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RESUMO

LACERDA, 1. A. R. OBTENCAO E CARACTERIZACAO DO BIOCARVAO DE
ENDOCARPO DE TUCUMA MODIFICADO COM OXONE® PARA ADSORCAO DE
IONS Cu*? DE SOLUCOES AQUOSAS. 72 f. Dissertagio — Departamento de Meio

Ambiente e Desenvolvimento, Universidade Federal do Amap4a, Macapa, 2025.

O cobre desempenha um papel importante em diversos processos industriais, mas quando
presente em concentragdes elevadas em ecossistemas aquaticos, torna-se uma ameaga a saude
humana e aos organismos aquaticos por sua toxicidade e potencial de bioacumulagdo. Nesta
dissertagdo, foi produzido biocarvao a partir do endocarpo do tucuma-do-Paré (Astrocaryum
vulgare) e realizada sua modificagdo quimica com Oxone®, visando avaliar o potencial de
remocao de ions Cu?*" de solu¢des aquosas. As amostras obtidas foram caracterizadas por
espectroscopia no infravermelho por transformada de Fourier (FTIR), difracdo de raios X
(DRX), microscopia eletronica de varredura (MEV) e anélise de area superficial (BET). Os
experimentos de adsor¢cdo foram realizados com delineamento composto central, e
demonstraram que o pH, a massa do adsorvente e a concentracdo inicial de cobre, bem como
suas interagdes, foram varidveis estatisticamente significativas (p < 0,05), dependendo da
concentracdo de cobre e do pH, os quais exerceram a maior influéncia na capacidade de
adsorc¢do. De acordo com o modelo de regressdo quadratica, valores de R? de 0,9571 e 0,9410
foram obtidos para BC e BCO, respectivamente. Mais especificamente, o0 BC apresentou uma
capacidade maxima de adsor¢do de 38 mg g *! em pH 2,4 ¢ uma concentragdo de 0,0818 mol L-
. O BCO apresentou uma capacidade maxima de 36 mg g -! nas mesmas condig¢des. Portanto,
embora ambos os materiais sejam eficientes, o BC apresenta desempenho superior, tornando a

modifica¢do com o oxone desnecessaria para esta aplicagao.

Palavras-chave: Tucuma-do-Par4, Biocarvio, Bioadsorvente, Adsorcdo de ions Cu®" polui¢do

hidrica.



ABSTRACT

LACERDA, 1. A. R. OBTAINING AND CHARACTERIZATION OF TUCUMA
ENDOCARP BIOCHAR MODIFIED WITH OXONE® FOR THE ADSORPTION OF
Cu?** IONS FROM AQUEOUS SOLUTIONS. 72 p. Master Thesis — Department of

Environment and Development, Federal University of Amapa, Macapa, 2025.

Copper plays a crucial role in various industrial processes; however, when present in high
concentrations in aquatic ecosystems, it poses a threat to human health and aquatic organisms
due to its toxicity and potential for bioaccumulation. In this dissertation, biochar was produced
from the endocarp of tucuma-of-Para (Astrocaryum vulgare) and chemically modified with
Oxone® to evaluate its potential for removing Cu** ions from aqueous solutions. The obtained
samples were characterized using Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and surface area analysis (BET).
Adsorption experiments were conducted using a central composite design, which showed that
pH, adsorbent dosage, and initial copper concentration, as well as their interactions, were
statistically significant variables (p < 0.05). Among these, copper concentration and pH had the
greatest influence on adsorption capacity. According to the quadratic regression model, R?
values of 0.9571 and 0.9410 were obtained for BC and BCO, respectively. More specifically,
BC exhibited a maximum adsorption capacity of 38 mg g' at pH 2.4 and a concentration of
0.0818 mol L™, while BCO showed a maximum capacity of 36 mg g' under the same
conditions. Therefore, although both materials proved to be efficient, BC demonstrated superior
performance, indicating that modification with Oxone® is unnecessary for this application.

Keywords: Tucuma-do-Pard, Biochar, Bioadsorbent, Adsorption of Cu2+ ions, water
pollution.
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1. INTRODUCAO

A poluigdo hidrica por metais tem se tornado um problema ambiental e de saude ptblica
global, impulsionado pelo crescimento das atividades industriais, agricolas e urbanas
(Ellwanger; Chies, 2023; Silva ef al., 2023). A presenca de ions metalicos na 4gua, mesmo em
baixas concentragdes, pode representar riscos ecotoxicoldgicos significativos, pois esses
contaminantes sdo bioacumulédveis, ndo biodegradaveis e podem interferir em processos
bioldgicos essenciais (Alloway, 2013; Gatwa-Widera, 2021; Silva ef al., 2023).

Entre os metais amplamente utilizados e com potencial téxico, o cobre (Cu**) se destaca
por seu uso extensivo nas industrias metalurgica, eletronica e agroquimica, além da sua
presenga em efluentes provenientes da mineragdo e do processamento de residuos industriais
(Fu; Wang, 2011; Izydorczyk et al.,2021; Liu et al., 2023; Ochoa-Herrera et al., 2011). Embora
o cobre seja um micronutriente essencial para organismos vivos, quando presente em
concentracoes elevadas, pode induzir estresse oxidativo, danificando membranas celulares e
biomoléculas, como proteinas ¢ DNA (Cervantes-Cervantes et al., 2005; Ellwanger; Chies,
2023; Husain; Mahmood, 2019; Wang et al., 2024).

Em ambientes aquaticos, o excesso de Cu?*" pode afetar a biodiversidade,
comprometendo a reproducdo e o desenvolvimento de espécies sensiveis, como peixes €
invertebrados (Manyin; Rowe, 2010; Pinto ef al., 2021). Diante disso, o desenvolvimento de
tecnologias eficazes para a remogdo de metais de efluentes torna-se essencial para mitigar
impactos ambientais e garantir a qualidade da agua.

Atualmente, diversas técnicas vém sendo empregadas para o tratamento de aguas
contaminadas por metais, incluindo precipitagdo quimica, troca iOnica, ultrafiltracdo,
eletrocoagulacdo e biorremediacdo (Qasem; Mohammed; Lawal, 2021; Seo ef al., 2024). No
entanto, essas metodologias apresentam certas limitagdes, como altos custos operacionais,
formacao de residuos secunddrios e eficiéncia variavel em diferentes condigdes ambientais
(Babel, 2003; Mutegoa, 2024; Qasem; Mohammed; Lawal, 2021). Nesse contexto, a adsor¢ao
tem se destacado como uma alternativa eficiente e de baixo custo, sendo amplamente estudada
para a remoc¢ao de ions metalicos de solu¢des aquosas (Bayar et al., 2024; Chen et al., 2020).

A adsor¢do baseia-se na interagdo entre um adsorvato (contaminante) e a superficie de
um adsorvente s6lido, promovendo a remog¢ao do contaminante da fase liquida (Nascimento et
al., 2020). O desempenho da adsor¢do depende das propriedades do adsorvente, incluindo sua
area superficial, porosidade e grupos funcionais disponiveis para interagdes quimicas

(Nascimento et al., 2020).
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O biocarvao, também conhecido como biochar, ¢ um material produzido a partir da
pirdlise de biomassa, um processo de decomposi¢do térmica que ocorre na auséncia de oxigénio
(Galwa-Widera, 2021; Nadarajah; Ashar; Jeganathan, 2024). O biocarvao pode ser produzido
a partir de residuos agricolas, florestais ou urbanos (Wisniewska et al., 2022).

A Amazonia, além de sua relevancia ecologica, representa uma fonte estratégica de
recursos naturais com aplicagdes sustentaveis ainda subutilizadas (Diniz; Diniz, 2018; Lopes et
al., 2023). Entre esses recursos, destaca-se o tucuma-do-Pard (Astrocaryum vulgare), cujas
propriedades fisico-quimicas, tradicionalmente associadas ao valor nutricional, apresentam
potencial para aplicagdes tecnoldgicas e ambientais, especialmente no desenvolvimento de
materiais funcionais (Machado et al., 2022).

Nesse contexto, este trabalho tem como foco avaliar a eficiéncia do biocarvao produzido
a partir do endocarpo do tucuma-do-Para e sua versao modificada com Oxone® na remocgao de
ions Cu?*" de solugdes aquosas. Para isso, as amostras foram caracterizadas por técnicas
espectroscopicas € microscopicas, € os experimentos de adsor¢do foram conduzidos para
determinar os parametros que influenciam a remo¢ao do metal.

A dissertagdo esta estruturada da seguinte forma: na primeira parte apresenta-se a
fundamentagdo tedrica necessdria para a compreensdo do tema e os objetivos do estudo. A
segunda parte contém o artigo cientifico submetido no jornal of the Brazilian Chemical Society
intitulado Granular biochar obtained from Tucuma-do-Parad (Astrocaryum vulgare) modified
with Oxone for Cu?" adsorption, no qual sdo detalhados os procedimentos experimentais, 0s
resultados obtidos e a andlise dos dados. Por fim, a conclusdo geral sintetiza as principais
contribuicdes do estudo e propde perspectivas para pesquisas futuras no campo da adsor¢ao

aplicada ao tratamento de 4guas contaminadas.
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2. FUNDAMENTACAO TEORICA

2.1 Metais

Os metais sdo elementos quimicos encontrados na natureza, caracterizados por
propriedades fisicas como brilho metélico condutividade térmica e elétrica, maleabilidade e
ductilidade (Borges; Canavarro; Soares, 2011). Essas caracteristicas dos metais os tornam
essenciais em diversas aplicagdes industriais e tecnologicas, incluindo construcao civil,
fabricacdo de dispositivos eletronicos e produgdo de ligas metalicas (Borges; Canavarro;
Soares, 2011).

Quimicamente, os metais sdo elementos eletropositivos que tendem a perder elétrons
em reagoes de oxidagdo, formando cations (ions positivos) (Borges; Canavarro; Soares, 2011;
House et al., 2021). Essa caracteristica os torna participantes essenciais em reagdes de
oxirredu¢do (redox), nas quais transferéncias de elétrons ocorrem entre reagentes, um exemplo
classico ¢ a oxidagao do ferro (Fe) na presenca de oxigénio (O2) e umidade (H-20), resultando
na formacdo de oOxidos de ferro hidratados, popularmente conhecidos como ferrugem
(Fe205-nH20), um processo corrosivo que degrada a estrutura metalica com o tempo (House et
al., 2021).

