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RESUMO

BIOCARVAO E CINZAS DE CASCA DE ARROZ: AMENIZANTES DA TOXIDEZ
DE FERRO EM CULTIVOS DE ARROZ IRRIGADO

AUTORA: Fabiane Figueiredo Severo
ORIENTADOR: Leandro Souza da Silva

O estado do Rio Grande do Sul (RS) é o maior produtor de arroz no Brasil e o principal sistema
de cultivo é o de irrigacdo por alagamento. Neste sistema, em condi¢fes anaerdbicas, o ferro
(Fe3*) presente nos 6xidos se reduz a Fe?*, uma forma sollvel e, por consequéncia, mais
disponivel as plantas. A maior quantidade de Fe2" na solucdo do solo pode vir a se tornar toxico
ao arroz, causando prejuizos aos produtores. Uma pratica comum no beneficiamento do arroz
é a queima da casca de arroz na geracao de calor para a secagem dos graos, gerando grandes
quantidades de cinzas a cada safra. Outro material também produzido a partir da queima de
residuos vegetais em condi¢des de tempo e temperatura controladas é o biocarvéo. O biocarvéao
e as cinzas possuem capacidade de adsor¢do para espécies metalicas e poderiam ser utilizados
como adsorventes em lavouras de arroz onde se encontram elevadas concentragfes de Fe?*apds
o alagamento. Neste estudo, um biocarvao de casca de arroz (RHB) e duas cinzas (RHA1L e
RHAZ2) foram caracterizadas por diversos pardmetros quimicos e fisicos assim como suas
capacidades de retencio de Fe?* em solucdo. Embora a diferenca da quantidade de carbono (C)
do biocarvdo (46%) e das cinzas (16% e 0,93%) tenha sido grande, assim como outras
caracteristicas de superficie, 0 RHB apresentou capacidade de adsor¢do média de 5,53 mg
Fe?* gle as cinzas entre 6,74 e 7,22 mg Fe?" g. Posteriormente, estes materiais foram
aplicados no cultivo de arroz, em casa-de-vegetacio, nas doses equivalentes a 5 Mg ha?, 10
Mg ha e 15 Mg ha*. Com a aplicacdo houve um aumento significativo dos teores de Fe ap6s
0 36° dia de alagamento. Os nutrientes N, K, Ca e Mg também tiveram aumento significativo
na solucdo do solo. No tecido das plantas ndo foi verificado alteracdo nos teores de Fe e 0s
teores de K apresentaram aumento e os de Ca e Zn uma pequena reducdo. A aplicacdo de
biocarvéo e cinzas nas doses utilizadas ndo foi capaz de produzir efeitos significativos positivos
na reducéo da disponibilidade de ferro no cultivo de arroz irrigado por alagamento.

Palavras-chave: solos de varzea, adsor¢do, nutrientes, Oryza sativa L.






