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RESUMO

O processo mineracdo gera grandes quantidades de residuos solidos, 0s quais possuem
grandes quantidades de elementos potencialmente toxicos (EPTSs), que sdo extremamente
nocivos ao ambiente e a saude humana (por exemplo o arsénio). Um exemplo é a MAPE
(mineracdo artesanal e de pequena escala) no municipio de Cachoeira do Piria, estado do
Pard, na localidade é realizada a exploracdo de ouro. Nesse contexto, esta pesquisa
relaciona o uso de biocarvao para reducdo da biodisponibilidade e sua integracdo na
avaliacdo do risco causado por arsénio (As) oriundo de residuos de mineracéo de ouro,
com a finalidade de uso em programas de remediacdo ambiental. No capitulo 1, foi
avaliada ainfluencia de 3 biocarvdes (caroco de acai, tegumento de castanha do Paré e
torta de palmiste) em dois tipos de residuos de mineracdo, aplicados a uma taxa de 5%.
A adicdo dos 3 biocarvdes proporcionaram o acumolo de As em fracbes mais estaveis e
por consequéncia diminuiram a biodisponibilidade de As nos dois residuos, o que pode
auxiliar em programas de remediacdo ambiental. No capitulo 2, foi avaliada a influencia
do enriquecimento do biocavao com fosforo (P) com uso de superfosfato simples e triplo
(SFS e SFT) na bioacessibilidade, no acumulo de As em alface (Lactuca Sativa) e a
interacdo do biochar na avaliacdo de risco a salde humana com a ingetdo de solo e
material vegetal contaminado. Todos os biochars elevaram a bioacessibilidade de As,
devido ao aumento dos teores de P no residuo. A adi¢do dos biochars proporcionaram a
diminuigdo da translocacdo e acumulo de As nas folhas de alface, com excessdo na
condicgéo de excesso de P (SFT). A adicdo dos biochars enriquecidos proporcionaram a
diminuicdo dos niveis de avaliacdo de risco (HI), relacionado principalmente a
diminuicdo do acumulo de As na folhas de alface. O enriqueciemento com SFS obteve 0s
melhores resultados principalmente na disponibilizacdo de nutrientes, diminuicdo do
acumulo de As nas folhas de alface e por isso pode ser indicado como remediador

ambiental, principalmente com o auxilio de espécies fitorremediadoras.

Palavras-chave: Pirolise; Gestdo de residuos; Residuo de mineracéo; Cachoeira do Piria



ABSTRACT

The mining process generates large amounts of solid waste, which have large amounts of
potentially toxic elements (PTE’s), which are extremely harmful to the environment and
human health (eg arsenic). An example is MAPE (artisanal and small-scale mining) in
the municipality of Cachoeira do Piri4, state of Para, where gold exploration is carried
out. In this context, this research relates the use of biochar to reduce bioavailability and
its integration in the assessment of the risk caused by arsenic (As) from gold mining
residues, with the purpose of use in environmental remediation programs. In chapter 1,
the influence of 3 biochars (acai kernel, Brazil nut husk and palm kernel cake) on two
types of mining residues was evaluated, applied at a rate of 5%. The addition of the 3
biochars provided the accumulation of As in more stable fractions and consequently
decreased the bioavailability of As in the two residues. In chapter 2, the influence of
enrichment of biocavion with phosphorus (P) using single and triple superphosphate (SFS
and SFT) on bioaccessibility, As accumulation in lettuce (Lactuca Sativa) and the
interaction of biochar in the evaluation of risk to human health through ingestion of
contaminated soil and plant material. All biochars increased the bioaccessibility of As,
due to the increase of P contents in the residue. The addition of biochars provided a
decrease in the translocation and accumulation of As in lettuce leaves, with the exception
of the excess P condition (SFT). The addition of enriched biochars provided a decrease
in risk assessment (HI) levels, mainly related to a decrease in As accumulation in lettuce
leaves. The enrichment with SFS obtained the best results mainly in the availability of
nutrients, reduction of the accumulation of As in the lettuce leaves and therefore it can be
indicated as an environmental remedy, mainly with the help of phytoremediation species.

Key words: Pyrolysis; Mining waste; Cachoeira do Piria



CONTEXTUALIZACAO

A problematica da gestdo de residuos sélidos tem grande repercusdo devido aos
seus efeitos diretos relacionado aos meio-ambiente e por consequéncia ao ser humano.
No contexto urbano, os principais relacionados aos residuos solidos sao provocados pela
sua deposicdo ou descarte inadequado, 0 que provoca a problemas relacionados a:
poluicdo visual; proliferacdo de vetores de doencas; prejudica o sistema de drenanegem
urbana etc. Na area agricola, uma das problematicas é a grande geracdo de residuos
solidos organicos o qual é aproveitado, mas dependendo da sua origem a producdo é tdo
elevada que ndo é possivel o seu total reaproveitamento.

Em relacdo aos problemas ambientais em grande escala, a questdo da gestao de
residuos sélidos (estéril e rejeitos) € ligada a grandes empreendimentos, como por
exemplo a exploracdo mineral ndo legalizada (garimpos), por isso ndo se preocupam com
estudos de impactos ambientais prévios que tem a finalidade de prever e tentar buscar
alternativas que busquem minimizar os problemas ambientais gerados (antes, durante e
depois) do processo de mineracao.

Esse residuo sélido oriundo de garimpos devidos aos processos utilizados para a
exploracdo tem normalmente inimeros elementos potencialmente toxicos (EPT ou PTE),
os quais dependendo da forma, tipo e quantidade propiciam inimeros maleficios caso ndo
ocorra nenhum tipo de cuidado com seu manuseio e deposi¢do. Os residuos comumente
sdo depositados de forma inadequada o que trds maleficio para o solo, agua, plantas e
organismos encontrados em regides proximas a deposi¢do. O principal problema
relacionado aos EPTs oriundo do estéril/rejeito € a sua insercdo na cadeia trofica visto

gue esses elementos ndo séo degradados.



A biodisponibilidade se refere a capacidade de um metal de interagir com as
matrizes ambientais (por exemplo o solo), que sofre varios processos de
destino/transporte, representando uma parte do reservatorio total do metal (considerado
como um sistema potencialmente biodisponivel). Assim, o elemento biodisponivel é
aquele que em determinado momento seja capaz de entrar em contato ou penetrar em um
organismo, dependendo das condi¢Ges ambientais (USEPA 2007: RYU et al., 2010;
CAPORALE-VIOLANTE. 2016; KIM et al., 2015; TANG et al., 2018; CHEN et al.,
2020; LOUZON et al., 2020; ZHAO et al., 2020; ZHENG et al., 2020).

No solo, a biodisponibilidade tem relacéo direta com a absorcao de nutrientes por
plantas. Especies vegetais necessitam de Vvarios elementos quimicos (macro e
micronutrientes) os quais auxiliam no seu desenvolvimento, a maioria dos nutrientes sao
absorvidos pelas raizes da planta, por isso a disponibilidade de contaminantes no solo
pode proporcionar seu acumulo nos compartimentos vegetais. Existe uma grande
problematica relacionado ao acumulo de contaminantes em vegetais, principalmente
quando existe a possibilidade deles serem comestiveis.

O biochar tem influéncia direta na biodisponibilidade dos compostos devido a
processos de complexacdo, adsor¢do e precipitacdo, proporcionados por suas
caracteristicas fisico-quimicas (pH, cinzas, componentes organicos e de sua estrutura
porosa) que auxiliam na indisponibilidade de contaminantes (MUNIR et al., 2020;
NEJAD et al., 2021; YUAN et al., 2021). Um fator relavante para a biodisponibilidade
de EPT’s ¢é a presenca de ions metalicos no biocarvao (Fe, Mn, Ca, Mg e P) (YIN et al.,
2021; XIAO et al., 2020; ZOU et al., 2021; XIANG et al., 2020), por exemplo o fosforo
(P) possuiu importancia variavel dependendo da caracteristica do EPT, para elementos
aniénicos ocorre a competicdo por sitios superficiais de adsor¢do (estimulo a

solubilizacéo de anions) e ja para catidnicos devido as cargas opostas ndo ha a competigédo



por sitios de adsor¢do (estimulando a adsor¢éo eletrostatica e a formacéo de compostos
insoluveis de fosfato) (ZHANG et al., 2020).

A biodisponibilidade humana é associada a quantidade em que o componente é
absorvido (via ingestdo, respiragdo, contato direto) e apds o0s processos de
absorcdo/digestdo sdo metabolizados no trato-gastrointestinal e atinge a circulagédo
sisttmica (DEAN, 2007; EL-KATTAN, 2017; HU & LI, 2011). Assim como esses
processos estdo relacionados a absorgdo de nutrientes/remédios por seres humanos, 0s
mesmos conceitos podem ser considerados em relacdo as atividades de contaminacgao
com elementos potencialmente tdxicos (EPTs). Para avaliar os riscos relacionados ao
contato com os EPTSs, faz-se necessario o uso de métodos de avaliagdo de risco a satde
humana.

A avaliacéo de risco a saide humana é uma metodologia utilizada com a finalidade
de estimar os efeitos toxicos associados a exposi¢do de substancias quimicas toxicas,
como os EPTs, a qual consiste nas etapas a seguir: (1) identificacdo do perigo, ou seja,
realizacdo da caracterizacdo inicial do local possivelmente contaminado e dos niveis de
contaminante; (2) avaliacdo da exposicdo, determinada pela intensidade, frequéncia e
duracdo da exposicdo ao contaminantes (usualmente determinado através do calculo de
ingestdo média diaria por 3 vias de exposicao: ingestdo, inalacdo e contato dérmico); (3)
avaliacdo da toxidade e dose-resposta, a paritr de valores padronizados de fator sloop
(SF), o qual considera o potencial risco associado a ocorréncia de efeitos cancerigenos
devido a exposicéo prolongada e a dose de referéncia diaria (Rfd), considerando valores
maximos de interacdo com o contaminante por 3 vias de exposicao: ingestdo, inalacéo e
contato dérmico; e (4) caracterizagdo que se utiliza das etapas anteriores para apresentar

um valor fixo, determinando o grau de probabilidade para o desenvolvimento de
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problemas de salde, cancerigenos e ndo-cancerigeno (USEPA, 2001; 2007; OROSUN,
2021).

Comumente, os valores utilizados para os célculos de avaliacdo de risco sdo 0s
teores dos contaminantes extraidos utilizando a metodologia EPA 3051A ou EPA 3050B.
Esses métodos utilizam-se de acidos concentrados e que com o auxilio de micro-ondas,
potencializa seu poder de dissolucédo, sendo considerados teores totais (excluindo a fragéo
silicatada e ligada ao titanio) (USEPA, 1996; 2007; RODRIGUES et al., 2018). Altas
concentracdes de metais no ambiente, ndo necessariamente significam a possibilidade de
transferéncia e consequentemente causar efeitos adversos aos organismos. Os principais
riscos estdo associados a biodisponibilidade, que estd relacionada a interacdo do
contaminante com o ambiente/organismos (USEPA, 2007; SUM et al., 2017; HAMID et
al., 2018; ZHANG et al., 2018; LIU-HAN, 2020).

Uma grande variedade de pesquisas comprovam a diminuicdo da
biodisponibilidade de contaminantes no solo ap6s a adi¢cdo de biochars, provocando a
diminuicdo dos teores nas fracBes biodisponiveis F1 (sollvel/trocavel/carbonatos)
relacionados ao método BCR e F1+F2 (soluvel/trocavel + carbonatos) do método de
Tissier (1979), por consequéncia dessa menor biodisponibilidade ocorre menor absorgéo
pelos vegetais e menor risco de lixiviagdo (ZHANG et al., 2016; ZHANG et al., 2017;
MENG et al., 2018; HAO et al., 2019; HUANG et al., 2020), por conseguinte menor risco
aos ecosistemas e a saude. Recentemente, Huang et al (2016) e Jayarathne et al (2018)
buscaram fazer a integracdo do fracionamento (bio)geoquimico, mais especificamente a
fragcdo biodisponivel (fracdo soluvel+ trocavel+ carbonatos), com a avaliacéo de risco a
salde humana e confirmaram que essa integragédo é extremamente necessaria, devido ao
fato de que a interacdo eletroquimica de esfera externa ou interna (JAYARATHNE et al.,

2017) dos EPT’s com as diferentes particulas do material sélido ¢ um fator chave para a
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uma avaliagdo mais precisa dos possiveis impactos ambientais proporcionados pelos
contaminantes.

Portanto, a integracdo da biodisponibilidade a avaliacdo de risco é um passo
fundamental para um protocolo de controle mais realista da possivel contaminagdo
humana, devido a exposi¢do aos possiveis contaminantes. O que torna a integracao mais
realista é o fato de que a biodisponibilidade do contaminante pode ser alterada em curtos
periodos e/ou devido as alteragdes fisico-quimica-bioldgicas, proporcionada pela adigdo
de amenizantes (materiais organicos e biochars). Por conta dessa variagdo em curto
periodo (diferentemente dos teores totais que sofrem variagdes em longos periodos), o
monitoramento do risco ambiental de empreendimentos minerais torna-se mais eficiente
apartir da definicdo da biodisponibilidade como valor norteador para tomada de deciséo

de quais materiais sdo mais apropriados para remediacdo de areas degradadas.
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GRAPHICAL ABSTRACT

Uiiderground ENVIRONMENTAL RISKS OF ARSENIC
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- Three different biochars never studied before in As remediation were tested
- Bioavailable concentrations of As were reduced (4-17 mg kg™) after biochar addition
- Biochar addition statistically reduced the environmental risks of As (6-20%)

- Biochar efficiency showed the order palm kernel cake > Brazil nut shell > acai seed
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ABSTRACT

Artisanal gold mining has generated tailings highly contaminated by arsenic (As) in
Cachoeira do Piria, eastern Amazon, leading to severe risks to the environment. Such
risks should be mitigated considering the bioavailable concentration of the element, since
it implies immediate damage to the ecosystem. The objective of this study was to evaluate
the potential of biochars in mitigating the environmental risks of bioavailable As
concentrations in gold mining tailings from underground and cyanidation exploration.
The biochar addition increased mineral components, cation retention, phosphorus in all
fractions, and organic and inorganic carbon. The bioavailability of As was reduced after
adding the biochars, following the order palm kernel cake biochar > Brazil nut shell
biochar > acai seed biochar, with reductions of up to 13 mg kg in the underground
mining tailings and 17 mg kg! in the cyanidation mining tailings. These results
contributed to the statistically significant reduction of the environmental risks in both
mining tailings (6 to 17% in the underground mining tailings and 9 to 20% in the
cyanidation mining tailings), which was emphasized by Pearson's correlation and
multivariate analyzes. The incorporation of the bioavailable fractions of As (from
sequential extraction) in the environmental risk assessment was a promising method for
evaluating the efficiency of biochars in mitigating the damage caused by this metalloid in
gold mining tailings.

