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RESUMO

RODRIGUEZ, Jose Alexander, D.Sc., Universidade Federal de Vicosa, marco de 2017.
Pirolise de residuos agricolas e industriais e uso potencial do biocarvio como
condicionador de rejeitos de mineracao. Orientador: Tedgenes Senna de Oliveira.
Coorientadores: Igor Rodrigues de Assis e Lednidas Carrijo Azevedo Melo.

A degradacdao ambiental pela inadequada utilizacdo das terras e disposi¢do dos residuos
agricolas, industriais e urbanos estd aumentando no mundo, o que exige novas e rdpidas
alternativas ambientalmente sustentdveis. A pirdlise € um processo que tem se apresentado
como uma opg¢ao limpa de gestdo de residuos pela sua decomposicdo térmica em altas
temperaturas na auséncia do oxigénio produzindo carvao, gases e 6leo, produtos que podem ser
aproveitados sem geracdo de residuos. Neste trabalho, objetivou-se identificar as caracteristicas
e potencialidades agrondmicas e ambientais dos biocarvdes produzidos por pirdlise e co-
pirdlise (mistura dos residuos em propor¢des de 1:1, w:w) lentas em diferentes temperaturas,
utilizando dois residuos sdlidos agricolas (dejetos de suino - SM e de cama de frango - PL) e
trés industriais (madeira da constru¢do - CW, pneu - TR e plastico PVC - PVC), levando-os a
uma utilizacdo mais aproveitdvel. Os residuos foram selecionados considerando critérios de
quantidade gerada e disposi¢do final. Os materiais foram submetidos a cinco temperaturas: 300,
400, 500, 600 e 700 °C, em ambiente com restri¢cdo de oxigénio, com taxa de aquecimento de
10 °C min™!, mantidos durante uma hora na temperatura desejada. Antes e ap6s a transformacio
térmica, avaliaram-se as seguintes propriedades fisico-quimicas: rendimento (RS), teor de
cinzas (Tc), compostos voléteis (Tv), C fixo (Cfx) e organico (CO), composicao elementar,
grupos funcionais, mineralogia, macro e micronutrientes, pH, condutividade elétrica (CE),
poder neutralizante (PN), capacidade de retencao de 4gua (CRA), capacidade de troca catidnica
(CTC) e diametro médio ponderado das particulas (DPM). Os biocarvdes foram estratificados
pelas caracteristicas intrinsecas dos biocarvdes e as propriedades restritivas de uso em
solo/substrato, utilizando andlise de componentes principais (ACP) e indice de viabilidade do
biocarvao (IVB), além de critérios delimitados pelos teores de C fixo (Cfx), cinzas (Tc) e
materiais volateis (Tv). Utilizou-se também estratificagdes ja estabelecidas na literatura e
aplicadas por organismos institucionais. O biocarvao classificado como o mais vidvel segundo
as propriedades restritivas de uso em solo/substrato, PL600, foi utilizado num experimento de
casa de vegetacao em pirdlise e co-pirdlise com residuos industriais (TR, CW e PVC). Rejeitos

de mineragdo de Fe e Mn foram tratados com biocarvoes na dose de 5% (m/m) e apds incubagdo
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cultivado com crotalaria (Crotalaria juncea) em vasos. Avaliaram-se o crescimento e as
alteracoes na solucao do solo e nas propriedades quimicas dos rejeitos. Os biocarvoes PL e TR,
seguidos de SM e CW foram os que apresentaram maiores potencialidades para uso na produ¢ao
de biocarvdes considerando os resultados de pH, CRA, CTC, H:C, O:C, Cfx, elementos
disponiveis e auséncia de contaminantes inorganicos. O Rpyc apresentou potencialidades como
disponibilidade de P e Ca, além de alta CRA, porém, a elevada CE e o teor total de Pb pode
restringir seu uso como condicionador de solo. Por outro lado, biocarvées produzidos em co-
pirdlise com os residuos industriais (principalmente TR e CW) podem ter suas caracteristicas
melhoradas (ex. CE e pH) para uso como condicionador de solo. A estratificacdo segundo as
propriedades restritivas de uso em solo/substrato ¢ uma ferramenta util para estratificar os
melhores biocarvoes para determinado uso. A combinacdo dos pardmetros teores de Cfx, Tc e
Tve mostrou-se adequada para a identificagdo das potencialidades agrondmicas e ambientais
dos biocarvdes, pois € rapida e de baixo custo. No experimento de casa de vegetacdo, os efeitos
dos biocarvoes dependeram muito mais das interagdes com o tipo de substrato do que das
caracteristicas do biocarvao, pois observaram-se os maiores valores de CE e pH nos tratamentos
com rejeitos de Fe do que Mn, assim como menores disponibilidades de macro e
micronutrientes no rejeito de Fe. Os tratamentos que apresentaram melhor desenvolvimento de
plantas foram aqueles com CW nos dois rejeitos, PL+TR e PL+CW no rejeito de Mn e TR no
rejeito de Fe, o que confirma as diferencas no sinergismo entre os biocarvdes e o substrato. Os

fatores mais limitantes em ambos rejeitos foram o pH e CE.



ABSTRACT

RODRIGUEZ, Jose Alexander, D.Sc., Universidade Federal de Vicosa, March, 2017.
Pyrolysis of agricultural and industrial residues and the potential use of biochar as a
conditioner for mining tailings. Adviser: Tedgenes Senna de Oliveira. Co-advisers: Igor
Rodrigues de Assis and Leodnidas Carrijo Azevedo Melo.

Environmental degradation due to inadequate land use and disposal of agricultural, industrial
and urban wastes is increasing worldwide, requiring new and fast environmentally sustainable
alternatives. Pyrolysis is a process that has been presented as a clean alternative of waste
management by its thermal decomposition at high temperatures in the absence of oxygen
producing coal, gases and oil, products that can be used without generation of waste. The
objective of this work was to identify the agronomic and environmental characteristics and
potentials of the biochar produced by pyrolysis and co-pyrolysis (mixing of residues in 1: 1, w
/ w ratios) at different temperatures using two solid agricultural residues (swine manure - SM
and poultry litter- PL) and three industrial ones (construction wood - CW, Tire - TR and PVC
plastic - PVC). The residues were selected because they present high potential of generating
negative impacts to the environment, considering quantity generated criteria and final disposal.
The materials were subjected to five temperatures (300, 400, 500, 600 and 700 °C) in an oxygen-
restricted environment, with a heating rate of 10 °C min-1, and kept for one hour at the desired
temperature. The following physicochemical properties were evaluated: yield, ash, volatile
compounds, fixed and organic C, elemental composition, functional groups, mineralogy, macro
and micro nutrients, pH, electrical conductivity, Neutralizing power (PN), water retention
capacity (CRA), cation exchange capacity (CTC) and particle size distribution (DPM). The
biochar were classified by their intrinsic characteristics and the restrictive properties of soil /
substrate use, using principal component analysis (PCA) and the formulation of biobial viability
index (IVB). In addition, biofuel quality criteria delimited by fixed C (Cfx), ashes (Tc) and
volatile materials (Tv) were established. Stratifications already established in the literature and
applied by institutional bodies were also used. Biochar classified as the most viable according
to the restrictive properties of use in soil/substrate, PL600, was used in a greenhouse experiment
in pyrolysis and co-pyrolysis with industrial waste (TR, CW and PVC). Fe and Mn mining were
treated with 5% (w / w) biochar and after incubation Crotalaria (Crotalaria juncea) was grown
in pots. It was evaluated the development of the plants, besides the changes in soil solution and

the chemical properties of the tailings. The biofuels PL and TR, followed by SM and CW were



the ones with the highest potential for use in the production of biochar considering the results
of pH, CRA, CTC, H: C, O: C and C Fx and available elements and absence of contaminants
Inorganic acids. The RPVC presented potentials such as availability of phosphorus and calcium,
in addition to high CRA, but the high EC and total Pb content may restrict its use as soil
conditioner. On the other hand, biofuels produced in co-pyrolysis with industrial waste (mainly
Tire and Wood from the construction) can have their improved characteristics (eg EC and pH)
for use as a soil conditioner. Due to the high variability in the properties of the biochar, it was
not possible to establish the best pyrolysis temperature for each raw material, aiming to produce
biochar with desirable characteristics. In this sense, the classification proposed in this work is
a useful tool to select the best biochar for a particular use. The combination of the parameters
of fixed C, ash and volatile compounds were adequate for the identification of the agronomic
and environmental potential of biofuels, which is a relevant result, since the immediate analysis
is a quick and low cost evaluation, leading to Conclusions similar to those obtained by methods
that use up to 20 or more variables. In the greenhouse experiment, it was observed that the
effect of the biochar depended more on the synergism with the type of substrate, than on the
characteristics of the bio-carbon, as it was observed higher values of EC and pH in the
treatments with Fe Mn, as well as lower availability of macro and micronutrients in the Fe
residue. The treatments that showed the best development of plants were those with CW in both
residues, PL+TR and PL+CW in the Mn and TR residue in the Fe residue, confirming the
differences in the synergism between the biofuels and the substrate. The limiting factors in both

wastes were pH and EC.
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INTRODUCAO GERAL

O mundo vive hoje dois grandes problemas que tém provocado cada vez mais interesse
e preocupacdo a todos pelo impacto ambiental, econdmico e a saide humana. O primeiro € o
aumento da utilizacdo da terra de forma inadequada degradando 4reas produtivas e, o segundo,
¢ a geracdo de residuos com potenciais danos ambientais se ndo forem devidamente tratados.
Esses dois problemas agravam-se com o crescimento da populacdo, pois ocasiona 0 aumento
do consumo e a utilizagcdo dos recursos do planeta, o que leva ao desequilibrio do ambiente,

gerando dreas degradadas e a insustentabilidade ambiental.

Essas alteracdes no ambiente ganharam grande impulso com o advento da Revolucao
Industrial. A producdo em massa de bens de consumo, a necessidade de recursos ou matérias
primas e a geracdo de residuos tomou dimensdes sem precedentes na historia da humanidade.
No inicio da civilizagdo, os residuos gerados eram basicamente constituidos de restos vegetais
e excrementos humanos e animais, materiais de facil degradacdo. Porém, com o aumento da
industrializacdo, os residuos também se tornaram mais industrializados e de dificil destinagdo,

ndo sendo mais possivel a simples disposicao direta em cursos d'dgua, solo ou atmosfera.

A disposi¢do inadequada de residuos apresenta-se como um dos problemas ambientais
mais criticos da atualidade. O passivo ambiental oriundo da contaminagdo pela disposi¢do final
incorreta € ainda corrente em muitas instalacdes rurais, industriais e urbanas. A taxa de geragcdo

de residuos € muito maior, aumentando a utilizacdo de lixdes e/ou aterros sanitarios.

Os residuos s6lidos comuns e perigosos estdo causando problemas ambientais em areas
urbanas, rurais e industriais, uma vez que geram impacto ambiental negativo ameagando a
sustentabilidade ambiental. Dada a necessidade de reduzir o passivo ambiental, representado
pelos estoques de residuos e de dreas degradadas, faz-se necessdria a criacdo de solucdes
sustentdveis, o que pode ser conseguido mediante processos intrinsecos de eliminacdo de
residuos e recuperacdo de dreas degradadas, alternativas que t€ém se tornado mais comuns
(MENCH et al., 2010). Alternativas de corre¢do tém que ser rentdveis, possiveis de aplicagdo
in situ; gerando interagdes com os componentes do sistema tratado, assegurando
simultaneamente condi¢des que promovam e estimulem a restauracao ecoldgica (BEESLEY et

al., 2011).

A utilizacdo dos residuos como matéria-prima em novos processos agricolas ou

7z

industriais € uma alternativa sustentdvel na gestdo de residuos soélidos, sendo de grande



importancia socioambiental e econdmica. Os residuos podem ser classificados em dois grandes
grupos: agricolas e industriais, sendo que os agricolas sdo oriundos da fase agricola do
cultivo/criacdo de determinada espécie vegetal ou animal no campo ou os produzidos no
processamento de produtos agricolas. Os residuos industriais s@o resultantes dos processos
produtivos em instalacdes industriais (Artigo 13 da Politica Nacional de Residuos Soélidos;

PNRS, 2010).

O uso dos residuos s6lidos como matéria-prima para novos processos agricolas e/ou
industriais apresenta algumas vantagens: valor energético na geracdo de energia e/ou
biocombustiveis; o aproveitamento para a producdo agricola como fertilizante; a reducao da
exigéncia por lixdes ou de aterros sanitdrios e, consequentemente, com eliminacdo de pragas,
entre outros problemas sanitarios; a melhoria da paisagem; e a redu¢do da contaminacgdo do ar,
dgua e solo (MARTINEZ-LOZANO, 2009). A grande desvantagem, seja como fonte de
energia, fertilizantes para culturas ou de alimentos para animais € o custo do transporte do local
de coleta até a unidade de processamento central. Nesse sentido, o aproveitamento e gestao vai
depender dos beneficios das tecnologias aplicadas para sua utilizagdo (SPOKAS, 2010),
especialmente porque os beneficios ambientais, sociais € econdmicos superam os custos da

obtencdo dos residuos (GALINATO; YODER; GRANATSTEIN, 2011).

A conversao de residuos para a producdo de carvao pelo processo de pirdlise tem se
apresentado como uma das op¢des de aproveitamento de residuos agricolas ou industriais ndo
contaminados (TSAI et al., 2012). A pirdlise constitui-se como um processo de decomposi¢ao
térmica, entre 300 e 800 °C, na auséncia total ou parcial de oxigénio, convertendo a matéria-
prima dos residuos agricolas ou industriais em trés produtos: carvao (s6lido), 6leo (combustivel
liquido) e gds combustivel, contendo CO, CO2, H2, CH4 e outros hidrocarbonetos
(LEHMANN; JOSEPH, 2015). O uso do produto da pirélise no solo incorpora o prefixo “bio”
pelo fato de intervir nos processos naturais, tanto fisicos como quimicos do solo (LEHMANN;
JOSEPH, 2015), o que leva ao uso do termo biocarvao para se referir ao produto sélido da
pirdlise.

As propriedades fisicas e quimicas de biocarvdes sdo influenciadas pela natureza e
estado fisico do material utilizado, pela temperatura de pirélise, conteido de oxigénio e tempo
de residéncia (SPOKAS, 2010). As condicdes de pirdlise influenciam principalmente a

recalcitrancia quimica dos compostos aromaticos, tornando-os mais estaveis quanto maior for



a temperatura (WU et al., 2011), o tempo de retencdo e menor presenca de ar (BRUUN et al.,
2012).

Os biocarvdes podem ser utilizados na recuperagado de dreas degradadas como corretivo
do solo na melhoria das propriedades e funcdes fisicas, quimicas e bioldgicas para o
desempenho ambiental (WOOLF et al., 2010). Entre as func¢des potenciais dos biocarvoes
destacam-se a resisténcia ou estabilidade a degradacdo (de centenas a varios milhares de anos)
(LEHMANN; JOSEPH, 2015), com consequente sequestro e reducao das emissdes de carbono
para a atmosfera (MIMMO et al., 2014); a adsor¢do de contaminantes organicos e inorganicos
(KASOZI; NKEDI-KIZZA; GAO, 2010); a melhoria da reten¢do de 4gua, capacidade de troca
catidnica e interagdes com a ciclagem de nutrientes por meio de aumento no pH do solo
(MUKHERIJEE; ZIMMERMAN; HARRIS, 2011); a redu¢do na lixiviacio de nutrientes
(SCHULZ; DUNST; GLASER, 2013); e a melhoria da estrutura do solo, promovendo o
aumento da drenagem e das intera¢cdes com as comunidades microbianas (JEFFERY et al.,

2011).

As caracteristicas e a otimizagao dos efeitos do biocarvao sao reguladas pela selecdo da
matéria prima e pela técnica de producao, o que define sua aplicagdo ambiental ou agronémica
especifica. Dessa condicdo emergem diferentes tipos de carvdo e em vdrias escalas,
necessitando de sistemas de producgado especificos (IPPOLITO; LAIRD; BUSSCHER, 2012).
A escolha da matéria-prima é um dos fatores mais importantes para producdo de biocarvao,
pois devem ser considerados os custos ambientais, sociais e financeiros (BEESLEY et al.,
2013). Nesse sentido, a producdo e utilizacio de biocarvao necessita de um desenho especifico,
uma vez que a selecdo da matéria-prima deve ser direcionada pela disponibilidade e finalidade

do biocarvao.

Diante do exposto, € clara a necessidade de aprofundar nos conhecimentos acerca da
conversdo dos residuos agricolas e industriais pelo processo de pirdlise. Nesse contexto, o
presente trabalho tem como objetivo geral aprofundar nos conhecimentos acerca da conversao
dos residuos agricolas e industriais pelo processo de pirdlise e co-pirdlise, a fim de conhecer as
caracteristicas fisico-quimicas do biocarvao produzido, o que leva ao direcionamento da sua
utilizacdo de uma forma, mas aproveitivel, como por exemplo na revegetacdo das dreas

degradadas pela mineracao de ferro e manganés.

Para alcancar o objetivo do presente trabalho o primeiro capitulo intitulado “Influéncia

da temperatura de pirdlise e matéria-prima nas propriedades dos biochars produzidos a partir

3



de residuos agricolas e industriais” teve como objetivo avaliar o efeito da temperatura de
pirdlise nas caracteristicas fisico-quimicas de biocarvdes produzidos a partir de residuos
industriais e agricolas por pirdlise lenta e suas comparagdes. O capitulo 2, intitulado “A
copirdlise de residuos agricolas e industriais altera a composi¢do e estabilidade dos biochars e
pode melhorar seus beneficios agricolas e ambientais” objetivou utilizar o processo de co-
pirdlise lenta como ferramenta para melhorar as caracteristicas e potencialidades agrondmicas
e ambientais dos biocarvoes produzidos em diferentes temperaturas, utilizando dois residuos
s6lidos agricolas e trés industriais. O capitulo 3, intitulado “classificando do potencial de
biochars de residuos agricolas e industriais para a recuperacao de rejeitos de mineracdo de Fe e
Mg” teve como objetivo propor formas de estratificacdo de biocarvdes produzidos de residuos
agricolas e industriais utilizando suas propriedades fisicas e quimicas tornando as escolhas e,
ou, interpretagdes da sua qualidade e usos, mais eficientes. O capitulo 4, intitulado “crescimento
da crotalaria em rejeitos da mineracio de Fe e Mn condicionados com fertilizantes e
biocarvdes” o objetivo foi avaliar o crescimento da crotalaria (Crotalaria juncea) em rejeitos de
mineragdo de Fe e Mn, condicionados com biocarvoes derivados de residuo agricola (cama de
frango: PL) e industriais (pneu: TR, plastico PVC: PVC e madeira da constru¢do: CW)
produzidos por pirdlise e co-pirdlise lenta a 600 °C (PL+CW; PL+TR e PL+PVC).



Referéncias

BEESLEY, L. et al. A review of biochars’ potential role in the remediation, revegetation and
restoration of contaminated soils. Environmental Pollution, v. 159, n. 12, p. 3269-3282, 2011.

BEESLEY, L. et al. Biochar addition to an arsenic contaminated soil increases arsenic
concentrations in the pore water but reduces uptake to tomato plants (Solanum lycopersicum

L.). Science of the Total Environment, v. 454455, p. 598-603, 2013.

BRUUN, E. W. et al. Effects of slow and fast pyrolysis biochar on soil C and N turnover
dynamics. Soil Biology and Biochemistry, v. 46, p. 73-79, 2012.

GALINATO, S. P.; YODER, J. K.; GRANATSTEIN, D. The economic value of biochar in
crop production and carbon sequestration. Energy Policy, v. 39, n. 10, p. 6344-6350, 2011.

IPPOLITO, J. A.; LAIRD, D. A.; BUSSCHER, W. J. Environmental Benefits of Biochar.
Journal of Environment Quality, v. 41, n. 4, p. 967, 2012.

JEFFERY, S. et al. A quantitative review of the effects of biochar application to soils on crop
productivity using meta-analysis. Agriculture, Ecosystems and Environment, v. 144, n. 1, p.
175-187, 2011.

KASOZI, G. N.; NKEDI-KIZZA, P.; GAO, B. 1. N. Catechol and Humic Acid Sorption onto a
Range of Laboratory Produced Black Carbons (Biochars).pdf. v. 44, n. 16, p. 6189-6195, 2010.

LEHMANN, J.; JOSEPH, S. Biochar for environmental management: Science, technolgy
and implementation. New York: Earthscan, 2015.

MARTINEZ-LOZANO, S. Evaluacién de la biomasa como recurso energético renovable
en Cataluiia. [s.l: s.n.].

MENCH, M. et al. Successes and limitations of phytotechnologies at field scale: Outcomes,
assessment and outlook from COST Action 859. Journal of Soils and Sediments, v. 10, n. 6,
p. 1039-1070, 2010.

MIMMO, T. et al. Effect of pyrolysis temperature on miscanthus (Miscanthus x giganteus)
biochar physical, chemical and functional properties. Biomass and Bioenergy, v. 62, n. 0, p.
149-157, 2014.

MUKHERIEE, A.; ZIMMERMAN, A. R.; HARRIS, W. Surface chemistry variations among
a series of laboratory-produced biochars. Geoderma, v. 163, n. 34, p. 247-255, 2011.

SCHULZ, H.; DUNST, G.; GLASER, B. Positive effects of composted biochar on plant growth
and soil fertility. Agronomy for Sustainable Development, v. 33, n. 4, p. 817-827, 2013.

SPOKAS, K. A. Review of the stability of biochar in soils: predictability of O:C molar ratios.
Carbon Management, v. 1, n. 2, p. 289-303, 2010.

TSAI W. T. et al. Textural and chemical properties of swine-manure-derived biochar pertinent
to its potential use as a soil amendment. Chemosphere, v. 89, n. 2, p. 198-203, 2012.



WOOLF, D. et al. Sustainable biochar to mitigate global climate change.Nature
communicationsNature Publishing Group, , 2010. Disponivel em:
<http://dx.doi.org/10.1038/ncomms1053>

WU, H. et al. Removal and Recycling of Inherent Inorganic Nutrient Species in Mallee Biomass
and Derived Biochars by Water Leaching. p. 12143—-12151, 2011.



CAPITULO 1

INFLUENCE OF PYROLYSIS TEMPERATURE AND FEEDSTOCK ON THE
PROPERTIES OF BIOCHARS PRODUCED FROM AGRICULTURAL AND
INDUSTRIAL WASTES
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ARTICLE INFO ABSTRACT

Pyrolysis of waste materials aiming to produce biochar has been considered as an effective strategy to add value
and to recycle such materials. The properties of the produced biochars depends on pyrolysis temperature and
feedstock type, for example. Some waste materials have been still poorly studied. The objective of this study was
Tin to evaluate the changes in physicochemical characteristics, mineral composition, X-ray diffraction (XRD),
zx:cmruction g Fourier transform infrared spectroscopy (FTIR) of biochars derived from agricultural and industrial wastes
o produced by different pyrolysis temperatures and feedstocks. Two agricultural solid wastes (poultry litter - PL
Poultry litter and swine manure - SM) and three industrial wastes (construction wood - CW, tire - TR and PVC plastic - PVC)

were pyrolyzed at five temperatures (300, 400, 500, 600 and 700°C) in an oxygen-limited environment at a
heating rate of 10 °C min™" for one hour. Increased pyrolysis temperature reduced the yield of solids and volatile
compounds and increased pH in water and K,,upe in all studied biochars. Nevertheless, the temperature caused
no significant changes in electrical conductivity, water-soluble nutrients and total elements, and CEC, in the
industrial wastes (CW, TR and PVC). The XRD patterns revealed similarities in mineral formation among the
studied biochars, including quartz, sylvite, calcite and dolomite. Data of FTIR spectra evidenced the presence of
aromatic and aliphatic functional groups. The results obtained enable the design of biochars for a desired
purpose, which might be solutions for agronomic and environmental issues, taking into account the effects of
pyrolysis temperature and the type of waste to be processed.

Keywords:
Biochar stability
Biochar potentiality

1. Introduction

In Brazil, agricultural and industrial activities produce large
amounts of wastes. The reuse and correct disposal of these wastes can
represent serious environmental concerns. Thus, their efficient recovery
is extremely important for global sustainability, higher profitability of
the agricultural and industrial sector and promotion of the concept of
circular economy. For example, Brazil is the second largest producer of
poultry meat in the world, and the amount of poultry litter generated
annually is estimated to be 8-10 million tons [1]. In 2016, the number
of tires discarded in Brazil was close to 500,000 tons [2]. This fact is
worrisome, because this number tends to increase exponentially [3].
Globally, the market of polyvinyl chloride (PVC) is expected to reach an
installed eapacity of about 60 million tons by 2020, with almost 75 % of
its production intended for applications in construction products such
as plastic pipes and electrical and hydraulic accessories [4]. According

* Corresponding author.

to these authors, PVC wastes are 100 % recyclable; however, in the case
of waste generated in urban areas, recycling represents only 15-20%,
and the largest volume is discarded in public landfills or disposed of
directly into the environment.

Pyrolysis is a thermal decomposition process often performed at
temperatures between 300 and 800 °C in either total or partial absence
of oxygen. It is a process that is now considered one of the alternatives
in the use of agricultural or industrial waste due to the thermal con-
version into biochar (solid), bio-oil (liquid fuel) and fuel gas (CO, COx,
H,, CHy4 and other hydrocarbons) [5]. Biochar can be used in power
generation, as soil conditioner and in the decontamination of environ-
ments [6].

The agronomic and environmental potential of biochar application
in the soil is broad, including the improvement of physical, chemical
and biological characteristics [7]. Its resistance or stability to de-
gradation for hundreds to thousands of years [5] favors C sequestration
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and reduces its emissions to the atmosphere [8]. These potentialities are
influenced by the nature and physical state of the material, pyrolysis
temperature, oxygen content and residence time [9], conditioning the
physical and chemical characteristics of biochar from different feed-
stocks [10].

Biochar properties can be significantly influenced when different
types of feedstock and/or pyrolysis conditions, especially temperature,
are used for the production [§,11-14]. The biochar derived from rela-
tively high pyrolysis temperature is more depleted of H and O but
possesses a larger proportion of aromatic C [15]. Consequently, it
presents greater chemical recalcitrance and resistance to microbial and
chemical decomposition in the soil [16]. In addition, increasing pyr-
olysis temperature generally increases the biochar pH, by producing
more alkaline components, the electrical conductivity, the ash contents,
the exchangeable and soluble cations [17,18]. Biochars are character-
ized by porous structures with a high surface area, which increase the
adsorption capacity for the retention of moisture and nutrients in the
soil [16,19]. On the other hand, the biochar yields, acidic functional
groups concentration, volatile matter content and cation exchange ca-
pacity decrease with the increase of the temperature [20,21]. The
biochar feedstock type, or the original material that the biochar is de-
rived from is known also to affect the total organic carbon, fixed carbon
and mineral elements of the biochar [22]. Although there are many
recent studies with biochar from different sources, origins and purposes
of use [5], very little has been studied about the pyrolytic conversion of
industrial wastes compared to animal wastes aiming to evaluate its
potential for agronomic and environmental use. Therefore, a detailed
characterization study of these materials aiming to evaluate their po-
tential or limitation is needed. This study aimed to evaluate the effects
of pyrolysis temperature on the physical and chemical characteristics of
biochars produced from animal and industrial wastes by slow pyrolysis.
Moreover, we aimed to compare the industrial wastes derived biochars
with animal wastes derived biochars in order to evaluate their potential
applications.

2. Material and methods
2.1. Selection of wastes

The materials used for biochar production were selected by con-
sulting state inventories of agricultural and industrial solid wastes, re-
compiled in the 2012 National Solid Waste Plan and in the 2015 Solid
Waste Panorama Report [23,24]. Two agricultural wastes (poultry litter
and swine manure) and three industrial solid wastes (wood generated
in the construction sector, tire and PVC plastic) were selected con-
sidering the greatest potential for causing negative impacts on the en-
vironment, according to the criteria of generated quantity and final
disposal. Besides that, our aim was to select feedstocks with contrasting
physical and chemical attributes. In addition, these feedstocks were
chosen because of the great availability of these materials in many re-
gions of Brazil and worldwide. Agricultural residues are rich in nu-
trients and can be used as organic fertilizers. However, if applied in
naturg, they can act as vectors of animal diseases and might become a
source of pollution. Therefore, they must first go through a composting
process or some other process capable of eliminating undesirable ef-
fects. Industrial wastes are generated in large quantities and most of it
are discarded in public land fills or disposed directly into the environ-
ment, which might lead to water and soil contamination due to the
presence of toxic elements and pathogens [25].

The civil construction wood wastes were collected from a field lo-
cated in the Federal University of Vigosa (UFV), whereas the PVC and
tire residues wastes were acquired from recycling companies. The
poultry litter and swine manure were collected in animal rearing fa-
cilities on the Campus of the Federal University of Vicosa. The poultry
litter samples were composed of wood shavings and had been kept on a
poultry production farm for 18 months, while swine manure was
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collected in the animal gestation sector and air-dried. The physico-
chemical properties of the feedstocks are presented in Table S1.

2.2, Production and characterization of biochars

The wastes, thereafter named feedstocks, were ground for separa-
tion on a 4-mm-mesh sieve and dried at 65 "C for 48 h. The mixtures
were placed in hermetically sealed stainless steel cylinders (10.6 cm in
diameter and 42 em in height) and placed in an electric muffle furnace
with technical specifications of 10°C min~" heating rate, which was
adapted with a condenser through an iron tube to allow the release of
gases during pyrolysis and bio-oil collection. An air-free environment
was achieved inside the cylinders during pyrolysis, as their lid and the
furnace door were airtight, and the continuous emission of pyrolysis
volatiles prevented air from diffusing in through the hele in the lid. A
schematic figure of the pyrolysis system can be found in Lustosa Filho
et al. [26]. Pyrolysis was carried out at temperatures of 300, 400, 500,
600 and 700 °C, at heating rate of 10 °C min ™", until reaching the final
pre-defined temperature with one hour of holding time, after which the
muffle was switched off and allowed to slowly cool down to room
temperature [27)]. The heating rate of 10°C min~" was chosen because
it is the most common one used in slow pyrolysis in biochar studies
[12-14,28].

The produced biochars were termed as PL (biochar from poultry
litter), SM (biochar from swine manure), CW (biochar from construc-
tion wood), TR (biochar from tire) and PVC (biochar from PVC), fol-
lowed by the corresponding pyrolysis temperature (e.g. PL300, ab-
breviation for biochar produced from poultry litter pyrolyzed at
300°C).

The physical analyses of the biochars were performed using 100 g of
each biochar in triplicates to determine (i) the percentage of biochar
residues (YS) by difference between weights, according to ASTM
Standard D3172 -13 [29]; (ii) mean weight diameter of particles
(MWD) determined from the distribution of particles according to the
International Biochar Initiative [30]; and (iii) water holding capacity
(WHC) for substrates determined in a pressure chamber at 33 kPa for
72h [31].