Biologicamente, os metais podem ser classificados em essenciais € ndo essenciais (Bibi,
2023; Jomova et al., 2022; Zoroddu et al., 2019). Metais essenciais, como ferro (Fe), zinco
(Zn), cobalto (Co), cromo (Cr), cobre (Cu), manganés (Mn), molibdénio (Mo) e niquel (Ni),
sd0 necessarios em pequenas quantidades para o funcionamento adequado de processos
fisiologicos, atuando como cofatores enzimaticos e participando de reagdes metabdlicas
cruciais (Bibi, 2023; Milankovi¢ et al., 2024; Roli¢ et al., 2025; Totten et al., 2023; Zoroddu et
al., 2019). No entanto, quando presentes em concentragdes elevadas, esses metais podem se
tornar toxicos, interferindo em processos celulares e causando danos a satide dos organismos
(Ochoa-Herrera et al., 2011; Totten et al., 2023; Wang, Y. et al., 2024; Wang, Y.-M. et al.,
2024).

Os metais nao essenciais, como chumbo (Pb), cddmio (Cd), mercurio (Hg) e arsénio
(As), ndo possuem fun¢do biolodgica conhecida e sdo tdxicos mesmo em baixas concentragdes
(Balali-Mood et al., 2021). Esses elementos podem se acumular nos organismos ao longo da
cadeia alimentar, causando efeitos nocivos a satde, como danos neuroldgicos, renais e
carcinogénicos (Balali-Mood et al., 2021; Jomova et al., 2025).

A toxicidade dos metais, sejam eles essenciais ou nao, esta relacionada a dose e a forma

quimica em que se apresentam (Balali-Mood et al., 2021; Jomova et al., 2022, 2025; Ochoa-
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Herrera et al., 2011; Wang, Y. et al., 2024). Em concentracdes elevadas, os metais podem
interferir no funcionamento de enzimas, deslocar ions metalicos essenciais em proteinas e
causar estresse oxidativo, levando a peroxidagdo lipidica, danos ao DNA e apoptose celular
(Balali-Mood et al., 2021; Jomova et al., 2022, 2025; Ochoa-Herrera et al., 2011; Wang, Y. et
al.,2024; Zoroddu et al., 2019). Além disso, a exposi¢do cronica a metais esta associada a uma
série de efeitos adversos a saude humana, incluindo disturbios neuroldgicos, doengas renais,
hepaticas e cardiovasculares, além de aumentar o risco de certos tipos de cancer, como os de
pulmao, pele, ovario, mama, estdmago, prostata, cérebro e laringe (Jomova et al., 2022, 2025;
Sah et al., 2017; Shetty et al., 2024).

A entrada de metais no organismo humano pode ocorrer por diversas vias, sendo as
principais a ingestdo de alimentos e dgua contaminados, a inalacdo de particulas no ar e o
contato dérmico (Sah et al., 2017). Contudo, o aumento significativo e prejudicial desses
elementos nos ambientes aquaticos e terrestres €, em grande parte, atribuido as atividades
antropicas, como mineragdo, garimpo ilegal, fabricacdo de produtos quimicos, descarte
inadequado de residuos industriais e urbanos, entre outros processos industriais (Fatima; Raza;
Dhole, 2025; Jomova et al., 2025; Musadis, 2024; Sojka; Jaskuta, 2022).

Essas atividades intensificam a liberagdo de metais no meio ambiente, gerando uma
série de impactos, incluindo a contaminagdo de fontes de agua potavel, bioacumulagcdo em
cadeias alimentares, degradacdo dos ecossistemas e riscos diretos a saude humana e a
biodiversidade (Fatima; Raza; Dhole, 2025; Jomova et al., 2025; Sojka; Jaskuta, 2022).

Nesse contexto, destaca-se o cobre (Cu) entre os metais que possuem potencial de
bioacumulagdo no organismo humano (Binesh; Venkatachalam, 2024; Wang, Y. et al., 2024).
Esse elemento apresenta ampla presenca ambiental, sendo essencial em processos bioldgicos
fundamentais, como a formagao de enzimas antioxidantes, transporte de oxigénio, metabolismo
energético e sintese de neurotransmissores (Binesh; Venkatachalam, 2024; Liu et al., 2023;

Wang, Y. et al., 2024).

2.1.1 Cobre (Cu)

O cobre (Cu) ¢ um metal de transicdo pertencente ao grupo 11 da Tabela Periddica,
caracterizado pelo nimero atomico 29, massa atdmica de 63,55 u e configuracao eletronica [Ar]
3d'°4s' (Silva et al., 2019). Em solu¢des aquosas e no ambiente natural, o cobre pode apresentar
diferentes estados de oxidacao, sendo os mais comuns Cu* (cuproso) e Cu?* (cuprico) (Moreira;

Teixeira; Lyon, 2024). Dentre esses, o cation Cu** é o mais estdvel em meio aquoso,
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especialmente em condigdes aerdbias e com pH variando de ligeiramente acido a neutro
(Heidari, 2019; Moreira; Teixeira; Lyon, 2024).

O cobre esta distribuido na crosta terrestre, desempenhando papel essencial nos sistemas
biologicos, principalmente como cofator (substincia ndo proteica, ion metalico ou uma
molécula organica complexa, que auxilia no funcionamento de uma enzima) de enzimas
envolvidas em processos de defesa antioxidante, respiragdo celular, metabolismo energético e
sintese de neurotransmissores (Binesh; Venkatachalam, 2024; Silva et al., 2019). Em niveis
adequados, ¢ vital para a manutencdo da homeostase celular (Binesh; Venkatachalam, 2024;
Bremner, 1980; Totten et al., 2023; Wang, Y. et al., 2024; Wang, Y.-M. et al., 2024).

Devido a sua toxicidade, a concentracdo de cobre em ambientes aquaticos ¢
regulamentada no Brasil pelas Resolugdoes CONAMA n° 357/2005 e n° 430/2011. A Resolucao
n°® 357/2005 estabelece os padrdes de qualidade da agua para corpos d’agua doce, salobra e
salina, conforme diferentes classes de uso. Para dguas doces de Classe 1, destinadas ao
abastecimento publico com tratamento simplificado, o limite méximo permitido para o cobre
dissolvido € de 0,009 mg L-!. A Resolugdo n®430/2011 complementa a anterior ao dispor sobre
as condicdes e padrdes para o langamento de efluentes, determinando que o valor maximo
permitido de cobre total nos efluentes é de 1,0 mg L', independentemente da classe do corpo
receptor (Brasil, 2005, 2011).

No organismo humano, a quantidade total de cobre presente em um adulto saudavel ¢é
estimada em cerca de 100 mg, sendo a ingestdo didria recomendada variando entre 3 ¢ 5 mg
(Comité do Conselho Nacional de Pesquisa (EUA), 2000; Silva et al., 2019; Wang, Y. et al.,
2024). A absorcao do cobre ocorre predominantemente na forma de ions Cu?" no trato
gastrointestinal, embora parte desse metal seja reduzida a Cu* por agdo de enzimas redutases
(Binesh; Venkatachalam, 2024; Bremner, 1980). Em termos de bioacumulagdo, estudos
indicam que a meia-vida biologica do cobre total (Cu*/Cu?") no organismo humano ¢ de
aproximadamente 13 a 33 dias, refletindo a dindmica de eliminagao hepato-biliar (Barceloux;
Barceloux, 1999). No entanto, em tecidos especificos, esse tempo pode variar bastante: por
exemplo, estima-se cerca de 21 dias no figado, entre 5,4 ¢ 35 dias nos rins, 23 a 662 dias no
coragdo e até 457 dias no cérebro (ATSDR, 2024).

A solubilidade do cobre em agua ¢ influenciada por diversos fatores ambientais,
incluindo pH, potencial redox, presenca de oxigénio dissolvido e concentracdo de ligantes
complexantes, como carbonatos, sulfatos e matéria organica dissolvida (Liu et al., 2023;

Rushworth et al., 2022).
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O uso intensivo do cobre em setores industriais e agricolas tem elevado
significativamente sua liberagdo no meio ambiente (Liu ef al., 2023; Silva et al., 2019). O cobre
¢ utilizado na producao de ligas metalicas, em sistemas elétricos e radiadores, em tubulacdes e
fiacoes elétricas (Liu et al., 2023; Silva et al., 2019). Sua presenca nos corpos hidricos também
pode estar relacionada a lixiviacdo em areas mineradas, a aplicacdo inadequada de fertilizantes
e fungicidas a base de cobre, e a corrosdo de estruturas metélicas (Liu et al., 2023; Silva et al.,

2019).

2.2 Efluentes industriais

No século XX, com o inicio da revolucao industrial, amplas variedades de técnicas de
producdo industrial foram empregadas, onde as empresas aumentaram suas capacidades
produtivas sem considerar adequadamente os potenciais danos ambientais decorrentes desses
métodos, o que levou a geracdo de uma quantidade significativa de efluentes residuais
industriais toxicos sem um manejo ambiental adequado (Ambrosio ef al., 2021).

Os efluentes industriais sdo, em geral, residuos liquidos provenientes de processos de
producdo industrial que sdo liberados no ambiente apds o uso sem qualquer tipo de tratamento
e manejo adequado (ABNT — NBR 9800, 1987; Brasil, 2011). Os efluentes contém diversas
substancias quimicas, materiais organicos € microrganismos, muitos dos quais podem ser
prejudiciais ao meio ambiente caso ndo haja o devido tratamento (Dezotti, 2008 p. 21), logo, o
manejo adequado dos efluentes industriais ¢ essencial para minimizar os potenciais impactos
prejudiciais em diversos corpos d’agua, solo e, principalmente, na saide humana e outros
organismos vivos (Dezotti, 2008, p. 17; Kumar; Carolin, 2021).