ABSTRACT

BIOCHAR AND ASHES OF RICE HUSK: IRON TOXICITY AMENDMENTS IN
FLOODED RICE CROPS

AUTHOR: Fabiane Figueiredo Severo
ADVISOR: Leandro Souza da Silva

The state of Rio Grande do Sul is the largest rice producer in Brazil and the main cultivation
system is irrigation by flooding. In this system, under anaerobic conditions, iron (Fe**) present
in the oxides is reduced to Fe?", a soluble form and, consequently, more available to plants. The
greater amount of Fe?* in the soil solution may become toxic to the rice, causing damage to the
producers. A common practice in the treatment of rice is the burning of rice husks in the
generation of heat for the drying of the grains, generating large amounts of ashes at each harvest.
Another material, also produced from the burning of plant residues under controlled conditions
of time and temperature, is biochar. The biochar, as well as the ashes, have adsorption capacity
for metal species and could be used as adsorbents in rice fields where high Fe?* concentrations
are found after flooding. In this study, a rice husk biochar (RHB) and two ashes (RHA1 and
RHAZ2) were characterized by several chemical and physical parameters as well as their Fe?*
retention capacity in solution. Although the difference in carbon (C) content of biochar (46%)
and ash (16% and 0.93%) was large, as well as other surface characteristics, RHB had an
average adsorption capacity of 5.53 mg Fe?* g* and the ash between 6.74 and 7.22 mg Fe?* g
!, Subsequently, these materials were applied in the cultivation of rice in greenhouse at doses
equivalent to 5 Mg hat, 10 Mg ha! and 15 Mg ha. With the application, there was a significant
increase in Fe contents after 36 days of flooding. N, K, Ca and Mg nutrients also had a
significant increase in soil solution. In the plant tissue, no change in Fe content was observed
and the contents of K increased, and Ca and Zn reduced slightly. The application of biochar and
ash at the doses used was not able to produce significant positive effects in reducing the viability
of iron in flooded rice cultivation.

Keywords: paddy soils, adsorption, nutrients, Oryza sativa L.
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1 INTRODUCAO

O Rio Grande do Sul € o maior produtor de arroz no Brasil com cerca de 7,2 milhdes de
toneladas na safra 2017/18 (IRGA, 2019) e sua producdo corresponde a 68% da producéo
brasileira (CONAB, 2019). A grande maioria do arroz cultivado no Estado estd em solos de
terras baixas, com alagamento continuo. O alagamento continuo promove condicdes de
anaerobiose e isso favorece a liberacédo de Fe a solugéo do solo, aumentando sua concentracéo,
pois os ions Fe®* de dxi(hidré)xidos no solo sofrem reducéo sendo liberados na forma soltvel
Fe?*, tornando-se mais disponivel as plantas. A maior concentracio de Fe na solugdo do solo
pode causar toxidez as plantas, cujos sintomas sdo o alaranjamento (toxidez indireta) ou o
bronzeamento (toxidez direta) das folhas, causando disfuncBes nutricionais a planta e
consequente baixa produtividade e, em alguns casos, a morte da planta.

A aplicacéo de residuos, como a casca de arroz pirolisada na forma de cinza ou de
biocarvéo (biochar), poderia ser uma estratégia de diminuicdo da concentracdo de ions ferrosos
no cultivo de arroz e, consequentemente, agir como um amenizante dos efeitos deletérios deste
fon as plantas. A casca de arroz € um material de dificil decomposicdo no ambiente e
amplamente utilizada na geragdo de calor em fornos de secagem de gréos e termelétricas. Cada
tonelada de arroz em grdo produz, aproximadamente, 200 kg de casca, o que, por combustao,
gera em torno de 40 kg de cinza, constituindo uma matéria prima de baixo custo e elevada
disponibilidade (CORTEZ, LORA e GOMES, 2008). Uma outra forma seria utilizar a casca de
arroz pirolisada na forma de biocarvao, produto obtido por aquecimento com pouco ou nenhum
oxigénio (pirdlise).

Gracas a composicdo quimica da cinza e do biocarvao da casca de arroz, existe a
possibilidade de adsorcdo de metais em solucfes aquosas devido a interagfes dos ions com as
superficies dos materiais. Diversos estudos ambientais ja demonstraram a eficiéncia de
biomassas pirolisadas como uma opg¢do sustentdvel na retencdo de metais pesados
contaminantes, por meio de varios mecanismos como a atracao eletrostatica ou complexagéo
do metal com grupos funcionais de superficie. Caracteristicas como alta area superficial, alta
CTC e variados grupos organicos funcionais podem beneficiar a ocorréncia destes mecanismos
de adsorcao.

No intuito de diminuir a concentracdo de Fe no cultivo de arroz irrigado, a aplicagdo de
cinzas ou biocarvao obtidos a partir da propria casca do arroz poderia ser uma alternativa viavel
e sustentavel para a remediacdo de areas com ocorréncia frequente dessa desordem nutricional.

