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RESUMO GERAL

O cadmio (Cd) é uma das substancias mais perigosas e precisa ser imobilizado/removido em
cenarios de aumento iminente de sua concentracdo. Avaliar alternativas ecoldgicas, como a
proteina do solo relacionada a glomalina (GRSP), para imobilizagdo de Cd (IlI) se torna
relevante. Caracterizagdes e experimentos de adsor¢cdo com GRSP de dois solos, oxidico e
organico, foram realizados com o objetivo de avaliar a capacidade de imobilizar Cd em solucdes
aquosas. As hipoteses testadas foram i) a estrutura e composicdo elementar de GRSP difere
conforme o tipo de pedossistema; ii) a interacdo entre GRSP-Cd é regulada pela complexagéo
de superficie; e iii) a capacidade de adsorcdo de Cd por GRSP é fortemente modulada pelo pH
e concentracdo. A tese foi dividida em dois capitulos: no capitulo 1 realizou-se as
caracterizagdes por FTIR, XRF, XRD, SEM, TGA e de cargas elétricas (pHzrc) de GRSP. A
GRSP dos dois solos, de forma geral, grupos funcionais dominantes (CH, NH>, OH, COOH
(carboxila), CO-NH (amida), C=0 (carbonila), que contribuem para o sequestro e imobilizacéo
de Cd (I). Ha presenca marcante de goethita e gibbsita na GRSP dos dois solos. A morfologia
de superficie mostrou que as GRSP eram sélidos floculentos, de peso leve, aspecto amorfo e
com coloracdo tipica do solo ao qual foram extraidas. TGA demonstrou que GRSP de Org tem
massa residual sélida de 33.2%, enquanto GRSP LV, 58.3%, apds aquecimento até 900 °C. No
capitulo 2 avaliou-se a capacidade de adsorcdo de Cd (Il) em solugBes aquosas. Testes de
adsorcéo para avaliar o efeito do pH e do tempo de contato foram realizados para obtencdo dos
parametros otimizados para as isotermas. Nas isotermas foram estudados dois adsorventes e 7
concentragdes, 0.0625-3.0 mmol L™t de Cd (11). A eficiéncia de remocao (RE) e 0 ge (capacidade
de adsorcdo) para o Cd (Il) em ambas as GRSP atingiram 0 maximo em pH 7 e em 24 h,
respectivamente. Nas isotermas, RE para GRSP Org foi de, em média, 98%, e para GRSP LV,
94%. Com 0 aumento da concentragdo (até 3 mmol L), RE diminui para 92 e 88%. Os modelos
isotérmicos testados para avaliar a interagdo GRSP-Cd foram de Langmuir, Freundlich e Sips.
A adsorcéo de Cd (II) segue a ordem de Sips > Freundlich > Langmuir, ou seja, 0 modelo
isotérmico de Sips a temperatura ambiente é o melhor ajuste. Nossas hipo6teses sdo que 0s
mecanismos de adsorcdo de Cd (II) pela proteina do solo relacionada a glomalina seja por
atracdo eletrostatica e complexacdo de superficie. GRSP de solos tropicais se torna uma

excelente alternativa para imobilizagédo de Cd (II).

Palavras-chave: Glomalina. Elementos potencialmente toxicos. Cadmio. Adsorcéo.



GENERAL ABSTRACT

Cadmium (Cd) is one of the most dangerous substances and needs to be immobilized/removed
in scenarios of imminent increase in its concentration. Evaluating ecological alternatives, such
as glomalin-related soil protein (GRSP), for Cd (II) immobilization becomes relevant.
Characterizations and adsorption experiments with GRSP of two soils, oxidic and organic, were
carried out with the aim of evaluating the ability to immobilize Cd in aqueous solutions. The
hypotheses tested were i) the structure and elemental composition of GRSP differs according
to the type of pedosystem; ii) the interaction between GRSP-Cd is regulated by surface
complexation; and iii) the ability of Cd adsorption by GRSP is strongly modulated by pH,
contact time and concentration. The thesis was divided into two chapters: in chapter 1 the
characterizations by FTIR, XRF, XRD, SEM, TGA and electrical charges (pHzrc) of GRSP
were carried out. The GRSP of the two soils, in general, dominant functional groups (CH, NHz,
OH, COOH (carboxyl), CO-NH (amide), C=0 (carbonyl), which contribute to the sequestration
and immobilization of Cd (Il There is a marked presence of goethite and gibbsite in the GRSP
of both soils. The surface morphology showed that the GRSP were flocculent solids, light
weight, amorphous in appearance and with a typical color of the soil from which they were
extracted. TGA demonstrated that GRSP-Org has a solid residual mass of 33.2%, while GRSP
LV, 58.3%, after heating up to 900 °C. In chapter 2, the adsorption capacity of Cd (I1) in aqueous
solutions was evaluated. Adsorption tests to evaluate the effect of pH and contact time were
performed to obtain optimized parameters for the isotherms. In the isotherms, two adsorbents
and 7 concentrations were studied, 0.0625-3.0 mmol L of Cd (11). Removal efficiency (RE)
and ge (adsorption capacity) for Cd (I1) in both GRSP reached a maximum at pH 7 and at 24 h,
respectively. In the isotherms, RE for GRSP Org was, on average, 98%, and for GRSP LV,
94%. With increasing concentration (up to 3 mmol L), RE decreases to 92 and 88%. The
isothermal models tested to evaluate the GRSP-Cd interaction were from Langmuir, Freundlich,
Sips and Temkin. The adsorption of Cd (I1) follows the order of Sips > Freundlich > Langmuir,
that is, the Sips isothermal model at room temperature is the best fit. Our hypotheses are that
the mechanisms of Cd (11) adsorption by glomalin-related soil protein are electrostatic attraction
and surface complexation. GRSP from tropical soils becomes an excellent alternative for Cd

(1) immobilization.

Keywords: Glomalin. Potentially toxic elements. Cadmium. Adsorption.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

O cadmio (Cd) é um dos metais pesados mais desafiadores devido a sua alta toxicidade
e facil transferéncia dos solos e para as plantas, encontrado também em aguas subterraneas e
atingindo outros organismos vivos (Pendias & Szteke, 2015). As principais propriedades fisico-
quimicas do Cd sdo: solubilidade, toxicidade, complexacdo, mobilidade, disponibilidade para
organismos e adsor¢cdo. O Cd tem a capacidade de complexar com OH™ em pH acima de 8,
encontra-se na forma ionica livre (Cd?*) em pH &cido a neutro, pode ser adsorvido aos
constituintes do solo e componentes organicos por complexacdo de superficie através de
grupamento funcionais ou atracdo eletrostatica, tem alta mobilidade em solos arenosos, com pH
acido e baixo poder tampéo, além de pode entrar na cadeia tréfica pela absorcao por raizes de
plantas (Pendias & Szteke, 2015) tornando-o uma das substancias mais perigosas mais 0s seres
humanos (ATSDR, 2022).

No mundo inteiro, pesquisadores tém concentrado seus estudos a fim de buscar novas
alterantivas para imobilizar/remover Cd de diferentes matrizes ambientais. Uma proposta é
estudar uma glicoproteina recalcitrante produzida por fungos do solo capaz de
sequestrar/imobilizar EPTSs, inclusive o Cd, em solos, sedimentos, aguas e outras matrizes
(Gonzéalez-Chavez et al., 2004; Wang et al., 2021; Lin et al., 2023). A proteina do solo
relacionada a glomalina (GRSP) tem diversas fun¢des benéficas ao solo e organismos, e trés
delas se destacam: agregacdo e estabilizacdo de agregados, sequestro de carbono e imobilizac&o
de substancias toxicas aos organismos (Barbosa et al., 2019; Liu et al., 2022; Agnihotri et al.,
2022; Singh et al., 2022). Na fungéo ecoldgica de imobilizar substancias toxicas, as pesquisas
tém se concentrado em estudar a interagdo entre GRSP e elementos potencialmente toxicos
(EPTs) (Wang et al., 2021; Yuan et al., 2022; Lin et al., 2023) e hidrocarbonetos policilicos
aromaticos — HPAs (Gao et al., 2017; Chen et al., 2020; Zhou et al., 2023).

Com o proposito de realizar uma caracterizagdo detalhada de GRSP e compreender sua
interacdo com EPTSs, estudos de caracterizagéo e adsor¢do podem ser conduzidos (Wang et al.,
2014). Estudos que investigam os fatores ambientais, os modelos isotérmicos e 0s mecanismos
que regulam a adsorgéo de Cd séo realizados por meio de experimentos de adsor¢édo em batelada

utilizando solugbes com concentracgdes progressivamente maiores (Wang et al., 2021; Yuan et
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al., 2022; Lin et al., 2023). Estudos de outros paises e diferentes pedoambientes mostram que a
GRSP tem uma forte afinidade com EPTs como cadmio, chumbo, cobre, zinco, estréncio e
niquel, e pode ajudar a reduzir a toxicidade desses elementos em solu¢des aquosas, bem como
em diversas matrizes ambientais.

Neste trabalho, objetivou-se estudar as caracteristicas de GRSP por seis técnicas
diferentes de caracterizacdo e os fatores importantes no processo de adsorcéo de Cd (1), bem
como 0s mecanismos associados a este fendmeno fisico-quimico. GRSP de dois pedossistemas
distintos foram estudados. Na primeira parte do trabalho, apresenta-se um referencial teorico,
seguido pelos artigos 1 e 2. O artigo 1, refere-se caracterizacdo de GRSP em solos tropicais e 0
artigo 2 refere-se a biossor¢do de Cd (1) em solugdes aquosas de solos mineral e organico.
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2 REFERENCIAL TEORICO

2.1 Atividades antropicas e elementos potencialmente toxicos

Atividades humanas, tais como a eliminacéo inadequada de aguas residuais, a aplicagdo
de pesticidas e fertilizantes, a queima de combustiveis fosseis, a mineracao e outras atividades,
sdo algumas das mais relevantes para a liberacdo de elementos potencialmente toxicos (EPTS)
no meio ambiente (Cwielag-Drabek et al., 2020; Qin et al., 2021). Os residuos industriais
resultantes destas operagdes podem afetar diretamente ou indiretamente a qualidade do solo e
da &gua (Hudson-Edwards, 2016; Zipper et al., 2016), levantando preocupagdes ambientais
sobre a poluicdo do solo e da gua.

O cadmio (Cd) apresenta riscos a curto e longo prazo para o ecossistema e a saude
humana (Ali et al., 2019; ATSDR, 2022), e altas concentracfes destes elementos podem ter
efeitos nocivos em diferentes sistemas bioldgicos, exigindo solugdes que excluam ou
minimizem seus impactos ambientais. Em todo o mundo, locais como Kabwe, na Zambia,
Tianying, na China, Haina e na Republica Dominicana, apresentam historicos de contaminacgéo
por Pb, enquanto que Norilsk, na Russia, La Oroya e no Peru, sdo locais contaminados por Cd,
Pb e outros metais (Reuer et al., 2012; BLACKSMITH INSTITUTE, 2013; Beng et al., 2022).

Os metais bivalentes sdo preocupacdes ambientais para solos e aguas devido as suas
caracteristicas quimicas, que os colocam como ameacas potenciais a saide humana devido a
toxicidade (ATSDR, 2022). Eles ndo tém papel bioldgico conhecido e, em concentrages altas,
sdo prejudiciais a satde de plantas, animais e seres humanos (Qin et al., 2021), devido a sua
alta solubilidade, alta mobilidade, biodisponibilidade e forma bivalente em solugéo (de forma
relevante em pH &cido), destacando-se pelo potencial nocivo e persisténcia no meio ambiente
(Pendias & Szteke, 2015). Esses elementos alcangam o ar, solo, os corpos d’agua a partir de
minas, industrias, queima de carvéo e residuos domésticos, e solos, rochas, além de carvéo e
fertilizantes minerais, também podem conter teores elevados de cadmio naturalmente (Pendias
& Szteke, 2015).

No Brasil, a maioria do Cd é encontrado em produtos manufaturados e é extraido
durante a producdo de outros metais como zinco, chumbo e cobre ou na extracdo de rochas para
producdo de fertilizantes fosfatados (Bouida et al., 2022). O incremento de Cd no solo e 4gua
por vias de origem natural (geogénicos) e antropogénica que incluem aplicagéo excessiva ou

inadequada de pesticidas, destinacdo incorreta de residuos industriais, lodo de esgoto,
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fabricacdo de tintas e compostos corados, deposicao atmosférica, atividades de mineracao, entre
outras (Bouida et al., 2022).

Em Minas Gerais, a Fundacdo Estadual de Meio Ambiente (FEAM) disponibiliza
anualmente uma lista anual de areas declaradas contaminadas no Estado. Na lista do ano de
2022 foram listadas 713 areas contaminadas e areas reabilitadas no Estado, uma evolucéo
relevante desde 2007 (nessa ocasido eram 56). Das areas gerenciadas, 8 e 27 foram listadas
devido a presenca de cadmio e de chumbo, respectivamente, no solo e aguas subterraneas
(FEAM, 2022). Essas areas se encontram nos municipios de Belo Horizonte, Betim,
Conselheiro Lafaiete, Contagem, Nova Lima, Ouro Preto, Paracatu, Trés Marias, Uberaba e
Uberlandia, com destaque para Contagem, Paracatu e Trés Marias que possui trés ou mais areas
contaminadas (FEAM, 2022). As microrregides da zona da Mata, Vale do Mucuri, Norte de
Minas, Central, Oeste e Triangulo Mineiro possuem locais em que as concentracdes de Cd estdo
acima das concentrages naturalmente presentes no solo, um background geoquimico (Souza
et al., 2015). Minas Gerais tem uma das maiores areas de reservas minerais, € um dos maiores
produtores de minerais metalicos e ndo-metalicos do Brasil (ANM, 2023) sendo conhecido
como um Estado “minerador”. Devido ao background groquimico para diversos EPTSs, o Estado
e 0s 6rgdos ambientais utilizam valores orientadores da qualidade do solo para substancias
potencialmente toxicas no solo e em aguas subterraneas, Minas Gerais tem estabelecido os
préprios valores orientadores da qualidade do solo para todos os solos do territério mineiro.

2.2 Valores de referéncia para solos e dguas subterraneas

No contexto mundial, a concentracdo média de Cd é de 0.36 mg kg™ (Kabata-Pendias
& Szteke, 2015). Em varios paises os niveis de Cd variam, por exemplo, 0.01 mg kg™ na
Australia, 0.18 mg kg™ no Brasil, 0.27 mg kg™ nos EUA, 0.2 mg kg na Europa, 0.3 mg kg™
no Japdo (Kubier, Wilkin, Pichler, 2019). Os niveis de referéncia de Cd para solos brasileiros
(valor de referéncia de qualidade, solo natural) e 0s niveis permitidos que ndo causam prejuizo
as funcdes essenciais dos solos (valor de prevencao) séo, respectivamente, para Minas Gerais,
<0.4mgkg?e1.3mgkg?, e Sdo Paulo, <0.5mgkg?e1.3mgkg? (CONAMA, 2009; COPAM,
2011; CETESB, 2021). O solo é considerado contaminado se apresentar concentragdes de Cd
acima dos niveis de investigagdo que, para solos chega até 20 mg kg™, e 4guas subterraneas, 5
ug L™t em Minas Gerais, e em S&o Paulo, 160 mg kg™ para solos, e aguas subterraneas, 3 ug L
1 (CONAMA, 2009; COPAM, 2011; CETESB, 2021).
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Fatores do solo contribuem para a mobilidade e biodisponibilidade de Cd, a saber: pH,
capacidade de troca catibnica, tipo e quantidade de matéria organica, outros cétions, forga
ibnica, precipitacdes com carbonatos e fosfatos, teor de argila, 6xidos de Fe livres, presenca e
diversidade de FMAs, entre outros. A maioria dos cations pode ser adsorvida na superficie
negativa das particulas de oOxidos de ferro (Hill 2010; Kabata-Pendias & Szteke, 2015),
controlando seu comportamento e isso resultando em niveis desses elementos abaixo do

esperado.

2.3 Cd em aguas e humanos

Os niveis de Cd em aguas superficiais variam especialmente de 0.05 a 1.0 pug L%, no
entanto, valores de 6-1000 pg L™ foram relatados em rios e estuarios e alguns rios europeus
contém niveis muito maiores de Cd, até 1000 ug L™, pela entrada de lodo de esgoto, por
exemplo (Kabata-Pendias & Szteke, 2015). Quanto a mobilidade, o Cd é mais mével na agua
do mar do que em outras aguas, onde esta presente em varias formas, a saber Cd?*, Cd(OH)* e
Cd(CO)3, e como complexos organicos e inorganicos, enquanto as formas ndo solUveis ou
adsorvidas aos sedimentos apresentam pouca mobilidade, o que € explicado pela ligagdo de
baixa energia do Cd ao solo e sedimentos (Kabata-Pendias & Szteke, 2015). O pH e Eh
(potencial redox) sdo os fatores determinantes para regular a disponibilidade de Cd tanto em
aguas, como solos e sedimentos, sendo que quanto maior a acidez maior a sua disponibilidade
(pH <5.5). No Brasil, a concentracdo limite de Cd permitida, para o padrdo de potabilidade, é
de 5000 pg L, enquanto que em aguas subterraneas, para consumo humano e irrigagao sao,
respectivamente, 5 e 10 ug L' (CONAMA, 2008; CETESB, 2011). De forma geral, o Cd é
toxico em niveis extremamente baixos.

A exposicdo oral cronica a altos niveis de Cd pode causar, entre outros efeitos, danos
aos sistemas nervoso, digestivo e respiratorio (ATSDR, 2022). Cd é altamente toxico em
concentragdes variadas, e pode bioacumular em organismos tornando-se uma preocupagao
mundial. A exposicdo cronica a esse metal pode resultar em sérios problemas de saude, como
doencas pulmonares, aumento da pressdo arterial, infarto do miocéardio, disfuncdo renal,
desmineralizacdo 0ssea, osteoporose grave, cancer de proéstata, efeito no crescimento fetal,
cancer de pulmao, de prdstata e de rim (Kabata-Pendias & Szteke, 2015).

Cadmio é toxico e perigoso para todas as fases da vida, e a sua absorcao, apos exposicao
oral de uma pessoa ao Cd depende das reservas corporais de Ca, Fe e Zn, idade, estado
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fisioldgico, histérico de gravidez, entre outros aspectos (Kabata-Pendias & Szteke, 2015). Para
um homem de 70 kg, 50 anos, a quantidade de Cd ¢ de cerca de 20 mg, sendo 0s rins os locais
mais representativos (com 50% da carga corporal de Cd), em outros 6rgéos (figado) e tecidos
(masculos), Cd bioacumula e chega a 15% e 20% de carga corporal, respectivamente (WHO,
2011). Em recém-nascidos lactentes, a depender do continente, condigdes socioeconémicas e
de outros fatores (p. ex., ambientais), a absor¢ao de cAdmio pode ser maior que em adultos. Na
populacdo em geral, as concentracdes normais de Cd estdo entre 0.4 e 10 pg L™ para pessoas
ndo-fumantes (Kabata-Pendias & Szteke, 2015).