For chemical analyses, biochar samples were ground and passed
through a 60-mesh sieve (0.25 mm), dried in an oven at 65 + 2°C for
48 h to remove moisture and standardize its content to < 10 % [32],
determining the following attributes: (i) proportions of volatile com-
pounds (Vol) [33], modified by Enders et al. [34]; (ii) proportions of
ash (Ash) [33]; (iii) content of fixed C (Cfx) and yield of fixed C (Yeg)
[29]; (iv) elemental composition in elemental analyzer, determining C,
H, N and O [35]; (v) electrical conductivity (EC) and pH in water by
potentiometry in 1:20 solution, after rest of 12h and stirring of sus-
pension [36]; (vi) neutralizing power (NP) determined by the acid/base
titrimetric method [37]; (vii) cation exchange capaecity (CEC) de-
termined by the method of saturation with NH,0AC (1.0 mol L™Y and
Phenate method using colorimetry [33]; (viii) contents of elements
dissolved in water (Ca, K, P, Mg, S, Na, Fe, Mn and Zn) [39] and total
(Ca, K, P, Mg, S, Na, Fe, Mn, Zn, Mo, B, Ba, Al, Cu, As, Pb, Se, Cd, Co,
Cr) [40], with K determined by flame photometry, Ca by atomic ab-
sorption spectroscopy and the other elements by inductively coupled
plasma atomic emission spectroscopy (ICP-AES); (ix) identification of
minerals of the crystalline phases by X-ray powder diffractometry
(XRD), using a PAN analytical device, X" Pert Powder model, with co-
balt tube, nickel filter in the range from 4 to 50°20, scanning speed of
10°28 and interpretation according to Chen [41]. and (x) identification
of functional groups by molecular absorption spectrophotometry in the
infrared region with Fourier transform (FTIR) (Jasco FTIR 4100), using
spectra obtained with 60 scans, with wavenumber from 4000 to
400cm ™" and resolution of 4em ™", in KBr tablets and interpretation
according to Barbosa [42].

The results of the analyses of the physical and chemical character-
istics of the produced biochars were evaluated according to a
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completely randomized design with split plots, adopting three re-
plicates. The temperatures were considered the main plot and the dif-
ferent biochars were evaluated in the subplots. Analysis of variance
{ANOVA) was performed using linear regression 1o evaluate the effects
of pyrolysis temperature on the different attributes of the biochars,
choosing the best models based on the best fit and significance
(p < 0.05) of R* and coefficients. The means of the biochars produced
from the various wastes were compared by the Tukey test (p < 0.05).
All analyses were performed using the software package SPSS 22 [43].

3. Results and discussion
3.1. Temperature and composition of biochars

In general, the values and behaviors found for the studied biochars
can be considered comparable to those observed by other authors, de-
spite the methodological differences in biochar production and eva-
luation [8,14,22,28,34,38 44-51]. The analysis of variance of the re-
sults identified that the main effects and the interaction between
biochars and temperature were significant (P < 0.01 or P < 0.05) for
the vast majority of the analyzed variables (Table S1). There were ex-
ceptions, and significance of the main effects was found for K pie
Mgrowt: Prost: MOtal: Z07out Mitent, Alroat, Crat, AStoet: Pbrol
and Cdru (biochars), Miuble (temperature), and Sy and Feyua
(biochars and temperature). Absence of significance (P > 0.05 or
P > 0.01, F test) was only observed for Sey,,, (Table S6). Nevertheless,
the interaction was decomposed to identify possible differences {Table
S5 and S6).

The results show that the increase in pyrolysis temperature caused
several effects on the attributes of the produced biochars. Reductions of
yield of solids, proportions of volatile compounds and increases in pH in
water and K. were observed. The other atiributes (mean weight
diameter of particles, water holding capacity, proportions of ash, con-
tent of fixed C, yield of fixed C, neutralizing power, soluble and total
elements) were dependent on the type of raw material, with pre-
dominance of quadratic models in their responses (Table S2 and $3).
There were also cases, such as for the attributes electrical conductivity,
cation exchange capacity and water-soluble nutrients (P, Mg, S, Na, Fe,
Mn and Zn) and total elements (Ca, P, Mg, Fe, Mn, Zn, Mo, Ba, Al, Cu,
Pb and Cr), in which the temperature did not alter their behavior,
especially industrial wastes (construction wood, tire and PVC plastic)
(Table S2 and §3). Increments followed by reduction and vice versa,
such as in the neutralizing power, cation exchange capacity and
Caygluble, for instance, reduction (Pyyiumie) or increase (e.g. water holding
capacity) in the attributes with temperature were also observed (Table
S2 and S3).

In the comparisons among biochars at each studied temperature,
there was also no behavior common to all conditions, such as higher
values of attributes in biochars from agricultural or even industrial
wastes, or higher values at lower temperatures and lower values at
higher temperatures or vice versa (Tzble 1 and 2). Overall, the absolute
values of some attributes were similar, although there were significant
differences (P < 0.05). Some attributes stood out due to their values
and the large differences among biochars; for example, the electrical
conductivity was much higher in biochars from PVC residues
(P < 0.05) (Table 1).

However, it is evident that the biochars reflect the compasition of
the used wastes, since positive and high correlation coefficients
(P < 0.01 or P < 0.05) were identified for the vast majority of the
evaluated attributes in the wastes and the same ones measured in the
biochars for each studied temperature (Table 57).

Although positive, some attributes presented low and non-sig-
nificant coefficients (P > 0.05). Contents of water-soluble elements
(Ca, Zn, Fe and Mn), electrical conductivity and cation exchange ca-
pacity are examples of negative coefficients common to all studied
temperatures, in which some is significant, such as the water holding
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capacity (600 °C) (Table 7).

The results are consequences of physical and chemical processes
inherent to the experimental conditions: reduction of mass and its vo-
latilization by the action of temperature [14,52], expressed by the in-
crease in proportions of ash, content of fixed C and the reduction of
proportions of volatile compounds and yield of solids, which is highly
associated with the oxidation of organic compounds, predominantly
formed by primary macro-elements (C, H, N and 0). The behavior of the
chemical elements, whether evaluated individually in seluble form or
based on attributes that express their set as a whole (pH in water,
neutralizing power or electrical conductivity) are altered with the in-
crease in temperature. The studied pyrolysis temperatures are higher
than the beiling points of phosphorus and sulfur, for example, which
are 280.5°C and 444.6 °C, respectively [53]. In some cases, there were
increases and reductions in their contents, which depend on the type of
waste (Table 2).

In this context, the attributes cation exchange capacity and water
holding capacity, together with the mean weight diameter of particles
and particle distribution deserve to be highlighted among the obtained
results because the incorporation of biochars might have repercussions
on various ecological-environmental processes [34,38]. It was found
that the cation exchange capacity was not affected by temperature for
almost all types of biochars (? = V), but with differences between the
averages of each of them when compared at each temperature, re-
flecting differences between wastes of agricultural origin (poultry litter
and swine manure) and industrial origin (construction wood, tire and
PVC plastic) or even between those of natural origin (poultry litter,
swine manure and construction wood) or synthetic origin (tire and PVC
plastic). The cation exchange capacity is associated with functional
groups that compose the portion of carbonaceous materials transformed
after pyrolysis [54]. The increase in pyrolysis temperature is re-
sponsible for removing volatile materials that compose the acid func-
tional groups that are present in the structure of the materials [55]. The
cation exchange capacity might change with the oxidation of biochars
when exposed to the environment, increasing its value as the functional
groups increase [56], which was not observed in the present study.

As for the water holding capacity, which is highly dependent on
cation exchange capacity [38], there was an increase in some biochars,
precisely in those of industrial/synthetic origin (PVC plastic and tire)
with great polluting potential. These same biochars also showed the
highest values of water holding capacity for temperatures higher than
500 °C. The values are considered high, which are typical of clay loam,
loamy and clayey soils and correspond to 21, 30 and 38 %, respectively
[38]. The incorporation of these biochars into the soil could increase its
water holding capacity, which can be quite interesting depending on
the condition of use and provided that they have no other negative
characteristics.

Changes in biochar particle size are not always associated with
thermal transformations of the wastes used for their production. It was
observed that biochars produced from construction wood and PVC
plastic had the highest values of mean weight diameter of particles at
all pyrolysis temperatures, while the lowest values occurred for the
biochars produced from poultry litter (300 and 700 *C), swine manure
(400 and 500°C) and tire (600°C) (Table 1). These results are con-
firmed by the particle-size distribution data, and these biochars pro-
duced from construction wood and PVC plastic also showed the highest
proportions of particles (> 4.00 mm). These biochars have low vul-
nerability to breakage, whereas biochars produced from poultry litter,
swine manure and tire were characterized by moderate stability to
breakage. These results are evident according to the mean weight dia-
meter of particles data and the distribution of particles between 2.12
and 4.99 mm, which is a range that represents moderate to high sta-
bility (Fig. 1).

The observed differences might be associated with the contraction
and expansion promoted by temperature variations, which weaken the
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structure of the material [57], producing biochars more vulnerable to
breakage, increasing the proportion of smaller particles. In addition, the
friction between particles also contributes to changes in particle-size
distribution, which varies with the raw material [5]. Biochars produced
from poultry litter, swine manure and tire, which had the highest
proportions of smaller particles (Fig. 1), might have greater potential
for use in soil as conditioner, since they facilitate reactions or interac-
tions with the medium [55,558).

The thermal transformations of the materials begin in temperature
ranges between 120 and 300 °C, characterized by dehydration and be-
ginning of degradation and formation of free radicals originated from
the thermal action on the air oxygen and molecules [5,59]. Less re-
active volatile compounds or tar are released within the range from 300
to 600 °C and, in the last range, above 600 °C, the production of gases is
higher because the rates of mass and heat transfer are higher, which are
the most representative kinetic ranges of the pyrolysis process. It is in
this last temperature range that several elements are lost, such as N, H
and O, but with the concentration of C, making the produced biochar to
be more stable or recalcitrant [22].

n
(1]
1]
(1]
1]
(1]

Fe
1E-3a
1.5E-3a
2E-3a

3.2, Thermal transformations of biochars

Na
2
0
(1]
.
0,

Elemental composition (Table 3) enables identifying thermal
transformations through the elemental ratios H:C and O:C, using the
Van Krevelen diagram (Fig. 2) developed to represent the degree of
carbonization of the pyrolyzed material. Oxigen:Carbon ratios have
been used to measure the degree of aging of biochars, while H:C ratios
are used to measure their aromaticity [5]. When the H:C ratio is low,
the presence of compounds with aromatic structure is greater and,
therefore, there is higher stability [13,47].

The H:C and O:C molecular ratios of the biochars indicate that the
thermal transformation of the materials make them more carbonaceous
as pyrolysis temperature increases (Fig. 2). Carbon contents increase
and there is loss of part of some elements, such as H and O, especially at
temperatures from 600 and 700 °C (Table 3), which clearly demon-
strates the appearance of more resistant structures [34], except for
biochars made from PVC. As for PVC, at temperatures below 450 °C, the
majority of weight loss is due to the dehydrochlorination, while at
higher temperatures (> 500 °C) the hydrocarbon release plays an im-
portant role causing a significant decrease in the C content [60]

The molecular ratio of H:C decreased faster than that of 0:C with
increasing temperatures, indicating that H is more easily lost at lower
pyrolysis temperatures than O. The H:C ratios of all biochars produced
(over 300°C) were lower than 0.15, which can be considered low, ex-
cept for biochars made from PVC (ranged from 0.15-0.28), indicating
high stability or recalcitrance. Specifically because of the aromatic
characteristics of their compesition, these biochars present potential
use for C sequestration in soil [61].

The dotted line (Fig. 2) indicates that the increase in pyrolysis
temperature causes the molecular ratios to decrease and the degree of
aromaticity to increase [62]. This behavior might be associated with a
positive relationship between the molecular ratios H:C and O:C
(R? = 0.54). The line parallel to the O:C axis indicates that H:C ratio
values = 0.10 belong to biochars with graphite structures [5,62],
which ensures greater stability (Fig. 2).

-1
1.93ab
2.60a
043¢
0.9 be
0.07¢

Mg

0.22h
0.67a
0.01b
017
0.01b

16.8b
1.79%¢
0.58¢
0.29¢

‘Water-soluble elements

Ca
2
1
2

3.3. Structural transformations

CEC
cmol, kg ™!
Zab
Hab
Sa
O
1ab

The thermal transformations of the wastes can also be characterized
by XRD, enabling the detection of crystalline mineral phases in the
different biochars [5] (Fig. 3). The diffractograms revealed peaks of
erystallinity at different positions, highlighting the mineralogical si-
milarities between biochars. Quartz, sylvite, calcite and dolomite were
detected, as also observed by Gai et al. [45], Lustosa Filho et al. [26],
Gupta et al. [63] and Pariyar et al. [13]. However, differences were
observed between the evaluated pyrolysis temperatures.

Tem perature "C
700

¥5: vield of solids; MWD mean weight diameter; WHC: water holding capacity; Vol proportions of volatile compounds; Ash: proportion of ashes; Cfx: content of fixed carbon; Yoyt vield of fixed carbon; EC: electrical

conductivity; NP: neutmalizing power, CEC: cation exchange capacity, Different letters indicate significant differences between wastes at the same temperature (p < 0.05) by Tukey test,

Table 1 (continued)
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Table 2 (continued)

Cr

Pb

Cu

B

Mo

mg

‘Tem perature *C

Different letters indicate significant differences between wastes at the same temperature (p < 0.05) by Tukey test.
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For poultry litter, it was possible to identify the presence of quartz
(Si02) (4.26 and 2.01 A), sylvite (KCI) (3.15 and 2.22 A) and K-feldspar
(KAISi;0g) (4.17: 3.74 and 3.34A) (Fig. 3a). As the pyrolysis tem-
perature increased, there were increases or decreases in some peaks,
indicating thermal transformation in the pyrolysis process [45]. In
poultry litter biochars produced between 300 and 700 °C, the peak at
4.26 A, present in non-pyrolyzed wastes, was not observed, which
suggests the formation of graphite, confirmed by the peak 1.80 A. On
the other hand, the content of sylvite (3.15A) increases in the biochars
from 300 up to 700°C, also confirmed by the peak at 2.22 A [64]. The
increase in the size of the peaks at 3.15 and 2.22 A with the inerease in
pyrolysis temperature also suggests that sylvite contents increased with
the increase in pyrolysis temperature, which is consistent with the high
contents of Ky (Table 2), besides the appearance of confirmatory
peaks (2.88 and 2.57 ﬂ.} of nephelite ((Na, K)AISiO,) (Fig. 3a).

The inerease in pyrolysis temperature promoted the appearance of
peaks of identification of new substances in the swine manure biochar,
differing from those observed in the raw material (Fig. 2b), especially at
the highest temperatures (500-700 °C). The presences of quartz (4.26
and 3.34 A), K-feldspar (4.17 and 3.34 &), sylvite (KCI) (3.154), dolo-
mite [CaMg{Cngz) (2.01 and 1.78 f\) and, lastly, calcite (CaCOs) (3.04
and 3.86A) were identified in the biochar produced from swine
manure. The peaks of sylvite (3.15A) are higher at the highest tem-
peratures, such as 700 °C, which can be associated with higher con-
centrations of K (Table 2).

Compared to non-pyrolyzed wastes, the diffractograms of poultry
litter (Fiz. 3a) demonstrate that with the increase in pyrolysis tem-
perature, there is greater formation of sylvite than in biochars made
from swine manure, which can also be confirmed by the differences in
soluble and total K contents in the biochars (Table 1 and 2). The peak of
dolomite at 2.01 A decreases with the increase in pyrolysis temperature
until disappearing completely at 700°C. As this peak disappears, new
confirmatory peaks appear at temperatures of 600 and 700 °C {2.88 and
2.57 5\}, which belong to nephelite ((Na, K} AlSiO4). As for quartz and
calcite, the increase in pyrolysis temperature leads to a reduction in the
confirmatory peaks (4.26 and 3.86 A, respectively), to the point of
making them disappear (Fig. 3b).

The XRD pattern of the construction wood waste indicates the
presence of ealcite (3.86 and 3.04A) and dolomite (2.01 and 1.78 A)
(Fig. 3¢). With the increase in pyrolysis temperature, it was observed
that the height of the peak at 3.99 A decreases, while the height of
3.04A increases, making it more compressed and less wide (con-
firmatory peaks of calcite). This behavior is in agreement with the
highest contents of Cay,y, which increase with the increment in pyr-
olysis temperature (Table 2). The peak of dolomite at 2.02 A remained
constant as pyrolysis temperature increased, while the peak at 1.78 A
decreased, which might be related to the contents of Ca,,,; and Mg,,.;
in the biochar. Magnesium presents constant contents with the increase
in pyrolysis temperature, whereas Ca increases up to 600°C and de-
creases at 700 °C (Table 2).

In biochars produced from tire, the high proportions of C found in
both non-pyrolyzed wastes (Table S1) and biochars (Fig. 3d) were
evident. According to the XRD patterns, this composition can be asso-
ciated with graphite (3.36 and 2.03 A), where the peak at 2.03 A be-
came increasingly longer with the increment in pyrolysis temperature
(Fig. 3d). As for quartz (4.26, 3.34 and 2.46 ;\J, there was a reduction in
peak intensity with temperature. The presence of anhydrite (CaS0,) is
confirmed in all spectra (2.85; 2.33 and 1.86 A), where the increase in
the peak at 1.86 A is confirmed for temperatures higher than 300°C and
the peak 2.85 A at 700°C. It might have come from the dehydration of
the gypsum (CaS0,4.2H50), identified in the non-pyrolyzed waste and at
300°C by the peak at 2.87 A (Fig. 2d). Pyrite (FeS;) was observed from
400 °C with the peaks at 3.12 and 1.63 A. In the case of these latter two
minerals, the behavior might be related to increases in the total con-
tents of Ca and S in temperatures higher than 300 °C (Table 2).

Biochars produced from PVC presented the highest reductions of
peaks in the XRD spectra as pyrolysis temperature increased (Fig. 3e),
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Fig. 1. Particle-size distribution of biochars produced from the agricultural wastes poultry litter (PL) and swine manure (SM) and from the industrial wastes
construction wood (CW), tire (TR) and PVC (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700 C.

even in comparison to the non-pyrolyzed material, indicating the re-
duction in the contents of biochar components with the increase of
pyrolysis temperature [6.;] Non-pyrolyzed PVC showed peaks of calcite
[386 2.10 and 2.29A), kainite (MgSﬂ..KCigHzO] (3 02; 218 and
2, OQA], gypsum {CaS04.2H;0) (2.87 A), quartz (2.46 AJ and graphite
(2.03 and 1.80 A.) In the biochars produced from PVC, there was a
reduction in the peaks of quartz, kainite and calcite, in addition to the
appearance of anhydrite (CaS0,) with the peak at 2.33 A as pyrolysis
temperature increased (Fig. 3e). The graphite peak at 2.03 A became
higher with the increment in pyrolysis temperature, results that agree
with the behavior of the total elements in the PVC biochars at different
temperatures (Table 2).

The evaluation of the occurrence and height of peaks and their as-
sociation with minerals make it possible to confirm or not their pre-
sence, as well as their relative richness in comparison to the other
evaluated situations. In the case of the present study, the occurrence
can be determined and confirmed by the comparison between materials
pyrolyzed at different temperatures and non-pyrolyzed materials [65].

In general, the presence of peaks in all XRD spectra indicated the
occurrence of inorganic components in all samples [45]. 1t is possible to
infer about the increase in the concentration of inorganic substances
that constitute the different types of biochars due to increase in the
length of these peaks with pyrolysis temperature. Higher peak height
also indicates better crystallization of the identified substances [65].
The results indicate that the increase in the crystallinity of graphite
minerals are recurrent in all evaluated biochars, which generates
greater carbon stability [5].

Fourier-transform infrared spectrometry (FTIR) is an effective tool
for studying the structure and properties of the compounds of raw
materials and their biochars. The spectra of raw materials and biochars
produced at different pyrolysis temperatures showed the most common
peaks found in biochars, but with some exceptions (Fig. 4). The inter-
pretations of the main peaks were based on the flowchart and tables for
initial interpretation of the infrared spectra according to Barbosa. [42].
With the increase in pyrolysis temperature, significant changes in bio-
chars were evident, which can be monitored with this non-destructive
technique [66,67].

The spectral peak observed in the range from 3600 to 3200 cm ™
was attributed to the vibration of the O=H bond in the hydroxyl and

1

carboxyl groups, expressed by a broad band that is characterized by the
participation of intermolecular or intramolecular H bonds, as well as
amides (1680 to 1630 cm™") and amines (1640 to 1550 em™). The
range between 3300 and 2800 cm ™" was attributed to the stretching
band of C-H bond, representing the aliphatic group, typically methyl
(CH;) and methylene (CH,). The groups with triple bonding such as
alkynes (C=C) and nitriles (C=N) are found in ranges between 2250
and 2100 em ™" and between 2260 and 2240 cm ™, respectively.

The peaks for double bonds in aromatic chains are found in the
ranges from 1650 to 1500 cm ™', The angular deformations in the plane
of the C-H bonds of the aromatic ring are in the angular range from
1290 to 1000 cm ™" and the hydrogen assemblies are outside the plane
of the C-H bonds of the aromatic ring; they are in the wavelength range
from 900 to 650 cm™ . Finally, there are functional groups with double
oxygen bond (C=0), confirmed by the presence of carboxyls (OH) from
650 to 1000 em ™! [42,66,67].

The spectra of poultry litter and its respective biochars (Fig. 4a)
showed that there were significant changes (p < 0.05) in the chemical
and structural composition with increased pyrolysis temperature. The
first change observed was the attenuation or disappearance of the band
related to the presence of hydroxyls in the range of 3600 to 3200 cm ™!
with the increase in pyrolysis temperature in non-pyrolyzed raw ma-
terial and in the biochar produced at 300 °C. These results indicate that
for temperature values higher than 300 °C, there is release of moisture
and hydroxyl groups [8,67]. Likewise, there was an attenuation of the
bands in the ranges from 3300 to 2800cm™' and from 1650 1o
1500 cm ™", corresponding to the methylene group (CH,) and to the
amide group (N—H), respectively. These compounds are of open and
simpler chain, which makes hydrogen loss possible at temperatures
higher than 400 °C. However, it was observed that the methylene group
band decreased as pyrolysis temperature increased.

On the other hand, the stretching in wavenumbers from 2600 to
2100em™", corresponding to the alkyl (C=C) and nitrile (C=N)
groups, is evident. The stretching of the alkyl group begins at pyrolysis
temperature of 400 °C, while for nitrile it occurs at 600 °C [59]. These
results are consistent with those obtained in the elemental compesition
(Table 3), which showed increases in the proportions of C and losses of
H, N and O, but with sufficient contents, establishing the identified
chemical structures.
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Table 3
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Elemental content of biochars produced from the agricultural wastes poultry litter (PL) and swine manure (SM} and from the industrial wastes construction wood
(CW), tire (TR) and PVC plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700°C.

Temperature (*C)  Biochar  C total H total N total O total
O (wiw)
PL 472 = 0.79 456 + 0.22 382 = 0.00 254 = 047
SM 383 = 0.66 413 + 0.83 316 = 0.02 17.6 = 0.08
300 W 706 = 0.12 4,57 = 0.21 027 = 0.02 220 = 013
TR 751 = 0.16 644 + 0.69 042 + 002 494 = 082
PVC 414 = 0.35 697 + 018 003 = 0.00 19.1 = 0.63
PL 490 = 0.28 314 = 0.32 3.21 = 001 18.1 = 041
SM 338 = 0.23 239 + 0.23 223 = 0.01 141 = 022
400 w 751 £ 0.13 352 £ 028 0.10 * 0.02 17.5 = 0.07
TR 741 = 0.23 354 + 040 0.07 = 0.01 15.2 = 0.09
PVC 324 = 0.29 472 = 0.09 0.14 = 0.04 247 = 016
PL 54.1 = 0.04 167 = 0.42 278 = 0.01 14.5 = 0.08
M 326 * 0.65 057 = 0.07 1.70 * 0.03 6.89 * 032
500 W 706 = 0.26 258 + 0.14 0.04 = 0.00 231 = 007
TR 614 = 0.21 0.19 = 0.02 0.30 = 0.00 27.7 = 012
Ve 293 £ 0.24 5.68 + 0.07 0.16 = 0.00 186 * 0.67
PL 480 = 0.34 122 + 0.06 202 * .02 209 + 035
5M 394 * 0.09 0.54 = 0.04 149 = p.01 158 = 1.39
] W 936 = 0.11 1.98 + 0.02 0.00 = 0.00 019 = 0.04
TR 666 £ 0.24 021 £ 0.06 0.09 = 0.01 211 = 0.03
Ve 243 * 045 486 * 0.15 0.00 * 0.00 213 * 015
PL 558 = 0.72 0.67 = 0.00 167 = 0.10 10.9 = 0.15
SM 364 = 0.37 0.21 = 0.09 080 = 0.01 0.00 = 0.00
700 cw 784 £ 0.25 1.06 + 0.09 0.34 = Q.02 16.4 = 0.07
TR 719 £ 0.13 0.03 = 0.00 0.00 = 0.00 17.2 = 1.02
PVC 248 * 0.01 6.57 + 0.09 0.30 = 0.01 16.7 = 0.62

wiw: weight:weight determination, Values refer to the mean (n = 3) = standard error of the mean.

The analysis of the spectra of swine manure biochars (Fig. 4b) in-
dicated some characteristics in the FTIR spectrum similar to those of
biochars produced from poultry litter (Fig. 4a). The OH and CH, groups
of swine manure biochars decomposed more slowly than those of
poultry litter biochars, evidenced by the differences in spectral intensity
of the materials used for biochar production at pyrolysis temperature of

0.35 1

0.30 1

0.25 1

0.20 .

mol)

0.154

C (mol
y

Graphitic structure
0.10

300 °C. Another similarity observed between both biochar groups was
the increased intensity of the peaks of the functional groups alkyl
(C=C) and nitrile (C=N). Spectral intensity was evident at pyrolysis
temperatures from 600 to 700 °C and, in the case of C-H, there was a
reduction in the spectral intensity of the waste for the biochar at 300 *C.

Peaks become more intense as temperatures increase, especially
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Fig. 3. X-ray diffractograms of wastes and biochars produced from the agricultural wastes (a) poultry litter (PL) and (b) swine manure (SM) and from the industrial
wastes (c) construction wood, (d) tire (TR) and (€) PVC plastic (PVC) subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700°C.

between 400 and 700 °C. In different bands, in the range from 3300 to
2800 cm ™" attributable to the methyl group (CHy), the reduction oc-
curs from temperatures up to 300 °C. The range from 1850 to 1375
em™? presents the double bonds in aromatic chains (C=0; C=C and
CH,), which decreased with the increase in pyrolysis temperature, until
the loss at temperature of 600 ‘C. The intensification of peaks in the
ranges from 1000 to 530 em™", corresponding to the alkyne (CH) and
sulfone (SOa2) groups, respectively, was also observed with the incre-
ment in pyrolysis temperature, besides occurring in the non-pyrolyzed
waste.

The spectra of construction wood biochars (Figure 5¢) are very si-
milar to those of biochars produced from poultry litter and swine
manure (Fig. 4a and b, respectively), differing only in peak intensities
as pyrolysis temperature increases, especially those belonging to the
alkyl groups (C=C), whose formation is less intense when compared
with those of poultry litter biochars. Finally, in the range from 900 to
500em™", the peaks are not differentiable, evidencing a losses of
oxygenated groups, remaining only structures with carbon rings [68].

The waste produced from tire and its biochars showed similarities
regarding the presence of some functional groups at different pyrolysis
temperatures, as observed for swine manure. In addition to these results
being consistent with those found by Lian et al. [67], there was pre-
sence of aliphatic groups, typically methyl (CHs) and methylene (CH,),
and double bonds in aromatic chains (C=0; C=C and CH,). Such
evidence indicates that these wastes were rapidly decomposed as pyr-
olysis temperature increased. The groups with triple bonding, such as
alkynes (C=C) and nitriles (C=N), were identified and no changes
were identified with pyrolysis temperature. The group containing sulfur
(S=0) present in the tire samples was reduced in the biochars at
temperatures above 300 °C (Fig. 4d).

The wastes and biochars of PVC showed characteristic peaks in the
FTIR spectra (Fig. 4e). These peaks are associated with O=H bonds in
hydroxyl and carboxyl groups, expressed by a broad band that elon-
gates with the increase of temperature, followed by C-H bonds, ali-
phatic groups typically methyl (CH;) and methylene (CHy), which
disappear after pyrolysis temperature of 400 °C.

Within the plane of aromatic rings it was possible to observe the

peaks of the functional groups alkyl (C=C) and nitrile (C=N), whose
intensity increased from temperatures up to 400°C. In the range from
1850 to 1375 em ™!, there were peaks typical of double bonds in aro-
matic chains (C=0), which appeared to be a fusion with those of the
bonds outside the plane of aromatic chains of methyl (CH;) and me-
thylene (CHy) [69]. This same range showed the presence of groups
containing halogens (C-Cl) in the wastes, with total loss already at the
beginning of the pyrolysis process (300 'C) [70].

The FTIR technique made it possible to understand the effects of
pyrolysis temperatures. Enlargement, reduction or increase of peaks in
FTIR spectra differentiate one spectrum from another, which can be
associated with chemical and structural changes of the produced bio-
chars. As observed, all biochars showed peaks relative to the chemical
groups of higher and lower recalcitrance, such as aromatic and aliphatic
groups, respectively. Thus, it is possible to note the increase in the
visibility of peaks related to aromatic groups and the reduction of CHs
and OH groups. These differences occurred according to the material
used for the production of the biochars [70], except for those produced
with tire, which presented spectra very similar to that of the raw ma-
terial.