Keywords: arsenic contamination; arsenic bioavailability; arsenic exposure;

environmental risks.
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1. INTRODUCTION

Arsenic (As) is the most toxic element according to the Agency for Toxic
Substances and Disease Registry (ATSDR, 2017), strongly associated with
carcinogenesis in humans (Jaishankar et al., 2014; Singh et al., 2007). The main anthropic
source of this metalloid in the environment is mining, due to the exposure of As-rich
minerals to weathering (Drahota et al., 2014; Ono et al., 2012; Souza Neto et al., 2020),
which can cause heavy environmental contamination, including soils in areas far from the
exploration sites, as well as water bodies that could provide water for human consumption
and industrial activities (Panagopoulos, 2021a, 2021b, 2021c). This problem is more
pronounced in artisanal mining areas, where low mineral recovery techniques are used
and the residues are improperly deposited in the environment (Souza Neto et al., 2020).

Total concentrations of potentially toxic elements (PTEs), including As, are
usually adopted to assess the risks associated with these elements in contaminated areas.
However, this information is not a proper predictor when evaluated individually, due to
the fact that it does not reveal the mobility and bioavailability of these contaminants
(Adamo et al., 2018; Alan and Kara, 2019; Gope et al., 2017; Nkinahamira et al., 2019).
On the other hand, sequential extractions indicate the main fractions in which the PTEs
are linked (Gabarron et al., 2019), allowing to understand the actual risks caused by these
elements in contaminated materials (Huang et al., 2016; Jayarathne et al., 2018).

Biochar is a carbonaceous material resulting from the pyrolysis of biomass under
low oxygenation, suitable for controlling contamination (Lehmann et al., 2011, 2006;
Penido et al., 2019; Uchimiya et al., 2011) and improving soil fertility and biological
properties (Bashir et al., 2018; Chen et al., 2020; Liu et al., 2016; Penido et al., 2019; Sun
et al., 2020; Wang et al., 2021). Some studies have evaluated the potential of biochar for

environmental remediation using sequential extractions, showing how this material
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affects chemical fractionation, mobility and bioavailability of PTEs (Chen et al., 2020;
Huang et al., 2020; Lin et al., 2019; Wan et al., 2020; Wang et al., 2020a).

The effects of biochar on the bioavailability of PTEs are related to complexation,
adsorption, and precipitation processes promoted by its physicochemical properties
(Derakhshan Nejad et al., 2021; Mujtaba Munir et al., 2020; Yuan et al., 2021) and
concentrations of metallic ions, such as iron (Fe), manganese (Mn), calcium (Ca) and
magnesium (Mg), as well as non-metallic ions, such as phosphorus (P) (Xiang et al., 2020;
Xiao et al., 2020; Yin et al., 2021). The application of biochar does not change the total
concentrations of PTEs, but rather the bioavailable fraction, which most interacts with the
environment (O’Connor et al., 2018; Wang et al., 2021) and threatens the food chain, due
to the greater potential for absorption by plants (O’Connor et al., 2018; Peijnenburg,
2020). Thus, our study is a pioneer in assessing the environmental risk of As based on the
bioavailable concentrations of this element, in gold mining tailings treated with two
biochars never tested before for this purpose.

In Cachoeira do Piria, northeastern Amazon, different forms of artisanal gold
mining have produced tailings highly contaminated by As, which are improperly
deposited in the environment and require remediation to protect the ecosystem and local
population (Souza Neto et al.,, 2020). The use of agro-industrial residues (largely
produced in the Amazon), in the form of biochar, can be an interesting alternative for the
remediation of these tailings, but this has not been studied so far. Therefore, the objectives
of this study were: i) to evaluate the effect of biochars on the mobilization of As in two
types of gold mining tailings, and ii) to characterize the efficiency of biochars in reducing

the environmental risks of As based on the bioavailable concentrations of this metalloid.
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2. MATERIAL AND METHODS
2.1. Collection of mining wastes

Mining wastes were collected in the municipality of Cachoeira do Piria, state of
Pard, northern Brazil. In this area, mining was carried out by both companies and artisanal
workers until 2013, in sites where gold occurs at depths ranging from 40 to 150 m, in
quartz veins, vein networks, and shear zones (Mosher, 2013; Santos, 2004). Currently,
exploration is performed only by a cooperative through three main ways: i) underground
mining, whose tailings have different deposition periods; ii) cyanidation mining, in which
underground mining tailings are reprocessed using cyanide; and iii) colluvial mining
(Souza Neto et al., 2020).

This study considered two tailings highly contaminated by As (Souza Neto et al.,
2020), identified as: i) underground mining tailings, deposited seven years before the
collection, from exploration at a depth of approximately 150 m, in which amalgamation
is carried out with the conduction of the leachate (solid material and water) on copper
plates containing mercury for gold retention, occupying an area greater than 12 ha (Fig.
1S); and ii) cyanidation mining tailings, from recent reprocessing of underground mining
tailings with alkaline cyanide solution to complex the residual gold, deposited in area
equivalent to 3 ha (Fig. 1S). Both tailings were collected in April 2018, at random to

obtain a better representation of each deposition area.

2.2. Production of biochars

Acai palm (Euterpe oleracea Mart.) seeds, Brazil nut (Bertholletia excelsa
Bonpl.) shells, and palm kernel cake from the processing of oil palm (Elaeis guineensis
Jacq.) were used in the production of biochars. Agai seeds and Brazil nut shells were

collected at fairs in the municipality of Belém, state of Para, where the respective pulp
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and nuts are processed and sold. Palm kernel cake was collected at a company located in
the municipality of Santa Bérbara do Par4, also in the state of Para. These materials were
selected due to the high regional production, varied proportions of lignin, cellulose and
hemicellulose, and the potential as adsorbent materials, which is indicated for the
remediation of degraded areas (Dias et al., 2019).

These wastes were washed with deionized water and dried in an oven at 50 °C for
24 h. After that, 100 g of each material were weighed, placed in porcelain crucibles, and
pyrolyzed in a muffle oven at 700 °C, under a heating rate of 3.33 °C/min. This
temperature was adopted due to the generation of biochars with better characteristics and
greater adsorption capacity (Dias et al., 2019). The biochars were crushed, sieved (100
mesh), and identified as: B1 - agai seed biochar; B2 - Brazil nut shell biochar; and B3 -

palm kernel cake biochar.

2.3. Characterization of mining tailings and biochars

The concentrations of As in the tailings were extracted according to the EPA
3051A method (USEPA, 2007), in which 9 mL HNOs and 3 mL HCI were applied in 0.5
g of each sample, in triplicate, with digestion in a microwave oven (CEM corporation,
model MARS 5®). The quantification was carried out using inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer), including the ERM® CC-141 certified
reference material and blank samples to ensure analytical quality. The recovery rate of
As was 95%.

The mineralogical characterization (0.15 mm fine fraction) was performed by
PANalytical X’PERT PRO MPD (PW 3040/60) diffractometer powder method, with
goniometer PW3050/60 (0/0), ceramic-ray tubes with Cu (Kol = 1.540598 A), model

PW3373/00, long fine focus (2200 W - 60 kV), KB nickel filter. The instrumental
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scanning conditions were: 4° to 70°26, step size 0.02° 20 and time/step of 10 s, divergent
and automatic slit and anti-spreading of 4°; 10-mm mask; sample in circular motion with
frequency of 1 rotation/s for all samples. The materials were identified using X-ray
diffraction (Fig. 2S).

In the characterization of biochars, the pH in water was determined at a ratio of
1:10 (solid:solution) (Singh et al., 2017), and the point of zero charge (PZC) was found
according to Uchimiya et al., (2011), when the initial and final pH values were equal. The
total levels of C, H, N and S were determined using an elemental analyzer (PerkinElmer,
model 2400) and the ash content was quantified by combustion of 1 g of biochar in a
muffle oven, maintained at 500 °C for 1 h and 700 °C for 2 h (Melo et al., 2013).

The pseudo total concentrations of elements were extracted using the same
method used in the characterization of tailings (EPA 3051A) (USEPA, 2007). The
analyzes were performed in triplicate, including the ERM® CC-141 certified reference
material and blank samples, in order to ensure analytical quality. The recovery rates

ranged from 85 to 97%.

2.4. Biochar application experiment

The two artisanal mining tailings were subjected to the application of 5% of
biochar. Each treatment (Control, B1, B2 and B3) had five replications, totaling 20
experimental units per tailing, which were conducted in a completely randomized design
and maintained at 50% of the total water holding capacity throughout the incubation
period, with addition of ultrapure water (Milli-Q).

One year after the addition of biochars, the pseudo total concentrations of Al, Ca,
Co, Cu, Fe, K, Mg, Mn, P, S and Zn were quantified by the method EPA 3051A (USEPA,

2007), with recovery rates varying from 87 to 93%. The pH was obtained with a
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potentiometer in water (1:10 ratio) (Souza et al., 2019) and the cation exchange capacity
(CEC) was quantified by the modified method of NHs-acetate displacement (Yuan et al.,
2011). Contents of organic carbon (OC) and inorganic carbon (IC) were determined by
loss of mass via dry combustion in a muffle oven, under temperatures of 450 and 950 °C,
respectively. Total carbon (TC) was obtained by the sum of OC and IC (Hussain et al.,
2019).

The fractionation of P was performed due to the role that this element plays on the
dynamics of As (Xiang et al., 2020; Xiao et al., 2020; Yin et al., 2021). This analysis
followed the methodology proposed by He et al., (2014), which allowed to obtain the
following fractions: i) soluble inorganic P (Psar), extracted using ultrapure water; ii) labile
inorganic P (Pia), extracted using 0.5 M NaHCOQOsg; iii) adsorbed inorganic P (Pads),
extracted using 0.1 M NaOH; iv) P associated with minerals (Pmin), extracted using 1 M
HCI; and v) residual P (Pres), obtained with acid digestion (method EPA 3051A) of the
solid material remaining from the previous extractions. The Psol, Piab, 1Pads, and Pmin
fractions were quantified by the colorimetric method described by Murphy and Riley

(1962), while the Pres fraction was quantified using ICP-MS.

2.5. Chemical fractionation of As

The sequential extraction developed by Drahota et al., (2014) was used to study
the chemical fractionation of As. This method can be adopted reliably for the partitioning
of As in mining wastes, allowing to determine the association of this element with the
following fractions: readily soluble (F1); adsorbed (F2); amorphous and poorly-
crystalline arsenates, oxides and hydroxosulfates of Fe (F3); well-crystalline arsenates,

oxides, and hydroxosulfates of Fe (F4); and sulfides and arsenides (F5).
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The F1 fraction was extracted with ultrapure water (1:25 sample:water), stirred
for 10 h; the F2 fraction was obtained with 0.01 M NH4H2PO4 (1:100 sample:solution),
stirred for 16 h; the F3 fraction was extracted with 0.2 M NHs-oxalate/oxalic acid (1:100
sample:solution, in the dark, pH 3, stirred for 2 h; the F4 fraction was extracted with 0.2
M NHs-oxalate/oxalic acid (1:100 sample:solution, pH 3, at 80 °C), stirred for 4 h; and
the F5 fraction was extracted with KCI/HCI/KHNO3 solution (1:100 sample:solution).
The concentrations were obtained by flame atomic absorption spectrometry (FAAS)
(Thermo Scientific, model iCE3000) with a hydride generator (Thermo Scientific, model
VP100). To guarantee the analytical quality, these analyzes were performed in triplicate
and included a blank sample in each battery. The recovery rate of As was represented by
the ratio between the sum of the concentrations found in the F1, F2, F3, F4 and F5

fractions and the total concentration, varying from 92.2 to 97.3%.

2.6. Environmental risk assessment

In this study, the bioavailable concentration (BAC) of As was represented by the
soluble and adsorbed fractions (F1 + F2), due to the easier release of the metalloid from
these fractions to the ecosystem (Dong et al., 2020; Jayarathne et al., 2018; Silva Junior
et al., 2019). In order to understand the role of biochars in mitigating the environmental
risks associated with As in the studied mining tailings, the potential ecological risk index
(PERI) was calculated.

The PERI was first proposed by Hakanson (1980), to assess the impact of PTES
on ecosystems considering pseudo total concentrations (Zhang et al., 2018). Although
this index has been widely used to study the ecological risk in soils and mining wastes
(Kowalska et al., 2018; Lin et al., 2019; Pereira et al., 2020; Tapia-Gatica et al., 2020;

Xiao et al., 2019), it can overestimate the risks by not considering the bioavailable
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fraction, which has immediate effect on the ecosystem (O’Connor et al., 2018;
Peijnenburg, 2020). Therefore, the bioavailable concentrations were incorporated into the
calculation of the modified ecological risk index (PERIm) according to the methodology

proposed by Jayarathne et al., (2018), following equation 1:

BAC sy
NCas

PERI,, = Tas X ( Equation 1

Where T as is the toxic response factor of As (10) (Hakanson, 1980); BACas is the
sum of the As concentrations (mg kg?) in the F1 and F2 fractions (bioavailable fraction);
and NCas is the concentration of As in the reference area (2.06 mg kg™?) (Souza Neto et
al., 2020). The results were interpreted according to Hakanson (1980), where PERI < 40
indicates low risk, 40 < PERI < 80 indicates moderate risk, 80 < PERI < 160 indicates
considerable risk, 160 < PERI < 320 indicates high risk, and 320 < PERI indicates very

high risk.