2.4 Efeito toxico de Cd em organismos

Em plantas, ndo é conhecido na literatura funcdes bioldgicas positivas para Cd. No
entanto, quando em altas concentragdes, podem causar inibicdo do crescimento e morte
(Kabata-Pendias & Szteke, 2015; Bouida et al., 2022). O Cd translocado para parte aérea causa
fitotoxicidade provocando alteracbes morfoldgicas, bioquimicas, estruturais e fisiologicas, a
exemplo de reducdo da taxa fotossintética, inibicdo da respiracdo, prejuizo no crescimento
radicular e nas atividades enziméticas, inibe a formacdo de clorofila e provoca clorose nas
folhas e coloracdo marrom-avermelhada na margem e nervura das folhas (Kabata-Pendias &
Szteke, 2015; Navarro-Ledn et al., 2019).

Cwielag-Drabek et al (2020) estudando a poluicio vegetal em hortas familiares levando
em conta a exposi¢io do consumidor constataram teores médios de Cd (0.52 mg kg de peso
fresco), devido principalmente a localizacdo das plantacdes, que eram préximas as fontes de
poluicdo por estes e outros elementos potencialmente toxicos. Esses teores encontrados
excederam aos teores maximos permitidos segundo o padrdo de qualidade da Europa
(Commission Regulation 420, 2011, 2014). Alimentos como salsa, cenoura, beterraba e batata
tiveram suas concentragdes elevadas e acima do permitido, sendo menores para Cd em batatas
e maiores para cenoura e salsa (Cwielag-Drabek et al, 2020).

A contaminacdo por Cd é conhecida por ter efeitos negativos em microrganismos do
solo, especificamente sobre os fungos micorrizicos arbusculares. Por exemplo, a germinacgéo
de esporos em Rhizophagus clarus e Ambispora appendicula foi reduzida quando submetidos
a uma proporcéo de 20% de solo contaminado com os dois metais (Klauberg-Filho et al., 2023).
Neste estudo, concentrages entre 11 e 35 mg dm para o Cd foram cruciais para inibir a
germinacao de esporos de FMAs. Além disso, o crescimento do tubo germinativo também foi
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afetado com observacdes de redugdo severa, demonstrando muita sensibilidade dessas duas
espécies de FMAs ao cadmio e ao chumbo (Klauberg-Filho et al., 2023). De fato, 0 aumento
do teor de EPTs reduz o crescimento, bem como a diversidade fingica conforme registrado em
Sanchez-Castro et al. (2017), que também verificaram reducdo na diversidade fungica em solos
de areas de mineragéo contaminados com Cd (intervalos de 40 a 573 mg dm3, respectivamente).

Contudo, podem ocorrer situagdes em que mesmo em elevadas concentracfes de Cd
identificam-se FMASs que conseguem sobreviver e contribuir para um processo conhecido como
rizoestabilizacdo, que consiste em um mecanismo biologico para proteger aguas subterraneas
contra a saida de elementos potencialmente toxicos pela acdo do sistema radicular de plantas.
Espécies da familia Glomeraceae séo frequentemente observadas em areas com altos teores de
EPTs (Opki et al., 2006; Sun et al., 2015; Sanchez-Castro et al., 2017; Klauberg-Filho et al.,
2023). Isso ocorre devido aos fungos micorrizicos arbusculares estarem presentes
recorrentemente em simbiose com raizes de plantas que crescem em areas contaminadas (Yang
et al., 2010), maior taxa de esporulacdo (que justifica maior chance de multiplicacdo fangica)
(Daniell et al., 2001), tolerancia (mesmo que limitada) de algumas espécies desta familia a altos
teores de EPTs (Hassan et al., 2011) e por apresentar diversidade funcional (Munkvold et al.,
2004).

2.5 Remediacao de areas contaminadas

O aumento da contaminacéo e poluicdo ambiental por EPTs enfatiza a necessidade de
promissoras tecnologias de remediacdo, pois podem entrar nos ecossistemas e alterar o
funcionamento natural de micro e macrorganismos do solo. A contaminagéo do solo com EPTs
é quase onipresente em todo o mundo e uma estratégia para reduzir a disponibilidade de EPTs
para as diferentes matrizes € o uso de fungos micorrizicos arbusculares (Carneiro et al., 2001,
Pedroso et al., 2018; Riaz et al., 2021) e seus subprodutos secretados (Gonzélez-Chavez et al.,
2004; Cornejo et al., 2008; Vodnik et al., 2008; Wang et al., 2014; Janeeshma & Puthur, 2020;
Wang et al., 2020; Riaz et al., 2021; Yuan et al., 2022). FMAs sdo microrganismos de solo que
estabelecem uma interagdo simbidtica mutualista com as raizes vivas de mais de 80% de
especies vegetais vasculares (Smith & Read, 2008), e pertencem ao filo Glomeromycota
(SchuRler et al., 2001). A associacdo estabelecida entre os FMAs e as plantas € denominada de
micorriza (mico = fungo; rizo = raiz) e desempenham um papel fundamental no equilibrio e

sobrevivéncia das comunidades vegetais
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Os FMAs desempenham varias fungdes importantes do ponto de vista agricola,
ecoldgico e ambiental, como, por exemplo, a imobilizacdo de EPTs por uma glicoproteina
produzida na parede celular de hifas extrarradiculares, denominada glomalina (Wright et al.,
1996; Wright & Upadhyaya, 1998; Rillig et al., 2001; Gonzélez-Chavez et al., 2004; Rillig,
2004). Acredita-se que quando as hifas extrarradiculares dos FMAs morrem, fica depositado
um residuo de glomalina no solo (Treseder & Turner, 2007) contribuindo para 0s processos
bioquimicos e a engrenagem microbioldgica. Por isso, a micorrizacdo, a producéo de glomalina
e seu deposito no solo melhoram os processos de remediacdo de areas contaminadas, por
exemplo, por metais (Cd, Cu, Pb e Zn). Estes s&o aderidos nas estruturas dos fungos
micorrizicos e das raizes ou mesmo em sitios de ligacdo na molécula de glomalina,
inviabilizando sua translocacdo para as partes aéreas de plantas.

Vaérios estudos ttm mostrado que os FMAs desempenham um papel relevante na
remediacdo de areas contaminadas com metais (Carneiro et al., 2001; Carneiro et al., 2002;
Gonzéalez-Chavez et al., 2004; Chen et al., 2005; Hildebrandt et al., 2007; Cornejo et al., 2008;
Song et al., 2020) e na reabilitacdo de areas com histérico de desastres ambientais (Batista et
al., 2020; Rodriguez-Rodriguez et al., 2021; Silva et al., 2021; Zanchi et al., 2021; Batista et
al., 2022; Santiago et al., 2022; Zanchi et al., 2022). A caracteristica de ubiquidade em solos
dos fungos micorrizicos arbusculares os tornam uma estratégia interessante em programas de
monitoramento ambiental, principalmente quando se considera avaliar a proteina do solo

relacionada a glomalina que contribui para a descontaminacdo de solo e agua.

2.6 Breve historico da ‘glomalina’ e terminologias

A glomalina é uma glicoproteina do solo termoestavel, hidrofdbica, recalcitrante
(estavel e persistente no solo), com taxa reduzida de decomposi¢éo, com acéo cimentante, que
foi descoberta por pesquisadores do Servico de Pesquisa Agricola USDA em 1996 (Wright &
Upadhyaya, 1996). E bastante aceita a hipdtese de que a glomalina é produzida por fungos
micorrizicos arbusculares (Wright, 1998), um tipo de fungo do solo que forma relagdes
simbioticas com as raizes de mais de 90% das plantas cultivadas (Smith & Read, 2008). As
terminologias mais aceitas tém se referido a ‘glomalina’ de forma operacional, como proteina
do solo relacionada a glomalina (GRSP). Esta ¢ uma fragdo da ‘glomalina’ no solo que também
contém contaminantes e proteinas do solo de origem ndo micorrizica, extraida usando tampdes

de citrato e autoclavagens. S&o classificadas em facilmente extraivel (EE-GRSP) e dificilmente
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extraivel (HE-GRSP), a soma ¢ a total (T-GRSP) (Wright & Upadhyaya, 1998; Rillig, 2004;
Gillespie et al., 2011; Irving et al., 2021). Essa terminologia sera empregada ao longo deste
texto a partir deste momento. Em anos recentes, a terminologia introduzida foi proteinas do
solo extraiveis por citrato (CESP), definicdo que mais se aproxima de glomalina stricto sensu
(Holatko et al., 2021).

Uma discussdo da comunidade cientifica aborda a composi¢do bioquimica de GRSP
como ainda nao totalmente definida e ndo somente € uma glicoproteina, bem como possui
origens diversas (produzidas em hifas extrarradiculares, esporos de FMAs; por fungos
ectomicorrizicos; e, como uma fracdo da matéria organica do solo). De acordo com Schindler
(2007), GRSP extraido pelo método classico de Wright & Upadhyaya (1996) carrega consigo
proteinas e acidos humicos, devido a forte relacdo entre glomalina com a matéria organica do

solo e suas fracdes.

2.6.1 GRSP em solos tropicais e temperados

Dentre as principais funcdes da proteina do solo relacionada a glomalina, podemos citar
aagregacao e estruturagdo do solo (Leifheit et al., 2013), atuando como uma ‘super cola’ unindo
as particulas do solo entre si, possibilitando a formacdo de agregados e facilitando na sua
estabilidade com implicac6es praticas na aeracdo do solo, atividade microbiana, infiltracdo de
agua e diminuicdo da suscetibilidade a erosdo; sequestro de carbono, devido a este elemento
compor de 20 a 60% de sua estrutura quimica, promovendo maior estabilidade de agregados e
levando a alta protecdo de carbono orgéanico (COS) em ecossistemas terrestres (é conhecida
como ‘“heroi desconhecido do armazenamento de carbono”, fonte de COS) evitando que seja
perdido para atmosfera; e, sua atuagdo no sequestro e imobilizacdo de elementos
potencialmente toxicos (Cd, Cr, Cu, Pb, Zn), uma importante contribui¢do para remediacdo de
areas contaminadas, sejam solos agricolas, florestais, manguezais ou até estuarios e aguas
subterraneas (Wang et al., 2014; Wu et al., 2014; Wang et al., 2017; Yuan et al., 2022).

De acordo com a revisao de literatura, em solos tropicais e temperados, os trabalhos tém
se concentrado em estudar a contribuicdo de GRSP na agregacao e estabilidade de agregados
do solo (Leifheit et al., 2013; Barbosa et al., 2019; Bertagnoli et al., 2020; Moitinho et al., 2020;
Santos et al., 2020; Barbosa et al., 2021; Pinto et al., 2022), na produtividade agricola (Méndez
et al., 2019; Cogo et al., 2020), na associa¢do com gramineas (Barbosa et al., 2019; Méndez et
al., 2019; Santos et al., 2020; Barbosa et al., 2021; Silva et al., 2021), na fertilidade do solo



19

(Reyes et al., 2019; Silva et al., 2021), no estoque de carbono (Oliveira et al., 2022; Ribeiro et
al., 2022; Santiago et al., 2022), em sistemas agroflorestais (Miguel et al., 2020; Silva et al.,
2020; Silva et al., 2021; Matos et al., 2022a), na heterogeneidade de ecossistemas (Gomes et
al., 2021), na qualidade do solo (Vasconcellos et al., 2016; Pinto et al., 2022; Vieira et al.,
2022), nos solos degradados (Silva et al., 2018; Matos et al., 2022b; Oliveira et al., 2022), na
recuperacdo e reabilitagdo em areas de mineracdo (Kumar, Singh, Ghosh, 2018; Jord&o et al.,
2021; Ribeiro Junior et al., 2021; Rodriguez-Rodriguez et al., 2021; Ribeiro et al., 2022;
Santiago et al., 2022) e na remediacdo de areas contaminadas por diversas fontes de
contaminacdo (Ferreira et al., 2018). Na Tabela 1 é possivel visualizar teores de GRSP em
funcdo de sistemas agricolas, florestais, areas degradadas e de mineracdo em diferentes paises,

descritos na literatura.

Tabela 1. Teores de proteina do solo relacionada a glomalina (GRSP) de acordo com o pais de

estudo e sistema agricola ou vegetacdo presente.

Teor de
Pais Sistema/Vegetacao Descricdo GRSP Referéncia
(mg g?)
; 3.50 — Souza et al.
Areas de dunas
11.30 (2013)
_ 0.70 — Leal et al.
Solos de Trés Marias
2.50 (2016)
Solos &cidos, rasos e pobre
Brasil Ambiente natural em nutrientes formados sob 1.14 - Gomes et al.
substratos quartziticos e 135.46 (2020)
ferruginosos
Latossolo de textura arenosa 1.10— Cordeiro et al.
com vegetacao espontanea 1.90 (2021)
Area de referéncia intocada 4.0 - Gastauer et al.

com vegetacdo de savana 30.2 (2021)
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Area de referéncia Mata 3.30 - Jordé&o et al.
Atlantica 11.08 (2021)
Argissolo Vermelho Amarelo
distrofico tipico com 0.61 - Santos et al.
pastagem degradada e floresta 3.57 (2021)
secundaria
3 Law &
] Areas de conservagéo e de 0.80 — i
Canada ) _ Maherali
restauracao de pradarias 1.90
(2023)
Estados o 45.10 -  Schindler et
) Solos minerais e de turfa
Unidos 113.70 al. (2007)
Solos de uma rede de 0.005 - Cissé et al.
monitoramento de florestas 7.10 (2023)
Franca
0.16 —  Staunton et al.
Solos em todo o pais
3.18 (2020)
Latossolo Vermelho com 0.41 - Balota et al.
leguminosas e gramineas 5.07 (2014)
Latossolo Vermelho
) Truber &
eutroférrico e Latossolo 0.28 —
) ) Fernandes
vermelho &crico com soja, 4.34
) . (2014)
milheto e crotalaria
Brasil Plantio direto

Latossolo de textura arenosa
com algodao, leguminosas,
gramineas e plantas de

cobertura

Argissolo Vermelho Amarelo

distrofico textura arenosa

0.30—-  Cordeiro et al.

2.0 (2021)

0.35 - Pinto et al.
4.28 (2022)



com soja/milho, milho e

braquiaria com soja
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Reino ) 28.0—  Wilkesetal.
] Solos com trigo
Unido 65.0 (2021)
Cambissolo Himico em area  4.20 — Purin et al.
de pomares 5.60 (2006)
Latossolo Vermelho com 0.50 — Balota et al.
leguminosas e gramineas 3.50 (2014)
2.30—  Carneiro et al.
Solos de Cerrado
6.80 (2015)
Latossolo Vermelho
_ ) _ ) 2.50 — Cogo et al.
distrofico muito argiloso com
_ 5.0 (2020)
cafeeiro
Brasil _ Latossolo muito argiloso com ~ 1.02 — N
Cultivo _ _ Moitinho et
) soja e milho 3.77
convencional al. (2020)
Cambissolo Haplico com _
) o 1.32 - Silvaetal.
milho, feijdo, inhame e
9.50 (2020)
banana
Argissolos com pastagem 1.50 — Matos et al.
replantada e pastejo extensivo 4.22 (2022)
Argissolo Vermelho Amarelo )
0.73 - Pinto et al.
distrofico textura arenosa em
10.15 (2022)
pastagem permanente
chi Cambosols, Chernozem, 0.30 — Zhong et al.
ina
Phaeozem e Solonetz 6.54 (2017)
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Solos com Azevém, 0.30 — Chen et al.
Artemisia e Silfio 3.57 (2022)
Areas com milho, trigo, soja, 0.80->  Zhang et al.
arroz, batata e tabaco 9.60 (2023)
Gleissolo em area de 1.39-  Barbosaetal.
Cuba
pastagem 2.43 (2021)
Fluvisols Gleicos com cultivo o
) _ 0.70 — Kobierski et
Poldnia de cereais, beterraba, batata e
1.50 al. (2018)
pastagem
Reino ) 30.0—-  Wilkesetal.
) Solos com trigo
Unido 55.0 (2021)
Albeluvisol, Cambisol,
o Chernozem, Fluvisol, ]
Republica ] ] 1.90 - Zbiral et al.
Gleysol, Haplic Luvisol,
Tcheca 3.90 (2017)
leptosol, Phaeozem, Planosol,
Regosol, Technosol
Latossolos Vermelho-
) 0.01 - Nobre et al.
Amarelo da Floresta Nacional
_ 0.03 (2015)
do Araripe
Argissolo Vermelho Amarelo
) _ ) 0.93 - Santos et al.
distrofico tipico com arvores
_ 4.54 (2020)
) da Mata Atlantica
Brasil Floresta
Cambissolo Haplico com 0.56 — Silva et al.
sistema agroflorestal 19.01 (2020)
Latossolos em Floresta 0.33 - Reyes et al.
Amazonica 1.75 (2021)
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Argissolos com sistema 1.28 - Matos et al.
agroflorestal 3.89 (2022)
Argissolo Vermelho Amarelo
distréfico textura arenosa 0.35 - Pinto et al.
com arvores da Mata 3.17 (2022)
Atlantica
Chernossolo com arvores 0.40 — _
Jietal. (2023)
lenhosas 10.0
) Latossolo com eucalipto e 0.05 - Linetal.
China .
arvores nativas 18.0 (2023)
) 0.90->  Zhangetal.
Solos florestais
9.60 (2023)
Albeluvisol, Cambisol,
_ Chernozem, Fluvisol,
Republica ) ) 13.70—  Zbiral et al.
Gleysol, Haplic Luvisol,
Tcheca 35.90 (2017)
Leptosol, Phaeozem,
Planosol, Regosol, Technosol
i . 3.87—  Pedroso et al.
Area de deposicdo de Zn
4.54 (2018)
) i ) y i ) 3 2.86 —  Gastauer et al.
Brasil Area de mineragdo  Area de mineracédo de Fe
22.18 (2020)
i . 0.15 - Jordé&o et al.
Area de mineracéo de Fe
1.93 (2021)
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Rodriguez-
i ] 0.24 -
Area de mineragdo de Fe Rodriguez et
16.47
al. (2021)
i ) 1.50-  Santiago et al.
Area de mineracgéo de Fe
29.0 (2022)
Rejeitos de mineracgéo de 0.09 — Vieira et al.
carvao 1.11 (2022)
chil Solos com concentracfes 6.60—  Cornejo et al.
ile
elevadas de cobre 36.80 (2008)
) i _ 0.30 - Chen et al.
China Area de fundicdes de Zn/Pb
3.57 (2022)
) i ) 1.18—  Vodnik et al.
Eslovénia Area de fundicéo de Pb
67.14 (2008)
Gonzélez-
0.18 -
Inglaterra Solos poluidos 119 Chévez et al.
' (2004)
) o 0.18 - Guo et al.
China Mangue Solos em florestas originais
1.58 (2023)
) ) ) ) 1580-  Wangetal.
China Sedimentos Zonas umidas costeiras
48.50 (2020)




25

2.6.2 Efeito de GRSP na manutencédo da satde do solo

A proteina do solo relacionada a glomalina atua na manutencdo da satde do solo,
principalmente no que tange a estabilizacdo do carbono no solo, atuando como um
bioindicador-chave para o sequestro deste elemento e protecéo do solo (Holatko et al., 2021) -
0 carbono armazenado no solo é importante para a reducdo das emissdes de gases de efeito
estufa na atmosfera, ajudando a mitigar as mudancas climaticas; melhoria da agregacdo e
estruturacdo do solo, a formacéo de agregados pode melhorar a infiltragdo de agua, aeracdo e a
retencdo de nutrientes - préaticas agricolas intensivas podem causar destruicdo dos agregados do
solo e prejudicar componentes que atuam na agregacao e estabilizacdo de agregados (Leifheit
et al., 2013); aumento do teor de matéria organica, com forte correlagdo com a glomalina que,
ja foi relatada como fonte mais importante de carbono no carbono organico soltvel (Wang et
al., 2018); formacdo complexos com nutrientes no solo, como ferro, fésforo e nitrogénio,
tornando-os disponiveis para as planta, auxiliando na melhoria da absorcéo de nutrientes pelas
plantas e reducdo da lixiviagdo de nutrientes do solo; auxiliar no aumento da resisténcia das
plantas a doencgas e pragas, estimulando o crescimento de microrganismos benéficos no solo e

melhorando a absor¢éo de nutrientes pelas plantas; entre outros beneficios.

