solid waste (Li et al., 2020;
Ponnusamy et al., 2020; Yi et al., 2020). This process not only converts organic matter into a
more stable form of carbon but also enhances its potential to improve soil properties, making
biochar a valuable amendment for agricultural and environmental applications (Gao et al., 2017;
Lehmann and Joseph, 2024).

In 2024, forest production in Brazil was 10,2 million hectares planted with eucalyptus,
pine trees and other species (IBA, 2024). The state of Minas Gerais represents more than 2.3
million hectares of trees planted nationwide, of which 96.8% correspond to eucalyptus
plantations (AMIF, 2023). Thus, eucalyptus residues are abundant and easily acquired
materials, not only in Brazil but in several countries (Heidari et al., 2019). In addition to
traditional uses such as paper, construction and furniture, wood can be used with high efficiency
in bioenergy generation, with important by-products such as biochar (Maia, et al., 2021).

The surface chemistry of biochar usually limit its P adsorption capacity due to its
predominantly negative charge, caused by high pH and oxygen-functional groups, hindering its
efficiency in removing anionic P ions (Shepherd et al., 2016; Takaya et al., 2016; Zeng et al.,
2013). To address this limitation, studies have shown that impregnating biomass with
magnesium (Mg) before pyrolysis significantly enhances P adsorption capacity by biochar due
to the formation of cationic bridges, improving P adsorption from aqueous media (Akgiil et al.,
2019; Leite et al., 2023; Nardis et al., 2021; Yao et al., 2013). Additionally, Mg-enriched
biochar facilitates the formation of MgO nanoparticles during pyrolysis, which adsorb
phosphate (PO4+*) efficiently via rapid surface binding and slower diffusion into the biochar's
interior (Zhu et al., 2020). While Mg-enriched biochar has proven effective for P adsorption,
its performance can be further optimized through enrichment with layered double hydroxides
(LDHs). LDHs, or anionic clays, consist of positively charged metal hydroxide layers
intercalated with anions and water molecules (Alagha et al., 2020; Dan Luo et al., 2025; Gao et
al., 2020). Their high anion-exchange capacity, tunable composition, and structural stability
make them versatile for applications such as removing heavy metals (e.g., lead, cadmium, and
chromium), recovering phosphate to address nutrient pollution, and adsorbing organic

pollutants (Mu’azu et al., 2020; Wang and Ohare, 2012). Recent studies suggest that combining
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biochar with LDHs can yield synergistic effects, enhancing properties like surface area,
stability, and adsorption efficiency (Bian et al., 2023; Buates and Imai, 2021). However, related
research has focused on wet synthesis methods for biochar-LDH composites (Rahman et al.,
2021), which involve multiple steps and present scalability challenges for practical applications.

To address the challenges associated with using chemical methods to impregnate biochar
with LDH, ball milling is emerging as an efficient and simple green method that allows for
scalability (Li et al., 2022; Wang et al., 2022). However, its application in producing biochar-
LDH composites has not yet been explored. The primary objective of this study was to evaluate
the potential use of biochar-LDH composites produced by fast ball milling method for the
removal and recovery of P in aqueous solutions and to elucidate the mechanisms of P adsorption
by biochar, LDH, and biochar-LDH composites as adsorbents. This innovative approach aimed
to improve the adsorption capacity of the biochar-LDH composites, making it a promising
solution for mitigating P pollution in aquatic systems. The effectiveness of the composites in
removing P was assessed through adsorption experiments and detailed characterization. The
results of this study are expected to offer insights into the feasibility of using biochar-LDH

composites as a sustainable strategy for P recovery from wastewater.

2. Material and methods
2.1. Biomass sampling and biochar preparation

Eucalyptus sawdust was obtained locally from a sawmill in Lavras, state of Minas Gerais,
Brazil. The biomass was washed with deionized water and then dried at 65 °C until a constant
weight was achieved. It was subsequently sieved to obtain particles <0.25 mm for further
processing. The sawdust was then impregnated with Mg(OH)2 aiming to achieve a target
concentration of 10% Mg (w/w) in the final biochar, based on previous tests. Biochar without
Mg impregnation was not included in this study as it showed a negligible capacity to adsorb P
in previous tests (data not shown).

The final Mg concentration added to the biomass prior to pyrolysis was estimated using
biochar yields reported in other studies with similar conditions (Leite et al., 2023), and based
on previous tests. Magnesium impregnation was performed in the biomass using a ball mill
with a milling time of 30 minutes. The amounts of Mg(OH): used for each biochar production
were 5.62 g, 3.71 g, and 3.29 g, corresponding to 10% Mg on the final yield of biochars
produced at 300 °C, 600 °C, and 900 °C, respectively. Mg(OH)2 was chosen as Mg source

based on previous research (Leite et al., 2023).
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The pyrolysis process was conducted in a laboratory-scale adapted muftle furnace, with a
heating rate of 5 °C per minute and a residence time of one hour. After cooling to room
temperature (25 °C), the samples were collected, passed through a 100-mesh sieve, and stored
at room temperature. The yields of the biochars produced were 35.9%, 26.6%, and 25.0%,
respectively. The resulting biochars were designated as BC300 (biochar produced at 300 °C),
BC600 (biochar produced at 600 °C), and BC900 (biochar produced at 900 °C). These
temperatures were selected to represent low, intermediate, and high pyrolysis conditions, which

are known to significantly influence the final properties of biochar.

2.2. LDH synthesis

The layered double hydroxides (LDHs) used in this study were synthesized as
magnesium/aluminum layered double hydroxides intercalated with carbonate anions (Mg-Al-
COs3-LDH), which was prepared using the co-precipitation method (Pavan et al., 2000).
Initially, a solution containing magnesium nitrate hexahydrate [Mg(NO3)2:6H20] and
aluminum nitrate monohydrate [AI(NO3)3-9H20] was diluted in deionized water, maintaining
Mg/Al ratios of 1:1, 2:1, 3:1, and 4:1. This solution was then added dropwise to a vigorously
stirred mixture of sodium hydroxide (NaOH, 3.5 M) and sodium carbonate (Na2CO3, 0.943 M)
in 1000 mL of water, while controlling the temperature at 35 °C and the pH level. Following
synthesis, the mixture was allowed to sit at room temperature for 18 hours to facilitate
precipitation and cooling. The supernatant was then centrifuged, and the resulting solid was
washed with distilled water. The LDHs were subsequently placed in a petri dish and dried in a
vacuum desiccator with activated silica gel.

After production, the produced LDHs were calcined in the presence of oxygen gas with a
flow rate of 150 mL min! and a temperature of 550 °C for 4 hours. The calcination process of
Mg/Al LDHs leads to the formation of oxides. These materials exhibit a phenomenon known
as the "memory effect," which refers to the ability of the calcined derivative to reconstruct the
lamellar structure of the LDH upon contact with an aqueous solution (Cavani et al., 1991;
Forano et al., 2006). Additionally, the calcined materials have a superior capacity to adsorb P.
The yields for each material were 77.4%, 48.5%, 57.5%, and 55.43%, respectively, for Mg/Al
ratios of 1:1, 2:1, 3:1, and 4:1. The four LDH samples were passed through a 100-mesh sieve,
and after processing they were designated as follows: LDH1 (Mg-Al-CO3-LDH with a Mg/Al
ratio of 1:1), LDH2 (Mg-Al-CO3-LDH with a Mg/Al ratio of 2:1), LDH3 (Mg-Al-CO3-LDH
with a Mg/Al ratio of 3:1), and LDH4 (Mg-Al-CO3-LDH with a Mg/Al ratio of 4:1). To assess
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the impact of the Mg/Al ratio on P adsorption, experiments were conducted with all LDH

formulations using a dosage of 2 g L! in a P solution containing 500 mg L.

2.3. Biochar-LDH composites

To evaluate the effect of pyrolysis temperature on P adsorption, an experiment was
conducted using a biochar dose of 10 g L' and a P concentration of 500 mg L-!. The results
showed that biochars produced at 300 °C and 600 °C had the highest P adsorption capacities
(Table S1), and these were selected for the further preparation of biochar-LDH composites.
Subsequently, a second experiment was conducted to assess the effect of biochar dosage on P
adsorption. This experiment tested five different biochar doses (1, 2, 5, 10, and 20 g L") using
the same P concentration of 500 mg L' in solution, and the doses of 10 g L' biochar
demonstrated the highest P adsorption capacity (Table S3) and was chosen for the subsequent
experiments involving biochar-LDH composites. In parallel, an adsorption experiment was
performed to investigate the influence of LDH dosage on P adsorption, and four different LDH
doses (1, 2, 5, and 10 g L") were evaluated under the same P concentration of 500 mg L-!. The
results showed that the 1 g L' of LDH4 exhibited the highest P adsorption capacity (Table S4),
making it the optimal candidate for further studies. The influence of the composites dosage on
P adsorption was also studied by an adsorption experiment. For composites BC300-LDH4 and
BC600-LDH4 four different doses (1, 2, 5, 5 and 10 g L") were evaluated using 500 mg L' P
solution. The dose of 5 g L'! LDH4 showed the highest P adsorption capacity (Table S5).

Based on the preliminary experiments, biochar-LDH composites were prepared using
biochar produced at 300 °C and 600 °C combined with LDH4. The composites were prepared
using a ball mill (MA350, Marconi, Brazil) with closed chamber and stainless steel griding tank
(235 mL), where 50 mL of volume was filled with the material and one griding sphere of 132
g following 617 vertical strikes per minutes, for 30 minutes. Two distinct mixtures were
obtained: BC300-LDH4 (comprising 80% biochar produced at 300 °C and 20% LDH with a
Mg/Al ratio of 4:1) and BC600-LDH4 (comprising 80% biochar produced at 600 °C and 20%
LDH with a Mg/Al ratio of 4:1). Both composites were sieved through a 100-mesh screen and
stored in a desiccator to protect them from moisture, ensuring they remained suitable for further
characterization and adsorption experiments.

For all adsorption experiments, a stock solution of P was prepared using KH2POs4 to achieve
P concentration of 1000 mg L'!. The background solution used for all P adsorption experiments
was prepared by mixing 0.01 M NaOH with Milli-Q water. From this stock solution, 250 mL

was diluted in 500 mL of background solution to obtain a final P concentration of 500 mg L.
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The samples were stirred continuously for 24 hours, after which the equilibrium pH was
measured. Subsequently, the samples were filtered using a 0.45 um membrane filter (PVDF
25mm). The P concentration in the equilibrium solution was then determined by inductively

coupled plasma optical emission spectroscopy (ICP-OES, Blue Germany).

2.4. Adsorbents characterization

In order to evaluate the adsorption characteristics of the materials, several analyses were
performed. For the purposes of this research, we will use the term "adsorption" to describe the
process of removing P from an aqueous solution, however, in addition to adsorption, other
mechanisms may be occurring simultaneously through which P is being removed, including
precipitation, absorption, among others.

The surface morphology of biochar, LDH, and biochar-LDH composites was analyzed
using scanning electron microscopy (SEM) with an ultra-high-resolution (UHR) FEG scanning
electron microscope (Tescan-Clara, Kohoutovice, Czech Republic), coupled with energy
dispersive spectroscopy (EDS) using an XFlash 6|60 ex detector (Bruker Nano GmbH, Berlin,
Germany). A small portion of each sample was mounted on double-sided carbon tape adhered
to the sample holder. Scanning electron microscopy analysis was conducted under a voltage of
20 kV and a working distance of 10 mm to capture detailed surface characteristics.

X-ray powder diffraction (XRD) analysis was performed using a Shimadzu XRD-6000
diffractometer (Osaka, Japan) equipped with a graphite monochromator to filter the Cu Ka
radiation (A = 1.54 A). Data were collected at a scan speed of 0.02 degrees per second, with a
20 scanning range from 4° to 70°. This setup allowed for the identification of crystalline phases
present in the biochar, LDH, and biochar-LDH composites before and after P adsorption
experiments. Crystalline phases were identified using the open crystallography database (COD)
and X Pert Highscore Plus v4.9 (Panalytical, Malvern, UK).

The surface area and pore volume of each sample were determined via N2 adsorption
analysis. Before analysis, the samples were degassed to remove surface impurities. Adsorption
isotherms were obtained by measuring the relative pressure (P/Po) and the corresponding
amount of N2 adsorbed (cm?® g'! STP). The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) equation, while the Barret-Joyner-Halenda (BJH) method was
employed to analyze pore size distribution, providing insights into the average pore width and
pore diameter.

Fourier-transform infrared (FTIR) spectroscopy analysis was conducted using a 600-IR

spectrometer (Varian, California, USA) equipped with a GladiATR accessory (Pike
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Technologies, Wisconsin, USA) for attenuated total reflectance (ATR) measurements. The
spectral range was examined from 4000 to 400 cm!, with a resolution of 4 cm!. Each spectrum
was generated from the average of 32 scans. Thermogravimetric analysis (TGA) was conducted
to evaluate the thermal stability of the samples using a Q500 (TA Instruments, New Castle,
USA). The analysis was performed under both N2 and synthetic air atmospheres at a flow rate
of 50 mL min'!. The mass loss of the samples was monitored as they were heated from room
temperature to 900 °C, employing a heating rate of 10 °C min™'.

Electrical conductivity (EC) and pH were measured in a suspension prepared by mixing
the samples and deionized water at a 1:20 (w/v) ratio (Rajkovich et al., 2012) . The mixture was
shaken on a reciprocal shaker for 90 minutes, after which the measurements were taken using
a pH meter and EC meter. The ash and moisture content of the biochar and composites were
assessed through oven drying at 105 °C to determine moisture content, followed by heating the
samples in open crucibles at 750 °C for 6 hours to evaluate ash content. Total element contents
were determined according to Enders and Lehmann, (2012). Briefly, 200 mg of each sample
were ashed in a compact muffle furnace at 500 °C for eight hours. The ashed samples were then
digested in concentrated nitric acid (70%) at 120 °C. To facilitate the oxidation of organic
carbon, hydrogen peroxide (30%) was added during the final digestion step. The resulting
solutions were diluted to a 5% nitric acid (v/v) solution. The contents were filtered through
membranes (<0.45 um) and the elements were quantified by ICP-OES.

The total C content of biochar and mixtures was determined in a dry combustion carbon
analyzer (Elementar, model Vario TOC Cube, Germany). The pH at the point of zero charge
(pHpzc) for the biochars, LDHs, and composites was determined using an adapted procedure as
described in Amaringo and Hormaza (2013). Briefly, 10 mL of deionized water was added to a
50 mL Erlenmeyer flask. Solutions with pH values of 1, 3, 5,7, 9, 11, and 13 were prepared by
carefully adding quantities of 0.1 M HCIl and 0.1 M NaOH. To each of these pH-adjusted
solutions, 0.1 g of the respective absorbent material was added. The mixtures were stirred
continuously at room temperature for 48 hours, after which the final pH was measured. The
pHrzc was identified as the intersection point of the final pH values plotted against the initial
pH values on a graph, representing the point where the curve intersects the diagonal line.

X-ray photoelectron spectroscopy (XPS) spectra were analyzed (model K-Alpha, Thermo
Scientific) and deconvoluted using the Gaussian—Lorentzian sum function in Casa XPS v.
2.3.18 (Casa Software). A Shirley background correction was applied to remove background

noise. Atomic ratios of C, O, Mg, and P were calculated from the peak areas of the C(1s), O(1s),



30

Mg(1s), and P(2p) peaks, respectively. The XPS results correspond to the average of three

independent measurements collected in different regions of each sample.