Entretanto, as interacGes entre os grupos quimicos da superficie do biocarvéo e cinzas e 0s ions
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da solugdo do solo ndo sdo exclusivas a espécies contaminantes. Ou seja, a aplicacdo destes
materiais também poderd vir a alterar a disponibilidade de outros nutrientes necessarios a
planta, trazendo consequéncias negativas a produtividade da cultura.

Os estudos que relacionam a aplicacdo de cinzas ou biocarvao de casca de arroz para a
mitigacdo da toxidez de Fe em cultivos de arroz irrigado ainda sdo escassos e isso reafirma a
necessidade de avaliar a eficiéncia destes materiais na retencéo de Fe e na dindmica dos outros
nutrientes. Assim, o objetivo deste trabalho foi avaliar as caracteristicas fisicas e quimicas de
cinzas de casca de arroz e biocarvdo e avaliar o potencial de adsor¢do que estes materiais
possuem em relacdo aos ions Fe e demais nutrientes, assim como as consequéncias de suas

aplicacgdes no cultivo do arroz irrigado em relagéo a sua produtividade e estado nutricional.
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2 FUNDAMENTACAO TEORICA

O Brasil é o maior consumidor mundial de arroz fora da Asia (CONAB, 2019) e tem no
Rio Grande do Sul o seu principal Estado produtor, com 7,2 milhdes de toneladas do grdo
produzidas e produtividade média de 7.949 kg por hectare na safra 2017/2018 (IRGA, 2019).
A producdo é concentrada na metade sul do Estado, onde predominam as terras baixas, com
Planossolos e Gleissolos representando 63% das areas e Chernossolos e Neossolos
representando 16 e 11% dasareas, respectivamente (SOSBAI, 2010).

Mundialmente, a produco de arroz é oriunda de dois sistemas de cultivo: terras baixas
(irrigado por alagamento) e de terras altas (sequeiro). O sistema de irrigacdo por alagamento
corresponde a 75% da area total cultivada, contribuindo com mais de 90% da produ¢do mundial
desse cereal (FAO, 2015) e também é o sistema hegemonico na producdo de arroz no Rio
Grande do Sul.

2.1 DINAMICA DOS SOLOS ALAGADOS

Com o alagamento do solo, ocorre a substituicdo do ar pela &gua nos espagos porosos e,
apos o estabelecimento de uma lamina de &gua sobre o solo, as trocas gasosas ficam restritas.
O oxigénio molecular (O2) ainda presente logo ap6s a inundagéo é rapidamente consumido
pelos microrganismos e desaparece do solo. Como a difusdo dos gases na agua é muito lenta,
ocorre a formagdo de camadas distintas: uma mais superficial, oxidada, e a outra, reduzida. A
camada superficial oxidada possui poucos milimetros de extensdo em profundidade e possui
oxigénio dissolvido e compostos oxidados. A camada reduzida possui concentracéo de oxigénio
préxima de zero. No caso da cultura do arroz, existe ainda uma outra area oxidada, a rizosfera.
Compreende-se por rizosfera a regidao do solo que esta diretamente em contato com a raiz e que
sofre influéncias por este sistema radicular. Esta regido possui em torno de 2 mm em torno das
raizes da planta de arroz (MERCKX et al., 1986) A raiz do arroz libera Oz, pois 0 mesmo se
difunde das folhas até as raizes pelos aerénquimas e, entdo, pode ocorrer oxidacdo e
precipitacdo de 6xidos de Fe no entorno do sistema radicular (SOUSA et al., 2012).