2.6.3 Uso de GRSP frente aos Objetivos de Desenvolvimento Sustentavel (ODS) da ONU

A proteina do solo relacionada a glomalina, pode estar relacionado a algumas das 17
metas da ONU, especificamente com a (Meta 1) Erradicagdo da pobreza - GRSP atua no
aumento da produtividade agricola; (Meta 6) Agua potavel e saneamento - reducdo da
contaminagdo de aguas potavel e subterraneas; e (Meta 13) A¢do contra mudanca global do
clima - sequestro de carbono por GRSP. As pesquisas do futuro devem incluir esses tdpicos
importantes para que até 2030 seja possivel obter resultados relevantes para proteger 0 meio

ambiente e o clima e garantir servigos ecossistémicos para todas as pessoas.

2.7 Obtencao de GRSP

2.7.1 Extracdo e quantificagcdo de GRSP

Desde os primeiros trabalhos em meados da década de 90, a extracdo de GRSP vem

sendo realizada baseado no método descrito por Wright & Upadhyaya (1996), que utiliza, para
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GRSP facilmente extraivel e dificilmente extraivel, respectivamente, tampao citrato de sodio
20 ou 50 mM, pH 7.4 ou 8.0, um ou mais ciclos de autoclavagem de solo a temperatura de
121°C, durante 30 ou 60 minutos. Tradicionalmente, utiliza-se 1.0 g de solo, no entanto,
mantendo-se a estequiometria solo:reagente pode-se realizar modificacdes na quantidade de
solo e citrato de sodio utilizados.

O procedimento de quantificacdo de GRSP na amostra extraida é realizado em
espectrofotbmetro na regido do UV-Visivel, com a utilizacdo do método de Bradford (Bradford,
1976) e albumina bovina como proteina padréo para determinar a concentracdo de GRSP em
mg g de solo.

Schindler et al (2007) estudando as caracteristicas quimicas de GRSP de solos com
teores distintos de matéria organica, concluiram que nessa etapa do processo de obtencédo de
GRSP o material era rico em proteinas, mas ndo era uma proteina glicosilada ou glicoproteina,
e sim, uma mistura heterogénea de muitas proteinas co-extraidas com excesso de acidos
hamicos. Essa ocorréncia de &cidos humicos na mesma amostra € ocasionada por ainda ser
obscura a relacdo entre GRSP e outras fracdes proteicas no solo. De acordo com esses autores,
também é possivel observar a mesma leitura em ressonancia magnética nuclear (RMN) para
GRSP extraida de fragdes minerais e organicas de solos, independentemente do método de
precipitacdo, tornando falhos os procedimentos de precipitacdo com HCI por ocorrer co-
extracdo de acidos humicos, por exemplo. No entanto, para Gillespie et al (2011), as substancias
himicas compreendem uma pequena fracdo de GRSP e lipidios e &cidos graxos, materiais ndo
proteicos, sdo co-extraidos, porém ndo predominantes no extrato. Além disso, ha divergéncias
sobre o0 uso do método de Bradford para quantificar GRSP extraida de solos com alto teor de
matéria organica por sofrer interferéncia pelas fracdes da MOS e deixar de expressar a
quantidade real de GRSP. Todavia, € comum em todos os trabalhos que envolvem a extragéo,
quantificacdo e posterior purificacdo de GRSP utilizar os métodos classicos propostos por
Wright & Upadhyaya (1996), Bradford (1976) e purificagdo com HCI e NaOH validando-os
como Uteis na deteccdo e concentragdo de GRSP, inclusive em trabalhos recentes em que se
obtém GRSP na forma sélida para caracterizacao e utilizagdo como adsorvente (Yuan et al.,
2022).

2.7.2 Purificagdo de GRSP
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A purificacdo da proteina do solo relacionada & glomalina inclui duas etapas:
precipitacdo com um acido concentrado (geralmente HCI 1 mol L), que proporciona aumento
da concentracdo de GRSP, seguido de banho de gelo, centrifugacédo e ressolubilizacdo com
NaOH 0.1 mol L. Essa concentracio de NaOH é a fase aquosa mais eficaz para concentrar e
redissolver GRSP (Chen et al., 2009), devido ao efeito dispersivo causado pelos ions de sddio
(Na"). Com o material redissolvido, coloca-se em membrana de acetato de celulose para dialise
contra 4gua deionizada por 48h (Wright e Upadhyaya, 1998; Gonzalez-Chavez et al., 2004;
Yuan et al., 2022) ou até a condutividade elétrica da 4gua ser inferior & 1 uS cm™. E necessario
medir a concentracdo de ions de Na*™ em atividade na solucdo de dialise para comprovar a boa
limpeza do material dialisado. E importante realizar o ajuste do pH na etapa de precipitacio
para 2.0-2.5 para concentrar as proteinas presentes no meio, além de monitorar a diminuicao e
aumento repentino do pH do meio resultante de GRSP de solos organicos. Este processo
concentra GRSP para posteriores usos, como liofilizacdo, caracterizacdo e experimentos de

adsorcao.

2.7.3 Liofilizacao

A liofilizacdo é um processo de secagem, separacdo e desidratagdo em que a agua do
produto é submetida ao prévio congelamento passa diretamente do estado sélido para o gasoso
(sublimac&o), em condicdes especiais de temperatura e pressdo. E constituido de trés etapas:
congelamento, secagem primaria e secagem secundaria. E o método mais comumente utilizado
para a preparacao de proteinas desidratadas, as quais devem apresentar estabilidade adequada
durante o periodo de armazenagem. As reagdes quimicas da proteina do solo relacionada a
glomalina serdo interrompidas com o congelamento. Ao final do processo, tem-se um material
solido floculado de peso bem leve e com cores caracteristicas do solo em que a GRSP foi

extraida.

2.8 Interagdo GRSP versus elementos potencialmente toxicos

Apdbs entrar em contato com o solo, os elementos potencialmente toxicos sofrem
processos que influenciam na sua biodisponibilidade (Melo & Alleoni, 2009) que geram
cenarios de risco potencial a todo o funcionamento da vida no solo. Um mecanismo extracelular

importante para a quelacdo de elementos potencialmente toxicos e restricdo de absorcdo de
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nutrientes pelas plantas de EPTs é a presenca de GRSP (Kaur et al., 2023). Sabe-se que GRSP
esta presente nos solos pelo mundo e, nos ultimos 27 anos, varios estudos atribuiram a proteina
do solo relacionada a glomalina inmeros beneficios a satde das plantas e do solo, incluindo a
complexacdo de elementos potencialmente toxicos e outros poluentes, por atuar como um
aglutinante orgénico (Rillig, 2004; Singh et al., 2020; Agnihotri et al., 2021; Yuan et al., 2022).
Sua caracterizagdo em solos de clima temperado foi elucidada (Gillespie et al., 2011; Wang et
al., 2014), o que permitiu pensa-la como uma alternativa sustentavel de utilizagdo em ambientes
contaminados com elementos potencialmente toxicos, como cadmio, chumbo e zinco (Wu et
al., 2014; Yuan et al., 2022).

Para compreender a dindmica dos EPTSs, é necessario considerar o papel de substancias
organicas presentes no solo que afetam os processos de adsorcdo/imobilizacdo. A porcgédo
recalcitrante de moléculas organicas do solo podem interagir com ions potencialmente toxicos
no ambiente devido a seu forte poder de complexagdo com anel benzénico, carbonila e outros
grupos funcionais (Higashi et al., 2005), evitando a poluicdo de diversos ecossistemas terrestres
e aquaticos. Como um produto microbiano, a proteina do solo relacionada a glomalina é uma
molécula organica rica em grupos funcionais (Wang et al., 2014, 2017, 2020; Yuan et al., 2022)
capazes de aumentar a capacidade de imobilizacdo de EPTs por exibirem sitios de ligacdo e
melhorar a eficiéncia dos processos de adsorc¢ao e complexacdo de contaminantes (Yuan et al.,
2022).

Nos ultimos 15 anos, a maioria dos estudos se concentrou em avaliar ou monitorar a
glomalina em &reas agricolas, florestas e degradadas, e alguns em desvendar a estrutura quimica
e molecular de GRSP. De maneira concisa, a estrutura de GRSP contém carbono, nitrogénio,
oxigénio, hidrogénio e macromoléculas (carboidratos e proteinas), além de elementos
essenciais para as plantas (Schindler et al., 2007; Gillespie et al., 2011; Wang et al., 2014, 2017,
Yuan et al., 2022), em proporcoes diferentes (Agnihotri et al., 2021). Este carbono é fixado
inicialmente na biomassa microbiana e retido como parte da estrutura principal da proteina do
solo relacionada a glomalina, perfazendo entre 30 a 60% da sua molécula (Agnihotri et al.,
2021).

A proteina do solo relacionada a glomalina tem um poder de sequestrar/imobilizar
distintos elementos potencialmente toxicos importantes no cenario de contaminagdo ambiental.
GRSP se mostrou capaz de imobilizar Pb e Zn em solug¢fes aquosas com GRSP extraidas de
sedimentos de &reas de mangue (Yuan et al., 2022). Chen et al. (2020) verificaram que GRSP
consegue reduzir a adsorcdo de fenantreno (um importante hidrocarboneto policiclico

aromatico muito abundante em sistemas aquaticos e com alta persisténcia ambiental) no solo, e
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assim, aumentando a sua biodisponibilidade para remediacdo. Lin et al. (2023) avaliaram a
funcdo adsorvente pela GRSP para remover Cd(ll), estroncio e niquel (Sr(ll), Ni(ll)), e
constataram que o subproduto fungico tem alta afinidade por estes metais, seguindo Sr(ll),
Ni(Il) e Cd(Il), pois demonstrou capacidade maxima de adsor¢édo de 1491, 1325 e 1249 pumol
g, respectivamente, e uma afinidade maior pelo Sr(ll) e menor pelo Cd(ll). Esses dados s&o
consistentes com a descoberta de Gujre et al. (2021) que avaliaram a capacidade de ligacdo de
GRSP de solos poluidos para Ni (0.76-3.48 pg g*) e Cd (0.05-0.30 pg g*), demonstrando
notadamente que GRSP tem poderosa capacidade de sequestrar/imobilizar elementos
potencialmente tdxicos.

A proteina do solo relacionada a glomalina é considerada um bioproduto flngico capaz
de desempenhar a funcao ecoldgica de biofloculante de elementos potencialmente toxicos e
remediacdo em diferentes ambientes. Para entender a interacdo entre GRSP-EPTs em solos
brasileiros é necessario isolar GRSP para caracterizd-la e utiliza-la, posteriormente, em

experimentos de adsorgéo.

3 Caracterizagao de GRSP

Muitas técnicas podem ser empregadas na caracterizacdo de proteinas do solo, como
hidrolise quimica Umida e cromatografia que separa aminoacidos e macromoléculas
individualmente (Gillespie et al, 2011; Zhou et al., 2022). Algumas técnicas espectroscépicas,
microscopicas, espectrométricas, mineraldgicas, termais e que avaliam o carbono se destacam
no cenario de solos tropicais com potencial para ser utilizadas na caracterizacdo de GRSP.
Técnicas de caracterizacdo, origem da GRSP, caracteristicas quimicas e 0s estudos sao descritos
na Tabela 2.

Gillespie et al. (2011) caracterizaram GRSP empregando técnicas espectroscopicas,
espectrométricas e proteébmicas para avaliar sua estrutura quimica, e constataram material
proteico abundante, confirmando essa premissa que GRSP contém esse tipo de material, e
suportou a hipotese de que ha uma mistura homogénea de muitas proteinas, e que partes
somente séo glicosiladas. Além disso, compostos fenolicos (polifenolicos e N-heterociclico),
bem como proteinas chaperonas com dominio de tiorredoxina estdo presentes, sugerindo que
GRSP contém outras proteinas e a hipotese de um dominio semelhante a tiorredoxina (Gillespie
et al., 2011). De forma geral, é aceito na comunidade cientifica que GRSP é uma mistura de

substancias hamicas, lipidios, mesmo que em pequenas fracdes, e proteinas termoestaveis.
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Tabela 2. Estudos de caracterizacdo da proteina do solo relacionada a glomalina (GRSP) de

diferentes origens, albumina sérica bovina (BSA), técnicas de caracterizacdo, elucidando as

principais caracteristicas.

Origem de Técnica de Principais caracteristicas o
_ o Referéncias
GRSP caracterizacgéo? guimicas
C-alifatico, C—carboidrato,
13 C—aromatico, C—carboxila
C-NMR _ Schindler et al.
Solos e C—carbonila, O—H,—CHzs, (2007)
FTIR —CHyp.
C,N,O,P.
N-CO=, N-heterociclico,
C-C=0.
Sinais de proteina/peptideo
(m/z 58, 59, 70, 73, 84),
carboidratos (m/z 84, 96,
XANES
110, 112, 113), sinais de ) )
o Gillespie et al.
Solos Py-FIMS K* e KoClI*, &cidos graxos, (2011)
fendis/mondmeros de
LC-ESI-MS/MS

lignina e ceras de elevado
peso molecular.
Peso molecular de 55,000—
65,000 Da, proteinas de
25,000-30,000 Da.




Estiramento O—H de acido
carboxilico, fenais,
alcoois, argilominerais e
oxidos, estiramento N-H
de aminas organicas,
amidas e alongamento C—
aromatico-H, CH-
alifatico, estiramento C=0
de acidos carboxilicos,
cetonas e amidas, e
estiramento COO-
assimétrico de sais de
acidos carboxilicos,
curvatura C—H de grupos —
CH2>— e —CHs,

XRD alongamento de C-O e

FTIR

Solos
curvatura de O—H de —

COOH, estiramento C-O
do polissacarideo e

Espectroscopia de

fluorescéncia 3D

estiramento Si—O-Si em
minerais de argila e
dxidos, curvatura O-H do
OH estrutural em minerais
argilosos e éxidos.
Gréos de tamanho entre 98
— 174 nm.
Tirosina, triptofano, acido
falvico, um subproduto
microbiano sollvel, acido
hamico,
nitrobenzoxadiazol, branco

de calcofluor.

Wang et al.
(2014)
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Solos
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Triptofano, &cido humico,
acido falvico,
nitrobenzoxadiazol,
tirosina, vermelho do Nilo,
um subproduto microbiano
soluvel, branco de
calcofluor; alongamento
do alifatico C—H,
Espectroscopia de alongamento do
fluorescéncia 3D dobramento C-O e O—H Wang et al.
do —COOH, OH estrutural, (2015)
XPS C=0, COO- assimétrico,
alongamento de COO—
simétrico e curvatura de
C-H.

Alongamento de O—H, N-
H, C-H aromatico, Si-O-

Si e polissacarideo C-O.
C,O, N, Al, Ca, Na, K, P,

Fe, Mg e Si.

Solos

Alongamentos O—H e
N—H,C—H,C=0c¢e
COO—, COO— simétrico;
FTIR flexdo C—H;
alongamentos C—O e Si— Zhong et al.
O—Si. (2016)
XPS Quartzo, montmorilonita,

XRD

ilita, plagioclasio.
C, O, Al, Ca, Fe, K, Mg,
N, Na, P, Si.




Solos

NIRS

Solos araveis: RMSECV =
0,70 e R =0,90; Solos
florestais: RMSECV = 3,8
e R=0,94.

Zbiral et al.
(2017)
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Solos

FTIR

SEM

Salinidade leva & |GRSP
pelo 1da capacidade de
ligacdo com Cae P;
Jsalinidade e alcalinidade,
Testiramento CO—em
polissacarideos e Si—-O-Si
em minerais de argila e
oxidos.
Tsalinidade, Tcapacidade
de ligagdo de Ca e P.
Cu, Zn, Mg, Fe, Au, Al.

Zhang et al.
(2017)




FTIR

Solos Espectroscopia de
absorcéo e de

fluorescéncia 3D

Alongamentos O-H, N-H,
C—H alifético, C=0O e
COO- assimétrico, COO—
simétrico, C-O, flexdo de
O-H de —-COOH,
estiramento C-O de
polissacarideos,
alongamento Si—O-Si,
dobra O-H.
Tirosina, triptofano, acido
falvico, subproduto
microbiano soluvel, &cido
hamico,

nitrobenzoxadiazol.

34

Zhong et al.
(2017)

FTIR
Solos
ICP-MS

Hidrocarbonetos
(alongamento OH e CH),
proteinas (estiramento
C=0, alongamento C=0
dos grupos —-COO-,
alongamento de NC),
polissacarideos (C—OH e
CO) e acidos nucleicos
(estiramento éster O—P-0).
Tteores de As, Cd, Cr, Fe,
Mn e Ni.