2.5. Adsorption experiments
2.5.1. Adsorption isotherms

Adsorption isotherms and kinetics were conducted to evaluate the P adsorption capacity
of the materials. Isotherm experiments were performed in triplicate by weighing 100 mg of
biochar and biochar-LDH composites, and 20 mg of LDHs, and placing them in 50-mL
propylene tubes containing 20 mL of P solution. This setup resulted in an adsorbent dose of 5
g L'! for biochar and biochar-LDH composites, and 1 g L! for the LDHs. The P concentrations
tested were 50, 100, 150, 200, 250, 300, 400, and 500 mg L-!. These P concentrations were
prepared from 1000 mg L stock solution of KH2PO4 and a background solution containing
0.01 mol L! NaOH. The samples were stirred for 24 hours in a horizontal shaker at 120 rpm at
room temperature. After this period, the equilibrium pH was measured, and the extracts were
filtered through a 0.45 um membrane. The concentration of P in the equilibrium solution was
then determined by ICP-OES.

The adsorption capacity (Qe) of the different adsorbents was calculated by mass
balance, as expressed by Equation (1), where V (L) is the volume of the P solution, m (g)
represents the mass of the adsorbents, and Ci and Ce (mg L-!) are the initial and equilibrium P

concentrations, respectively.

— 14 (Ci_ce)
m

Qe (mg g™) (Equation 1)

Langmuir (Equation 2), Freundlich (Equation 3), and Redlich-Peterson (Equation 4)

isotherms models were used to describe the P adsorption process.

_Qm.Kp.C

Q= m (Equation 2)
1
Q= Ks-Cn (Equation 3)
Kg-C .
Q= m (Equation 4)

In which, Kz: Langmuir isotherm constant, Om: maximum adsorption capacity index,

Ky Freundlich isotherm constant, n: adsorption intensity, Kz: Redlich—Peterson isotherm
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constant, a,: Redlich—Peterson isotherm constant, g: Redlich—Peterson isotherm exponent, and

C: represents the adsorbate concentration.

2.5.2. Adsorption kinetics

For the kinetic experiments, 100 mg of biochar and biochar-LDH composites, along
with 20 mg of LDHs, were added to a set of 50 propylene tubes containing 20 mL of solution
with a P concentration of 200 mg L-!. The tubes were shaken on a horizontal shaker at 120 rpm
for varying durations, ranging from 1 to 1440 minutes. Following the shaking period, the
solutions were filtered through a 0.45 pm membrane. The P concentration at equilibrium was
measured by ICP-OES.

The kinetic data for P adsorption onto the studied materials were fitted with the Pseudo-

first-order (Equation 5) and Pseudo-second-order (Equation 6) models.

k .
log (qe = ) = log (qe) = 7555 ° ¢ (Equation 5)
t 1 1 .
P g + P 't (Equation 6)

in which ge: adsorption capacity at equilibrium, qt: adsorption capacity at time ¢, ki: rate

constant of the PFO kinetics, k2: rate constant of the PSO and ¢ is the time.

3. Statistical analysis

All adsorption experiments were conducted with three replicates. Data analysis (using
the two-sample t-test) was performed with SPSS Statistics software v. 21 (SPSS Inc., USA).
All kinetic and isotherm data were fitted using OriginPro v. 10.0.5.157 (OriginLab Corporation,
USA), and the sum of squared residuals (RSS) and the determination coefficient (R?) values of

the fitted equations were determined.

4. Results and discussion

4.1. Effect of LDH on forming composites

4.1.1. BET Surface Area

The specific surface area (SBET) values for BC300 and BC600 were determined to be 0.29 m?
gl and 304.1 m? g'!, respectively. For the layered double hydroxides (LDHs), the corresponding
SBET values were found to be 109.1, 95.86, 60.41, and 69.22 m? g'! for LDH1, LDH2, LDH3,
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and LDH4, respectively. In the case of biochar combined with LDH Mg/Al at a ratio of 4:1
(biochar-LDH), the SBET values for BC300-LDH4 and BC600-LDH4 were 7.77 and 205.0 m?
g’!, respectively (Table 1).

Table 1. BET surface area and pore characteristics of biochar and LDH samples.

Samples SBET Va_l}les Cumulative POFF Volume Ayerage pore Avgrage pore
(m*gh) (em?gh) diameter (A) width (A)
BC300 0.2955 +£0.08 0.00996 673 942.8
BC600 304.1+74 0.01719 77.4 19.93
LDHI 109.1 +£0.1 0.57334 194 209.3
LDH2 95.86 £ 0.21 0.70190 285 285.3
LDH3 60.4+0.10 0.41401 265 246.9
LDH4 69.2+0.2 0.45646 242 230.4
BC300-LDH4 7.77+£0.22 0.02489 330 98.58
BC600-LDH4 205.0+ 4.6 0.05903 150 27.44

Note: The mixtures were prepared in the proportion of 80% eucalyptus sawdust biochar and 20% Mg/Al LDH.

The biochar produced at a higher temperature (BC600) demonstrates a significantly
greater specific surface area (SBET) when compared with BC300. This difference arises
because biochars produced at lower temperatures retain a high content of volatile matter,
including partially decomposed cellulose, hemicellulose, and lignin. These volatile components
hinder pore formation, thereby limiting the development of a higher surface area at lower
pyrolysis temperatures (Leng et al., 2021).

Among the LDHs, the highest SBET value was observed in LDHI, while for the
composites, BC600-LDH4 exhibited the highest specific surface area. The SBET values of the
biochar-LDH composites increased compared to the unmodified biochar when BC300 was
used. Conversely, this value decreased relative to the unmodified biochar when BC600 was
used in the composite. The presence of LDH enhanced the accumulated pore volume of the
biochars, resulting in the composites achieving pore volumes between 2.5 and 5 times higher
than those of the biochars alone (Table 1). These surface area values are consistent with those
reported for wood-derived biochar (Wang et al., 2013). Furthermore, the ball milling conditions
employed in this study did not appear to significantly enhance the surface area of the materials.
Typically, eucalyptus biochars produced under these pyrolysis conditions can achieve surface

areas exceeding 400 m? g'!, even without ball milling (Fernandes et al., 2020).
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4.1.2. Other properties related to adsorption

Other properties of the biochars impregnated with Mg prepared in this study are
summarized in Table S2. As the pyrolysis temperature increased, the pH also exhibited a slight
rise, with maximum pH values of 11.1 recorded at 600 °C and 900 °C. It has been reported that
increasing the pyrolysis temperature or extending the residence time could increase the pH of
biochars (Sun et al., 2017). The pH increase with higher pyrolysis temperatures are explained
by the thermal decomposition of lignocellulosic materials and release of vapor and compounds
such as CO and COz followed by a formation of a more stable carbonaceous structure with high
ash content wich are composed mainly by mineral elements in the form of oxides and
carbonates (Muhammad et al., 2022; Sun et al., 2017). In this study, particularly, a high pH is
especially due to Mg(OH)2 enrichement.

The pHrcz is a crucial parameter in adsorption processes, as it represents the pH at which
the surface of a solid exhibits no net electrical charge (Feitoza et al., 2022). When the pH of the
solution exceeds the pHrzc, the surface of the adsorbent becomes negatively charged, favoring
the adsorption of positively charged species. Conversely, when the pH is lower than the pHrcz,
the surface of the adsorbent is positively charged, facilitating the adsorption of negatively
charged species (Thue et al., 2017). The pHrzc for BC300 and BC600 was determined to be
approximately 10.5 and 10.3, respectively. For the LDHs, the pHpzc value did not vary much,
with an approximate value of 12.9. These pHpzc values suggest that the net surface charge will
be positive, favoring the adsorption of anionic species for a solution pH lower than 10.5 and
10.3 for BC300 and BC600, respectively, and lower than 12.9 for LDH. This means that the
selection or adjustment of the solution pH plays an important role in the adsorption study
(Nguyen et al., 2023). In this study, the P solution used for the adsorption analyses had an acidic
pH (approximately 5.5), which could justify the phosphate adsorption efficiency of these
adsorbents, since the lower pHrzc of the materials increases the possibility of adsorption of
anionic species in solutions. Therefore, a higher P adsorption can be expected for this material
by electrostatic attraction (protonated functional groups, for example, hydroxyl groups).

At pyrolysis temperatures of 600 °C and 900 °C, the C content was higher (70.2% and
70.3%, respectively) when compared with the lower pyrolysis temperature of 300 °C, which
yielded a C content of 55.9%. This increase in C contents with higher pyrolysis temperatures is
attributed to the loss of O and H through the cracking of C-H and C-O bonds, resulting in gas
release and a higher degree of aromatization (He et al., 2024; Sun et al., 2017). The reduction
in O and H functional groups aligns with the observed decrease in yield as pyrolysis temperature

increased, with yields of 35.9, 26.6, and 25.0% at 300, 600, and 900 °C, respectively.
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Pyrolysis temperature did not significantly affect ash content, which remained in the
range of 14.0-14.8%. The ash content of eucalyptus wood biochar is generally low, even at
higher pyrolysis temperatures (<1%), consistent with its high C content (Domingues et al.,
2017). The slightly higher ash content observed in this study can likely be attributed to the
residual Mg content from Mg(OH): impregnation.

4.1.3. Scanning electron microscopy

The surface morphology of biochars, biochar-LDH composites, and LDH4 after P
adsorption was analyzed for Mg, P, and K mapping (Fig. 1). A distinct morphological difference
was observed between the surfaces of the biochars and the LDH. The morphology of the biochar
(Fig. S1) is associated with the original eucalyptus structure, which after pyrolysis consists of
macroporous particles with the loss of outer layers and the exposure of porous structures
(Fernandes et al., 2020). However, the accumulation of ash due to Mg enrichment is responsible
for filling the macropores.

Mapping of the samples after P adsorption revealed concentrated spots of Mg and P
consistent with studies where Mg impregnation was performed prior to adsorption (Nardis et
al., 2021). This is likely due to the formation of Mg-phosphates, as confirmed by XPS analysis
(discussed later) of the Mg 1s and P 2p peaks. In contrast, the distribution of K on the surface
was more homogeneous, reflecting the solubility of the K-phosphate used. SEM images of the
LDH show small particles with a homogeneous distribution. This was further quantified by
EDS spectra (Table S7), which indicated a high concentration of Mg and Al compared to the
biochars alone (Table S6), and the biochar-LDH composites. These findings align with studies
involving LDH samples (Zhang et al., 2013).

The presence of LDH particles was observed on the surfaces of the biochar, which
exhibited a more heterogeneous, amorphous, and irregular surface morphology at both
temperatures. This was confirmed by the EDS spectra (Fig. S2), which showed the highest Mg
concentration peaks, indicating the impregnation of the biochar with this element after the
pyrolysis process. The surfaces of the LDH-modified biochar were coated with fine LDH
particles (Fig. S3). However, it is unclear whether these LDH particles penetrated deep into the
biochar pores or channels. It has been reported that the pore network and surface of biochar can
facilitate the dispersion of LDH flakes, thereby enhancing their reaction with phosphate and
improving adsorption efficiency (Zhang et al., 2013). However, since the biochars in this study

have low pore volumes, this effect may be less pronounced.
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Compared to the unmodified biochars, the morphology of the composites appeared
more homogeneous, likely due to the 30-minute milling process used during their production.
The surface morphology of these composites was further analyzed through EDS spectra (Table
S8), which revealed an increased Al concentration relative to the unmodified biochars, while
the Mg content showed minimal variation after mixing with LDH. Another study suggests that
biochar can be homogeneously intercalated throughout the layers of LDH, which would be
favorable for P adsorption due to the positive charges and adsorption properties of LDH (Alagha
et al., 2020).
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Figure 1. Scanning electron microscopy (SEM) and element mapping (EDS) of biochars, LDH
and biochar-LDH composites post P adsorption.
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4.1.4 Thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR)

The thermal stability analysis revealed that biochars exhibit significant mass loss,
leaving approximately 18% ash residue (Fig. 2a). Given the low ash content of eucalyptus
biochar, the ash remaining after thermal decomposition originates primarily from Mg(OH):
impregnation. The mass losses correspond to the decomposition of organic compounds present
in the biomass (lignocellulosic compounds) and their release as volatile matter. It has been
reported that eucalyptus biomass contains approximately 72% volatile matter, which decreases
to 24% in biochars upon pyrolysis, while fixed C increases from 22% to 58% (Durango Padilla
et al., 2024).

Among the biochars, BC600 demonstrated higher thermal stability, indicating that most
of'the lignocellulosic compounds were already degraded during pyrolysis. For BC600, the onset
of mass loss occurred around 450 °C, a pattern also observed in BC600-LDH4. The degradation
temperatures for cellulose, hemicellulose, and lignin range from 210 to 520 °C (Ben Salem et
al., 2021) with higher peaks of CO2 and CO release around 550 °C (Giudicianni et al., 2013).
In contrast, the LDHs showed a nearly constant mass loss, retaining about 75—-85% of their mass
at 800 °C. Among the LDH samples, LDH2 exhibited the lowest overall mass loss. The thermal
decomposition of synthetic hydrotalcite (LDH) occurs in several steps: the removal of weakly
adsorbed water up to 105 °C, interlayer water from 105 to 200 °C, and, beginning at 310 °C,
dehydroxylation, decarbonation, and the removal of interlayer anions. These processes account
for approximately 20% mass loss overall (Theiss et al., 2013), consistent with the findings of
this study. Individual TG and DTA curves of biochars, LDH, and biochar-LDH composites are
found in Fig. S4.
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Figure 2. (A) Thermogravimetric analysis (TGA) of the materials under synthetic air
atmosphere, (B) FTIR spectra and spectral bands of biochars, LDH and biochar-LDH
composites before and after adsorption with P.

The FTIR analysis revealed distinct absorption bands corresponding to various
functional groups in the biochar and biochar-LDH composites (Fig. 2b). The strong and broad
band around 3421.1 cm™! is the stretching vibration of~-NH and -OH (Huang et al., 2020). A
prominent band at 1573 cm™! was attributed to the presence of aromatic groups, characteristic
of lignocellulosic compounds, and related to C=C stretching of aromatic components as well as
C=0 stretching in conjugated ketones and quinones (Janu et al., 2021). The band at 1409 cm™!
indicated aliphatic C—H bending (Farobie et al., 2022), while the band at 1363 cm™' was
associated with small amounts of carbonate (CO3?") (Benicio et al., 2015; Zhang et al., 2013).
A similar aromatic signal appeared at 1579 cm™!, further confirming the presence of
lignocellulosic structures. The band at 1386 cm™!* was linked to —CHaz- groups (Li et al., 2016)
and, after P adsorption, the peak at 1045 cm™ attributed to the bending vibration of adsorbed

1

phosphate P-O and P=0, with higher intensities observed below 1029 cm™', which sugests

complexation with —OH groups (Nardis et al., 2021; Novais et al., 2018) or intercalation of
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phosphate into the interlayer space of LDH (Alagha et al., 2020). Additionally, phosphate-
related groups such as O-P-O were detected at 561 cm™! and 538 cm™! (Nardis et al., 2021;
Novais et al., 2018). Aromatic groups, along with C=C stretching of aromatic components and
C=0 stretching of conjugated ketones and quinones were identified in BC300, its composite
with LDH4, and all P-loaded materials, except for LDH4 alone. Aliphatic C—H bending was
detected in BC300, BC600, and BC300-LDH4. A prominent carbonate peak was found in LDH,
while the materials loaded with P also exhibited -CHz- groups. In addition, the functional groups
corresponding to carbonates, aliphatic C-H bending and CH2 groups desapeared or decreased
intensity, indicating that the adsorbate interacts with these groups, either transforming them
into more oxidezed functional groups or forming complexes (Zhang et al., 2019), which was

later confirmed by XPS analysis.