2.7. Statistical analyzes

The results were submitted to the Shapiro-Wilk normality test (p < 0.05). Given
normality, an analysis of variance (ANOVA) was performed and the averages were
compared using the Tukey test (p < 0.05). Relationships between the properties of the
biochars and As fractions in the tailings were evaluated by principal component analysis
(PCA). In addition, to corroborate the results obtained in the PCA, Pearson's correlation
analysis (p <0.05) was carried out.

A multiple linear regression analysis was performed to generate a robust model
for estimating the bioavailability of As. Variables for modeling were selected using

Pearson's correlation (p < 0.05), while the most appropriate model was selected based on
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the F test (p < 0.05) and AIC (Akaike Information Criterion) values. The equation of the
multiple linear regression was obtained by the Stepwise method, eliminating the variables
without statistical significance for the model. The precision and accuracy of the selected
model were assessed using the coefficient of determination (R?), adjusted coefficient of
determination (R? adjusted), and normalized root mean square error (NRMSE) (Waterlot
etal., 2016). All statistical analyzes were performed using R, version 4.1.1 (R Core Team,

2021).

3. RESULTS AND DISCUSSION
3.1. General characteristics of biochars and mining tailings

All biochars studied showed alkaline pH (Table 1), which is related to the
accumulation of ash, common in the pyrolysis of organic materials under high
temperatures (Adhikari et al., 2019). The ash content had an inverse behavior (B3 > B1
> B2) in relation to the carbon content (B2 > B1 > B3). Biochars with higher ash contents,
such as B1 and B3, are rich in inorganic compounds (Domingues et al., 2017) and have
lower carbon contents. On the other hand, the lower ash content in B2 is related to the
higher carbon content, resulting from the high content of lignin in the source (Dias et al.,
2019).

The biochars presented varied levels of P, Ca, Mg, Mn, Fe and S (Table 1). Such
variations can be explained by the different chemical compositions of the materials used
as sources (Wang et al., 2021). The fractions of P followed the same trend as the total
contents of this element (B3 > B1 > B2). In the environment, P tends to be available after
the mineralization of organic material (Wierzbowska et al., 2020), which occurs through

pyrolysis in the case of biochars (Adhikari et al., 2019; He et al., 2014).

27



The pseudo total concentrations of elements were varied in the two gold mining
tailings (Table 2), mainly due to the different exploration processes. In both materials, the
concentrations of As were extremely higher than the quality reference value (1.4 mg kg
1y established for soils from the state of Para (Fernandes et al., 2018) and the investigation
value (35 mg kg™?) established by the National Environment Council for Brazilian soils
(CONAMA, 2009), suggesting potential risks to human health due to As exposure.

The underground mining tailings showed a higher concentration of As when
compared to the cyanidation mining tailings, which may be directly related to losses
during the dissolution of minerals in cyanidation (Kyle et al., 2012). Such losses can harm
the environment and human health due to the contamination of soil, water, and plants
(Pereira et al., 2020; Souza Neto et al., 2020). The concentrations found in both tailings
are higher than those found by Souza et al., (2017) in Serra Pelada, Brazil, and by Ding

et al., (2016) in China.

3.2. Influence of biochars on tailings properties

The addition of biochars increased the concentrations of Co, K, Mn, P and S in
the underground mining tailings, as well as Fe, Ca, Cu, K, Mg, Mn, P and S in the
cyanidation mining tailings (Table 3). These findings indicate that biochars were relevant
sources of inorganic components, which is commonly observed in studies assessing these
materials. In a low fertility soil from Nepal, the addition of biochar improved the levels
of Ca, Mg, K and P (Pandit et al., 2018). Biochars produced with residues from the
southeastern Brazil increased the levels of K and Ca in the soil (Domingues et al., 2017).

The fractionation of P was modified by the application of biochar in both tailings
(Table 4). B3 added higher levels of P in all fractions, which is related to the higher total

concentrations in this material, followed by B1 and B2 (Table 1). P-rich biomasses, such
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as palm kernel cake (used in the production of B3), tend to release high levels of this
element during pyrolysis (Wang et al., 2021). After the application of biochar, the
availability of P is controlled by the biological activity in the environment, in addition to
reactions with inorganic colloids (Hosseini et al., 2019; Richardson and Simpson, 2011).

The addition of biochar increased the CEC in the tailings (Table 4), which is
related to the negative charges from organic groups (with high reactivity) and alkaline
components of ash, increasing the amount of cation sorption sites (Hailegnaw et al., 2019;
Munera-Echeverri et al., 2018). In addition to CEC, the C content also increased with the
addition of biochars to the tailings (Table 4), derived from the partial pyrolysis of biomass
and carbonates in the ash, as well as the generation of pyrogenic C during the
mineralization of OC to IC in pyrolysis (Amoakwah et al., 2020; Dong et al., 2019; Shi
et al., 2021). Increase in C with the addition of biochar was also observed by Luo et al.,

(2020) in soils from China.

3.3. Effects of biochars on As fractionation
3.3.1. Underground mining tailings

All fractions of As were influenced by the biochars, with the exception of the F1
fraction after the addition of B2 (Fig. 1), whose low solubilization potential is related to
the lower levels of OC and P (Table 4), resulting in less repulsion of As (Williams et al.,
2011; Zheng et al., 2012). On the other hand, the greater solubilization of As with the
addition of B1 and B3 is related to the higher contents of ash (Table 1), which is rich in
carbonates, hydroxides and oxides, and mineral components (Beiyuan et al., 2017; Dias
et al., 2019). Such conditions increased the pH of the tailings (Table 4), favoring the
repulsion/solubilization of As oxianions that tend to be easily desorbed (Kim et al., 2018;

Tian et al., 2021; Zhang et al., 2020) and replaced by basic components.
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The greater solubility of As promoted by B3 in relation to B1 can be explained by
the higher levels of P (total and fractions) and OC provided by this biochar (Table 4). In
this process, the release of As is from the replacement of this metalloid by P (phosphate
ions) on the surface of the tailings particles, due to the chemical similarity between these
elements and greater solubilization provided by organic components (Beesley et al., 2014;
Lin et al., 2017; Smith and Naidu, 2009; Yin et al., 2017).

The application of B1 and B3 promoted the mobilization of As from the F2, F3
and F4 fractions to the F1 fraction (Fig. 1). These two biochars present higher levels of P
(Table 4), which has the potential to replace the electrostatically adsorbed As (Beesley et
al., 2014; Lin et al., 2017). Moreover, the dissolved organic matter resulting from the
application of these biochars may have caused the dissolution of Fe and Mn oxides
(responsible for more stable bonds), releasing the precipitated and adsorbed As (Beiyuan
et al., 2017; Kim et al., 2020, 2019, 2018). On the other hand, the dissolution of Fe and
Mn oxides may have been lower with the application of B2 due to the lower levels of
lignin, producing a lower content of dissolved organic matter (Dias et al., 2019; Kim et
al., 2020).

With the addition of B2, the concentrations of As decreased in the F3 fraction and
increased in the F5 fraction (Fig. 1), which is due to the dissolution of amorphous minerals
(Kim et al., 2018), followed by readsorption in the crystalline fraction, in which As
presents greater stability. The higher concentrations of Fe, Co and Mn after application
of B2 (Table 3) suggest increased contents of crystalline oxides formed by these elements,
causing higher adsorption and lower mobility of As, which has greater stability when
bound to oxides (Yin et al., 2017; Yu et al., 2017, 2015). These bonds become stronger
and more stable with the aging of the tailings, which decreases solubilization (Agrafioti

etal., 2014; Beiyuanetal., 2017; Zhang et al., 2020). B1 was the only biochar that reduced
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the concentrations of As in the most stable fraction (F5) (Fig. 1), possibly due to the lower
levels of Fe in this biochar (Table 1), which may have favored the mobilization of As to

less stable fractions.

3.3.3. Cyanidation mining tailings

The application of B1, B2 and B3 reduced the concentrations of As by 15.3, 10.3
and 20.6% in the F2 fraction; 25, 15.3 and 11.1% in the F3 fraction; and 61.6, 24.9 and
19.7% in the F4 fraction, respectively, in relation to the control treatment. Such reductions
are directly related to the increment in CEC with the addition of these biochars (Table 4),
which increased the electrostatic repulsion of As and favored the mobilization of this
metalloid (Lomaglio et al., 2017; Tian et al., 2021; Zhang et al., 2020).

The decrease of As concentrations in the F3 and F4 fractions (Fig. 1) with the
application of all biochars, especially B1, may be related to the reductive dissolution of
Fe and Mn in oxides, caused by the increment in OC, which was more pronounced with
the addition of B1 (Table 4) and may have led to the solubilization (Beiyuan et al., 2017;
Kim et al., 2018; Wang et al., 2017) and mobilization of As for both less stable (F1
fraction) and more stable (F5 fraction) forms.

The concentrations of As increased in the F5 fraction, corresponding to 38.6, 12.6
and 4% after application of B1, B2 and B3, respectively (Fig. 1). The greater percentage
with the addition of B1 is related to the higher concentrations of S, Fe, Ca, Cu and Mn
(Table 3), suggesting that greater contents of sulfide compounds tend to favor more stable
chemical bonds between As and sulfides (Drahota et al., 2014; Wang et al., 2015). The
stabilization of As with the application of biochar was also observed by Luo et al., (2020)

in soils from China, as well as by Zhang et al., (2020) in sediments from the same country.
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3.4. Multivariate analyzes and Pearson’s correlation

In the underground mining tailings, the PCA revealed that the first two principal
components (PC) explained 97.2% of the total data variation, with 82.5% explained by
PC1 and 14.7% by PC2 (Fig. 2). PC1 was positively dominated by the ash content, total
P and fractions, and the F1 fraction of As, indicating that this metalloid is influenced by
soluble components (ash) and that there is competition for adsorption sites with phosphate
ions, in addition to the dominance of the properties of B3, which promoted greater
solubilization of As. Moreover, PC1 was negatively related to CEC, pH, TC and S of B1
and B2, and the F2, F3 and F4 fractions of As. PC2, in turn, was positively dominated by
the F5 fraction of As and the contents of S and Fe from biochars, as well as negatively
dominated by the concentration of Mn in the biochars, demonstrating the effect of mineral
components (Fe, Mn and S) on the retention of As in less available fractions.

Significant Pearson’s correlations (p < 0.05) were found between the fractions of
As and the properties of biochars in the underground mining tailings (Table 1S), which
supports that the addition of these materials modified the bioavailability of the metalloid.
The F1 fraction of As showed a positive correlation with ash, Ca, Al, Mn, Mg and P
fractions of biochars; the F2, F3 and F4 fractions of As presented negative correlations
with ash, Ca, Al, Mn, Mg and P fractions of the biochars; and the F5 fraction of As showed
positive correlations with the levels of Fe and Ca in the biochars (Table 1S). Such results
indicate that the biochar properties (ash, Ca, Al, Mn, Mg and fractions of P) were essential
for the solubilization of As from the most stable fractions (Fig. 1).

The first two principal components accounted for 95.6% of the data variation in
the cyanidation mining tailings (Fig. 2), with 77.4% explained by PC1 and 18.2%
explained by PC2. PC1 was positively dominated by N, ash, total P and fractions, in

addition to the properties of B3, and negatively dominated by CEC, pH, TC, S, and F1
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and F2 fractions of As from B1 and B2, due to the greater solubilization caused by the
addition of these biochars to the tailings (Fig. 1). PC2 was positively dominated by the
F3 and F4 fractions of As and the content of Fe from biochars, and negatively dominated
by the F5 fraction of As and the concentration of Mn in the biochars, indicating the
influence of mineral components on the retention of As in less reactive fractions.

In the cyanidation mining tailings, the F1 and F2 fractions of As showed negative
correlations with ash, Fe, Ca, Al, Mn, Mg and P fractions, as well as positive correlations
with pH, CEC and TC of biochars; the F3 and F4 fractions of As showed positive
correlations with O, Fe and Ca of biochars; and the F5 fraction of As had negative
correlations with Fe, Ca and Al of biochars (Table 1S). These results demonstrate that the
changes promoted by the biochar properties (pH, CEC and TC) contributed to the
solubilization of As, and that the mineral content (Fe, Ca, Al, Mn and Mg) led to the
accumulation of As in less reactive fractions in these materials (Fig. 1).

The models proposed to estimate the bioavailability of As were: i) properties of
biochars; ii) properties of mining tailings; and iii) interaction between properties of
biochars and mining tailings. The ANOVA revealed that there are no significant
differences between the models (Table 2S). The model represented by the interaction
between materials showed higher adjustment values (adjusted R?) and lower AIC (Table
3S). Therefore, this model was selected as the most representative for multiple linear
regression.

The multiple linear regression (Table 4S) revealed that the properties most related
to the bioavailability of As were: adsorbed As, total P and fractions (soluble, adsorbed
and mineral), and organic carbon in the mining tailings; and ash, CEC, N and P fractions
(soluble, adsorbed and mineral) in the biochars. Based on the values of NRMSE and R?

(Fig. 3S), it is possible to state that the selected model was appropriate for predicting the
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As bioavailability. All characteristics included in the model (p < 0.05) indicate the direct
influence of ash (rich in P) and organic compounds (OC and N) in the solubilization of
As from stable fractions (Kim et al., 2020, 2018) and, consequently, greater
bioavailability. These results suggest that the multiple linear regression can be an
important tool, due to the direct influence of the materials on the bioavailability of

contaminants (O’Connor et al., 2018; Peijnenburg, 2020).