Wang et al.
(2020)




SEM/EDX

Area superficial

Tteores de Fe, C, N e O.
ASE de 75,204 m? g L.
Fe(l1) e Fe(lll). -OH, CH,
CO, -CO0O-, CO=, -CO-
NH, -NH2, O-P-0.
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especfﬁca Presenca de protel'nas,
polissacarideos, compostos
XPS o . Wang et al.
Solos alifaticos e aromaticos
: . (2021)
ETIR (derivado de lignina e
carvéo).
BC-NMR CO2, CO, CHy e ésteres
alifaticos.
TGA
Despolimerizacdo (200 —
500 °C) e decomposicéo
aromatica (> 500 °C).
CHNSO Relacdo C:N:P de
339:19:1. Wang et al.
Solos ICP-OES ) )
C—alquila, C O-alquila, C- (2021)

BBC_NMR

carboxilico e C—aromatico.




Solos

TOC

GPC

FTIR

GC/MS

C,N,H, S, 0.

920 - 88,310 Da (X =
17,000 Da), dominio de
> 10,000 Da.

C =0, C-N, O—H, -CO0,
alongamentos O-H,C=0
associado a proteinas e
alongamento simétrico
C=0.

Alcoois, amidas, aminas,
polifendis, hidroxiacidos,
acidos graxos, acidos
benzoicos,
hidrocarbonetos,
benzoatos, N-organico,

cetonas, ésteres alifaticos.

Zhou et al (2021)

Solos

UXRF

UXANES

Zn, Pb, Fe, Ca, Si, S.
ZnS, ZnFe;04, ZNn2Si0y,
ZnAl-LDH, Zn-ilita, Zn-

calcita.

Chen et al. (2022)

Solos

FTIR

3C_NMR

Hidrocarbonetos,
proteinas, polissacarideos,
componentes de acidos

nucléicos.

C O-alquila, C-alquila, C-

aromatico, C—carboxilico.

Guo et al. (2022)
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FTIR
Alongamento CH em —
XPS CHs e —CH»>-. _
Solos Lietal. (2022)
SIMS C, N, Fe, As, Cd, Co, Cr,
Cu, Mn, Na, Pb e Zn.
ICP-MS
FTIR
Alongamento CH em
i xPS —CHs e —CH»—. _
Sedimentos Lietal. (2022)
SIMS C, N, Fe, As, Cd, Co, Cr,

ICP-MS

Cu, Mn, Na, Pb e Zn.




SEM
FTIR
Sedimentos

XPS

XRD

Estrutura irregular em
bloco ou escamosa e com
poros, solido floculento e

fofo, Tarea superficial

especifica.
Alongamento de OH em
acido carboxilico, fendis,
alcoois, minerais argilosos

e oxidos; -CO-NH e —
NH; alongamento de CH

aromatico; COO= de

carboxila; alongamento
COO- de carboxilato; CO
de polissacarideos.

Presenca de Oxido de

zinco, carboxilato e
fosfatos principais ligantes
de metais.
C10H12N4O4 €
C24H118Al6Fe3N16065P12,

38

Yuan et al. (2022)

13
BSA — Albumina C-NMR

sérica bovina ETIR

NH de amida, CO, NH,
CN, CH, C alifatico,
—COOH, OH, C-C=0, O-
C-C, C-C, tirosina e
triptofano.

Schindler et al.
(2007)

INMR — Espectroscopia de ressonancia magnética nuclear; XANES — Espectroscopia de

absorcdo de raios X proximo da estrutura da borda; Py-FMS - Espectrometria de massa de

ionizacdo de campo de pirolise; LC-ESI-MS/MS - Cromatografia liquida/Espectrometria de

massa por eletropulverizacdo em Tandem; FTIR — Espectroscopia na regido do infravermelho

com transformada de Fourier; SEM — Microscopia eletronica de varredura com espectroscopia

de energia dispersiva; ICP-OES - Espectroscopia de emissdo Optica de plasma acoplado
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indutivamente; XPS - Espectroscopia de fotoelétrons excitados por raios X; XRD -
Difratometria de raios X; ICP-MS - Espectrometria de massas com plasma indutivamente
acoplado; NIRS - Espectroscopia de infravermelho proximo; TGA - Analise
Termogravimétrica; CHNSO — Analise elementar de carbono, hidrogénio, nitrogénio, enxofre,
oxigénio; TOC — Anélise de carbono organico total; GPC — Cromatografia de permeagdo em
gel; GC/MS - Cromatografia gasosa acoplada a espectrometria de massa; SIMS -
Espectroscopia de massa de ions secundarios; pXRF - Espectroscopia de fluorescéncia de
raios-X de microfoco; uWXANES - Espectroscopia de absor¢édo de raios X de microfoco proximo

a estrutura de borda.

A caracterizacdo permite identificar potencialidades e limitacfes para o uso da proteina
do solo relacionada a glomalina. A estrutura molecular de GRSP pode ser caracterizada por
técnicas espectroscopicas, microscopicas, mineralogicas, termogravimétricas e outras. A
Espectroscopia na regido do Infravermelho por Transformada de Fourier (FTIR), em sintese,
fornece informagdes sobre os grupos funcionais de superficie caracteristicos do material,
identifica alteracGes causadas por interacbes com substancias inorganicas. Uma aplicacdo
pratica da técnica de FTIR na caracterizacdo de GRSP é o entendimento do papel que 0s grupos
funcionais desempenham na imobilizacdo de elementos potencialmente toxicos, fornecendo
sitios de adsorcdo, e a contribuicdo como biofloculante na remediacdo de areas contaminadas
ou poluidas. Schindler et al. (2007) foram pioneiros na caracterizacdo de grupos funcionais de
GRSP em solos temperados. Zhang et al. (2017) encontraram C-aromaticos, carboxila, alquila,
O-alquila, entre outros grupos funcionais, o que elevou o conhecimento da caracterizacdo de
GRSP. A técnica de FTIR mostram alteracGes na estrutura quimica de GRSP apds, por exemplo,
interacdo com metais catiénicos (Yuan et al., 2022).

A Microscopia Eletrdnica de Varredura combinada com Espectroscopia de Energia
Dispersiva (SEM) permite avaliar a morfologia de superficie de diferentes materiais. A
superficie fisica de GRSP purificada e a distribuigéo i6nica dos elementos de interesse podem
ser elucidados através dessas duas técnicas combinadas, bem como suas alteracfes apos
interacdo com elementos potencialmente toxicos. Essas informagdes sdo importantes e
aplicadas no entendimento dos mecanismos de retengéo de EPTs.

No Brasil, recentemente, as propriedades e caracteristicas do solo tém sido avaliadas
através do uso da Fluorescéncia de Raios X portatil (pXRF), que é um método rapido,
ecologicamente correto, ndo invasivo, econdmico e confiavel. Ela complementa as analises

guimicas de laboratério, e por se tratar de uma técnica que economiza reagentes e analisa as
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amostras com rapidez, pode ser empregada em diferentes materiais (Ribeiro et al., 2021). E uma
excelente alternativa para realizar a caracterizacdo de GRSP e as informacgdes geradas ndo sé
comprovam a composicdo elementar como também tém implicacdes préaticas, por exemplo, na
fertilidade e conservacdo do solo, contaminagdo e manejo sustentavel do solo. A aplicacao de
pXRF se estende a avaliagdo de informacdes associadas & mineralogia do solo e material de
origem e assinatura geoguimica de elementos, concordante com Mancini et al. (2021), Silva et
al. (2021) e Limaet al. (2022). A analise elementar de GRSP presente em solos temperados tem
sido realizada por outras técnicas analiticas, e demonstram a presenca de varios elementos na
composicao elementar, como C, H, O, N, P, S, Al, Ca, Fe, K, Mg, Na, Si (Agnihotri et al.,
2022), incluindo ClI, Cu e Zn (Zhang et al., 2017).

Para identificacdo de minerais, analise de morfologia e caracterizacdo estrutural das
amostras de GRSP utiliza-se a Difracdo de Raios X (XRD). Essa técnica é aplicada em diversas
interfaces da ciéncia do solo (Kampf, Marques, Curi, 2012; Silvaetal., 2021; Yuan et al., 2022).
A difracéo de raios X se baseia na difracdo de um feixe de raios X por uma amostra cristalina,
produzindo um padrdo de difracdo caracteristico que pode ser interpretado para determinar a
estrutura cristalina do material e, posteriormente, ap6s contato com diferentes materiais,
mudangas estruturais. Yuan et al. (2022) estudando GRSP de sedimentos superficiais
originarios de mangues na China, constataram que mais de 70% de GRSP é composto por um
ribonucleosideo de purina (nebularina) que tem papel como um metabdlito fangico e esta
intimamente relacionado a uma beta-D-ribose. Os autores verificaram a estrutura cristalina
contendo oOxidos de Fe e Al com implicacbes ecoldgicas na formacdo de aglomerados e
melhoria da estabilidade do solo. A XRD mostra alteracbes na composicdo mineraldgica e
difratograma de GRSP ap0s interacdo com metais cationicos (Yuan et al., 2022).

Em materiais adsorventes € possivel medir o ponto de carga zero (ZPC), condi¢do em
gue a carga elétrica liquida do adsorvente é zero, ou seja, um valor de pH no qual o numero
total de cargas elétricas negativas (incluindo as permanentes) e positivas (dependentes de pH)
sdo iguais. A esse valor de pH de uma solucdo em equilibrio em que sua carga € zero se da o
nome de ZPC. Abaixo do ZPC, o material possui carga elétrica liquida positiva, enquanto acima
do ZPC a carga elétrica € negativa. O conhecimento do ZPC € importante para entender a
adsorcéo de ions e moléculas em materiais adsorventes. 1sso ocorre porque o ZPC pode afetar
a carga da superficie do material adsorvente e, consequentemente, a eficiéncia da adsorcéo.

Para conhecer o comportamento de materiais adsorventes a altas temperaturas e avaliar
a estabilidade térmica pode-se empregar a Anélise Termogravimétrica (TGA), que consiste em

medir a variacdo da massa de uma amostra em funcdo da temperatura ou do tempo, apos
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transformacdo quimica, sob condic¢Bes controladas de atmosfera e aquecimento. A partir dos
dados obtidos, é possivel determinar a temperatura de perda de massa, que corresponde a
temperatura na qual ocorre a decomposicéo, a volatilizagdo dos componentes da amostra, bem
como a cinética desses processos. A analise termogravimétrica pode ser utilizada para avaliar
diversas propriedades dos materiais, como estabilidade térmica, contetdo de umidade, presenga

de impurezas, entre outras.

4 Ensaios de adsorcéo

4.1 Adsorcao e 0s mecanismos que governam esse processo

A adsorc¢do de ions é um dos fendbmenos mais importantes para a ciéncia do solo por ser
o0 principal atributo a afetar a concentragcdo da maioria dos elementos minerais na solucdo do
solo, de maneira que a concentracdo de uma substancia numa fase torna-se maior na interface
do que no seu interior (Alleoni; Melo; Rocha, 2019). Essa tendéncia de acumulacdo de uma
substancia sobre a superficie de outra € o resultado da manifestacdo de interacbes complexas
dos trés componentes envolvidos: adsorvente, adsorvato e solvente (Ciola, 1981; Arfaoui; Frini-
Srasra; Srasra, 2008).

Na adsorcdo ha o envolvimento de forcas fisicas e quimicas e unido entre ions ou
moléculas presentes na solugdo do solo com sitios reativos (de adsorc¢ao) na superficie externa
dos compostos sélidos (Ernani, 2016). Os grupos funcionais estruturais localizados nas
superficies externas dos compostos organicos e inorganicos, incluindo as cargas elétricas, sdo
os sitios de adsor¢édo da fase solida do solo. Os principais grupos funcionais presentes na fragdo
organica do solo, segundo Sparks (1995) sdo: carboxila, hidroxila fendlica, enol, hidroxila
alcoolica, amina, amida, aldeido e cetona, muito importantes tanto na geracdo de cargas
elétricas negativas para a quimica quanto para as reaces fisico-quimicas do solo.

Os ions importantes e de interesse agricola na adsor¢éo s&o os anions H2POa4', H2BOs',
MoO4> e Se04%, bem como os cations K*, Ca?*, Mg?*, NH*, AI**, Fe**, Cu?*, Zn?*, Mn?*
(Ernani, 2016). Os cétions se ligam a grupos funcionais doadores de elétrons localizados nas
superficies externas dos minerais de argila, da MOS e dos 6xidos e hidréxidos de Fe e Al, e 0s
anions se ligam aos constituintes sélidos do solo por meio das cargas positivas presentes nas

superficies externas dos sélidos organicos e inorganicos atraves de forcas eletrostaticas. Cations
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metalicos como Cu?*, Pb?* e Zn?* sdo adsorvidos por complexacéo de esfera interna com grupos
funcionais na MOS ou outro material de origem organica, e nas bordas de minerais, enquanto
que metais alcalinos e alcalinos-terrosos como Na*, Mg?* e Ca?* tém mecanismos de sor¢&o
diferentes por possuir esferas de hidratacao fortes e ser adsorvidos por complexacao de esfera
externa em superficies carregadas negativamente (Strawn, 2021).

A adsorcdo especifica controla a disponibilidade de varios nutrientes catidnicos para as
plantas, bem como representa o principal mecanismo de adsor¢édo de elementos potencialmente
toxicos, como Cd?*, Cr*, Hg, Pb?*, entre outros (Ernani, 2016). O pH, a CTC e a presenca de
cations afeta a adsorcéo e a especiacgdo ionica de elementos potencialmente toxicos nos solos
(Silveira; Alleoni; Guilherme, 2003).

4.2 Cinética de adsor¢do

A fim de avaliar o potencial de remocéo de EPTSs, testes de adsorcdo séo realizados
utilizando a proteina do solo relacionada a glomalina de diferentes solos. GRSP tem potencial
e propriedades adsortivas para remocao de Cd, Cu, Fe, Mn, Ni, Sr, Pb, Zn e outros metais, em
diferentes tempos de contato, pH e concentracbes. Estudos cinéticos sdo importantes para
determinar o tempo de equilibrio alcancado ap6s contato entre 0 adsorvente e 0 contaminante,
ou seja, situacdo na qual a quantidade de adsorvato adsorvida estd em equilibrio com a
guantidade dessorvida. Além do equilibrio de adsorcao, também se determina a eficiéncia de
remocdo pelo adsorvente através da cinética. A capacidade de adsorcdo e a eficiéncia de
remocao sdo estudadas nesse processo.

Os modelos cinéticos lineares disponibilizados na literatura e usualmente utilizados nos
estudos cinéticos na ciéncia do solo sdo ferramentas valiosas para entender como 0s solos
interagem com substancias quimicas, como poluentes e nutrientes (Tran et al., 2017; Guo &
Wang, 2019). A cinética de adsorcdo descreve a velocidade na qual as moléculas de soluto séo
adsorvidas pela superficie do adsorvente e como essa adsorcdo € influenciada por diversos
fatores, como a concentracao inicial do soluto, temperatura e pH (Tran et al., 2017). Entre os
modelos cinéticos lineares de adsor¢cdo mais comuns na ciéncia do solo, destacam-se a
pseudoprimeira ordem, pseudossegunda ordem e difuséo intraparticula (Guo & Wang, 2019).

O modelo de pseudoprimeira ordem é comumente utilizado para entender o mecanismo
de adsorcdo do adsorvato na fase liquida, ou seja, descreve a adsor¢do de um soluto e a
velocidade da reagdo é proporcional a concentracdo do soluto na solucao. Esse modelo tem sido
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aplicado para descrever a adsorcéo de diversos solutos, como pesticidas e metais pesados (Tran
etal., 2017; Guo & Wang, 2019).

O mecanismo de pseudossegunda ordem descreve a dependéncia da cinética de
adsorcéo pela quantidade de sitios de adsorcdo na superficie do material adsorvente, no qual a
velocidade da reacdo é proporcional ao produto da concentra¢do do soluto na solucdo e da
quantidade de adsorvente disponivel. Este mecanismo é muito utilizado para experimentos de
adsorcéo de ions metalicos em solucgdes aquosas e para prever a concentracao final de adsor¢édo
em equilibrio.

O modelo de difusdo intraparticula € baseado na hipétese de que a adsor¢do de um soluto
ocorre em duas etapas: a difusdo do soluto para a superficie do adsorvente e a adsorcao
propriamente dita. Esse modelo pode ser utilizado para prever a cinética de adsor¢do em

sistemas complexos, como materiais com alta heterogeneidade (Guo & Wang, 2019).

4.3 Isotermas de adsorcéo

Para especificar o equilibrio da adsor¢do e a relacdo entre a concentracdo de do
adsorvato em solugdo e a quantidade adsorvida por unidade de massa de adsorvente, as
isotermas sdo ferramentas importantes (Foo & Hameed, 2010; Tran et al., 2017). Sdo modelos
matematicos representados por equacdes simples. Entre as isotermas de adsor¢do mais
utilizadas na ciéncia do solo, destacam-se as isotermas de Freundlich, Langmuir e outras
isotermas que sdo a combinagéo ou aperfeicoamento dos modelos citados (Al-Ghouti & Da’ana,
2020).

A isoterma de Freundlich é uma equacdo empirica que descreve a relacdo ndo-linear
entre a concentracdo de um soluto em solugéo e a quantidade adsorvida por unidade de massa
de adsorvente. Essa isoterma € amplamente utilizada na caracterizagdo da capacidade de
adsorcéo do solo, pois leva em consideragéo a heterogeneidade dos materiais adsorventes e sua
interagdo com os solutos em solugao (Al-Ghouti & Da’ana, 2020).

A isoterma de Langmuir € uma equacdo que assume a formagdo de uma monocamada
de moléculas adsorvidas sobre a superficie do adsorvente. Essas isotermas sao Uteis para prever
a concentracdo maxima de adsorcao, ou seja, a quantidade de soluto que pode ser adsorvida por
um determinado adsorvente (Foo & Hameed, 2010). Além disso, a isoterma de Langmuir

assume que a energia de adsorcao € constante e independente da cobertura da superficie, o que
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pode limitar sua aplicabilidade em situacdes de adsor¢do em camadas multiplas (Al-Ghouti &
Da’ana, 2020).

Por fim, a isoterma de Sips, que é uma equacao que combina as vantagens da isoterma
de Freundlich e da isoterma de Langmuir (Foo & Hameed, 2010; Al-Ghouti & Da’ana, 2020).
Essa isoterma € Util para descrever a adsor¢do em sistemas heterogéneos, nos quais a energia
de adsorgdo pode variar ao longo da superficie do adsorvente. Além disso, a isoterma de Sips
pode ser utilizada para prever a concentragdo maxima de adsorcéo, assim como a isoterma de
Langmuir (Foo & Hameed, 2010; Al-Ghouti & Da’ana, 2020).