4.1.5. X-ray diffraction (XRD)

The diffractogram in Figure 3 (a) demonstrates the regeneration of the lamellar structure
of calcined magnesium-aluminum layered double hydroxide (HDLc) after interacting with a
solution containing phosphate ions. For this material, the basal spacing calculated using Bragg's
equation was 7.90 nm, a value characteristic of layered double hydroxides (LDHs) intercalated
with hydroxyl anions (OH") (Benicio et al., 2018). It suggests that the "regenerated" structure
consists of the phase known as meixnerite (Wan et al., 2017; Zhang et al., 2013). This phase
comprises layers intercalated with OH™, commonly observed in regenerations conducted in
aqueous solutions with low ionic strength and without a high concentration of polyvalent

anions.
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Figure 3. X-ray diffraction and mineral phases identification of biochars, LDH and biochar-
LDH composites after P adsorption. (a-LDH; b- BC600-LDH4 and BC300-LDH4, c-BC600,
d-BC300).

The behavior observed in the diffractogram can be interpreted from different
perspectives. Firstly, the absence of peaks indicating larger spacings suggests that the phosphate
ions were not intercalated between the layers in the traditional "upright" orientation, where their
dimensions would be perpendicular to the lamellar plane (Benicio et al., 2017). This
arrangement, frequently observed for bulky and highly hydrated anions, would typically result
in basal spacings exceeding 10 nm, depending on the type of interaction established.

The data support the hypothesis of surface adsorption of phosphate ions. In aqueous
solutions, phosphate ions are known to exhibit a high affinity for active sites on the surface of
metal oxides and LDHs, promoting chemisorption bonds (Gao et al., 2025). This interaction
predominantly occurs through hydrogen bonding (Benicio et al., 2017) or covalent coordination
with the metal groups exposed on the surface of the layers, especially in slightly alkaline
environments, where the equilibrium among the different phosphate ion species favors
adsorption.

A second possibility to consider is the intercalation of phosphate ions in a parallel

orientation to the lamellae (Benicio et al., 2015). This arrangement would minimize the impact



41

on the basal spacing and could explain the observed value of 7.90 nm. Previous studies reported
that bulkier anions, such as phosphates, can adopt such a configuration in LDHs, particularly
when van der Waals or hydrogen bonding interactions balance the electrostatic force between
the layer cation and the intercalated anion. However, this configuration is less common and
heavily dependent on specific conditions, such as pH and the relative concentration of anions
in the medium (Keyikoglu et al., 2022).

The preferential regeneration of meixnerite, even in a phosphate-containing solution,
can be attributed to kinetic and thermodynamic factors. During the regeneration process, the
rapid rehydration of the calcined lamellae favors the capture of smaller anions such as OH™,
which exhibit higher ionic mobility and lower activation energy for intercalation. The
competition between phosphate and OH— anions may have resulted in the former's surface
adsorption and the latter's intercalation (Bravo-Suarez et al., 2004).

In Figure 3 (b) the calcined layered double hydroxide (LDHc) regenerated in a
phosphate ion-containing solution was mixed with biochar, resulting in a hybrid system. The
analysis of the diffractograms indicates the absence of characteristic peaks of the regenerated
LDH. This behavior can be attributed to the dilution effect of the biochar matrix, which
compromises the intensity of the crystallographic signals from the regenerated LDH.

Biochar, a predominantly amorphous or semicrystalline matrix (Zhang et al., 2020), acts
as a dispersing medium for the regenerated LDH, reducing the local concentration of crystalline
phases and, consequently, the intensity of the diffraction peaks. Moreover, due to its
heterogeneous and disorganized nature (Zhang et al., 2019b), biochar often exhibits a
diffractometric pattern with elevated background noise, which can mask low-intensity signals
from the regenerated LDH (Ma et al., 2022). The mixing process may also promote the physical
dispersion of LDH particles within the biochar matrix. This dispersion reduces the coherent
alignment of the crystalline domains of the LDH, which is essential for generating detectable
X-ray diffraction peaks. As a result, even if the crystalline phase of the LDH is present, its
contribution to the diffractogram will be significantly weakened.

Therefore, the absence of peaks in the diffractogram in Figure 3 (b) can be explained by
a combination of the dilution effect caused by the biochar matrix, its amorphous nature, and
possible physicochemical interactions between the regenerated LDH and the biochar (Zubair et
al., 2023). These results highlight the importance of complementary techniques for more

precisely characterizing hybrid systems involving LDHs and heterogeneous matrices.
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4.2. Phosphorus adsorption
4.2.1. Adsorption kinetics

The kinetic experiment demonstrated that P adsorption by the biochar-LDH composites
and pristine biochars (BC300 and BC600) increased rapidly, reaching equilibrium at around 6
hours, much faster than for LDH alone (Fig. 4). The adsorption process for these materials
followed two distinct phases: an initial rapid phase, during which 80-90% of the adsorption
occurred within 360 minutes (6 hours), followed by a slower phase as the system approached
equilibrium (Fig. 5). The BC300, BC600, the composites BC300-LDH4 and BC600-LDH4,
and LDH4 removed more than 89%, 78%, 59%, 94%, and 94% of phosphate from the solution
at their equilibrium times, respectively. In contrast, studies have reported that biochar and
biochar-LDH composites usually reach equilibrium within 1 hour of contact time or faster (He
et al., 2019; Yao et al., 2011). The delayed equilibrium (6 hours) in P adsorption could be due
to factors such as surface heterogeneity, limited pore accessibility, higher P concentration, and
mass transfer limitations in the biochar-LDH composites.

During the first 6 hours, all adsorbents exhibited a relatively fast adsorption rate, with a
marked increase in the adsorption capacity, except for LDH4, which reached equilibrium later.
After this period, further time had little effect on the adsorption capacity, with most adsorbents
stabilizing (Fig. 4). However, LDH4 showed a delayed equilibrium, requiring 12 hours to reach
a stable phase.
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Figure 4. Kinetics of phosphorus adsorption from BC300, BC600, BC300-LDH4, BC600-
LDH4 and LDH4. Experimental data was fitted to the pseudo first and pseudo second order
equations. The X-axis represents the time (h), and the Y-axis represents the amount of P
adsorbed (mg g™). Note: Kinetics parameters are presented in Table 2.

The commonly used pseudo-first-order, pseudo-second-order, and Elovich models were
applied to simulate phosphate adsorption kinetics data. The model parameters fitted to the

experimental data were evaluated based on the coefficient of determination (R?) and the sum of

squared residuals (RSS) values, as shown in Table 2. In the P adsorption process, both the
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pseudo-first-order and pseudo-second-order kinetic models showed good correlation
coefficients, suggesting chemical sorption might be occurring (Robati, 2013). However, the
pseudo-first-order model demonstrated higher R? values and lower RSS values compared to the
pseudo-second-order model for most adsorbents, with Rv > 0.95 (Table 2), except for LDH4,
where R? for both models was below 0.95. Overall, the pseudo-first-order kinetic model more
accurately represented the adsorption process for BC300, BC600, and their composites
(BC300-LDH4 and BC600-LDH4).

Table 2. Parameters of the pseudo-first order and pseudo-second order kinetic models for P
adsorption on from BC300, BC600, BC300-LDH4, BC600-LDH4 and LDH4.

Material Pseudo-first order Pseudo-second order

ateria Qe ki R? RSS Qe k2 RZ  RSS
BC300 37.821 0.0358  0.99 21.30 40.569 0.0012 0.96 67.71
BC600 36.878 0.0069  0.95 98.67 43.303 0.0002 0.94 125.78
BC300-LDH4 39.793 0.0611 0.98 38.29 42215 0.0019 0.94 95.83
BC600-LDH4 39.367 0.0486  0.99 23.12 42.032 0.0015 0.97 53.92
LDH4 120.015 0.0045  0.91 1109.29 136.350 0.00005 0.93 919.31

Note: Q. is the adsorption capacity (mg g'); ki e ko (mg g™! h™!) are constants of the pseudo-first and second order,
respectively; and R? are the R-squared values for each model fit.

The pseudo-first-order model is suitable for systems where adsorption occurs rapidly and
decreases as the adsorbent surface saturates, meaning that it assumes a linear decrease in the
sorption rate with an increase in adsorption capacity. In contrast, the pseudo-second-order
model suggests that chemisorption processes involving chemical bonding between the
adsorbent active sites and phosphate indicate that adsorption and desorption are in dynamic
equilibrium (He et al., 2019; Yang et al., 2014). The pseudo-second-order model provided a
more favorable fit for LDH4, evidenced by higher parameter values and lower RSS values. This
outcome suggests that the phosphateadsorption process for LDH4 was predominantly
controlled by chemical interactions, rather than following the linear sorption rate decrease
assumed by the pseudo-first-order model, which is in agreement with studies using LDH

materials (Wan et al., 2017).
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4.2.2. Adsorption isotherms

The equilibrium adsorption data of biochars and biochar-LDH composites were fitted
to the Freundlich, Langmuir, and Redlich-Peterson isotherm models to describe the adsorption
characteristics of P. The P adsorption isotherms and the fitting of isotherm models for BC300,
BC600, BC300-LDH4, BC600-LDH4, and LDH4 are shown in Figure 5. All models described
the isotherm data reasonably well, but the Redlich-Peterson model provided a slightly higher
R? value (Table 3) than the other models. Among the three isotherm models, Freundlich
describes heterogeneous adsorption on surfaces with varied affinities; Langmuir assumes
monolayer adsorption on a surface with a finite number of identical sites, and Redlich-Peterson
combines features of both to account for the adsorption behavior over a wide range of
concentrations (Bolbol et al., 2019; Vikrant et al., 2018). As reported, the Redlich-Peterson
model demonstrated the best fit for the P adsorption data, slightly outperforming the Freundlich
and Langmuir models in terms of the R? coefficient. This suggests that phosphorus adsorption
on the adsorbents may be influenced by multiple processes (Wan et al., 2017), which is
consistent with the complexity in their surfaces as shown in the characterization of these
adsorbents.

Considering the Langmuir model, the maximum P adsorption capacity (Qmax) of BC300,
BC600, BC300-LDH4, BC600-LDH4, and LDH4 could reach up to 44.34, 55.06, 74.90, 64.11,
and 272.53 mg g’!, respectively. The maximum P adsorption capacity decreased in the
following order: LDH4 > BC300-LDH4 > BC600-LDH4 > BC600 > BC300. The K values for
BC300, BC600, BC300-LDH4, BC600-LDH4, and LDH4 were 0.975, 0.388, 0.175, 0.148, and
0.016 L mg™!, respectively (Table 3). The Langmuir constant (Kv) represents the binding energy
between the adsorbent and the adsorbate. Lower KL values generally indicate stronger binding
affinities (Luo et al., 2016). In this case, LDH4 stands out with the highest Qmax and the lowest
Ki, indicating both a high adsorption capacity and strong binding. Following this, BC300-
LDH4 and BC600-LDH4 also exhibit significant adsorption capacities, while BC600 and
BC300 have lower adsorption capacities compared to the LDH-containing samples.
Additionally, the coefficient value of binding energy for biochar-LDH composites was higher
than that of raw biochar, suggesting that desorption of P sorbed on biochar-LDH composites
would be more difficult and could be retained longer by the sorbent (Soliemanzadeh et al.,
2016; Bolbol et al., 2019), reaching the maximum retention in LDH. This suggests that LDH
have great capacity to adsorb P but can limit its desorption aiming its recycling as fertilizer in

soils.
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Figure 5. Isotherm of phosphorus adsorption from BC300, BC600, BC300-LDH4, BC600-
LDH4 and LDH4. The X-axis represents the time the equilibrium concentration of P in solution
(mg L), and the Y-axis represents the amount of P adsorbed (mg g'!). Experimental data was

fitted to the Langmuir and Freundlich, models. Note: Isotherm parameters are presented in
Table 3.

On the other hand, in the Freundlich equation, the Kf constant represents the adsorption
capacity and strength of adsorption, with higher values indicating a greater ability of the

adsorbent to adsorb the solute from the solution. In simpler terms, a higher Kf suggests a more
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efficient and effective adsorption process. The Kf values for BC300, BC600, BC300-LDH4,
BC600-LDH4, and LDH4 were 25.209, 22.340, 18.347, 19.392, and 24.610 L mg!,
respectively (Table 3). These high Kf values across all materials suggest their potential
effectiveness in adsorbing P, highlighting their suitability for water treatment applications.

In the Freundlich model, there is also a qualitative relationship between the parameter
n and the distribution of adsorption sites. Higher n values indicate greater heterogeneity of
adsorption sites (Meroufel et al., 2013). Among the studied materials, the highest n value was
observed for BC300 (9.199), followed by BC600 (5.478). The composites (BC300-LDH4 and
BC600-LDH4) and LDH4 presented lower n values, suggesting a more uniform distribution of

adsorption sites compared to the biochars alone.

Table 3. Isotherm parameters of Langmuir, Freundlich and Redlich-Peterson models for
BC300, BC600, BC300-LDH4, BC600-LDH4 and LDH4.

Material Langmuir Freundlich Redlich-Peterson

ateria Qm Kt R®  Kr n R Kx ar o R?
BC300 44.341 0975 090 25209 9.199 0.68 31.624 0.509 1.074 091
BC600 55.056 0.388 098 22340 5478 092 27.941 0.671 0940 0.99

BC300-LDH4 74.903 0.175 093 18347 3306 091 21.863 0.562 0.856 0.96

BC600-LDH4 64.107 0.148 090 19392 4.161 099 192457 9.105 0.777 0.99

LDH4 272,530 0.016 0.79 24.610 2541 0.73 3.703 0.006 1.150 0.75

Note: Qn is the maximum adsorption capacity (mg g'); K (L mg™"), Kr (mg g'!), and Kr are Langmuir, Freundlich
and Redlich-Peterson equilibrium constants; n is exponent related to the intensity of adsorption; ar Redlich-
Peterson isotherm constant; g represents the Redlich-Peterson isotherm exponent; and R? are the R-squared values
for each model fit.

In summary, it is known that the heterogeneity of adsorption sites, as indicated by »
values, can influence the efficiency of P removal. Given that biochar-LDH composites and
LDH4 had efficient adsorption capacities with relatively lower » values, this suggests a more
uniform distribution of adsorption sites. However, the fact that the maximum adsorption
capacity from the Langmuir isotherm model is higher for the composites (BC300-LDH4 and
BC600-LDH4) than for the biochars alone (BC300 and BC600) suggests that higher overall
capacity to adsorb P. This is likely due to the creation of higher-affinity sites provided by LDH,
which leads to better performance in P removal. Thus, it is of primary importance to study the
P desorption profile of biochar-LDH composites to evaluate their potential fertilizer value and
assess the effectiveness of the impregnation method (ball milling) as an alternative approach to

producing these types of materials.
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The adsorption capacity of the materials studied in this work was generally lower than that of
other biochar-LDH composites reported in the literature (Table 4). This variation in adsorption
performance can be attributed to differences in the surface characteristics of biochar-LDH
composites, which are influenced by factors such as biochar feedstocks, pyrolysis conditions,
and preparation methods (e.g., hydrothermal synthesis, co-precipitation, and co-pyrolysis)
(Zubair et al., 2021). Additionally, the pH of the adsorption solution plays a critical role in the
performance of these composites. Optimal phosphate adsorption is typically achieved within a
pH range of 3—8, where the availability of adsorption sites is maximized (Jung et al., 2017).