Os microrganismos anaerobios obtém energia a custa da oxidacdo da matéria organica
por meio de reacGes de oxidacdo e reducdo. Porém, como em sistemas alagados a presenga do
oxigénio é praticamente nula, sdo utilizados compostos oxidados do solo como receptores de
elétrons, tais como NO*, Oxidos manganicos (Mn*"), Oxidos férricos (Fe*") e HaS

respectivamente (SOUSA et al.,, 2012). Consequentemente, ocorrem tambem alteracfes
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eletroquimicas como a diminuicao do potencial redox (Eh), altera¢Ges no valor de pH e aumento
da condutividade elétrica (CE). O potencial redox é a medida da intensidade de reduc¢éo do solo,
ou seja, quanto menor seu valor, maior o estado de reducdo do solo. O alagamento também

aumenta o pH até valores préximos a neutralidade.

2.1.1 Reducéo do Fe em solos alagados

A reducgdo dos Oxidos férricos (Fe*) a oOxidos ferrosos (Fe®*) é considerada uma
importante alteragdo quimica que ocorre em solos alagados e resulta no aumento da solubilidade
do elemento. As transformacdes ocorrentes em solos alagados s&o muito influenciadas pela
quimica do ferro, devido a grande quantidade de 6xidos e hidroxidos de ferro que podem sofrer
reducdo e também devido a grande reatividade do ferro com demais compostos no solo. A

reacdo simplificada da reducédo do ferro é (equacdo 1):

Fe(OH)s + 3H" +6 > Fe?* + 3 H,0 (1)

A concentracdo de Fe?* aumenta e logo depois diminui apds o inicio do alagamento. Em
quatro semanas de alagamento, a solucdo do solo pode atingir concentracdes de até 300 mg L
1 de Fe?* e depois diminuir até 50 a 100 mg L™ em solos &cidos e com alto teor de matéria
organica. Em solos medianamente &cidos os mais altos valores de Fe?* ficam entre 100 e 200
mg L. Solos levemente acidos apresentam valores maximos entre 50 a 100 mg L, enquanto
que solos alcalinos ndo superam picos de 30 mg L™ de liberacio de Fe?*. Esse comportamento
depende do valor de pH, conteudo de matéria organica e reatividade dos oxidos de ferro
(SOUSA et al., 2012).

2.1.2 Toxidez do Fe no cultivo de arroz

Diante da possiblidade de ocorrer altas concentragdes de Fe no solo, o risco de toxidez
as plantas se faz presente. A toxidez por Fe é atribuida ou a excessiva absor¢do do elemento
pela planta (toxidez direta) ou a deficiéncia generalizada de outros nutrientes, causados por
altos teores de Fe soltvel na solucéo do solo (toxidez indireta). Esses termos tém sido adotados
pela maior parte dos autores para definir os dois grupos principais de sintomas relacionados a

toxidez por Fe, o bronzeamento e o alaranjamento (WOLTER, 2010). No entanto, Sahrawat
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(2004) propde os termos de toxidez induzida ou falsa toxidez, quando os sintomas sdo causados
pela deficiéncia nutricional multipla (toxidez indireta), e verdadeira toxidez quando os sintomas
resultam de altas concentracdes de ferro (toxidez direta).

O bronzeamento ou “bronzing” ¢ o sintoma tipico da toxidez direta, sendo caracterizado
por numerosos pontos pequenos de coloragdo castanho escura, que tem inicio na extremidade
das folhas mais velhas e posteriormente estende-se por toda folha. Com o avanco do disturbio,
as partes atacadas tornam-se marrons ¢ acabam secando. O alaranjamento ou “yellowing” ¢ o
sintoma atribuido a toxidez indireta que se inicia com um amarelecimento das extremidades das
folhas inferiores, evoluindo para a base das folhas e para as folhas superiores sendo que as
folhas inferiores secam completamente. Em casos extremos, a coloracdo das plantas torna-se
amarelo escuro a alaranjado, com muitas estrias castanho escuras. Os sintomas podem aparecer
em qualquer estagio de desenvolvimento da planta, porém sdo observados mais facilmente no
final do perfilhamento (proximo a diferenciagdo do primordio floral) e no inicio do
florescimento (WOLTER, 2010). O aparecimento de toxidez por Fe nos primeiros estagios de
crescimento da planta provoca retardamento severo no crescimento. Se a toxidez aparece em
etapas mais avancadas, o crescimento da planta ndo é afetado, mas o rendimento é reduzido
devido a esterilidade das espiguetas (PONNAMPERUMA; LANTIN, 1985).