5 Utilizacdo da proteina do solo relacionada a glomalina natural em processos de

descontaminacdo ambiental

GRSP surge como um adsorvente natural alternativo e podemos considera-lo uma
tecnologia ambientalmente amigavel por ser somente extraido de solos com uso de poucos
reagentes. Consequentemente, faltam dados sobre a caracterizacdo quimica de GRSP de solos
tropicais e seu potencial como um adsorvente de Cd, uma informacdo Gtil no manejo de areas
contaminadas afetando seu destino ambiental. Como ainda é incipiente a utilizacdo de GRSP
para imobilizacdo de elementos potencialmente toxicos, sem nenhum relato no Brasil até onde
sabemos, mais testes de laborat6rio necessitam ser conduzidos a fim de avaliar a contribuicao
de sequestro de EPTs em solucdes aquosas e esclarecimento dos mecanismos de adsorcdo e sua
caracterizacdo quimica. Para isso, esse trabalho de tese foi conduzido visando elucidar a
composic¢do quimica de GRSP de diferentes ambientes, avalia-la e propor aplicacdes ambientais

deste material.
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Highlights

1. GRSP of mineral and organic soil were characterized

2. Fe, Al and Si are intrinsic to GRSP in tropical soils

3. Goethite and gibbsite are the striking minerals in GRSP

4. Physicochemical, microscopic, and mineralogical properties suggest new insights into the
structure and applications of GRSP.

Abstract

Analysis of the chemical, physical, morphological and mineralogical properties of glomalin-
related soil protein (GRSP) can help to understand the structure of GRSP and its responses to
different Brazilian pedosystems. Knowledge of the chemical and structural composition of
GRSP is still incipient, especially in tropical pedosystems. Therefore, the objective of this study
Is to characterize the GRSP of two Brazilian soils using different characterization techniques.
To do this, we characterize: functional groups (FTIR), elemental contents (XRF), mineralogical
composition (XRD), surface morphology (SEM), mass loss as a function of temperature rise
(TGA) and electrical charges (pHzrc). GRSP as a complex of macromolecules, with different
elements, rich in functional groups, was similar even in completely different pedosystems. It
was observed that the dominant functional groups were OH of alcohol or phenol, -CH, COOH,
C=0, C-aromatic and aliphatic, NH2, CO-NH belonging to polysaccharides, proteins and amino
acids, acting as adsorption sites, in in addition to the marked presence of Fe/Al and O-Si-O
oxy(hydro)oxides. By portable XRF, Fe, Al and Si are the main elements present in GRSP, but
in GRSP LV their contents are accentuated (29, 10 and 2%). The mineralogical composition
reveals that goethite and gibbsite are the main minerals present in GRSP, but it also contains
hematite, maghemite, kaolinite and quartz. The surface morphology indicates that GRSP is a
bioflocculant material rich in Fe, Al and Si. TGA data demonstrate that GRSP has high
thermostability and recalcitrance. pHzrc of GRSP Org (3.3) and GRSP LV (4.7) demonstrate
high potential for cation adsorption. These properties, linked to different soil systems, provide
us with information about the ecological functions of GRSP in soils with different original
materials and pedological processes, and about the use of GRSP in the removal of potentially
toxic elements.

Keywords: Ecological function, Histosol, Characterization of adsorbents, Glomalin, Tropical
soils, Pedosystems.
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1. Introduction

Glomalin-related soil protein (GRSP) is normally defined as a complex of proteins with a
marked presence of carbon (C) and nitrogen (N), in addition to Fe, Al and other elements
(Agnihotri et al., 2021). It is released by arbuscular mycorrhizal fungi (AMF), which establish
a mutualistic relationship with plant roots. GRSP is widely distributed in different ecosystems
(forests, agricultural crops, natural or cultivated pastures, degraded lands) (Mattos et al., 2022),
whose levels around the world vary between 0.005 (Cissé et al., 2023) to 113 mg g of soil
(Schindler et al. 2007) and, specifically in Brazil, range from 0.01 (Nobre et al., 2015) to 135
mg g* of soil (Gomes et al., 2020).

GRSP has important properties for soil health, as it is thermostable and recalcitrant (persistent
in the soil), insoluble in water, with a reduced rate of decomposition (Rillig et al., 2001;
Steinberg, 2003), with a cementing and aggregating action soil particles, favors the stabilization
of soil aggregates (Barbosa et al., 2019) and the supply of organic carbon in its structure, which
can be used by soil organisms in situations of soil degradation (Agnihotri et al., 2022 ; Matos
et a., 2022), in addition to actively participating in the maintenance of physical, chemical and

biological processes in the soil, helping the resilience of ecosystems.

Research carried out around the world has characterized GRSP, demonstrating that its chemical
structure is mainly composed of non-fungal materials (humic acids), thermostable proteins,
amino acids, lipids (Schindler et al., 2007; Gillespie et al., 2011; Wang et al., 2014; Zhong et
al., 2017; Yuan et al., 2022) and functional groups (CH, C=0, OH, NH, mainly). The chemical
composition of GRSP includes 30 to 60% carbon (Agnihotri et al., 2022; Lovelock et al., 2004)
and organic carbon stocks in the surface layer of Brazilian soils, on average, are 45 t ha*, led
by the Atlantic Forest (50 t hal), Pampa (49 t ha*), Amazon (48 t ha), Cerrado (41 t ha®), to
smaller stocks in the Pantanal (38 t hal), 1) and Caatinga (31 t ha'!) (MapBiomas, 2023). In

other words, GRSP greatly contributes to the carbon stock in Brazilian soils.

Other studies have characterized GRSP using mineralogical (Zhong et al., 2017; Yuan et al.,
2022) and spectrometric (Chen et al., 2022) techniques. GRSP has a mineralogical composition
with smectite, vermiculite, montmorillonite, illite, feldspar, plagioclase, cristobalite, quartz,
calcite and huntite, in addition to kaolinite and Fe and Al oxides. GRSP also exhibits its

complexity in terms of elements in its composition. It has been reported that in addition to C,
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O, Hand N, GRSP contains Si, Fe, Al, Na, K, Ca, Mg, P (Agnihotri et al., 2022), Zn, Pband S
(Chen et al., 2022).

Using the scanning electron microscopy (SEM) technique, a scaly surface morphology with
irregular, porous, amorphous structure and the presence of C, N, O, H, Fe, Al, Ca, P, Cu Na,
Mg, Si, Zn, Au, can be observed (Wang et al., 2021; Agnihotri et al., 2022; Yuan et al., 2022).
Finally, thermogravimetric analysis (TGA) indicates the mass loss of GRSP as a function of
increasing temperature (Wang et al., 2021). These authors discovered that from 200 °C onwards,
degradation of simpler macromolecules occurs, depolymerization, and above 500 °C by

aromatic decomposition.

However, characterization of GRSP from tropical soils is scarce. As far as we know, in Brazil,
there is only one study that characterized GRSP from different ecosystems, and using SEM,
FTIR and NMR techniques (De Souza, 2016). According to Holatko et al. (2021), the structure
of GRSP still needs to be elucidated with a more detailed examination, given its highly complex
nature and importance in its three main ecological functions: aggregation, structuring and
stability of aggregates; carbon sequestration; immobilization of potentially toxic elements
(EPTSs), mainly in different Brazilian pedosystems.

Our hypothesis is that the mineralogical and elemental structure and composition of GRSP
differs depending on the type of pedosystem. Thus, the general objective of this study was to
use chemical, physical and mineralogical analyzes together to characterize the soil protein
related to glomalin from a dystroferric Red Oxisol and a Haplic Histosol originating from
different source materials and pedoenvironments. It is expected that this study will demonstrate
a structural composition for GRSP that responds according to the type of pedosystem in which

it is found, with its due particularities.

2. Material and methods

2.1. GRSP origin and soils source materials

The different GRSPs used in this study were obtained from soils on the university campus of
the Federal University of Lavras (UFLA), in the city of Lavras (21°13'41.3" S 44°58'12.7" W
and 21°13'49.0" S 44 °57'43.0" W). These soils were chosen based on the soil classification by
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Curi et al. (2017), mainly due to the organic matter, iron and clay content. The source material
is basically for the Dystroferric Red Oxisol (LVdf), a gabbro with a higher content of Fe>O3
and clay, and for the Haplic Histosol (OX), a mixture of colluvial and colluvial sediments from
Oxisols under gabbro and granite-gneiss and with a predominance of organic materials (Curi et
al., 2017). The LVdf vegetation consists of a preserved secondary forest with no history of land
use and OX with the presence of preserved natural shrubs and grasses, which enhances the
maintenance of the soil's original characteristics. The UFLA campus is located on the South
American geomorphic surface, with altitudes of 875 to 950 m, where the influence of
leucocratic and mesocratic granitic gneisses, gabbro intrusions and colluvial sediments occurs
(Curi etal., 2017). The soils used represent around 35.1% of the area. The local climate is type

Cwa, with hot, humid summers and cold, dry winters, according to the Képpen classification.

2.2. Soil characterization, reagents, isolation and purification of GRSP

Soil samples were collected at a depth of 0-0.1 m, immediately taken to a cold room at 4°C

subsequently air-dried and homogenized for chemical analysis (Table 1).

Table 1. Physicochemical properties of soil samples collected (0-0.10 m) from two natural
soils (Oxisol and Hystosol) in two pedosystems.

Properties Soils
Oxisol Histosol

PHH20

Sand 18 36
Texture (%) Silt 19 23

Clay 63 41
CEC (cmolcdm™) 11.0 15.7
OM (%) 6.5 15.8
P-rem (mg L) 24.7 8.1
K (cmolc dm) 0.2 0.2
Ca (cmolc dm™) 5.0 15
Mg (cmolc dm) 0.6 0.3
P (mg dm™) 35 9.9
Al (cmolc dm®) 0.2 1.6

H + Al (cmolc dm™) 5.3 13.7
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B (mg dm™) 0.1 0.1
Cu (mg dm?) 2.4 1.1
Fe (mg dm?) 58.6 41.2
S (mg dm®) 8.1 35
Zn (mg dm™) 3.3 1.1
Cd (mg dm™) 0.002 0.002
Total N (g kg™) 3.3 5.6

pH in water soil:solution 1:2.5; Ca-Mg-Al- Extractant: KCI - 1 mol L* ; OM; Organic matter
oxidized by Na>Cr.07 (4N) + H2SO4 (10N); H+Al; SMP extractor; B; hot water extractant; S;
monocalcium phosphate extractor in acetic acid; P-K-Fe-Zn-Cu-Cd Extractant Mehlich-1;
Total N; Kjeldahl method; P-rem; remaining phosphorus t: effective exchange cation capacity;

V: base saturation index.

Extraction and purification of easily extractable glomalina related soil protein (EE-GRSP) from
soils was carried out by the easily extractable soil protein extraction method with some
modifications (Wright & Upadhyaya, 1998; Rillig). For the extraction of EE-GRSP from the
two soils, the protein extraction method with some modifications was used (Wright and
Upadhyaya, 1996). Initially, the soil containing EE-GRSP is subjected to sodium citrate buffer
(8 mL, 20 mM, pH = 7.2) and autoclaved at 121 °C for 30 minutes. The resulting supernatant

was collected by centrifugation at 3200 rpm for 15 minutes.

Subsequently, the EE-GRSP present in the supernatant was precipitated by the slow addition of
1 M HCI until the pH reached 2.0. To ensure complete precipitation, the solution was kept in
an ice bath for at least 24 hours. The precipitate obtained was then redissolved with 1.0 ml of
0.1 M NaOH and subjected to dialysis in deionized water for up to 48 hours or until the electrical
conductivity of the solution was < 1.0 uS cm™. The dialysis water was changed every 12 hours
and the pH, electrical conductivity and Na* concentration were determined using a pH

meter/conductivity meter and flame photometer and/or ICP-OES.

Finally, the purified EE-GRSP samples were previously frozen at -80 °C in an ultrafreezer and,
after freezing, they were sent to the freeze dryer (Liotop L101) where the temperature was kept
stable at -45 °C (x 5 °C), with initial pressure around 650 pHg for the freeze-drying process.
After 48 hours, the process was completed and a material of lightness and characteristic color

was obtained in accordance with the soil from which it was extracted. After freeze-drying, the
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materials were placed in a closed container and placed in a desiccator to keep it dry. They were
then macerated in a mortar with an agate pestle, sieved through a #0.250 mm mesh,

homogenized (Fig. 1) and transferred to a closed container for further characterization.

Figure 1. GRSP of Dystroferric Red Oxisol and Haplic Histosol after freeze-drying and

homogenization.

2.3. Spectroscopic, spectrometric, mineralogical, microscopic, thermal and zero charge point
characterizations of GRSP

In this research, the characterization of natural GRSP extracted from typical dystroferric Red
Oxisol (GRSP LV) and Haplic Histosol (GRSP Org) was carried out. The characterization
techniques were Fourier transform infrared spectroscopy (FTIR), portable X-ray fluorescence
spectroscopy (pXRF), X-ray diffraction (XRD), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA) and zero charge point (pHzrc).

The surface functional groups of these samples were measured using a Varian 600-IR Fourier
Transform Infrared spectrometer equipped with a Pike Technologies GladiATR accessory for
attenuated total reflectance (ATR) measurements at a 45° angle with zinc selenide crystal
(where the sample was placed without any prior treatment). The spectral range analyzed was
4,000 to 400 cm™, resolution of 4 cm™ and 32 scans. The identification of functional groups
and interpretation of spectra followed the records of Schindler et al (2007), Gillespie et al
(2011), De Souza et al (2016) and Yuan et al (2022). The correspondence between functional
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groups and peak wavenumbers was determined following the methodologies described by De
Souza et al. (2016) Zhang et al. (2017) and Yuan et al. (2022).

X-ray fluorescence spectrometry was used to analyze elements present in GRSP. The samples
were scanned with a portable XRF S1 Titan 800 equipment, model Bruker® (series 800N8578),
using the same settings as the previously described equipment. The operating conditions were
“Geoexploration” mode and dwell time of 90 s. Approximately 2 g of GRSP was placed in a
container and placed on the circular film. For quality assurance and control, readings of NIST
SRM 2710a standards certified by the National Institute of Standards and Technology (NIST)
were performed, along with a sample certified by the pXRF manufacturer.

To analyze the crystalline structure and morphology of the samples, X-ray diffraction (XRD)
techniques were used. The analysis was carried out on a Bruker D2-Phaser diffractometer
equipped with a linear detector (TYNXEYETM type) and DIFFRAC.SUITE™ analysis
software. The diffractometer was operated with Cu ka radiation (A\=1.5418 A) generated at 30
kV and 10 mA. The slides were made with powdered material (without guidance). The scanning
amplitude was from 4 to 50 °26 with an interval of 0.01 °20 for 1 s. The identification of
reflections in the diffractograms was carried out according to the identification tables of Brown
and Brindley (1980).

The microscopic characteristics, surface morphology and elements present in GRSP were
characterized using the SEM technique. For this, a scanning electron microscope/energy
dispersive X-ray spectroscopy was used (Carl Zeiss mod. EVO 50/IXRF Systems mod. 500
Digital Processing). The samples were placed on an aluminum stub and fixed on carbon strips,
covered with a thin layer of gold (5 nm thick), with a gold deposition time of 120 s to improve

image definition, and magnified at 100x, 500x and 1000x.

To evaluate thermal stability, TGA was used using a thermogravimetric analyzer, with a
recording system (TA-60WS). The equipment consists of a scale, oven, sample holder,
temperature sensor, oven temperature programmer (DTG-60A/ 60AH), furnace flow and
atmosphere controller (FC-60A). Approximately 10 mg of each sample was heated in an
alumina crucible, with a flow rate of 50 mL min-1 and a temperature gradient between 25 °C
and 1000 °C, at a heating rate of 10 °C min, under a continuous flow of synthetic air and
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nitrogen (N2). Then, the first derivative of the TGA curve was calculated, which establishes the

mass loss over the temperature range used.

For the qualitative characterization of the surface charge of GRSP, the point of zero charge of
each GRSP was determined from potentiometric titration, with a mixture of 0.010 g of GRSP
with 10.00 mL of a 0.100 M NacCl solution, and initial pH previously adjusted. The initial pH
values investigated were 3.00; 4.00; 5.00; 6.00; 8.00; 9.00; 10.50 and 12.00, obtained by adding
HCI (0.1 M) or NaOH (0.1 M) solution and using a SevenMulti pH meter (METTLER
TOLEDO). The suspended samples containing the GRSP mixtures with each pH-adjusted
solution were shaken on a SL 180/DT bench shaker table, with agitation at 150 rpm and
temperature maintained at 25 °C for a period of 24 h and remained at rest for 24 h, and then the
final pH of the supernatant was read (Mimura et al., 2010). With the data, an initial pH versus
ApH curve was constructed, with the ZPC value calculated using the linear adjustment model
with the averages of the points at which the pH values behaved as a buffer, that is, the surface

charge of the adsorbent is zero (ApH = 0).

2.4. Statistical analysis

Statistical analyzes and graphs were performed using Origin 2023 (OriginLab) and, when

convenient, Microsoft Excel 2013.

3. Results and discussion
Our soils were mainly of different origin material, texture, organic matter content and pedo-

landscapes, parameters that could contrast in the characterization of GRSP. However, our tested
hypothesis was partially confirmed as characterization techniques demonstrated many
similarities between the two GRSP used, but subtle physicochemical, microscopic and

mineralogical differences.

3.1 Functional groups — FTIR

The GRSP of both soils, in general, contains C, H, N, O and other elements. GRSP LV (Fig. 1)
contains dominant functional groups CH, NH2, OH, COOH (carboxyl), CO-NH (amide), C=0
(carbonyl) and oxides and hydroxides of Fe and Al, identified by the infrared spectrum of the
material. There are six characteristic regions that appear at 1) 3524 to 3332 cm, 11) 1785 to
1484 cm, 111) 1484 to 1295 cm™, IV) 1295 to 1182 cm™, V) 1182 to 952 cm™ 1 and V1) < 952
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cmL. The respective functional groups were: 1) stretching of NH2 and CO-NH, free O-H, N-H
and —CHZ2; I1) aliphatic and aromatic C-H; IlI) aliphatic C-H, C-O, O-H and COOH; 1V) C-N
of amides; V) Al-OH, C-O stretching, Si-O stretching; VI) O-Si-O, FeOOH; O-H stretching of
hydroxyl groups linked to Fe and Al oxides (Fe or Al-OOH); O-H stretching in clay minerals;
stretching and Fe-O vibrations, and carbonates. More details can be seen in Fig. 1.