Table 4. Comparison of P adsorption capacity of various biochar/LDH composites.
Langmuir Maximum P

Adsorbent adsorption amount

(mg/g)
BC300-LDH4 74.9 This Study
BC600-LDH4 64.1 This Study
Corn stalks 600 °C - Mg/Al LDH composite 152.1 (Yangetal., 2019)
Palm derived biochar 700°C - MgAl-LDH 146.4 (Alagha et al., 2020)
Cotton wood biochar 600 °C - MgAl-LDH 410 (Zhang et al., 2019)
Calcined rape biochar 500 °C - MgAIl-LDH 132.8 (Zhang et al., 2019)
Calcined cabagge biochar 500°C - MgAl-LDH 127.2 (Zhang et al., 2019)
Macadamia nutshell biochar 700 °C - Mg-Al LDH 43 (Thsanullah et al., 2024)

4.2.3. XPS analysis

Survey spectra from X-ray Photoelectron Spectroscopy (XPS) analysis were used to
understand the surface chemistry, considering the surface groups of biochar (e.g., carboxyl,
hydroxyl) or LDH (e.g., metal hydroxides, metal-oxygen bonds) and how they interact with the
adsorbed P species (Fig. S5 and S6). Normalized concentrations of C, O, Mg, Al, and P are
presented in Table 5.
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Table 5. Atomic carbon (C), oxygen (O), Magnesium (Mg) and Phosphorus (P) concentrations
in biochars, LDH and biochar-LDH composites before and post P adsorption determined X-ray
photoelectron spectroscopy (XPS).

Components AM1 AM2 AM3 AM4 AMS AM6 AM7 AMS8 AMY9 AMIO
%
Cls 6096 65.87 7099 7583 16.85 54.17 58.13 6526 57.42 15.25
Mg 1s 3.75 3.04 2.64 2.03 1593 4.68 5.57 2.87 3.38 10.57
O1ls 3045 2558 2637 2214 51.76 3547 3154 2948 34.83 59.07
P2p - - - - - 2.61 2.25 2.39 4.37 6.01
Al2p 4.84 5.51 - - 1546 3.07 2.51 - - 9.10
Cls

%
C sp? 69.83 70.89 67.86 8097 52.02 67.69 7039 6534 6642 55.19
Csp’ 16.84 1539 1499 10.77 4.09 1635 1459 17.08 16.65 2.17
C-OH 5.11 6.72 6.13 3.75  30.61 7.10 7.18 8.20 7.58 24.26
C=0 2.27 3.70 8.89 .52 10.27 6.35 4.56 7.03 6.88 5.93
COOH 5.96 3.31 2.14 2.99 3.01 2.52 3.28 2.35 248 12.45

Mg 1s

%
MgO 96.96 78.19 477 1792 4144 5428 4652 5624 53.61 13.16
Mg(OH), 3.04 2181 9523 82.08 58.56 - - 1.41 - -
MgHPO4 - - - - - 4572 5348 4235 46.39 86.84

O ls

%
-OH 20.95 7.07 2437 10.63 49.21 7.86 4.04 7.43 7.75 17.40
-0 69.47 6776 7535 5779 18.83 8845 83.73 66.07 30.25 74.25
=0 9.59 25.16 0.28 31.58 31.96 3.69 1223 2650 62.00 8.35

P2p

%
MgHPO;4 2p12 - - - - - 72.07 5205 3397 2534 26.80
MgHPO, 2psp - - - - - 2793 4795 66.03 74.66 73.20

AMI1: BC300-LDH4; AM2: BC600-LDH4; AM3: BC300; AM4: BC600; AMS: LDH4; AM6: BC300-LDH4-Post
P adsorption;, AM7: BC600-LDH4-Post P adsorption; AM8&: BC300-Post P adsorption; AM9: BC600-Post P
adsorption; AM10: LDH4-Post P adsorption.

The C-1s peak was deconvoluted into five components representing different carbon
species: C sp? (284.5 eV), C sp® (285.9 eV), C-OH (287.2 eV), C=0 (290.1 eV), and COOH
(288.7 V) (Fig. S7). In biochar samples, the dominant functional group was aromatic C=C (C
sp?), with a higher concentration in biochar prepared at 600 °C, followed by C-C/C-H (C sp?).
The polar groups (C=0, C-OH, and COOH) accounted for less than 10%, which is in agreement
with studies on biochar samples (Singh et al., 2014). After P adsorption, the relative
concentrations of C-OH and C=0 increased, suggesting that P adsorption induces chemical
modifications, such as oxidation and the exposure of new oxygenated functional groups. This
change in surface chemistry is also reflected in the increase in the binding energy of the O-

functional groups, indicating that the adsorbate interacts with these groups by coordinating with
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the oxygen atoms (Huang et al., 2024). In contrast, LDH samples exhibited dominant C-OH
and C=0 groups (Li et al., 2023), and the phosphate adsorption mechanism likely involves the
formation of inner-sphere monodentate and bidentate complexes, displacing water molecules
or hydroxyl ions (Rahman et al., 2021).

The O-1s peak (Fig. S8) was deconvoluted into three components: one at a binding
energy of 533.0 eV, corresponding to —OH (hydroxyl); the other at 531.6 eV, corresponding to
O-; and the third at 530.1 eV, representing the oxygen-containing functional group =0
(carbonyl). In biochar, the carbonyl groups increased after P adsorption, consistent with the C
Is results. Phosphate ions may interact with hydroxyl (-OH) or carboxyl (-COOH) groups,
which are less involved in the adsorption process (Li et al., 2023), leading to their
transformation into more oxidized (=O) groups (Yang et al., 2019). In contrast, LDH samples
showed an increase in —O groups, which are likely more involved in electrochemical processes
and may be more reactive than other oxygen-containing groups, favoring the formation of
phosphate-oxygen complexes and enhancing P adsorption (L1 et al., 2023).

Three components with binding energies at 1305.7 eV (MgO), 1303.7 eV [Mg(OH)3],
and 1303.9 eV (MgHPO3) were identified after curve-fitting of the Mg 1s spectrum (Fig. S9).
Additionally, two components with binding energies at 134.8 eV (MgHPOs3 2p 1/2) and 133.8
eV (MgHPOs3 2p s/2) were observed after curve fitting of the P 2p spectrum (Fig. S10). MgO
compounds on the Mg-biochar could release Mg?" into the solution, which may then react with
phosphate to form Mg-P precipitates. Furthermore, phosphate can be adsorbed on MgO via
chemical bonding and electrostatic interaction with Mg-OH groups (Fang et al., 2022; Xu et
al., 2018).

Conclusion

The use of pristine biochar (Mg impregnated biochar only) compared to biochar-LDH
composites has significant implications for P adsorption and its environmental applications.
The impregnation of biochar with LDHs enhanced its P adsorption capacity due to
characteristics such as greater thermal stability, more uniform distribution of adsorption sites,
greater presence of carbonyl and hydroxyl groups that probably promote complexation with
functional groups on the LDH surface. This means that LDHs provide additional active sites
and chemical functionalities that improve the affinity for phosphate ions, leading to higher
adsorption efficiency.

On the other hand, lower temperatures (300 °C) resulted in the highest adsorption

capacity among the biochar-LDH composites, leading to synergistic effects, where the presence
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of LDH enhances the overall adsorption capacity beyond what could be achieved by biochar
alone. Additionally, the addition of Mg in biochar and biochar-LDH composites resulted in the
precipitation of Mg phosphates, which also contributed to P adsorption. These findings provide
valuable insights into the efficiency and mechanisms of phosphate adsorption by the studied
materials. Finally, the desorption characteristics of phosphorus from these materials, as well as
their capacity to supply phosphorus as a fertilizer, should be investigated. This could indicate a

viable option for recycling P-loaded materials.
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Table S1. Adsorption capacity of biochar as a function of pyrolysis temperature

Biochar (°C) P Adsorption (%) P adsorption (mg g'!)
300 92.1+1.34 53.8+0.6

600 96.8 £2.71 56.4 £1.58

900 81.2+£0.67 47.6 £0.38

Table S2. Properties of biochars at 300 °C, 600 °C and 900 °C impregnated with Mg?*.

Properties Material

BC300 BC600 BC900 BC300-LDH4 BC600-LDH4 LDH4
Ash (%) 14.8+0.3 142+03 140+ 04 - - -
Moisture (%) 39+0.3 3.7+03 37+£0.2 - - -
Total C (%) 559+04 70.2+0.3 70.3+0.4 42.6 +0.01 52.4+0.35 -
pH 10.7 £ 0.0 11.1+0.0 11.1+£0.0 10.0 +0.04 10.32£0.03 9.73+£1.08
EC (uS cm™) 1427.7+53.9 4133+11.9 469.7+13.5 - -
Yield (%) 359+0.2 26.6£0.7 25.0+£0.7 - - 5543+0.2
PZC 10.5 10.3 - - - 13.0
Mg (gk™) 4.29+0.1 12.20+£0.2 11.89+£0.2 187.28+0.0 194.12+ 0.0 403.98 +0.0
Al (gk™) - - - 257013 24.10£1.0 91.70%0.7
P(gk?) 0.05+0.0 0.08 + 0.0 0.08 + 0.0 0.00 £ 0.0 0.07+£0.0 0.00+0.0

Table S3. Phosphorus adsorption as a function of biochar dose and pyrolysis temperature.

Pyrolysis temperature (°C) Dose (g L) P adsorption (mg g) pH
1 6.7+3.6 6.6 +0.6

2 22+1.2 7.1£04

300 5 51.1+34 8.0+2.6
10 53.8+0.7 9.7+1.3

20 29.2+0.0 10.5+0.1

24.0+2.3 6.6+0.3

2 8.6+43 7.1+1.5

600 38.3+4.6 82+4.0
10 56.4+1.6 11.5+£2.71

20 26.8+0.9 11.9+£3.1

1 52+4.6 6.5+£0.8

2 0.6£0.0 7.0+ 0.0

900 359+0.8 7.9+0.9
10 476+ 04 11.3+£0.7

20 284 +0.1 11.8+£0.5
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Table S4. Phosphorus adsorption as a function of LDH dose and Mg/Al ratios.

Mg/Al ratio LDH Dose (g L) P Adsorption (mg g™ pH
1 93.5+7.5 7.5+0.0
LDH 1:1 2 95.8+ 8.6 8.6+0.0
5 75.4+9.9 9.9+0.0
10 41.3+0.5 10.2£0.0
1 140.0+17.4 8.1+£0.0
LDH 2:1 2 1542+5.0 8.5+0.0
77.8+0.7 10.3+£0.0
10 37.8+0.1 10.7+ 0.0
189.4+5.6 8.6+0.0
LDH 3:1 2 178.2+3.4 9.8+ 0.1
91.5+0.9 11.3+0.0
10 53.0+04 12.3+£0.0
1 271.5+104 8.6+0.1
LDH 4:1 2 194.0+1.1 10.8 £ 0.0
104.4+0.8 11.5+0.0
10 52.9+0.2 12.0+ 0.0

Table SS. Phosphorus adsorption as a function of biochar-LDH composites dose.

Composite Dose (g L) P Adsorption (mg g') pH
1 12.0+3.3 7.0+£0.0

BC300-LDHA 25 37.9+1.2 7.9£0.0
5 79.9+04 99+0.0
10 46.9+0.1 10.8 £0.0
1 357+1.1 6.9+0.0

BC600-L.DH4 2.5 9.31+3.0 79+0.0
5 66.97+0.7 10.3+0.0
10 43.36 + 0.1 11.7+£0.0
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Figure S1. SEM (Scanning electron microscopy) and EDS (Energy dispersive spectroscopy)

of biochars.




Table S6. EDS (Energy dispersive spectroscopy) of biochar.
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Biochar at 300 °C
Mass Mass Norm. Atom abs. error [%)] rel. error [%)]
Element At.No. Netto %] [%] [%] (1 sigma) (1 sigma)
Phosphorus 15 91.4 0.09 1.35 1.13 0.05 76.82
Aluminium 13 515 0.65 11.54 11.05 0.09 14.35
Sulfur 16 84 0.07 1.09 0.88 0.03 44.63
Iron 26 38 0.08 1.35 0.63 0.06 64.02
Potassium 19 112.8 0.09 1.54 1.02 0.05 62.24
Magnesium 12 8262 4.45 75.76 80.58 0.29 6.45
Calcium 20 458 0.43 7.21 4.65 0.07 17.30
Sum 5.87 100 100
Biochar at 600 °C
Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At.No. Netto (%] (%] (%] (1 sigma) (1 sigma)
Phosphorus 15 81 0.07 1.20 1.01 0.04 115.25
Aluminium 13 662 0.78 12.83 12.31 0.10 12.57
Sulfur 16 83 0.07 0.99 0.80 0.03 39.56
Iron 26 32 0.06 0.87 0.40 0.05 124.65
Potassium 19 152 0.11 1.76 1.17 0.05 61.81
Magnesium 12 9213 4.74 74.25 79.09 0.30 6.39
Calcium 20 571 0.51 8.05 5.20 0.07 14.71
Sum 6.34 100 100

Note: Average of 5 single points.
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Table S7. EDS (Energy dispersive spectroscopy) of LDH of different Mg/Al ratio

LDH 1:1
Mass Mass Norm. Atom abs. error [%] rel. error [%)]
Element At.No.  Netto [%] [%] %] (1 sigma) (1 sigma)
Phosphorus 15 30 0.04 0.14 0.11 0.04 80.47
Aluminium 13 10483 11.88 45.24 42.89 0.62 5.26
Sulfur 16 20 0.02 0.07 0.06 0.02 34.67
Sodium 11 0 - - - - 443
Potassium 19 22 0.02 0.08 0.05 0.02 41.29
Magnesium 12 25014 14.06 53.57 56.37 0.81 5.76
Calcium 20 151 0.17 0.63 0.40 0.06 38.84
Iron 26 13 0.03 0.10 0.05 0.04 128.25
Sum 26.21 100 100
LDH 2:1
Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At. No.  Netto (%] %] (%] (1 sigma) (1 sigma)
Phosphorus 15 15 0.02 0.09 0.08 0.02 131.07
Aluminium 13 7206 9.81 40.66 38.24 0.53 5.44
Sulfur 16 7 0.01 0.04 0.03 0.01 15.47
Sodium 11 180 0.15 0.57 0.63 0.05 36.18
Potassium 19 22 0.02 0.11 0.07 0.02 66.02
Magnesium 12 21929 14.06 58.23 60.80 0.81 5.78
Calcium 20 23 0.03 0.13 0.08 0.02 224.64
Iron 26 4 0.01 0.03 0.02 0.03 396.41
Sum 24.10 100 100
LDH 3:1
Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At.No.  Netto (%] %] %] (1 sigma) (1 sigma)
Phosphorus 15 43 0.05 0.28 0.23 0.04 71.11
Aluminium 13 5012 6.40 35.90 33.76 0.37 5.75
Sulfur 16 50 0.05 0.28 0.22 0.02 20.11
Sodium 11 724 0.52 2.89 3.20 0.09 16.87
Potassium 19 20 0.02 0.09 0.06 0.03 195.68
Magnesium 12 17073 10.58 59.35 61.97 0.62 5.88
Calcium 20 30 0.04 0.23 0.14 0.03 60.38
Iron 26 38 0.09 0.52 0.24 0.06 56.45
Copper 29 24 0.08 0.46 0.18 0.05 42.21
Sum 11.38 100 100
LDH 4:1
Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At.No.  Netto [%] [%] [%] (1 sigma) (1 sigma)
Phosphorus 15 63 0.06 0.30 0.25 0.03 33.38
Aluminium 13 5584 6.43 31.57 29.55 0.37 5.68
Sulfur 16 64 0.05 0.27 0.21 0.04 169.69
Potassium 19 22 0.02 0.10 0.06 0.02 114.03
Sodium 11 1114 0.70 3.37 3.70 0.09 14.01
Magnesium 12 23817 12.84 63.01 65.48 0.74 5.78
Calcium 20 179 0.17 0.84 0.53 0.06 37.42
Iron 26 18 0.03 0.17 0.08 0.04 141.54
Copper 29 27 0.08 0.38 0.15 0.05 49.12
Sum 13.90 100 100

Note: Average of 5 single points.
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Figure S3. SEM (Scanning electron microscopy) and EDS (Energy dispersive spectroscopy)
of biochar and LDH composites.
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Table S8. EDS (Energy dispersive spectroscopy) of Biochar- LDH composites.