3.5. Bioavailability and environmental risks of As

The application of biochar decreased the bioavailable concentrations of As in both
mining tailings, with results ranging from 64.4 to 77.48 mg kg? in the underground
mining tailings, and from 68.55 to 85.78 mg kg in the cyanidation mining tailings (Fig.
4S). These reductions are related to the increase in IC and metal ions such as Al, Fe and
Mn (Tables 3 and 4), which contributed to a greater retention of anions in more stable
fractions (Wu et al., 2020). The greater bioavailability of As in the cyanidation mining
tailings may be related to the use of Na cyanide solution during gold extraction (Kuyucak
and Akcil, 2013), which promotes partial dissolution of Fe, Al and Mn minerals (Rubinos
etal., 2011), releasing As. After dissolution, the metalloid tends to be even more desorbed
with increasing pH, due to competition with OH" ions (Li et al., 2017; VVodyanitskii, 2006;
Xue etal., 2019; Yin et al., 2015).

The bioavailable concentrations of As were incorporated into the assessment of
environmental risks to reveal the actual damage of the metalloid. In the control treatment,
which indicates the conditions in which tailings are deposited, the PERIn values were
376.12 in the underground mining tailings and 416.39 in the cyanidation mining tailings
(Fig. 3). These results were lower than those obtained by Souza Neto et al., (2020), who

studied the environmental risk of As in the same locality, based on pseudo total
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concentrations, and observed PERI values of 14131 in the underground mining tailings
and 8951 in the cyanidation mining tailings, indicating possible overestimation of risks.

The application of B3 in the underground mining tailings was the only treatment
that promoted a change in the class of risk according to the classification proposed by
Hakanson (1980) for PERI values, modifying the ecological risk from very high to high
(Fig. 3). However, the ecological risk was significantly reduced in all treatments after the
application of biochars (p < 0.05), with reductions of 5.51, 8.53 and 16.88% in the
underground mining tailings, and 13.60, 8.69 and 20.08% in the cyanidation mining
tailings, in response to the application of B1, B2 and B3, respectively.

The adoption of bioavailability can be an important tool for the proper assessment
of As risk, considering that high bioavailable levels indicate higher mobility and,
consequently, greater risk to the environment (Dong et al., 2020; Silva Junior et al., 2019).
In this study, the application of biochars increased the concentrations of As in more stable
fractions and decreased the bioavailable level, which is a highly beneficial process for the
environment. Moreover, the reduction of the bioavailable fraction and the ecological risk
may also imply a reduction in the risk to human health, due to lower As entry into the
food chain.

The application of biochar can reduce soil density (Cao et al., 2014) and increase
water infiltration into the soil (with increasing porosity), which is fundamental to reduce
the dispersion of PTEs (Cao et al., 2014; Chen et al., 2016). On the other hand, biochar
can confer less resistance to the soil in relation to external agents, especially in areas of
accentuated relief, which are more susceptible to losses by erosion. In these cases, an
interesting alternative is the application of biochar together with limestone, which has the
potential to improve soil resistance and stability and, consequently, reduce losses by

erosive agents (Wang et al., 2020b), protecting water resources for human consumption
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(Koley, 2021). The adoption of these practices can also promote improvements in soil
conditions for plant growth, contributing to increased plant cover and slope stability
(Chen et al., 2016).

To better assess the effects of biochars on the environment, it is essential to
conduct the new studies involving the bioavailability of As. The application of different
rates of biochars under field conditions, including an expressive number of samples and
areas, and in different positions in the relief, aiming to have a greater representation of
the bioavailable concentrations, to estimate models that can accurately predict the
environmental risks of the element (Jia et al., 2021). It would also be interesting to collect
organisms (such as plants and fish) to analyze the As content in the issue, aiming to know
the content absorbed and bioaccumulated from the environment (Lima et al., 2022; Ray
et al., 2021), which could reinforce the role of biochar in reducing the risks to the

environment and human health from As exposure.

4. CONCLUSIONS

The chemical properties of biochars have a direct influence on the solubility of As
in the mining tailings, with emphasis on the levels of P and mineral components, which
mobilize the metalloid to less bioavailable fractions. The multivariate (PCA and multiple
regression) and Pearson’s correlation analyzes demonstrate that the interaction of
biochars with mining tailings is the key to understanding the reduced bioavailability of
As. All studied biochars decreased the bioavailable concentrations of As, following the
sequence palm kernel cake > Brazil nut shell > acai seed in both tailings, reaching
reductions of up to 13 mg kg* (underground mining tailings) and 17 mg kg™ (cyanidation
mining tailings). Consequently, the environmental risks decreased between 6 and 17% in

the underground mining tailings and between 9 and 20% in the cyanidation mining
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tailings. The incorporation of the bioavailable concentrations in risk assessments is an
alternative for recommending the application of biochars in mining tailings contaminated
by As, based on reliable indicators. Our results indicate that the tested biochars can
contribute to the mitigation of the impacts caused by As, especially if applied considering
the relief conditions and in association with techniques that improve efficiency. In
addition, our findings may support new studies focused on the remediation of areas
contaminated by As, including the use of new agro-industrial residues and application

rates, aiming to reduce the risks to the ecosystem and human health.
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FIGURES
Fig. 1.

Concentrations of As in readily-soluble (F1), adsorbed (F2), amorphous and poorly-
crystalline arsenates, oxides and hydroxosulfates of Fe (F3), well-crystalline arsenates,
oxides, and hydroxosulfates of Fe (F4), and linked to sulfides/arsenides (F5) fractions, in
underground mining tailings (A) and cyanidation mining tailings (B) after application of
acai seed (B1), Brazil nut shell (B2), and palm kernel cake (B3) biochars. Different letters

indicate significant difference between treatments by the Tukey test (p < 0.05).
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Fig. 2.

Principal component analysis between acgai seed (B1), Brazil nut shell (B2) and palm

kernel cake (B3) biochars and fractions of As in gold mining tailings.
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Fig. 3.

Potential ecological risk index (PERIm) modified using bioavailable concentrations of As
in gold mining tailings treated with acai seed (B1), Brazil nut shell (B2) and palm kernel
cake (B3) biochars. Different letters indicate significant difference between treatments by

the Tukey test (p < 0.05).
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Table 1.

Characterization of acai seed (B1), Brazil nut shell (B2) and palm kernel cake (B3)

TABLES

biochars.
Biochar
Property
Bl B2 B3

pH (in water) 9.70 £ 0.49 9.90£0.50 8.88 £ 0.44
Ash content (%) 480+0.11 1.77 £0.04 10.19 +0.23
Point of zero charge 3.30 £ 0.02 6.75 + 0.02 5.13+£0.02
Al (g kg?) 0.11+0.01 0.11+0.01 0.66 + 0.03

Ca (g kg?) 1.06 +0.02 1.73 +£0.04 6.3+0.14

Fe (g kgt 1.01+0.02  2.34+0.02 3.19 +0.02
Mg (g kg™?) 844+042  429+021  51.00+2.55
Mn (g kg'?) 046+001  0.04+000  0.428+0.01

S (g kg 0.23+0.02  0.35+0.02 0.12 +0.02
Soluble P (g kgt 1.25+0.06  0.33+0.02 3.27+0.16
Labile P (g kg}) 0.16 £ 0.00 0.03+0.00 3.39+0.08
Adsorbed P (g kg™) 0.02 £0.02 0.01£0.02 0.70 £0.02
Mineral-associated P (g kg™) 0.36 £ 0.02 0.15+0.01 3.05+0.15
Total P (g kg?) 2.03+0.05  0.61+0.01 10.06 + 0.23
C (%) 79.2 £ 3.96 80.30 £ 4.02 67.22 + 3.36

H (%) 1.70+£0.04  2.22+0.05 1.99 +0.05
O (%) 11.60 £ 0.02 14.12 + 0.02 15.00 + 0.02

N (%) 1.86 £ 0.02 1.12 £ 0.02 5.60 + 0.02




Table 2.

Elemental composition of mining wastes before application of biochars.

Mining waste
Element
Underground mining tailings Cyanidation mining tailings

Fe (g kgD 109.00 + 2.40 70.20 + 1.54
Al (mg kgt) 8400.00 + 453.60 6500.00 + 351.00
As (mg kg?) 3000.00 + 162.00 1600.00 + 86.40
Ca (mg kg?) 1800.00 + 97.20 4300.00 + 232.20
Co (mg kg?) 51.00 £ 1.12 49.50 + 1.09
Cu (mg kg% 215.00 + 4.73 83.10 + 1.83

K (mg kgl 800.00 + 12.40 500.00 + 16.50
Mg (mg kg 1700.00 + 91.80 3200.00 + 172.80
Mn (mg kg®) 1140.00 + 61.56 789.00 + 42.61
P (mg kg?) 330.00 + 10.89 284.00 + 6.25
S (mg kg?) 100.00 + 2.20 200.00 + 6.60
Zn (mg kg?) 76.00 + 1.67 48.00 + 1.06
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Table 3.

Elemental composition of mining wastes after application of acai seed (B1), Brazil nut

shell (B2) and palm kernel cake (B3) biochars.

Underground mining tailings

Cyanidation mining tailings

Element
Bl B2 B3 Bl B2 B3
Fe (g kgl) 97.60+2.24 100.50 £2.31 98.40 £ 2.26 72.10+1.66 68.50 £ 1.58 69.80 £1.61
Al (mg kg') 7300.00 +379.60 6000.00 +312.00 6400.00 +332.80 6200.00 +322.40 5900.00 +306.80 5900.00 + 306.80
Ca(mgkg') 1600.00+83.20 1700.00+88.40 1700.00+76.35 4500.00 +234.00 4300.00 +223.60  4100.00 + 213.20
Co (mg kgt 53.60 +1.23 53.90 +1.54 50.20 +1.15 43.50 +1.00 50.90 +1.17 48.00 +1.10
Cu(mgkg?)  189.50 +4.36 198.50 + 4.57 102.50 + 2.36 88.10 +2.03 85.70 +1.97 70.50 +1.62
K (mgkg') 1000.00 £52.00 600.00 +21.34  900.00 + 46.80 800.00 +41.60 600.00 + 31.20 800.00 +41.60
Mg (mg kg?) 1400.00 + 72.80  1400.00 + 68.40  1400.00 + 72.80  3400.00 + 176.80 3100.00 + 161.20  2800.00 * 145.60
Mn (mg kg?) 1120.00 +58.24 1160.00 + 60.32  1100.00 * 57.20 800.00 + 41.60 750.00 + 39.00 742.00 + 38.58
P(mgkg?)  380.00+1351  330.00+11.73  650.00 + 33.80 360.00 +12.80 290.00 +10.31 680.00 + 35.36
S (mg kg?) 200.00 +7.11 200.00 + 4.60 200.00 +5.54 500.00 + 26.00 200.00 £ 4.12 200.00 £7.11
Zn (mg kgl) 69.00 + 1.59 72.00 +1.66 70.00 +1.61 50.00 + 1.15 47.00+1.08 50.00 +1.15
Table 4.
Underground mining tailings Cyanidation mining tailings
Property Control B1 B2 B3 Control B1 B2 B3
pH (in water) 7.07 £0.16 7.25+0.27 7.19+0.27 7.33+0.18 833+0.21 841+0.19 8.27+031 8.15+0.28
CEC? (cmolc kgt) 37.86 £0.95 129.60 £5.73 45.00 +1.77 4712+186 31.24+0.78 50.77+2.00 46.71+1.84 4441 +1.11
Soluble P (mg kgt) 3.61+0.09 17.44 £ 0.69 7.96 +0.24 90.17+4.46 6.38+0.19 16.57+0.65 8.79+0.27 80.02 +3.96
Labile P (mg kg% 12.93+0.29 24.73+0.88 13.10+0.29 9348 +3.72 17.69+0.40 37.57+1.33 22.87 +0.65 142.8 +5.68
Adsorbed P (mg kg?)  64.90 + 1.66 85.61 +3.06 50.80+1.30 111.70+3.89 55.38+1.42 63.25+1.62 62.42+1.59 108.4 +£3.88
Mineral P (mg kgt) 6.09 +£0.14 11.89 £0.27 7.75+0.17 51.65+2.46 19.14+0.59 28.46+1.36 1852 +0.57 113.8 £5.42
Organic C (mg kg 16.50 £ 0.39 4250+ 1.77 38.60 +1.61 46.40+193 122+0.29 413+1.72 322x1.02 38.5+£1.60
Inorganic C (mg kg')  4.60 +1.36 410+£1.21 4.30+1.27 2.70 £ 0.06 20.1+£098 17.7+0.86 21.1+1.03 17.2+0.84
Total C (mg kg™) 21.10+0.54 46.60 £ 2.31 4290 +2.13 49.10+244 323+102 59+293 533%265 55.7 £ 2.77

Properties of mining wastes after application of acai seed (B1), Brazil nut shell (B2) and

palm kernel cake (B3) biochars.

aCation exchange capacity.
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SUPLEMENTARY MATERIAL
Fig. 1S.

Mineral processing and waste deposition in areas of underground (A and B) and

cyanidation (C and D) gold mining in Cachoeira do Piria, eastern Amazon.
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Fig. 2S.
Minerals containing As in gold mining tailings.
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Underground mining tailing: Adm — adamite; Alars - alarsite; Asn — arsenolite; Bart —
barite; Bears — bearsite; Butt — buttgenbachite; Coch — cochromite; Dol — dolomite; Hars

— harstigite; Plats — platarsite; Qtz  — quartz.
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Cyanidation mining tailing: Adm — adamite; Alars — alarsite; Asn — arsenolite; Butt —
buttgenbachite; Cov — covellite; Croc — crocoite; Hars — harstigite; Hem — hematite; Murd
— murdochite; Plat — platarsite; Qtz — quartz; Tyr — tyrrellite.

Fig. 3S.

Multiple linear regression for predicting the bioavailability of As in tailings after the

application of biochar.
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Fig. 4S.
Bioavailable concentrations of As in gold mining tailings (B) treated with acai seed (B1),
Brazil nut shell (B2) and palm kernel cake (B3) biochars. Different letters indicate

significant difference between treatments by the Tukey test (p < 0.05).
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Table 1S.