Figure 1. FTIR spectra of natural GRSP from a Dystroferric Red Oxisol.
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The FTIR spectrum of GRSP Org (Fig. 2) consists of regions with very broad bands and notable
differences between GRSP LV. Six characteristic regions were also identified that appear at
3692 to 2914 cm™®; 2913 to 2310 cm'L; 2309 to 1475 cmt; 1474 to 1293 cm™; 1292 to 963 cm”
1+ <963 cm™, with the respective functional groups: 1) NHz, —OH stretching with H bonds,
COOH, phenols, alcohols, clay minerals and oxides, aromatic CH stretching (Zhang et al.,
2017; Wang et al. , 2017; Yuan et a., 2022) and —CHp>; Il) -CH3, C=0, aliphatic and aromatic —
CH; IlIl) -C=0 (amide) and —CH or —CH> groups; 1V) aliphatic -CH or —CH»; V) C-O
stretching, —CN groups (amide); V1) O-Si-O, C-O, C-N of amides, C-O and O-H stretching in
clay minerals, FeOOH, O-H stretching of hydroxyl groups linked to Fe and Al oxides (Fe or

Al-OOH) and carbonates. This spectrum is similar to other GRSP spectra around the world
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(Shindler et al., 2007; De Souza, 2016; Zhang et al., 2017; Wang et al., 2020; Yuan et al., 2022;
Zhou et al., 2022).

GRSP LV showed less intense infrared bands in regions Il and IV and narrower and more
intense in I, 11, V and V1, while GRSP Org showed lower absorbance in IR, wider band in | and
narrower and more intense in regions Ill, V and VI. The broad O-H band in region I is

characteristic of carboxylic acid (-COOH) (Smith, 1999; Schindler et a., 2007) and is very
evident in GRSP Org.

Figura 2. FTIR spectra of natural GRSP from Haplic Histosol.
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The functional groups of natural GRSP from the respective soils were associated with four
molecular categories, including polysaccharides, hydrocarbons, proteins, nucleic acids, which
corroborates Wang et al., (2020), and emphasizes that GRSP is a complex of several molecules
(MacCarthy & Rice, 1985; Schmitt & Flemming, 1998; Schindler et al., 2007; Yin et al., 2015;
Wang et al., 2020). To only be considered as a glycoprotein, there should be a significant
amount of glycan residues (Schindler et al., 2007). However, the 3C DPMAS NMR technique
has already demonstrated little amount of carbohydrate carbon (Schindler et al., 2007), and the
amount of carbon in GRSP can vary from 35 to 60% (Agnihotri et al., 2022). Even so, it may

indicate a structural pattern of GRSP in soils. The hydrogen-bonded OH band is common to the
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spectra of the mentioned authors and in this work, as well as in region VI in which functional
groups associated with clay minerals and Fe/Al oxides were identified, appear in some studies
(Wang et al., 2021; Yuan et al., 2022).

The difference in environmental processes occurring in the two selected soils reflects some
effects on the type of GRSP functional groups. The broad band in the range between 3500 and
3000 cm™ of GRSP Org is not identified in GRSP LV, and this is due to the greater presence of
carboxylic acids with O-H bonded to hydrogen, as a result of the higher organic matter content
of the Histosol and the compounds organic substances present in the material. The surface layer
(0-10 cm) of the Histosol contained some reddish/orange spots, which demonstrates the
presence of iron oxides and this fact is observed in the FTIR spectrum with a marked presence
of these in the region 4000 — 3000 and < 1000 cm™ in both GRSP. Thus, these results implied
highlighting the complex pedoenvironmental processes for the Oxisol and Histosol area,
affecting the GRSP composition (Schindler et al., 2007; Zhang et al., 2015; Zhou et al., 2022).
Soils with higher iron content are associated with gabbro, while floodplain soils receive
sediments from high points in the landscape that mix with organic materials at different stages

of decomposition (Curi et al., 2017).

Another point is the drainage of floodplain soils, which goes through different stages in relation
to mineral soils rich in iron, so that at times of the year the Histosols are flooded, promoting
other physical-chemical-biological processes that oxidic Oxisols do not undergo. Meanwhile,
the weathering process of an oxidic soil is much more intense than in floodplain soils, and this
implies a massive presence of Fe/Al oxides, kaolinite, higher clay content and less organic
matter in Oxisols (Resende et al., 2014; Curi et al., 2017). These facts affect, in part, the type

of GRSP functional groups and the peak intensity of these functional groups.

Vegetation cover and the presence and diversity of arbuscular mycorrhizal fungi also affect
functional groups (Bu et al., 2010; Li et al., 2013; De Souza, 2016; Zhong et al., 2016; Wang
et al., 2017). Forest soils exhibit different GRSP production dynamics than arable soils (corn,
for example), while they also differ in the materials returned to the soil, reflecting the functional
groups present in the soil and in GRSP (Wang et al., 2017). The association with AMF, organic
matter content and other soil factors contribute to the differences and similarities between
functional groups in opposing vegetation covers and soil management. AMF produce enzymes

capable of degrading soil organic materials, and Wang et al. (2014) studied the differences in
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enzymes produced by soil fungi and their influence on functional groups, pointing out that soil
fungi with lower enzymatic activities induced less reduction in the type and quantity of
functional groups compared to fungi with higher enzymatic activities. This fact plays key roles
in the decomposition of organic residues and the variation of peaks and regions in the FTIR

spectrum.

The abundant functional groups in GRSP from this study (O-H, -CH, NH2, OH, C=0, COOH,
CO-NH, and C-N) are similar to other studies (Wang et al., 2014; De Souza, 2016; Zhang et al.
al., 2017; Zhou et al., 2022; Yuan et al., 2022). Our study is in agreement with the old and
recent studies that reported several molecules in the composition of GRSP (Gillespie et al.,
2011). Yin et al. (2015) associated the peaks at 4000 — 3000 cm™ with hydrocarbons, at 1800 —
1200 cm with proteins, at 1200 — 1000 cm* with polysaccharides and 1000 — 800 cm™ with
nucleic acids. We also added to the peaks < 1000 cm™ the marked presence of silicate clay
minerals and Fe/Al oxides, very present in the soils selected in this study. The surface functional
groups reported here are ionizable and contribute to the interaction with cationic metals (Cd?*,
Pb?*, Cu?*, Zn?"), functioning as adsorption sites and contributing to the sequestration of these

ions in soils and waters.
3.2 Element contents — pXRF

This is the first report of characterization of GRSP from tropical soils by X-ray fluorescence.
pXRF analyzes included 11 elements detected in both GRSP (Fig. 3). Elements such as Ca, K
and P were detected in low concentrations in the evaluated layer of 0-10 cm, this may be an
indication of weathering of minerals carrying the element, leaching in the soil profile or fixation

in the clay fraction of the soil, respectively.

Figure 3. Element contents (%) in natural Oxisol and Histosol GRSP, respectively, by XRF
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It is important to highlight that pXRF analysis does not detect elements such as C, H, O and N
(Weindorf et al., 2014) and in the chemical composition of GRSP these are key elements.
However, elements important for soil fertility and/or soil genesis such as Al, Ca, Cr, K, P, S,
Cl, Fe, Mn, Si, and Ti are possible to detect. These findings demonstrate the complexity and
range of elements in GRSP, a fact that corroborates several results (Schindler et al., 2007,
Aguilera et al., 2011; Gillespie et al., 2011; Gil-Cardeza et al., 2014; Meier et al., 2015; Wang
etal., 2015; Zhang et al., 2017). Our study reveals the first report of the presence of Ti in GRSP.

Phosphorus, calcium and sulfur, important elements in plant nutrition, were detected at low
levels in the GRSP samples from the evaluated layer. The pXRF detection limit for these
elements (P = 50 mg kg-1, Ca = 25 mg kg-1, S = 50 mg kg-1) and the content of each one in
native vegetation in tropical soils makes it common to low detection or non-detection of these
elements (Ribeiro et al., 2010; Silva et al., 2018). The aggravating factor for GRSP not
exhibiting significant P content in GRSP is due to the presence of gibbsite, hematite and
goethite (Curi, 1983, Gualberto et al., 1987; Ker, 1995; Resende et al., 2014) detected by ray
diffraction X, in addition to P species in the soil that are negatively charged, which does not
promote its retention in the negative charges of GRSP. The fraction that is capable of being
detectable in GRSP in the pXRF analysis is that retained by Fe/Al oxides, that is, the presence

of P is highly related to the clay mineralogy and the content found in the soils.

Regarding Ca, pXRF analysis in weathered soils can detect the majority of Ca being available
(Benedet et al., 2021), i.e., 0.1% of Ca in GRSP is in available form. As for Al and K, pXRF
analysis cannot discern the available content from the content of silicate minerals, which makes
the result the sum of these two fractions (Silva et al., 2018; Andrade et al., 2020; Mancini et al.,
2021). Fe, Al, Si, Mn and Ca were the elements found in highest concentrations in GRSP LV,
while, for GRSP Org, the highest levels found were Fe, Al, Si, Ca, P and S. Other elements
such as Cl, Cr, K, and Ti had their lowest contents in each GRSP. Iron was an element with a
relevant presence in the GRSP samples. This is due to the characteristics of the two soils that
had low Fe content (58.63 mg kg — LVdf and 41.20 mg kg — OX), the source material of
both, the colluvial sediments in OX, the Fe oxides composing the clay fraction of LVdf and the
position in the landscape of each soil, which reflect the stability of Fe oxides (Kampf et al.,

2012), indicating their dominant occurrence in GRSP of tropical soils. Due to its greater
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stability in soils, Fe is used in soil genesis studies (Curi and Franzmeier, 1987; Carvalho Filho
etal., 2015).

The presence of titanium and chlorine in both GRSP is due to the fact that they resist
weathering/authigens (Ti oxides: rutile and ilmenite, for example), inherited from the source
material, presence of residues in the sand and silt fraction, weathered by acids organic
compounds or deposition in the A horizon by organic compounds (Melo & Alleoni, 2009). Al
and Fe are marker elements of weathering in soils (Mancini et al., 2019). The greater abundance
of gibbsite in the two GRSP is due to the weathering of the dystroferric Red Oxisol and colluvial
sediments in the Histosol. In general, Fe oxides are more abundant than Al oxides in GRSP and
soils. One of the implications of this fact is that the zero charge point (ZPC) of a material is
increased by the presence of Fe/Al oxides due to the ZPC of hematite or goethite and gibbsite.
Furthermore, the charge exchange capacity (CEC) and anion exchange capacity (AEC) of
gibbsite for oxidic Oxisols are estimated at approximately 10 and 30 mmolc kg, respectively
(Raij & Peech, 1972), which appears to promote an increase in the ZPC of GRSP extracted

from oxidic Oxisols.

The detection of Si in both GRSP is due to the presence of quartz (SiO>) in the soil, inherited
from the source material as a primary mineral, in the clay fraction and the high strength of the
Si-O-Si bond, previously confirmed by FTIR. In the characterization by XRD, the reflection of
quartz was low in relation to other minerals. Si contents are relatively low, even in Oxisols, due
to the accumulation of Si in the sand fraction and lower content in the coarse (2-0.2 pum) and
fine (< 0.2 um) clay fractions, combined with the weathering of minerals less resistant silicates
(Schaetzl and Anderson, 2005; Melo & Alleoni, 2009; Silva et al., 2018).

On this way, pXRF can also contribute to studies related to the characterization of soil proteins
related to glomalin using elemental contents. Elements such as Fe, Al and Si can be considered
tracers (fingerprints) of source materials for GRSP of tropical soils, due to their contents that
corroborate with gabbro (higher iron content, mafic minerals), granite-gneiss (higher iron
content, silica, felsic minerals) (Mancini et al., 2019), as they are closely linked to soil
mineralogy. The marked presence of these elements can help identify the origin of GRSP
composition in soils. Another important fact is that cationic elements present in GRSP can
indirectly relate to the sorption capacity of anionic elements or substances.
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3.3 Mineralogical composition — XRD

This is the first report of the use of X-ray diffraction to characterize and elucidate the mineral
characteristics of GRSP in tropical soils. The diffractogram of the two GRSP (Fig. 4) showed
that there is a predominance of gibbsite (AI(OH)3) and goethite (a-FeOOH), associated with
smaller amounts of kaolinite, hematite (a-Fe;O3) and maghemite (y-Fe>Os3). Kaolinite
reflections in GRSP LV were generally higher. However, when kaolinite was associated with
gibbsite in GRSP Org, the reflection was of greater intensity. The mineralogical composition
of both powdered GRSP showed remarkable mineralogical similarity between LV and Org
GRSP, formed from different source materials.

Figure 4. X-ray diffraction pattern of samples from natural GRSP from the 0-10 cm layer of
Oxisol and Histosol. Gt: goethite; Hm: hematite; Kt: kaolinite; Gb: gibbsite; Mh: maghemite;
Qz: quartz.
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There was reflection of Mh associated with Hm in GRSP LV, greater intensity of reflection of
Gb associated with Kt in GRSP Org and reflections of Gb. Mh appears in GRSP Org due to
reduced drainage during some periods of the year, which promotes a reduction in Fe in the
structure of the minerals in which it is present (Curi et al., 2017), and XRD is widely used to
quantify Mh in soils (Curi & Franzmeier, 1987; Poggere et al., 2018; Zhou et al., 2018). The

higher Mh content can be explained by the higher Fe2O3z - hematite content correlation (Poggere
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et al., 2018) and, according to these authors, the increase in Mh and Hm can be accompanied
by a decrease in the gotehite content and Mh accumulates in soils more weathered (Poggere et
al., 2018). The low Mh content in GRSP Org (reflection at 20 = 35.8°) may be due to detection
being hampered by the overlap with Hm, which is normally in greater quantity in Fe oxide

concentrates, a fact that can mask the main reflection of Mh (Poggere et al., 2018).

Gt is the predominant mineral in both GRSP. This fact corroborates Resende et al. (2011) that
goethite is a mineral that exists in greater quantities than kaolinite in soil, for example. The
main oxides present were Gb (high global peak of Gb at 20 = 18.4°) and Gt (26 = 20.3°) in both
GRSP, in addition to greater Gt reflection in GRSP Org and Hm associated with Gt in GRSP
LV. It is common to find Gb in the clay fraction of soils and, as it is at the end of the Goldich
weathering series, it indicates highly weathered soil (Rezende et al., 2022). Despite the
formation of Gb (Al(OH)s) being favored in the virtual absence of silica in the soil solution,
and kaolinite being formed at higher silica contents (Resende et al., 2014), Gb had a prominent
presence in both GRSP. Kt present in GRSP may be a product of the recombination of Si in
solution, which is released by the loss of tetrahedron sheets with AI-OH precipitates, a situation
that favors the formation of Kt in the soil (Hus, 1989).

This fact highlights the variation in the water content of the two soils, with the Histosol having
greater variation during the year, and the deposition of silicon-containing sediments in the pedo-
landscape where this soil is located, favoring both the accumulation and loss of silica and
allowing the formation of kaolinite and gibbsite, since chemical transformations (precipitation,
leaching, dissolution kinetics and weathering) occur to maintain the balance of the system. The
discovery of the marked presence of Fe oxides in GRSP associated with the carbonaceous
nature and the property of binding organic molecules with the mineral fraction, highlights the
ecological function of GRSP in the formation and stability of soil aggregates (Yuan et al., 2022).
We hypothesize that the binding of GRSP with goethite, both being prominent aggregating
agents, increases the stability in the aggregates due to the presence of amorphous material on
the surface of the minerals where GRSP can bind. The quartz reflections are very similar for
the two GRSP, and source material such as gabbro is made up of less quartz and a greater
quantity of easily weatherable primary minerals - MPFI (Resende et al., 2014). However, the
presence of decomposable minerals in these soils and in the respective GRSP does not mean
that they provide nutrients in the long term and are classified as fertile. Qz is an indicator
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mineral for sediment deposition (Gao & Schulze, 2010) and this highlights its presence in GRSP
Org.

The different intensities of black and reddish color in the Histosol and Oxisol profiles are related
to the levels of organic matter and biological activity, and hematite, favored by the higher
organic carbon content in the Histosol (Loss et al., 2015; Soares et al., 2021) and higher Fe(l11)
content in solution in the Oxisol (Resende et al., 2021), combined with good drainage
conditions (higher Fe(lll) content and reducing conditions (Curi et al., 2016; Soares et al.,
2021). It is important to highlight that the Histosol collection area receives colluvial and
colluvial sediments from areas of Red Yellow Oxisol and Red Oxisol with coffee cultivation
(Curi et al., 2017), influencing, in turn, the mineralogical composition, mainly due to the
presence of oxides and hydroxides. The proportions of hematite and goethite differ due to the
iron-rich nature of the gabbro and the gneisses that are rich in silicon (and which have a lower
iron content). Furthermore, these variations are influenced by weathering processes and
humidity regimes specific to each location, including water percolation, which mainly governs

the intensity of hydrolysis (Resende et al., 2014).

The properties of the GRSP samples, the crystal layer spacing and the average crystal diameter
were determined (Table 1). The DMC (110) of Gt found in this study was approximately 180
A for both materials, and falls within the range relative to Gt formed in tropical soils proposed
by Dick (1986), Kampf et al. (1988) and Ker, (1995). Zhong et al. (2017) characterized
glomalin-related soil protein from Chinese agricultural soils by XRD, and found variations in
grain sizes (in A, 113 to 180) and subtle variations in 20 diffraction (in °, 19.74 to 19.9). Yuan
et al. (2022) found a characteristic peak for total GRSP at 26 = 19.8° and a grain size of 129

nm.

XRD results combined with other characterization techniques showed that the composition of
GRSP was quite similar to adjacent agricultural lands and forests in the area (Wang et al., 2014;
Zhong et al., 2017). In our study, the DMC of kaolinite and goethite were close, while that of
gibbsite and hematite showed a greater difference. GRSP Org presented a DMC of Kt 1.17
times greater, while GRSP LV presented a DMC of Gb 1.2 times greater than the Gb of GRSP
Org. According to Dick (1986), kaolinites formed in Brazilian soils have shown a DMA close
to 20 nm, and our study is consistent with this generalization. The spacing between layers (d)

presented very close values in the two GRSP.
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Table 1. Mineralogical and crystalline properties of GRSP LV and GRSP Org.

Mineralogical GRSP
property LV Org
Kt/(Kt+Gb) 0,287 0,212
Hm/(Hm+Gt) 0,246 0,085
Kt 0,714 0,723
Gb 0,483 0,486
d (hm)
Gt 0,413 0,414
Hm 0,251 0,251
Kt 18,43 21,61
Gb 40,34 33,01
MCD (nm)
Gt 18,35 17,93
Hm 30,31 nd

Kt = kaolinite; Gb = gibbsite; Gt = goethite; Hm = hematite; d (A) = interlayer spacing of the
crystal in the considered plane; MCD (A) = average crystalline diameter in the considered

plane; nd = not defined.