Biochar at 300 °C-LDH 4:1

Mass Mass Norm. Atom abs. error [%] rel. error [%)]
Element At.No.  Netto [%] [%] %] (1 sigma) (1 sigma)
Phosphorus 15 173 0.15 2.03 1.70 0.06 78.62
Sulfur 16 144 0.11 1.50 1.22 0.04 53.79
Aluminium 13 1864 1.88 26.46 25.28 0.14 7.72
Iron 26 30 0.05 0.72 0.33 0.05 76.04
Copper 29 9 0.02 0.31 0.13 0.02 13.76
Calcium 20 315 0.26 3.70 2.38 0.06 23.92
Magnesium 12 10054 4.58 64.61 68.52 0.29 6.33
Sodium 11 0 - - - - 443
Potassium 19 64 0.05 0.68 0.45 0.04 102.03

Sum 6.84 100 100
Biochar at 600 °C-LDH 4:1

Mass Mass Norm. Atom abs. error [% rel. error [%
Element At.No.  Netto (%] [%] %] a sigm&E) ] (a sigme[t) ]
Phosphorus 15 171 0.14 2.42 1.98 0.04 93.28
Sulfur 16 96 0.07 1.32 1.10 0.02 37.54
Aluminium 13 1672 1.55 29.04 28.15 0.13 8.21
Iron 26 61 0.10 1.82 0.86 0.05 45.62
Copper 29 22 0.06 1.13 0.47 0.06 110.58
Calcium 20 229 0.18 3.20 2.09 0.06 36.37
Magnesium 12 7298 323 60.12 64.65 0.22 6.72
Sodium 11 0 - - - - 443
Potassium 19 91 0.06 1.10 0.73 0.05 82.06

Sum 5.25 100 100

Note: Average of 5 single points.



1

TG (% mass)

TG (% mass)

TG (% mass)

TG (% mass)

00

500

o]
o
L

(=]
o
L

S
o
!

[+
o
N

16 Biochar 300 °C

200

- 100
DTA

40

300 400 500 600 700 800
T(°C)

100 200

60

LDH 1:1 Mg/Al
450

40

-10

DTA ]

T T T T T T T -20
100 200 300 400 500 600 700 800
T(°C)
60

(=]
o
1

pey
o
i

[
o
I

LDH 3:1 Mg/Al
450

40

-10

DTA 7

-20

100

100 200 300 400 500 600 700 800
T(C)
600

o]
o
Il

[=2]
o
Il

"N
o
I

[
o
L

Biochar 300 °C + LDH 4:1 Mg/Al
TG

- 500
300
200

DTA

40

100 200 300 400 500 600 700 800
T(°C)

DTA (uVv)

DTA (uV)

DTA (uV)

DTA (uV)

100 200 300 400 500 600 700 800
T (°C)

Figure S4. TG and DTA curves of biochars, LDH and biochar-LDH composites.

69

100 500
Biochar 600 °C
80+ e 4 400
@ 60+ 30 g
c <
< 404 200 &
o
=
- 100
201 DTA \
0 40
100 200 300 400 500 600 700 800
T(°C)
100 60
LDH 2:1 Mg/Al
450
804 TG
— 40
@ 60- 1% s
E i —
°\° 20 &
= 404 =
G - 10
'_
40
20 1
DTA 1-1°
0 T T T T T T T '20
100 200 300 400 500 600 700 800
T(°C)
100 60
LDH 4:1 Mg/Al
50
804 TG
40
@ 601 1*° s
E | —
n\? 20 ’q_:
< 40 5
) 410
'—
40
20+ DTA
4-10
T T T T T T T ’20
100 200 300 400 500 600 700 800
T(°C)
100 - 600
Biochar 600 °C + LDH 4:1 Mg/Al
TG 4 500
80 A
- 4 400
E 1=
< unl )
U] 40 g,_- 200
|_
20 4100
DTA
40



70

BC300 5 BC600 5
o
o
= 5
@ U
> >
.a_} @
I
5 o .*»"’“A g |
- o
c = f - a ‘
= /Nt/ M"‘JJ g ' gl
J/\/ \l |’,,z\.A.
LA~
L. L_Lﬂﬁ MJL_;%
1 1 1 1 1 1 1 L r T T T T T T T T T T T T T T
1350 1200 1050 900 750 600 450 300 150 O 1350 1200 1050 900 750 600 450 300 150 O
Binding Energy (eV) Binding Energy (eV)
BC300-LDH4 g BC600-LDH4 g 2
- o -
3 5
8 s
D >
2 2
2 2 ) 2
S 2 ,/"'J\‘ :‘-:-. 2 /,\'U\/"\M
N \
ﬂ‘/'\/\ ,// Ly lV\ AL/ l//
/,/‘\z/ e ) T
o o
& z
un__,.JLL\ N
P 1 L 1 I IR . .
1350 1200 1050 900 750 600 450 300 150 0 4350 1500 1d5o gc')u ?éo 660 45|.0 360 1%0 0
Binding Energy (eV) Binding Energy (eV)
LDH4 -
Q
P
El
S
-‘.E: 0
2 =
& =
£
L
/\/A/A M”’ \)1_(‘
LA
&
<
' JJ«IL
1 1 n 1 1 1 1 1 1 1
1350 1200 1050 900 750 600 450 300 150 0
Binding Energy (eV)

Figure SS. XPS survey of biochar, LDH and LDH-composites.



71

BC300 . 5 BC600 2
Post P adsorption Post P adsorption
o
5 5
o o
Pl 2
a @
s |. 5
g |5 ,J\ ] E |«
= V L/» 3
. N = / M‘
A & J/\/AL” —
o
\MJ_JLJLM\
1 1 i 1 1 | 1 1 5 | 2 1 5 1 i 1 1 1 1 1 1 1 1 1 1
1350 1200 1050 900 750 600 450 300 150 0 1350 1200 1050 900 750 600 450 300 150 O
Binding Energy (eV) Binding Energy (V)
BC300-LDH4 : BC600-LDH4 5
Post P adsorption Post P adsorption
3 3 :
!_‘i = o ]
> ’ >
@ @
g | 3 |.
£ ° £ é
=
P e § a
L= <
M% L""ﬂ\'“ﬁ-JtLL
" 1 " | L | 2 1 L | L 1 " 1 N 1 L 1 1 1 1 1 1 1
1350 1200 1050 900 750 600 450 300 150 O 1350 1200 1050 900 750 600 450 300 150 0
Binding Energy (eV) Binding Energy (eV)
LDH4 o
Post P adsorption
)
5
&
2
[0 2
E o
_,’»'/VJ\ )J w &
/mf'//JL/ e o e &
<
L
1 1 1 n 1 1 i 1 1

1050 900 750 600 450 300

Binding Energy (eV)

1
1350 1200

Figure S6. XPS survey of biochar, LDH and LDH-composites post P adsorption.

150

o]



72

—— Experimental Cls ——Experimental Cls —— Experimental Cis ——Experimental Cls
—cCsp —Cep’ ——Csp’ —Csp®
—cCsp’ —Csp’ —Csp’ —Csp’
—C-OH —c-oH —G-0H ——C-OH
——c=0 —c=0 —cC=0 —cC=0
——cooH ——CooH ——GooH ——COooH
— —— Shirley Background —_ —— Shirley Background —_ —— Shirley Background —_ —— Shirey Background
= ——Gaussian - Lorentzian fit 5 Gaussian - Lorentzian fit s ‘Gaussian - Lorentzian fit 5 —— Gaussian - Lorentzian fit
s s s s
=) 2 BC300 = = BCG600
2 JEZED E Post P adsorption 2 ECED0 @ Post P adsorption
£ L ] L
£ £ = £
L 1 L 1 'l 1 1 1 1 1 1 L 1 1 1 1 L 1 ' L
292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Experimental Experimental ——Experimental ——Expenmental
e Cis o Cis o Cils ! Cis
—cCsp® —Csp’
—C-OH
—cC=0
COOH
— —— Shirley Background . hirley Background — —— Shifey Background —
=5 w— Gaussian - Lorentzian fit : = Gaussian - Lorenizian fit : —— Gaussian - Lorentzian fit : e Gaussian - Lorentzian fit
d = = =
© © L) ©
S | BC300-LDH4 % | BC300-DH4 = BC600-LDH4 = | Bosoo-Lona
E @ Post P adsorption 'g— @ Post P adsorption
o ] o
g S g g
| \ \ \ ) . . . ' ! L I . L N | L | h n
292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 280 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
= Experimental Cls —E(pp_nmsnta\ Cils
— csp’
—Csp’ Csp’
——C-OH —C-OH
—c=0 —c=0
——cooH ——COooH
— ——— Shirley Background — —— Shirley Background
5 Gaussian - Lorenizian fit 5 Gaussian - Lorentzian fit
s 5
2 & | LDH4
2 12l [4 Post P adsorption
g g
1 1 L 1 1 1 1 1 1 1
292 290 288 286 284 282 280 292 280 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Figure S7. Deconvoluted peaks of C 1s of biochar, biochar-LDH composites and LDH before and post P adsorption.
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Figure S8. Deconvoluted peaks of O 1s of biochar, biochar-LDH composites and LDH before and post P adsorption.
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Figure S9. Deconvoluted peaks of Mg 1s of biochar, biochar-LDH composites and LDH before and post P adsorption.
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CHAPTER 2

Phosphorus-loaded MgAl-LDH-biochar composites as a potential phosphate fertilizer
for maize growth in acidic soil

To be submitted to Chemosphere journal
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Abstract

Phosphorus (P) is an essential nutrient for plant development, but its low mobility and
availability in many tropical soils limit agricultural productivity. In this study, it was evaluated
the potential of MgAl layered double hydroxide (LDH) immobilized on biochar as a composite
material for P loading and slow release. The LDH-biochar composites were synthesized and
subsequently enriched with phosphate to create P-loaded materials. Their structural, chemical,
and morphological characteristics were analyzed using XRD, FTIR, SEM-EDS, and BET
surface area analysis. The materials demonstrated effective phosphate retention capacity, with
the P-loaded LDH-biochar composites showing improved stability and surface properties
compared to the individual components. A greenhouse experiment was conducted to assess the
agronomic efficiency of the materials using maize (Zea mays L.) as a test crop. The application
of P-loaded biochar and P-loaded LDH-biochar composites significantly improved maize
growth compared to the P-loaded LDH treatment. Plants treated with the P-loaded LDH-biochar
composite showed up to 58% higher shoot dry matter and up to 2.6 times greater P accumulation
compared to the P-loaded LDH treatment, and had 12% higher shoot dry matter and 22% greater
P accumulation than those treated with soluble P fertilizer. These results suggest enhanced P
bioavailability and more efficient nutrient delivery to plants. The LDH-biochar composites also
showed potential to reduce P fixation in soil, contributing to better nutrient use efficiency. In
conclusion, the P-loaded MgAI-LDH-biochar composites represent a promising strategy for
sustainable phosphorus management in agriculture, particularly in tropical soils with high P
sorption capacity.

Keywords: adsorbent; recycling; alternative sources; sustainability.

Highlights
e Biochar-LDH composites show potential as slow-release P fertilizers.
e Biochar-LDH underperformed TSP in the first crop cycle but outperformed it in the

second.
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e BC300-LDH had a strong residual effect, enhancing growth in the second cycle.
e P-loaded biochar and LDH-biochar composites improved soil chemical properties.

e P-doped LDH alone had limited agronomic effectiveness in both crop cycles.

1. Introduction

Phosphorus (P) is an essential nutrient for plant growth and cannot be substituted by any
other element (Neset and Cordell, 2012). It plays a critical role in crop growth and development,
constituting 0.2—0.8% of plant tissue. Phosphorus is a key component of vital biomolecules
such as nucleic acids, enzymes, ATP, ADP, and phospholipids (Nesme et al., 2018). Plants
absorb P primarily as orthophosphates and the availability in soil is influenced by factors
including soil pH, organic matter content, water availability, and the root microbiome (Matoso
et al., 2023).

Globally, phosphate fertilizer sources are gradually being depleted especially because
they are non-renewable and difficult to recover (Illakwahhi et al., 2024; Jupp et al., 2021; Niu
et al., 2024). In tropical soils, high doses of readily soluble P fertilizers are often applied to
maintain sufficient plant-available P. While this practice enhances plant nutrition, it
significantly increases the cost of P fertilization (Ibrahim et al., 2022). Yet, low concentrations
of P in water bodies can cause serious environmental problems (Liu et al., 2021; Akinnawo,
2023), which is costly to remediate and require the development of effective technologies that
could be reused in agriculture. These challenges underscore the need for sustainable alternatives
to manage P globally.

Recovering P from alternative sources offers a promising approach to recycling and
reusing this essential nutrient, thereby reducing reliance on finite mineral reserves. Phosphorus
contamination in water represents a significant environmental hazard that, if not properly
managed, can lead to severe ecological consequences. Even a small excess of P in water as low
as 0.02 mg L-! can trigger eutrophication in aquatic ecosystems, causing harmful algal blooms
and hypoxia. These blooms pose risks to human health due to the release of cyanotoxins and
substantially increase water treatment costs (Li et al., 2016a).

Addressing the challenges of P fertilizer sustainability and mitigating its environmental
impacts requires urgent and innovative solutions, including recovering P from water sources
(Jahan et al., 2025; Zhang et al., 2025b). Adsorption of P from aqueous solutions is as an

effective recovery method, valued for its high efficiency, operational simplicity, and potential
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recycling (Biswas et al., 2024; Wang et al., 2024; Yi et al., 2024). However, despite the
development of various adsorbents, practical implementation often encounters challenges, such
as high production costs, limited reusability, and inefficiencies in recovery process (Wan et al.,
2017; Xu et al., 2018). In this context, biochar has emerged as a promising and sustainable
alternative. Studies have demonstrated its potential as an ecological and cost-effective
adsorbent, offering great potential due to its favorable properties, such as a high surface area,
ease of production, and straightforward application (Takaya et al., 2016).