Pearson's correlation coefficients between properties of tailings and concentrations of As
in readily soluble (F1), adsorbed (F2), amorphous and poorly-crystalline arsenates, oxides
and hydroxosulfates of Fe (F3), well-crystalline arsenates, oxides, and hydroxosulfates of
Fe (F4), and sulfides and arsenides (F5) fractions in gold mining tailings after addition of

acai seed, Brazil nut shell, and palm kernel cake biochars.

Underground mining tailings

Fractions  Ash pH CEC? [ 0 N Psol® Pa®  Pas® P Protal” Fe Ca Al Mn Mg S
F1 0.99* -0.89* -0.98* -0.90* 0.27 0.95* 097 0.90* 090* 0.93* 095* 052 084* 090* 077 093* -096*
F2 -0.93* 0.93* 0.94* 089* -048 -0.96* -0.91* -091* -0.94* -0.96* -094* .065 -0.90* -0.92* 054 -094* 081*
F3 -0.97* 0.89* 096* 090* -029 -0.95%* -0.95* -0.90* -0.91* -0.93* -0.94* 055 -0.84* -0.90* -0.71* -0.92* 0.88*
F4 -0.94* 079 091* 077 -0.14 -0.86* -0.90* -0.79* -0.80* -0.83* -0.85* -0.35 -0.72* -0.79* -0.82* -0.83* 0.93*
F5 027 -047 -034 -050 095* 048 031 057 058 054 048 089* 067 057 -047 053  -0.05

Cyanidation mining tailings

Fractions  Ash pH CEC? C 0 N Po® P’  Pad  Pmin® Pl Fe Ca Al Mn Mg S
F1 092 095 0.95 096 -058* 097 -092 -09 -098 -098 -097 -079* -095* 096 -045 097 082
F2 -0.76  0.56 0.76 069 -021* 069 -081 -072 -066 -065 -0.73 -0.42* -0.65* -.070 -065 -0.70 0.78
F3 038 -062 -044 -060 081* 056 041 060 064 062 055 082* 069* 063 -027 060 -0.14
F4 027 -049 -035 -053 096* 047 033 057 058 054 048 092* 068* 058 -0.47 053  -0.05
F5 -0.38 061 0.46 062 -0.95* 058 -043 -066 -0.68 -0.65 -058 -0.94* -076% .067 036 -063 0.16

“Statistically significant correlation (p < 0.05)
Cation exchange capacity

bSoluble phosphorus

‘Labile phosphorus

dAdsorbed phosphorus
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*Mineral-linked phosphorus

TTotal phosphorus

Table 2S.

Comparison between the models tested by analysis of variance.

Analysis of variance

Parameter
Biochars Tailings Biochars x Tailings
Residual degrees of freedom 8 12 3
Residual sum of squares 64.140 118.730 7.476
Degrees of freedom -5 -4
Sum of squares -56.664 -54.591
F 4.5476 5.4765
p 0.12124  0.09696
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Table 3S.

Quality parameters of the models tested in the multiple linear regression.

Model quality parameters Biochars Tailings Biochars x Tailings
Residual standard error 2.832 3.146 1.579
Degrees of freedom 8 12 3

Coefficient of determination (R?) 0.8343 0.6932 0.9807

Adjusted coefficient of determination (R? adjusted) 0.6478 0.5653 0.8905
F 4.474 (9) 5.422 (5) 10.88 (14)

Akaike Information Criterion (AIC) 95.9 99 67.2

p 0.02316 0.007747 0.03673
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Table 4S.

Multiple linear regression for estimating the bioavailability of As.

BAC = 72.41 + 1.43%(F2)* - 11.04%(ash)? - 0.40%(CEC)® + 15.37*(N)P

Equation + 26.50%(Pso1)® - 211.73*(Pags)® + 47*(Pmin)® - 0.21*(Psor)? - 0.25*(Pjap)?
- 0.12*(Pags)® - 0.05*(P)? - 0.67*(0OC)?
Coefficient of determination (R?) 0.9807
Adjusted coefficient of determination (R?adjusted) 0.8905
Significance 0.03673
Normalized root mean-square error (NRMSE) 0.0013

aMining tailing property; °Biochar property; F2 = adsorbed arsenic; CEC = cation
exchange capacity; N = total nitrogen; P = total phosphorus; Psoi = soluble phosphorus;
Piab = labile phosphorus; Pags = adsorbed phosphorus; Pmin = mineral-linked phosphorus;

OC = organic carbon.
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CAPITULO 2

BIOCHAR FOSFATADO AMENIZA EFEITOS TOXICOS DE ARSENIO DE
RESIDUOS DE MINERACAO ARTESANAL DE OURO

RESUMO

O enriquecimento do biochar com nutrientes pode aumentar a capacidade de absorgéo de
ions metalicos, diminuindo a mobilidade e biodisponibilidade e aumentar a
disponibilidade de nutrientes para as plantas, melhorando o crescimento. Avaliamos a
influéncia do biochar enriquecido com fertilizantes fosfatados visando o aumento da
capacidade de adsorcéo de elementos potencialmente toxicos EPTS), principalmente As,
e melhoria das caracteristicas quimicas de residuo de mineracdo artesanal de ouro, tendo
como planta de referéncia a Lactuca sativa. Para a producao dos biochars a biomassa foi
enriquecida com superfosfato simples (SFS) e triplo (SFT), na proporgéo de 1:4, e
produzidos na temperatura de 400°C e aplicados nas taxas de 0.5, 1.0 e 2.0% no residuo
de mineracdo. A apo6s 1 ano de condicionamente foram cultivadas plantas de Lactuca
sativa durante 70 dias. A adicdo dos biochars fosfatados melhoraram a fertilidade do
residuo de mineracéo, alteraram as formas de P, a solubilidade e a bioacessibilidade de
As foram elevadas. Os biochars foram efetivos para diminuir a absorcdo de As pelo
alface, melhorar o acumulo de biomassa e nutrientes, por consequéncia indicies
vegetativos foram melhorados (BAS>BA>BAT). Os biochars foram efetivos em diminuir
0 risco ndo-carcinogénico para niveis aceitaveis em relacdo a criancas e adultos. As
equacOes de regressdo foram representativas para descrever o comportamento da
absorcéo influenciada pelos biochars e como os nutrientes dos biochas sdo importantes
na diminuicdo do estresse provocado pela acumulo de arsénio. O estudo demonstra a

potencial do biochar enriquecido com P como condicionador de solo contaminado por
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EPTs, diminuindo a disonibbilidade de As e aumentando a de P, e melhorando o

crescimento de plantas de alface.

Palavras-chave: condicionador do solo, disponibilidade, bioacessibilidade, risco a salde,

elementos tixicos
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SUMMARY

Enrichment of biochar with nutrients can increase the absorption capacity of metal ions,
decreasing mobility and bioavailability, and increase nutrient availability to plants,
improving growth. We evaluated the influence of biochar enriched with phosphate
fertilizers, aiming at increasing the adsorption capacity of potentially toxic elements
(EPTs), mainly As, and improving the chemical characteristics of artisanal gold mining
waste, using Lactuca sativa as a reference plant. For the production of biochars, the
biomass was enriched with single (SFS) and triple (SFT) superphosphate, in a 1:4 ratio,
and produced at a temperature of 400°C and applied at rates of 0.5, 1.0 and 2.0% in the
residue of mining. After 1 year of conditioning, Lactuca sativa plants were cultivated for
70 days. The addition of phosphated biochars improved the fertility of the mining residue,
altered the forms of P, the solubility and bioaccessibility of As were high. The biochars
were effective to decrease the absorption of As by lettuce, improve the accumulation of
biomass and nutrients, consequently vegetative indexes were improved
(BAS>BA>BAT). The biochars were effective in decreasing the non-carcinogenic risk to
acceptable levels in relation to children and adults. The regression equations were
representative to describe the behavior of the absorption influenced by the biochars and
how the nutrients of the biochas are important in the reduction of the stress caused by the
accumulation of arsenic. The study demonstrates the potential of biochar enriched with P
as a soil conditioner contaminated by EPTSs, decreasing the availability of As and

increasing that of P, and improving the growth of lettuce plants.

Keywords: soil conditioner, availability, bioaccessibility, health risk, toxic elements
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1 INTRODUCAO

A atividade de mineracdo artesanal gera efeitos negativos nas regides de
exploragdo. Um dos principais problemas ambientais é a elevada quantidade de rejeitos
que geralmente sdo depositados de maneira aleatéria em grandes extensdes, que na
maioria dos casos estdo expostos intemperisando e liberando elementos potencialmente
toxicos (EPTs) provocando a contaminacdo do ambiente (XIAO et al., 2019; YADAYV et

al., 2019; SOUZA et al., 2017; WONGSASULUK et al., 2021).

Dependo da riqueza mineral dos rejeitos, eles podem oferecer grande risco a satde
humana e ao ambiente, podendo provocar processos de bioacumulagao e biomagnificacdo
nos locais de deposicdo e em localidade préximas (NGOLE-JEME E FANTKE, 2017).
Os EPTs estdo propensos a absor¢do humana, principalmente na exploracdo artesanal,
devido ao contato direto e manual na maioria dos processos realizados (COVRE et al.,

2021; PERREIRA et al., 2020; NETO et al., 2020; SOUZA et al., 2017).

O arsénio (As) encontra-se no grupo dos EPTs sem funcionalidade bioldgica
conhecida, por isso minimas taxas de absorcdo podem gerar efeitos maléficos ao ser
humano (ATSDR, 2019), devido sua semelhanca quimica com o fésforo (P), atuando
como substituto direto em todos os processos bioquimicos e fisiologicos relacionados ao

P (KOFRONOVA et al., 2018; SUN et al., 2020).

O risco relacionado aos EPT’s deve-se aos problemas de salde (carcinogénico e
ndo-carcinogénico) ocasionados devido a ingestdo acidental de solo ou de vegetais
oriundos de locais contaminados (NETO et al., 2020; SOUZA et al., 2017; OLIVEIRA
et al., 2017). Em areas de explora¢do mineral, além da alta contaminag¢ao por EPT’s, a
deficiéncia de nutrientes como o P, tem sido amplamente observada e € um dos fatores

negativos para processos de regeneracgéo local (SALEEM et al., 2020).

67



Diante disso, varias estratégias modernas de remediacdo tém se concentrado
progressivamente na mitigacdo, eliminagdo e controle dos niveis de EPT’s no solo
(MUHAMMAD et al., 2020). Dentre as alternativas se destacam o uso de biocarvéo,
produto originado a partir do processo de pirolise que consiste na conversdo térmica da
biomassa sob condic¢bes controladas de oxigénio com a carbonizagdo do material de
origem (ZHAO et al., 2014A; MEYER et al., 2012; LEHMANN & JOSEPH, 2009).
Buscando melhorar a capacidade de revegetacao de areas degradadas, a adi¢do do biochar
enriquecido com nutrientes apresenta-se como uma alternativa pratica para a otimizagao
de suas caracteristicas benéficas (YIN et al., 2017; ZHANG et al., 2020; ZHENG et al.,

2020).

O enriquecimento do biocarvdo com fertilizantes fosfatos além de melhorar
caracteristicas quimicas, fisicas e bioldgicas de solos empobrecidos, como os rejeitos da
mineracdo, aumenta a disponibilidade de P e diminui a absorcdo de As pelas as plantas,
devido a interacdo entre estes elementos, por ocorreram no solo na forma de oxianions.
Esse estudo avaliou: (1) a eficiéncia do biocarvdo de residuo de acai enriquecido com
fertilizantes fosfatado (BAT) na disponibilidade e absorcdo de P; (2) na
biodisponibilidade/bioacessibilidade de As em rejeitos de area de mineracdo; (3) e a
influéncia na absorcdo de As e crescimento de Lactuca sativa e no potencial risco a saude

humana.

2 MATERIAL E METODOS

2.1 Amostragem do residuo de mineragao
As amostras de residuo foram coletadas em areas de mineracdo de ouro no
municipio de Cachoeira do Piria (01° 45' 35" S, 46° 32' 42" W) e devido a essa exploracao

os residuos possuem elevadas concentragdes de EPT’s (Tabela S1). O municipio pertence
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a microrregido Guama, situada na mesorregido Nordeste paraense, Amazoénia oriental,
com extensdo territorial de aproximadamente 2.419 km? (IBGE, 2020). As amostras
foram coletadas da camada superficial das pilhas de rejeitos (0,0-0,2 m), secas ao ar,
homogeneizadas, passadas em peneiras de 2 mm de abertura de malha e armazenadas em

potes de polietileno até a realizacdo das analises.

Tabela S1. Teores de EPT’s no residuo de mineragdo de ouro

As Ba Co Hg Ni Pb Zn Fe Al

mg kg™ g kg™
*RM 3260 70 586 099 454 342 112,05 125 7.1
2\VRQ 14 143 - 026 14 48 72 71 59

bPrevencdlo 15 150 25 05 30 72 300 - -

blnvestigacdo 35 300 35 12 70 180 450 - -

* residuo de mineracdo; ? valores de qualidade de referéncia do estado do Para
(FERNANDES et al., 2018); ® Conama 2009.