GRSP characterization work by XRD in countries with a temperate climate shows a
predominance of 2:1 clay minerals and quartz (Wang et al., 2017; Zhong et al., 2017). The
presence of montmorillonite, illite, illite and mixed layer of montmorillonite, plagioclase
(Zhong et al., 2016), smectite-vermiculite, quartz, cristobalite, quartz+illite, feldspar, calcite
and huntite (Wang et al., 2017) is common in GRSP from temperate climates, whereas when
characterizing GRSP from weathered soils, as in our study, Fe/Al oxides, kaolinite, quartz and
some presence of clay mineral 2:1 prevail, depending on the source material. Yuan et al. (2022)
also found Fe/Al oxides by XRD in GRSP from Chinese soils. Therefore, XRD is suitable for
characterizing GRSP and, added to FTIR and XRF, allows us to understand that Fe, Al and Si

are present in the lyophilized material after extraction using sodium citrate buffer.

Therefore, the presence of kaolinite (clay mineral, 1:1), hematite and goethite (Fe oxides, 1:1),
and gibbsite (Al oxide, 0:1) in GRSP of tropical soils is intrinsic, natural for it to occur, mainly
due to the characteristics of pH, content and quality of organic matter, mycorrhizal activity and

diversity, and the dynamic chemical transformations that occur in the soil.
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3.4 Surface morphology and elements — SEM

Images obtained by scanning electron microscopy of two types of GRSP are presented in Fig.
5 to analyze the surface morphology responses. After purification and freeze-drying, GRSP
from the two soils was a fluffy, light-weight flocculent solid, with an amorphous appearance
and a color typical of the soil from which it was extracted (reddish for GRSP LV and black for
GRSP Org).

Figure 5. Images of natural GRSP from Oxisol and Histosol by SEM.
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It is noted that there are differences in the surface morphology of the two GRSP. In both GRSP
there was a high quantity of large flakes with fine and elongated structures. The appearance
observed in GRSP LV is similar to materials that have a scaly, irregular and flat surface texture.
There are some thin, irregular and long materials, which makes the appearance similar to GRSP
Org. It also has an appearance with smaller and relatively smooth surfaces, but the majority is
represented by thin and irregular materials, as evidenced in the micrograph with magnification
of > 350 times. In the case of GRSP LV, the >970x micrograph shows an amorphous scaly
block-like structure, similar to the results of Tian et al. (2021) and Yuan et al. (2022). In the
micrograph > 1000 times, it was possible to identify a structure with a scaly, irregular and
porous texture. According to Tian et al. (2021), the adsorption mechanism and ability to
sequester metals in mangroves is associated with differences in GRSP surface morphology,
which is interesting to reduce the ecological risk of these areas. In our study, we can hypothesize
that the surface morphology found for the two GRSP may contribute to the mechanisms of Cd

adsorption through surface complexation.

3.5 Thermostability — TGA
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These are the first reports of TGA for GRSP in Brazilian soils. Thermogravimetric analysis was
used to investigate the thermal stability of the GRSP of the two soils (Figs. 6 and 7). We
observed three regions where GRSP degradation was most intense. In the first region (20 to
~100 °C), there was a loss of mass, due to the elimination of bound and physically adsorbed
water from the material, which are related to the caboxyl groups present in polysaccharides
(Wang et al., 2021). Up to 150 °C, mass loss reached 5.7% and 11%, in GRSP LV and GRSP
Org, respectively, representing the beginning of losses of rapidly decomposed materials. In the
second region, > 150 and 500 °C, a degradation and depolymerization process occurred,
reaching a mass loss of 36% of GRSP LV and 55.8% of GRSP Org. According to Wang et al.
(2021), the loss of mass in the region between 200 to ~500 °C is related to the pyrolysis of

thermostable structures formed by bonds of alkyl chains and amino acids in the protein.

Figure 6. TGA and DTG curve of natural GRSP from Dystroferric Red Oxisol.

0,006
° GRSP LV,
100 4 ~ 14‘,1',0 Synthesized atmosphere
D% o 517C '
- 0,004
80
-36.0%
g\; 60 - 0,002 ‘Tm
~— 60+ o)
5 E
- 2
- 0,000
40 4 o
20 S - -0,002
0 r -0,004

T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature (°C)



82

Figure 7. TGA and DTG curve of natural GRSP from Haplic Histosol.
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The last phase corresponds to 500-1000 °C, demonstrate that GRSP is degraded and this fact is
attributed to the decomposition of the aromatic structure (Wang et al., 2021). At 1000 °C, the
solid residual (ash) of GRSP LV was 58.3%, and for GRSP Org, it was 33.2%. Parikh &
Madamwar (2006) state that high levels of solid residues of other organic materials (such as
extracellular polysaccharides from cyanobacteria), even after 800 °C in laboratory conditions,
are due to the complexity of the physicochemical composition and the presence of mono and
divalent cations (e.g., Na*, K*, Ca?") that act as a bridge between different charged sugar
moieties. In materials that have a high content of inorganic substances such as clay minerals,
the solid residual remains higher compared to materials that are mostly composed of organic

substances (Wang et al., 2021).

This point is interesting, as Rillig (2001) already stated that GRSP is thermostable and can last
in the soil for up to 42 years. Harner et al. (2004) evaluated the renewal of GRSP based on the
age of the site and found that in floodplain soils GRSP was renewed after 35 years. In our study,
it is evident that as the temperature increases, GRSP is degraded, but not completely. Forest
fires, common in Brazil and, mainly, in Cerrado areas and/or Amazon Forest areas, can exceed

these two temperatures. These results confirm our hypothesis that GRSP is degraded with its
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elevation to the point that even at high temperatures it showed high thermal stability, which
confirms its thermostable characteristic (Rillig, 2004). It is assumed that in environments with
a high rate of recovery after the use fire, the concentration of GRSP may increase again due to
the return of microbiological and biochemical processes in the soil, including the return of AMF
colonization of plants that resprout in the area, decomposition of organic residues, the secretion
of GRSP by AMF and deposition in the soil, and the increase in soil organic matter. When these

processes occur again, the amounts of GRSP are increased in the soil.
3.6 pHzpc)

In relation to ApH (final pH — initial pH) as an estimate of the behavior of GRSP surface charges
(Figures 8 and 9), it was possible to determine the pHzpc values. The pHzpc was 4.70 and 3.31
for GRSP LV and GRSP Org respectively, demonstrating values close to pHzpc which is
explained by the surface chemical similarity confirmed by FTIR. The data were well fitted to
the linear model, with R? of 0.998 for GRSP LV and 0.989 for GRSP Org.
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Figure 8. Zero charge point (pHzrc) for natural GRSP from Dystroferric Red Oxisol.
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Figure 9. Zero charge point (pHzrc) for natural GRSP from Haplic Histosol.
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The pH values above the pHzpc determined for each GRSP demonstrate a behavior of

negatively charged surface charges due to the presence of chemical groups with acidic (-COOQ,
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-SiOH), basic (-NHs, -FeOH, -AIOH) and amphoteric (amino acids), the deprotonation of
carboxylic and phenolic groups that generate OH- groups and mineral exchange sites in the clay
fraction (due to the increase in the pH of the solution, pH-dependent charges), and limitation of

the cation adsorption capacity.

Oxides present in GRSP can develop negative charges when the solution pH > ZPC and positive
charges when the pH value < ZPC. Due to pH < ZPC, GRSP becomes negatively charged and
the cation exchange capacity predominates over the anion exchange capacity. According to
Gupta & Sharma (2002), Fe.O3 with a ZPC of approximately 8.6 contributes to increasing the
final ZPC of an adsorbent, in the case of this study GRSP. The lowest ZPC recorded for GRSP
extracted from Histosol is related to its higher organic matter content (~15 dag kg), while the
ZPC from typical Dystroferric Red Oxisol, a more weathered soil, is related to the higher
content of Fe oxides of this order of soils, which greatly contributes to increasing the net
positive surface charge and ZPC of GRSP.

These are the first reports on the evaluation of the pHzrc of the soil protein related to glomalin
in both subtropical and tropical and temperate soils. The results indicate that the surface charges
of the two GRSP are fundamental to understanding the influence of soil physical and chemical
phenomena such as dispersion and flocculation, aggregation and stability of aggregates,
susceptibility to erosion, cation and anion exchange capacity and adsorption of substances
inorganic and organic, as GRSP actively participates in physicochemical processes in soils,
groundwater and aqueous solutions. These results show that GRSP consists of a range of
elements and functional groups to provide adsorption sites and act in the immobilization of

potentially toxic elements in environments.
4. Conclusions

This study characterized soil proteins related to glomalin from two soils with distinct properties
and characteristics, a mineral soil and an organic soil. Our tested hypothesis was partially
confirmed, as the physicochemical characteristics elucidated here by the characterization
techniques and the pHzrc of the two GRSP demonstrated notable similarities. The differences
present are due to the richness in Fe/Al oxides and hydroxides and organic materials, helping
to highlight the presence of hydrocarbons, polysaccharides, proteins and nucleic acids, and that
these cause subtle changes in the infrared spectra, in X-ray diffraction and thermogravimetry.
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GRSP from tropical soils is rich in Fe, Al and Si, confirmed by XRF. Therefore, GRSP from
undisturbed pedosystems tend to contribute more stable organic materials, that is, with greater
aromaticity, difficult to decompose and release nutrients. This fact contributes to the health and
balance of the soil. The pHzrc of the two GRSP demonstrates the negative charges that this
material has, they are pH-dependent charges with high potential to remove inorganic substances

in different environmental matrices.

This information also supports the ecological functions of GRSP, for example, as a
bioflocculant and the ability to sequester potentially toxic elements. This study is the second in
Brazil, and is the first using different characterization methods. With these insights, adsorption
experiments can be tested in the laboratory with potentially toxic elements to understand the
interaction between GRSP-EPT, the adsorption mechanisms involved and the parameters that
modulate the adsorption capacity by GRSP.
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Artigo 2 - Cd(I1) biosorption in glomalin-related protein from tropical soils in Brazil®
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Highlights

1. Foram estudadas GRSP de solos oxidico e organico.

2. A imobilizacéo de Cd (11) pelas duas GRSP ocorreu intensamente.

3. As GRSP imobilizaram Cd (1) por atracdo eletrostatica e complexacdo de superficie.

4. A capacidade de adsorgéo por GRSP de Cd (1) afeta seu destino ambiental.

Abstract

Cadmium (Cd) is listed among the most dangerous substances for organisms. Its chemical
properties of availability in the acid and alkaline environment, persistence, at low
concentrations it is already considered toxic makes it one of the most studied potentially toxic
elements (EPTs) in the world. Many researches are developed using physical, chemical and
biological methods for the removal and decontamination of different matrices. However, a
solution derived from soils and arbuscular mycorrhizal fungi has emerged with great potential.
Soil  glomalin-related  protein (GRSP) has physicochemical properties for
immobilization/removal of Cd (11) from aqueous solutions. Therefore, the objective of this work
was to carry out studies of pH, contact time and adsorption isotherms to understand the GRSP-
Cd interaction and explain the contribution of GRSP to immobilize Cd in aqueous solutions.
Results revealed that, in general, there were no drastic differences in Cd (1) removal (pH 7.0
and 24h contact time: 97% removal). The isothermal data indicated that the adsorption capacity
of Cd (II) followed the Sips isothermal model. The adsorption mechanisms by GRSP were
electrostatic attraction and surface complexation, supported by the HSAB theory. Our results
reveal a high capacity for Cd (II) immaobilization by GRSP and this can be used as an effective
adsorbent in water, which is relevant in the decontamination of areas contaminated/polluted by

this element.

Keywords: Cadmium, Aqueous solution, Sorption isotherm, Glomalin, Microbial adsorbent.

1. Introduction

Environmental contamination caused by toxic elements is a growing concern on a global scale,
negatively affecting soils and bodies of water around the world. Among these dangerous
substances, cadmium (Cd) stands out for its high toxicity and the ease with which it is
transferred from soil to plants and other living organisms (Pendias & Szteke, 2015). Efficient

immobilization and removal of Cd (and other toxic elements) has been a constant pursuit,
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driving research into adsorption as an economical and effective strategy (Lin et al., 2023).
Recently, interest has focused on the development of adsorbents from alternative sources, such
as soil fungi, for the sequestration and immobilization of toxic elements (Wang et al., 2021; Lin
et al., 2023). In this context, glomalin-related soil protein (GRSP), a microbial byproduct
produced by arbuscular mycorrhizal fungi (AMF), has been the subject of extensive study and

considered a promising solution.

lon adsorption is one of the most important phenomena for soil science because it is the main
attribute that affects the concentration of most mineral elements in the soil solution, so that the
concentration of a substance in a phase becomes greater at the interface than inside it (Alleoni;
Melo; Rocha, 2019). In adsorption, there is the involvement of physical and chemical forces
and the union between ions or molecules present in the soil solution with reactive (adsorption)
sites on the external surface of the solid compounds (Ernani, 2016). The structural functional
groups located on the external surfaces of organic and inorganic compounds, including
electrical charges, are the adsorption sites of the soil solid phase. The main functional groups
present in the organic fraction of the soil, according to Sparks (1995), are: carboxyl, phenolic
hydroxyl, enol, alcoholic hydroxyl, amine, amide, aldehyde and ketone, very important both in
the generation of negative electrical charges for chemistry and for the physical-chemical
reactions of the soil.

In order to evaluate the removal potential of EPTs, adsorption tests are carried out using
glomalin-related soil protein from different soils. GRSP has potential and adsorption properties
for removing Cd, Cu, Fe, Mn, Ni, Sr, Pb, Zn and other metals, at different contact times, pH
and concentrations. To specify the adsorption equilibrium and the relationship between the
concentration of adsorbate in solution and the amount adsorbed per unit mass of adsorbent,
isotherms are important tools (Foo & Hameed, 2010; Tran et al., 2017). They are mathematical
models represented by simple equations. Among the most used adsorption isotherms in soil
science, the Freundlich, Langmuir isotherms and other isotherms that are the combination or

improvement of the aforementioned models stand out (Al-Ghouti & Da’ana, 2020).

Freundlich isotherm is widely used in characterizing soil adsorption capacity, as it takes into
account the heterogeneity of adsorbent materials and their interaction with solutes in solution
(Al-Ghouti & Da’ana, 2020). The Langmuir isotherm is useful for predicting the maximum

adsorption concentration, that is, the amount of solute that can be adsorbed by a given adsorbent
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(Foo & Hameed, 2010). Furthermore, the Langmuir isotherm assumes that the adsorption
energy is constant and independent of surface coverage, which may limit its applicability in
multilayer adsorption situations (Al-Ghouti & Da’ana, 2020). Finally, the Sips isotherm, which
is an equation that combines the advantages of the Freundlich isotherm and the Langmuir
isotherm (Foo & Hameed, 2010; Al-Ghouti & Da’ana, 2020). This isotherm is useful for
describing adsorption in heterogeneous systems, in which the adsorption energy can vary along
the surface of the adsorbent (Foo & Hameed, 2010).

Few studies have been carried out on the GRSP-Cd interaction and its immobilization and
removal in aqueous solutions (in Brazil, this is the first), and studies exploring in detail the
retention mechanisms using GRSP are relevant. Therefore, the objective of this work was to
clarify the contribution of GRSP in the sequestration/immobilization of cadmium, through the
adsorption kinetics and isotherm, and the mechanisms involved in this process. Our hypotheses
were: i) GRSP is an adsorbent with high Cd biosorption capacity; ii) pH and contact time are
the main parameters that modulate the adsorption process by GRSP; iii) surface complexation

is the main mechanism of Cd adsorption by GRSP.

2. Material and methods

2.1 Study site, sampling and analysis

The different GRSPs used in this study were obtained from soils on the university campus of
the Federal University of Lavras (UFLA), in the city of Lavras (21°13'41.3" S 44°58'12.7" W
and 21°13'49.0" S 44 °57'43.0" W). These two pedosystems were chosen based on the soil
classification by Curi et al. (2017), mainly due to the organic matter, iron and clay content. The
source material is basically for the Dystroferric Red Oxisol (LVdf), a gabbro with a higher
content of Fe203 and clay, and for the Haplic Histosol (OX), a mixture of colluvial and
colluvial sediments from Oxisols under gabbro and granite-gneiss and with a predominance of
organic materials (Curi et al., 2017). The LVdf vegetation consists of a preserved secondary
forest with no history of land use and OX with the presence of preserved natural shrubs and
grasses, which enhances the maintenance of the soil's original characteristics. Sampling was
carried out by collecting soil from eight equidistant points from three different locations in the
two areas, totaling 24 points, and subsequently mixing the simple samples, transforming them
into a composite sample. The chemical analysis of the soils is described in Table 1.
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Table 1. Physicochemical properties of soil samples collected (0-0.10 m) from two natural

soils (Oxisol and Hystosol) in two pedosystems.

Properties Sois
Oxisol Histosol

PHH20

Sand 18 36
Texture (%) Silt 19 23

Clay 63 41
CEC (cmolcdm®) 11.0 15.7
OM (%) 6.5 15.8
P-rem (mg L) 24.7 8.1
K (cmole dm™) 0.2 0.2
Ca (cmole dm™) 5.0 1.5
Mg (cmolc dm) 0.6 0.3
P (mg dm?) 35 9.9
Al (cmol; dm™) 0.2 1.6
H + Al (cmolc dm™) 5.3 13.7
B (mg dm?) 0.1 0.1
Cu (mg dm?) 2.4 1.1
Fe (mg dm?) 58.6 41.2
S (mg dm®) 8.1 35
Zn (mg dm®) 3.3 1.1
Cd (mg dm) 0.002 0.002
Total N (g kg™) 3.3 5.6

pH in water soil:solution 1:2.5; Ca-Mg-Al- Extractant: KCI - 1 mol L ; OM; Organic matter
oxidized by Na>Cr.07 (4N) + H2SO4 (10N); H+Al; SMP extractor; B; hot water extractant; S;
monocalcium phosphate extractor in acetic acid; P-K-Fe-Zn-Cu-Cd Extractant Mehlich-1;

Total N; Kjeldahl method; P-rem; remaining phosphorus t: effective exchange cation capacity;

V: base saturation index.