Biochar has a porous and aromatic structure that provides biological resistance and
thermal stability. Its large specific surface area and high thermal stability have made biochar a
subject of extensive research for its adsorption potential (Yu et al., 2016; Son et al., 2018; Yang
et al., 2018). The properties of biochar vary depending on the type of biomass used and other
production factors, leading to differences in pH, elemental composition, aromaticity, and
functional group content (Kloss et al., 2012; Munsanda et al., 2018). However, biochar
generally exhibits a lower capacity for adsorbing anions compared to other adsorbents (Xu et
al., 2018; Yin et al., 2018). Despite this limitation, biochar’s versatility and ability to interact
with other minerals offer pathways for improving its adsorption capacity. Surface modification
to enhance anion adsorption has therefore emerged as a key challenge in advancing biochar as
an efficient P adsorbent (Najafi et al., 2018).

Layered double hydroxides (LDHs) are multifunctional anionic minerals composed of
positively charged metal hydroxide layers formed by divalent or trivalent cations, interlayer
anions, and water molecules (Yang et al., 2019). In recent years, LDHs have gained attention
as potential adsorbents due to their unique structure (Brahma et al., 2025; Gumus et al., 2024;
Riaz et al., 2024). They consist of stacked, positively charged mixed-metal hydroxide layers
intercalated with water molecules and various exchangeable anionic species. This structural
arrangement makes LDHs highly efficient anion exchangers, capable of sequestering toxic
anions from bulk solutions (Bernardo et al., 2018). Multiple mechanisms contribute to the
removal of contaminants by LDHs, including van der Waals forces, electrostatic attraction, ion
exchange, and hydrogen bonding (Yang et al., 2019). Studies developed by Ji et al., (2017) have
demonstrated that LDH intercalates exhibit remarkable adsorption capacities for various
anionic contaminants. Combining LDHs with biochar presents a promising strategy for creating

biochar-mineral composites with enhanced adsorption performance.
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The combination of biochar and LDH significantly increases the number of oxygen
functional groups on the LDH sheets, enhancing hydrogen bonding interactions and improving
the adsorption performance for anionic organic contaminants (Zhang et al., 2014). This
approach also enhances phosphate adsorption by improving particle stability, pore
characteristics, surface active sites, functional group density, and the recoverability of the
resulting composites (Yang et al., 2019). Consequently, several studies have reported the
synergistic effects of biochar-LDH modifications in enhancing phosphate removal from
aqueous solutions (Huang et al., 2024; Thsanullah et al., 2024; Qing et al., 2024). Given the
challenges associated with reusing many adsorbents, recent research has focused on utilizing
the material obtained from P removal by biochar-LDH composites (Najafi et al., 2018;
Azimzadeh et al., 2021). However, in agricultural practices, extensive investigations into the
role of such biochar-LDH composites after adsorption in promoting plant growth remain
limited (Buates and Imai, 2021).

In this context, these composites could serve as potential fertilizers after removing P
from aqueous solutions. However, while recent studies have focused on the primary
mechanisms of P adsorption, fewer have examined P desorption or the efficiency of P-loaded
biochar-LDH composites as fertilizers for plant growth. In our previous study (Villarreal et al.,
unpublished data), we investigated the preparation of various types of biochar-LDH
composites, emphasizing the influence of biochar and LDH doses on the mechanisms of
phosphate adsorption. Analyses were also carried out on the soil and the plant after each crop
to determine the effect of the materials loaded with P on the physical-chemical and biological
characteristics (phosphatase activity) with the aim of understanding the behaviour of these
materials with respect to the release of P and its consequent release that intervenes in the
development of the maize crop. Therefore, the present study aims to evaluate the desorption
characteristics of P adsorbed by biochar-LDH composites and assess their potential as fertilizers

for maize growth under tropical soil conditions.
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2. Materials and Methods
2.1 Adsorbents preparation

For biochar production, eucalyptus sawdust was sourced from a local sawmill in Lavras,
Minas Gerais, Brazil. The biomass was impregnated with 10% magnesium (w/w) using
Mg(OH)s, following the methods described by Li et al. (2016b) and Novais et al. (2018).
Impregnation was carried out in a closed-chamber ball mill (Marconi MA350, Brazil) for 30
minutes. Further details on biomass preparation and impregnation can be found elsewhere
(Villarreal et al. unpublished data). Biochar was produced by pyrolyzing the eucalyptus sawdust
at two target temperatures: 300 °C and 600 °C, designated as BC300 and BC600, respectively.
Pyrolysis was performed in an adapted laboratory-scale muffle furnace, with a heating rate of
5 °C per minute and a holding time of one hour at the target temperature. The samples were
allowed to cool slowly to room temperature (25 °C) before the furnace was opened. After
pyrolysis, the biochars were sieved through a 100-mesh screen and stored in a desiccator to
prevent moisture absorption.

The LDH used in this study was synthesized as magnesium/aluminum layered double
hydroxide intercalated with carbonate anions (Mg-Al-COs3-LDH). Following the procedure
described by Pavan et al. (2000), the salt solution was slowly dripped into a solution containing
the interlayer anion and NaOH, employing the co-precipitation method. The synthesis was
conducted under constant stirring at a controlled temperature of 35 °C and variable pH. The
resulting solid samples were collected, washed with distilled water, and dried in a vacuum
desiccator. The LDH prepared for the biochar-LDH composites was designated as LDH,
corresponding to Mg-Al-CO3-LDH with a molar ratio of M(I[):M(III) = 4:1 (Mg/Al). After
synthesis, LDH was calcined in the presence of molecular oxygen. This Mg/Al molar ratio was
chosen based on our previous study (Villarreal et al. unpublished data), which indicated it as
the most effective for P adsorption.

The biochar-LDH composites were synthesized via a dry method using a Marconi
MA350 ball mill for 30 minutes. The composites were prepared in a ratio of 80% biochar

(BC300 or BC600) and 20% LDH.

2.2 Adsorption-Desorption study
The adsorption-desorption of P was conducted following the procedure outlined by Li et

al. (2016b), with modifications to quantify the P desorbed under laboratory conditions. Biochar,
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LDH, and biochar-LDH composites were used to adsorb P from a solution containing 400 mg
L' of P. The P concentration chosen for the adsorption/desorption experiment was based on the
results of the adsorption isotherms, considering the maximum P adsorption capacity of the
materials. The dosage for the biochars and composites was 5 g L! of solution, while for LDH
the dosage was 1 g L' of solution. The mixtures were stirred at 120 rpm for 24 hours. After
adsorption, the materials were separated from the solution by filtration using filter papers. The
supernatants were analyzed for P concentration using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Spectro, Blue, Germany) to determine the levels of P
adsorbed onto the materials. The filter papers containing the materials that had been in contact
with the P solution (referred to as P-loaded) were oven-dried at 65 °C until constant mass to
carry out the desorption study.

For de desorption experiments, 50 mg for P-loaded biochars and biochar-LDH
composites, and 10 mg for P-loaded LDH were placed in contact with 10 mL of different
solutions separately: Mehlich-1 solution (0.025 mol L' H2SO4 + 0.05 mol L' HCI), 2% citric
acid, 0.01 mol L-! CaClz, and deionized water. These amounts (mg) of the materials correspond
to the results of the dose experiment for the adsorbent materials. The P released into each
solution supernatant was measured using ICP-OES. The percentage of desorbed P was
calculated by determining the difference between the initial and final P concentrations for each
material. The desorption rate was then calculated by dividing the amount of P desorbed by the

amount of P adsorbed.

2.3 Pot experiment

The pot experiment was carried out in a greenhouse at the Federal University of Lavras
(Minas Gerais State, Brazil). The experiment involved soil fertilization with P-loaded biochar,
LDH4, and biochar-LDH composites, resulting in seven treatments, including five P-loaded
adsorbent materials (BC300, BC600, LDH, BC300-LDH, and BC600-LDH), and triple
superphosphate (TSP) and a No-P control treatment, which served as positive and negative
controls, respectively. These materials were applied to supply the recommended P dose for pot
experiments (200 mg P kg™!, as per Novais et al., 1991), calculated based on the P adsorbed in
each material (Qm) (Table S1), and total P content of TSP. The treatments were arranged in a

completely randomized design with four replicates, totaling 28 experimental units.
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Soil samples were collected from a depth of 0 to 30 cm in an Oxisol (sandy loam) from a
native forest area in Itumirim, Minas Gerais, Brazil (21°17'16" S, 44°48'07" W). Prior to the
experiment, the soil was air-dried and passed through a 2-mm sieve for chemical and physical
characterization (Table S2) following the methods of analysis of AOAC international (Kane,
2023)

The soil was analyzed for available P, potassium (K), iron (Fe), zinc (Zn), manganese (Mn),
and copper (Cu) using the Mehlich-1 method. The extractant used in Mehlich-1 method is a
dilute acid mixture of 0.05 mol L-! hydrochloric acid (HCI) and 0.0125 mol L' sulfuric acid
(H2504).

Other chemical properties measured included pH in water (1:2.5 w/v), by agitating the
samples for 30 minutes. Exchangeable calcium (Ca), magnesium (Mg), and aluminum (Al)
using 1.0 mol L' KCI. A soil sample was mixed with the KCI solution and the mixture was
shaken to allow potassium ions (K*) to displace the exchangeable cations from the soil cation
exchange sites. After shaking, the suspension was filtered to separate the liquid extract. The
concentrations of Ca>*, Mg?*, and AI’" in the filtrate were analyzed using ICP-OES.

Organic matter content determined with Na.Cr.07 and H2SO4, which involved oxidizing
soil organic carbon with a dichromate solution in a highly acidic environment. The potential
acidity (H + Al) was determined using the SMP-buffer solution method. Remaining P was
quantified after reacting 60 mg L' of P with a 0.01 mol L-' CaClz solution in 2.5 g of soil.
Boron (B) was measured colorimetrically following extraction with hot water, while sulfate (S-
SOy4) as available sulfur was determined by ICP-OES after extraction with a 500 mg L™! calcium
phosphate solution.

Maize (simple hybrid seed) was used as plant test. Two cultivation cycles of 21 days were
performed in the same pot, with an interval of 20 days considering the harvest of the first cycle
and planting of the second cycle. The second cultivation cycle of maize was performed to assess
the residual effects of the treatments from the first cultivation. A short cultivation cycle was
established due to the small volume of soil used in the pots.

After soil characterization, pots were filled with 1 kg of soil. In the first plantting, each pot
received the assigned treatments along with a basic fertilization regimen. A nutrient solution
was applied to all treatments, providing the following nutrients per pot (in mg): N from KNOs
and (NHa4)2SO4 (50 mg), S from (NH4)2SO4 (40 mg), K from KNOs (50 mg), B from HsBOs (0.8
mg), Cu from CuSOa4-5H:20 (1.5 mg), Fe from FeCls (3 mg), Mn from MnClz-4H-0 (3.5 mg),
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Mo from Na:MoQO4-2H-0 (0.1 mg), and Zn from ZnSOa4-7H-20 (5 mg). Following fertilization,
three maize seeds were sown in each pot. Five days after germination, one seedling was selected
and allowed to grow for 21 days. At the end of this period, plant height and stem diameter were
recorded, and the plants were harvested. After 20 days, the second planting cycle was
established in the same pots for each treatment.

For both the first and second cultivations, shoots were harvested, oven-dried at 65 °C for 72
hours, and then ground to a particle size of less than 1.0 mm for chemical analysis. Shoot dry
matter — SDM (g) and P concentration in the shoot tissues (g kg™! dry weight) were determined.
Briefly, 200 mg of shoot tissue was digested using a block digestion system, with the
temperature progressively increased to 200 °C over approximately 4 hours. The digestion was
performed with a mixture of 6 mL of nitric acid (HNOs) and perchloric acid (HCIO4) in a 2:1
ratio (4 mL HNOs + 2 mL HCIOs). After digestion, the samples were diluted to 50 mL with
deionized water, and P concentration (g kg') was measured using ICP-OES following the
method of Malavolta et al. (1997). Phosphorus accumulation in the shoots (g per plant) was
calculated by multiplying the P concentration by the shoot dry matter produced in each
treatment.

Soil samples from each treatment in both experiments were collected for chemical and
biological analysis. The soil chemical properties were characterized as previously described,
and acid phosphatase activity was measured following the method of Juma and Tabatabai
(1988). Brietly, the acid phosphatase activity was determined using para-nitrophenyl phosphate
as the analogue substrate. A 1.0 g soil sample was incubated at 37°C for 1 hour with 4.0 mL of
a buffer solution (pH 6.5) and 1.0 mL of p-nitrophenyl phosphate (0.025 mol L™"). The reaction
was stopped by adding 1.0 mL of CaClz (0.5 mol L™!). Absorbance of the yellow color

developed was measured at 410 nm using a standard calibration curve of p-nitrophenyl.

3. Data analysis and statistics

Before proceeding with further analyses, the dataset was tested for normality using the
Shapiro—Wilk test and for homogeneity of variance. Subsequently, the data were subjected to
analysis of variance (ANOVA), and when significant (p < 0.05) treatment means were
compared using Tukey's test (p < 0.05). All data analyses and statistical procedures were

performed using R software with the RStudio interface
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4. Results and discussion
4.1 Desorption study

The desorption of P from the P-loaded tested materials was evaluated using Mehlich-1
solution, 2% citric acid, 0.01 mol L-! CaClz solution, and distilled water (Fig. 1). Mehlich-1 and
2% citric acid solutions showed the highest P desorption percentages for all materials, likely
due to the partial dissolution of LDH and biochar particles (Lopez-Rayo et al., 2017), which is
influenced by pH (Halajnia et al., 2016). BC300-LDH exhibited the highest desorption values,
at 97.6% and 81.2% for Mehlich-1 and 2% citric acid solutions, respectively, followed by
BC600 and BC300. This study exclusively tested acidic solutions for desorption, as the
materials were intended for use in tropical, acidic soils. These acidic solutions simulate the
acidification processes that occur in the rhizosphere due to the release of organic acids and the
acidifying effects of fertilizer applications (Li et al., 2008). However, previous studies have
reported higher phosphate removal by LDH and biochar-LDH composites when desorption was
tested with basic solutions (Alagha et al., 2020). For LDH in basic solutions (e.g., 0.1 and 1.0
mol L' NaOH), the electrostatic interactions between the adsorbent and phosphate weaken due
to the removal of H* ions, leading to anion desorption from the adsorbent sites (Ngwabebhoh
etal., 2016). This mechanism makes these composites more suitable as P-fertilizers for alkaline
or calcareous environments.

In both Mehlich-1 and 2% citric acid solutions, LDH showed minimal P desorption,
with average values of 29.6%. Generally, lower desorption values indicate strong interactions
between the adsorbent and adsorbate, which can be attributed to the high P binding energy
associated with LDH surface types (Li et al., 2016b; Novais et al., 2018). Interestingly, LDH
exhibited better P desorption in distilled water compared to the 0.01 mol L' CaClz solution.
Furthermore, BC300-LDH demonstrated greater P desorption in distilled water than BC600-
LDH, indicating that biochar prepared at lower pyrolysis temperatures may enhance desorption

in neutral conditions.
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Figure 1. Percentage of desorption in Biochars, LDHs and composites. Mean values + standard
error; n= 3.

The desorption behavior of P in the composites differed in distilled water with lower
percentages when compared with biochars. This suggests that only a small fraction of P is
readily available, highlighting the potential of these composites for slow P release. The slow
release of P from LDH and biochar-LDH composites has been previously reported in both water
and acidic media (Lopez-Rayo et al., 2017; Azimzadeh et al., 2021). Notably, the lower P
availability in water does not necessarily diminish the fertilizer potential of these materials, as
plants can enhance P dissolution and uptake through various mechanisms, particularly
rhizosphere acidification. This process is especially beneficial in tropical soils, which have a
high capacity for P adsorption (Morgan and Connolly, 2013), and, thus, less water-soluble P
fertilizers might reduce the rapid P fixation in such soils.