2.2 Producdo e caracterizacéo dos biocarvoes

Os residuos da cadeia produtiva de acai foram coletados em feiras urbanas da regido
metropolitana de Belém - PA. O material foi submetido a secagem durante 24 h em estufa
a 60 °C. Posteriormente, a biomassa de acai foi triturada e adicionados os fertilizantes:
superfosfato simples (SFS) e superfosfato triplo (SFT) na proporgdo 4:1 (biomassa:
fosfato) (ZHAO et al., 2016). Os materiais (biomassa + fertilizantes) foram colocados em
cadinhos de porcelana fechados (para garantir a baixa oxigenacao) e submetido a pirdlise
a 400 °C, em forno tipo mufla, com taxa de aquecimento de 3.3 °C/min (DIAS et al.,
2019). A temperatura final de pirolise foi mantida por uma hora (pirélise lenta). Os
biocarvdes provenientes desse processo foram triturados e peneirados em peneira de
malha de 1 mm. Os biocarvoes foram identificados como: BA (biocarvdo nao
enriquecido); BAT (biocarvéo enriquecido com SFT) e BAS (biocarvao enriquecido com

SFS).
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O pH e a condutividade em &gua foram determinados pela razdo de 1:10 (m:w)
(Singh et al., 2017). O contetdo de cinzas foi determinado via perda de massa (1 g) a 750
°C e 0 material volatil via perda de massa (1 g) a 950 °C (SINGH et al., 2017). A avaliagdo
da capacidade de troca de cétions (CTC) e capacidade de troca de anions (CTA) foi
realizada pelo método de saturacdo com nitrato de aménio, seguido da quantificacdo de
NH4 (CTC) e NO3 (CTA) via colorimetria (SINGH et al., 2017; ITO, 2018). Os teores
totais dos elementos foram determinados por digestdo acida em forno de micro-ondas
(Mars Xpress 6, CEM Corporation), utilizando 500 mg do material e digeridos com acido

cloridrico (HCI) e nitrico (HNO3) (dgua régia) e quantificado via ICP-MS.

2.3 Conducao do experimento

O experimento foi conduzido em casa de vegetacao (delineamento experimental em
blocos casualizado) com dez tratamentos e cinco repeticdes, totalizando 50 unidades
experimentais (1 kg). Foram avaliados um tratamento controle (T1), que foi composto
apenas por residuo de mineracdo (RM, enquanto que nos demais tratamentos foram
adicionadas doses dos biocarvdes, constando de 0.5, 1 e 2% do volume total do rejeito
(Tabela S2). Os tratamentos foram incubados durante 1 ano, para garantir melhor
interagdo dos biochars com os residuos, com umidade mantida em 70% do volume total
de poros. A espécie vegetal cultivada foi a alface (Lactuca Sativa), devido sua eficiéncia
na absorcdo e acumulacdo de EPTSs e por ser amplamente utilizada em testes de toxicidade

e avaliacBes de risco a satude humana (ABREU et al., 2014).
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Tabela S2. Identificagdo dos tratamentos de acordo com os biocarvdes e dosagens
aplicadas.

Tratamentos Identificacéo
Controle: residuo de mineracao (RM) (1 kg) Tl
RM (1 kg) + 0,5% de BA! T2
RM (1 kg) + 1% de BA T3
RM 1 kg) + 2% de BA T4
RM (1 kg) + 0,5% de BAT? T5
RM (1 kg) + 1% de BAT T6
RM (1 kg) + 2% de BAT T7
RM (1 kg) + 0,5% de BAS® T8
RM (1 kg) + 1% de BAS T9
RM (1 kg) + 2% de BAS T10

!BA: biocarvio de biomassa de agaf sem enriquecimento; 2BAT: biocarvdo de biomassa de acai
enriquecido com SFT; ®BAS: biocarvdo de biomassa de agaf enriquecido com SFS.

2.4 Fertilidade do experimento

Anélise de fertilidade do experimento foi realizada de acordo Teixeiraetal., (2017).
O pH em &gua (1:2,5), fosforo (P) e potassio (K+) extraidos por Mehlich 1, e determinado
por colorimetria e fotometria de chama, respectivamente. A extracdo de calcio (Ca®"),
magnésio (Mg®*) e aluminio (Al*) foi feita com KCI 1 mol L™ e a determinag&o por
titulometria. A determinacdo da acidez potencial (H+Al) foi feita com acetato de calcio e
a determinacdo por titulometria. A capacidade de troca de cétions (CTC) e capacidade de
troca de anions (CTA) dos tratamentos foi realizada pelo método de troca compulsiva
com solugéo de nitrato de amonio e posterior lavagem com KCl, seguido de quantificagdo
de NH4 (CTC) e NO3 (CTA) via colorimetria (SINGH et al., 2017; 1TO, 2018). O carbono
organico (CO) e carbono inorganico (CI) foram estimados pela perda de massa por
combustdo em forno de mufla nas temperaturas de 450 °C e 950 °C, respectivamente, e

o carbono total (CT) através da somatéria CO + CI (HUSSAIN et al., 2019).

2.5 Fracionamento de fosforo inorganico

O fracionamento de P inorganico foi realizado de acordo a metodologia de Qian &

Jiang (2014), avaliando as seguintes fragdes de fosforo (P): P solivel (Psol) extraido com
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agua ultrapura; P labil (Plab) extraido com 0,5 mol de NaHCO3; P adsorvido (Pads)
extraido com 0,1 mol de NaOH; e P associado aos minerais (Pmin) extraido com 1 mol
de HCI; o material solido remanescente digerido pelo método EPA 3051A e considerado
como P-residual. Todas as fragOes de P foram quantificadas via colorimetria (MURFEY

& RILEY, 1960).

2.6 Nutrientes e arsénio na planta

Apos 70 dias de experimento o material vegetal foi separado (raiz e folha), lavado
com agua destilada e seguido secagem em estufa a 50 °C até peso constante, para a
avaliacdo da massa seca. Os teores de nutrientes e arsénio na planta (raiz e folha) foram
obtidos por digestdo acida com HNO3/H20, (SOUZA et al., 2017) em forno de micro-
ondas (Mars Xpress 6, CEM Corporation) e o controle de qualidade das analises realizado
com amostra do material de referéncia ERM-CD281 (rye grass), com branco de reagente
em cada bateria de 16 amostras e avaliadas em triplicata. As concentracGes foram obtidas
por espectrometria de absor¢do atdbmica com chama (FAAS) (Thermo Scientific, modelo
ICE3000) com gerador de hidretos para as leituras de As (Thermo Scientific, modelo

V/P100).

A melhoria das caracteristicas vegetais apds a adi¢do dos biochars foi avaliada
através dos indices: fator de bioconcentracdo (FB) (Equacdo 1), fator de translocacdo

(FTr) (Equacdo 2) e o fator de tolerancia (FTo) (Equacéo 1).

~ . ~ Concentragio (raiz ou PA) (img kg™*
Equacéo 1: Fator de bioconcentragado (FB) = [ o ¢ — ) (mg g )]
Concentragio no rejeito (mg.kg=1)

Concentracdo na parte aérea (mg kg_l)]

Equagdo 2: Fator de translocacdo (FTr) = [

Concentragio na raiz (mg kg=1)

x , Bi Total—trat t kg™t
Equacéo 3: Fator de tolerancia (FTo) = [ lomassa Total-tratamentos(mg kg )]

Biomassa Total—controle (mg kg—1)
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2.7 Fracionamento e bioacessibilidade de arsénio

O fracionamento de arsénio (As) foi realizado com método proposto por Drahota et
al., (2014): arsénio soluvel (F1), extraido com &gua ultrapura; arsénio adsorvidos (F2),
extraido com mono-fosfato de aménio; arsénio ligado a minerais amorfos (F3), extraido
com oxalato de amdnio (em temperatura ambiente e no escuro); arsénio ligado a minerais
cristalinos (F4), extraido com oxalato de amoénio (80 °C); e arsénio residual (F5),
extraidos com solucdo de KCI/ HCI/ HNO:s. A bioacessibilidade oral foi determinada pelo
teste simples de extracdo de bioacessibilidade (SBET), simulando a absorcéo
gastrointestinal humana, extraida com solugo de glicina (0,4 mol L™ e pH 1.5) (USEPA-
1340, 2013), seguido de centrifugacéo, filtragem e posterior quantificacdo. O percentual

bioacessivel foi avaliado através da equacéo 4:

SBET
As—t

Equagso 4: Bioac As (%) = |3o=r-| * 100

Onde: Bioac As (%): a bioacessibilidade de arsénio (%). SBET: a concentracdo
bioacessivel (mg kg?) extraida com a solugdo de glicina. As-t: teor total de arsénio

encontrado no residuo de mineracéo (mg kg?).

Os teores em cada fracdo e as concentracdes bioacessiveis de arsénio foram
quantificadas por FAAS (Thermo Scientific, modelo série iCE 3000) com gerador de
hidreto (Thermo Scientific, modelo VP100). Para garantia da qualidade, todas as

extragdes foram realizadas em triplicado.

2.8 Avaliagao de risco para a saude humana.

Os potenciais efeitos adversos para a saide humana devido a exposicdo a EPTs de
rejeitos de mineracdo de ouro no municipio de Cachoeira do Piriad foram avaliados
utilizando o modelo de avalia¢do de risco desenvolvido pela USEPA (2001). Duas rotas

de exposicdo foram avaliadas: (a) ingestdo acidental de solo contaminado (HQing-solo),
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equacéo 5; (b) ingestdo de vegetais oriundos de locais contaminado (HQing-plant) €quacéo
6. O risco exposicdo (HI) foi obtido usando a somatoria dos quocientes de risco (HQing-

solo € HQing-plant) para criancas e adultos (LI et al., 2014).

C inngEFxEDxCF
Equacéo 5: HQing-soi0 = I g}‘f’dx_’:;g l * Bioac As
ingR x IRyeg x EF x ED
~ . Ciplant)X BW x AT x CF
Equacao 6: HQing—plant = Rfd—i:lcg

Onde, C (mg kg™?) = concentragio total de As; Bioac As = percentual bioacessivel
de As; Cpiant = concentracdo de As na parte comestivel do vegetal (mg kg™) (USEPA,
2011); ingR (mg d!) = taxa de ingestdo do solo, 100 mg d para adultos e 200 mg d*
para criangas (USEPA, 2001); IRvegetai: taxa de ingestdo de plantas (kg d*), 200 mg para
adultos e 100 mg para criancas (IBGE, 2020); EF (d y-1) = frequéncia de exposicéo, 279
dias (MOREIRA et al., 2018); ED = duracao da exposicao, 24 h para adultos e 4 h para
criancas (MOREIRA et al., 2018); BW (kg) = peso corporal, 70 kg para adultos e 16 kg
para criancas (MOREIRA et al., 2018); AT = tempo médio, sem efeitos carcinogénicos
(DE x 365 d); CF = fator de conversdo = 10° kg mg* (USEPA, 2001); Rfd = dose de
referéncia, 0,0003 para As (mg kg d!) (USEPA, 2001); e SF = fator de inclinagéo, 1.51

(LU et al., 2014).

2.9 Analise estatistica

Os resultados foram submetidos ao teste de normalidade de Shapiro-Wilk (p <
0,05). Diante da normalidade, foi realizada analise de variancia (ANOVA) e as médias
comparadas pelo teste de Tukey (p < 0,05). Uma anélise de regresséo linear multipla foi
realizada para gerar um modelo robusto para estimar o acumulo de arsénio pela planta.
As variaveis para modelagem foram selecionadas por meio do fator de inflacdo de
variancia (VIF), a equacgéo da regressdo linear multipla foi obtida pelo método Stepwise,

74



eliminando-se as variaveis sem significancia estatistica para 0 modelo e com melhores
valores de AIC (Akaike Information Criterion). A precisdo e acurdcia do modelo
selecionado foram avaliadas por meio da significancia do modelo (p-valor), coeficiente
de determinacdo ajustado (R2 ajustado) e raiz quadrada média do erro normalizado
(NRMSE) (WATERLOT et al., 2016). Todas as analises estatisticas foram realizadas

usando R, versdo 4.1.1 (R Core Team 2021).

3 RESULTADOS E DISCUSSAO

3.1 Caracterizagao do biochar

A adicdo dos fertilizantes fosfatados proporcioram caracteristicas distintas entre
os biochars (Tabela 2). A adicdo dos fertilizantes fosfatados alteraram a quantidade de
cargas e diminuiram os valores de pH dos biochars. A presenca de oxihidroxidos
metalicos (Fe e Al) sdo responsaveis pela formacdo do excesso de cargas anidnicas na
superficie dos biochars (LAWRINENKO et al., 2017), esses elementos podem ser
encontrados devido a origem das rochas fosfatadas que originam STS e SFT (CHEN &
GRAEDEL, 2015; HUANG et al., 2019). Além disso, a utilizacdo de acidos no processo
de producéo dos fertilizantes fosfatados pode ter contribuido para a acidificacdo dos

biocarvdes enriquecidos com os fosfatos.

Tabela 2. Propriedades quimicas dos biochars

CTC* CTA> Al Ca Fe K Mg Pt P-FlL P-F2 P-F3 P-F4
cmolc kg? g kg mg kg

BAl 670 3,60 13,84 11,14 0,10 1,10 0,10 810 1,00 291 093 014 006 123
BAT2 3,02 2362 3290 1814 3,20 59,80 3,90 7,20 500 1502 7321 3,13 560 8557
BAS® 425 1577 26,71 1427 090 8810 350 7,80 1,40 10,05 22,25 1,20 0,13 51,18

!BA: biocarvao de biomassa de acai sem enriquecimento; 2BAT: biocarvéo de biomassa de agaf enriquecido com SFT;
3BAS: biocarvdo de biomassa de acai enriquecido com SFS; “CTC: capacidade de troca de cations; >CTA: capacidade
de troca de anions.

Biochars | pH Cinza
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As maiores quantidades de elementos quimicos (Tabela 2), se deve ocorréncia
destes elementos nos fosfatos, principalmente Ca e P, super-fosfato-simples (21% de P e
16% de Ca) e triplo (46% de P e 12% de Ca). Normalmente biochars oriundos de residuos
vegetais sdo pobres em nutrientes, por isso faz-se necessario o enriquecimento com
elementos que agreguem valor nutricional ao material carbonaceo (SEYEDSADR et al.,
2022). O aumento no teor de cinzas dos biochars enriquecidos com fosfatos € devido ao
aumento compostas inorganicos, os quais ndo séo degradados ou volatilizados durante o
processo de pirolise, e por isso tendem a acumular na forma de
Oxidos/carbonatos/hidroxidos/fosfatos (DIAS et al., 2019). A quantidade de compostos
inorganicos encontrados nas cinzas dos biochars definiem o potencial como fontes de

nutrientes (DEY & MAVI, 2022) para a melhoria da fertilidade.