Os impactos ambientais causados pelos efluentes industriais sdo duradouros, a entrada
dos efluentes nos corpos d'agua podem chegar aos rios, fontes de dguas subterraneas, lagos e
oceanos, prejudicando a qualidade da agua e afetando os ecossistemas aquaticos (Jain ef al.,
2021). Substancias toxicas presentes nos efluentes industriais podem se acumular nos tecidos
dos organismos aquaticos ao longo do tempo, comprometendo a cadeia alimentar e
potencialmente impactando a saude humana (Ali; Khan, 2019).

As regulamentacdes ambientais desempenham um papel crucial na gestdo dos efluentes
industriais (Dezotti, 2008, p. 16). No Brasil, a resolugao 430/2011 do CONAMA ¢ a que esta
em vigor com relacdo aos descartes dos efluentes diretamente em corpos receptores, o art. 3 da
resolucao enfatiza que:

[...] Os efluentes de qualquer fonte poluidora somente poderdao ser
langados diretamente nos corpos receptores apos o devido tratamento e
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desde que obedecam as condicdes, padrdes e exigéncias dispostos na
Resolucao e em outras normas aplicaveis (BRASIL, 2011).

Na resolugdo, as concentragdes maximas de langamentos variam de acordo com o tipo

de metal (Tabela 1).

Tabela 1 - Padroes de lancamentos para metais de acordo com o CONAMA 430/11
Parametros Inorganicos VMP*- CONAMA 430/11

arsénio total 0,5 mg/L
cadmio total 0,2 mg/L
cobre dissolvido 1,0 mg/L
mercurio total 0,01 mg/L

VMP*Valores Maximos Permitidos. Fonte: CONAMA 430/2011

Dessa forma, para gerenciar os efluentes industriais, sdo empregados diversos métodos
de tratamento, isso inclui processos fisicos, como sedimentacdo e filtragdo para separar
particulas solidas, tratamentos quimicos para precipitar ou neutralizar contaminantes, e
métodos bioldgicos que utilizam microrganismos para decompor substancias organicas

(Dezotti, 2008, p. 17; Kumar; Carolin, 2021).

2.2.1 Tratamento de Efluentes com Metais

O tratamento de efluentes industriais com metais ¢ uma etapa que chamamos de
tratamento terciario, essencial para minimizar o impacto ambiental dos processos industriais e
cumprir regulamentagdes ambientais (Dezotti, 2008, p. 18). O ndo tratamento desses efluentes
pode causar contaminagdo da dgua e ameagar ecossistemas aquaticos, bem como a satde da
populacao (Ali; Khan, 2019; Kumar; Carolin, 2021). A filtragdo ¢ um método comum para a
remogdo de particulas solidas e metais em suspensdo, embora sua eficiéncia na remocao de
metais dissolvidos seja limitada (Vasconcelos, 2021, p. 39).

O tratamento quimico com sais de ferro ou aluminio, bentonita ou caulim e copolimeros
da amida do 4cido acrilico ¢ empregado quando € necessario formar compostos insoliveis com
os metais presentes, que posteriormente sdo removidos por filtragdo ou sedimentagdo
(Vasconcelos, 2021). A eletrocoagulagao utiliza eletricidade para gerar coagulos que agregam

particulas suspensas e ions metalicos para uma facil remog¢ao (Vasconcelos, 2021, p. 22-23).
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Por exemplo, zedlitas sdo materiais cristalinos microporosos que permitem a troca
ionica seletiva, sendo eficazes na remocao de metais (Velarde et al., 2023). Por outro lado, A
troca idnica ¢ uma técnica na qual as resinas capturam ions metalicos em troca de ions menos
toxicos, como Na ou H (Saleh; Mustageem; Khaled, 2022). A osmose inversa (OI) utiliza
membranas semipermeaveis para remover ions metalicos ¢ outras substancias dissolvidas. E
eficaz, porém as que possuem menor diametro de poro, logo com maior seletividade, sao
seguidas pelas de nanofiltracdo (NF), ultrafiltracao (UF) e microfiltracao (MF), que sdo outras
técnicas que utilizam membranas (Vasconcelos, 2021, p. 37-40).

A fitorremediagdo utiliza plantas hiperacumuladoras para acumular metais em suas
partes aéreas (Leite et al., 2022). A eletrodidlise emprega membranas carregadas eletricamente
para separar ions metalicos da agua (Gope; Saha, 2021; Peng; Guo, 2020). A adsor¢do ¢ um
método que utiliza adsorventes para atrair e reter ions metéalicos presentes nos efluentes
(Nascimento et al., 2020). Todos os métodos mencionados além de apresentarem limitagdes
S30 Onerosos.

Para contornar essas limitagdes, o uso de carvao ativado, um material com propriedades
adsorventes devido a sua grande area superficial, ¢ uma estratégia comum e, geralmente, de
baixo custo, para a remog¢ao eficaz de metais a partir de efluentes (Cecen; Aktas, 2011;

Vasconcelos, 2021, p. 37).

2.3 Processo de Adsorc¢ao

A adsorcdo ¢ um processo fisico-quimico utilizado em tratamentos ambientais,
envolvendo a transferéncia de massa de uma fase liquida ou gasosa para a superficie de um
solido (Bahrani et al., 2021; Kumar; Carolin, 2021; Nascimento et al., 2020; Pourhakkak et al.,
2021). Esse processo ¢ baseado na afinidade entre as moléculas do adsorvato e do material
adsorvente, existem dois tipos principais de adsor¢do: a fisica (ou fisissor¢ao) e a quimica
(quimissor¢ao) (Nascimento et al., 2020; Pourhakkak et al., 2021).

A adsor¢ao fisica ocorre por meio de interagdes intermoleculares fracas, como as forcas
de Van der Waals, sendo geralmente reversivel. Enquanto, a adsor¢do quimica envolve
interagdes intermoleculares mais fortes, levando a formacdo de ligagdes quimicas entre o
adsorvato e a superficie do adsorvente, resultando em processos muitas vezes irreversiveis
(Nascimento et al., 2020; Pourhakkak et al., 2021).

Diversos fatores influenciam na eficiéncia da adsor¢do (Nascimento et al., 2020). Entre
eles, destacam-se a natureza do adsorvente e do adsorvato, a area superficial do material, a

temperatura, o tempo de contato, o pH e a concentracdo do contaminante (Nascimento et al.,
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2020; Pourhakkak et al., 2021). A area superficial disponivel ¢ relevante, pois materiais com
maior superficie ativa oferecem mais sitios ativos para promover a adsorcao, a temperatura,
pode afetar a energia cinética das moléculas, influenciando a taxa e a capacidade de adsor¢do
(Nascimento et al., 2020; Pourhakkak ef al., 2021; Rao, 2018). Em alguns casos, temperaturas
mais elevadas favorecem a adsor¢do quimica, enquanto temperaturas mais baixas sdo mais
adequadas para a adsorcao fisica (Ramirez et al., 2022). A concentragdo do adsorvato e o tempo
de contato também sdo determinantes, o tempo necessario para alcancar esse equilibrio depende
das caracteristicas do sistema, podendo variar de minutos a horas (Lima et al., 2021; Rao, 2018).
Nos ultimos anos, a adsor¢dao vem sendo amplamente estudada e aplicada na remog¢ao

de poluentes, especialmente metais, devido a sua simplicidade, eficiéncia e viabilidade
econdmica. Um estudo recente demonstrou que biocarvao de caule de bananeira (Musa nana
Lour.), produzido por pirolise a 500 °C, apresentou alta eficiéncia na remog¢ado de Cu(Il), com
capacidade maxima de adsorcdao de 134,88 mg g' (Deng ef al., 2020). Em outro estudo, foi
empregado um adsorvente produzido a partir de residuos de agai ativados com ZnCl. para a
remocao do herbicida acido 2,4-diclorofenoxiacético (2,4-D), observando-se que o equilibrio
do processo foi alcangado em cerca de 120 minutos, independentemente da concentragdo do

adsorvente (Ramirez et al., 2022).

2.4 Biocarvao como Adsorvente

Adsorventes sdo materiais s6lidos porosos que atuam na retencdo de substincias
dissolvidas ou gasosas por meio de interagdes fisicas (como forcas de van der Waals) ou
quimicas (como ligagdes covalentes e complexacdo com grupos funcionais) (Lima et al., 2021;
Nascimento et al., 2020; Raji et al., 2023). A eficiéncia desses materiais esta diretamente
relacionada a sua area superficial especifica, distribui¢do de poros, estabilidade quimica e a
natureza das funcionalidades presentes em sua superficie, as quais determinam sua afinidade
por diferentes classes de contaminantes (Lima et al., 2021; Nascimento et al., 2020; Raji et al.,
2023).

O biocarvao, ou biochar, ¢ um material carbonaceo obtido a partir da conversao térmica
de biomassa em condi¢des controladas, destacando-se por suas propriedades adsorventes e
aplicagcdes ambientais, especialmente, na remog¢ao de metais presentes em solucdes aquosas
(Bayar et al., 2024; Jacob et al., 2024; Weber; Quicker, 2018).

A produgdo de biocarvao pode ser realizada por diferentes processos termoquimicos,
cujas condigdes operacionais influenciam diretamente suas propriedades fisico-quimicas e,

consequentemente, suas aplicagdes ambientais (Afshar; Mofatteh, 2024; Sivaranjanee et al.,
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2024; Weber; Quicker, 2018). A pirdlise ¢ uma das rotas mais empregadas, ocorrendo na
auséncia de oxigénio e em temperaturas que variam geralmente entre 300 °C e 700 °C (Afshar;
Mofatteh, 2024). Quando realizada de forma lenta, prioriza a produg¢@o de biochar com estrutura
porosa, elevada capacidade de troca catidnica e estabilidade térmica e quimica, enquanto a
pirolise rapida, em temperaturas superiores a 500 °C, favorece a geracao de bio-6leo, embora
também produza um biochar com maior area superficial ¢ volume de microporos (Afshar;
Mofatteh, 2024).