Additionally, the percentage of P desorbed from LDH and biochar-LDH composites has
been reported to decrease with successive desorption cycles, indicating the increasing difficulty
of releasing P from these adsorbents over time (Hatami et al., 2018). Previous studies reported
P desorption percentages for LDH-P composites ranging from 23% to 36%, suggesting that
these synthesized materials could function as effective slow-release P fertilizers for soil

applications (Hatami et al., 2018).
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4.2 Greenhouse experiment

The potential reuse of P-loaded biochar, LDH, and biochar-LDH composites as
phosphate fertilizers was evaluated in a pot experiment for the growth and nutrition of maize.
In the first planting, the highest SDM production was observed in the positive control treatment
using TSP, with a production of 5.6 g per plant (Fig. 2). This was followed by the biochars and
biochar-LDH composites, which showed no significant differences, averaging 3.5 g of SDM
per plant. This corresponds to approximately 60% of the SDM production achieved with TSP
and 3.2 g higher than the production in the control without P addition. In contrast, the SDM
production under LDH fertilization was the lowest among all P-loaded materials, with a
production of 1.5 g per plant. This represents only 26% of the production recorded in the TSP
treatment, highlighting the reduced efficacy of LDH as a P source for maize under the tested
conditions. This behavior also reflects the low desorption rate observed for LDH in both neutral
and acidic extractors.

P-loaded Mg-enriched biochar has been shown to be as efficient as TSP on acidic
tropical soils (Nardis et al., 2021) despite containing much less soluble P. This suggests that
Mg-doped biochar can function effectively as a slow-release fertilizer, making it more suitable
for these soils. The preference for slow-release fertilizers in tropical soils arises from the strong
interactions between the mineral fraction of the soil (Al and Fe oxides and hydroxides) and
soluble P sources, which can limit the availability of P to plants (Roy et al., 2016).

In the second planting, the highest SDM production was recorded for BC300-LDH
(yield of 4.2 g per plant), which was statistically equivalent to that verified for BC300, BC600,
and TSP. Although statistically similar, this represents a 28% increase compared to the positive
control (TSP), which produced 2.6 g. In contrast, BC600-LDH and LDH produced
comparatively lower SDM values of 1.4 g and 1.9 g, respectively, being statistically similar to
the negative control (without P). These outputs indicating their unsuitability as P fertilizers due
to strong P retention and slow release, which limit plant growth. The biochar-LDH composites
has demonstrated significant potential for efficiently removing contaminants from aqueous
solutions, showing enhanced reusability compared to using biochar or LDH alone for
adsorption. The porous surface characteristics of biochar provide an ideal support matrix for
LDH particles, facilitating improved adsorption performance (He et al., 2019). Moreover,

biochar-LDH composites are reported to possess a high water-holding capacity, which can
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enhance water use efficiency in agricultural production by ensuring a consistent water supply
to plants (Buates and Imai, 2021).

Aluminum, especially in its trivalent form (Al**), can be potentially toxic to crops, as
excessive solubilization may lead to toxicity and reduced plant growth (Bojorquez-Quintal et
al., 2017). Despite this, the current study observed low aluminum levels in plant tissues (both
experiments), even without the application of P-loaded LDH materials (Tables S3 and S4). It
suggests that aluminum toxicity was not a limiting factor in this experimental setup, and may
be present in LDH structure within the hydroxide inlayers space (Novillo et al., 2014) and not

available to plants.

T 9
6 4 |1st planting a
) ab I
o’
E 5 l be
S 4 l | ch
E I E c
g 3 I
= I
R
2 4
g d
= L
@1
d
0 -
BC300 BC600  BC300-LDH BC600-LDH  LDH TSP Control
':,!' -
¢ | [2nd planting
O
S 5 i
s ab a
= I
= 4 abc l I
=] [ l bed
£ [ .
de cae
22 ] } l
=
7] 1 1 J e
0 1]
BC300 BC600  BC300-LDH BC600-LDH  LDH TSP Control

Figure 2. Maize shoot dry matter production (g) after P fertilization using biochar,
biochar-LDH composites and LDH after maize growth for the first and second planting. Mean
values + standard error; n = 4. The letters above the bars compare the means of the treatments
by the Tukey test (p < 0.05).
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At first planting, significant differences (p < 0.05) were observed in P concentration
between treatments (Fig. 3). A higher mean was observed for the TSP treatment, however
differing statistically only from BC300, BC300-LDH and control. In the second planting, P
concentration increased for all treatments. TSP recorded the highest P concentration at 2.4 g
kg!, followed by BC600-LDH and BC300-LDH, with concentrations of 2.22 and 2.07 g kg™,
respectively. BC300 and BC600 also demonstrated elevated P concentrations, at 1.79 and 1.87
g kg'!, respectively. In contrast, LDH exhibited the lowest P concentration among the P-loaded
materials, with a value of 1.6 g kg'!, which corresponds to approximately 67% of the P
concentration recorded for TSP. The consistently low efficiency of LDH observed in this study
reaffirms its limited effectiveness in acidic soils.

This finding is consistent with previous research indicating that LDH performs better in
calcareous soils. In such environments, the excess hydroxide ions (OH") in the basic soil
solution weaken the interaction between the LDH adsorbent and the adsorbed phosphate,
facilitating desorption of P from adsorption sites (Ngwabebhoh et al., 2016; Alagha et al.,
2020). However, the present study highlights the synergistic benefits of combining biochar and
LDH to form composites. These composites significantly enhanced plant productivity,
particularly in treatments involving BC300-LDH. This suggests that incorporating biochar into
LDH-based materials can address some of the limitations of reusing P-loaded LDH in acidic
soils. Furthermore, biochar-LDH composites offer greater economic and environmental

viability.
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Figure 3. Phosphorus concentration (g kg!) in shoot dry matter after P fertilization using
3biochar, biochar-LDH composites and LDH after maize growth for the first and second
planting. Mean values + standard error; n = 4. The letters above the bars compare the means of
the treatments by the Tukey test (p < 0.05). Concentration of other elements in shoot tissues are
presented in tables S3 and S4.

Contrary to the P concentration in SDM, P accumulation in plants (g per plant) showed
significant differences among the P-loaded materials (Fig. 4). In the first planting, the TSP
treatment resulted in the highest P accumulation in maize plants at 6.5 mg per plant. Among
the P-loaded materials, BC300 achieved the highest P accumulation, with 4.7 mg per plant,
corresponding to 72% of the accumulation observed with TSP. This was followed by BC600
and BC300-LDH, with P accumulations of 3.7 and 3.2 mg per plant, respectively. The lowest
P accumulations among the P-loaded treatments were recorded for BC600-LDH and LDH, with

values of 2.5 and 1.5 mg per plant, respectively. Notably, P accumulation with LDH
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corresponded to low percentage of that recorded for BC300 and BC300-LDH, underscoring its
relatively lower efficiency as a P source under the conditions tested in this study.

In the second planting, the efficiency of TSP decreased, with P accumulation of 5.5 mg
per plant, corresponding to 63% of the highest accumulation, which was observed for BC300-
LDH with 8.7 mg per plant. Following BC300-LDH, the materials BC300, BC600, and BC600-
LDH showed an average P accumulation of 5.4 mg per plant equivalent to 62% of the
accumulation recorded for BC300-LDH. Notably, LDH exhibited the lowest P accumulation
among all the P-loaded materials, with a value of 3.2 mg per plant. This represents only 37%
of the P accumulation achieved with BC300-LDH and 58% of that observed with TSP,
highlighting its relatively lower performance in the second planting as well.

The observed decrease in P accumulation during the second planting cycle for TSP
compared to Mg-enriched biochars aligns with findings from previous studies (Lustosa-Filho
et al,, 2017). This highlights the efficiency of Mg-enriched biochars as slow-release P
fertilizers, particularly in acidic and highly weathered soils, where their residual effect surpasses
that of completely soluble P sources (Abdala et al., 2015). While initially effective, soluble P
sources lose their efficiency over time very fast due to increased interaction with soil particles,
necessitating more frequent more frequent applications at higher doses compared to biochar-
based sources. Biochar also mimics the role of soil organic matter in influencing P dynamics.
Studies have shown that biochar applications can reduce P sorption in soils by competing with
soil minerals for P sorption sites through functional groups on the biochar surface (Ahmed et
al., 2024; Qu et al., 2024). Additionally, soil P can be adsorbed by both physical and chemical
mechanisms, with physically adsorbed P being more readily desorbed and thus more available
to plants (Wang et al., 2021). The high porosity and large specific surface area of biochar
enhance the physical adsorption of soil P, keeping it plant-accessible for extended periods

(Matichenkov et al., 2017).
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Figure 4. Phosphorus accumulation in shoot dry matter (mg per plant) after P fertilization using
biochar, biochar-LDH composites and LDH after maize growth for the first and second
planting. Mean values + standard error; n = 4. The letters above the bars compare the means of
the treatments by the Tukey test (p < 0.05).

In the first planting, soil chemical analysis revealed significant differences in available
P (determined by Mehlich-1) among all treatments (Fig. 5), including the P-loaded materials
and positive control (TSP). The highest P concentration in the soil was recorded for BC300, at
21.4 mg kg!, followed by BC600 and LDH, with concentrations of 15.0 and 12.9 mg kg™,
respectively. BC600-LDH and BC300-LDH showed values of 11.0 and 10.4 mg kg,
respectively, while TSP recorded 11.9 mg kg!. The higher P availability from biochars can be
attributed to the precipitation of Mg phosphates during biochar impregnation with Mg prior to
pyrolysis (Leite et al., 2023). These Mg phosphates dissolve similarly to Ca-bound P
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compounds, which are the main P forms targeted by Mehlich-1 extraction (Bortolon et al.,
2011). They tipically exhibit low solubility in water but higher solubility under acidic
conditions, such as the presence of citrate and other organic acids (Gu et al., 2021; Leite et al.,
2024).

In contrast, available P in the soil after the second planting showed no significant
differences across all treatments, including the P-loaded materials and positive control. The
average P concentration across treatments was recorded as 20.6 mg kg'!, indicating a
stabilization of available P levels in the soil during the second planting, and resulting in higher
P uptake and P concentration in maize shoots as recorded for the second cycle.

The deficiency of P in soils is a major factor to limit crop yields in many regions
worldwide due to the strong sorption of P by soil minerals (Wang et al., 2021). While Mehlich-
1 is widely recognized as an effective method for determining available P in soils, studies have
shown that anion exchange resins often exhibit a stronger correlation with P accumulation in
plants compared to Mehlich-1 (Nardis et al., 2021). This is because anion exchange resins
extract P through ion-exchange reactions, closely mimicking the mechanisms by which plants
acquire P. Moreover, resin-based extractors are less influenced by soil treatments, making them
a more reliable option for evaluating available P in biochar-treated soils (Wang et al., 2014).

Mehlich-1, as an acidic extractor, has a reduced extraction capacity in soils with high
buffering potential (Novais et al., 2015), particularly those treated with alkaline materials such
as Mg-enriched biochars. The alkalinity of these materials can neutralize the acidity of the
Mehlich-1 solution, diminishing its effectiveness in extracting P. This phenomenon is referred
as the exhaustion of the extractor's capacity. This limitation might also have occurred in the

present study in soils treated with Mg-enriched biochars.



94

40 1

1st planting

]
=4
W 30 -
-E _— a
a B X
2 B
SEX] l b
— al
‘" I ab
z ‘ : ; : ;

10 :

0

BC300 BC600 BC300-LDH  BC600-LDH LDH TSP
40 - .
2nd planting

= 30 a
= [
= ‘
- a P a
a & | I ‘f I X
& gp20 1 i
= g a I J T
=8~ 1
- 1
g
< 10 4

0

BC300 BC600 BC300-LDH  BC600-LDH LDH TSP

Figure 5. Available phosphorus in soil (mg/kg) after P fertilization using biochar, biochar-LDH
composites and LDH and collected after maize growth for the first and second planting. Mean
values =+ standard error; n = 4. The letters above the bars compare the means of the treatments
by the Tukey test (p < 0.05).

Acid phosphatase activity was highest during the first planting, with the greatest activity
observed in the control treatment without P addition, reaching 760 pg PNF g! dry soil h'! (Fig.
6). This was followed by the TSP and LDH treatments, which recorded 667 and 572 ug PNF g
Udry soil h'!'", respectively. The lowest activity was observed for BC600-LDH, with a value of
311 pg PNF g'! dry soil h!. Intermediate values were recorded for BC300, BC600, and BC300-
LDH, which exhibited average activities of approximately 446 ug PNF g!' dry soil h!.

In the second planting, acid phosphatase activity decreased across all treatments,

regardless of the P source or its application. The highest activity was observed for the TSP
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treatment, with 378 ug PNF g! dry soil h'!, followed by the LDH treatment at 341 ug PNF g!
dry soil h™'. The lowest activity levels were recorded for the BC600-LDH and BC300-LDH
composites, at 140 and 202 pg PNF g'! dry soil h”!, respectively. The biochar treatments
exhibited intermediate activity levels, averaging 251 pg PNF g'! dry soil h™!.

Acid and alkaline phosphatases play a key role in converting organically bound P into
soluble forms, thus enhancing P cycling in soils (Yang and Lu, 2022). In this study, the highest
enzyme activity was observed in the TSP treatment, the fully soluble P source. This contrasts
with findings from other research, where higher acid phosphatase activity was recorded for Mg-
enriched biochar (Leite et al., 2024). The difference may be attributed to the presence of
inorganic P in biochars and LDH, which can suppress the synthesis of phosphatases (Nannipieri
etal., 2011; Janes-Bassett et al., 2022).

This suggests that other mechanisms may be contributing to the P desorption process,
such as the production of organic acids and proton extrusion by plants or microorganisms.
These mechanisms are more likely to occur in this study, since only inorganic P sources were
loaded into the biochar, and the original biomass (eucalyptus sawdust) had low ash content,

possibly contributing minimal organic P to the system.
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Figure 6. Phosphatase activity in soil (ug PNF g dry soil"! h'!) after P fertilization using biochar,
biochar-LDH composites and LDH and collected after maize growth for the first and second
planting. Mean values + standard error; n = 4. The letters above the bars compare the means of
the treatments by the Tukey test (p < 0.05).

At the beginning of the experiment, soil pH was around 5.7 (Table S2) and increased
with the application of P-loaded materials, even after two cultivation cycles (Table 1). In the
control treatment without P addition, soil pH remained stable at around 5.8 during the first
planting but decreased to 5.1 in the second planting. In the positive control with TSP addition,
soil pH increased to approximately 6.3 in both plantings. Among the P-loaded materials, the
highest pH values in the first planting were observed for BC600-LDH and LDH, at 7.6 and 6.6,

respectively. This trend persisted in the second planting, with both treatments maintaining the

highest pH values at 6.8.
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Soil pH is a critical factor influencing nutrient availability and absorption efficiency in
plants, particularly in the application of phosphate fertilizers (Neina, 2019). In acidic soils (low
pH), P tends to bind with elements such as Fe and Al, forming insoluble compounds that limit
its availability to plants. Conversely, in alkaline soils (high pH), P can associate with Ca,
similarly reducing its solubility (Johan et al., 2021; Lei et al., 2024). An optimal pH range,
typically between 6 and 7, is ideal for maximizing the availability of P and other nutrients,
thereby enhancing fertilizer efficiency (Bhardwaj et al., 2022; Barrow and Hartemink, 2023).