4. Conclusions

The results showed that both the parent biomass type and pyrolysis
temperature caused changes in the characteristics of the biochars. The
increase in pyrolysis temperature promoted reductions of yield of solids
and volatile compounds and increases in pH in water and K. in all
produced biochars. The pH of biochars derived from PL, SM and PVC
was high, especially at 600 and 700 °C, due to the high ash content in its
composition, indicating that it could be advantageous for acidic soil
improvement. However, biochars derived from PVC had high electrical
conduetivity, which can increase soil salinity leading to undesirable
impacts on the plant growth. In addition, with the exception of biochar
from PL, the cation exchange capacity results confirmed that the bio-
char prepared at 500 °C is more suitable for soil nutrient retention. X-
ray diffraction results revealed the presence of minerals such as sylvite
and quartz in poultry litter biochar, sylvite and dolomite in swine
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Fig. 4. FTIR spectra of non-pyrolyzed wastes and biochars produced from the agricultural wastes (a) poultry litter (PL) and (b) swine manure (SM) and from the
industrial wastes (c) construction wood (CW), (d) tire (TR) and (e) PVC plastic (PVC) subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700 °C.

manure biochar, calcite and dolomite in construction wood biochar,
pyrite and anhydrite in tire biochar and kainite and gypsum in PVC
biochar. In general, the heavy metal concentration is within the limit
established by International Biochar Initiative guidelines, with the ex-
ception of biochar from PVC with lead content above the maximum
allowed threshold. The results obtained enable the design of biochars
for a desired purpose, which might be a solution for agronomic and
environmental issues, taking into account the effects of pyrolysis tem-
perature and the type of waste to be processed. Finally, the character-
izations enable the identification of potentialities and limitations for the
use of biochars.
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ARTICLE INFO ABSTRACT

Keywords: Co-pyrolysis is an alternative process for waste management and pollution elimination, producing a solid ma-
Pyrolysis terial (biochar) useful for energy generation and soil improvement. The objective of this study was to assess the
"YC changes in the physicochemical characteristics, mineral composition, and functional groups of biochars derived
Tire . from the co-pyrolysis of agricultural and industrial wastes produced by different pyrolysis temperatures and
Construction wood = z g E

Poultry litter feedstocks. Ten different types of biochars were produced by co-pyrolysis of two agricultural wastes (poultry

litter - PL and swine manure - SM) and three industrial wastes (construction wood - CW, tire - TR and PVC plastic
- PVC) combined in proportions of 1:1 (w:w) at five temperatures (300, 400, 500, 600 and 700 °C). With the
increase of pyrolysis temperatures from 300 to 500 °C, there were drastic reductions in biochar yield (79—48%)
and volatile matter (43—17%) and increases in ash content (21-33 %), fixed carbon (30-45 %), cation exchange
capacity (CEC) (16-68 cmolc kg’lj and concentration of nutrients and heavy metals. Between 500 and 700 °C
these changes were much less pronounced. The biochars prepared with mixtures from PL and SM had high ash
contents (44 %), relatively high CEC (37 cmol. kg’l), water holding capacity (WHC) (41 %), and alkalinity
(10.0) and can enhance the nutrient supply and CEC in soils. All biochars had low H:C (0.06) and O:C (0.30)
molar ratios, suggesting a potential for carbon sequestration in soils. Our study shows that the interaction or
synergy between agricultural and industrial materials in co-pyrolysis improved certain properties of biochars
fundamental to soil quality, such as reduction of electrical conductivity (EC), increase in WHC, neutralizing
power, and stability, and enabling the release or concentration of macro and micronutrients. Therefore, co-
pyrolysis of agricultural and industrial wastes to produce biochars would have both agricultural and environ-
mental benefits.

Swine manure

1. Introduction

Inadequate disposal of solid wastes can result in environmental
problems in urban, rural and industrial areas, and co-pyrolysis is a
promise alternative process for waste management and reduction of
potential environmental pollution. However, there is a need to improve
the production process and a better understanding of the characteristics
of resulted biochars to improve its potential future use. In Brazil, only
58.4 % (~41.6 billion ton year™!) of urban wastes are appropriately
managed [1] and the disposal of animal wastes is a critical

* Corresponding author.

environmental problem. For instance, the Brazilian animal wastes are
estimated to be 1.704 billion ton yea.r’i, being 20 million ton year’l of
swine manure and 28 million ton year~! of poultry manure [2], which
poses a challenge for their adequate disposal. Therefore, it is necessary
to create sustainable solutions aiming to reduce the environmental
problems represented by waste stocks.

Biochar is a carbon-rich byproduct obtained from thermochemical
conversion of biomass under low or absent oxygen [9]. The physico-
chemical properties of biochar are affected mainly by the feedstock and
pyrolysis conditions such as heating rate, holding time and pyrolysis

E-mail addresses: filhozeO4@hotmail.com, jose.lustosa@ufv.br (J.F. Lustosa Filho).

https://doi.org/10.1016/j.jaap.2021.105036

Received 3 August 2020; Received in revised form 6 October 2020; Accepted 31 January 2021

Available online 4 February 2021
0165-2370/© 2021 Elsevier B.V. All rights reserved.



JA. Rodrigues et ol

temperature [14-18]. An increase in pyrolysis temperatures increases
volatile compounds loss, pore size, surface area and ash content, but
decreases surface functional groups that generate cation exchange ca-
pacity [14,19,20]. Likewise, H/C and O/C molar ratios of biochar tend
to decrease with increasing pyrolysis temperature [21]. Thus, biochar
produced at high pyrolysis temperature increases persistence due to
resistance to microbial and chemical decomposition in seil [22]. In
contrast, low-temperature (<400 °C) biochar has higher yield, lower pH
and contains easily decomposable substrates [22,23]. Feedstock type
also has substantial impact on the compositional constituents and
properties of biochar [22]. For example, biochars produced from poultry
litter and swine manure are rich in phosphorus and calcium [24]. PVC
plastic- and tire-derived biochars showed high WHC [25], while biochar
derived from wood have high C concentration and low H/C ratio, which
increases its potential for improving C storage in soils due to high aro-
matic character [26].

Co-pyrolysis is an alternative that uses two or more materials,
whether agricultural or industrial wastes [2-5], to generate energy and
serve as soil and water amendment [5-5]. This process can be conducted
in total or partial absence of oxygen and transforms the feedstock into
biochar (solid), bio-oil and combustible gases (CO, CO4, Ha, CH; and
other hydrocarbons) [Y]. The combination of organic waste especially
with plastics increases the calorific power of oils, resulting in benefits
such as the reduction of ash contents and production costs [12,12].
Although there are many recent studies with biochars from several
feedstocks to enhance their use in soil improvement and water decon-
tamination [9], there is a lack of studies evaluating the agronomic po-
tential and environmental uses of products resulted from co-pyrolysis
f4).

Mixtures of common biomass (woods, manure, straws, peels, among
others) and industrial wastes (plastics, tires and PVC) have been used in
co-pyrolysis to improve the yield of pyrolysis products such as oil, coal
and gases [27-29]. Energy is also generated by using the chemical and
physical synergy that occurs between wastes with low and high ealorific
power [11,30]. However, the improvement in agronomic attributes of
interest, such as WHC, EC, CEC, nutrient availability, acid-neutralizing
power, among others, has not been considered in the evaluation of the
co-pyrolysis process, as well as the solid products generated [31]. Ina
recent study, the pyrolysis of two agricultural wastes (poultry litter and
swine manure) and three industrial wastes (construction wood, tire and
PVC plastic) at different temperatures showed that biochars derived
from tire or PVC plastic alone are not suitable materials to soil amend-
ments due to their low nutrient content and high EC (PVC biochar),
which can increase soil salinity and has lead content above the
maximum allowed threshold [25]. Thus, there is a practical need to
develop alternative pyrolysis technologies that can minimize potential
environmental risks of heavy metals in biochars derived from PVC for
soil application. On the other hand, biochars derived from agricultural
wastes are rich in plant nutrients (e.g., P, Ca and Mg), have significant
CEC, WHC and alkaline pH [25]. Therefore, the scientific contribution of
this work is to combine agricultural wastes (poultry litter and swine
manure) and industrial wastes (construction wood, tire and PVC plastic)
in co-pyrolysis process for improving physicochemical properties of the
derived biochars to alleviate the ecological risks of heavy metals, while
improving agronomic and environmental performance in soil
application.

Information about the physical and chemical properties of biochars
produced in co-pyrolysis for agronomic uses are scarce and can be
valuable for the management of solid wastes, which faces difficulties for
adequate final disposal. Therefore, the objective of this study was to
evaluate the effect of slow co-pyrolysis between agricultural and in-
dustrial wastes to improve the properties of the biochars produced and
their potential for agronomic and environmental applications.
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2. Material and methods
2.1. Selection of wastes used

The feedstocks were selected consulting state inventories of agri-
cultural and industrial solid wastes from the National Solid Waste Plan
and the Solid Waste Panorama Report [2,32]. We selected poultry litter
and swine manure to represent animal wastes commonly used in agri-
culture and construction wood, tire and PVC plastic to represent in-
dustrial wastes generated in high amounts and misused in general. These
feedstocks were also selected considering their high potential to cause
negative impacts on the environment due to the large quantities
generated and difficult final disposal. Besides that, the selection of
feedstocks was based on materials with very different structural and
chemical properties and representing feedstocks readily available in
many regions of Brazil and worldwide. The agricultural residues are rich
in nutrients and can be used as organic fertilizers; nonetheless, if applied
in natura, they can act as vectors of animal diseases and might become a
source of pollution [25]. Therefore, these residues must first go through
a composting process or some other process capable of eliminating un-
desirable effects. The industrial wastes are generated in large quantities
and are mostly discarded in landfills or disposed directly into the envi-
ronment, which might lead to water and soil contamination due to the
presence of toxic elements and pathogens [25,23]. Detailed information
about the wastes used in this study and collection locations can be found
in Rodriguez et al. [25]. The characteristics of these wastes are deseribed
in Table 51 in the supplementary material.

2.2, Production and characteristics of biochars

The wastes, hereinafter named feedstocks, were ground for separa-
tion on a 4-mm-mesh sieve. Then, the samples were placed in an oven at
65 °C for 48 h to dry, and finally the five wastes were mixed in the
propartion of 1:1 (w:w) with the aid of a small agitator, obtaining 10
mixtures: poultry litter + swine manure, poultry litter 4 construction
waood, poultry litter + tire, poultry litter 4+ PVC plastic, swine manure +
construction wood, swine manure + tire, swine manure + PVC plastic,
construction wood + tire, construction wood + PVC plastic and tire +
PVC plastic. The mixture ratio of feedstocks was selected based on
preliminary experiments, and based on previous studies [34-36]. The
mixtures were placed in hermetically closed stainless steel eylinders
(10.6 cm diameter and 42 cm height) and placed in an adapted muffle
furnace that allows the release of gases during pyrolysis and collection of
bio-oil. A schematic figure of the pyrolysis system can be seen in Fig. 51.
Pyrolysis was carried out at temperatures of 300, 400, 500, 600 and 700
*(, with a heating rate of 10 °C min™" and one hour of holding time at
the desired temperature [27]. Aiming to facilitate the presentation,
biochars were termed PL (biochar from poultry litter), SM (biochar from
swine manure), CW (biochar from construction wood), TR (biochar from
tire) and PVC (biochar from PVC), followed by the corresponding py-
rolysis temperature (e.g., PL + SM300, abbreviation for biochar pro-
duced from poultry litter 4 swine manure pyrolyzed at 300 °C).

The physical analyses were performed using 100 g of each biochar in
triplicates to determine: (i) biochar yield by the difference between
weights, according to ASTM Standard D3172 -13 [38]; (ii) mean weight
diameter of particles determined from the particle distribution accord-
ing to the International Biochar Initiative [29]; and (iii) WHC deter-
mined in a pressure chamber at 33 kPa for 72 h [40].

For the chemical analyses, biochar samples were ground and passed
through a 60-mesh sieve (0.25 mm), oven-dried at 65°C + 2°Cfor 48 h
to remove moisture and standardize its content to <10 % [41], and the
following attributes were measured: volatile matter content [42],
modified by Enders et al. [42]; ash content [42]; fixed carbon content
[38]; elemental composition in elemental analyzer (C, H, N and O} [44];
electrical conductivity (EC) and pH in water by potentiometry in 1:20
solution, after 12 -h rest and stirring of suspension [45]; neutralizing



JA. Rodriguer et al

power determined by the acid/base titrimetric method [46]; cation ex-
change capacity determined by the method of saturation with NH,0AC
(1.0 mol L_1] and Phenate method using colorimetry [47]; contents of
elements both soluble in water (Ca, K, P, Mg and S) [44] and total (Ca, K,
P, Mg, S, Fe, Mn, Zn, Mo, B, Al, Cu, As, Pb, Cd, and Cr) [49]. After
extraction, K was determined by flame photometry, Ca by atomic ab-
sorption spectroscopy and the other elements by inductively coupled
plasma atomic emission spectroscopy (ICP-AES); identification of min-
erals of the crystalline phases were performed by Xoray powder
diffractometry (XRD), using a PAN analytical device, X' Pert Powder
model, with cobalt tube, nickel filter in the range from 4 to 50720,
scanning speed of 10°20 and interpretation according to Chen [50]; and
identification of functional groups by molecular absorption spectro-
photometry in the infrared region with Fourier transform (FTIR) (Jasco
FTIR 4100}, using spectra obtained with 60 scans, with wavenumber
from 4000 to 400 cm™ and resolution of 4 |:m_l1 in KBr tablets and
interpretation according to Barbosa [51].

3. Results and discussion

3.1. Effects of temperature on the biochars in co-pyrolysis

Regardless of the feedstock, biochar yields gradually decreased from
70 to 88% to around 48 % with increasing pyrolysis temperature, with a
drastic reduction in biochar yield between 300 °C and 500 °C (I'ig. la).
For instance, the yield of biochar from co-pyrolysis between construc-
tion wood and tire reduced from 88.19-37.8% as the temperature
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increased from 300 to 500 "C. High pyrolysis temperature intensifies the
carbonization of the biomass through rapid dehydrogenation, gasifica-
tion, and condensation [52], reducing the production of solid biochar.
However, when the pyrolysis temperature increased from 500 to 700 °C
lower biochar yield variations (mean 5.4 %) were observed. Therefore,
high-temperature pyrolysis (>500 °C) did not affect the yield, but
resulted in changes in the physical and chemical properties of the
biochars.

Mixtures of tire with PVC resulted in the highest yields, likely
influenced by the higher individual yield of these wastes [25]. Although
other researchers observed an increase of biochar yield during
co-pyrolysis of biomass and PVC, the mechanism has not been
adequately explained [27]. The study of co-pyrolysis of PVC with cel-
lulose (40-60 % of total biomass) can improve our understanding of the
interaction between PVC and biomass. Pyrolysis of cellulose occurs
mainly by two competing reactions as proposed by Matsuzawa et al.
[53): (1) dehydration and charring, and (2) transglycosylation and
levoglucosan formation. Hydrochloric acid derived from PVC induces
the dehydration of cellulose and increases the production of aldehyde
from cellulose. Under lower temperatures, the dehydration decreases H
and O atoms in the cellulose molecule and the production of aldehyde is
an indication of the cleavage of glycosidic units, which reduces the
chance of depolymerization and amount of tar, like levoglucosan.
Therefore, the lack of H atoms and cleavage of inira-ring leads to a
higher amount of biochar [53].

The proximate analysis indicated a decrease in the volatile matter
with the increase in pyrolysis temperature, whereas the reverse situation
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was observed for ash content and fixed carbon (F'ig. 1b-d). Most volatile
matter could be decomposed by pyrolysis at 500 °C, since no great
changes were observed at higher temperatures, except for the biochars
from mixtures of swine manure with poultry litter or tire (ig. 1b). For
the biochars in co-pyrolysis with tire, the wvolatile matter content
decreased (on average) from 44.4%-8.4% when the temperature was
increased from 300 to 700 °C. This range was narrower for PVC-derived
biochars, with volatile matter content decreasing from 36.5%-13.6%
within the same range of temperatures. This difference might be related
to the high ash content of PVC [25], which can protect the organic
fraction and structures of biechars during pyrolysis [54,55].

Biochars from mixtures between agricultural wastes or when these
feedstocks were co-pyrolyzed with PVC showed higher ash content than
the other biochars (Fig. 1¢). This is due to large amounts of inorganic
compounds (K, P, Ca, Mg and 5) in poultry litter and swine manure
{Table 51), which accumulated after removing volatile compounds.

Journal of Analytical and Applied Pyrolysis 155 (2021) 105036

Conversely, the fixed carbon content was lower in biochars from mix-
tures with PVC, as found in other studies [17,56], while low-ash bio-
chars (derived from tire in eo-pyrolysis with construction wood and
poultry litter) had around three-fold greater contents of fixed carbon,
indicating its higher potential as a recalcitrant carbon sink in soil [21].

3.2, Physicochemical properties

The physicochemical properties of the biochar samples are reported
in Fig. 2. Higher pyrolysis temperature increased the pH of most bio-
chars (F'ig. 2a). The biochar from co-pyrolysis between poultry litter and
PVC showed the lowest pH range (4.5-8.5) compared with the other
poultry litter biochars with values of pH > 10.0. Biochar pH increased by
3.2 units, on average, with increasing pyrolysis temperature from 300 to
700 °C, mainly due to higher concentrations of mineral elements in the
feedstocks, especially P, K, Ca and Mg [57]. Regardless of mineral
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composition, pH values can also be influenced by the presence of acidie
functional groups (e.g., carboxylic and phenolic functional groups) and
the H/C ratio [55,59]. The alkaline nature of the relatively high pyrol-
ysis temperature biochars (400 °C) has both a liming effect in acidic
soils and an induced immobilization of heavy metals in polluted soils
[58,60). However, the application of highly alkaline biochar may
negatively affect sandy soils with low buffer capacity [61]. In this
context, pyrolysis temperature is a useful tool to design biochar for
specific purposes.

Electrical conductivity (EC) was mainly influenced by the feedstock
used in biochar production (Fig. Zb), with the highest values in the co-
pyrolysis of PVC with other feedstocks regardless of the pyrolysis tem-
perature. The EC might indicate the salt content [62] as well as the
soluble alkaline cations content of biochars [63]. Therefore, biochars
produced from mixtures involving PVC should be applied carefully to
soil to avoid salinity levels that adversely affect plant growth. It must be
highlighted that co-pyrolysis of PVC plastic with other feedstocks has
drastieally reduced the EC of, biochar produced from pure PVC (165 dS
m~! at 700 °C) [25] to a maximum of 14.8 d$ m™" 600 *C, biochar from
co-pyrolysis of this feedstock with swine manure.

CEC is the capacity of a given media to adsorb and exchange posi-
tively charged species such as Ca**, Mg®*, K* and Na®. Biochar CEC
values in this study ranged from 2.7-93.5 cmol. kg™' and increased
when pyrolysis temperature varied from 300 to 500 °C. The only
exception was for biochar from co-pyrolysis between poultry litter and
PVC, whose value was higher at 700 °C (Fig. Zc). Biochar CEC is
determined by both surface area and oxygenated functional groups, such
as carboxylic, phenolic, and lactonic [64,65]. According to Carrier et al.
[64], biochar produced at temperatures up to 480 °C allows the reten-
tion of some acidic oxygenated functional groups such as phenolic and
carboxyl groups. Therefore, this explains higher CEC at 500 °C observed
in the present study. Similarly, Gai et al. [67] found that the CEC of
biochars prepared from wheat-straw, corn-straw and peanut-shell at 500
°C was higher than those at 300 °C and 700 °C.

Biochars from co-pyrolysis involving poultry litter showed the
highest average values of CEC and this is likely due to the content of
alkali elements (K, Ca, Mg, and P), which promote the formation of O-
containing functional groups on biochar surface during pyrolysis [47,65,
69]. However, these functional groups are lost at pyrolysis temperatures
of 600 and 700 °C. Intensely weathered soils are dominated by kaolinite
and iron and aluminum (hydrjoxides in the clay fraction, resulting in
low CEC and high dependence on the organic carbon eontent for in-
crease of CEC [70]. Thus, the application of biochar in these soils might
effectively increase the CEC [71] and enable nutrient retention (e.g., K"
and NH4") in the root zone and prevent leaching. These biochars could
also be used for rehabilitation of mining-affected areas that normally
involve re-establishment of vegetation in sterile wastes and tailings,
generally physically, chemically and biclogically deficient [72]. There-
fore, biochar addition could increase the soil organic matter content and
nutrient availability, which facilitates the development and establish-
ment of plants [73].

The newiralizing power increased up to the temperature of 600 °C for
maost biochars (Fig. 2d), with the highest values ranging from 46.4%—
70.8% for biochars from the co-pyrolysis of poultry litter, swine manure
and construction wood. The neutralizing power of biochar is the ca-
pacity of a material to accept protons, being dependent on the kinetics of
the reactions of H' released by the compounds of the feedstocks along
the processes of thermal transformation. This process occurs faster in
organic wastes and, thus, the use of poultry litter, swine manure and
construction woed results in biochars with higher alkalinity [74]. Also,
the high neutralizing power of organic waste biochars can be attributed
to the presence of carbonates (calcite and dolomite) as observed in the
XRD spectra (Fig. 5). Therefore, the neutralizing power should be
considered when biochar is used to neutralize soil acidity [26].

The mean weight diameter of biochars’ particles had a narrow
variation (3.51-3.88 mm) with increase in pyrolysis temperature
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(Fig. 2e), similar to the results found when the feedstocks were indi-
vidually pyrolyzed [25]. This result supports the evidence that changes
in biochar particle size are not always associated with thermal trans-
formations of the wastes used for their production. Biochars produced
from mixtures with PVC had the highest values of mean weight diameter
of particles, while the lowest values occurred for the biochars produced
from tire with other feedstocks. Similarly for CEC, the WHC of biochars
increased when pyrolysis temperature was increased from 300 to 500°C
(Fig. 2f). Biochars from co-pyrolysis of agricultural wastes (poultry litter
and swine manure) with PVC plastic and tire showed greater WHC, with
average values ranging from 48.9 to 59.3%. The high WHC of these
biochars may be explained by the existence of oxygen-containing
functional groups (C—0, COOH, and OH—) that tend to bond with
water molecules [75]. Therefore, biochar could be a competent
amendment to soils, especially for sandy loam soils, with high sand
deposits and low value (21 %) of WHC [76].

3.3, Total and water-extractable contents of nutrients and heavy metals

The total and water-soluble content of inorganic minerals (i.e., Ca, K,
P, Mg and 8) in the biochars are presented in Fig. 3. The total contents of
S and K increased with the increase in pyrolysis temperature, and the
average contents of Ca (45.1-35.6 g kg™"), P (31.0-29.4 g kg™") and
Mg (6.10-5.81 g kg™") slightly reduced when the temperature increased
from 600 to 700 °C. The positive relationship between the increase in
total contents of § and K and temperature is probably due to theloss of C,
H, O, and N during the pyrolysis process, thereby resulting in a relative
increase in concentrations of these nutrients [77].

In general, biochars produced from waste mixtures in co-pyrolysis
reflected the composition of the feedstocks (Table S1). Biochars
derived from mixing agricultural wastes had higher contents of P, K and
Mg when compared to the other mixtures due to the originally high
concentrations of these elements in the feedstocks. In addition, biochars
from co-pyrolysis between agricultural wastes and tire showed high
contents of § and those in co-pyrolysis with construction wood or PVC
showed high contents of Ca. Considering the mean of all biochars, the
increase in pyrolysis temperature decreased the water extractability of
Mg (29.3=14.1%), P (7.29=0.58%) and S (42.1=25.4%) and increased
that of Ca (12.0-26.8 %) and K (22.4-32.6 %).

Less than 3%, on average, of the total P in the biochars was water-
extractable, and the proportion decreased with increasing temperature
{Fig. 3b). The formation of insoluble metal phosphate minerals such as
calcium pyrophosphate (CagP;0;) and magnesium pyrophosphate
{MgaP207) might be the main reason for the reduced P solubility in the
biochars [75,79]. The lower proportion of water-soluble Ca and Mg in
the co-pyrolysis biochar among agricultural residues (rich in Ca, Mg and
P} evidences the formation of water-insoluble P compounds during py-
rolysis. Therefore, this biochar when applied to soil can act as a
slow-release source of these nutrients.

‘The concentration of micronutrients (Zn, Fe, Mn, B and Mo) in the
biochars revealed that Zn, Fe, and Mn were abundant in all samples
(Table 52), and in most biochars there was an increase in Zn, Fe, Mn and
B with the increase in pyrolysis temperature. However, in some cases, at
the highest temperatures (600-700 °C) these elements were reduced or
remained unchanged. A plausible explanation for this behavior is that
these elements might be lost by volatilization at higher temperatures
[20,81]. The concentration of heavy metal varied among the various
biochars (Table 53}, but practically in all materials, the individual metal
concentrations were below the permissible values for biochars, accord-
ing to International Biochar Initiative guidelines [39]. The only excep-
tion was for biochars produced from mixtures containing PVC, in which
Pb content was above the maximum allowed threshold due to the high
concentration (1400 mg kg'l at 600 °C) in this biochar [25].

In general, biochars derived from waste mixtures in co-pyrolysis
reflect the composition of the feedstocks, in terms of solubility of
macro and micronutrients, and composition of the total elements, which
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Fig. 3. Averages of total and water-soluble contents of caleium, potassium, phosphorus, magnesium and sulfur of biochars produced in co-pyrolysis of the agri-
cultural wastes poultry litter (PL) and swine manure (SM) and the industrial wastes construction wood (CW), tire (TR) and PVC plastic (PVC), at temperatures of 300,
400, 500, 600 and 700 *C. Error bars represent the standard error of the mean (n = 2).

are concentrated or lost by the effect of pyrolysis temperature [9,67,82,
#3]. This effect is related to the degree of feedstock’s stability [43] and
co-pyrolysis process, and it may be influenced by the synergy that occurs
in the different mixtures and by the pyrolysis temperature. Thermal
transformations will depend on the different mixtures of feedstocks, and
adjustments can be made in the characteristics of the biochars or feed-
stocks involved in the process and the pyrolysis temperatures [7,54]

3.4. Stability and thermal transformations of biochars

Biochar stability can be inferred based on the degree of carbonization
of the pyrolyzed material through elemental ratios of C, H and O [43,
60], using van Krevelen's diagram (Fig. 4). The diagrams enable the
evaluation of thermal transformations of the feedstocks, and the inter-
action of the mixtures between wastes in the co-pyrolysis process.

Increasing the pyrolysis temperature decreased the N, O and H
contents of biochars (Table 54). Regardless of the feedstocks used in co-
pyrolysis, noticeable changes in elemental composition primarily
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Fig. 4. Molecular ratios H/C and O/C of biochars produced in co-pyrolysis of the agricultural wastes poultry litter (PL) and swine manure (SM) and the industrial
wastes construction wood (CW), tire (TR) and PVC plastic (PVC), subjected to pyralysis temperatures of 300, 400, 500, 600 and 700 *C. Abbreviations of different

types of waste followed by subseripts indicate temperature values.

occurred below 500 °C, which can be explained by the aggressive
deoxygenation and dehydration reactions during pyrolysis, as reported
in other studies [85,86]. The percent content of C in biochar tends to
increase at higher pyrolysis temperatures. In the present study, this was
observed in all biochars, except in mixtures involving PVC, in which the
C content reduced after 400 or 500 *C (Table 54). This is because at
temperatures below 450 °C there is great weight loss due to the dehy-
drochlorination of the PVC plastic, while at higher temperatures (500
°C) the release of hydrocarbon plays an important role, causing a sig-
nificant decrease in the C content [£7].

The H:C molar ratio decreased faster than that of 0:C with increasing
temperatures, indicating that H is more easily lost at lower pyrolysis
temperatures than O, as ohserved in our previous study when the
feedstocks were individually pyrolyzed [25]. The H:C ratios of all bio-
chars were equal to or lower than 0.15, which indicates high stability or
recaleitrance [18,43). Therefore, co-pyrolysis is a useful tool to improve
the stability and properties of the materials, leading to reductions in the
molecular ratios H:C and O:C, compared to biochars produced with
feedstocks separately [25]. Therefore, the co-pyrolysis enables the
design of ideal biochar and enhances its use through higher stability and
recalcitrance [43,88].

3.5. X-ray diffraction characterization

It was possible to differentiate crystalline mineral phases between
individual biochars and those in co-pyrolysis, revealing crystallinity
peaks at different positions [5,89,90]. Also, differences in erystallinity
caused by the temperatures could be observed (Fig. 5).

XRD peaks indicating the presence of the following minerals were
identified: Quartz (Si0,) (4.26; 2.02 and 1.80 A), Sylvite (KCI) (3.1Z
2.20 and 1.80 A), Calcite (CaC0) (3.86; 2.29 and 2.10 A), magnesium
pyrophosphate (Mg,P,0,) (3.04 A), calcium pyrophosphate (Ca,P,0,)
(3.34 A), Dolomite (CaMg (CO3),) (2.20 and 2.02 A), Nephelite ((Na, K)
AISi0y) (4.19 and 2.57 A), K-feldspar (KAISizOg) (4.26; 4.17 and 3.34
A), Gypsum (CaS04.2H,0) (4.26 and 2.87 A), Pyrite (FeS,) (2.20 and
1.63 A), Graphite (2.10; 2.02 and 1.80 A), Kainite (MgSO4KClzH,0)
(2.18 and 2.10 A) and Anhydrite (2.87; 2.33 and 1.86 A). These minerals
occurred in all feedstocks and biochars produced in co-pyrolysis,
regardless of temperature,

The increase in co-pyrolysis temperature can lead to larger or smaller
peaks of some minerals, which indicate an increase or decrease in their
quantities (Quartz, Calcite, Dolomite, Sylvite, K-feldspar and Kainite) or
even their formation (Gypsum, Nephelite, Anhydrite, Pyrite and

Graphite). The increase and decrease of peaks or even the formation of
new peaks are consistent with the behavior of the total contents of some
elements [37,91], such as §i (not determined), Ca, Mg, K, 5 and Al
(Table 51 and Fig. 3). With the increase of pyrolysis temperature, the
peaks of certain minerals disappeared, such as those of K-feldspar
{biochars of poultry litter + construction wood and swine manure + PVC
plastic), Quartz (biochars construction wood + PVC plastic and tire +
PVC plastic) and Graphite (biochar of wine manure + construction
wood).

In general, the peaks found in the feedstocks were also present in the
corresponding  biochars [11,30,92], which confirms the presence of
inorganic compounds in the produced biochars [67]. The appearance of
graphitic material with increasing temperature and a higher C concen-
tration evidenced the greater stability of biochars [9,90]. Conversely,
the increase in these mineral peak sizes suggests increased content with
the increment in pyrolysis temperature [20,91], and it may also be
associated with the concentration of total elements [91], which can be
observed in [ig. 3 and Table §3.

3.6. Functional groups in biochars - FTIR analysis

The transformations that occurred in the feedstocks with the increase
in pyrolysis temperature can also be evaluated by FTIR analysis [52,93].
The spectra showed the same bands found in the feedstocks and the
individual biochars [25], with differences in the stretching of contrast-
ing functional groups, which is a consequence of changes in the chemical
structure of the biochars due to the effect of thermal transformation.

The spectra of biochars indicates that changes in temperature
affected several functional groups (Fig. 6). There was elongation,
decrease or disappearance of the band related to the functional groups
hydroxyl (H), methyl (CH3) and methylene (CHz) in the ranges from
3500 to 2800 em™Y; alkyl (CC), nitrile (CN—=) and carboxylic acids
(C=0) in the range from 2600 to 1600 cm™); amine (NH— and NH3),
groups containing sulfur (S=0) and aromatic chains (C=C, CO= and
CH) in bands between 1700 to 1400 em™; alkenes (C-H), halogens (C-
Cl) and sulfone (S07) in the range from 1800 to 500 em™Y; as well as
outside the plane of the aromatic chains.