Como citado anteriormente, as concentrac6es de Fe podem variar muito em decorréncia
de diferentes tipos de solos com diferentes valores de pH, matéria organica e reatividade dos
oxidos presentes. Na toxidez por Fe, a intensidade dos sintomas ndo estad diretamente
relacionada a sua concentracao, pois em algumas lavouras ja se verificou a auséncia de sintomas
de toxidez por ferro mesmo em solos que apresentavam altos teores do elemento (WOLTER,
2010). Uma forma de explicar tal fendbmeno se baseia na concentracdo de outros cations
presentes na solucdo do solo. Quanto maior a concentragdo de outros cations na solugédo do
solo, maior a competicdo pelos sitios de absorcdo nas raizes e isso, por consequéncia, tem
influéncia na absorc¢éo do ferro e de outros nutrientes (MOORE; PATRICK, 1989).

Um solo com alto teor de Fe, mas com alta CTC e saturacdo por bases, pode apresentar
alta concentragdo de Fe?* em decorréncia do alagamento, mas essa pode ser relativamente baixa
em relagéo aos outros cations, como K*, Ca?* e Mg?*, devido aos valores da CTC e da saturagio
por bases, ocasionando o crescimento de plantas sadias. Por outro lado, um solo com baixo teor
de ferro, mas com baixa CTC, pode apresentar pequena quantidade de Fe?* durante o
alagamento, porém, o Fe?* pode apresentar maior concentracéo na solugdo do solo em relagéo
aos outros cétions e, assim, atingir niveis toxicos as plantas de arroz (SOUSA et al., 2012).

Atualmente, possibilidades como o uso de cultivares tolerantes a toxidez por Fe e
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mudanca do manejo de &gua na lavoura podem ser utilizadas como estratégias de minimizacao
da ocorréncia da toxidez. Além destes, a toxidez por ferro em cultivos de arroz irrigado pode
ser diminuida também pela adicédo de calcéario, preferencialmente em quantidade para elevar o
pH até 6,0 (SOSBAI, 2018). A adicdo de calcario consome os H* necessarios a reducdo e
disponibilizacdo de Fe?* no solo (equacdo 1), diminuindo a quantidade de Fe liberada e
causando o aumento das quantidades de Ca e Mg na solucédo do solo (SILVA; RANNO, 2005).
Entretanto, a quantidade de calcario recomendada para minimizar a toxidez por Fe é acima
daquela indicada para amenizar os efeitos da acidez do solo, principalmente relacionadas ao Al.

A aplicacdo de residuos adsorventes de metais poderia ser uma estratégia de diminuicéo
da concentracdo de ions ferrosos no cultivo do grdo e, consequentemente, agir como um
amenizante dos efeitos deletérios do Fe sobre as plantas de arroz. Um dos residuos de maior

potencial é a prépria casca de arroz, especialmente apds sua incineragao.

2.2 CASCA DE ARROZ COMO ALTERNATIVA PARA AMENIZAR A TOXIDEZ
POR FERRO

A casca de arroz protege o gréo de arroz durante o seu crescimento, sendo composta por
quatro camadas estruturais: epiderme externa, coberta com uma espessa cuticula de células
silificadas; esclerénquima ou fibra hipoderme, com parede lignificada; célula parénquina
esponjosa e epiderme interna (SOUZA; MAGALHAES; PERSEGIL, 2002). Os principais
componentes da casca sdo celulose e hemicelulose (50%), além de lignina (26%) e demais
componentes organicos (4%), como 6leos e proteinas. Sua composi¢do elementar é constituida,
aproximadamente, por C (36%), O (36%), H (5,83%), N (3,31%) e outros inorganicos (17,6%).
(ANGEL et al., 2009). A casca de arroz apresenta-se como um residuo de dificil gestdo, devido
a grande quantidade e volume gerado com o beneficiamento do gréo, em torno de 20% da
producdo total de arroz (PIRES et al., 2006). Nao deve ser descartada deliberadamente no
ambiente visto o tempo necessario para sua degradacéo que fica em torno de 5 anos (MAYER,
HOFFMANN, RUPPENTHAL, 2006).