A torrefacdo, por sua vez, ¢ realizada em temperaturas moderadas (cerca de 200—
300 °C) e sem presenga de oxigénio, resultando em um material com menor teor de volateis,
maior densidade energética e hidrofobicidade, sendo um processo eficiente em tempo e
rendimento (Afshar; Mofatteh, 2024). A gaseificagdo ocorre em temperaturas elevadas (750—
900 °C), com suprimento controlado de oxigénio ou vapor, gerando predominantemente gas de
sintese, mas também uma fracdo soélida de biochar com alto teor de carbono e estabilidade
fisico-quimica, o que o torna resistente a degradagao microbiana e eficiente para aplicagdes em
sequestro de carbono e melhoria do solo (Afshar; Mofatteh, 2024). A carbonizagdo
hidrotérmica, por outro lado, ¢ realizada em meio aquoso sob condi¢des de pressao moderada
e temperaturas entre 180 °C e 300 °C, sendo especialmente adequada para biomassas com alto
teor de umidade (Afshar; Mofatteh, 2024). Esse processo produz um hidrochar com maior
contetido de grupos funcionais oxigenados e pH mais 4cido, caracteristicas que ampliam suas
aplicacdes ambientais (Afshar; Mofatteh, 2024).

A escolha do método de producdo influencia diretamente as propriedades fisico-
quimicas do biocarvao, como area superficial, porosidade, composicdo elementar e grupos
funcionais presentes, os quais sdo determinantes para sua capacidade adsorvente (Gope; Saha,
2021; Jacob et al., 2024; Lyu et al., 2016; Sivaranjanee et al., 2024; Weber; Quicker, 2018).

Na literatura, o biocarvao derivado de residuos tem sido estudado quanto a sua aplicagio
na adsor¢do de contaminantes. Os estudos indicam que sua estrutura porosa e propriedades
adsorventes conferem elevada efici€éncia na remog¢ao de contaminantes organicos € inorganicos,

com énfase nos metais (Tabela 2).

Tabela 2 - Estudos que utilizaram residuos na producdo de biocarvao e aplicado na remocao de ions metalicos

Referéncia Matéria-Prima/biocarvao fons
Afolabi, M e, .
o 12 - 3u SOng Cascas de laranja Cu*ePb?

Casca de banana modificado com Fe3;O4

2+
/Z1F-67 Cd

Foroutan et al., 2022
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Residuos de agai, castanha do Para e torta

2+ 2+
de dendé Cd™ e Cu

Dias et al., 2019

Além da escolha da biomassa, outra estratégia importante para melhorar o desempenho
do biocarvao na remocao de metais ¢ a realizacdo de modificagdes fisico-quimicas em sua
estrutura (Bayar et al., 2024; Deng et al., 2020; Li et al., 2017). Essas modificagdes incluem
ativacdo com acidos, impregnagdo com metais ou 6xidos metalicos, e a funcionalizagdo com
compostos contendo nitrogénio (Li et al., 2017; Lyu et al., 2016; Weber; Quicker, 2018; Zhang
et al., 2018). Tais estratégias t€ém como objetivo aumentar a area superficial especifica,
introduzir novos grupos funcionais e melhorar a seletividade do material por contaminantes
especificos, ampliando, assim, sua aplicabilidade em sistemas complexos de tratamento de

aguas e efluentes industriais (Bayar et al., 2024; Deng et al., 2020; Phiri et al., 2024).

2.4.1 Modificagoes Fisico-Quimicas do Biocarvio e a Ultilizagdo do Oxone como Agente

Ativador

A ativacdo do biocarvao ¢ uma etapa essencial no processo de sua transformacdo em
um material adsorvente eficiente, especialmente para a remog¢ao de metais em solugdes aquosas,
esse processo tem como principal objetivo aumentar a porosidade e a area superficial do
biocarvao, caracteristicas fundamentais para maximizar sua capacidade de adsor¢ao (Bayar et
al., 2024; Pathy et al., 2023; Phiri et al., 2024).

Os métodos mais comuns de ativacdo do biocarvao dividem-se em fisicos e quimicos.
A ativagdao fisica geralmente envolve tratamentos térmicos sob altas temperaturas em
atmosferas controladas, o que promove a formagao e expansdo dos poros no material,
ampliando sua area superficial (Pathy et al., 2023; Sivaranjanee et al., 2024; Zhang et al., 2018).
A ativagdo quimica utiliza reagentes como acidos, bases e agentes oxidantes para modificar a
estrutura do biocarvao, introduzindo grupos funcionais ativos € promovendo a criagao de poros
adicionais. Contudo, esse processo exige controle rigoroso para evitar a degradagao excessiva
da matriz carbonica (Nascimento et al., 2020; Pathy et al., 2023; Zhang et al., 2018).

Diversos estudos tém demonstrado a eficicia de biocarvdes vegetais modificados na
adsorcao de ions Cu** em solugdes aquosas. Por exemplo, Afolabi e Musonge (2023) utilizaram
biocarvao derivado de cascas de laranja, alcangando capacidades de adsorg¢do de 28,06 mg g*!
em sistemas simples e 26,83 mg g em sistemas binarios, atribuidas a presenca de grupos

basicos na superficie do adsorvente. Cen et al. (2022) desenvolveram um composito de
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biocarvao de bagaco de cana-de-acticar com hidroxiapatita, observando que a capacidade de
adsor¢do aumentou de 11,50 mg g a 25 °C para 19,81 mg g'! a 45 °C, indicando um processo
endotérmico. Além disso, Karthik et al. (2023) produziram biocarvao ativado a partir de
sementes de Manilkara zapota, que apresentou uma capacidade de adsor¢do de 18,27 mg g!
para Cu**, com eficiéncia de remoc¢ao de 94% em agua potavel contaminada

O peroximonossulfato de potassio (KHSOS5), conhecido comercialmente como Oxone®,
¢ um agente oxidante utilizado em processos de oxidag¢do devido a sua capacidade de gerar
radicais sulfato (SOz -), que apresentam alta reatividade e seletividade (Wang; Wang, 2019;
Zhao et al., 2021). Esses radicais também podem modificar materiais carbonaceos, como o
biocarvao, promovendo a introducdo de grupos funcionais oxigenados na superficie do
material, como carboxilas e sulfonatos, o que aumenta a afinidade do biocarvao por ions
metalicos e potencializa sua capacidade adsorvente (Madduri; Elsayed; Hassan, 2020; Zhao et
al., 2021).

As vantagens do Oxone® em comparagdo a outros agentes oxidantes convencionais
estdo sua eficiéncia na geracdo de radicais ativos, menor toxicidade, boa estabilidade e a
capacidade de operar sob condigdes ambientais brandas, o que facilita seu uso em processos
sustentaveis (Madduri; Elsayed; Hassan, 2020; Manila; Bhatt, 2017; Zhao ef al., 2021). Além
disso, 0 Oxone® tende a produzir menos subprodutos toxicos durante a oxidagéo, reduzindo o
impacto ambiental do processo (Madduri; Elsayed; Hassan, 2020; Manila; Bhatt, 2017; Wang;
Wang, 2019; Zhao et al., 2021).

Os estudos que aplicam o Oxone® diretamente para ativagdo de biocarvdo ainda sdo
limitados. Contudo, pesquisas pioneiras como a de Madduri et al. (2020) demonstraram que a
ativagdo de hidrochar derivado de biomassa de madeira com Oxone® aumentou
significativamente a capacidade adsorvente para Pb**, alcangando uma capacidade maxima de
46,7 mg g', e para o corante azul de metileno, chegando a 86,7 mg g™', resultado atribuido a
introducdo de grupos funcionais na superficie. De forma semelhante, Wang ¢ Wang (2019)
utilizaram biocarvio derivado de lodo ativado com Oxone® para promover a degradagio do
triclosan em 4gua e efluentes, evidenciando o potencial do Oxone® na ativa¢do quimica para

processos ambientais.

2.4.2 Tucuma-do-Para (A. vulgare)

O tucuma ¢ uma fruta caracteristica da regido amazonica e pertence a familia Arecaceae

(Machado et al., 2022). Ha duas espécies principais desse fruto: Astrocaryum aculeatum
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(Figura 1a) e Astrocaryum vulgare (Figura 1b), a 4. aculeatum ¢ endémica do Brasil, com
presenca nas regioes Norte e Centro-Oeste do pais, sua concentragdo ¢ maior no estado do
Amazonas, que sugere ser o possivel centro de origem e diversidade da espécie (Oliveira ef al.,
2022). Por outro lado, 4. vulgare nao ¢ endémica e esta distribuida pelo Brasil, abrangendo as
regides Norte, Nordeste e Centro-Oeste, sua distribuicdo ¢ mais marcante no lado Oriental,
especialmente no estado do Pard, indicando ser um possivel centro de origem e diversidade da

espécie (Oliveira et al., 2022).

(a) (b)

Figura 1. Frutos das duas espécies de tucuma do género Astrocaryum. (é) A. aculeatum — frutos maiores, de
coloragdo verde a amarelada, com polpa espessa e escura;(b) 4. vulgare — frutos menores, de coloragio alaranjada
intensa, com casca lisa e polpa mais fina (Lacerda, 2025).

Morfologicamente, o A. vulgare apresenta troncos multiplos, espinhosos, que podem
atingir até 15 metros de altura e 20 a 40 cm de diametro, suas folhas sdo pinadas e grandes, e
os frutos sdo pequenas e arredondadas, de coloracdo alaranjada quando maduros, com polpa

oleosa e fibrosa (Figura 2).
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Figura 2. Palmeiras de tucuma-do-Para (4. vulgare) localizadas as margens de rodovias no estado do Amapa. As
imagens mostram diferentes aspectos do crescimento e frutificacdo da espécie: (a) e (b) vista geral das palmeiras
a beira da estrada; (c) e (d) detalhe da copa com frutos em estagio avangado de maturagéo (Lacerda, 2025).

O tucuma ¢ muito apreciado na culindria amazonica por seu sabor e versatilidade. Suas
propriedades nutricionais o tornam uma excelente fonte de energia, vitaminas e minerais
essenciais (Machado et al., 2022; Oliveira et al., 2022). O fruto € rico em foésforo, ferro, calcio
e vitamina A, sendo um importante aliado para a satide dos ossos, da visdo e do sistema
imunologico (Machado et al., 2022; Oliveira et al., 2022).