3.2 Efeito dos biochars no residuo de mineragao

A adicdo dos biochars alteraram (p<0.05) todas as caracteristicas quimicas do
residuo de mineragdo (Tabela 3). O pH do residuo foi mais alcalinizado pela adi¢do de
BA e BAS, enquanto que a maior dose de BAT (T7) proporcionou a acidificagdo do
residuo. Os biochars possuem valores de pH alcalinos oriundos de suas cinzas devido a
pirolise de material organico, suas cinzas sdo ricas em carbonatos e hidréxidos as quais
tendem a solubilizac&o e alcalinizar o meio (FIDEL et al., 2017; SHETTY & PRAKASH,
2020), no entanto, a adicdo exdgena de ions pode proteger compostos organico da
carbonizacdo completa, os quais durante o envelhecimento tendem a degradacéo,
liberando compostos que acidificam o meio (WALI et al., 2020; PIASH et al., 2021). A
maior quantidade de fosforo no BAT é o causador de sua maior acidez, devido as

caracteristicas mais acidas do SFT (ZHAO et al., 2016; LUSTOSA-FILHO et al., 2017).
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Os valores de acidez (H+Al), diminuiram com a adi¢do de BA e aumentaram com
a adicdo de BAT e BAS, sendo proporcionais aos teores totais de Al dos biochar (BAT >
BAS > BA) e aos teores trocaveis de Al (Tabela 2 e 2). Em condi¢fes de acidas pode
ocorrer alta disponibilidade de Al, que em excesso no ambiente radicular pode provocar
efeitos toxicos, devido sua alta mobilidade e facil absor¢éo pelas raizes das plantas (DA
et al., 2017; SHETTY & PRAKASH, 2020; SHI et al., 2020). O biochar tem efeito de
calagem, diminuindo a acidez devido a neutralizacdo dos ions de Al através da reacdo
com os carbonatos/hidroxidos disponibilizados pelos biochars (HALE et al., 2020),

proporcionando uma melhoria da qualidade radicular.

Tabela 3. Propriedades quimicas dos tratamentos.

CTCY CTA® H+AI® Ca Mg Al K P co* cCcI*®  CT

TR pH
cmolc dm?3 mg kg!

T1!
T2?
T3®
T4
T5°
T6°
T77
T8®
T9°
T10%

6,46e
6,99c
7,170
7,34a
6,99c
6,46e
6,09f
6,81c
6,98c
6,62d

2,34i
5,01h
5,489
8,30c
6,48f
7072d
9,77a
7,06e
8,06d
8,53b

2,17e
2,17e
2,18e
2,38d
2,32d
2,36d
2,42c
2,48c
2,57b
2,70a

0,22d
0,11e
0,05f
0,01f
0,51c
0,81b
1,85a
0,26d
0,54c
0,81b

0,94e
1,08e
0,84f
0,83f
1,12e
1,31d
2,33b
1,95¢c
2,05¢c
3,24a

0,23b
0,01d
0,05d
0,34a
0,09c
0,10c
0,20b
0,05d
0,20b
0,20b

0,11c
0,11c
0,11c
0,11c
0,11c
0,21b
0,52a
0,10c
0,11c
0,11c

0,04c
0,06c
0,12b
0,16b
0,06c
0,09c
0,26a
0,04c
0,04c
0,09c

17,67h
16,09h
18,37h
34,26
110,50e
292,07b
608,21a
62,92f
122,90d
166,68¢

3,98¢
5,60f
7,01d
8,43b
5,43f
6,87¢
8,65b
6,14e
7,14d
9,88a

5,32c
3,96f
4,7%
4,56e
5,25¢C
5,42c
5,31c
5,88a
5,59b
5,08d

9,30g
9,569
11,80e
12,99c
10,68f
12,29d
13,96b
12,02d
12,73c
14,96a

1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA;

3T3: residuo de mineragdo (RM) +

1.0% BA; *T4: residuo de mineragdo (RM) + 2.0% BA; 5T5: residuo de mineragéo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragdo (RM) + 0.5%
BAS; °T9: residuo de mineragdo (RM) + 1.0% BAS; °T10: residuo de mineragdo (RM) + 2.0% BAS; *P-F1: fosforo
soltvel; 12P-F2: fosforo labil; *3P-F3: fosforo adsorvido; *P-F4: fosforo associado aos minerais. Letras diferentes
indicam diferenca significativa entre os tratamentos pelo teste de Tukey (p < 0,05).

Os nutrientes (Ca, Mg, K e P) foram alterados conforme o aumento das doses e
proporcionais aos teores de cinzas dos biochars (Tabela 2 e 3). A adicdo dos fertilizantes

(SFT e SFS) aos biochars foram fundamentais para a maior disponibilidade de P e Ca
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para o residuo de mineragdo, BAT e BAS respectivamente. Biomassas ricas em nutrientes
geram biochars ricos em nutrientes os quais tendem a disponibiliza-los ao solo
(LUSTOSA-FILHO et al.,, 2020), essa efetividade de disponibilidade de nutrientes
depende diretamente das caracteristicas da biomassa e da temperatura de pirolise
(PURAKAYASTHA et al., 2019), sendo de fundamental importancia a quantidade de
cinzas formadas, pois essas fontes diretas de nutrientes ao solo (DOMINGUES et al.,

2017; KORAl et al., 2021).

Os biochars aumentaram as cargas de CTC/CTA e os teores de CO do residuo,
proporcionais a quantidade aplicada (Tabela 3). O carbono ndo mineralizado pelo
processo de pirolise (ZHAO et al., 2014) é responsavel pelo aumento do carbono orgéanico
do solo, os residuos organicos ainda presentes apos a producdo dos biochars tendem a
solubilizacdo tendem a aumentar o reservatorio de carbono e nutrientes do solo (GUEDES
et al., 2021; RAMOS et al., 2021). A elevacdo da quantidade de carbono organico tem
reflexo no aumento das cargas do solo, 0s componentes organicos oriundos dos biochars
sdo ricos em grupos funcionais organicos e quando oxidados aumentam a disponibilidade
de sitios ativos para a adsorcdo de cations e anions (LAWRINENKO et al., 2016;

HAILEGNAW et al., 2019; MASIS-MELENDEZ et al., 2021).

3.3 Fracionamento de fésforo inorganico

A adicdo dos biochars alteraram as fracfes de fosforo no residuo de mineracao
(Tabela 4). Ocorreu a diminuicdo ou estabilizacdo dos teores de P apos a adicdo de BA
(T2 e T3) e nos tratamentos com os biochars enriquecidos os teores de P foram elevados
em todas as fraces. As maiores quantidades de P foram proporcionais a elevacao das

taxas e aos teores de P encontrados nos biochars (Tabela 2).
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Tabela 4. Fracionamento quimico de fosforo inorganico do experimento.

P-F1  Pp-F21? P-F313 p-Fg¥
TR 1

mg.kg
T1! 6,72f 20,839 63,79f 2,39f
T22 1,479 20,529 68,36f 2,80f
T3 4,08f 19,499 68,73f 3,30f
T4* | 10,02e 31,85f 94,32e 6,51e
T5° | 25,88d 82,54d 149,49c 54,31c
T6% [129,72b 160,62b 211,30b 141,71b
T7" |307,93a 251,27a 345,22a 368,05a
T88 8,53f 65,44e 105,41e 47,31d
T9° | 29,88d 89,13d 133,01d 58,02

T10%° | 70,55¢ 127,86¢c 153,20c 123,12b
1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineragdo (RM) +
1.0% BA; *T4: residuo de mineragdo (RM) + 2.0% BA; 5T5: residuo de mineragdo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragdo (RM) + 0.5%
BAS; °T9: residuo de mineracdo (RM) + 1.0% BAS; °T10: residuo de mineracdo (RM) + 2.0% BAS; 'P-F1: fosforo
sollvel; 12P-F2: fosforo labil; 3P-F3: fosforo adsorvido; P-F4: fosforo associado aos minerais. Letras diferentes
indicam diferenca significativa entre os tratamentos pelo teste de Tukey (p < 0,05).

A adicdo dos biochars enriquecidos (BAS e BAT) foram eficientes em
disponibilizar fésforo em formas de mais fécil absorcdo pelas plantas (Tabela 4), as
formas soltvel/labeis de P possuem maior mobilidade e absor¢éo pelas raizes das plantas,
além de maior possibilidade de adsor¢éo pelos coloides/ minerais do solo (ZHANG et al.,
2016; MAHMOUD et al., 2019). O incremento das fracbes adsorvido/mineral com a
adicdo dos biochars é uma alternativa para a elevacdo do pool de P, sendo de grande
importancia para a liberacéo lenta (MATOSO et al., 2019; LI et al., 2020; YANG et al.,

2021) suprindo a necessidade de fosforo em condigdes de estresse.

3.4 Fracionamento de arsénio

A adicdo dos biochars modificaram as fracfes de As no residuo de mineracao
(Figural). Todos os biochars aumentaram os teores da fragcdo F1(As-soluvel) e
diminuiram da fracdo F2 (As-adsorvido), essas fracOes mais moveis relacionam-se
inversamente entre si e com todas as fragdes/disponibilidade de P, CO, CTC e pH (Tabela
S2). As formas e a disponibilidade P tem acdo na solubilidade de As devido as suas
semelhanga quimicas e estruturais (BOORBOORI et al., 2021), as quais na condicéo de
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excesso de P favorece a maior disponibilidade de As (LEE et al., 2015). As alteragdes de
CO, CTC e pH tem efeito direto na mobilizacdo de As no solo, favorecendo a
solubilizacdo de As devido a repulséo eletrostética proporcionada, devido ao aumento das
cargas efetivas oriundas dos compostos orgénicos oriundos da adi¢cdo dos biochars

(BANDARA et al., 2019; KIM et al., 2018).
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Figura 1. Fracionamento de arsénio do experimento.

1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineracdo (RM) +
1.0% BA; “T4: residuo de mineragdo (RM) + 2.0% BA,; 5T5: residuo de mineragdo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragéo (RM) + 0.5%
BAS; °T9: residuo de mineragdo (RM) + 1.0% BAS; °T10: residuo de mineragdo (RM) + 2.0% BAS; F1: arsénio
soltvel; 12P-F2: arsénio adsorvido; 3F3: arsénio associado aos minerais amorfos; 14F4: arsénio associado aos minerais
cristalinos; 1°F5: arsénio residual.

A adicéo dos biochars fosfatados (BAS e BAT) proporcionaram a diminuicao da
fracdo F5 (As-residual) e por consequéncia elevagdo dos teores de As nas fracdes F3/F4
(As-amorfo e As-cristalino) (Figural). Ambas as fragGes obtiveram relacéo entre si e com
F5, a fracdo F3 obteve relacdo com P-F2, P-F3, Cl e CTA, e F4 apenas com P-F1 (Tabela
S2). A maior estabilizagdo de As nas fracbes F3/F4, acontece devido a adi¢do dos

biochars ricos em Ca/Al/Fe (Tabela 2) encontrados nas fracdes inorgénicas de carbono
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do biochar, os quais podem auxiliar na formacao de complexos insolUveis/estaveis de As
(SIMON et al., 2015; ZHONG et al., 2020). A solubilizacéo da As da fragdo mais estavel
ocorreu devido a adigdo em excesso de P, o qual favorece a troca ionica ou solubilizagéo
de As dos minerais do residuo (BOORBOORI et al., 2021). Os teores de CO também tem
importancia significativa na solubilizagdo de As devido a proporcional elevagéo das
quantidades de compostos organicos de baixo peso molecular (AFTABTALAB et al.,
2022), que tem papel importante na dissolugéo redutiva dos minerais contendo As

presentes na fragéo residual (KIM et al., 2020).

Tabela S2: Correlacéo de Pearson entre as fracfes de arsénio e as caracteristicas quimicas
dos tratamentos.