2.2 Extraction and purification of easily extractable glomalina related soil protein (EE-

GRSP)
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For the extraction of easily extractable glomalin-related soil protein (EE-GRSP) from the two
soils, the protein extraction method with some modifications was used (Wright and Upadhyaya,
1996). Initially, the soil containing EE-GRSP is subjected to sodium citrate buffer (8 mL, 20
mM, pH = 7.2) and autoclaved at 121 °C for 30 minutes. The resulting supernatant was collected
by centrifugation at 3200 rpm for 15 minutes. The EE-GRSP content (mg g*) was quantified
by spectrophotometer in the UV/Visible region, with Comassie Blue and Bradford reagent, 95%
ethanol, 85% phosphoric acid, and bovine serum albumin (BSA) to construct the standard curve
(Bradford, 1976; Wright & Upadhyaya, 1998).

Subsequently, the EE-GRSP present in the supernatant was precipitated by the slow addition of
1 mol L HCI until the pH reached 2.0. To ensure complete precipitation, the solution was kept
in an ice bath for at least 24 hours. The precipitate obtained was then redissolved in 1.0 ml of
0.1 mol L* NaOH and subjected to dialysis in deionized water for up to 48 hours or until the
electrical conductivity of the solution was < 1.0 uS cm™ (Mendonga & Matos, 2017). Dialysis
water was changed every 12 hours and pH, electrical conductivity, and Na* concentration were

determined using a pH/conductivity meter and flame photometer and/or ICP-OES.

Finally, the purified EE-GRSP samples were previously frozen at -80 °C in a deep freezer and,
after freezing, they were sent to the freeze dryer (Liotop L101) where the temperature was kept
stable at -45 °C (x 5 °C), with an initial pressure of around 650 puHg for the freeze-drying
process. After 48 hours, the process was completed and a light weight material with a

characteristic color was obtained in accordance with the soil from which it was extracted.
2.3 Freeze-drying, maceration and homogenization of EE-GRSP

After freeze-drying, the material was placed in a closed container and placed in a desiccator to
keep it dry. They were then macerated in a mortar with an agate pestle, sieved through a #0.250

mm mesh, homogenized and transferred to a closed container for further characterization.

2.4 Adsorption experiments

Adsorption experiment was used to investigate the GRSP-Cd interaction through the
adsorption/immobilization capacity of cadmium ions in aqueous solution. The study was carried
out in triplicate and a stock solution of Cd (I1) was prepared with 3.053 g of Cd(NO3)2.4H,0
(10 mmol L of Cd) dissolved in distilled water and subsequent dilution (1 mmol L of Cd).
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For the effect of pH and contact time, 50 ml centrifuge tubes were placed on a shaking table
with a constant temperature oscillator for 24 h, agitation at 150 rpm, at 25 °C, 30 mg of
adsorbent and initial volume of solution of 30 ml. To stabilize the pH and ionic strength,
respectively, HNO3z and NaOH solutions (0.01 mol L) and background electrolyte solution (20
ml of Ca(NOs)2, 5 mmol L) were used. 5 ml of Cd(NO3). spike solution (for pH and contact
time, 1 mmol L!) were added to increase the studied contaminant. The pH values studied were
4.0, 5.5 and 7.0, due to the availability of Cd verified in Visual Minteq 3.1, the possible
interactions with the ions present in solution, the pH of Brazilian soils being in this range of
values (Lopes & Guilherme, 2016) and the physicochemical transformations involved in the
adsorption mechanisms. The contact times were, in minutes: 5; 10; 20; 40; 60; 120; 240; 480;
720; and, 1440 min.

For the isothermal experiment, the initial concentrations used were 0.06; 0.125; 0.25; 0.5; 1;
two; and, 3 mmol L of Cd, in the form of Cd(NOs).. These concentrations were chosen based
on initial laboratory studies, Brazilian legislation (Cetesb, 2021; Conama, 2009), previous
studies with cadmium (Ribeiro et al., 2021) and glomalin (Lin et al., 2023; Yuan et al., 2022).
The same conditions of adsorbent mass, initial volume of solution, temperature and agitation as
performed in the kinetic experiment were maintained. The stirring time and pH were,

respectively, 24 h and 7.0.

After experiments on the effect of pH, contact time and isotherms, the supernatant was
subjected to a filtration system with a cellulose acetate filter membrane with an opening of
0.45um (Yuan et al., 2022). Cd concentrations in each step were determined by inductively
coupled plasma optical emission spectrometry (ICP OES), with a wavelength of 228 nm. Using
equations 1 and 2, the removal efficiency (RE, %) and adsorption capacity (ge, mg g*) were

calculated, respectively.

RE (%) = £="2x 100 Q)
0
Co—Ce) XV

qe = e .

where: C, is the initial concentration of Cd and Ce is the final concentration in the extract (mg

L1); V is the volume of solution (mL); and, m is the mass of the adsorbent.
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2.5 Isothermal models
The isothermal models for adjusting the equilibrium data used were from Langmuir, Freundlich

and Sips, and the subsequent non-linear equations are presented below, according to Foo &
Hameed (2010):

_ QobCe
Qe = Gibee) (3)
de = KFCe% 4)
_ KsCf®
qe = 1+asCEs (5)!

where: ge: amount of adsorbate in the adsorbent at equilibrium (mg g?); Ki: Langmuir
isothermal constant (L mg™?); Qo: maximum monolayer coverage capacity (mg g); b: Langmuir
isothermal constant (dm® mg?); Ce: equilibrium concentration (mg L™?); Kg: Freundlich
isotherm constant (mg g %) (dm?® g%); related to adsorption capacity; n: adsorption intensity; Ks:
constant of the Sips isothermal model; Bs: exponent of the Sips isothermal model; as: constant

of the Sips isothermal model (L mg™).

Cd total in the aqueous solution samples was calculated after the adsorption process,
individually for each sample, considering that the total adsorbed was the difference between the

initial concentration and the final concentration of Cd in solution.
2.6 Statistical analysis

The data set from the batch adsorption experiment was processed and its isothermal models
adjusted using the Origin 2023 software (OriginLab Corporation) expressed as ANOVA and,
when necessary, Microsoft Excel 2013 using the 'Solver' function to compare model

adjustments.

3. Results and discussion
3.1 pH effect

The two adsorbent materials (GRSP LV and GRSP Org) showed subtle differences in Cd

immobilization in aqueous solutions at different pH (Fig. 1). Briefly, the removal efficiency
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was higher with the pH increasing from 4.0 to 7.0, that is, at this pH value RE reaches its
maximum in this experiment. GRSP Org was the adsorbent with the highest Cd adsorption
capacity, with an average of 94% of the original immobilized Cd. With GRSP LV, the adsorbed
Cd reached an average of 89%. This high Cd immaobilization capacity by GRSP was recently
reported in GRSP from Chinese soils (Lin et al., 2023) and the increasing trend with increasing

pH is consistent with the results of these authors.

This fact can be explained by two reasons, which are the high number of adsorption sites
(negative charges and hard bases) in the material which, despite originally having a strong
influence of oxy(hydr)oxides, proved to be effective in immobilizing Cd, and, the formation of
a chemical complex between Cd and a ligand (functional groups), in which the HSAB (Hard-
Soft-Acid-Base) theory considers the Cd?* ion to be a soft acid according to Sparks (1995) or
borderline soft (Hamisu et al., 2020) in the Lewis classification. Hard acids have high
electronegativity and small ionic radii, tending to form complexes with hard bases, while soft
acids tend to associate with soft bases - NO3™ (Sparks, 1995) and hard base Lewis functional

groups from Pearson.

Another important point is the pHzpc of this material, which for GRSP LV is 4.70 and for GRSP
Org is 3.31, indicating that at lower pH values GRSP LV has predominantly positive charges
due to its higher pHzpc. Cationic metal species are affected by pH variation (Lin et al., 2021).
At low pH, the functional groups that contain oxygen bind to H* (Tian et al., 2021), that is,
protonation occurs and prevent association with metal ions (electrostatic repulsion), and
positive electrical charges predominate on the surface of the adsorbent (Singh et al., 2016;
Penido et al., 2019), configuring an inner sphere surface complex. This mechanism promotes a
bond capable of keeping the ions tightly bound and with low reversibility, an important fact for
the non-recurrence of contamination/pollution of an environmental matrix. Cadmium has the
property of not biodegrading in the environment (Deng et al., 2020; lamsaard et al., 2022) and
GRSP is a very recalcitrant fraction that allows it to remain in the soil for long years (Rillig,
2004), rich in organic compounds and negative charges, providing Cd adsorption for a long
time. Furthermore, it has been found that GRSP easily extractable from soils with high Cd
content has low decomposition in 140 days, meaning that the proportion of this fraction of
GRSP is increased in the soil by secretion by AMF (Wu et al., 2014).



99

On the other hand, with increasing pH, deprotonation of the functional groups in GRSP occurs
without signs of electrostatic repulsion between Cd and the adsorbent. Thus, the deprotonation
of functional groups and alkaline pH favor the Cd adsorption process by GRSP (Lin et al., 2023)
through mechanisms such as surface complexation and/or electrostatic attraction (Tang et al.,
2021; Lin et al., 2023). For these reasons, contact time and isothermal studies were conducted
atpH =7.0.

Figure. 1. Effect of pH on the removal efficiency of Cd (1) (%) by GRSP from Dystroferric
Red Oxisol and Histosol after 24 h of agitation. Fixed parameters: GRSP dose = 30 mg; initial
concentration = 1 mmol Lt Cd (11).

I RE x GRSP LV
[ RE x GRSP Org

100 A

RE (%)

3.2 Efeito do tempo de contato

Cd removal/immobilization process occurred quickly, reaching values close to the maximum
removal capacity in a short period (see Fig. 2). The removal efficiency (RE) by GRSP increased
in the first 40 minutes and reached its maximum point in 24 hours, with 97% Cd removal by
GRSP Org (ge = 3.2 mg g™*) and 93.4% by GRSP LV (ge = 7.5 mg g%). In other words, after 24
hours, the maximum amount of adsorbed Cd was 109 mg L-1 for GRSP Org and 105 mg L™
for GRSP LV. also observed a rapid adsorption of metals such as lead (Pb) and zinc (Zn) by
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GRSP, reaching maximum adsorption capacity in just 20 minutes. This suggests that the process
is mainly controlled by chemical reactions, as demonstrated by Wu et al. (2019). This suggests
that the rate of Cd adsorption is related to the availability of active sites, and the rate-limiting
step may involve chemical processes, such as electron sharing or exchange, as mentioned by
Penido et al. (2021) and Lin et al. (2023). Our results indicate rapid adsorption followed by a
slower process until maximum capacity is reached within 24 hours. Therefore, we chose 24 h

as the equilibrium point for our isothermal experiment.

In field experiments, Wu et al. (2014) found an increase in Cd and Pb immobilization (ug g™)
in EE-GRSP and T-GRSP as the concentrations in the treatments increased. Lin et al. (2023)
also found greater immobilization of Cd when its concentrations were increased in the aqueous
solution, and found that Cd is quickly adsorbed in the first hours (0-2 h) reaching dynamic
equilibrium from 2 to 12 h, considering this interval the maximum adsorption verified in the
experiment. Its results are similar to those of our study, within limits, and reinforces a
hypothesis that when cadmium comes into contact with GRSP it is immediately adsorbed and
in almost its entirety, making it immobilized in the functional groups hydroxyl, carboxyl,

carbonyl, amide, among others (hard Lewis bases).

Figure 2. Effect of contact time (minutes) on the removal of Cd (I1) by GRSP from Dystroferric
Red Oxisol and Histosol after 24 h of agitation. Fixed parameters: GRSP dose = 30 mg; initial

concentration = 1 mmol L Cd (II).



101

100 5 I l I l 7___4
.El-l-__— . . -
80
S
~ 604
©
>
o)
5
r 40
20
= GRSP LV
0le ®— GRSP Org
I

— ——r——7r——71——T———T—
0 200 400 600 800 1000 1200 1400 1600
Time (min)

3.3 Adsorption isotherms

Isothermal models tested to evaluate the GRSP-Cd interaction were Langmuir, Freundlich and
Sips. The adsorption of Cd (Il) for the two GRSP followed the order Sips > Freundlich >
Langmuir, that is, the Sips isothermal model at room temperature (25 °C) is the best fit. The
Sips isotherm is known for its good ability to explain heterogeneous systems and evaluate metal
adsorption (Foo and Hameed, 2010. Freundlich has the property of being applied to multilayer
adsorption and to heterogeneous systems, which is beneficial for explaining experiments with
metals. The adsorption isotherms showed higher maximum adsorption capacity for GRSP LV

compared to GRSP Org (Table 2). Overall, the model was effective, realistic, understandable
and predictive.

Table 2. Parameters of the Langmuir, Freundlich and Sips isothermal models for Cd (II)
adsorption on two GRSP.

Isotherm models

GRSP Langmuir Freundlich Sips

Cmax KL n Kr Bs Ks a
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LV 741.69 0.01 0.76 16.86 0.71 18.10 -0.01
Org 367.23 0.09 0.50 48.94 0.70 46.67 0.08

Omax i the maximum adsorption capacity (mg g*), Ce is the equilibrium concentration (mg L
1, Kr is the Freundlich affinity coefficient and n is the Freundlich nonlinearity factor and Bs is

the adsorption constant Sips.

The analysis of the statistical parameters adjusted R? and the error sum of squares (ERRSQ)
(Table 3) showed that the Sips, Freundlich and Langmuir model adjusted well to predict the
heterogeneous Cd (11) adsorption systems. The Sips model reduces the limitation of the increase
in adsorbate concentration, since at low concentrations it is reduced to the Freundlich model
and at high concentrations, it approaches the Langmuir isothermal model (Foo and Hameed,
2010). Because different models explain the adsorption of Cd (II) by GRSP, this metal is
adsorbed in a monolayer system and also in a multilayer and heterogeneous system, which
makes this a complex process (Foo and Hameed, 2010; Lin et al., 2023).

Table 3. Statistical parameters generated by isotherm models.

Isotherm models

GRSP
Langmuir Freundlich Sips
R? adj ERRSQ R? adj ERRSQ R? adj ERRSQ
LV 0.995 285.12 0.997 16,771.79 0.999 2.52
Org 0.991 559.88 0.992 468.33 0.999 27.81

In our study, it is not possible to categorically determine gmax due to the data not demonstrating
a constant level. The values tabulated for the Langmuir model (gmax) are estimates of the model,
however, within limits, reliable. Figure 3 demonstrates the isothermal adsorption models of

Langmuir, Freundlich and Sips.

Figure 3. Cd (II) adsorption isotherms in GRSP according to the Langmuir, Freundlich and

Sips models.
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Given the ability of GRSP to immobilize Cd (I1), a comparison can be made with GRSP from
soils from other countries and other adsorbents most studied and applied in aqueous solutions,
namely: GRSP, biochar and soils (Table 4).

Table 4. Adsorption parameters (maximum adsorption capacity, pH and adsorbate dose) and
isothermal models for Cd (I1) adsorption with different adsorbents compared to GRSP.

Maximum Maximum
) Isothermal
Adsorbate Adsorbent adsorption pH dosage del R Reference
mode
(mg g*) (mg L)
GRSP 741.69 7.0 337.2 Langmuir 0.99 This work
GRSP 367.23 7.0 337.2 Langmuir 0.99 This work
) Lin et al.
Cd (I1) GRSP 1.47 7.0 337.2 Langmuir 0.99
(2023)
] ) Zhang et
Biochar 31.3 5.0 800 Langmuir 0.98

al. (2023)
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] Sem ) Carnier et
Biochar 1.18 ] 16 Langmuir  0.99
ajuste al. (2022)
_ ] Liu et al.
Biochar 135.7 7.0 1000 Langmuir  0.89
(2021)
. ) Liu et al.
Biochar 116.9 7.0 1000 Langmuir 0.99
(2021)

Our study demonstrates the potential of GRSP, also from tropical soils, to immobilize and
remove Cd(I1) in agueous solutions. These findings demonstrate the importance of using GRSP
isolated in the laboratory as a Cd adsorbent at concentration levels close to the values required
by current legislation, within limits. For example, at the lowest concentrations (0.0625 and
0.125 mmol L* Cd), for GRSP LV and GRSP Org it remained 0.0023 and 0.0053 mmol L*
and 0.001 and 0.002 mmol L in aqueous solution, equivalent to 0.26, 0.60 mg L™t of Cd after
adsorption by GRSP LV, and 0.11, 0.19 mg L* of Cd after adsorption by GRSP Org. In
environmental legislation for the state of Sdo Paulo (Cetesb, 2021), Minas Gerais and nationally
(Conama, 2009) , respectively, the acceptable value of Cd in soils is < 1.3 mg kg, and the
value that requires intervention for groundwater is 3 pg L. Within limits, we can say that
GRSP contributed to immobilizing and removing Cd (1) from aqueous solutions in low and

high concentrations and that it approaches acceptable levels under current Brazilian legislation.

Conclusions

In this study we evaluated the potential of GRSP from two Brazilian soils to adsorb cadmium.
Work is emerging with interest in immobilizing cationic metals from aqueous solutions and
other environmental matrices. As in other recent studies, GRSP exhibited strong adsorption

capacity, removal efficiency and affinity for Cd(l1).

The mechanisms that can explain this fact are electrostatic attraction and surface complexation,
supported by the theory of hard and soft acids, hard and soft bases. The Sips isotherm was the
model that best explained the data set, and this model was used for what was proposed, it was

effective, understandable, realistic and predictive.
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GRSP has been successfully applied in aqueous solutions to several potentially toxic elements
and more research needs to be carried out to better understand the interaction of GRSP-EPT

and with organic substances used in agriculture and industrial waste.
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CONSIDERACOES FINAIS

Neste estudo caracterizamos a proteina do solo relacionado a glomalina de dois
pedossistemas, mineral e varzea (solo organico) e avaliamos o potencial do GRSP de dois solos
brasileiros para adsorver cadmio. Evidenciou-se que técnicas simples ainda sdo importantes
para caracterizar subprodutos microbianos. Técnicas mais refinadas e modernas promovem
insights importantes na compreensdo da composi¢cdo de GRSP. Além disso, GRSP como uma
substancia excretada por fungos micorrizicos arbusculares, pode ser utilizada como adsorventes
de substancias inorganicas prejudiciais aos organismos e ao ser humano. O cadmio é um
elemento extremamente perigoso e pode ser imobilizado/removido de solucGes aquosas por
GRSP. Estéo surgindo trabalhos com interesse na remocao/imobilizacdo de metais cationicos
de solucBes aquosas e outras matrizes ambientais. Como em outros estudos recentes, a GRSP
exibiu forte capacidade de adsorc¢éo, eficiéncia de remocéo e afinidade por Cd(I1). A GRSP tem
sido aplicada com sucesso em solucgdes aquosas para varios elementos potencialmente toxicos
e mais pesquisas precisam ser realizadas para melhor compreender a interacdo do GRSP-EPT

e com substancias organicas utilizadas na agricultura.