Na regido amazonica o fruto € consumido in natura, porém ¢ muito utilizado em
diversos pratos regionais, como sucos, sorvetes, geleias, doces e até mesmo licores, sua polpa
cremosa e levemente acida proporciona caracteristicas organolépticas valorizadas na culinaria
regional, tornando-o um ingrediente indispensavel na gastronomia amazonica (Cymerys, 2005;
Oliveira et al., 2022). Além disso, o tucuma exerce um papel importante na cultura e na
economia da regido amazonica, pois a coleta e comercializagao do fruto geram renda para as
comunidades (Machado et al., 2022; Oliveira et al., 2022).

Apesar de sua ocorréncia e importancia regional, o 4. vulgare permanece pouco

estudado quanto ao aproveitamento de seus residuos. Estimativas antigas apontam produgoes
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anuais superiores a 130 mil toneladas de frutos no estado do Pard, o que resulta em grande
volume de residuos solidos, como cascas e endocarpos, frequentemente descartados ou
subutilizados (Lima et al., 2014).

Nesse contexto, o aproveitamento dos residuos do tucuma-do-Paré (4. vulgare), como
cascas e endocarpos, para a produgdo de biocarvao representa uma alternativa estratégica para
o desenvolvimento de tecnologias sustentaveis de remediagcdo. Apesar da abundéancia dessa
espécie na regido amazonica e de sua importancia econdmica para comunidades extrativistas,
ainda s3o escassas as pesquisas que investigam o uso sistematico desses residuos como
precursores para biocarvoes adsorventes. Estudos preliminares com espécies do mesmo género,
como A. aculeatum, demonstraram desempenho promissor na remocdo de contaminantes
organicos (Monteiro; Costella, 2018; Umpierres et al., 2018), sugerindo que 4. vulgare também
possui elevado potencial para aplicagcdes ambientais.

Além de promover o reaproveitamento de residuos, essa abordagem esta alinhada aos
principios da bioeconomia e da economia circular, favorecendo a geracao de solugdes de baixo
custo, ambientalmente amigaveis e com aplicagdo potencial no tratamento de aguas

contaminadas.
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3 OBJETIVOS
3.1 Geral

Analisar a capacidade do biocarvao produzido a partir do endocarpo de Tucuma-do-

Para (A. vulgare) in natura e tratado com Oxone® na adsor¢do de ions Cu?* em solugdes

aquosas, por meio da caracterizacgdo fisico-quimica do material e da otimizagdo das variaveis

operacionais utilizando Planejamento Composto Central (PCC) e analise por Superficie de

Resposta (RSM).

3.2 Especificos

Caracterizar o biocarvio in natura e modificado com Oxone® utilizando as técnicas de
Microscopia Eletronica de Varredura (MEV), Espectroscopia no Infravermelho com
Transformada de Fourier (FTIR), Difragdo de Raios X (DRX), analise de area
superficial (BET) e distribui¢cdo do tamanho de poros (BJH);

Avaliar a eficiéncia de adsor¢do do biocarvdo para ions Cu** em solugdes aquosas
sintéticas;

Comparar o desempenho do biocarvio in natura (BC) com o modificado com Oxone®
(BCO) na remogao de ions Cu?*;

Avaliar o efeito do pH, da massa do adsorvente e da concentragdo do contaminante na
remocao de ions Cu*;

Otimizar as condi¢des do processo de adsor¢do utilizando Planejamento Composto

Central (PCC) e analise por Superficie de Resposta (RSM).
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Abstract

This study evaluated the adsorption capacity of biochar (BC) produced from the endocarp of
tucuma-do-Para (4strocaryum vulgare) and its variant modified with Oxone (BCO, oxidized
biochar) for the removal of Cu?*" ions from aqueous solution. Biochar samples were
characterized using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and surface area analysis based on the Brunauer-Emmett-
Teller (BET) theory. Adsorption experiments, performed using a central composite design,
demonstrated that pH, adsorbent mass, and initial copper concentration, as well as their
interactions, were statistically significant variables (p < 0.05), depending on copper
concentration and pH, which exerted the greatest influence on the adsorption capacity.
According to the quadratic regression model, R* values of 0.9571 and 0.9410 were obtained for
BC and BCO, respectively. More specifically, BC showed a maximum adsorption capacity of
38 mg g "' at pH 2.4 and a concentration of 0.0818 mol L-!. BCO showed a maximum capacity
of 36 mg g -! under the same conditions. Therefore, although both materials are efficient, BC
presents superior performance, indicating that modification with the oxidizing agent Oxone

may be unnecessary for this application.

Keywords: Metals, Astrocaryum vulgare, bioadsorbent, inorganic contaminant.
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Introduction

With the advancement of industrial activity in the 20th century, the generation of
effluents containing organic pollutants and heavy metals intensified, which, when disposed of
improperly, represent a serious threat to the environment and human health.!? Several
production sectors, such as metallurgy, chemicals, textiles, petrochemicals and electronics,
generate industrial effluents rich in toxic elements.®>* The composition of these effluents can
vary depending on their origin, but they generally include organic compounds, chemical
substances and heavy metals.’

Among the metals that are found in industrial effluents, copper (Cu) stands out due to
its wide use in industry. In metallurgy, copper is used in the production of metal alloys and
electrical components; in the automotive industry, it is used in electrical systems and radiators,
and in civil construction, copper is used in electrical piping and wiring.®” During industrial
processes, copper can be released into the environment through solid waste and liquid
effluents.%’ Its presence in water bodies may also result from leaching in mined areas, the
inadequate application of copper-based fertilizers and fungicides, and the corrosion of metal
structures.®’

Copper can be present in industrial effluents as both dissolved ions and suspended
particles.® Although it is an essential element for several biological processes, such as enzyme
formation and cellular metabolism, its presence in high concentrations can cause cellular
damage, oxidative stress, and bioaccumulation in aquatic organisms and humans.®

The amount of this element in an adult human body is about 100 mg, and the
recommended daily intake ranges from 3 to 5 mg.” Absorption of copper from the diet (food,
supplements, and water) occurs predominantly in the form of Cu?*, but some is reduced to Cu”

by reductase enzymes in the gastrointestinal tract.’
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In Brazil, CONAMA Resolution n° 430/2011 establishes limits for the concentration of
metals in effluents, including 1.0 mg L' for dissolved copper, 0.2 mg L! for total cadmium,
0.5 mg L' for arsenic and 0.01 mg L ! for mercury, reinforcing the need for efficient
technological solutions for the treatment of contaminated water.?

Among the most used techniques for removing heavy metals, chemical precipitation,
ion exchange, ultrafiltration, electrocoagulation, and adsorption stand out.” Adsorption has
proven to be an economically viable and environmentally sustainable alternative, especially
when using low-cost and renewable materials. !’

Studies have demonstrated the efficiency of biochar in adsorbing metals from aqueous
solutions. One of these studies used acai seeds as raw material for the production of biochar
modified with potassium hydroxide (KOH) for the removal of metal ions with maximum
removal values for Pb** (86%), Fe?* (69%) and Mg?* (8%) ions.!! Another study used biochar
produced from jackfruit peel, which demonstrated an efficiency of 99.84% in the removal of
Cu?" ions in solution under optimized conditions of pH 7, temperature of 45 °C, contact time
of 24 hours and initial Cu?*" concentration of 100 mg L-!. Another result demonstrated an
efficiency of 79.60% under conditions of pH 7, temperature of 25 °C, the same contact time
and Cu®* concentration of 40 mg L!.12

Astrocaryum vulgare, popularly known as tucuma-do-Para, is a non-endemic species,
present in several regions of Brazil, mainly in the North (Amapa, Pard and Tocantins),
Northeast (Maranhdo) and Central-West (Goias).'? Previous studies have demonstrated the
effectiveness of activated carbon derived from the endocarp of tucuma (4. aculeatum) in the
pretreatment of water from the Rio Negro, obtaining good results in purification processes.'#
Furthermore, research involving the activation of tucuma seeds (4. aculeatum) by microwaves
revealed their efficiency in removing 2-nitrophenol's, reinforcing the potential of this material

as an adsorbent in environmental processes, including for emerging contaminants.
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Despite the widespread occurrence and socioeconomic importance of 4. vulgare in the
state of Para, especially in rural communities, few studies have reported on the production of
fruit and disposal of its solid waste. However, estimates from a 2013 study indicated an annual
production of more than 130,000 tons of fruit with a correspondingly large volume of solid
waste, mainly endocarps, which were either underutilized or discarded.!®

Many studies have advanced the use of agro-industrial waste in the production of
biochar for the removal of heavy metals; however, studies evaluating the potential of tucuma-
do-Pard (A. vulgare) as an adsorbent material are still scarce. Therefore, this work aimed to
evaluate the adsorption capacity of biochar (BC) obtained from the endocarp of A. vulgare, as

well as BC modified with Oxone (BCO), in the removal of Cu?" ions from aqueous solutions.

Experimental
Reagents and Solvents

Oxone® (KHSO5) was purchased from Sigma-Aldrich (Sdo Paulo, SP, Brazil), sodium
chloride (99%) was purchased from Qhemis (Sao Paulo, SP, Brazil), and 70% ethanol, copper
sulfate pentahydrate (CuSOs 5H20, 99%), hydrochloric acid (HCI, ACS grade) and sodium
hydroxide (NaOH, 99%) were purchased from Alphatec-Quimica fina (Sdo Paulo, SP, Brazil).
Obtaining biochar (BC)

Fruits of the species 4. vulgare were purchased commercially in the district of Carapajo,
municipality of Cametd-PA. The fruits were washed with distilled water (4 times with 1000
mL) and manually separated into peel (epicarp), pulp and seed (endocarp). The seed was dried
in an oven at 40 °C for 24 h. After drying, the seeds were manually cracked to remove the

almond (Figure 1).
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Figure 1. Stages of preparation of biochar from the endocarp of tucuma-do-Para. Sequence of

stages for obtaining biochar (BC) from tucuma-do-Pard (4. vulgare): (a) fruits, (b) dry
endocarp, (c) separation of the endocarp, (d) separation of the material and (e) biochar obtained
after pyrolysis.