Most of the biochars evaluated showed increments and deformations
in the groups alkene (CH) and sulfone (SO2) in the bands from 1000 to
530 cm™! when temperature increased from 300 to 600 °C, disappearing
at 700 °C. On the other hand, a stretching was observed at wavelengths
from 2600 to 1300 cm™", corresponding to the groups alkyl ((=C),
nitrile (CN=), carboxylic acids (C=0), amine (NH—) and aromatic
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Fig. 5. X-ray diffractograms of biochars produced in co-pyrolysis of the agricultural wastes poultry litter (PL) and swine manure (SM) and the industrial wastes
construction wood (CW), tire (TR) and PVC plastic (PVC), at temperatures of 300, 400, 500, 600 and 700 *C.

compounds (C=C) with the temperatures from 400 "C. We also found a
reduction in the bands in the range from 3,000-2,800 r_m_l, corre-
sponding to the groups methyl (CHs) and methylene (CH), inside and
outside the plane of aromatic chains. Groups amide (NH;) and the
double bonds in aromatic chains (C—C and CH;) in the bands from 1650
to 1400 em™" from 500 °C showed this similar pattern (Fig. £).

In bands between 1700 and 1400 cm™”, the biochars showed a
reduction in groups of double bonds in aromatic chains (C—=0; CC= and
CHy), amide (NH3) and stretching of N—H bond of amines (NHj and
N—H) in the range from 1600 to 1500 em™. The group containing
sulfur (5=0) showed attenuation of the bands in the range from
2,000-1,300 cm ™, indicating their rapid decomposition as the pyrolysis
temperature increased. The groups alkyne (C=C), nitrile (CN=), car-
boxylic acids (C=0), aromatic compounds (C=C}) and methylene {CHz)

are outside the plane of the aromatic chains in the range from 2500 to
1400 r_m_l, and the groups alkene (C-H), halogens (C-Cl) and sulfone
{S03) showed a deformation with reduction of peaks compared to those
of the feedstocks evaluated (Fig. Sa and b).

The reduction of moisture loss caused by pyrolysis led to decrease of
the groups hydroxyl {O—H), methyl (CHz) and methylene (CH;) in the
range from 3500 to 2800 cm™", along with the group methylene (CH;)
(outside the aromatic chains), alkene at 1200 ::n_l, and alkene (CH) at
1000 em™’, except for biochars with mixtures of PVC, which showed
stretching of the hydroxyl group (OH) in the band from 3500 to 3000
em ™", This functional group appears in PL, SM and CW wastes and not in
PVC wastes, demonstrating a great influence of PVC synergy with the
protection of the hydroxyl group (OH) during the co-pyrolysis process.
The peak observed at 1620 cm™ in the PL biochars is characteristic of
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Fig. 6. FTIR spectra of biochars produced in co-pyrolysis of the agricultural wastes poultry litter (PL) and swine manure (SM) and the industrial wastes construction
wood (CW), tire (TR) and PVC plastic (PVC), at temperatures of 300, 400, 500, 600 and 700 °C.

aromatic compounds, COO-, ketones, and NH—, and also a peak at 1435
em™ can be attributed to carbonyl or carbonates (CO3).

Biochars containing mixtures with tire showed reductions in most
peaks when compared with peaks in the feedstock of tire. In poultry
litter, swine manure, construction wood, tire and PVC there were no
peaks of hydroxyl (OH), methyl (CHz), methylene (CH,), carboxylic

acids (C=0), aromatic compounds (C=C), amine (NH—) and group
containing sulfur (§=0), indicating total consumption of these func-
tional groups due to co-pyrolysis process and non-protection by the ef-
fect of synergy between materials. Finally, there was deformation of the
groups of alkynes (C(=C) and nitrile (CN=) with the increase in pyrol-
ysis temperature (Fig. 6). The thermal transformations in the biochars
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may have occurred because of the release of moisture due to the increase
in temperature, resulting in the loss of hydrogen in the case of hydroxyls
(H), considered to be compounds of an open and simple chain [52,93].
This condition enables losses of hydrogen in the heating of the
co-pyrolysis process, especially above 300 °C, as well as the appearance
of aromatic and aliphatic groups, which are related to biochar stability
and activity, respectively [“4].

The stretching of alkyl ((=C) and nitrile (CN=) groups is considered
a consequence of the concentration and loss of C, H, N and O, as well as
the composition of the feedstocks and their thermal transformation [43,
95,96]. The wastes used and their biochars showed similarities
regarding the presence of some functional groups at different pyrolysis
temperatures (Fig. &). The FTIR technique allowed us to observe changes
that oceurred in the pyrolysis process of the mixtures of materials [52].
The biochars evaluated can be compared regarding the influence that
one material has on the other, considering the synergy of co-pyrolysis
between feedstocks [11], maintaining or enhancing their properties.

Improving our understanding about the feedstocks and thermal
transformations that may occur with different mixtures during co-
pyrolysis could help to predict biochar characteristics and design it
specifically according to the feedstock and pyrolysis temperature [7,54].
This could promate the effective use of co-pyrolysis as a tool to improve
the agronomic and environmental potential of agricultural and indus-
trial solid wastes in generating products to improve the chemical,
physical and biclogical soil characteristics.

Feedstocks and pyrolysis temperature greatly influenced the char-
acteristics of the biochars produced via co-pyrolysis. The use of agri-
cultural wastes in co-pyrolysis process with industrial wastes alleviated
the potential environmental risks of heavy metals and drastically
reduced the EC in PVC-derived biochars, while improving other physi-
cochemical properties and nutrient content of all biochars derived from
industrial wastes. Thus, the co-pyrolysis process of agricultural biomass
and industrial waste becomes relevant as it resulted in enhanced bio-
chars and reduces waste disposal problems. In addition, these biochars
showed potential to be used for heavy metal remediation, soil acidity
correction and fertilization, as well as carbon sequestration.

4. Conclusions

The results of this study indicate that the interaction or synergy be-
tween agricultural and industrial materials in co-pyrolysis improves
certain properties of biochar that can improve soil quality. Although the
co-pyrolysis of PVC with agricultural wastes is effective for reducing
high EC, increasing ash content, CEC and WHC of biochars (compared to
pure PVC biochar), the major limitation of these biochars is the Pb
content above the maximum allowed threshold. Therefore, for wider
application of these biochars, especially for crop production, long-term
studies about the release and mobility of this toxic element are needed.

The main transformations occur with pyrolysis temperature between
300 and 500 °C due to dehydration of feedstocks and increase in stable
carbon forms more resistant to thermal transformations. Biochars pro-
duced at 500 °C show high CEC, WHC, alkalinity and high contents of
essential elements for plants and could be ideal for use as soil amend-
ment, mainly those produced by mixing agricultural wastes due to their
high nutrient content. All biochars have the potential for increasing C
storage in soils due their high stability as the aromatic character in-
creases with the pyrolysis temperature, except for biochar mixtures
involving PVC.
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Abstract

Various agricultural and industrial wastes have been used for biochar production.
However, a consistent stratification method for agronomic and environmental purposes for
biochar use is still missing. The objective was to propose and evaluate a stratification method
based on physical and chemical properties. A set of biochar samples was produced by pyrolysis
and co-pyrolysis from two agricultural wastes (poultry litter - PL and swine manure - SM) and
three industrial wastes (construction wood - CW, tire - TR and PVC plastic - PVC) at a wide
range of pyrolysis temperatures (300-700 °C). The stratification proposed considered the
following criteria in order: (i) construction of a biochar viability indicator (IVB); (ii)
classification of the potential of biochars based on fixed carbon, ash and volatile matter; (iii)
joint use of the biochar quality criteria and those established in the literature (e.g. International
Biochar Initiative - IBI); and (iv) the restrictive conditions of the environment where biochar
could be applied aiming at the development of plants, in this case, we used mining tailings.
Using the proposed stratification method, PL+CW pyrolyzed at 300 °C was chosen for the
recovery of Fe and Mn mining tailings, due to its intermediate fertility level and very low risk
of environmental pollution. The proposed method allowed the identification of restrictions for
biochar use, and most importantly highlighted the potential of the most viable biochars for
conditioning the mining tailings, which are difficult for plant growth. However, despite being
useful and efficient in the selection of the biochar, the proposed methods are still dependent on

the physicochemical characteristics of the biochars.

Keywords: Pyrolysis, co-pyrolysis, immediate analysis, principal components.
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1. Introduction

The fast growth of the human population and its consumption habits produces high
quantities of solid waste, which can cause environmental problems in urban, rural and industrial
areas (Kebede et al., 2021). The potential environmental problems with the inadequate disposal
and accumulation leads to the need to create sustainable solutions for their management and

reuse (Kebede et al., 2021; Manriquez-Altamirano et al., 2020).

Pyrolysis and co-pyrolysis can be an alternative for the reuse of agricultural or industrial
wastes by transforming them into a value-added material as biochar (Chew et al., 2021; Hassan
et al., 2016). Biochar is the solid by-product of biomass thermochemical conversion under
limited supply of oxygen (Lehmann and Joseph, 2015), that when applied to soil has many
beneficial functions, including: carbon sequestration (Majumder et al., 2019; Mimmo et al.,
2014), adsorption of organic and inorganic contaminants (Shaaban and Abid, 2021), water
retention, cation exchange capacity and nutrient cycling (Dai et al., 2020; Mukherjee et al.,
2011), reduction of nutrient leaching (Schulz et al., 2013) and improved soil structure and

drainage, and interactions with microbial communities (Jeffery et al., 2011; Wang et al., 2021).

The physical and chemical properties of biochar is greatly influenced by the nature and
physical state of the feedstock, as well as by the production conditions, specifically pyrolysis
temperature, amount of oxygen and residence time (Li et al., 2019; Lu et al., 2013; Pariyar et
al., 2020; Rodriguez et al., 2020; Zhang et al., 2017). These conditions leads to a high diversity
of biochars from the same materials, affecting the intensity and type of functions to be exerted
and the dependence of the interactions with soil in its conditioning (Marta Camps-Arbestain et

al., 2015).

Due to the high variability in biochar characteristics, a classification system is needed
such that express the main positive or negative aspects for specific uses of biochar and stablish
criteria to improve agricultural or environmental soil functions. There are methodologies of
classification that considers specific properties of biochar, especially by using fast and easy
identification properties, such as the proximate analysis (ash, volatile and fixed carbon content)
(Enders et al., 2012). Furthermore, it is possible to identify the biochar by the main chemical
and physical limiting soil conditions to be conditioned (Marta Camps-Arbestain et al., 2015).
Multivariate methods are considered an alternative when a number of biochars properties is

available. These methods have a vast application in different areas and considers the integration
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and reduction of variables, which differentiate groups of biochar and create appropriate indexes
for a defined purpose (Templeton, 2011), which allow some anticipation of biochar

conditioning effects in soil.

Classification methods can also be useful for biochar production aiming to design the
characteristics for specific purposes. For instance, degraded soils such as those impacted by
mining activities require specific biochar characteristics to improve their quality and allow
revegetation (Penido et al., 2019; Puga et al., 2015). We hypothesized that the biochar
stratification methods developed through four successive methods, considering the
characteristics of the biochars produced and the restrictions for plant growth in Fe and Mn
mining tailings could be adopted as a useful predictive system. An intended outcome is a
biochar classification systems framework that can provide initial guidance for
producers/researchers regarding the choice of feedstocks and pyrolysis temperature and specific
purposes. The objective was to propose and evaluate classification methods for biochar of a
diverse set of characteristics. It is expected that regardless the type of material used for biochar
production, that choices and/or interpretations of its quality and uses are more efficient,

especially of residues of difficult final destination.
2. Material and methods

2.1. Selection of wastes used

The feedstocks used for biochar production were selected by consulting state inventories
of agricultural and industrial solid wastes in Brazil according to the 2012 National Solid Waste
Plan and the 2015 Solid Waste Panorama Report (Abrelpe, 2015; Ipea, 2012). Two agricultural
wastes (poultry litter and swine manure) were selected to represent animal wastes commonly
used in agriculture and three industrial solid wastes (construction wood, tire and PVC plastic)
to represent wastes generated in high amounts and misused in general. Besides that, we aimed
to select feedstocks with contrasting physical and chemical attributes. In addition, these five
different biomasses were chosen because of their locally and global quantitative significance.
Agricultural residues are rich in nutrients and can be used as organic fertilizers. However, if
applied in natura, they can act as vectors of animal diseases and might become a source of
pollution (Ayilara et al., 2020; Nor Faiza et al., 2019). Therefore, they must first go through
composting process or some other process capable of eliminating undesirable effects (Ayilara

et al., 2020). Industrial wastes are generated in large quantities and mostly are discarded in
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public landfills or disposed directly into the environment, which might lead to water and soil
contamination due to the presence of toxic elements and pathogens (Abdel-Shafy and Mansour,
2018). Detailed information about the wastes used in this study and collection locations can be
found elsewhere (Rodriguez et al., 2020). The characteristics of these wastes are described in

Table S1 in the supplementary material.

2.2. Production and characteristics of biochars

The feedstocks were ground, sieved in 4-mm and dried at 65 °C for 48 h in an oven.
Each feedstock was pyrolyzed individually or co-pyrolyzed in homogenous mixtures that were
prepared as the following: poultry litter (PL) + swine manure (SM), poultry litter (PL) +
construction wood (CW), poultry litter (PL) + tire (TR), poultry litter (PL) + PVC, swine
manure (SM) + construction wood (CW), swine manure (SM) + tire (TR), swine manure (SM)
+ PVC, construction wood (CW) + tire (TR), construction wood (CW) + PVC and tire (TR) +
PVC. The feedstocks or their mixtures were placed in hermetically closed stainless steel
cylinders (10.6 cm diameter and 42 cm height) and placed in an adapted muffle furnace that
allows the release of gases during pyrolysis and collection of bio-oil. Details of the pyrolysis
system can be found in Lustosa Filho et al. (2017). Pyrolysis was carried out at temperatures of
300, 400, 500, 600 and 700 °C, with a heating rate of 10 °C min-1 and one h of holding time at
the desired temperature (Shaaban et al., 2014). A total of 75 samples was prepared (25 from
individual feedstocks and 50 from the mixtures). The biochar samples were presented as the
initials of the feedstocks followed by the corresponding pyrolysis temperature (e.g.,
PL+SM300, abbreviation for biochar produced from poultry litter + swine manure pyrolyzed
at 300 °C).

The physical analyses were performed using 100 g of each biochar in triplicates to

determine: (1) biochars yield were calculated based on a mass balance using following equation:

Mbiochar

Yield = ——
eld Mfeedstock

x 100%, where Mbiochar and Mfeedstock are the mass (g) of biochar and

original feedstocks, respectively; (ii) mean weight diameter of particles determined from the
distribution of particles according to the International Biochar Initiative (IBI, 2015); and (iii)
water holding capacity determined in a pressure chamber at 33 kPa for 72 h (Zorzeto et al.,
2014). For the chemical analyses, biochar samples were ground and passed through a 60-mesh
sieve (0.25 mm), oven-dried at 65 °C £ 2 °C for 48 h to remove moisture and standardize its

content to <10% (Brewer et al., 2014), and the following attributes were measured: volatile
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matter content (ASTM, 2007), modified by Enders et al. (2012); ash content (ASTM, 2007);
fixed carbon content (ASTM, 2013); C, H, N and O in elemental analyzer (Jindo et al., 2012);
electrical conductivity and pH in water by potentiometry in 1:20 solution, after resting for 12-
h and stirring of suspension (Al-Wabel et al., 2013); neutralizing power determined by the
acid/base titrimetric method (Rayment and Lyon, 2010); cation exchange capacity determined
by the method of saturation with NH4OAC (1.0 mol L-1) and NH4+ measured colorimetrically
(Song and Guo, 2012); contents of elements both soluble in water (Ca, K, P, Mg and S)
(Prakongkep et al., 2015) and total (Ca, K, P, Mg, S, Fe, Mn, Zn, Mo, B, Al, Cu, As, Pb, Cd,
and Cr) (Enders and Lehmann, 2012). After extraction, K was determined by flame photometry,
Ca by atomic absorption spectroscopy and the other elements by inductively coupled plasma

atomic emission spectroscopy (ICP-AES).

2.3. Stratification of biochars

The selection of biochar followed four successive methods, considering the
characteristics of the biochars produced and the restrictions for plant growth on soil/substrate

(i.e. Fe and Mn mining tailings).

Firstly, it was considered the "classification by the intrinsic characteristics of the
biochars” through a biochar viability indicator (BVI), generated from determined
characteristics and multivariate statistical methods. Biochars with higher BVI values were then
considered in the second method of “biochar classification by proximate analysis”, which
relates the biochar properties with the content of fixed carbon, ash and volatile matter (Enders
et al., 2012; Lu et al., 2014). The stratification of the biochar agricultural and environmental
potential was done in a triangle using pre-established limits by Enders et al. (2012) and
Trompowsky et al. (2005).Then, the biochar was further selected by quality criteria proposed
by Camps-Arbestain et al. (2015) and by the International Biochar Iniative (IBI, 2015). Finally,
the biochar was classified by the “restrictive properties of soils/substrates” to be corrected. The

details of each classification method are explained below.

2.3.1. Classification by the intrinsic characteristics of the biochars

The results of the biochar characterisation were submitted to analysis of variance
(ANOVA) to determine any significant differences (p < 0.05) between the biochars produced
by pyrolysis and by co-pyrolysis at different temperatures (total of 75 biochars). Attributes not
influenced by the temperature were not further considered in the classification system. The data
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were transformed into percentiles to follow a normal distribution and the inverse of normal
distribution created variables with normally distributed scores, resulting in the probability of a

uniform distribution (Templeton, 2011).

The only components selected for interpretation were those that presented eigenvalues
>1.0, since they explain total data variation more than as a single variable. These data were
submitted to orthogonal rotation of the variances where the sum was the maximum possible
(varimax rotation) to maximize the relationship between interdependent variables, which
facilitates interpretation. For the retained factors, the attributes were sought for each factor that
presented a cumulative variance percentage >70% in the module (Li, 2016), making up a part
of the group of variables to be considered in determining biochar quality according to the
requirements to be improved, i.e. soil property and/or function. These attributes were again
submitted to factor analysis to assign their relative weightings (W1) for further calculation of
the biochar viability index (BVI). Thus, variables considered redundant or of low

representability were avoided for calculation of the BVI (Cavicchia et al., 2021).

The degree of importance is the weighting that represents each factor in the viability of
the biochar. To assign weightings (Wi) to each indicator of biochar quality in the BVI,
eigenvalues >1.0 and the respective rotated factor loadings of the selected attributes were used
for the calculation of the relative weightings in the BVI, according to the equation: Wi =

T=a( RLZJF}) x| Tz RLZJF})], where Wi is the relative weighting of variable (i) in the BVI;
Rij is the rotated factor loading of attribute i in fator j; Fj is the eigenvalue of factor j; i is the
index of the selected attribute and j is the index of the retained factor with an eigenvalue > 1,0.
The BVI was then calculated from the sum of the score of each indicator (Pi), using the
weighting of this indicator in assessing the viability of the biochar (Wi), as per the equation:
BVI = Y-, P; W;; where BVI is the biochar viability index, Pi is the score of the ith factor,
Wi is the relative weighting of the ith factor, and i are the indices of the variables ranging from

0to 1.0.

Due to the high variability in biochar characteristics, in order to calculate the BVI, the
variables were standardised by their degree of importance according to the loading factor and
transformed into indicator scores ranging from O to 1.0 (Bhardwaj et al., 2011). The values for
each indicator were ranked in ascending or descending order depending on whether the greatest

value was considered harmful or beneficial to the requirements of the soils/substrates for
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recovery. For indicators of the ‘more is better’ type, the highest value was given a score of 1.0

and, for ‘less is better’ indicators, the lowest value received a score of 1.0.

The BVI results for the biochars were submitted to non-hierarchical grouping analysis
in order to separate them into different groups representing the properties obtained in producing
the biochars. The K-means technique was used to compare the mean values of the BVI for each
biochar. This technique uses a properly identified sequence of BVIs, comparing the pair
distances and identifying the centroids, and prioritises the importance of the BVI, which
allowed the construction of hierarchical levels pre-selected by the researcher (Wang et al.,
2007). There were three pre-selected groups, identified as highly viable, moderately viable and

non-viable.

2.3.2. Biochar classification by proximate analysis

The biochars identified as highly viable obtained through the BVI were further selected
by proximate analysis (fixed carbon, ash and volatile matter), which are “easy to obtain”
complementary properties. A combination of the proportions of volatile matter of < 30%, ash
< 20% and fixed carbon > 50% define the ideal biochar zone for environmental purposes
(Environmental Potential Zone), as they characterise biochars of high stability, and high
reactivity, and with a low proportion of volatile aromatic compounds, besides being photo- and
thermo-oxidants (Trompowsky et al., 2005). The second zone comprised biochars with greater
agronomic potential and lower stability, which has greater proportion of volatile matter (> 30%)
that favours mineralisation and nutrients availability (Tag et al., 2016), while fixed carbon >
40% confer a high reactivity on the surface of the biochar (Schulz et al., 2013), that favours

adsorption of organic and inorganic contaminants (Kasozi et al., 2010).

The third zone characterises environmental restrictions due to the high ash content that
might contain trace elements, which affects potential ecological risk factors directly (Bernardo
et al., 2014). This zone was delimited by the proportional content of volatile matter < 30%,

fixed carbon < 50% and ash > 70%.

Finally, the fourth zone was delimited by the proportions of ash between > 30% and <
70%, volatile matter > 30% and fixed carbon < 40% and defined as having agronomic
restrictions. The biochars of this zone have low stability and reactivity, such as low CEC

(Mimmo et al., 2014). The high proportions of ash may represent a risk of toxicity of some
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elements to plants, since it contains large amounts of certain elements which may hinder plant

development (Bernardo et al., 2014; Tag et al., 2016).

2.3.3. Agronomic and environmental classification of the biochars

The third proposal for classification of biochars applied methods of identifying their
potential conditions as established by Camps-Arbestain et al. (2015) and the International
Biochar Initiative (IBI, 2015), and is based on (i) the direct or indirect effects that biochar
application can have on soils/substrates; and (ii) on the limits of micronutrients, heavy metals

and other elements that could cause environmental toxicity, hazardous or salinity.

Concentrations of these elements in the biochars should meet the following (IBI, 2015):
Cu < 6,000 mg kg-1, Mo < 75 mg kg-1, Ni < 420 mg kg-1, Zn < 7,800 mg kg-1, As < 100 mg
kg-1, Cd < 39 mg kg-1, Cr < 1,200 mg kg-1, Co < 100 mg kg-1, Pb < 300 mg kg-1, and Se <
200 mg kg-1, in order to avoid toxicity and Na < 1,200 mg kg-1 to avoid salinity. Both proposals
use the characteristics of the biochars grouped into four aspects/categories: (i) stability, (i1)
nutritional (iii) neutralizing and (iv) texture, classifying them into four classes: highly viable,

moderately viable, low viable and non-viable.

Carbon stability was determined from the ratio between the organic carbon content
(Corg) and H, characterised as highly stable when H:Corg < 0.4 and stable when Corg > 0.4
and < 0.7 (Tag et al., 2016). Stability indexes were obtained by multiplying the Corg content
by H:Corg ratio and establishing the following: class 1 (BC <30%), class 2 (30% < BC <40%)),
class 3 (40% < BC < 50%) and class 4 (50% < BC < 60%).

The nutritional classes of the biochar were determined from the soluble nutrient content,
considering that the nutritional potential is influenced by the type of raw material and the
pyrolysis conditions (Kloss et al., 2015). The total nutrient content is supposed not to be an
adequate index of nutritional potential of the biochars, because the release of the total content
of the nutrients will depend on the medium, the nature of the chemical compounds contained
in the biochar and its stability, which may be longer than 100 years (Camps-Arbestain et al.,
2015; Enders et al., 2012; Lin et al., 2013).

The classification of biochars by plant nutritional potential, besides considering
solubility, also needs to consider the crop or the soil requirements for conditioning. The
nutritional classes depend on the number of nutrients that meet the need of the crop on which
the biochar will be used for, as follows: class 1: availability of at least one nutrient; class 2:
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availability of at least two nutrients; class 3: availability of at least three nutrients; and class 4:
availability of at least four nutrients. Camps-Arbestain et al. (2015) considered as a reference
the nutritional requirements of the maize crop, and in this study we propose to modify the
nutritional needs depending on the crop one wish to cultivate and identify which nutrients best

meets the nutritional requirements.

Neutralizing power (NP) is expressed as a percentage of CaCO3 equivalent, recognised
as an approximate measure of the neutralizing capacity of acidity by the biochar (Rayment and
Lyon, 2010). The classification bands for NP were: class 0: NP < 1%; class 1: 1% < PN < 10%;
class 2: 10% < PN < 20%; and class 3: PN > 20%.

The textural class of the biochar particles was determined by calculating the weighted
mean diameter (WMD), grouping the biochar particles according to percentage and size, as
follows: Powder: > 50% of the biochar particles with a diameter < 2mm (class 1); Mixture: >
50% of the biochar particles with a diameter between 2 and 3 mm (class 2); Stable: > 50% of
the biochar particles with a diameter between 3 and 4 mm (class 3); and Aggregate: > 50% of
the biochar particles with a diameter > 4 mm (class 4). Knowledge and classification of the
diameter of biochar particles is important because the larger the particle diameter the greater
the water storage capacity and the availability of water to plants, as well as the drainage

(Mukherjee and Zimmerman, 2013).

2.3.4. Classification of the biochars by the restrictive properties of soils/substrates

The last method considers the restrictive conditions of the environment where it will be
applied and its suitability/conditioning for the development of plants. The biochars are
evaluated with the aid of a radar-type graph, allowing one to observe the different attributes as
a reference for the identification of biochars with potential to reduce the restrictions and/or
limitations of the soil/substrates to be corrected. In order to evaluate the application of this
method in highly degraded mining tailings, residues from Fe and Mn mining of Carajas Mineral
Province were used, which are located in the Carajds National Forest, Parauapebas, in the State

of Para (Table 1).

Both tailings show high chemical and physical limitations for the revegetation process,
such as very low levels of several nutrients, lack of structure, fine texture, low permeability,
low water retention capacity and the presence of toxic concentrations of elements such as Fe

and Mn (Table 1).
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Table 1. Physical and chemical characteristics of residues from Fe and Mn mining from the
Carajds Mineral Province, Parauapebas, Brazil

K P Ca* Mg* AI»* H+Al CEC Fe Mn S Zn WRC

pH Texture
mgdm? e cmolc dm™ mg dm>-—----- %
F.e 6.1 3.0 3.0 02 0.1 0.0 0.6 09 392 600 163 1.5 18.0 Silt Loam
Residue
Mn 53 80 03 00 0.0 0.0 2.5 26 214 46377 447 1.7 320 Clay Loam
Residue

pH in water; exchangeable Ca?, Mngr and AI**; available P, K, S, Fe, Mn and Zn; H+Al: potential acidity; CEC:
Cation exchange capacity; WRC: water retention capacity.

The analysis of variance (ANOVA) to determine significant differences between the
biochars and the subsequent application of multivariate methods (principal component analysis
and non-hierarchical grouping) for the classification of biochars was performed using the SPSS

22 software (IBM, 2013).

3.3. Results and discussion

3.1. Classification by the intrinsic characteristics of the biochars

The characteristics of the biochars showed significant differences (p < 0.05) influenced
by the pyrolysis temperature and feedstocks. The only exception was the total selenium content,
which did not show significant differences and, therefore, was excluded from the principal
component analysis (PCA). This analysis generated nine components with eigenvalues greater
than 1.0, using 38 selected variables, which explained 80% of the total variance and identified
the attributes that presented rotated factor loadings > 0.70 for the elaboration of part of the BVI
(Table S2). Only 22 out of the 38 variables were used in the PCA, which became part of the
group of variables to be considered in determining the quality and classification of the biochars.
These same 22 variables were again submitted to PCA to obtain the relative weights (W1), with
six components explaining approximately 83% of the variation, meeting the criterion for a

cumulative variance greater than 70% (Figueiredo Filho and da Silva Junior, 2010) (Table 2).

The characteristics that presented both the highest rotated factor loading and a high
potential for expressing biochar quality were considered for calculating the BVI (Table 2).
Thus, the Pbtotal content was identified for the first factor, with a factor load of 0.96 and a
commonality of 0.97, and representing a high potential for contamination risk (Bernardo et al.,

2014) being ranked as “less is better” when calculating the BVIL.
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Volatile matter and biochar yield showed a factor load of 0.90, which indicate stability
(Enders et al., 2012; Leng et al., 2019). The Mototal content had a rotational factor load of 0.89,
and represents an essential micronutrient for enzymatic metabolism, and plays a key role in a
variety of different biochemical processes (Manuel et al., 2018; Williams and Frausto da Silva,
2002).

Table 2. Rotated factor loadings and commonalities (Com) of the functions and groups of
indicators making up the biochar viability index, using the characteristics of biochars produced

at different temperatures
Biochar Factor

Characteristics 1 2 3 4 5 6 Com Wi
Pbiotal 0.96 0.06 -0.06 0.11 -0.13 0.01 0.97 0.09
Clotal 0.94 0.08 0.06 0.15 -0.12 0.08 0.93 0.09
Alotal 0.92 0.00 0.20 0.20 -0.14 0.08 0.95 0.08
Cdiotal 0.79 0.21 0.10 0.05 -0.10 -0.04 0.70 0.06
Volatile matter -0.06 0.90 0.08 -0.06 0.05 -0.20 0.83 0.07
Biochar yield 0.07 0.90 -0.01 0.10 -0.10 -0.01 0.87 0.07
Hydrogen 0.22 0.78 -0.16 0.18 -0.23 -0.25 0.83 0.06
pH -0.32 -0.72 0.15 0.13 0.18 0.10 0.70 0.05
ASiotal -0.03 0.51 -0.07 -0.13 -0.06 0.37 0.91 0.02
Moxotal 0.01 0.00 0.89 0.04 0.13 0.14 0.92 0.05
Feotal 0.03 -0.07 0.86 0.28 -0.02 0.15 0.84 0.04
Biotal 0.02 -0.07 0.85 -0.03 0.07 -0.11 0.84 0.04
Mnyotal 0.23 -0.02 0.80 0.13 -0.01 0.11 0.84 0.04
Ash content 0.10 -0.20 0.10 0.92 0.09 0.06 0.74 0.04
Carbon -0.18 -0.09 0.00 -0.90 -0.05 0.14 0.72 0.04
Mgotal 0.13 -0.12 0.25 0.86 0.27 0.01 0.92 0.03
Fixed carbon -0.14 -0.51 -0.16 -0.76 -0.12 0.12 0.87 0.03
Ksoluvel -0.13 -0.10 -0.18 0.12 0.92 0.00 0.91 0.02
Naotal -0.20 -0.11 0.12 0.16 0.86 -0.07 0.91 0.02
Kiotal -0.17 -0.15 0.44 0.16 0.80 -0.07 0.87 0.02
ZNotal 0.22 -0.06 0.12 -0.12 -0.21 0.86 0.86 0.02
Stotal -0.12 -0.42 0.20 0.05 0.15 0.77 0.42 0.01
Eigenvalues 5.25 4.94 3.21 2.39 1.34 1.23 - -

% explained
variance
Cumulative
percentage
Wi: relative weightings of each indicator.