Biochar application has been shown to influence soil pH. Low-temperature biochars
(300—400 °C) generally have lower ash content than high-temperature biochars (500-700 °C),
as the former retain significant levels of volatile compounds and acidic functional groups, which
can lower pH. In contrast, the higher ash content of high-temperature biochars is more effective
in increasing soil pH (Zhang et al., 2015; Singh et al., 2022). When biochar is enriched with
Mg(OH)2, as in this study, its alkalizing properties are further enhanced, providing a dual
benefit: pH correction and the addition of Mg to the soil (Li et al., 2022; Bolan et al., 2023).

Similar to their effect on soil pH, the application of P-loaded materials increased soil
Mg levels when compared with the positive control and the control without P addition (Table
S2 and Table 1). The highest Mg concentration was observed for BC600-LDH (up to 2.2 cmole
dm™), followed by LDH and BC300-LDH, both at 1.9 cmol. dm, while the positive control
recorded only 0.7 cmolc dm™. This trend persisted during the second planting for these
materials. Magnesium is a critical element for photosynthesis, serving as the central component
of the chlorophyll molecule. It also plays a vital role in various metabolic processes in plants,
such as enzymatic activation, thereby enhancing overall soil fertility and plant health (Trénkner
et al., 2018; Ishfaq et al., 2022). In tropical and acidic soils, Mg deficiency is a common issue,
primarily due to high rainfall, which causes significant leaching of basic cations, including
Mg?*, from the soil profile (Wang et al., 2020; Chaudhry et al., 2021). Liming is a common
practice in tropical soils to increase soil pH and supply Ca and Mg for plant growth. However,
calcitic lime, which lacks Mg, is often applied repeatedly, neglecting Mg supplementation and
inducing Mg deficiency (Li et al., 2019a; Leiva Soto et al., 2023). In this context, Mg-enriched
P-biochar represents a promising alternative for these soils, addressing two critical nutrient
imbalances: Mg deficiency and P limitation

Low Al levels were observed across all treatments in both plantings, with concentrations

averaging approximately 0.1 cmolc dm™ (Table 1). Aluminum in soil, particularly under acidic
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conditions (pH < 5.5), poses significant risks to plant growth and nutrient availability. In such
conditions, Al becomes soluble and can damage plant roots by inhibiting cell elongation,
thereby reducing the plant's ability to access essential nutrients (Munyaneza et al., 2024; Ur
Rahman et al., 2024). Regarding P availability in soil, Al can react with soluble phosphates,
such as those from TSP, forming insoluble Al-P compounds. This reaction significantly reduces
the effectiveness of phosphate fertilizers (Barrow et al., 2017; Zhu et al., 2021). Addressing this
issue typically involves liming to raise soil pH, which reduces Al solubility. In this context, the
application of P-loaded biochar-LDH composites could offer dual benefits by increasing soil
pH, as observed in this study, and mitigating the negative impacts of Al on P availability.

The SB parameter increased significantly with the addition of P-loaded materials,
particularly BC300-LDH, BC600-LDH, and LD, which recorded values of 3.3, 3.6, and 3.3
cmolc dm?3, respectively, in the first planting (Table 1). This trend persisted in the second
planting, with LDH and BC300-LDH reaching 3.9 and 3.7 cmolc dm™, respectively. The SB
represents the total concentration of exchangeable base cations, primarily Ca, Mg, K, and Na,
and is a critical indicator of soil fertility. Higher SB values generally indicate more fertile soils
with improved nutrient availability (Havlin, 2005). In this study, the increase in SB observed
with the application of LDH and biochar-LDH composites is likely attributable to the rise in
Mg levels in the soil following their application.

The V% parameter also increased with the application of P-loaded materials. Before
planting, V% was approximately 57%, and after the first planting, it rose to 78.9% for BC600-
LDH, followed by 76.2% for LDH (Table 1). In contrast, the control treatment with TSP
addition showed no change in the V% parameter, maintaining the same value of 57% as before
planting. During the second planting, the V% parameter continued the same trend, with the
highest value recorded for BC600-LDH of 79.6%. The V% parameter refers to the percentage
of the soil cation exchange capacity that is occupied by base cations as previously mentioned.
Similar to the SB parameter, V% is a critical indicator of soil fertility conditions. A higher V%
reflects better nutrient availability and a more neutral soil pH, which is favorable for crop
growth (Rawal et al., 2019; Kabala and Jedrzejewski, 2024). Furthermore, it has been reported
that biochar can influence these parameters by interacting with soil nutrients, acting as a nutrient
source, and altering nutrient cycling and reactions in the soil (Ghodake et al., 2021; Singh

Yadav et al., 2023).
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Remaining P also varied among treatments. In the first planting, the highest remaining
P was recorded for BC600, with approximately 74.1 mg L-!, followed by BC300 with 42.8 mg
L' (Table 1). The lowest amount among the P-loaded treatments was observed for LDH, with
concentration of 33.7 mg L-!, which was similar to the control treatment without P addition,
which had a remaining P value of 35.8 mg L-!. In the second planting, remaining P levels were
similar across all P-added treatments, ranging from 41 to 45 mg L', except for LDH, which
presented the lowest value (36.9 mg L),

Remaining P is a soil parameter that indicates the capacity of the soil to retain P after a
standard phosphate solution is added (Julio et al., 2018). It represents the balance between P
adsorption by soil particles and the amount that remains in the solution. High remaining P
values suggest low P adsorption capacity, while low remaining P values indicate high
adsorption capacity, where P is more likely to bind with soil components such as Fe and Al
oxides (van Doorn et al., 2024). As previously discussed, the addition of biochar to soil can
prevent P phosphates from being adsorbed onto soil mineral particles. Depending on the
feedstock used to produce biochar, it can contain significant amounts of functional groups (e.g.,
carboxyl and phenolic groups) that compete with P ions for exchange sites in the soil, thereby
affecting the adsorption-desorption process (Schneider and Haderlein, 2016; Li et al., 2019b;
Alotaibi et al., 2021).

Table 1. Soil chemical analysis after the first maize cultivation under P dopped biochar, LDH
and biochar-LDH composites.

Ist Experiment

BC300 BC600 BC300-LDH BC600-LDH LDH TSP Control
pH 63+0.2 6.2+0.0 5.5+0.0 7.6+0.1 6.6+0.1 63+0.1 5.8+0.0
P (mg/dm®) 21.5+4.1 150+1.2 10.5+0.7 11.0+£0.3 129+ 1.1 11.9+0.6
Al (cmol dm?) 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1£0.0 0.1+0.1
SB (cmol.dm?) 29+0.1 3.0+0.1 33+0.1 3.6+0.1 33+0.1 2240.1 2.6+0.1
t (cmol.dm?*) 3.0£0.1 3.1£0.1 34+0.1 3.7+0.1 34+0.1 23+£0.1 27+0.1
T (cmol.dm?®) 42+0.1 42+0.1 44+0.1 45+0.1 44+0.1 39£0.1 42402
V (%) 70.0£0.9 722+ 1.1 75.6£13 789+0.9 762+ 1.0 572+0.8 61.9+0.7
M.O. (dag kg™) 1.5+£0.1 1.6 +£0.1 1.8+ 0.0 1.5+0.1 1.9+0.1 1.93+0.2 23+04
P-Rem (mg L") 42.8+32 74.1£20.7 41.7+£0.6 40.6 0.4 337+ 1.1 42.6£1.0 358+0.3

2nd Experiment

BC300 BC600 BC300-LDH BC600-LDH LDH TSP Control
pH 6.4+0.1 6.2+0.0 55+0.0 6.8+0.1 6.8+0.0 63£0.1 51+0.1
P (mg/dm?) 24.8+3.6 21.0+2.2 147+1.0 19.5+23 19.8+3.0 183+1.5
Al (cmol.dm?) 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0

SB (cmol.dm?®) 2.9+0.1 32+0.1 3.4+0.0 39+0.1 37+£0.3 2.3+0.1 34+03
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t (cmol.dm?) 3.0+0.1 33+0.1 35+0.0 4.0+0.1 3.8+03 24+0.1 35+03
T (cmol.dm?) 41£02 44+£00 44+0.1 49+£02 48+03 39+02 51+04
V (%) 70.7+ 0.6 728+ 1.6 76.2+0.5 797+14  768+12  599+12  669+2.0
M.O. (dag kg™ 2.6+0.4 1.8+0.1 1.8+0.1 1.4+0.1 1.6+0.1 1.7+0.1 1.4£0.1
P-Rem(mgL')  449+1.1 41.6+12 415+19 422+21 369+£20  42.6+08  464+08

Mean values + standard error; n= 4

Conclusion

The findings of this study suggest that both P-loaded biochar and P-loaded biochar-LDH
composites produced by adsorbing P from aqueous solutions have potential as phospahte
fertilizers for plant growth under tropical soil conditions. Although the composites resulted in
lower dry matter production in the first crop compared to triple superphosphate (TSP), this
difference was eliminated in the second crop, particularly for those made with biochar produced
at a lower temperature (300 °C). Thus, there are less production costs due to the lower energy
requirements for its synthesis while providing a superior residual effect that improves soil
fertility for futher cultivations considering the effects on soil pH, base saturation, nutrient
inputs, among other soil attributes. Thus, these sources represent an option to partially
substitute completely soluble P sources in crop fertilization, offering the additional benefit of
recycling P-loaded materials. In contrast, P-loaded LDH demonstrated lower efficacy, likely
due to the stronger interaction between P and LDH particles. Thus, it has potential as a slow-
release P fertilizer under the conditions tested in this study. Long-term field studies are

recommended to validate these materials as phosphate fertilizers in soil.
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Table S1. Amount of biochar, biochar-LDH and LDH4 used in the greenhouse experiment.

Total P content (% of mass) total mass added for each pot (g)
BC300 5 2
BC600 2.5 4
BC300 - LDH4 5.6 1.8
BC600 - LDH4 3.3 3
LDH4 11.0 0.9

Table S2. Physicochemical properties of the studied soil.

pH 5.7

P 0.01 mg/dm?
Al 0.10 cmolc/dm?
H+Al 1.67 cmolc/dm?
SB 2.48 cmolc/dm?
t 2.58 cmolc/dm?

M.O

P-rem

4.14 cmolc/dm?
59.84%
3.89 %
1.98 %
34.83 mg L!
0.48 cmolc/dm?
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Table S3. Nutrients concentration in shoot dry matter of maize plants (g kg') from the first
planting under P dopped biochar, LDH and biochar-LDH composites.

1st Experiment

Nutrient
(eke) BC300 BC600 BC300-LDH BC600-LDH LDH TSP Control
Al 0.05+0.02  0.02+0.00 0.03 +0.00 0.03 +0.00 0.04 £ 0.00 0.03 £ 0.00 0.08 +0.01
B 0.02 +0.00 0.02 £ 0.00 0.02 +0.00 0.02 £ 0.00 0.02 £ 0.00 0.02 £ 0.00 0.04 +0.00
Ca 242+049  2.18+0.19 1.94 +0.06 2.05+0.12 414+0.38 3.10+0.15 8.01 £0.46
Cu 0.00+0.00  0.00+0.00 0.003 £+ 0.00 0.003 + 0.00 0.004 + 0.00 0.003 + 0.00 0.008 + 0.00
Fe 0.10+£0.04  0.06+0.00 0.06 + 0.00 0.06 + 0.00 0.08 +0.00 0.05 +0.00 0.11+0.01
K 27.5+3.01 29.9+2.84 29.4+1.11 31.0+3.51 439+1.14 21.5+1.13 35.7+3.89
Mg 3.36 £0.45 344 +£0.28 4.41+0.11 4.79+0.29 5.61+£0.24 2.55+0.11 4.09+0.19
Mn 0.04 £ 0.00 0.04+ 0.00 0.04 = 0.00 0.04 £ 0.00 0.07 £ 0.00 0.05 £ 0.00 0.23+0.03
P 1.06+0.12  0.96+0.05 0.88 +0.05 0.92 +0.06 1.06 = 0.06 1.16 £ 0.08 0.83+0.11
S 1.43+£0.09 1.49+0.15 1.64 +0.04 1.51+0.24 2.29 +£0.08 1.59 +0.04 2.99+£0.22
Zn 0.01+0.00  0.01+0.00 0.01£0.00 0.01 +0.00 0.04 £ 0.00 0.03 £ 0.00 0.09 £ 0.00

Mean values + standard error; n= 4
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Table S4. Nutrients concentration in shoot dry matter of maize plants (g kg™!) from the second
planting under P dopped biochar, LDH and biochar-LDH composites.

2nd Experiment

Nutrient BC300 BC600 BC300-LDH  BC600-LDH LDH TSP Control
(gkg")
Al 0.02 = 0.00 0.05+0.01 0.04+£0.00  0.02+0.00  0.04+0.01 0.04+0.01 0.06 % 0.02
B 0.02 = 0.00 0.02 = 0.00 004001  0.02+000  0.02£0.00  003£000  0.02 =0.00
Ca 1.81 4 0.45 1.43+0.17 093+£0.10  L17+0.13  1.96+021 3.30+0.26 3.83+0.52
Cu 0.00 = 0.00 0.01 = 0.00 001+£0.00  0.00+0.00  0.01+£0.00  0.01+0.00 0.00 = 0.00
Fe 0.06 = 0.00 0.06 = 0.00 006000  0.05+0.00  008+£000  0.09=0.01 0.08 % 0.01
K 35.9+3.49 3234257 283+2.05  37.7+249  435+369  402+0.99 34.8+2.56
Mg 3.32+0.40 3.40 031 322+£019  435+020  411£017  280+023 225+0.15
Mn 0.04 = 0.00 0.03 = 0.00 003000  0.03+0.00 004000  0.06=0.00 0.09 = 0.00
P 179+ 0.06 1.87 % 0.01 207004  280+058  1.61+£0.17  2.17=030 0.57 +0.09
S 1.37+0.16 1.58 +0.04 1.58 4 0.03 118043  190+0.19  2.08+0.16 1.14+0.06
Zn 0.02 = 0.00 0.03 = 0.00 003000  0.02+0.00  003£000  0.06=0.00 0.05 = 0.00

Mean values = standard error n=4
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CONCLUDING REMARKS

This study demonstrates the clear advantages of LDH-impregnated biochar over pristine
biochar for phosphate adsorption, mainly due to increased active sites and enhanced
interactions with functional groups.

Lower pyrolysis temperatures (e.g., 300 °C) improved the phosphate adsorption
efficiency of Mg-enriched biochar more effectively than higher temperatures.

P-loaded biochar and biochar—-LDH composites have potential as alternative phosphate
fertilizers for tropical soils. Although their slow-release behavior results in lower short-
term efficiency compared to soluble fertilizers (e.g., TSP), they outperform in
subsequent cropping cycles. Long-term field validation is still needed.

LDH materials offer limited immediate P availability but are promising for slow-release
applications. Despite their high P sorption capacity, their practical use is constrained by
synthesis costs. Incorporating small amounts of LDH into biochar may provide a more
feasible approach for P recovery and reuse in agriculture.

Future studies should focus on long-term P desorption in soil and on optimizing field
application strategies. Mg-enriched biochar also shows potential to reduce nutrient
leaching, particularly nitrate and phosphate, and should be explored further for soil

management applications.
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