Pyrolysis was performed in an adapted muffle furnace (MYLABOR, model FM1200)
at 600 °C for 120 min, reaching thermal plateau after 60 minutes. The adapted equipment
consisted of a cylindrical stainless-steel reactor positioned horizontally inside the muffle. A
stainless-steel tube attached to the lid acted as an exhaust for the gases generated during the
process. The system included a stainless-steel condenser through which cooled water from an
ultrathermostatic bath (MYLABOR, model SSDu-20 L) circulated for the condensation of
vapors. At the outlet of the condenser, a 1000 mL Kitassato was installed to collect the
pyroligneous liquid. This adaptation created an atmosphere with low oxygen content, which is
essential for pyrolysis. After carbonization, the material was ground in an electric grinder (B55
Botini) and sieved to obtain the desired particle size in the range of 18 to 35 mesh.

The process yield was calculated as

m
RO®) = * %100 , (Eq.1)

L

where R is the process yield (%), myis the final mass of the material obtained after
pyrolysis (g), and m; is the initial mass of the dry endocarp (g).

Biochar Modification with Oxone® (BCO)
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Oxone® is a salt with high oxidative capacity. It is stable and easy to handle!’, making
it an efficient alternative to other oxidants used in the modification of carbonaceous materials,
justifying its choice in this study.'®

The biochar modification method was adapted from previous studies.'® Briefly, 4 g of
biochar (BC) were added to an Oxone® (0.05 mol L') and NaCl (10% w/w) solution. The
solution was kept under mechanical stirring for 24 h at room temperature. After this period, the
material was washed and stirred in 100 mL of 70% ethanol for 2 h, vacuum filtered and

subsequently dried in an oven at 100 °C for 60 min.

Characterizations
Fourier-transform infrared microspectroscopy (FT-IR)

Infrared absorption spectra were obtained on a Shimadzu IR Affinity-1 Fourier
transform infrared spectrophotometer with internal calibration. Samples were prepared on KBr
pellets. Absorption frequencies were expressed in cm!, covering a range from 400 to 4000 cm™
1
X-ray powder diffraction (XRPD)

X-ray Diffraction (XRD) analysis was conducted using a Bruker D2 Phaser X-ray
diffractometer. The equipment, which operates with a copper (Cu) tube with a radiation
wavelength (X) of 1.5406 A, is configured to work at a power of 30 kV and 10 mA. The scan
was conducted in the 20 angle range, ranging from 5° to 90°, with a step-size of 0.02° and a
collection time of 2 seconds per point. The scan speed was adjusted to 0.6° min™!, ensuring
precision and detail in the identification of the crystalline phases present in the analyzed

samples.

Scanning electron microscopy (SEM)
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Scanning electron microscopy analyses were performed using a Hitachi TM3030PLUS
tabletop microscope. BC and BCO samples were mounted on stubs using double-sided adhesive
tape to ensure adequate fixation. Images were obtained at magnifications ranging from 120 to

500 times, operating at an accelerating voltage of 15 kV.

Surface area and porosity analysis (BET)

BC and BCO samples were previously dried in an oven at 200 °C for 24 hours. They
were then pretreated at 150 °C for 4 hours under vacuum, aiming at the complete removal of
moisture and species adsorbed on the surface of the materials. After this process,
characterization was performed through N> adsorption isotherms. BET isotherms were obtained

at liquid nitrogen temperature, using a Nova 2000e equipment from Quantachrome.

Experimental design and statistical analysis

A two-level, three-factor central composite design (CCF 2?) was used. The design
consisted of 17 experiments distributed in 8 factorial points (-1 and +1), 6 axial points and 3
central points. The factors chosen for this optimization study were copper concentration (mol
L 1), pH of the solution, and mass of the adsorbent (g L ') (Table 1). The response variable was
adsorption capacity (Qe, equilibrium adsorption capacity). The design was generated in the

Chemoface 1.71 software.!®

Table 1. Levels of Experimental Variables in the Factorial Design

levels
Variables

(o) (D (0) 1) (ta)

(X1) copper concentration (mol L) 0.01 0.0282 0.055 0.0818 0.1

(X2) pH 20 24 3.0 3.5 4.0
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(X3) BC or BCO mass (g L) 1.00 1.81 3.00 4.19 5.00

The results obtained in the 17 experiments with biochar (BC) and biochar with oxone
(BCO) were statistically analyzed using the response surface methodology (RSM) to evaluate
copper adsorption. The regression procedure adopted was fitted to a quadratic polynomial
equation using Chemoface 1.71 software.!”

To correlate the responses Y1 (Qe for BC) and Y2 (Qe for BCO) with the independent
variables X1 (copper concentration mol L), X2 (pH of the solution) and X3 (mass of BC/BCO
g L'1), two multiple regressions were used to adjust the coefficients of the polynomial model to
the respective Qe responses. In this way, two distinct equations were generated, one for each
material.

Quality of the mathematical adjustment of the model was assessed using significance
tests and analysis of variance (ANOVA). Equation 2 represents the general equation of the
quadratic polynomial model used:

Y= Bo+ XBiXi+ XBuye + XBuxx, + € ,(Eq.2)

where Y represents the response variables Y1 (Qe for BC) and Y» (Qe for BCO), Bo is
the linear intercept coefficient (i= 1, 2, 3...k), Bi represents the first-order coefficients of the
model, Bij corresponds to the interaction coefficients between variables, Bi corresponds to the

quadratic coefficients of X, and € represents the random error associated with the model fit.

Adsorption experiments

Adsorption experiments were performed in batches in which 10 mL aliquots of the
copper solutions were prepared in 50 mL Erlenmeyer flasks, using CuSO4.5H-0 as the metal
source. The pH was adjusted with HC1 (0.5 mol L") and NaOH (0.1 mol L-"). BC or BCO was

added to the solutions and subjected to agitation under controlled conditions (30 °C and 130
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rpm) in a LUCA-222 shaking incubator, according to the experimental design. After agitation,
the solutions were vacuum filtered, and the liquid fraction was stored in 15 mL Falcon tubes.
Qe was calculated as

Qe = (ngrie)! . (Eq. 3)
where Qe represents the adsorption capacity of the adsorbent (mg g '), Cy is the

concentration of the solute in the initial solution (mg L"), C, is the concentration of the solute

at equilibrium (mg L"), ¥ is the volume of the solution (L), and m is the mass of the adsorbent.

Analysis in a UV-Vis spectrophotometer
Analysis of copper concentration in the samples was performed using a PerkinElmer model
LAMBDA™ 35 UV/Vis spectrophotometer configured to scan in the range of 300 to 900 nm
with a maximum absorption peak at 805 nm. Standard solutions were prepared from
CuSO0a4-5H:0 at concentrations of 0.20, 0.15, 0.10, 0.05, 0.025 and 0.010 mol L-!, which were
used to construct the equipment’s exclusion curve calculated as
y = 12.596x — 00.087 (Eq. 4)
with a coefficient of determination R* = 0.9994.

Results and Discussion

Pyrolysis of A. vulgare endocarp resulted in a biochar yield of 31%, as determined by
Equation 1. This yield is in agreement with that expected for lignocellulosic biomass subjected
to pyrolysis under similar conditions, with a reported yield of 32.05% in the literature.?’ After
grinding and sieving (18 — 35 mesh), the final yield of BC within the desired granulometric

range was 18.81%.

Fourier-transform infrared microspectroscopy (u-FTIR)
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FT-IR was used for structural analysis and characterization of functional groups present on
the biochar surface. FT-IR spectra of BC and BCO showed similar bands characteristic of
carbonized materials (Figure 2). The BCO spectrum exhibited more intense and slightly shifted
peaks compared to that of BC, indicating the structural and chemical modifications promoted
by oxidative treatment. The band at 1570 cm!, attributed to the stretching of C=C bonds in
aromatic rings,?! was more pronounced in BCO, suggesting the preservation of these structures,
even after modification. The peak at 1150 cm!, which is related to C-O-C bonds,?! presented
greater intensity in BCO, possibly due to the introduction of oxygenated functional groups on
the material’s surface. In addition, the bands at 800, 873, and 750 cm-!, which are associated
with out-of-plane vibrations of C-H bonds in aromatic structures,?! remained similar in the BC
and BCO spectra, indicating that Oxone treatment did not significantly alter these bonds.
Furthermore, the band at 873 cm! showed a slight narrowing and a small increase in intensity
in BCO, while the bands at 800 and 750 cm™! exhibited slightly higher intensities compared to

those observed in BC.
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Figure 2. FT-IR spectroscopic analysis of biochar (BC) and oxidized biochar (BCO) samples,
highlighting changes in characteristic bands after oxidation, indicating an increased presence

of oxygen-containing functional groups.

X-ray powder diffraction (XRPD)

XRD examines the structure and size of the crystalline material. In the diffractogram
(Figure 3), both BC and BCO presented the same peaks, with minor differences in their
intensities and widths. The broad peak in the region between 15° and 30° (20) is associated with
the (002) plane of amorphous carbon and indicates the predominance of a disordered structure
with randomly oriented aromatic carbon. In addition, less intense broad peaks in the 40°-50°
(20) range, associated with (101) plane, are characteristic of a graphitic structure. These results

corroborate data already reported in the literature for carbonized lignocellulosic materials.?!?
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Figure 3. XRD diffraction patterns of biochar (BC) and oxone-modified biochar (BCO).

Scanning electron microscopy (SEM)

Figure 4 shows SEM micrographs of biochar (BC/BCO). At 120x magnification (Figure
4a), a compact and irregular morphology with limited surface porosity can be observed. At
500x magnification (Figure 4b), the surface appears homogeneous, with dispersed pores,

indicating low structural heterogeneity.
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Figure 4. Scanning Electron Microscopy (SEM) of biochar (BC) and oxone-modified biochar
(BCO). (a) 120x magnification (BC); (b) 500x magnification (BC); (¢) 120x magnification

(BCO); (d) 500x magnification (BCO).