23.84 22.44 14.61 10.86 6.10 5.60 - -

23.84 46.28 60.89 71.75 77.84 83.44 - -

Finally, in the sixth factor we have the contents of Zntotal with a rotational factor load
of 0.86. Zinc is considered as an essential micronutrient for plants, hence its availability in

biochar is beneficial to crop production.

The ash content showed the highest factor load rotated in factor four (0.92), and it is

related with the presence of functional groups from the thermal transformation of materials
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(Joseph et al., 2010; Lorenz and Lal, 2014; Mukome et al., 2013). In the fifth factor, Ksoluble
content was identified with a rotational factor load of 0.92. Therefore, K bioavailability can be
significantly improved of these biochars addition to soil. In this sense, substituting and/or
supplementing K through alternative sources has great prospects in developing countries like

Brazil, where imported K fertilizers are comparatively expensive (Galembeck et al., 2019).

The six attributes identified with the BVI were again submitted to factor analysis and
allowed the calculation of the relative weighting for each indicator (Wi) as a function of their

eigenvalues and the explicability of the indicator by the retained factor (Table 3).

The attributes with the highest Wi in the BVI were those associated with the group of
‘potential stability’ (volatile matter and biochar yield), while the lowest was that associated
with potential contamination risk (Pbtotal). These weightings are consistent with the
importance given by the characteristics shown by the biochar (Lehmann and Joseph, 2015).
Table 3. Rotated factor loadings and commonalities (Com), and relative weighting of the

indicator (W1) for calculating the Biochar Viability Indicators (BVI)
Factor loading

BVI Indicator I > 3 7 Com Wi
Volatile matter 0.93 0.90 0.24
Biochar yield 0.93 0.87 0.23
Water-soluble K (Ksolubie) -0.76 0.63 0.12
Total Zn (Znotar) 0.69 0.63 0.10
Ash content 0.85 0.84 0.11
Total Pb (Pbiotal) 0.62 0.82 0.06
Total Mo (Moxotal) 0.94 0.90 0.13
Eigenvalues 1.927 1.510 1.112  1.051
Percentage explained variance 27.53 21.58 15.89 15.02
Cumulative percentage 27.53 4911 65.00 80.02

The Biochar Viability Index (BVI) with the seven selected attributes is given by the

equation:

BVI=0.24*volatile matter + 0.23*c — 0.12*Ksoluble + 0.10*Zntotal + 0.11*ash content
+ 0.06*Pbtotal + 0.13*Mototal

The attributes selected for the BVI were ranked and those with highest values (biochar
yield, Ksoluble, Zntotal, ash content e Mototal) are indicators of biochar quality, and were
classified as ‘more is better’, so that the highest value was scored 1.0. Conversely, volatile
matter and Pbtotal are considered indicators of low quality, and were classified as ‘less is

better’, with the lowest value receiving a score of 1.0. The final BVI indicates that biochars are
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persistent and of low mineralisation rate, and a source of nutrients (Lehmann and Joseph, 2015).
Ash and volatile content allows a fast and efficient estimation of the stability and quality of

different types of biochar (Aller et al., 2017; Enders et al., 2012).

The BVI value obtained for each biochar was significantly different (p < 0.05) among
the biochars (Table S3) and suggests that assigning weightings to the biochar attributes by using
PCA was efficient to elaborate the BVI, which can be used as a tool to evaluate the potential of

biochars as a soil/substrate conditioner.

Table 4. Classification of biochars produced from the agricultural wastes poultry litter (PL) and
swine manure (SM) and from the industrial wastes construction wood (CW), tire (TR) and PVC
plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700 °C, according
to quality-indicator factor loadings by means of hierarchical grouping analysis

Group 1 Group 2 Group 3
Highly Viable Moderately Viable Non-viable

Biochar BVI Biochar BVI Biochar BVI Biochar BVI Biochar BVI
SM600 0.50  TR600 043 SM500 038 TR+PVC600 030  Cwapveaoo 023
PL+TR400 050 SMAPVCG00 043 SMFCWI00 038 SM+CW300 030  cwapvcioo 021
TR4PVCT00 040 PLasM00  04p PLFSMS00 038 CWHTRS00 028 pLismioo 021
PL600 049 PLaCW300  04p SMACWA0 038 SMCWS00 028 syp0 020
PL+SM600 04s  PLacwaoo 04y SMFTRIOO 037 PLPVC300 027  plitRio0 0.4
CW+PVC500 048  PL+PVCTO0 042 Y400 037 CW+TR300 026 TR4pVC300 0.1
CW+TR400 047 PLsPVCS00 041 SMTPVEI00 037
PL+CW600 047  SMePVCS00 041 YO0 0.37
PL+TR600 047 PL+TR500 041 TYVE700 0.36
SM700 047 TR+PVCA00 041 OMFPVCA0 036
PL+TR700 046  CW4TR600 040 OM¥TRA00 035

PL500 035
CW600 046 CW+TR700 040
SM+PVCT700 046  PVC300 040 R4 0.35
CW500 046 PL+CW700 039 SMHEWE00 034
CW+PVC600 045 TR+PVCS00 039 FSMa00 033
PL+PVC400 044 SM+TR600 039 1R300 033
CW700 044  TR700 039 W40 0.3

SM300 033
CW+PVCT00 044 PL700 0.39

TR500 033
PL+PVC600 044  PL+CW500  0.39

CW300 031
PL300 044 PVC500 0.39

SM+TR500  0.30
SM+TR300 043 PL400 038

The classification obtained with the non-hierarchical grouping analysis generated a
highly heterogeneous group of biochars that was divided into three groups (Table 4). The first
group (highly viable) had 42 biochars, most of them resulting from the co-pyrolysis of the

feedstock and produced under higher pyrolysis temperatures. The second group (moderately
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viable) was composed of 27 biochars from agricultural waste and mixtures. The third group
(non-viable) was composed of 6 pyrolyzed biochars produced at low pyrolysis temperatures
ie., < 400 °C (CW+PVC400, CW+PVC300, PL+SM300 SM400, PL+TR300 and
TR+PVC300).

The results indicate that those biochars produced from industrial and agricultural wastes
by co-pyrolysis showed the highest BVIs, especially at higher pyrolysis temperatures, which
showed attributes associated with C stability (ash and volatiles) and biochar yield. These
attributes had the highest Wi (Table 3), which is reasonable considering that the stability of
biochars is one of their most interesting properties, especially when the objective is soil
conditioning aiming a reduction in CO; emission, contaminant adsorption, and a reduction in
nutrient leaching (Ahmad et al., 2017). These results are consistent with those observed in
biochars from co-pyrolysis, demonstrating the synergistic character of co-pyrolysis in
improving the properties of biochars, especially when agricultural and industrial residues are

involved (Rodriguez et al., 2021).

Classification of the biochars according to factor loadings may have an influence on the
formation of hierarchical groups using the Wi of the indicators. The variables ash and volatiles
had greater weight in forming the ‘potential stability’ group. Although the biochar stability is
an important characteristics for its use in soil due to the mitigation of climate change by C
sequestration and beneficial agronomic effects on the soil in the long-term (Enders et al., 2012;
Zhang et al., 2019), other attributes might also be important in the selection or classification of

biochar.

It is worth mentioning that the ash content and volatile matter might lead to
phytotoxicity of some of these elements (e.g. Na) (Enders et al., 2012). Thus, it is important to
take into account that the restrictions and potentials depend on the use and type of environment

where the biochar is applied.

3.2. Biochar classification by proximate analysis

The 42 biochars with the highest BVI obtained by the intrinsic characteristics of the
biochars were re-classified by method proximate analysis, and reduced to 10 potential biochars
(SM700, CW700, TR700, PVC500, PL + CW300, PL + CW600, PL + CW700, PL + TR700,
PL + PVC600, CW + PVC600), mostly biochars of mixtures between PL with CW and PVC at

temperatures of 600 and 700 °C. These biochars present the lowest volatile matter and the
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highest fixed carbon, characteristics that can contribute high stability and reactivity to the soil
(Figure 1). The biochars with agronomic potential were 5 (CW500, PL400, PL + CW500, PL
+ TR500, PL + PVC400) produced mainly with PL. and CW at temperatures of 400 and 500 °C,
which have an intermediate range of ash content and low stability, favoring the nutritional

supply to the soil (Lu et al., 2014).

No classification standard was found for the different biochars produced either in
pyrolysis or co-pyrolysis. The co-pyrolysis causes interactions between feedstocks during the
pyrolysis process (Rodriguez et al., 2021), producing biochars with better properties than
individual pyrolyzed materials (Rodriguez et al., 2020). Thus, it is necessary to identify the
biochars that suits best for an intended use, whether by chemical, physical or biological

functions as discussed below.
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Figure 1. Classification of biochars produced by the pyrolysis and co-pyrolysis from the
agricultural wastes poultry litter (PL) and swine manure (SM) and from the industrial wastes
construction wood (CW)), tire (TR) and PVC plastic (PVC), subjected to pyrolysis temperatures
of 300, 400, 500, 600 and 700 °C, indicated by the increase in size of the geometric figures.

3.3. Agronomic and environmental stratification of the biochars

The biochars were classified according to the potential for soil revegetation following
the stratification of agronomic and environmental potentials. Fifteen biochars with potential for
soil recovery were obtained according to the biochar properties and their soil effect aiming to
increase the positive effects and decrease negative ones (Camps-Arbestain et al., 2015, IBI,
2015) (Figure 2).
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MATRIZ FOR BIOCHAR CLASSIFICATION FOR Camps-Arbestain CRITERIA
(2015)
Nutricional P K S Mg
requirements of|
the crop 4.4 4.6 1.5 21
Nutrient content (g/kg)
Biochar H/C WMD NP
Psnluhle Ksnluble Ssoluble Mgﬂnluble
PL+CW 300 2.830 19.147 1.27 1.248 0.08 3.52 50.90
BC Classification Carbon Stability (sBC) 3 0.02

‘
é

K 000

CaC0350.90 %

Non-viable

Stable particle size

MATRIX FOR BIOCHAR CLASSIFICATION FOR TOXIC ELEMENT CONTENT IBI
(2015)
Biochar Total micronutrient content (mg kg
B Cu Fe Mn Mo Ni Zn
19 66 709 75 2 12 70
PL+CW 300 Total trace-element content (mg kg™ .
Na,.(mgke"
As Cd Co Cr Pb Se
1 0 1 66 0 2 2195

Toxicity classification
Dangerous Saline
Non-toxic Non-dangerous Saline

Figure 2. Matrix for the classification of biochars according to the criteria of the Camps-
Arbestain et al. (2015) and IBI (2015).

In the matrix of biochar classification (Tables S4 and S5), three non-viable biochars
(PL+PVC400, PVC500 and CW+PVC600) were identified due to their high Cr and Pb contents.
The biochar from the co-pyrolysis between poultry litter and construction wood at 500 °C,
showed high viability in soil recovery due to its high fertility and stability. On the other hand,
11 biochars were classified as moderately viable in soil recovery, mainly because they have
adequate properties to increase the CEC and reduce soil acidity. However, these biochars
presented restrictions for salinity due to the Na contents, with the exception of the biochars of

CW500, CW700 and TR700 (Tables S4 and S4).

The criteria used enabled the knowledge of the biochar characteristics identified by
proximate analysis, which further reduces the spectrum of the possibilities of biochars to be
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used as a conditioner in the mining substrate. The chemical and physical properties of the Fe
and Mn mining tailings combined with 12 biochars that showed viability in the criteria matrix

were evaluated.

3.4. Classification of the biochars by the restrictive properties of soils/substrates

The key factor in this method is the restrictive or limiting characteristics of the
soil/substrate for plant growth. The Fe and Mn tailings present a lack of particle cohesion and
consequent high erodibility and low fertility (Table 1). Such properties requires biochars that
provide nutrients (N, P, S, K and Mg), high weighted mean diameter index as a biological
activity factor (Lehmann and Joseph, 2015), moderate neutralization power, low electric
conductivity (EC), determined by the Na content as an indicator of salinity, and low levels of
Fe, Mn and Zn as indicators of toxicity. In addition, low levels of trace elements such as Pb and
Cr as indicators of environmental risk (IBI, 2015) and, finally, the stability represented by the
high ash levels (Enders et al., 2012).

Thus, the attributes required for biochar to improve the restrictions of Fe and Mn tailings
that limit plant development were identified, and with the support of a radar type chart is
presented with pre-established limits (Figure 3). This is the last step in the selection of the "ideal
biochar" to be used as a conditioner in the recovery of the Fe and Mn substrate. Thus, the 12
biochars were categorized with the characteristics closest to the needs of the Fe and Mn

substrate to be revegetated (Figure 3).

The PL+CW300 biochar showed the best characteristics as conditioner for the Fe and
Mn mining substrate among the 12 biochars. The contents of Pb and Cr, as well as high contents

of Na where the main restrictive characteristics among the tested biochars.

It is important to note that biochars not considered in this classification may have
environmental or agronomic potential for use in other conditions. Therefore, the restriction of

this study is associated with the requirements Fe and Mn mining tailings.
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Figure 3. Comparison of the restrictive characteristics of the Fe and Mn mining substrate in the

selection of the biochar.

4. Conclusions

The sequence of methods proposed in this study proved to be very efficient to stratify
and classify the different biochars according to the potential shown by the physical and
chemical characteristics and the limitations of the soil/substrate to be conditioned. The
multivariate methods allowed the identification of the variables that present the greatest
variability and classify the biochars according to the biochar viability indicator (BVI) and
making the selection and interpretation of biochar more efficient. Proximate analysis (ash, fixed
carbon and volatile matter) is an efficient tool for the classification of biochars, as it uses only
three variables of rapid and low-cost evaluation. The combination of the criteria according to
Camps-Arbestain et al. (2015) and IBI (2015) in the classification matrix of biochars allows
evaluating the agronomic potential as well as the environmental restrictions according to the
soil/substrate to be used. Finally, the use of a radar chart clearly indicated the biochar with the
greatest potential for the recovery of Fe and Mn mining tailings, in this case the PL+CW300
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biochar. Despite the methods proposed being useful and efficient in the selection of an
appropriate biochar for specific uses, the dependency of physicochemical characteristics of the

biochars might limit its broad application.
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Supplementary material

Table S1. Average values of the physical and chemical characteristics of the agricultural wastes poultry
litter and swine manure and the industrial wastes construction wood, tire and PVC selected for biochar
production

Characteristics Agricultural wastes Industrial wastes

Poultry litter Swine manure Construction wood Tire PVC
Bulk density, g cm™ 0.37 £0.03 0.32+0.03 0.20 £ 0.01 0.34 +£0.02 0.87+0.02
WHC, % 145 £9.00 99.3+7.00 64.0 +£2.00 5.00+£1.00 4.33+1.00
Volatile matter, % 66.7 +0.26 57.6 £0.42 43.7+£1.78 60.0+0.39 57.2+0.80
Ash content, % 18.1 £0.25 34.0+0.21 1.63 £0.03 12.8+£0.18 20.2 +£0.27
Fixed carbon, % 0.81 +£0.23 BDL 46.8 +1.71 26.1+0.27 22.2+1.08
EC, dS m’! 2.70 £0.05 1.08 £ 0.08 0.14+£0.10 0.09+0.01 0.04+£0.0
pH in water 9.16 £0.02 7.20 £0.03 6.94 +£0.19 7.29+£0.01 8.09+0.27
CEC, cmol, kg! 35.7+£443 49.6 + 8.65 549 +£251 393+£1.55 28.5+5.80
Crotat, % (W:w) 37.8 30.0 48.7 75.6 41.0
Hiotal, % (W:wW) 5.63 5.00 6.51 6.62 6.62
Niotat, % (W:W) 3.96 2.99 0.19 0.46 0.13
Ootat, % (W:W) 34.5 27.9 42.9 4.51 32.0
Caour, g kg! 51.1+£12.8 31.4+£2.09 579 £23.7 0.49+£0.01 0.61+0.27
Kiotal, g kg! 13.8 £0.60 5.78 £0.56 0.33£0.03 0.22+0.04 0.11£0.01
P, g kg™! 30.8 £2.41 70.4 +£10.7 0.68 £0.12 143+0.46 0.42+0.28
Mg, g kg™! 5.31+0.10 6.56 +0.46 0.00 £ 0.00 1.24+0.25 5.58+0.00
Stota, g kg 1.88 +0.08 1.67 £0.17 0.29 £ 0.04 1.64+0.59 091+0.03
Naoa, g kg™ 2.76 + 1.98 1.39+1.00 0.30 £0.23 0.00 £00.0 0.05+0.05
Feoul, g kg™ 0.79 £0.10 1.10+0.14 0.12 +£0.09 4.03+£0.02 1.21+1.03
Mnoal, g kgt 0.06 +0.01 0.05 £0.02 0.04 £ 0.00 0.06 £0.00 0.02 +0.02
Znyoul, g kg! 0.10+0.10 0.71 £0.10 0.05 £ 0.00 4.11+£1.03 1.81+0.34
Baouwr, g kg! 0.03 £0.01 0.06 £ 0.01 0.02 £ 0.00 0.03 £0.00 0.06 +£0.01
Alpowar, g kg! 0.49 £0.07 0.46 £ 0.04 0.24 £0.05 2.00+0.24 3.56+0.05
Cuorat, g kg! 0.06 + 0.02 0.08 +0.01 0.01 £0.00 0.06 £0.03 1.14+0.15

Adapted from (Rodriguez et al., 2020; Rodriguez et al., 2021). Mean values + standard deviation. WHC: water holding capacity, pH in water:
1:2.5; EC: electrical conductivity, CEC: cation exchange capacity, BDL: below detection limits. *
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Table S2. Rotated factor loadings and commonalities (Com) of the nine factors calculated from
the characteristics of biochars produced from the agricultural wastes poultry litter (PL) and
swine manure (SM) and from the industrial wastes construction wood (CW), tire (TR) and PVC
plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and 700 °C
Component

Biochar Characteristics 1 5 3 1 5 6 7 3 9 Com
Pbiotal 094 0.06 -0.17 -0.06 008 0.04 -0.07 -0.05 0.13 0.95
Clotal 091 0.08 -0.14 0.06 0.11 0.10 -0.06 -0.06 0.13 091
Aloral 091 0.00 -0.13 021 0.16 0.10 -0.05 0.02 0.11 0.93
Cdiotal 0.79 0.21 -0.13 0.09 0.03 -0.06 -0.01 0.17 -0.23 0.78
Baota 0.55 -0.18 -0.12 044 0.17 0.06 0.14 048 -0.24 0.88
Mgsoluble 054 037 006 0.09 029 -006 024 -022 031 0.74
Criotal 054 0.11 -0.09 0.51 0.07 -0.09 001 0.00 -0.12 0.59
Biochar yield 0.08 090 -0.12 -0.03 0.07 0.06 -0.05 008 0.05 0.85
Volatile matter -0.05 0.89 0.07 0.07 -0.09 -0.19 0.01 0.13 0.10 0.88
Hydrogen 020 0.76 -0.29 -0.12 0.19 -020 -0.28 -0.03 0.13 0.89
pH -0.32 -0.72 0.23 0.17 0.18 0.04 -024 0.12 -0.08 0.81
CEC 0.01 -045 -0.05 025 0.15 001 024 -0.06 029 044
Ksotuble -0.07 -0.11 0.86 -0.24 0.11 -0.05 -0.04 -0.01 -0.08 0.84
Kiotal -0.13 -0.12 0.82 036 0.15 -0.06 0.00 -0.04 -0.13 0.88
Naotal -0.18 -0.10 0.82 0.05 0.16 -0.10 0.05 -0.19 0.08 0.80
Ssoluble -0.20 -0.20 0.68 0.18 -0.03 043 -0.04 -0.02 0.00 0.76
Nitrogen -0.03 048 0.60 0.18 0.14 -0.05 0.15 -0.06 -0.12 0.68
Pyotubte -024 042 053 0.17 0.19 -0.07 031 003 020 0.72
Mosotal -0.02 0.02 020 086 0.03 0.19 -0.04 -0.17 0.14 0.86
Feiotal 0.08 -0.06 009 0.85 024 0.11 0.14 0.15 -0.12 0.87
Biotal 0.03 -0.06 0.15 0.82 -0.01 -0.09 -0.01 0.15 -0.20 0.77
Mnotar 024 -0.02 001 0.80 0.11 0.13 0.11 -0.15 0.10 0.77
WRC 0.51 -0.31 -0.13 0.53 0.04 033 007 026 -0.02 0.85
Ash content 0.17 -0.18 0.12 0.09 090 0.08 0.08 0.00 -0.19 0.94
Carbon -0.20 -0.15 -0.08 -0.02 -0.88 0.04 0.04 0.08 -0.20 0.90
Mgotal 0.18 -0.09 032 023 085 0.00 001 -0.02 -0.04 0.92
Fixed carbon -0.22 -0.52 -0.16 -0.14 -0.70 0.11 -0.10 -0.09 0.06 0.89
Proar -0.25 -0.12 047 0.12 052 000 049 009 -0.17 0.86
ZNotal 022 -0.10 -0.17 0.14 -0.16 0.82 -0.08 0.15 0.00 0.83
Stotal -0.11 -041 024 0.18 0.01 078 -0.05 0.04 -0.12 0.89
Caotal -0.23 -024 0.25 -0.01 -0.20 -0.56 -0.32 0.18 0.13 0.68
WMD 028 0.01 -049 0.03 -0.05 -049 -0.34 -0.16 0.11 0.71
EC -0.19 -0.02 -0.35 -0.14 053 -0.06 -0.60 -0.13 0.08 0.85
NP -0.26 -0.17 -0.04 020 048 003 059 009 -0.25 0.80
ASotal -0.02 0.30 -0.10 -0.08 -0.09 0.07 0.04 075 0.18 0.72
Corotal 0.09 -020 -0.10 042 0.10 038 0.15 054 -0.39 0.85
Oxygen 002 036 -0.10 -0.15 -0.10 -0.10 -0.18 0.01 0.61 0.59
Casoluble 040 -0.19 -0.13 -0.02 -0.04 -0.16 -0.05 0.29 0.53 0.6l
Eigenvalues 735 7.12 505 297 223 200 150 1.19 1.08
Percentage variance 1934 18.74 1330 7.82 586 526 394 3.14 285
Cumulative % 19.34 38.07 51.37 59.19 65.05 70.30 74.24 77.38 80.24

CEC: Cation exchange capacity, WRC: Water retention capacity, WMD: weighted mean diameter, EC: Electric
conductivity, NP: Neutralizing power. Com: commonality.
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Table S3. Analysis of variance (ANOVA) of the biochar viability indicators (BVI) according
to factor loading using characteristics of the biochars produced from the agricultural wastes
poultry litter (PL) and swine manure (SM) and from the industrial wastes construction wood
(CW), tire (TR) and PVC plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500,
600 and 700 °C

Sum of Squares Degrees of Freedom Mean Square t  Significance

Between Groups 2.062 74 0.028 32.293 0.000
Within Groups 0.129 150 0.001
Total 2.192 224
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Table S4. Classification matrix of the biochars (BC) produced from the agricultural wastes poultry litter (PL) and swine manure (SM) and from
the industrial wastes construction wood (CW), tire (TR) and PVC plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and
700 °C, for the biochar quality criteria proposed by Camps-Arbestain et al. (2015)

Nutritional requirements (g kg™)

BC Index

Biochar Powve  Keowvle  Ssowve  Mgsoune H/C  WMD NP  Carbon stability (sBC) Nutritional Class Neutralizing Class Textural Class Classification
44 4.6 1.5 2.1

PL+CW300 2.830  19.147 127 1.248 0.08 352  50.90 3 1 3 3

PL400 2.879  36.196 203  1.108 0.06 2.83 25.44 2 2 3 2

PL+PVC400 1291  29.218 0.46 2538 0.09 4.13 30.17 2 2 3 4

PVC500 0.007 0.048 0.10  1.406 0.19 455 4l1.16 1 0 3 4 8 Low Viability
CW500 0.021 0.688 034 0.010 0.04 592 11.95 3 0 2 4 9

PL+CW500 1.453  30.223 2.10 0297 0.03 437 57.52 4 2 3 4 13

CW+PVC600 0.005 1.414 0.08  1.304 001 459 2871 2 0 3 4 9

PL+CW600 0.530 17.152 0.56  0.166 0.05 393 58.75 3 1 3 3 10

PL+PVC600 0.006  28.262 030  3.137 0.02 448 31.48 2 2 3 4 11

TR700 0.009 0.575 094  0.170 0.10  3.06 56.94 4 0 3 3 10

SM700 0.855  16.775 2.60  0.674 0.00 322  77.00 1 2 3 3 9

CW700 0.006 1.788 0.43  0.007 0.01 647 21.41 4 0 3 4 11

PL+CW700 0241  22.576 045  1.602 001 271 52.97 4 1 3 2 10

PL+TR700 0.018  28.452 241 0424 0.01  2.77 28.23 3 2 3 2 10

WMD: weighted mean diameter, NP: Neutralizing power.
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Table S5. Classification matrix of the of the biochars produced from the agricultural wastes poultry litter (PL) and swine manure (SM) and from
the industrial wastes construction wood (CW), tire (TR) and PVC plastic (PVC), subjected to pyrolysis temperatures of 300, 400, 500, 600 and
700 °C, for toxic element content IBI (2015)

Biochar Total micronutrient content (mg kg™ Total trace-element content (mg kg™") Nt (mg ke'!) Toxicity classification

B Cu Fe Mn Mo Ni Zn As Cd Co Cr Pb Se Toxic Dangerous Saline
PL+CW300 19 66 709 75 2 12 70 1 0 1 66 0 2 2195 Non-toxic Non-dangerous Saline
PL400 10 1119 773 118 2 21 1365 0 2 2 1119 446 3 1564 Non-toxic = Dangerous Saline
PL+PVC400 10 1513 224 7 0 12 2296 0 3 1 1513 1117 2 28 Non-toxic . Dangerous  Non-saline
PVC500 6 36 588 108 0 7 54 1 0 1 36 0 2 490 Non-toxic Non-dangerous Non-saline
CW500 38 95 1436 146 3 25 221 0 1 2 95 0 2 4559 Non-toxic Non-dangerous  Saline
PL+CW500 14 101 863 80 2 6 4601 0 1 4 101 1 3 1421 Non-toxic Non-dangerous  Saline
CW+PVC600 3 710 348 52 0 12 1191 0 0 1 710 529 2 238 Non-toxic | Dangerous  Non-saline
PL+CW600 35 65 951 95 311 120 0 0 2 65 0 2 4378 Non-toxic Non-dangerous Saline
PL+PVC600 8 981 484 124 1 35 1620 0 3 2 981 623 3 1745 Non-toxic = Dangerous Saline
TR700 3 36 546 8 0 8 6171 1 1 8 36 12 2 86 Non-toxic Non-dangerous Non-saline
SM700 12 161 1722 42 1 9 1180 0 1 9 161 0 2 3522 Non-toxic Non-dangerous Saline
CW700 4 36 434 124 0 20 17 1 0 1 36 0 2 448 Non-toxic Non-dangerous Non-saline
PL+CW700 26 179 1105 102 2 24 73 1 0 2 179 0 2 3632 Non-toxic Non-dangerous  Saline
PL+TR700 14 101 1140 116 3 10 4669 1 1 4 101 35 2 1951 Non-toxic Non-dangerous  Saline
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CAPITULO 4

CRESCIMENTO DA CROTALARIA EM REJEITOS DA MINERA(;&O DE Fe E Mn
CONDICIONADOS COM FERTILIZANTES E BIOCARVOES

RESUMO

Atividades como a mineragdo podem levar ao aumento da concentracdo de metais
pesados no solo, pela geracdo de residuos com altas concentracdes de elementos metélicos
provenientes dos processos de lavra e refinamento dos metais, causando alteracdo fisica,
quimica e bioldgica dos ecossistemas associados as dreas mineradas. Nessas situagdes, a
chamada atenuagdo natural assistida com uso de materiais organicos como biocarvdes, pode
levar a melhoria da qualidade do solo e a destinacdo adequada de residuos agricolas e
industriais. Objetivou-se avaliar o crescimento da crotalaria (Crotalaria juncea) em rejeitos de
mineragdo de Fe e Mn, condicionados com biocarvoes derivados de residuos agricolas (cama
de frango - PL) e industriais (madeira da constru¢do - CW, pneu - TR e pléstico PVC - PVC)
produzidos por pirdlise e em co-pirdlise lenta a 600 °C (PL+CW; PL+TR e PL+PVC). A
crotalaria foi cultivada em vasos em casa de vegetacdo utilizando a dose de 5 % de biocarvao.
Avaliaram-se a germinag¢do; altura das plantas, produ¢do de biomassa seca da parte da folha,
caule e total e contetido de macro e micronutrientes e alguns elementos tragos. Além disso, a
composi¢do quimica da solucdo do solo foi avaliada (0, 15, 30 e 45 apds o plantio da crotalaria).
De modo geral, verificou-se maiores taxas de germinagdo, maior crescimento, producdo de
fitomassa e acimulo de macro e micronutrientes no rejeito de Mn quando comparado com o
rejeito de Fe. O elevado teor de cinzas, pH alcalino e alta CE dos biocarvoes, a exce¢do do
derivado de madeira de construcdo, aumentou o pH e CE da solucdo do solo, imediatamente
apos sua aplicagdo e inibiu a germinacdo e crescimento da crotalaria. A planta foi responsiva a
aplicacdo de fertilizantes em ambos os rejeitos, porém, com maior producdo de fitomassa no
rejeito de Mn. Com exce¢do dos biocarvoes produzidos a partir do residuo de madeira de
constru¢do quando aplicados ao rejeito de Mn, ndo se verificaram efeitos positivos da aplicacao

de biocarvdes aos rejeitos sobre o crescimento e desenvolvimento das plantas.

Palavras-chave: Pirdlise e co-pirélise, residuos organicos e sintéticos, revegetacdo, dreas

mineradas.
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1. Introducao

No Brasil existem recursos minerais abundantes como minério de ferro (Fe) e manganés
(Mn), com reservas estimadas em 32 bilhdes de toneladas e 110 milhdes de toneladas,
respectivamente (Bernhardt e Reilly, 2019). Isso representa 18,8 e 14,5% das reservas mundiais
de Fe e Mn, respectivamente (Bernhardt e Reilly, 2019). Em 2017 a producgdo brasileira de
minério de Fe processado foi de 453,70 milhdes de toneladas (18,7% da produc¢do mundial),
enquanto a de Mn foi 2.88 milhdes de toneladas (16,5% da produ¢ao mundial) (DNPM, 2018).
Como a mineragdo e processamento desses minérios € continua, quantidades significativas de
residuos sélidos contendo rejeitos de Fe e Mn sdo geradas a cada ano. De acordo com estimativa
de Silva et al. (2012), a quantidade anual de rejeitos sélidos gerados ird praticamente dobrar,
passando de 348 milhdes de toneladas em 2010 para 684 milhdes de toneladas em 2030. Com
1ss0, impactos ambientais negativos associados a disposi¢do desses rejeitos, assim como as
extensas dreas destinadas a sua estocagem, representam riscos significativos a seguranga do
meio ambiente (Lei et al., 2019).