AsFl AsF2 AsF3 AsF4 AsF5

As.F2 |-0,95**

As.F3 0,32 -0,45*

As.F4 -0,16 0,09 0,61**

As.F5 -0,01 0,09 -0,74** -0,98**

P.F1 0,91** -0,86** 0,17 -0,39* 0,23
P.F2 0,91** -0,94** 041* -0,17 0
P.F3 0,96** -0,93** 0,36* -0,18 0
P.F4 0,90** -0,87** 0,27 -0,28 0,12
C.org 0,46* -0,58** -0,05 -0,16 0,11
C.ino 0,18 -0,28 047** 0,34 -0,39*
CTC 0,69** -0,79** 0,33 0,05 -0,16
CTA 0,22 -0,45* 037* 0,32 -0,36

pH -0,56** 0,54** -0,18 0,33 -0,21
H.Al 0,28 -0,27 0,34 -0,2 0,04
Ca.cmolc. 0,3 -0,49 0,37 0,09 -0,16
Mg.cmolc. | 0,16 -0,11  -0,46 0,03 0,04
Al.cmolc. | 0,25 -0,24 0,07 -0,43 0,29
K.cmolc. | 0,33 -0,30 -0,25 -045 0,37
P.mg. 0,93** -0,89** 0,27 -0,3 0,13

**: p<0,01; *: p<0,05.

3.5 Interacdo Arsénio-Planta

A adicdo dos biochars alteraram significativamente os resultados, a biomassa
foliar/radicular e os teores de nutrientes aumentaram conforme a aplicagéo de BA e BAS
(Tabela 5 e Figura 2). O aumento da solubilidade de arsénio (Figura 1) ndo refletiu nos

teores de arsénio absorvidos (Figura 2). Todos os indices referentes ao desenvolvimento
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vegetativo da planta (L. sativa) melhoraram significativamente ap6s a adi¢do dos biochars

(Tabela 6).
Tabela 5. Biomassa e nutrientes na raiz e folhas de L. sativa.
R Bio* Ca Mg K P Fe Bio! Ca Mg K P Fe
Folha (g/planta) Raiz (g/planta)

T1' | 0,02h 001h 001g 0233i 004h 007c|001h 001g 000f 006g 0,02i 003h

T22 | 0,02h 002h 001g 1,88h 005h 001g| 001i 000g 000f 010g 0,01i 001i

T3 | 004g 005g 003f 507g 012g 0,01f|002g 001f 00le 032g 0,04h 0059

T44 | 0,09e 0,08f 0,05e 13,88d 0,33f 0,03e|005e 0,02d 003c 2,37d 0,14f 0,19¢c

T5° | 0,17d 0,26d 0,22b 12,00e 0,94c 0,05d|0,05d 0,02d 002d 3,69c 0,28d 0,08f

T65 | 0,08f 0,13e 0,12d 840f 0,74d 0,03e|0,03f 0,02e 001d 2,36d 030c 0,09e

T77 | 001i 001h 001g 1,29h 009g 003e|001h 001f 000f 070f 0,08g 001j

T8 | 0,26¢c 0,3lc 0,15c 20,36c 0,68e 006c|008c 0,09c 004b 1,83e 0,19e 0,11d

T9° | 0,30b 0,33b 0,22b 26,59b 1,15b 0,10b|0,15b 0,11b 0,04b 9,48b 0,33b 0,29b
T10°| 052a 047a 0,39a 5820a 2,26a 0,23a|020a 0,20a 0,08a 16,00a 0,77a 0,66a

1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineracdo (RM) +
1.0% BA; “T4: residuo de mineragdo (RM) + 2.0% BA,; 5T5: residuo de mineragdo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragéo (RM) + 2.0% BAT; T8: residuo de mineragéo (RM) + 0.5%
BAS; °T9: residuo de mineragio (RM) + 1.0% BAS; 1°T10: residuo de mineracio (RM) + 2.0% BAS. Bio*': biomassa
seca. Letras diferentes indicam diferenca significativa entre os tratamentos pelo teste de Tukey (p < 0,05).

Os indices TF e BCF diminuiram com a adicdo dos biochars (com exce¢do aos
tratamentos com BAT) e comprovando que a maior translocagao ocorrida no tratamento
sem biochar (T1) refletem nas maiores quantidades absorvida de As e por consequéncia
0 menor ganho de biomassa vegetal (Tabela 5). A maioria dos tratamentos com biochars
obtiveram Tl >1 sugerindo que a adicdo dos respectivos amenizantes melhoram a
tolerdncia de L. Sativa ao excesso de As no residuo de mineracdo, sendo a maior

disponibilidade de nutrientes uma das explicacdes para esses resultados.

A diminuicéo da translocacdo raiz-folha tem efeito direto no alivio dos problemas
fisiologicos relacionados ao acumulo de As nas folhas (GUSMAN et al., 2013; CORDON
et al., 2018), a menor quantidade de elementos toxicos nas folhas reflete em uma melhor
capacidade fotossintética e tem como resposta um maior acumulo de nutrientes e
biomassa (HAIDER et al., 2022). A maior absor¢do de nutrientes é de fundamental
importancia para a resisténcia ao estresse contra o As (LIU et al., 2018), refletindo
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diretamente no melhor desenvolvimento vegetal (GHASSEMI-GOLEZANI &

FARHANGI-ABRIZ, 2021).

Tabela 6. Indice de tolerancia (T1), fator de translocagdo (TF), fator de bioconcentragéo
(CF)

TR Tl TF CF-RY CF-F®
T1! - 1.95a 0.49c 0.96a
T2?2 | 0.80i 0.35d 0.75b 0.27c
T3* | 1.86g 0.30d 0.82a 0.10e
T4* | 435e 007g 032e 0.05f
T5° | 7.05d 0.24e 0.39d 0.09e
T6° | 360f 045c 0.32e 0.14d
T7” | 0.86h 085b 0.73b 0.62b
T8 | 1061c 0.25e 0.35e 0.09e
T9® |1434b 0.22e 0.34e 0.08e

T10'| 22.17a 0.17f 073b 0.2d
1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineracdo (RM) +
1.0% BA; *T4: residuo de mineragdo (RM) + 2.0% BA; 5T5: residuo de mineragdo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragdo (RM) + 0.5%
BAS; °T9: residuo de mineragdo (RM) + 1.0% BAS; 1°T10: residuo de mineragdo (RM) + 2.0% BAS; 'CF-R: fator de
bioconcentragdo radicular; *>)CF-F: fator de bioconcentragdo foliar. Letras diferentes indicam diferenca significativa
entre os tratamentos pelo teste de Tukey (p < 0,05).

Os nutrientes tém diferentes finalidades na melhoria do desenvolvimento vegetal
e inibindo a absorcdo de As (BOORBOORI et al., 2021; KIM et al., 2021). O acumulo
de P nas raizes ocorre devido a competicdo com o As pelos sitios de adsorcdo do solo ou
absorcdo pelas raizes, devido ao efeito antoganista entre eles, a maior absorcdo de P
auxilia inibicdo da absor¢éo e posterior acumulo de As nas folhas (ZIA et al., 2017). A
maior absorcdo de K é uma forma de melhoria de equilibrio idnico, devido a absorcao
anionica e a absorgéo em excesso auxilia no melhor desenvolvimento vegetal (LIU et al.,

2018).
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Figura 2. Porcentagem de arsénio na raiz e folhas de L. sativa, em relacao ao total
absorvido.

1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineracdo (RM) +
1.0% BA; “T4: residuo de mineragdo (RM) + 2.0% BA,; 5T5: residuo de mineragdo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragéo (RM) + 0.5%
BAS; °T9: residuo de mineragdo (RM) + 1.0% BAS; 1°T10: residuo de mineragdo (RM) + 2.0% BAS.

O acumulo de Ca e Mg, na raiz e folha, auxiliam na estabilizacdo da integridade
celular e na atividade fisioldgica, melhorando o crescimento de plantas sobre estresse de
As (RAFIQ et al., 2017; SINGH et al., 2020; SYU et al., 2020; GHASSEMI-GOLEZANI
E FARHANGI-ABRIZ, 2021). O acumulo de Fe nas raizes da planta em efeito na
quelacédo do As, funcionando como um mecanismo de defesa para a diminuicéo absor¢édo

ou sua translocacdo (ARCO-LAZARO et al., 2018).

3.6 Avaliacao de risco para a saude humana

A adicdo de todos os biochars obtiveram efeito na diminuicéo do risco (Figura 3a
e b) proporcionado pelos elevados teores de As nos residuos de mineragdo. Para o risco
ndo-carcinogénico todos os biochars, obtiveram exito em diminuir os valores de risco
para criancas e adultos. Para o risco carcinogénico nenhum biochar conseguiu diminuir

HI para niveis aceitaveis (USEPA, 2011), no entanto todos os biochars diminuiram
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significativamente os valores de risco potencial. A atenuagdo do risco deve-se
principalmente a diminuicdo da translocacdo de As para a parte comestivel do vegetal
(Figura 2 e Tabela 6) e ao aumento do As ligado aos minerais amorfos e critalinos (menos

biodisponiveis) (Figura 1).
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Figura 3. indice de risco (HI) carcinogénico e ndo carcinogénico da ingestéo acidental
de solo e vegetal, oriundos de rejeitos de mineracéo de ouro.

1T1: residuo de mineragdo (RM); 2T2: residuo de mineragdo (RM) + 0.5% BA; 3T3: residuo de mineracdo (RM) +
1.0% BA; *T4: residuo de mineragdo (RM) + 2.0% BA; 5T5: residuo de mineragéo (RM) + 0.5% BAT; 6T6: residuo de
mineragdo (RM) + 1.0% BAT; "T7: residuo de mineragdo (RM) + 2.0% BAT; 8T8: residuo de mineragdo (RM) + 0.5%
BAS; °T9: residuo de mineragéo (RM) + 1.0% BAS; 1°T10: residuo de mineragdo (RM) + 2.0% BAS. Letras diferentes
indicam diferenga significativa entre os tratamentos pelo teste de Tukey (p < 0,05).

Estudo realizado por SIMON et al (2015) propuseram a utilizacdo amenizantes
(calcario, material organico e oxido de ferro) para minimizar a mobilidade e
biodisponibilidade de As, e concluiu que nenhum desses produtos conseguiu amenizar
concentracdo de As na parte aérea vegetal e por isso seu uso ndo deve ser recomendado
como condicionador de solo altamente poluidos. Em oposicdo a esses resultados, 0s
biochars utilizados por Kim et al., (2021) em sua pesquisa elevaram a disponibilidade de

As, mas néo refletiram em uma maior translocacéo e justificam que essa baixa relagdo
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ocorrem devido a provavel a melhoria da questdo nutricional, relacionadas a adi¢do dos
biochars no solo. A diminuigdo dos valores do fator de transferéncia é de fundamental
importancia para a amenizagdo dos possiveis maleficios saide humana, relacionados ao
consumo de vegetais comestiveis oriundos de areas possivelmente contaminadas com As

(OLIVEIRA et al., 2017).

3.7 Predicdo do acumulo de arsénio

A anélise de regressdo maltipla possibilitou a identificar quais as varidveis de solo
e de planta que obtiveram maior influéncia na predi¢do do acumulo de As (raiz e folhas)
para cada biochar, gerando os modelos com melhores parametros estatisticos de validagéo
(Tabela 7). Os modelos foram diferentes entre si, comprovando que o0 enriquecimento
com fertilizantes fosfatados (SFS e SFT) tem reflexo distintos no acumulo de As na raiz

(As-R) e folhas (As-F).

Tabela 7: Equacbes de regressdes mdltiplas referentes ao acumulo de arsénio (As) na

folha (As-F) e na raiz (R-As), para os biochars.

EQUACOES p-value NRMSE R2q

(a) As-F (BA)= 3.176*10"%* -6.5000*As.F1 -0.42640*As.F2 +2.8850*CO -

2.23e-5 0.00185 0.916
3.0340*Ca + 0.4323*P
(b) As-F (BAT)= 4.599*10% +0.6899*As.F5 +0.890*K -1.4190*P 3.77e-4 0.01275 0.914
(c) As-F (BAS)= 2.255*10-% +1.07*As.F1 -0.2515*CO -1.29*Ca -1.479*Mg -

2.20e-5 0.00040 0.903
0.0484*P
(d) ASR (BA)= -1477¢'0 +0.2157*Ca -0.7912*P F2 9.46e-4 0.01386 0.908
() AsR (BAT)= 6.591*101 -0.3525*Al(s0il) -0.2865*Ca +0.2925*Ca(soil) -

2.02e-6 0.00008 0.906
0.5222*Mg +0.6453*P.F1 -0.3063*P.F3 -0.05161*P.F4 -0.01515*pH
(f) As-R (BAS)= -3.444*10* +0.9222*Ca(soil) +0.6485*K(soil) -0.58260*P.F4 1.54e-3 0.01403 0.918

Para os modelos relacionados ao BA, as caracteristicas do residuo (fracdes de

arsénio e carbono organico) e da planta (Ca e P) influenciaram no arsénio foliar (equacéo

86



a), ja arsénio radicular obteve relacdo com o célcio e a fracdo F2 do fésforo do residuo
(equacdo d). A baixa quantidade de nutrientes encontrada no biochars sem
enriquecimento proporciona uma maior absorcdo de arsénio (solGvel e adsorvido) os

quais sua maior mobilidade tem efeito negativo no desenvolvimento vegetal (Tabela 5).

Nos modelos relacionados ao BAT, a fracdo F5 de arsénio do residuo e da planta
(K e P) influenciaram no arsénio foliar (equacéo b), e o arsénio radicular obteve relacao
com as caracteristicas do residuo (Al, Ca, pH e as fraces de fosforo) e da planta (Ca,
Mg) (equacdo €). As maiores quantidades de fosforo encontrado em BAT tem feito direto
na maior translocacdo de arsénio (Tabela 6), menor acumulo de nutrientes e biomassa
(Tabela 5). Devido as caracteristicas semelhantes entre o fosfato e arsenato, em condi¢oes
de elevadas quantidades do nutriente (fésforo) propicia a maior disponibilidade do

arsénio, favorecendo a maior absorcao

Os modelos relacionados ao BAS, as caracteristicas do residuo (fragdo F1 de
arsénio e carbono organico) e da planta (Ca, Mg e P) influenciaram no As-F (equacéo c),
e somente as caracteristicas do residuo (fracdo F4 de fosforo, Ca e K) no As-R (equacéo
f). A quantidade de nutrientes (principalmente calcio) e fosforo (Tabela 2) encontrada em
BAS proporcionaram uma melhoria no acumulo de biomassa e nutrientes (Tabela 5), o
que por consequéncia refletiu em menores valores de TF e maiores valores de Tl (Tabela

6).

CONCLUSAO

O uso de biochar enriquecido com fosforo é uma alternativa efetiva para a
melhoria das caracteristicas quimicas de locais de deposi¢do de residuos contendo
arsénio, oriundos de areas de mineracdo artesanal, devido a baixa disponibilidade de

nutrientes encontrada nessas areas, o que prejudica o processo de recuperacdo. A adi¢do

87



dos fertilizantes fosfatados melhoraram as caracteristicas quimicas dos biochars, as
nutricionais do residuo de mineragdo e por consequéncia o acumulo de
biomassa/nutrientes. A adi¢do dos nutrientes (principalmente célcio e fosforo) apds a
adicdo do BAS conseguiu melhorar as caracteristicas quimicas dos residuos e por
consequéncia melhorando o desenvolvimento de Lactuca Sativa, amenizando os efeitos
toxicos do arsénio e diminuindo sua translocacdo. Esses resultados sdo promissores para
a paraindicacdo de uso do biochar fosfatado BAS em éreas degradadas contendo elevados

teores de arsénio e em auxilio a nutri¢do de espécies fitorremediadoras.
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