BCO (Figure 4cd) exhibits a more organized structure, indicating that oxidation
promoted physical modification on the material’s surface. At 500x magnification (Figure 4d),
a significant increase in structural organization and interconnectivity of surface cavities can be
observed. This enhancement in surface organization and connectivity may be related to the

introduction of oxygenated functional groups
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However, despite the observed morphological changes, BC showed greater adsorption
capacity compared to BCO. Although the modifications promoted by Oxone improved the
morphological aspects, such as pore connectivity, the results show that these factors were not
sufficient to overcome the influence of the larger surface area and pore volume observed in BC,

as demonstrated in the subsequent analysis of N adsorption-desorption isotherms.

N, adsorption-desorption isotherms

According to the IUPAC (International Union of Pure and Applied Chemistry)
classification, N2 adsorption and desorption isotherms for BC and BCO (Figure 5) can be
identified as Type IVa isotherms, typical of mesoporous materials (2 nm <D < 50 nm).?3?* This
type of isotherm presents an initial phase of multilayer adsorption, followed by capillary

condensation in the pores, which explains the presence of the hysteresis loop.?
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Figure 5. Nitrogen adsorption-desorption isotherms of materials (a) BC and (b) BCO.

The observed hysteresis represents the H4 type, which is generally associated with

materials containing both micropores and mesopores, or having lamellar porous structures.?*?°

The observed behavior suggests that BC and BCO have pore networks that hinder the complete
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desorption of the adsorbate. The presence of H4 hysteresis indicates that desorption may be
limited, which may affect the regeneration efficiency of the adsorbent and its reuse in
continuous treatment processes, an important aspect for practical application in sustainable
environmental remediation.

BC showed a maximum adsorption capacity of approximately 1.2 cm® STP g'!, revealing a
well-distributed porous structure that is efficient in nitrogen uptake. BCO demonstrated a lower
capacity, around 0.8 cm® STP g!, which can be attributed to the structural changes promoted
by the chemical modification with Oxone, such as partial pore obstruction or collapse of part
of the mesoporous structure. Despite the reduction in capacity, the isothermal profile
maintained the characteristics of a mesoporous material, suggesting that the modification did
not eliminate the porosity essential for adsorption, but rather diminished its extent.

Surface area, pore structure and size

BC presented a BET surface area of 1.432 m? g!, whereas BCO presented a reduction of
this value to 1.034 m? g!. The total pore volume also followed this trend, reducing from 1.832
x 102 cm? g to 1.275 x 103 cm?® g! after oxidation with Oxone (Table 2). The average pore
diameter, however, remained virtually unchanged with values of 2.56 nm for BC and 2.47 nm
for BCO, indicating that oxidation process affected the quantity and volume of pores without

significantly altering their average size.

Table 2. Textural properties of samples

Samples Seer (M2 g™ @ Vi(em? gh)® Day (nm) ©
BC 1.432 1.832 x 1073 2.56
BCO 1.034 1.275 x 1073 2.47

a Sper, Surface area; ® V4, total pore volume in P/Pg = 0.95; © Day, average pore diameter

(4Vy/SgET).
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Analyzing the pore size distribution is essential for characterizing porous materials, as it is
directly related to their adsorption efficiency and selectivity toward different chemical
species.!! Although small pores may hinder the diffusion of larger ions, larger pores may not
be ideal for retaining smaller ions.!! In the case of biochar and its modified variants, the porous
structure is significantly influenced by the preparation method, the activation temperature, and
the origin of the material.?®

Figure 6 shows that the BC and BCO materials present a relatively broad pore distribution
with pore sizes ranging from 20 to 140 A. BC presents a slightly larger pore volume in the
regions close to 20 A, suggesting a predominance of micropores. Meanwhile, the BCO
distribution shows a subtle shift towards larger pore sizes, which may indicate the formation of
some mesopores. However, the overall pore size distributions of both materials are quite

similar, and the differences are not strongly pronounced in the presented data.
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Figure 6. Pore size distribution of materials (a) BC and (b) BCO. Curves show the cumulative

pore volume (V) and the variation of pore volume (dV/dlogr) as a function of pore radius.

The differential curve (dV/dlogr) shows that the material modification influences porous

structure, altering the distribution and volume of the pores. In the case of BCO, the volume of
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micropores is decreased, while the volume of pores in the mesopore range is increased, possibly
indicating an expansion of the porous structure owing to chemical changes. These results
suggest that the activation process promoted by Oxone directly impacts both the access to and

the total volume of pores.

Optimization of adsorption parameters using response surface methodology
Statistical analysis applied to the quadratic model

The results obtained in the 17 experiments were analyzed using response surface
methodology (RSM) based on the central composite design (CCD) for all investigated
variables: copper concentration (X:), pH (Xz) and BC/BCO mass (Xs). Experimental values are
presented in Table 3. Data analysis demonstrated a significant influence of Xi, X> and Xs on
the response variables Y1(Qe BC) and Y2 (Qe BCO), providing evidence that copper adsorption
was affected by the chosen experimental levels.

Statistical modeling was performed by multiple regression using Chemoface 1.71
software, ! fitting the coefficients of the quadratic polynomial model to the response of copper
adsorption capacity. To assess the quality of the fit, significance tests and analysis of variance
(ANOVA) were performed. The resulting equation of the model is presented in Equations 5

and 6:

Y1 (qe BC) = 70.91 4+ 769.26X1 — 24.28X2 — 27.23X3 — 102.14X1X2 — 82.49X1X3 +

4.42X2X32 + .20X3 (Eq. 5)

Y2(qe BCO) = 76,21 + 767,52X1 — 38,79X2 — 16,77X3 — 133,56 X1X2 — 113,92X1X3 +

3,71X2X3 + 5,12X2 + 1,16X2 (Eq. 6).

Table 3. Experimental design matrix and results of copper adsorption capacity using CCD.
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Experiment Variables Response
Copper (mol BC Mass or BCO  (Qe)mg g™!
pH
LY (gL BC BCO

1 0.0282 2.4 1.81 10 7
2 0.0282 2.4 4.18 1 0
3 0.0282 3.5 1.81 7 3
4 0.0282 3.5 4.18 4 1
5 0.0818 24 1.81 38 36
6 0.0818 24 4.18 12 9
7 0.0818 3.5 1.81 22 18
8 0.0818 3.5 4.18 15 7
9 0.01 3 3 3 4
10 0.1 3 3 21 23
11 0.055 2 3 16 18
12 0.055 4 3 11 11
13 0.055 3 1 32 24
14 0.055 3 5 8 4
15 0.055 3 3 10 8
16 0.055 3 3 9 6
17 0.055 3 3 11 6

The coefficient of determination (R?) of 0.9571 and the prediction value (R-squared) of
0.9020 obtained for BC (Table 4) demonstrate excellent statistical fit in the construction of the
mathematical model. The quadratic model, which was developed through CCD and RSM,

proved to be effective in optimizing experimental conditions for the copper adsorption process.



Table 4. Analysis of variance (ANOVA) for BC.
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Variables Standard
coefficient b t-value p-value Significant
error

b0 (X=1) 709114 10.4905 6.7596 0.0212 yes
Copper (X1) 769.2627 88.0453 8.7371 0.0128 yes
pH (X2) -24.2883 5.4312 -4.4720 0.0465 yes
Mass (X3) -27.2301 2.0669 -13.1745 0.0057 yes
X1*X2 -102.1389 22.2225 -4.5962 0.0442 yes
X1*X3 -82.4968 11.1112 -7.4246 0.0177 yes
X2*X3 4.4195 0.5000 8.8388 0.0126 yes
X1? 412.4249 416.0039 0.9914 0.4260 no
X2? 2.3352 0.8424 2.7720 0.1092 no
X3? 2.2088 0.2106 10.4881 0.0090 yes

Confidence level: 95% (o = 0.05)
R%0.9571

R-squared: 0.9020

For BCO (Table 5), the model also showed excellent fit with R? 0f0.9410 and R-squared

of 0.8652, proving robustness and reliability in predicting the experimental results.
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Standard
Variables coefficient b t-value p-value  Significant
error
b0 (X=1) 76.2126 12.1134 6.2916 0.0243 yes
Copper (X1) 767.5278 101.6660 7.5495 0.0171 yes
pH (X2) - 38.7982 6.2715 -6.1865 0.0251 yes
Mass (X3) -16.7676 2.3866 -7.0256 0.0197 yes
X1*¥X2 -133.5662 25.6603 -5.2052 0.0350 yes
X1*X3 -113.9241 12.8302 -8.8794 0.0124 yes
X2*¥X3 3.7124 0.5774 6.4299 0.0233 yes
X1? 2.0350e+03 480.3599 42364 0.0515 no
X2? 5.1209 0.9727 5.2644 0.0342 yes
X3? 1.1552 0.2432 4.7504 0.0416 yes

Confidence level: 95% (o = 0.05)
R2:0.9410

R-squared: 0.8652

Considering the correlation between the experimental and predicted values obtained, the
residual analysis presented in Figure 7 demonstrates the proximity to the correlation line close
to 1, evidencing the validity of the statistical treatment. These results confirm that the developed
model sufficiently represents the experimental conditions and optimizes the copper adsorption

process in both materials studied (Figure 7).
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Figure 7. Correlation between predicted and experimental values for the copper adsorption
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The Pareto chart (Figure 8) demonstrates the statistical relevance of the variables and

their interactions in the adsorption process. For BC (Figure 8a), initial copper concentration

(X1) and adsorbent mass (X3) were the most significant factors, followed by the interactions

X2X3 (pH and adsorbent mass) and X1X3 (copper concentration and adsorbent mass).

Similarly, for BCO (Figure 8b), initial copper concentration and adsorbent mass remained the

main influencing factors. Although pH exerts a secondary effect, these results show that metal

concentration and amount of adsorbent mass are critical variables to maximize efficiency of the

copper removal process.
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Figure 8. Pareto charts show the standardized effects of independent variables and their
interactions on the copper adsorption process. (a) BC. (b) BCO. Bars represent the absolute
effect of the independent variables and their interactions on copper removal percentage. The
dotted line indicates the level of statistical significance (p = 0.05). The variables considered
were initial copper concentration (X1), solution pH (X2), and adsorbent mass (X3), as well as

the interactions among them.