Na maioria das vezes, os rejeitos sOlidos sdo usados na constru¢do de barragens de
contengao ou sao depositados na propria area minerada e/ou em outros locais, formando “pilhas
estéril” (Teixeira et al., 2017). Apesar da concentracio de metais nestes rejeitos ser considerada
baixa para a industria de mineracdo, é alta o suficiente para ser uma fonte continua de
contaminacdo do solo e a dgua (Karaca et al., 2018). Com isso, estes rejeitos podem ser um
problema ambiental de longo prazo, com danos inaceitdveis a0 meio ambiente e riscos a saude
humana (Karaca et al., 2018). As empresas de mineragao estdo cientes dos efeitos prejudiciais
da mineracdo e buscam alternativas para minimizar os impactos ambientais. Neste sentido, a
reversdo desses impactos s6 € possivel mediante a intervencdo antrépica por meio da
recuperacgdo de dreas degradadas, a qual preconiza a adoc¢ao de procedimentos para restabelecer
a cobertura vegetal, a estabilizacdo e a reducio de potenciais riscos de erosio e contaminacao
de cursos de dgua, assim como a recuperagdo da paisagem e suas fungdes ecoldgicas (Beesley
etal., 2011).

No entanto, dreas mineradas sao naturalmente dificeis de serem revegetadas (Anawar et
al., 2015). Nessas condig¢oes, a qualidade do substrato € geralmente de baixa fertilidade (Fellet
et al., 2011) e as propriedades fisicas sdo limitantes ao armazenamento e movimento de dgua,
bem como o desenvolvimento de raizes, entre outras desvantagens (Anawar et al., 2015). A

aplicacdo de fertilizantes organicos e/ou inorganicos para diminuir a biodisponibilidade de
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elementos toxicos (ou seja, estabilizacdo quimica) em combina¢do com plantas tolerantes a
metais € usada frequentemente em iniciativas de fitoestabilizacdo (Zago et al., 2019).
Adicionalmente, Zago et al. (2019) relataram que, entre outras razdes, a fertilizagdo visa
facilitar e aprimorar a revegetacdo em solos contaminados, melhorando suas propriedades
fisico-quimicas e bioldgicas. Carvalho et al. (2018), ao avaliarem a influéncia do manejo de
nutrientes no crescimento de duas espécies vegetais para revegetacdo de areas de mineracdo de
Fe, verificaram que a fertilizacdo aumentou o crescimento de ambas as espécies de plantas em
Latossolos, solos de canga e rejeitos de mineragdo de Fe. Além disso, a omissdo de
macronutrientes reduziu o crescimento de plantas com maior intensidade do que a de
micronutrientes, indicando que a falta de N, P e K pode impactar negativamente a reabilitacao
de dreas minadas.

Biocarvao podem ser definidos como produtos sdlidos obtidos a partir da conversao
térmica da biomassa em compostos quimicos carbonizados, usando altas temperaturas na
auséncia ou presenca limitada de oxigénio (Lehmann e Joseph, 2015). Muitos estudos
propuseram que os biocarvoes possam ser usados como aditivo ao solo e melhorar as
propriedades fisicas (Glaser et al., 2002; Are et al., 2018), quimicas (Glaser et al., 2002; Chan
et al., 2007; Pandit et al., 2018) e bioldgicas (Lehmann et al., 2011; Zhang et al., 2018) de solos.
Além disso, pode atuar como fonte de micro e macronutrientes para as plantas (Prakongkep et
al., 2015; Guo et al., 2020). Os biocarvdes também possuem elevada CTC, um grande niimero
de grupos funcionais e alta superficie especifica, podendo adsorver e complexar metais por
meio de multiplos mecanismos de interagcdo, tais como: atracdo eletrostatica, troca-idnica,
adsor¢do fisica, complexacdo de superficie e/ou precipitacio (Ahmad et al., 2014). Nesse
contexto, biocarvoes podem ser uma opcao interessante para serem usados em dreas mineradas
a serem revegetadas quando combinados com fertilizantes quimicos. No entanto, ndo hd
informacdes disponiveis sobre a relagdo entre biocarvoes e fertilizantes quimicos e os seus
efeitos sinérgicos ou ndo na germinacdo e crescimento e desenvolvimento de espécies,
tolerantes a condicdes de excesso de metais pesados, como a crotalaria (Crotalaria juncea),
visando a fitorremediacao de rejeitos de mineracdo Fe e Mn.

Os biocarvoes podem ser utilizados na recuperacio de areas mineradas, proporcionando
melhoria das condi¢gdes para o crescimento e desenvolvimento e de plantas. Partindo desse
pressuposto, objetivou-se avaliar o crescimento da crotalaria (Crotalaria juncea) em rejeitos de

mineragdo de Fe e Mn, condicionados com biocarvdes derivados de residuos agricolas (cama
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de frango -PL) e industriais (madeira da constru¢do -CW e pneu - TR, plastico PVC - PVC)
produzidos por pirdlise e co-pirdlise lenta a 600 °C (PL+CW; PL+TR e PL+PVC).

2. Material e Métodos

O ensaio foi instalado em vasos contendo 3,0 dm?®, em casa de vegetacdo, do
Departamento de Solos da Universidade federal de Vigosa (UFV), utilizando rejeitos de
mineracdo de Fe e Mn da Provincia Mineral de Carajds, municipio de Parauapebas-PA
(S06°0221.5" W050°16'34.8"). Os rejeitos utilizados no estudo foram previamente secos,
peneirados para obtencdo de didmetro < 2 mm e caracterizados quimica e fisicamente antes do
estabelecimento dos tratamentos (Tabela 1).

A espécie utilizada foi a crotalaria (Crotalaria juncea), escolhida por ser uma leguminosa
utilizada frequentemente para a cobertura de solos marginais (Maiti e Maiti, 2015) e pela
tolerancia a fitotoxidez por metais como Cu (Carramaschi et al., 2011). Além disso, apresenta
também rdpido crescimento (Galdino et al., 2019).

Tabela 1. Caracterizacdo fisica e quimica dos rejeitos da mineracdo de Fe e Mn provenientes
da Provincia Mineral de Carajds, Parauapebas, Brasil.
Rejeito  pH K* Ca* Mg* AP* H+Al CTC S P PRem V MO
 § G0 JN cmol, dm™ —mgdm3-—- mgL" 9% gkg!
Fe 6,1 0,01 0,21 0,086 ND 0,6 0,9 16,3 3,0 38,5 352 00
Mn 5,3 0,02 ND ND ND 25 2,6 447 0,3 156 2,30 6,6
Zn Cr Cu Pb Fe*  Mn* Fe® Mn® CRA Areia Silte Argila
mg dm™ ¢ dm? % gkg!
Fe 24,89 6,77 6546 1797 392 60,0 148,74 36,32 18 670 280 50
Mn 15,25 88,95 357,87 119,29 21,4 463,7 33,8 90,8 32 870 110 20
2 Fe e Mn disponiveis (extrator Mehlich-1); ® Fe € Mn totais (extraidos com HNO3 e H>0,); CRA: capacidade de
retencdo de dgua determinada a 33 kPa; ND: ndo determinado pelo limite de deteccdo. pH em 4gua relacao 1:2,5;
o P, K, Fe e Mn disponiveis: extrator Mehlich-1 (Donagema et al., 2011). Ca, Mg e Al trocdveis: extrator KCI 1
mol L e determinados por espectofotometria de absor¢do atdmica (Donagema et al., 2011). A Capacidade de
Troca Catidnica a pH 7,0 (CTC): determinada por colorimetria pelo método de Fenato. Fésforo remanescente (P-
Rem): determinado apés agitacdo por 1 h, com solugio de 0,01 mol L' de CaCl,, com 60 mg L' de P (Alvarez e

Fonseca, 1990). A textura foi determinada usando o método de pipeta (Gee e Bauder, 1986). Os teores totais de
Zn, Cr, Cu, Pb, Fe e Mn: extraidos com HNO3 e H>O, e determinados por ICP-OES.

Os biocarvoes utilizados foram selecionados entre 75 derivados de residuos agricola
(esterco suino e cama de frango) e industriais (madeira da constru¢do, pneu e plastico PVC)
produzidos por pirdlise e co-pirdlise lenta em diferentes temperaturas (300, 400, 500, 600,
700°C). Detalhes sobre o processo de preparagdo dos residuos e producdo dos biocarvoes
podem ser encontrados em Rodriguez et al. (2020 e 2021) e Lustosa Filho et al. (2017),

respectivamente. Na sele¢do dos biocarvdes considerou-se a andlise de componentes principais
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(ACP) e indice de viabilidade de biocarvao (IVB) (Camps-Arbestain et al., 2015; IBI, 2015)
mais adequados, considerando as propriedades restritivas dos rejeitos de mineragdo de Fe e Mn
ao crescimento e desenvolvimento de plantas (Tabela 1). Sendo assim, os biocarvoes utilizados
foram aqueles oriundos de pirdlise de residuos de cama de frango (PL), madeira da construg¢do
(CW), pneu (TR) e plastico PVC (PVC) e da co-pirdlise (relagao 1:1, m/m) do primeiro com os
demais, no caso: PL+CW, PL+TR e PL+PVC, todos produzidos a 600°C. Tratamentos-controle
dos rejeitos de Fe e Mn com (Tre+ € Tmn+) € sem (Tmn € Tre) fertilizagdo quimica também foram
acrescentados. A fertilizagdo quimica foi realizada com solugdes de 75 mg dm™ de NH4NO3,
100 mg dm™ de Ca3(PO4)2, 100 mg dm™ (KCI), 10 mg dm™ de K2SOs, 5 mg dm™ de ZnSOu4, 2
mg dm™ de H3BO3, 2 mg CuSO4-5H>0 e 1 mg dm™ (NH4)sM07024-4H,0).

O experimento foi conduzido em blocos casualizados, em esquema fatorial, com
tratamentos adicionais (7 x 2 + 4), e quatro repeticdes. Foram sete biocarvoes (PL, CW, TR,
PVC, PL+CW, PL+TR e PL+PVC), dois rejeitos de mineracdo (Fe e Mn) e quatro controles
(rejeito de minério de Fe + fertilizante quimico — Fe*; rejeito de minério de Fe sem fertilizante
quimico, Fe’; rejeito de minério de Mn + fertilizante quimico, Mn* e rejeito de minério de Mn
sem fertilizante quimico, Mn"). A propor¢do de biocarvao usada para o condicionamento dos
residuos foi de 5 % (m:m) (Beesley et al., 2011).

Tabela 2. Caracteristicas fisicas e quimicas dos biocarvdes produzidos pela pirdlise de residuos
de cama de frango (PL), madeira de constru¢cdo (CW), pneu (TR) e plastico PVC (PVC) e por
co-pirdlise de misturas (1:1, m:m) de residuos (PL+CW, PL+TR e PL+PVC), em temperatura
de 600°C.

CRA pH CE CTC PN Cinzas K Ca Mg Na P S Fe Mn

Biocarvoes'

gkg! dSm?! cmolc kg! % g kg! - -mg kgl
PL 0,45 10,61 1091 15,52 24,79 27,81 47,24 1,55 0,33 3,54 0,73 1,95 0,5 ND
CwW 0,47 9,51 0,09 30,34 6,08 422 1,47 2,55 0,02 0,39 0,01 0,55 1,02 ND
TR 0,84 8,55 0,44 21,03 49,73 12,04 0,81 3,96 0,32 0,75 0,01 1,85 0 1,51
PVC 0,79 11,76 146,13 31,87 38,68 49,49 0,09 4,09 0,01 0,1 0,01 0,06 ND ND

PL+CW 0,48 10,57 1,68 31,46 58,775 21,99 17,15 148 0,17 1,38 0,53 0,56 2 ND
PL+TR 0,66 10,74 1,95 27,43 29,54 25,55 25,771 1,57 0,25 2,85 045 2,26 1,5 ND
PL+PVC 0,79 8,39 295 11,62 31,48 43,09 2826 2,88 3,14 2,53 0,01 0,3 ND 4
I': parte dos dados foram adaptados de (Rodriguez et al., 2020)ND: nio determinado pelo limite de detec¢do. Os
elementos B, Co, Cr, Cu, Mo e Pb apresentaram em todos os biocarvdes valores abaixo do limite de detecc¢@o.
Capacidade de retencdo de dgua (CRA) em cimara de pressdo a 33 kPa durante 72 h (Zorzeto et al., 2014);
condutividade elétrica (CE) e pH em dgua por potenciometria em solugdo 1:20 (Al-Wabel et al., 2013); teores de
cinzas (ASTM Standard D1762 -84, 2007); poder de neutralizacdo (PN) pelo método titulométrico dcido/base
(Rayment e Lyon, 2010); capacidade de troca catidnica (CTC) pelo método de saturacdo com NH4OAC (1,0 mol
L-1) e pelo método de Fenato utilizando colorimetria (Song e Guo, 2012); e os teores totais (Ca, K, P, Mg, S, Na,
Fe, Mn, Zn, Mo, B, Ba, Al, Cu, As, Pb, Se, Cd, Co, Cr) de acordo com Enders and Lehmann (2012).
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A caracterizagdo quimica dos biocarvoes foi feita em amostras moidas e passadas em
peneira de 60 mesh (0,25 mm), secos em estufa a 65 °C + 2 °C por 48 h. As sementes de
crotalaria foram colocadas a uma profundidade de trés cm, obtendo-se a germinacio aos cinco
dias, para um total de cinco plantulas por vaso apds 20 dias de plantio, tendo sido feito replantio
e desbaste neste intervalo.

As plantas foram avaliadas quanto a porcentagem de germinagao, aos cinco dias, € quanto
ao crescimento aos 45 dias apds a semeadura, seguido do corte das plantas de crotaldria,
préoximo do florescimento (Santana e Ascencio, 2011). Folhas e galhos foram separados,
pesadas (peso umido) e secas em estufa por 72 h a 65 °C, até peso constante para determinagao
do peso seco. Apds moagem (folhas e galhos), em moinho tipo Willey, foi realizada a digestao
acida com HNOs e HF concentrados (3:1, v:v), segundo US EPA 3052 (USEPA, 1996),
determinando-se as concentragdes de P, K, Ca, Mg, Zn, Cu, Mn e Fe por espectroscopia de
emissao atdmica com plasma indutivamente acoplado (ICP-OES) (He et al., 2008) e N total por
destilacdo e titulagio com HC1 0,02 mol L'! (método de Kjeldahl) (Nigussie et al., 2012).

A coleta da solugdo do solo foi realizada com amostrador de capsula micro porosa
(modelo 1908D2,5L10K05 Rhizon SMS), inserido em cada vaso num angulo de 45°, com
auxilio de uma seringa de 60 mL de pléstico para formacao de vacuo (Beesley et al., 2013).
Ap6s a instalacio dos extratores, foi adicionada dgua deionizada, visando atingir teor de 4gua
préoximo da capacidade de campo, mantendo-se por um periodo de 12 horas, visando equilibrio
entre o solo e a fase liquida. Apds esse periodo, foram realizadas as extragdes, sendo a primeira
coleta 20 dias ap0s a instalacdo do ensaio e a cada 15 dias, durante 45 dias, o0 que proporcionou
quatro coletas. As amostras de solu¢do do solo foram analisadas quimicamente quanto pH e
condutividade elétrica (CE) por potenciometria em solugio de dgua (1:2,5) (v:v); Ca’* e Mg**
extraidos com KCl (1,0 mol L") e determinados por espectrometria de emissdo atdmica (Ca*",
Mg2+); teores de K, Na e P foram extraidos com Mehlich-1 (Fellet et al., 2011; Schulz et al.,
2013); teores de elementos totais, S, Fe, Cu, Mn, Zn, Ni, Cr e Pb extraidos apds digestao écida,
conforme (Enders e Lehmann, 2012), e determinados por espectroscopia emissao atdmica com

plasma indutivamente acoplado (ICP-OES).

Os resultados da solugdo do solo foram sometidos a ANOVA num esquema de parcela
subdividida com o tempo de coleta como parcela principal, quando o efeito do tempo for

significativo, aplicou-se andlise de regressdo. Os resultados das varidveis de germinagdo,
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crescimento e conteddo de nutrientes e metais das plantas foram submetidos a ANOVA e as
médias comparadas por contrastes ortogonais (Co) e de interesse (Ci). Utilizou-se o teste F para
avaliar a significAncia da ANOVA e dos contrastes considerando até 5% de probabilidade. Os
contrastes ortogonais comparam as medias gerais entre as varidveis obtidas para os rejeitos de
Fe e Mn, sendo Col = Rejeito Mn vs Rejeito Fe; Co2 = controles (Mn™ + Mn* + Fe™ + Fe*) vs
biocarvoes (PL + CW + TR + PVC + PL+CW + PL+TR + PL+PVC); Co3 = controles sem
fertilizagao (Mn™ + Fe") vs controles fertilizados (Mn* + Fe*); Co4 = biocarvdes de pirdlise (PL
+ CW + TR + PVC) vs biocarvoes de co-pirdlise (PL+CW + PL+TR + PL+PVC); Co5 =
biocarvoes de residuos de origem sintética (TR + PVC) vs biocarvoes de residuos de origem
natural (PL + CW); Co6 = biocarvdes de residuos de origem sintética (TR vs PVC); Co7 =
biocarvoes de residuos de origem natural (PL vs CW); C8 = co-pirélise de residuos de origem
sintética com a cama de frango (PL+TR + PL+PVC) vs co-pirdlise de residuos de origem
natural (PL+CW); C9 = co-pirdlise da cama de frango e os residuos de origem sintética (PL+TR
vs PL+PVC); C10 = pirdlise vs co-pirdlise dos residuos de origem natural (PL vs PL+CW).
Além disso foram feitas comparagdes a partir de contrastes de interesse, sendo Cil = controles
fertilizados (Mn* + Fe*) vs biocarvoes de pirdlise (PL + CW + TR + PVC); Ci2 = controles
fertilizados (Mn* + Fe*) vs biocarvdes de co-pirdlise (PL+ PL+CW + PL+TR + PL+PVC). A
andlise de correlacdo simples de Pearson também foi aplicada para avaliar as relacdes entre o
crescimento e desenvolvimento da crotalaria e o conteido de nutrientes e metais na parte aérea,
assim como também com os atributos quimicos dos rejeitos. Todas as anélises foram realizadas

utilizando o software SPSS 22 (IMB, 2013).

3. Resultados

3.1. Crescimento de planta
A andlise de variancia mostrou a influéncia dos diferentes biocarvdes e rejeitos sobre a

germinagdo, a producdo de biomassa e o acimulo de nutrientes e metais pesados na parte aérea
da crotalaria (P <0,05) (Tabela S1). As médias e comparacdes por contrastes ortogonais (Co) e
de interesse (Ci) encontram-se na Tabela 3 e 4.

As diferengas de comportamento das varidveis avaliadas por meio dos contrastes de
médias entre rejeitos de Mn e Fe (Col = Rejeito Mn vs Rejeito Fe) mostraram os maiores
(p<0,05) valores das varidveis obtidas no rejeito de Mn, independente do tratamento (Tabela

3), contudo ndo se observou diferengas significativas (p<0,05) para os contetdos de S, Fe e Mn
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(Tabela 4). Ressalta-se que, entre os tratamentos-controle {Co3 = (Mn* + Fe*) vs (Mn™ + Fe")},
os maiores (p<0,05) valores observados ocorreram quando a fertilizagado foi feita (+) para todas
as varidveis, tendo como exce¢do a porcentagem de germinacdo da crotaldria (Tabela 3) e
conteudo de Mg (Tabela 4).

Tabela 3. Médias e significancia de contrastes ortogonais e de interesse para as varidveis:
germinagdo (Ger), altura da planta (H) e biomassa da crotaldria (Crotalaria juncea) cultivada
em rejeitos de mineracdo de Fe e Mn condicionados com fertilizagdo quimica e biocarvoes
produzidos por pirdlise de residuos de cama de frango (PL), madeira de constru¢cdo (CW), pneu
(TR), plastico PVC (PVC) e co-pirdlise (PL+CW; PL+TR e PL+PVC) a 600°C, e respectivos
controles com e sem fertilizacdo quimica (Fe*, Fe', Mn* e Mn")

Biomassa seca

Tratamentos Ger H Folha Caule Total
% () g-mommmme-
Rejeitos da mineracdo de Mn
Mn 90,0 150 0,13 026 0,39
Mn* 90,0 51,9 3,54 284 6,38
PL 82,5 1,75 0,07 0,08 0,15
CW 87,5 558 422 3,01 7,23
TR 77,5 0,00 0,00 0,00 0,00
PVC 10,0 0,00 0,00 0,00 0,00
PL+CW 87,5 490 423 246 6,69
PL+TR 92,5 332 2,03 089 292
PL+PVC 12,5 0,00 0,00 0,00 0,00
Rejeitos da mineracdo de Fe
Fe- 550 22,6 030 0,65 0,95
Fe* 550 50,1 3,05 2,03 5,08
PL 2,50 0,00 0,00 0,00 0,00
CW 67,5 454 230 1,56 3,86
TR 70,0 449 2,12 1,50 3,62
PVC 0,00 0,00 0,00 0,00 0,00
PL+CW 5,00 0,00 0,00 0,00 0,00
PL+TR 150 0,00 0,00 0,00 0,00
PL+PVC 0,00 0,00 0,00 0,00 0,00
Contrastes
Col (Rej Mn vs Rej Fe) -4.25" -4.86™ -0.71" -0.43"™ -1.14"™
Co2 (Mn™ + Mn* + Fe” + Fe*) vs (TR + PVC + PL + CW + PL+TR + PL+PVC + PL+CW) -3.05™ -18.4™ -0.69™ -0.77" -1.45"
Co3 (Mn* + Fe*) vs (Mn™ + Fe") 0.00" 322" 3,08 1.98" 5.06™
Co4 (TR + PVC + PL + CW) vs (PL+TR + PL+PVC + PL+CW) -1.73" -4.78" -0.05™ -0.21" -0.26"
Co5 (TR + PVC) vs (PL + CW) 2.007 1457 1.12" 0.79™ 1.90™
Co6 (TR vs PVC) -6.88™ -22.4™ -1.06™ -0.75™" -1.81"
Co7 (PL vs CW) 3.63" 497" 3.23" 224" 547
Co8 (PL+TR + PL+PVC) vs (PL+CW) 1.757 162™ 1.60™ 1.01™ 2.61™
Co9 (PL+TR vs PL+PVC) -4.00” -16.6™ -1.02" -0.44" -1.46™
Co10 (PL vs PL+CW) 0.25" 23.6"™ 2.08™ 1.19"™ 3.27*
Cil (Mn* + Fe*) vs (TR + PVC + PL + CW) 22317 -32.5" -2.20" -1.67" -3.87"
Ci2 (Mn"* + Fe*) vs (PL+TR + PL+PVC + PL + PL+CW) -4.04™ -37.3" -2.25" -1.88"™ -4.13"

“P<0,05; “P< 0,01; ™: ndo significativo.

Quanto a aplicacao de biocarvdes, quaisquer que sejam eles, as comparagdes para ambos
os rejeitos (Fe e Mn) ndo apontaram médias (p<0,05) superiores em relacdo a sua nao aplicagao,
seja no caso da presenca (+) ou ndo (-) de fertilizagdo quimica {Co2 = (Mn™ + Mn* + Fe™ + Fe*)
vs (PL + CW + TR + PVC + PL+CW + PL+TR + PL+PVC). Porém, quando comparam-se a

corre¢do quimica dos rejeitos em relagdo a sua aplicacdo conjunta com os biocarvdes, sejam
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eles pirolisados {(Cil= (Mn* + Fe*) vs (PL + CW + TR + PVC)} ou co-pirolisados {Ci2 = (Mn*
+ Fe®) vs (PL + PL+CW + PL+TR + PL+PVC)}, observaram-se diferengas significativas para
todas as varidveis estudadas (P>0,05) (Tabelas 3 e 4), com uma tnica exce¢ao, em ambos 0s
casos, o conteddo de Mg (Tabela 4). Nos casos significativos, as maiores médias também
ocorreram para os tratamentos-controle (Mn* + Fe™).

Entre os biocarvdes avaliados em ambos os rejeitos, aqueles oriundos da pirélise, quando
comparados aos obtidos em c6-pirdlise {Co4 = (PL + CW + TR + PVC) vs (PL+TR + PL+PVC
+ PL+CW)} proporcionaram maiores (p<0,05) valores para a maioria das varidveis, com
excecdo do acimulo de Mg na planta (Tabela 4).

Os biocarvoes oriundos de residuos de origem sintética (TR + PVC) nio proporcionaram
melhores condi¢Oes para as plantas de crotaldria, comparativamente aos de origem natural (PL
+ CW) (Co5) (Tabelas 3 e 4). Os mesmos resultados ocorreram quando os biocarvoes de origens
sintética e natural foram produzidos em c6-pirdlise { Co8 = (PL+TR + PL+PVC) vs (PL+CW)}.
Nos casos significativos, as maiores médias foram observadas para o tratamento PL+CW,
destacando que no rejeito de mineracdo de Fe, as plantas cultivadas com PL+TR e PL+PVC
nao conseguiram crescer € produzir biomassa.

As maiores (p<0,05) médias das varidveis foram observadas para os biocarvoes TR nas
comparagdes entre aqueles de origem sintética (Co6 = TR vs PVC), destacando-se que, quando
utilizou-se PVC, as sementes germinaram apenas no rejeito de Mn, mesmo assim com um
indice muito baixo (10%). Ja, quando compraram-se os biocarvoes de origem natural (Co7 =
PL vs CW), verificou-se diferencas significativas (p<0,05) para todas varidveis estudadas
(Tabelas 3 e 4), com excecdo ao conteido de Fe, com maiores médias para a CW, Destaca-se
que no rejeito de Fe, as plantas cultivadas com PL ndo sobreviveram.

O contraste de médias que compara os efeitos dos biocarvoes produzidos em co-pirdlise,
envolvendo a cama de frango e os residuos de origem sintética (Co9 = PL+TR vs PL+PVC),
apresentou as maiores (p<0,05) médias para a maioria das varidveis (p<0,05) quando utilizou
PL+TR, tendo como excecdo a biomassa do caule da planta (Tabela 3) e o contetido de N, Fe e
Mn (Tabela 4). Quando a pirdlise e co-pirdlise dos residuos de origem natural foi comparada
(Col10 = PL vs PL+CW), verificou-se que, com excecdo da germinagdo (Tabela 3) e conteudo
de Ca, S, Fe e Mn (Tabela 4), todas as demais varidveis foram significativas (P>0,05), sendo as

maiores médias observadas para PL+CW.
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Tabela 4. Contrastes ortogonais médios, significancia e médias dos conteddos de N, K, P, Ca,
Mg, S, Fe e Mn na crotalaria (Crotalaria juncea) cultivada em rejeitos de mineracao de Fe e
Mn condicionados com fertilizagdo quimica e biocarvdes produzidos por pirdlise de residuos
de cama de frango (PL), madeira de construcdo (CW), pneu (TR), plastico PVC (PVC) e co-
pirdlise (PL+CW; PL+TR e PL+PVC) a 600°C, e respectivos controles com e sem fertilizagdao
quimica (Fe*, Fe', Mn* e Mn")

Tratamentos N K P Ca Mg S Fe Mn
mg vaso’'

Rejeito da mineracdo de Mn
Mn 0.19 3.98 0.95 2.62 1.86 1.49 0.17 1.14
Mn* 44.7 49.5 6.95 28.0 3.95 11.1 1.64 14.8
PL 0.07 2.71 0.20 0.25 0.33 0.36 0.13 0.52
Cw 56.9 68.1 7.63 62.5 6.00 12.2 1.07 8.38
TR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PVC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PL+CW 59.7 37.6 9.33  11.52 10.7 8.98 0.76 1.39
PL+TR 11.6 26.3 6.63 16.3 11.7 18.4 0.12 0.75
PL+PVC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rejeito da mineracdo de Fe
Fe 1.13 12.2 3.12 9.10 5.88 4.66 0.44 2.77
Fe* 28.7 40.5 5.32 18.4 3.02 7.85 1.38 10.4
PL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cw 17.1 31.2 3.64 23.9 248 5.72 0.65 2.99
TR 18.8 28.3 4.66 24.6 6.81 17.4 2.95 16.3
pvC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PL+CW 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PL+TR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PL+PVC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Contrastes
Col -11.97  -846™ -1.66" -5.02" -1.82" -1.89™ 0.17™  0.61™
Co2 -6.96° -12.67 -1.79" -4.61° -0.96™ -1.78" -0.50° -5.117"
Co3 36.1" 369" 410" 1747 -0.38™ 6427 1207 10.6"
Co4 0.29™ -5.62° 0.64® -9.28 1.78° 0.10® -045 -3.16
Co5 13.8 184™ 1717 1557 050 0.24™ -0.27 -1.10™
Cob 939" -14.2" 233" -12.3" 3417 -8.68" -1.47" -8.13"
Co7 37.0" 483" 554" 43.17 407" 8.80" 080" 543"
Co8 2697 1227 3017 1.69™ 242" -0.11™ 035 0.51™
Co9 -5.82m -13.2" 3317 -8.13" -5.86" -9.20" -0.06™ -0.37"
Col0 29.8"  17.57 4577 5.63™ 5187 431" 0.32™ (.44
Cil 2517 2877 -4.127 9317 -1.54™ -5.03" -0917 -9.08”
Ci2 248" 3437 348" -18.67 0.25™ 492" -1367 -12.27

“P<0,05; "P< 0,01; ™: ndo significativo. Col (Rej Mn vs Rej Fe); Co2 (Mn- + Mn+ + Fe- + Fe+) vs (TR + PVC
+ PL + CW + PL+TR + PL+PVC + PL+CW); Co3 (Mn+ + Fe+) vs (Mn- + Fe-); Co4 (TR + PVC + PL + CW) vs
(PL+TR + PL+PVC + PL+CW); Co5 (TR + PVC) vs (PL + CW); Co06 (TR vs PVC); Co7 (PL vs CW); Co8
(PL+TR + PL+PVC) vs (PL+CW); Co9 (PL+TR vs PL+PVC); Co10 (PL vs PL+CW); Cil (Mn+ + Fe+) vs (TR
+ PVC + PL + CW); Ci2 Mn+ + Fe+) vs (PL+TR + PL+PVC + PL + PL+CW).
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3.2. Extragao da solugao do solo
Os resultados relativos ao pH e condutividade elétrica (CE) na solu¢cdo do solo sdao

apresentados na figura 1 e tabela S3. Na comparacao entre as coletas ao longo do tempo, foi
observada interacdo significativa entre a fertilizagdo quimica e o tempo de coleta para o pH na
maioria dos tratamentos, com exce¢do dos tratamentos fertilizados com biocarvoes
provenientes de PL+PVC e PL+CW no rejeito de Mn e TR e PL+TR no rejeito de Fe. De forma
geral, observa-se que a adicdo de biocarvao aumentou o pH da solucdo do solo ao longo do
tempo, sendo que os tratamentos adubados com biocarvdes de PVC, PL no rejeito de Mn e
PVC, PL, PL+CW no rejeito de Fe foram significativamente superiores aos demais tratamentos
(Figura la-b e Tabela S3). Verificou-se uma resposta quadratica do pH do solo em relacdo ao
tempo de coleta para todos os tratamentos, exceto para o tratamento com PL+CW no rejeito de
Fe, onde um modelo linear foi o mais adequado. A CE que indica as concentra¢Oes de fons na
solucdo foi significativamente alterada pela interacdo entre fertilizagdo quimica e tempo de
coleta da solugdo do solo para grande parte dos tratamentos (Figura 1c-d e Tabela S3). Altos
valores de CE foram observados para tratamentos adubados com biocarvoes de PVC, PL e PL-
PVC no rejeito de Mn, no entanto este ultimo ndo foi significativo. No rejeito de Fe, maiores
valores de CE foram observados para tratamentos fertilizados com biocarvoes de PVC e PL ou
com biocarvdes provenientes da co-pirdlise envolvendo PL, no entanto, sé houve interacao
significativa para o tratamento fertilizado com biocarvao de PVC. Entres os casos significativos
citado anteriormente em ambos os rejeitos, verificou-se que os dados se ajustaram ao modelo
quadratico, exceto para o tratamento com PVC no rejeito de Mn, onde um modelo linear foi o
mais adequado.