Interaction among solution pH, adsorbent mass and concentration in copper (Cu?*) adsorption
The response surfaces obtained for the materials BC (Figure 9) and BCO (Figure 10)
demonstrate the influence of variables on copper adsorption capacity (Qe), considering the
interaction among initial copper concentration (X1), solution pH (X2) and adsorbent mass (X3).
The relationship between adsorbent mass and pH of the medium presents a similar
behavior for BC and BCO. However, BC (Figure 9a) presents higher adsorption (Qe) values
than those obtained for BCO (Figure 10a). In both cases, the increase in adsorbent mass leads
to a decrease in specific adsorption capacity. This behavior is associated with particle
agglomeration, which reduces the available effective surface area and limits access to active

sites.?’



61

(a) Qe (mg g™

(b) Qe (mg g™
30.2

54.7
38

4588

36 26

42.8 34 21.8

32
176

pH
w

309

135

Mass BC (g)

28

9.3

26

2.4 51

77
' 0.9
22 24 26 28 3 32 34 3B 38 002 003 004 005 006 007 008 009
pIl Copper mol T;!
(C) Qe (mg g'l)

46.3

40

33.7

27.4

Mass BC (g)

21.1

14.8

002 003 004 005 006 007 008 009

Copper mol !
Figure 9. Response surface for BC represents the influence of variables, including (a) BC mass
and pH, (b) copper (mol L) and pH, and (c) copper (mol L") and BC mass, on adsorption

capacity (Qe).

The pH of the medium also exerts a significant influence on the process since it
determines the predominant chemical form of copper in solution and, consequently, its
interaction with the functional groups present on the surface of the adsorbents. The results
demonstrated that adsorption was more efficient at pH 2.4. In this range, Cu?" ions remain
predominantly solubilized, offering greater electrostatic interaction and complexation with

biochar functionalities.
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When the pH increased to values above 3, the adsorption capacity decreased. This

reduction can be attributed to the progressive formation of hydroxylated species, such as

Cu(OH):, which tend to precipitate, thereby decreasing the concentration of Cu** ions available

in solution. According to the literature, a significant change in copper species occurs from pH

623, In the present study, this formation was already evident from pH 4.5, and for this reason

3

the research design was carried out in the pH range of 2 to 4. This behavior may be related to

the high initial concentration of copper used in the experiment, which favors nucleation and

early formation of precipitates.
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Figure 10. BCO response surface represents the influence of variables, including (a) BCO mass

and pH, (b) copper mol L' and pH, and (c) copper mol L' and BCO mass, on adsorption

capacity (Qe).

The interaction between copper concentration and solution pH (Figures 9b and 10b) also
revealed a similar pattern for both adsorbents, indicating that adsorption is favored at higher
copper concentrations. However, BC maintained a higher adsorption capacity compared to
BCO throughout the entire pH range. This might be explained by the structural and chemical
differences between biochars, such as the larger surface area of BC (Table 2).

The simultaneous influence of copper concentration and adsorbent mass (Figures 9c and
10c) reinforces the previously observed trend, whereby increasing adsorbent mass reduces
specific adsorption capacity, while higher copper concentrations result in higher Qe values up
to the limit at which saturation of the active sites occurs. Again, BC showed better performance
than BCO, which suggests its greater copper adsorption capacity and potential for
environmental applications beyond the removal of this metal in aqueous solution.
Comparative analysis with other adsorbents

Other studies have investigated the use of biochars from different sources in the
adsorption of metal ions in aqueous solution, especially Cu?* (Table 6). Adsorption efficiency
is significantly influenced by the type of raw material, the activation methods employed, and
the experimental conditions adopted.

The biochar derived from the endocarp of A. vulgare investigated in this study presented
satisfactory adsorptive performance, even under acidic conditions (pH 2.4) with adsorption
capacities of 38 mg g for the in natura material and 36 mg g'! after modification with Oxone.
These results are relevant, considering that most biochars described in the literature tend to

present better efficiency at pH close to neutrality.
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The adsorption efficiency presented highlights the potential of tucuma residue as an

economically viable and environmentally sustainable adsorbent material. Although Chen et

al.?® have reported adsorption capacity up to 197.8 mg g-! for Cu®* ions using biochar activated

in alkaline medium, such performance involves additional modification steps, which

considerably increase the costs and complexity of the process, in turn potentially limiting

practical application on an industrial scale.

Table 6. Comparative summary of Cu?" adsorption capacities by different biochars reported in

recent literature, including the material developed in this study.

Reference Adsorbent Metal pH Results (mg g 1)
Biochar from
Tucuma (A.
vulgare) endocarp pH 24 BC 38 mg g!
This work Cu?*
in natura (BC) BCO36mg g !
and modified with
oxone (BCO)
Simple systems
Afolabi and Orange peel 28.06 mg g !
Cu** pHS
Musonge* biochar Binary systems
26.83mg g-!
Biochar with
25°C: 11.50 mg g'!
hydroxyapatite
Cen et al’! Cu** pHS5 35°C: 14.65mg g’!
(sugarcane
45°C:19.81 mg g!
bagasse)
Biochar from
Chen et al.?* Cu** pHS5 197.8 mg g !

winter melon
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rinds activated by

alkali

Mixed biochar

derived from

Fu et al.*? sludge and banana Cu? pH 4 40 mg g!
peel leached with
HCl
Activated
Karthik et
Manilkara zapota Cu? pH 7 1827 mg g"!
al.?’
seed biochar

Another important point is the diversity of the biomasses studied. Materials, such as
fruit peels (orange, winter melon, banana) and seeds (Manilkara zapota), have distinct
lignocellulosic compositions, which directly influence the formation of functional groups and
porosity of the biochar. For example, the use of hydroxyapatite’! as a hybrid component aimed
to increase the affinity for metal ions, but still resulted in lower values than those of tucuma,
which may indicate limitations in the functional integration of the material's constituents.

Acid leaching, as in Fu et al.’2, improves surface area and removes trace metals, but it
may compromise sustainability of the process. In the binary systems studied by Afolabi and
Musonge??, competition for active sites in the presence of multiple ions could result in a
reduction in adsorption capacity. Although this factor was not the focus of this study, it is
relevant for future applications in real environments.

Thus, tucuma biochar stands out for both its efficiency in acidic environments and its
potential for practical application as a consequence of its simple preparation, low-cost biomass

source, and good comparative performance. As such, tucuma biochar is well suited as a material
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for sustainable environmental remediation strategies, particularly in the Amazon region where

the residue is abundant.

Conclusion

The results obtained demonstrated that the adsorption of Cu** ions by the BC and BCO
materials was more efficient in acidic medium (pH 2.4), a condition that favors the presence of
free ions in solution. The adsorption capacity increased with the initial copper concentration,
whereas increasing the pH significantly reduced the efficiency of the process, due to the
formation of hydroxylated species and the consequent precipitation of Cu(OH).. Among the
adsorbents evaluated, BC exhibited superior performance compared to BCO, a result
corroborated by BET analyses, which indicated a higher surface area (1.432 m? g™') and greater
pore volume (1.832 x 1073 cm? g'). Additionally, it was observed that increasing the adsorbent
mass did not result in proportional gains in specific adsorption capacity, likely due to particle
agglomeration and the consequent reduction in accessible active sites.

The pyrolysis of Astrocaryum vulgare endocarp resulted in a 31% yield, from which
18.81% presented the desired particle size. In tests performed at pH 2.4, BC showed an
adsorption capacity of 38 mg g, slightly higher than that of BCO (36 mg g'), indicating that
simple carbonization already provides satisfactory adsorptive properties. Therefore,
modification with Oxone®, although it promoted structural changes and the introduction of
oxygenated functional groups, did not lead to significant improvements in the Cu?" removal
efficiency.

Taken together, our results demonstrate that both materials can effectively remove Cu**
ions in acidic conditions; however, the unmodified biochar already exhibits satisfactory
performance. Thus, Oxone modification may not be necessary for this type of application,

making the process simpler and more economically feasible. Considering the environmental
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context and the recurring presence of copper in industrial effluents, the use of BC represents a
promising, low-cost alternative with potential for practical application in wastewater treatment
facilities.

We emphasize that further studies are necessary to fully understand the behavior of
tucuma-derived biochar in the adsorption of other heavy metals and to evaluate its efficiency

under different operational conditions.
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6 CONCLUSOES GERAIS

O estudo demonstrou que o biocarvao obtido a partir do endocarpo de Astrocaryum
vulgare apresenta aptiddo destacada para remocdo de ions Cu?** em meio aquoso acido. A
pirdlise resultou em 31% de material carbondceo, dos quais 18,81% mantiveram-se na
granulometria desejada, e as andlises texturais evidenciaram area superficial de 1,432 m? g' e
volume de poros total de 1,832 x 1072 cm?® g™'. Em bateladas conduzidas a pH 2,4, o biocarvao
in natura adsorveu 38 mg g' de Cu?, valor ligeiramente superior ao do biocarvao oxidado com
Oxone® (36 mg g'), demonstrando que a simples carbonizacdo confere capacidade adsorvente
satisfatoria sem necessidade de tratamentos adicionais.

A principal contribui¢do deste trabalho reside na valoriza¢cdo de um residuo amazonico
abundante e subutilizado — o endocarpo de tucuma-do-Pard — como precursor de um
adsorvente de baixo custo, de preparo simples e desempenho comparavel ou superior a muitos
biochars modificados da literatura. A constatacdo de que a modificagdo por Oxone®, ainda que
promova mudangas morfologicas, ndo aumenta significativamente a eficiéncia de remocgao
reforga a viabilidade econdmica e operacional do uso do biocarvao in natura em processos de
remediacao de efluentes metalicos.

Recomenda-se, para trabalhos futuros, a aplicacdo do material em efluentes reais
contendo multiplos contaminantes e em configuracdes de reatores continuos, bem como a
investigagdo de estratégias de regeneragdo do adsorvente para viabilizar seu reaproveitamento
em ciclos sucessivos. Paralelamente, estudos complementares sobre a remog¢ao de outros metais
e compostos organicos deverdo esclarecer o escopo de aplicagdo e consolidar a proposta como

solucdo sustentdvel para o saneamento ambiental na regido amazdnica.
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