A interacdo entre aplicagcdo de fertilizantes quimicos/biocarvao e tempo de coleta de
solug@o do solo também afetou significativamente as concentracoes de P, K, Ca e Mg (Figura
2 e Tabela S3 e S4) e S, B, Mn e Cr (Figura S1 e Tabela S4). Alguns comportamentos comuns
foram observados em ambos os rejeitos, como maiores concentracdes de P nos tratamentos
cultivados com PVC, PL+TR e PL+CW, enquanto para o K observou-se que nos tratamentos
fertilizados com PL+PVC e PL+TR houve maiores concentracdes. Para o P, os dados se
ajustaram melhor ao modelo quadrético, enquanto para o K o modelo linear descreveu melhor
as concentragdes na solucdo do solo ao longo do tempo de coleta. As concentracdes de Ca na
solucdo do solo foram superiores nos tratamentos adubados com TR, PL+CW e PL+TR no

rejeito de Mn e no tratamento com PL+TR no rejeito de Fe. Em todos os casos citados, os dados
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se ajustaram ao modelo quadratico. Ao se analisar as concentragdes de Mg na solucdo do solo
ao longo do tempo constatou-se que nos tratamentos fertilizados com NPK e PVC em ambos
os rejeitos e PL+TR no rejeito de Fe obtive-se maiores concentracdes deste nutriente. Destaca-
se que com excecdo dos tratamentos com NPK e PL+TR que obtiveram resposta linear a

aplicacdo destas fontes, os demais casos se ajustaram ao modelo quadratico.

0 Mn mining tailing 1 Fe mining tailing
(@) —— My —— Mn* —v— TR —— PVC —8— PL (b) —— p¢ —— gt —%— TR —— PVC —&— PL
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Figura 1. Regressdes entre pH e condutividade elétrica (CE) e tempo de coleta da solu¢do do
solo no rejeito de mineracdo de Fe e Mn condicionado com fertilizagdo quimica e biocarvoes
produzidos por pirdlise de residuos de cama de frango (PL), madeira de constru¢cao (CW), pneu
(TR), plastico PVC (PVC) e co-pirdlise (PL+CW; PL+TR e PL+PVC) a 600°C, e respectivos
controles com e sem fertilizacdo quimica (Fe’, Fe*, Mn" e Mn*). As linhas sdo as curvas de
melhor ajuste.

Em relacdo a concentragdo de S na solucdo do solo, verificou-se que os rejeitos adubados
com NPK e com PL+TR, neste dltimo caso apenas no de Fe, apresentaram valor mais elevado
para este nutriente. Para os rejeitos adubados com NPK os dados se ajustaram ao modelo
quadrético, enquanto para PL+TR houve ajuste linear. Os biocarvdes provenientes da pirolise

ou co-pirdlise envolvendo PL promoveram maiores concentracdes de B na solugdo em ambos
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os rejeitos, em todos 0s casos obteve-se uma resposta quadrédtica com o aumento do tempo de
andlise da solu¢@o do solo. Para a concentracdo de Mn na solugdo verificou-se que os rejeitos
fertilizados com biocarvao de PL+PVC obtiveram médias superiores, sendo os dados ajustados
ao modelo quadratico. Os tratamentos fertilizados com biocarvdes de TR e CW no rejeito de
Mn e PL e PL+PVC no rejeito de Fe reduziram significativamente as concentragdes de Cr na
solucdo do solo quando comparado ao controle fertilizado. O comportamento Cr na solu¢do em
funcdo do tempo de coleta foi representado pelo modelo quadritico para todas as situagdes
citadas acima.

Na tabela 5 estdo os contrastes ortogonais entre os tratamentos para pH, CE e elementos
na solucdo do solo. O contraste Col usado para comparar o rejeito de Mn vs rejeito de Fe
mostrou diferencas significativas para o pH, CE, Mn e Cr. Para o pH e concentracdo de Cr na
solucdo maiores valores foram obtidos no rejeito de Mn, enquanto para CE e concentracdo de
Mn maiores médias foram observadas no rejeito de Fe. Na comparagdo entre os tratamentos-
controle {Co3 = (Mn* + Fe*) vs (Mn™ + Fe") }, os maiores valores observados ocorreram quando
a fertilizacdo foi feita (+), no entanto com influéncia significativa (p<0,05) apenas para a
concentracdo de K e S (Tabela 5).

A aplicacdo de biocarvdes quando comparada aos controles, presencga (+) ou nao (-) de
fertilizacdo quimica {Co2 = (Mn" + Mn* + Fe™ + Fe*) vs (TR + PVC + PL + CW + PL+TR +
PL+PVC + PL+CW) aumentou significativamente (p<0,05) o pH, CE e concentracido de B na
solucdo, enquanto o inverso s6 foi observado para a concentragdo de S na solugdo. Além disso,
quando comparou-se a correcao quimica dos rejeitos em relacio a sua aplica¢do conjunta com
os biocarvoes, sejam eles pirolisados {(Cil= (Mn* + TFe*) vs (TR + PVC + PL + CW)} ou co-
pirolisados {Ci2 = (Mn* + TFe*) vs (PL+TR + PL+PVC + PL + PL+CW)}, observou-se
diferencas significativas (P>0,05) para o pH, CE e concentracdo de K e S na solu¢do. Com
excecdo da concentracdo de K, em ambos os contrastes, maiores médias foram observados
quando os biocarvdes foram aplicados em conjunto com a fertilizacdo quimica (Tabela 5).

Quando se comparou os biocarvdes em ambos os rejeitos {Co4 = (TR + PVC + PL +
CW) vs (PL+TR + PL+PVC + PL+CW)}, aqueles oriundos da co-pirdlise apresentaram maiores
médias p<0,05) para as concentracoes de K, Ca e Mn na solugdo, enquanto os biocarvoes
provenientes da pirdlise obtiveram maior pH. Os biocarvdes oriundos de residuos de origem
sintética (TR + PVC) proporcionaram aumento no pH, CE e concentracdo de S

comparativamente aos de origem natural (PL + CW) (Co5).
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Figura 2. Regressoes entre concentracdes de P, K, Ca e Mg e tempo de coleta da solucdo do
solo no rejeito de mineracdo de Fe e Mn condicionado com fertilizagdo quimica e biocarvoes
produzidos por pirdlise de residuos de cama de frango (PL), madeira de constru¢do (CW), pneu
(TR), plastico PVC (PVC) e co-pirdlise (PL+CW; PL+TR e PL+PVC) a 600°C, e respectivos
controles com e sem fertilizacdo quimica (Fe’, Fe*, Mn" e Mn*). As linhas sdo as curvas de

melhor ajuste.
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Ja os biocarvoes de origem natural aumentaram as concentragdes de K e B na solucao do
solo (Tabelas 5). Quando os biocarvdes de origens sintética e natural foram produzidos em co-
pirdlise {Co8 = (PL+TR + PL+PVC) vs (PL+CW)} constatou-se maior CE na solug¢do dos
rejeitos alterados com biocarvées da co-pirdlise entre residuos sintéticos, enquanto 0s
provenientes da co-pirdlise de residuos naturais aumentaram significativamente o pH da
solucdo do solo.

Na comparagdo entre os biocarvdes de origem sintética (Co6 = TR vs PVC), maiores
(p<0,05) médias para a maioria das varidveis foram observadas quando utilizou PVC, tendo
como excecdo a concentracdo de Ca na solucdo. Ja, quando compraram-se os biocarvoes de
origem natural (Co7 = PL vs CW), verificou-se diferencas significativas (p<0,05) para todas
variaveis estudadas, com excecao da CE e concentragdes de Mn e Cr (Tabelas 5), com maiores
médias para a PL, exceto para a concentragdo de S.

O contraste ortogonal que compara os efeitos dos biocarvdes produzidos em co-pirdlise,
envolvendo a cama de frango e os residuos de origem sintética (Co9 = PL+TR vs PL+PVC),
apresentou as maiores (p<0,05) médias para as varidveis pH, CE e concentragdo de Mn quando
utilizou PL4+PVC, enquanto para a concentragdo de Ca maior média foi observada para o
PL+TR (Tabela 5). Quando a pirdlise e co-pirdlise dos residuos de origem natural foi
comparada (Col0 = PL vs PL+CW), verificou-se diferenca significativa apenas para a pH da

solugdo, neste caso maior média foi observada para PL.
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Tratamentos pH CE P K Ca Mg S B Mn Cr
dS cm’! mg L’
Rejeitos da mineracdo de Mn
Mn- 6.28 0.15 3.04 0.09 521 169 163 218 553 427
Mn* 7.02 0.96 1.19 396 348 219 221 297 071 259
TR 6.98 3.65 3.04 021 858 735 107 6.11 218 4.46
PVC 8.50 2093 4.75 149 297 216 149 502 502 102
PL 8.20 7.95 6.71 237 249 146 132 116 122 133
CwW 7.11 0.93 2.68 .36 203 396 105 990 282 16.1
PL+TR 6.59 4.68 8.02 245 105 335 322 233 140  58.0
PL+PVC 7.12 1069 277 318 070 103 188 187 171 11.9
PL+CW 7.85 3.75 4.67 204 695 928 188 118 499 434
Rejeitos da mineracdo de Fe
Fe 6.49 0.65 3.06 091 595 143 150 681 356 3.0
Fe* 6.47 3.20 406 459 404 191 28.1 138 444 417
TR 7.00 3.85 123 074 421 651 954 777 179 9.60
PVC 7.87 5768 647  1.86 1.88 214 145 808 241 231
PL 7.82 438 0.74 231 228 141 894 106 313 231
Ccw 7.05 4.05 3.87 1.88 .72 139 169 112 218 26.0
PL+TR 6.33 19.5 597 3,65 9.68 233 256 250 446 437
PL+PVC 6.77 2941 032 269 037 11.8 120 804 69 0.80
PL+CW 7.28 115 420 205 3.69 6.86 16.1 114 394 153
Contrastes
Col (Rej Mn vs Rej Fe) 2,57 6110 -6,96™ 3,52" -9,1™ -8,19™ -11,0™ 165" 2104™ -151"
Co2 (Mn™ + Mn" + Fe” + Fe*) vs (TR + PVC + PL + CW + PL+TR + PL+PVC + PL+CW) 21,1 24910 314" -104™ -14,6™ -109" -124" 1458™ 245" -58,5"
Co3 (Mn™" + Fe*) vs (Mn™ + Fe) 0,72"  3,36™ -0,86" 7,55 -3,64™ 981" 18,9" 778" 839" 212"
Co4 (TR + PVC + PL + CW) vs (PL+TR + PL+PVC + PL+CW) 7,91°  -5389" -30,5" 17,77 -58,7° -127™ -52,5" 157" 868" -501"
Co5 (TR + PVC) vs (PL + CW) -3,27 7838 5,06 5,057 6,3 17,8™ 354" 479" 614" 4,84
Co6 (TR vs PVC) 2,39" 7853 6,95 24"  -7,94" 291" 9,18™ 47,1 110" 111"
Co7 (PL vs CW) -1,24% 192 745% 285" 1647 39,07 30,3 272" 854™ 59,5
Co8 (PL+TR + PL+PVC) vs (PL+CW) 3,03"  -3237° 294" 0,6 2,177 19,2 -21,6™ -57,1™ -78,6™ -40,3"
Co9 (PL+TR vs PL+PVC) 1,24 -38917"  5,79" -1,79" 9,56™ -5,94™ 4,14™ 350" -77,2" 46,0"
Co10 (PL vs PL+CW) 1,87 441™  0,9™  1,43™ 1,02 10,9" -5,26" 10,0™ -64,6™ -26,6™
Cil (Mn* + Fe*) vs (TR + PVC + PL + CW) 3,47 7880™ 150" -20,6™ 11,5" -32,6™ -65,8 238" 222" 23"
Ci2 (Mn* + Fe*) vs (PL+TR + PL+PVC + PL + PL+CW) 4,58  4563° 3,67 -11,0" -6,07" -56,2™ -62,5 218" 50,8™ -116™

“P<0,05; *P< 0,01; ™: ndo significativo.

75




4. Discussao
4.1. Crescimento de planta

De acordo com a interpretacdo de Alvarez et al. (1999), utilizada para solos agricolas, os
rejeitos de Fe e Mn possuem baixa fertilidade, notadamente pelos baixos teores de P e bases
trocdveis (Ca**, Mg?* e K*) (Tabela 1). A fracdo argila, caracteristica fisica que classifica a
textura do solo junto com areia e silte, constituiu apenas 20 e 50 g kg™! para o rejeito de Mn e
Fe, respectivamente, sendo ambos classificados como textura arenosa (Teixeira et al., 2017). A
acidez ativa dos rejeitos, medida pelo pH em dgua, foi classificada como acidez fraca e média,
respectivamente para os rejeitos de Fe e Mn. A CTC muito baixa do rejeito de Fe indica que a
argila desses materiais deve dispor de poucos sitios de troca. Por outro lado, o rejeito de Mn
mostrou CTC consideravelmente mais alta, no entanto, ainda classificada como baixa. O alto
valor de P-rem no rejeito de Fe reflete a baixa capacidade de adsorcao de P do mesmo. Os teores
de matéria organica (MO) foram muito baixos (0,0 e 6,6 g kg'!, respectivamente para os rejeitos
de Fe e Mn). Isso se deve as caracteristicas de textura arenosa dos rejeitos, assim como o préprio
processo de extracdo dos minérios que envolve a supressdo da vegetacdo original. Por outro
lado, os teores de S, Zn, Fe e Mn disponiveis foram classificados como altos. As concentracdes
de Cr, Cu e Pb em ambos os rejeitos ficaram abaixo dos valores de prevencdo para metais
pesados no solo, segundo (CETESB, 2014).

Os atributos quimicos dos rejeitos evidenciam a alta limitacao ao crescimento de plantas
a serem usadas para revegetacdo, apresentando como restricdes os baixos teores de P, bases
trocaveis, MO e CTC. Além de apresentar granulometria que dificulta o crescimento do sistema
radicular de plantas, o que indica sérias restricdes ao estabelecimento de espécies vegetais.
Essas limitacdes sdo mais evidentes no rejeito de Fe, devido ao predominio da fracdo areia, a
auséncia de MO e a baixa capacidade de troca catidonica que resulta em reduzida capacidade
total de adsor¢do de cétions neste rejeito.

Na comparagio entre os rejeitos (Col = Rej Mn vs Rej Fe), média de todos os tratamentos
em cada rejeito, constatou-se maior producdo de biomassa total no rejeito de Mn (2.64
comparado a 1.50 g vaso ! no rejeito de Fe) (Tabela 3). O rejeito de Mn possui maior CTC
quando comparado ao rejeito de Fe, portanto, resulta em maior capacidade total de adsorcao de
cations e menor capacidade de alterar o pH com adicao de biocarvao alcalino. Além disso, as
plantas podem ter se desenvolvido melhor no rejeito de Mn devido a maior quantidade de

matéria organica (MO) neste rejeito (Tabela 1), contrastando com o rejeito de Fe que ndo
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apresentou teor de MO. A matéria organica no solo atua tanto como agente condicionador
quanto como fornecedor de nutrientes para as plantas. Correlagdes fortes e significativas
(P<0,05) foram observadas entre a produ¢do de biomassa e CTC do rejeito de Mn (r = 0,99),
teores de MO (r = 0,99) e pH em 4gua do rejeito (r = -0,99), evidenciando que estes atributos
do solo influenciaram o crescimento de plantas, no caso do pH do rejeito, negativamente.
Adicionalmente, atributos fisicos também podem ter contribuido para efeitos deletérios no
desenvolvimento das plantas. O rejeito de Mn possui praticamente o dobro da capacidade de
retengdo de dgua (32%, comparado com 18% para do rejeito de Fe), que logicamente
possibilitou melhores condi¢des para a germinagdo e crescimento das plantas. Durante o
periodo experimental, observou-se a formacdo de uma crosta endurecida nos vasos com rejeito
de Fe, que provavelmente contribuiu para uma degradacao estrutural. Isso pode ter agido como

um impedimento fisico ao desenvolvimento radicular.

Tabela 6. Coeficientes de correlacdo de Pearson em resposta ao cultivo de crotalaria (Crotalaria
juncea) cultivada em rejeitos de mineracdo de Fe e Mn condicionados com aplicacdo de
fertilizacdo quimica e biocarvoes produzidos por pirdlise de residuos de cama de frango (PL),
madeira de constru¢do (CW), pneu (TR), plastico PVC (PVC) e co-pirdlise (PL+CW; PL+TR
e PL+PVC) a 600 °C, e respectivos controles com e sem fertilizagdo quimica (Fe", Fe*, Mn™ e
Mn*)
Ger H Bio Ca Cd Cr Cu Fe K Mg Mn Na P Pb S N pHoio CTCy010 MOso10 pHpc Cinzas CEpc
Ger 1,00
H 062" 1,0
Bio  0,5470,90" 1,00
Ca 04670767083 1,00
Cd  04070,650,64™0.69 1,00
Cr 03170,5470,6170,710,54™ 1,00
Cu  036"0,6370,6370,70" 0,87°047" 1,00
Fe  03170,570,56™0,57"0,75"0,33"0,92" 1.00
K 0.5470,88"0,96™0,9170,66™0,64"0,64™0,54” 1,00
Mg 0490,6270,6470,55" 0,34 0,25°0,42"0,39°0,66” 1,00
Mn  033"0,58"0,55"°0,59"0,83""0,310,94"0,94"°0,56" 0,31 1,00
Na  04870,60"0,56™0,51" 041" 0,26°0,47"0,400,56"0,74"0,38"" 1,00
P 04770,7870,8870,75"0,58"0,5270,60"° 0,530,877 0,87 0,47 0,62 1,00
Pb 025°0.44704070.4370,64™ 0,160,84"0,83"°0,38" 0,29" 0,83"* 0,2970,37" 1,00
S 0.4970,680,69"0,7170,650,32"0,80™0,75"0,73"0,81"0,72"°0,76"°0,79" 0,66 1,00
N 0427076"09470,76" 0,550,617 0,57 0,49" 0,87 0,59 0,45 0,43 0,87 0,35"°0,58" 1,00
PHyie 0,00 -0,64-0,99° -0,55 -0,76 -0,36 -0.49 -0,09 -0,66 0,55 042 -0,58 -0,58 0,58 -0,59-0,99" 1,00
CTCslo 0,00 0,64 0,99° 0,55 0,76 0,36 0,49 0,09 0,66 0,55 -0,42 0,58 0,58 -0,58 0,59 0,99""-1,00” 1,00
MO, 0,00 0.64099% 055 076 036 049 -0,09 0,66 055 042 058 0,58 -0,58 0,59 0,99°°-1,00 1,00 1,00
pHec  -0.31 0,09 0,14 005 034 0,07 032 038 0,19 0,18 033 038 025 038 027 020 -090 090 090 1,00
Cinzas 0,06 0,23 0,20 0,36 040 043 040 039 022 025 039 035 0,23 037 0,26 0,22 -0,58 0,58 0,58 035 1,00
CEgc 0,25 0,51 0,45" 0,4470,67" 0,360,64"70,68™ 0,49°0,61"0,65"0,67"°0,57"°0,60"0,60™ 0,47" -0,58 0,58 0,580,60™ 0,65 1,00

Ger: Germinagao; H: Altura da planta; Bio: Biomassa total; Ca, Cd, Cr, Cu, Fe, K, Mg, Mn,
Na, P, Pb, S e N: Conteudo dos respectivos elementos na parte aérea das plantas; pHsc: pH dos
biocarvoes; Cinzas: Teor de cinzas dos biocarvoes; CEgc: Condutividade elétrica dos
biocarvdes. "P<0,05 e “P<0,01: significativo a 5 e 1% de probabilidade, respectivamente.
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Reducdes gerais de absorcdo de nutrientes observadas quando a crotalaria foi cultivada
no rejeito de Fe, em comparacdo com o de Mn, pode estar relacionado com as caracteristicas
do mesmo (baixa CTC e auséncia de MO), o que ocasionou o aumento da CE e do pH da solucao
do solo (Figura 1a-d), sobretudo quando os biocarvdes alcalinos foram aplicados. O pH do solo
afeta o sistema radicular e sua capacidade de absorver nutrientes. Quando o pH do solo for
superior a 8, a planta poderd ndo conseguir absorver suficientemente alguns micronutrientes
como, Fe, Zn e Mn, embora a disponibilidade de P seja elevada (Dhaliwal et al., 2019).

Os tratamento-controle dos rejeitos de Fe e Mn, ambos com adicdo de fertilizante
quimico, obtiveram os melhores resultados, independente da comparacdo, seja em relacdo a nao
presenca de fertilizacdo (Co3) ou de biocarvdes, qualquer que seja ele (Co2, Cil e Ci2). O uso
de fertilizantes promoveu o aumento no crescimento das plantas de crotalaria em ambos os
rejeitos estudados, embora existam diferengas entre os rejeitos na absorcao de nutrientes. Neste
sentido, a aplicagdo de fertilizantes aumenta a cobertura vegetal e, portanto, é altamente
recomendada para atividades revegetacdo e reabilitacdo ambiental que pretendam estabelecer
uma cobertura vegetal o mais rapido possivel (Carvalho et al., 2018; Silva et al., 2018).

O conteudo de nutrientes e metais pesados na biomassa aérea das plantas (Tabela 4 e S2)
foi influenciado principalmente pela adi¢do de fertilizantes aos rejeitos (Co3, Cil e Ci2). A
correlacdo positiva e significativa entre o actimulo de nutrientes e a produgdo de biomassa da
parte aérea (Tabela 6) sugere que a fertilizacdo € capaz de aumentar concomitantemente o
crescimento e a absorcao de nutrientes pela crotalaria cultivada em ambos os rejeitos.

Os biocarvoes oriundos da co-pirdlise, quando comparado com aqueles somente
pirolisados (Co4) ndo favoreceram o desenvolvimento das plantas. Deve-se destacar que os
biocarvoes refletem a composi¢cao dos residuos utilizados. Portando, a co-pirdlise da cama de
frango (rica em nutrientes) com os demais residuos promoveu a confec¢do de biocarvdoes com
elevado teor de cinzas e nutrientes, especialmente K e Ca. Neste sentido, a aplicagdo dos
biocarvoes co-pirolisados em rejeitos com baixa capacidade de tampao, especialmente o rejeito
de Fe, aumentou o pH e CE da solucao do solo (Figura la-d) e reduziu a disponibilidade de
nutrientes, principalmente os micronutrientes, como mencionado anteriormente.

Na comparagio entre os biocarvdes resultantes de residuos de origem sintética ou natural,
verificou-se que residuos de origem sintética sejam eles via pirdlise (Co5) ou co-pirdlise com
cama de frango (Co8), sobretudo os biocarvoes com PVC, influenciaram negativamente a

germinagdo e crescimento das plantas. Adicionalmente, o biocarvao de PVC também teve
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desempenho inferior quando comparado ao derivado de pneu, tanto via pirdlise (Co6 = PVC vs
TR) quanto na co-pirdlise (Co9 = PL+TR vs PL+PVC). A aplicagdo destes biocarvoes (PVC e
PL+PVC) reduziram drasticamente a germina¢ao no rejeito de Mn, enquanto no rejeito de Fe
ndo houve germinacdo da crotalaria. Portando, os resultados deste estudo suscitam uma
preocupacio com o risco de usar biocarvoes derivados de PVC como condicionador organico
e/ou inorganico para remediar dreas de mineracdo. O biocarvao derivado de PVC contém alguns
compostos toxicos, como o hidrocarbonetos policiclicos aromadticos e altos teores de cloro
(Lopez et al., 2011; Jouhara et al., 2018), que podem representar algum impacto ambiental
negativo, sobretudo quando aplicado em altas doses. A lavagem do biocarvdo antes da sua
aplicagdo ao solo poderia minimizar esse impacto.

O efeito inibitério na germinacao e no crescimento da crotalaria, especialmente no rejeito
de Fe, quando alterado com biocarvdes oriundos da pirolise ou co-pirdlise de PVC, deve-se
provavelmente aos altos valores de CE e teor de cinzas destes biocarvdes (Tabela 2).
Dependendo do tipo de matéria-prima partir do qual o biocarvao € produzido, este pode conter
altas concentracdes de nutrientes que podem afetar a germinagdo das sementes (Gaskin et al.,
2008). Durante a pir6lise, cétions basicos como Ca, Mg e K contidos na matéria-prima podem
ter sido convertidos a 6xidos, hidréxidos, sulfatos e carbonatos, os quais, podem atuar como
agente calante e elevar a alcalinidade do solo apds aplicacdo do biocarvao (Yuan et al., 2011;
Zhang et al., 2017). Portanto, além do pH alcalino do solo, a composi¢do e concentragdo de sal,
especialmente CO3> e HCO3', sdo os principais fatores que inibem a germinacio das sementes
(Ma et al., 2015). Liu et al. (2014) também relataram que a salinidade excessiva pode
influenciar negativamente a germinacao e o crescimento das plantas. Esses autores observaram
que o solo alterado com composto derivado de lodo de esgoto, rico em sais soliveis de Na, K,
Cl, Mg e Ca, inibiu a germinagdo e o crescimento das sementes de alface (Lactuca sativa) e
tomate (Solanum lycopersicum).

No presente estudo, os biocarvoes de PVC e PL+PVC apresentaram teores de cinzas de
49 e 43%, enquanto os biocarvoes CW e TR foram menores, no caso, 4.2 e 12%,
respectivamente (Tabela 2). Em contrapartida a aplicacio de CW e TR no rejeito de Fe
aumentou a germinacdo de 55% do tratamento-controle fertilizado para 67,5 € 70%,
respectivamente. A dose aplicada de biocarvao (5%), aumentou imediatamente a CE e pH da
solucdo do solo, sobretudo devido ao alto “poder de neutralizacao da acidez do solo” e teores

de compostos soliveis nas cinzas da maioria dos biocarvdes, aliado a baixa capacidade de
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tamponamento dos rejeitos, especialmente o de Fe. Solaiman et al. (2012), ao avaliaram a
influéncia de biocarvdes e observaram que a germinagdo das sementes de trigo foi estimulada
quando aplicou-se 10 t/ha, porém foi inibida quando 100 t/ha foi utilizada para a maioria dos
biocarvoes avaliados, o que ressalta que o crescimento das plantas depende tanto da dose
aplicada, como das caracteristicas quimicas do biocarvao utilizado e do pH inicial do solo
(Heiskanen et al., 2020).

Os tratamentos com biocarvoes de residuos de madeira de constru¢do apresentaram
melhores resultados, seja entre biocarvdes de origem natural, obtidos pela pirolise (Co7) ou co-
pirdlise (Col0) e, até mesmo, quando comparados a fertilizagcdo quimica. Por exemplo, no
rejeito de Mn, quando o CW e PL+CW foram aplicados ao solo houve aumento de 13,3 e 4.86%,
respectivamente, na producio de biomassa total, em comparagdo ao tratamento-controle com
fertilizacdo. O aumento na producdo de biomassa no rejeito onde esses biocarvoes foram
aplicados pode estar associada com as propriedades dos mesmos, como por exemplo, baixa
condutividade elétrica (CE) e poder de neutralizacdo (PN), bem como e alta CTC do CW, (0,09
dS m'; 6,08% e 30,34 cmol. kg'l, respectivamente). Certamente essas propriedades
influenciaram positivamente no crescimento das plantas. Além disso, quando o CW foi
aplicado, as plantas absorveram maiores quantidades de N, P, K, Ca, Mg, S, Fe, Mn, B,
confirmando a menor alteracdo na CE do solo (0.93 e 4.05 dS m! para os rejeitos de Mn e Fe,
respectivamente) com a aplicacdo desse biocarvio, ja discutido. Adicionalmente, verificou-se
maiores conteudos de Al, Cr e Pb nas plantas cultivadas com o rejeito de Mn alterado com CW
(Tabela S2). Portanto, a adicdo de CW promoveu maior acimulo de nutrientes, que se traduziu
em maior produ¢do de biomassa, quando comparado ao rejeito apenas fertilizado
quimicamente. A maior absorcdo de metais (Cr e Pb) ndo comprometeu a producido de
biomassa. Esses elementos ndo sdo essenciais para o crescimento das plantas, mas sdo
absorvidos pelas plantas em seus tecidos, resultando em efeitos adversos na func¢ao fisiolégica

das plantas quando absorvidos em altas concentracdes (Teodoro et al., 2020).

4.2. Solucao do solo

Ao incorporar biocarvoes derivados de PVC no rejeito de Mn e PVC, PL e PL+CW no
rejeito de Fe foi observado um aumento significativo (P<0.05) no pH da solucao do solo. Este
aumento do pH da solucdo pode ser explicado por diferentes mecanismos: (i) o pH alcalino dos

biocarvoes (11.8, 10.6 e 10.6, respectivamente para o PVC, PL e PL+CW) (Rodriguez et al.,
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2020, 2021) que induz um efeito calagem (capacidade de neutralizar a acidez), aumentando o
pH do solo (Masud et al., 2020); (ii) a dissolucdo de 6xidos , hidréxidos e carbonatos metalicos
presentes no biocarvao (Houben e Sonnet, 2015); (iii) a presenga de grupos funcionais COO™ e
O na superficie do biocarvao que pode se ligar a H" (Yuan et al., 2011; Dai et al., 2017) e (iv)
adicao de cétions soliveis como Ca, Mg e K (Enders et al., 2012; Dai et al., 2017). Embora o
efeito calagem da aplicagdo de biocarvdo possa favorecer a imobilizagdo de “possiveis
poluentes” nos rejeitos, um aumento significativo do pH do solo interferiu seriamente e
comprometeu o crescimento e o desenvolvimento das plantas (Tabela 3). Os biocarvoes
provenientes da co-pirdlise envolvendo PL no rejeito Fe e PVC e PL em ambos os rejeitos
aumentaram significativamente o CE da solu¢do do solo. O aumento da CE da solucdo apds a
aplicacdo destes biocarvoes pode ser atribuida a propria CE dos mesmos (e.g., 10.9 e 146 dS
m’! para biocarvdes derivados de PL e PVC, respectivamente) (Rodriguez et al., 2020) e
também ao acréscimo de cinzas presentes no biocarvao e a adicdo de cations para a solucdo do
solo que aumenta a forca idnica da solucao (Chintala et al., 2013; Moreno-Barriga et al., 2017).

A aplicacdo de fertilizantes e/ou biocarvées aumentou a concentragdo na solugdo do solo
da maioria dos nutrientes e reduziu a concentracdo de alguns metais. Destaca-se que os rejeitos
s30 muito pobres em nutrientes. Mais notavelmente, a combinacdo NPK + biocarvao de PL+TR
aumentou significativamente as concentra¢des na solug@o do solo de P, K, Ca, B, Mg e S, os
dois tltimos apenas no rejeito de Fe, em comparacdo com os rejeitos ndo adubados ou aqueles
adubados apenas com NPK. Uma explicacdo plausivel para o aumento da concentragdo desses
nutrientes na solu¢do do solo nos tratamentos adubados com biocarvao derivado da co-pirdlise
entre PL+TR, pode estar relacionada a quantidade total adicionada de nutrientes ao solo por
essa fonte (28.7, 20.8, 33.5 4.86, 10.7e¢ 0.016 g kg‘l de P, K, Ca, Mg, S e B respectivamente)
(Rodriguez et al., 2021), além disso, devido ao alto pH e CEC dessa fonte (10.7 e 27.4 cmol.
kg!, respectivamente) (Rodriguez et al., 2021), esses nutrientes foram retidos no solo,
aumentando assim sua disponibilidade na solucao do solo.

O pH da solucdo do solo foi maior no rejeito de Mn quando comparado ao de Fe (Col).
Um aumento do pH da solu¢do do solo observado para o rejeito de Mn quando comparado ao
rejeito de Fe, ndo era esperado e, neste momento, ndo pode ser explicado, porque as
caracteristicas do rejeito de Mn (pH, CTC e teor de MO) favorecia uma menor alteracdo do pH
da solucdo. A condutividade elétrica (CE) na solucdo do solo do rejeito de Fe foi

aproximadamente 3 vezes maior (1033 dS m™') quando comparado ao rejeito de Mn. Esse
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aumento da CE na solu¢do do dolo no rejeito de Fe deve-se ao baixo poder tampao desse rejeito
e alta CE de alguns biocarvoes (e.g., 2.95, 10.9 e 146 dS m! para biocarvdes derivados de
PL+PVC, PL e PVC, respectivamente) (Rodriguez et al., 2020, 2021). As caracteristicas da
maioria dos biocarvoes, como alto pH, CE elevada e alto teor de cinzas, influenciou
significativamente o pH e CE da soluc¢do. Isso fica evidente na comparagdo dos biocarvoes com
os controles fertilizados e nao fertilizados (Co2), fertilizados vs biocarvoes de pirdlise (Cil) ou
de co-pirdlise (Ci2) onde houve aumento significativo do pH e CE da solu¢dao quando o
biocarvoes foram aplicados. Provavelmente, a solubilizacdo de espécies quimicas alcalinas
presentes nos biocarvoes, como calcita (CaCO3) e dolomita (CaMg(COs3)2, contribuiu para
aumentar o pH e CE da solucao do solo. Assim, a utilizacdo destes biocarvoes € uma estratégia
potencial para aumentar o pH de solos acidos, além de aumentar a concentra¢do de nutrientes
(e.g., S e B) na solucdo do solo.

Em comparacdo com o controle sem fertilizagdo, nos rejeitos adubados (Co3), a
concentracdo de K e S na solucdo foram significativamente maiores. Embora tenha ocorrido
variacdo nas concentracdes de P, Ca, Mg, B, Mn e Cr (Figure 2 e S1) durante a coleta de solucao
no solo, estes elementos nao foram significativamente afetados pela adi¢ao da fertilizagdo. Os
biocarvoes provenientes do processo de co-pirdlise aumentaram a concentracao de K, Ca e Mn
na solucdo do solo em comparagdo com a pirdlise (Co4). No processo de co-pirdlise as
biomassas pobres em nutrientes (TR e PVC) foram misturadas com PL, rica em Ca, K e P,
dando origem a biocarvoes com elevado teores desses nutrientes (Rodriguez et al., 2021).
Portando, € compreensivel o aumento na solu¢@o do solo desses nutrientes quando comparada
aos biocarvoes de pirdlise, contudo, isso ndo se traduziu em aumento na producdo de biomassa
da crotalaria. Os biocarvdes de origem sintética sdo pobres em nutrientes, porém possuem pH
elevado e alta CE, especialmente os derivados de PVC. Assim, verificou-se aumento tanto do
pH como CE da solucdo do solo quando estes foram aplicados em comparado com os de origem
natural (Co5). Em média, quando os biocarvdes de co-pirdlise foram aplicados, o pH da solu¢do
aumentou de 6.4-7.6. Nesta faixa de pH ha redugdo considerdvel da disponibilidade de P, B,
Fe, Mn, Zn e Cu (Sparks, 2003). Portanto, os aspectos nutricionais devem ter interferido no
desenvolvimento das plantas, uma vez que quando esses biocarvdes foram aplicados, apenas
para o TR no rejeito de Fe houve produgao de biomassa da planta. Quando os biocarvdes de
origem sintética formam co-pirolisados com PL houve uma reduciao no pH da solu¢do do solo,

ainda assim, a CE da solugiio se manteve extremamente elevada (1009 dS m™).
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O biocarvao derivado de PVC em comparagdo com TR (Co6), aumentou o pH, CE, e
concentracdo de Mg, K e Mn na solu¢do do solo. Como ja mencionado, esse biocarvao possui
alto pH e teores de cinzas, e CE elevada, além de maiores teores de K, Mg e S quando
comparado ao TR (Rodriguez et al., 2020). Tais caracteristicas inerentes ao biocarvao
supracitadas acima também foram importantes quando se comparou PL vs CW, onde houve
maior pH e concentracdo de alguns nutrientes (Mg, K, Ca, P e B) na solu¢do do solo adubado
com PL, reforcando assim que biocarvoes ricos em nutrientes aumentam a concentracao destes
na solucdo do solo.

Devido a alta heterogeneidade das propriedades do biocarvao, condi¢cdes do solo,
desenhos de experimentos e/ou condi¢des ambientais, as respostas das plantas a aplicacdo do
biocarvao no solo sdo amplamente variadas (Ali et al., 2017; You et al., 2021). Por exemplo,
You et al. (2021) verificaram que a aplicacdo de biocarvao de cavaco de madeira melhorou
significativamente a produtividade de plantas (Mesembryanthemum crystallinum L.) tolerantes
ao sal em solo costeiro sem aplicagado de fertilizantes. No entanto, esses autores observaram que
ndo houve diferenca significativa na produtividade quando o biocarvao foi aplicado em
combinacdo com fertilizante. Thomas et al. (2013) produziram biocarvdes derivados de madeira
e carcaga de porco e aplicaram em solos com baixo e alto teor de matéria orgénica e co-
contaminados com Cd e Di-etilhexil ftalato. Esses autores verificaram que ambos os biocarvoes,
especialmente o derivado de carcaca de porco na dose de 2%, aumentaram a producdo de
biomassa da Brassica chinensis L., de forma mais expressiva, no solo com baixo teor de matéria
organica. Os resultados do nosso estudo mostraram que a aplicacdo de NPK+biocarvoes
derivado da pirolise CW ou da co-pirdlise deste com PL aumentou a produgdo de biomassa e
absor¢do de nutrientes da crotalaria cultivada no rejeito de Mn em comparag¢do com aplicacao
do NPK sozinho (Tabelas 3 e 4). No entanto, para os demais biocarvdes, a aplicagdao combinada
com fertilizantes minerais ndo promoveu nenhum efeito significativo ou até mesmo diminuiu a
germinagdo e a producdo de biomassa das plantas de crotalaria. A inconsisténcia entre estes
resultados obtidos pode estar relacionada as caracteristicas dos biocarvdes, como teor de cinzas,
pH e quantidade de elementos alcalinos (Ca, K e Mg). Assim a aplicagdo combinada de
biocarvao e fertilizante parece minimizar os efeitos benéficos do biocarvao, ja que um dos
principais problemas para o crescimento das plantas em rejeitos de mineracdo € a deficiéncia

de nutrientes (Silva et al., 2018). Assim, o uso de biocarvdes rico em nutrientes, podem ser uteis
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para melhorar a revegetacdo em dreas onde ha disponibilidade restrita de nutrientes, como
pilhas de rejeitos.

Na Provincia Mineral de Carajds, a maioria das dreas nativas afetadas pela mineracgdo é
transformada em cavas exauridas de minas ou pilhas de rejeitos (Ramos et al., 2019). Segundo
estes autores, normalmente, a revegetacdo destas dreas com espécies arboreas ndo ¢é
recomendada, pois elas podem desestabilizar encostas mais ingremes. Nesse sentido, uso de
espécies de crescimento rapido, como a crotalaria, devem ser preferidas (Gastauer et al., 2019).
O crescimento rapido e o aporte de biomassa pela crotalaria pode contribuir para a estabilizacao
das propriedades fisicas e quimicas do solo, para a redu¢do da erosdo do solo e para o aumento
da quantidade de matéria organica no solo nas dreas mineradas a serem revegetadas (Carvalho
et al., 2018). No geral, os resultados do experimento em casa de vegetacdo demonstram
beneficios significativos da fertilizacdo para o crescimento das plantas em ambos o0s rejeitos,
em menor proporcao da adicao de biocarvao (derivado de madeira da construg@o) no rejeito de
Mn. No entanto, deve se enfatizar que, os biocarvdes produzidos a partir de diferentes materiais
de origem afetaram diretamente as caracteristicas quimicas dos rejeitos e por consequéncia a
resposta fisioldgica das plantas. Outro ponto a ser considerado é que apesar do experimento de
casa de vegetacdo demonstrar que uso de biocarvdes rico em cinzas e nutrientes podem
aumentar a CE da solucdo e interferir negativamente no crescimento da planta, nas condi¢des
de campo de Cardjas, doses de 5% podem ser interessantes, pois afinal os processos de erosao
e lixiviacdo podem ser mais intensos. Assim, a necessidade de garantir a revegetacdo nessas
condi¢des podem sugerir que doses mais elevadas de biocarvdo possam ser uteis ao

desenvolvimento das plantas.

5. Conclusoes
Os resultados mostraram que a crotalaria (Crotalaria juncea) foi responsiva a aplicagdo

de fertilizantes em ambos os rejeitos, com maior producdo de fitomassa no de Mn. No entanto,
em contraste com nossa hipdtese, os biocarvdes foram responsaveis por efeitos deletérios a
germinacdo das sementes e consequentemente ao crescimento das plantas, com exce¢do dos
biocarvoes produzidos a partir do residuo de madeira de construcdo aplicados no rejeito de Mn.
O alto teor de cinzas dos biocarvdes e cations alcalinos, com excec¢do do proveniente de residuo
de madeira de constru¢cdo, aumentou o pH e CE da soluc¢do do solo a niveis que influenciou

negativamente a germinacdo das sementes e crescimento da crotalaria. E evidente que a
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combinacdo de fertilizante e biocarvdes nas condi¢des desse trabalho pode ndo ser adequada
para ambos os rejeitos. Em outras palavras, é necessdrio confeccionar um biocarvao de acordo
com as limitagdes de cada rejeito e testar a dose que promova maior indice de germinacdo e
que contribua para o desenvolvimento das plantas. Finalmente, estudos adicionais que incluam
espécies de plantas nativas do ambiente minerado sdo necessdrios; o conhecimento das
necessidades nutricionais destas espécies e fatores limitantes ao seu desenvolvimento sdo de

extrema importancia, especialmente em projetos de revegetacdo de dreas mineradas.
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Material Suplementar

Tabela S1. Andlise de varidncia (ANOVA) da germinacdo, crescimento, biomassa seca da
folha, caule e total e conteido de nutrientes e metais na parte aérea da crotalaria (Crotalaria
Jjuncea) cultivada em rejeitos de mineracao de Fe e Mn condicionados com fertilizacdo quimica
e biocarvdes produzidos por pirdlise de residuos de cama de frango (PL), madeira de construg¢do
(CW), pneu (TR), plastico PVC (PVC) e co-pirdlise (PL+CW, PL+TR e PL+PVC) a 600°C, e

respectivos controles com e sem fertilizacdo quimica (Fe’, Fe", Mn" e Mn™)
Quadrado médio

Biomassa seca Contetido de macronutrientes e Na

Fontes de variacdo GL Germinacdo Crescimento Total Caule Folha N Ca K Mg Na P S
Bloco 3 6,42%%* 84,34 3,09% 0,66 097* 372,07 173,144 230,05* 1536 0,02 21,76* 26,27
Tratamento 17 60,86**  2128,37** 29,17**4,78** 10,51** 1702,87**1067,39**1828,55%* 58,48%* 1,23**42,62**160,22**
Rejeito (R) 1 279,01%*%  701,84%* 2580%*328** 10,68** 2441,69** 504,81** 1622,39**108,11** 0,82 68,59** 81,70
Biocarviao (BC) 6 6582%*  2736,39%*% 34,63*%*5,69%* 12,34** 1891,84%*%1904,51*%2463,01%* 54,47** 1,19%*44,24**]58,46**
Rej x BC 6 32,60%%  1760,14%* 21,62%*3,18** 828** 1472,33%* 745,72%* 1158,69%* 85,50%* 2,03**44,77**240,94**
Testemunha 3 16,33%*  1421,27%*% 3548*%*578** 12,80%* 1906,41** 491,76** 1913,39** 11,534 0,26 27,31** 68,78

Fator*Testemunha 1  101,53** 1454,45*%% 147 127 0,01 6,42 8,56 245,74 1191 0,05 9,10 1,75

Erro 51 1,29 64,47 1,03 0,38 0,27 178,73 64,92 75,06 828 025 6,50 26,83
CV (%) 23,33 39,1 48,98 72,93 42,29 100,71 73,53 51,90 98,16 119,95 94,79 105,72
Conteudo de micronutrientes e metais

Bloco GL Fe Mn B Zn Cu Cr Mo Pb

Tratamento 3 1,14 49,32 0,07 22,02 9,17E-04 2,10E-03 6,57E-05 2,02E-04

Rejeito (R) 17 2,55%* 114,45%% 0,34** 2831 1,79E-3**4,29E-3%*3 79E-4** 9 42E-05

Biocarvao (BC) 1 0,65 19,34 0,07 32,39 2,85E-05 4,48E-03 5,07E-4** 6,87E-07

Rej x BC 6 2,55% 88,52*  0,40** 36,04 1,57E-03 8,67E-3**4,65E-4** 9,17E-05

Testemunha 6 3,04%* 95,59*  0,17** 37,59 1,60E-03 1,56E-03 5,11E-4** 1,42E-04

Fator*Testemunha 3 2,01 165,35%* 0,49*%* 0,06 2,69E-3* 2,20E-03 9,25E-06 6,12E-05

Erro 1 0,66 87,45 0,14* 6,73 5,20E-04 3,50E-05 3,80E-05 7,90E-07

CV (%) 51 0,90 33,14 0,03 22,28 7,20E-04 1,49E-03 4,66E-05 8,98E-05

183.53 17442  73.63 676.68 17649 20514 15024 323,08
& sk . . . eqe .
P<0,05 e "P<0,01: significativo a 5 e 1% de probabilidade, respectivamente.

92



Tabela S2. Contrastes ortogonais médios, significincia e médias dos contetidos de Zn, B, Na,
Al, Cd, Cr, Cu e Pb na crotalaria (Crotalaria juncea) cultivada em rejeitos de mineracdo de Fe
e Mn condicionados com fertilizacdo quimica e biocarvdes produzidos por pirdlise de residuos
de cama de frango (PL), madeira de construcdo (CW), pneu (TR), plastico PVC (PVC) e co-
pirdlise (PL+CW, PL+TR e PL+PVC) a 600°C, e respectivos controles com e sem fertilizacdao
quimica (Fe’, Fe", Mn" e Mn")

Tratamentos Zn B Na Al Cd Cr Cu Pb
mg vaso’'
Rejeito da mineracdo de Mn

Fe 0.013 0.052 0.108 0.071 0.001 0.003 0.004 0.000
Fe* 0277  0.773 0.710 0.802 0.006 0.049 0.057 0.008
PL 0.001 0.005 0.116 0.074 0.000 0.002 0.002 0.000
CwW 0.052 0.821 0.570 0.136  0.003 0.117 0.048 0.009
TR 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PVC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PL+CW 0.161 0.333 1.195 0.162 0.000 0.059 0.014 0.007
PL+TR 0504 0.254 1.867 0.039 0.002 0.006 0.022 0.002
PL+PVC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.029 0.171 0373 0.157 0.002 0.005 0.008 0.001
Fe* 0.153 0.644 0534 0576 0.004 0.039 0.042 0.006
PL 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CwW 0.021 0.435 0.826 0.080 0.001 0.059 0.019 0.001
TR 11.344  0.497 1.232 1276 0.003 0.000 0.057 0.018
PVC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PL+CW 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PL+TR 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PL+PVC 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Contrastes

Cl 1.171™ -0.055™ -0.178™ 0.090™ 0.000™ -0.015" -0.002" 0.000"
C2 0.745™ -0.243™ -0.016™ -0.275™ -0.002" -0.007™ -0.016" -0.001™
C3 0.194™ 0.597 0.382"™ 0.575° 0.004™ 0.040° 0.043" 0.007™
C4 -1.317™ -0.122" 0.167™ -0.162™ -0.001™ -0.01™ -0.010" -0.002"
C5 2,817 0.1917  0.070™ -0.247™ 0.001™ 0.044™ 0.003™ -0.002"
C6 -5.672° -0.249" -0.616™ -0.638" -0.001™ 0.000™ -0.029" -0.009"
C7 0.036™ 0.625™ 0.640" 0.071 0.002™ 0.087" 0.033" 0.005™
C8 -0.046™ 0.103™ 0.131™ 0.071™ 0.000™ 0.028™ 0.002" 0.003"
C9 -0.252™  -0.127™ -0.934™ -0.020™ -0.001™ -0.003™ -0.011" -0.001"
C10 0.080™ 0.164° 0.540" 0.044" 0.000™ 0.029" 0.006™ 0.003™
Cl1 1.212™ -0.489™ -0.279™ -0.493" -0.004" -0.022™ -0.034" -0.004"
C12 -0.104™ -0.611" -0.111™ -0.656" -0.005" -0.033" -0.044" -0.006™

“P<0,05; “P< 0,01; ™: ndo significativo. Col (Rej Mn vs Rej Fe); Co2 (Mn- + Mn+ + Fe- + Fe+) vs (TR + PVC
+ PL + CW + PL+TR + PL+PVC + PL+CW); Co3 (Mn+ + Fe+) vs (Mn- + Fe-); Co4 (TR + PVC + PL + CW) vs
(PL+TR + PL+PVC + PL+CW); Co5 (TR + PVC) vs (PL + CW); Co06 (TR vs PVC); Co7 (PL vs CW); Co8
(PL+TR + PL+PVC) vs (PL+CW); Co9 (PL+TR vs PL+PVC); Co10 (PL vs PL+CW); Cil (Mn+ + Fe+) vs (TR
+ PVC + PL + CW); Ci2 (Mn+ + Fe+) vs (PL+TR + PL+PVC + PL + PL+CW).
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Tabela S3. Andlise de regressao das caracteristicas quimicas e macronutrientes da solucdo do solo dos rejeitos de Fe e Mn condicionados com
biocarvdes produzidos por pirdlise de residuos de cama de frango (PL), madeira de constru¢cdo (CW), pneu (TR), plastico PVC (PVC) e co-pirdlise
(PL+CW; PL+TR e PL+PVC) a 600°C e respectivos controles com e sem fertilizacdo quimica (Fe”, Fe*, Mn" e Mn™)

CE pH R2 Mgsolu\e] R I(soluve] RZ Casollﬁwel Rz
Rejeito de Mn

Mn Y =1,24+0,25%%x-0,00427*x 0,51 Y =6,07-0,011#x+0,0006**x> 0,55 Y =-13,74+4,16%%x-0,081%*x2 045 Y =0,08+5E-4**x+3E-6**x> 0,07 Y =-3,35+1,22%%x-0,024**x> 0,59
Mn+ Y =0,18+0,108**x-0,0021*#x> 0,5 Y =639+0,027**x 0,85 Y =33,92-0,53%*x 0,38 Y =Y=396 Y =3,1140,38*x-0,011**x2 0,39
PL Y =2,94+0,63%#x-0,012%%x2 0,97 Y =693+0,27%*x-0,006%*x> 0,97 Y =28,19-0,59**x 092 Y :Y:2,37 ¥ =8,91-0,68%#x+0,012%*x> 0,94
cw Y =0,11+0,12%*x-0,002%%x2 0,99 Y =9,90-0,28**x+0.0044**x2 0,72 Y=Y =3,96 Y =y=1,36 ¥ =0,68-0,26*x+9,2E-3**x> 0,94
TR Y =1,24+0,25%%x-0,004**x2 Y =7,37-0,06%#x+0,001*%x2 0,11 Y =-2,82+0,45%**x 0,91 ¥ =0,12-1E-4**x+1E-4**x2 0,92 Y =2,39-0,95%*x+0,04%%*x> 0,95
PVC Y =1615,46+20,97*x 0,85 Y =8,60-0,106%*x+0,0003**x> 0,53 Y =11,66+0,044%%*x 046 Y=Y=148 Y =-2,40+0,72%#x-0,014*%x2 0,42
PL+TR ¥ =3,25+0.21%%x-0,004%*x> 0,87 Y =6,83-0,011%%x 0,78 Y =Y=3347 Y =0,094+0,103%*x 0,97 Y =23,16-1,68**x+0,03**x> 0,89
PL+PVC Y =Y =664,73 Y=Y=712 Y =22,96-1,39%x-0,024%x> 0,99 Y =5,37-0,096%*x 0,77 Y =Y=0,70

PL+CW ¥ =2,68+0,04**x-0,006**x> 0,61 Y=Y=785 Y =Y =9,28 Y =¥=2,04 Y =7,44+0,66**x-0,019%*x2 044

Rejeito de Fe

Fe Y =Y =0,65 Y =7,01-0,08%#x+0.002%*x? 0,74 Y =-3,59+2,49%*x-0,049**x> 0,88 Y =Y =0,91 Y =-3,52+1,38*%x-0,03**x> 0,64
Fe* Y =0,64+0.32%*x-0.006**x2 0,54 Y =5,93+0,024%%x 0,89 ¥ =53,79-3,28*#x+0,051**x2 0,99 Y =7,29-0,12%x 0,55 Y =4,45+0,29x9E-3%*x> 0,48
PL Y =Y=438,17 Y =6,67+0,27%%x-0,006**x> 0,97 Y=Y-=14,14 Y =Y=2,31 Y =8,21-0,63%*x+0,01**x2 0,94
CcwW Y =1,77+0,27**x-0.005**x2 0,97 ¥ =9,73-0,22%%x+0,003**x> 0,92 ¥ =11,88-2,05%*x+0,062**x> 0,95 Y =Y=1,88 ¥ =0,58-0,02%*x+7,3E-3**%x2 0,92
TR Y =2,41+0.24%%x-0.005%*x? 042 Y =Y=7,00 Y =-2,40+0,39%*x 091 Y =Y=0,74 Y =0,66-0,27**x+12B-3%*x2 0,98
PVC Y =11519,81-487,64*x+0,005*x2 0,99 Y =7,60-0,069x-0,0023*x? 0,7 Y=Y=2136 Y =Y=1,86 Y =-0,77+0,37**x-7TE-3*x2 0,35
PL+TR Y =Y=19,54 Y =Y =633 Y =48,88-3,56**x0,071%*x> 0,85 ¥ =-0,32+0,17*x 0,82 Y =21,43-1,66**x+0,033**x2 0,91
PL+PVC Y =Y=2941,43 Y =7,18+0,02%* 0,96 Y=Y=11,81 Y =5,19-0,11%x 0,54 Y =0,59-4,5E-3*x-2E-4x2 0,6
PL+CW Y =Y=11535 Y =6,76+0,023** 0,71 Y =Y=6,86 Y =Y=2,05 Y =Y =3,69

(*) indica diferencas significativa (p<0,05); (**) indica diferencas significativa (p<0,01); R’=coeficiente de regressao.
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Tabela S4. Andlise de regressdo macro e micronutrientes e metal da solucdo do solo dos rejeitos de Fe e Mn condicionados com e biocarvoes
produzidos por pirdlise de residuos de cama de frango (PL), madeira de constru¢cdo (CW), pneu (TR), plastico PVC (PVC) e co-pirdlise (PL+CW;
PL+TR e PL+PVC) a 600°C, e respectivos controles com e sem fertilizacdo quimica (Fe", Fe*, Mn e Mn")

Psolivel R2 Ssolivel Biolavel R2 Mngolivel R2 Crsolivel R2
Rejeito de Mn

Mn ¥ =-1,06+0,68*¥x-0,014%*x> 093 ¥ =-6,03+3,56*%x-0,074**x> 0,89 Y=Y =21,76 Y =3,11+0,93*x-0,024%x> 0,38 Y =-35310,44*%x-0,20x" 0,42
Mn* Y =Y=1,19 Y =30,03+0,16x-0,015%#x> 0,65 Y=Y=29,75 Y =-0,34+0,13#x-32E-3*x2 0,38 ¥ =98,67-7,13%*x+0,11**x> 0,91
PL Y =1,69+0,96*#x-0,021**x2 0,69 Y =Y=13,22 Y =229,87-13,53%#x+0,24%#x2 0,87 Y =Y =122,53 Y =Y =13,24

CW Y =10,27-0,77*x+0,013x2 0,92 Y =18,76-1,49%#x+0,033**x> 0,88 Y =32,59-4,61%x+0,22%%*x> 0,99 Y =Y=282,06 Y =61,95-4,48*#x+0,071**x> 0,92
TR ¥ =0,67-0,29x+0,011%%x2 0,96 ¥ =0,96+0,044x+0,014%*x> 0,97 Y =-0,20-0,072*x+0,01x> 0,99 Y =-0,82-0,11%*x+4,9E-3*x> 0,99 ¥ =-0,31+0,26x-1,5*E-3x> 0,76
PVC Y =5,55-0,60%*x+0,016%*x> 0,87 Y =Y=14,95 Y =Y =50,16 Y =Y =50,23 52,92+9,87#%x-0,22%%x? 0,16
PL+TR ¥ =0,69+1,15%*x-0,024**x> 0,24 Y =Y=32,16 Y =36,46+12,55%%x-0,11%x> 0,98 Y =Y=139.66 Y =9,68-3,88%#x+0,17**x> 0,99
PL+PVC Y=Y=2,77 Y =31,37-0,22x+0,01%x> 0,87 Y =407,02-15,48**x+0,17%*%x> 0,77 Y =596,53-40,34*x+0,63x> 0,88 Y=Y=11,89

PL+CW ¥ =3,86+0,30x-0,008%*x> 0,73 Y =Y=18,85 Y =185,29-8,73%x+0,17*%x2 0,99 Y =Y=4991 Y =46,96-4,74%%x+0,13%*%x> 081

Rejeito de Fe

Fe ¥ =-2,43+0,73%%x-0,014%%x> 042 ¥ =-2,68+2,58%%x+0,052%*x> 0,89 Y =33,87+7,36x-0,16%x> 0,42 Y =17425+6223*x-1,57*x> 038 Y =Y=3,69

Fe* Y =8,64-0,44%x+0,007x> 0,53 ¥ =33,06-0,87%x+0,019x> 0,63 ¥ =208,04-3,08*%x 0,95 Y =297,71+61,65%%x1,59**x2 0,54 Y =87,57-2,015%*x 0,96
PL Y =Y =0,74 Y =7=8,94 Y =127,265,99%x-0,20%%x? 0,86 Y =842,11-38,32%#x+0,44x> 0,99  2,74+0,019%x-0,0011%*x> 0,13
CW ¥ =9,38-0,85%#x-0,017+*x> 0,99 ¥ =13,82-0,72%*x+0,025%*x> 0,86 Y =Y =112,24 ¥ =714,31-44,92%#x+0,67%x2 0,99 Y =53,31-5,19%*x+0,11##x> 0,99
TR Y =Y=123 ¥ =-0,63+0,14x+0,008%x> 0,95 ¥ =6,87+7,92x-0,14%x? 024 Y =-71,71+34,96%x-0,69x> 0,39 Y =Y=9,60

PVC ?(,1:2;1*14216,027**% 098 ¥ =Y=14,50 Y =Y =80,77 Y =106,56-30,07x+1,039*#x> 0,95 Y=Y =23,08

PL+TR OY,&)zl’Zi:,?z’W*x' 0,17 Y =15,69+0,44%*x 0,39 ¥ =272,52-10,28%#x+0,27%#x> 0,99 ¥ =162,1158,96**x+2,06**x> 0,94 ¥ =46,05-2,46x+0,068%x> 0,84
PL+PVC Y =Y=0,32 Y =32,98-2,21%%x+0,04*#x> 0,99 ¥ =22623-16,70%#x+0,29%*x> 0,98 ¥=223,49179,82%*x+3,23*¥x?> 0,95 ¥ =1,42-0,028*x+3E5**x> 0,60
PL+CW ¥ =0,34+0,72**x-0,016%*x> 0,98 Y =18,32-0,095 Y =158,27-8,15%%x+0,18**x> 0,96 ¥ =Y =3941 Y =-10,28+1,12%x 0,60

(*) indica diferencas significativa (p<0,05); (**) indica diferencas significativa (p<0,01); R’=coeficiente de regressao.
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Figura S1. Regressoes entre S, B, Mn e Cr e o tempo de coleta da solu¢do do solo no rejeito de
mineracdo de Fe e Mn condicionado com fertilizagdo quimica e biocarvoes produzidos por
pirdlise de residuos de cama de frango (PL), madeira de constru¢dao (CW), pneu (TR), plastico
PVC (PVC) e co-pirdlise (PL+CW; PL+TR e PL+PVC) a 600°C, e respectivos controles com
e sem fertiliza¢do quimica (Fe’, Fe*, Mn e Mn*). As linhas sdo as curvas de melhor ajuste.