Um destino comum a casca do arroz é sua queima para a geracao de energia € isso
geralmente ocorre nas proprias instalagdes de beneficiamento do grdo (AMATO, 2002) gerando
um outro residuo, a cinza da casca de arroz. A cinza da casca de arroz pode representar até 15%
da massa da casca antes da queima (GONCALVES; BERGMANN, 2007) e ndo é considerado
um residuo de alta periculosidade ao ambiente, podendo ser enquadrado na classe 1A (residuo

ndo perigoso e ndo inerte), segundo a NBR 10004 da ABNT (2004). Porém, o acumulo destes
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residuos em areas urbanas pode se tornar um grande problema.

2.2.1 Cinzada casca de arroz

A composicgédo da cinza da casca de arroz pode variar em funcdo do solo onde o arroz
foi cultivado, da cultivar utilizada e dos fertilizantes usados (RODRIGUES, 2010). Um outro
fator que também altera as caracteristicas da cinza obtida sdo as condi¢bes de tempo e
temperatura onde sdo queimadas a casca do arroz. De acordo com tais condicGes, é possivel

verificar mudancas nas propriedades do produto obtido (Tabela 1)

Tabela 1: Efeito das condi¢es de queima nas propriedades das cinzas de casca de arroz.

Propriedades da cinza da casca de

Condic0es de queima Ambiente de arroz
(°Cl/tempo) combustédo Estrutura da Area superficial
silica (m2g?t)
500-600/1 min Moderada oxidacéo Amorfa 122
500-600/1 min Moderada oxidagédo Amorfa 97
500-600/2 h Moderada oxidagéao Amorfa 76
700-800/15 min Moderada oxidacéo Amorfa 42
700-800/15 min Alta oxidacao Cristalina parcial 10-6
>800/>1h Alta oxidacao Cristalina <5

Fonte: Pouey, 2006.

Devido a essa variagdo de condigOes, visualmente também é possivel distinguir o
material gerado conforme caracteristicas distintas de obtencdo. Levando isso em consideracéo
foi criada uma nomenclatura que faz as seguintes distingdes (LERIPIO, 1996):

a) Cinza da casca de arroz (CCA): material resultante da combustdo completa da
casca de arroz, apresentando cor branca acinzentada e granulometria fina;

b) Casca de arroz carbonizada (CAC): material resultante da combustdo parcial da
casca de arroz, possuindo cor predominantemente preta e granulometria mais grosseira
(ainda se distingue a estrutura original da casca de arroz);

c) Casca de arroz queimada (CAQ): resultante de uma queima ou combustdo
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incompleta, que apresenta mistura de cinza (material completamente queimado) com
casca de arroz carbonizada (parcialmente queimado), este em maior proporgéo, e ainda
casca de arroz in natura.

E importante frisar que o material coletado livremente em fornos de beneficiamento de
gréos é facilmente verificado como uma mistura das trés fracGes descritas anteriormente. As
industrias de beneficiamento colocam as cinzas de casca de arroz produzidas em suas empresas
a disposicdo dos produtores, geralmente a custo zero, e a aplicacdo deste material nos cultivos
agricolas aparenta ser uma alternativa promissora, ja sendo uma pratica usual de varios
agricultores ha algum tempo. A pesquisa sobre o0 assunto € incipiente; porém, alguns trabalhos
demonstram efeitos no suprimento de nutrientes das culturas (DONEGA et al., 2013;
SANDRINI, 2010; SANTIN; VAHL, 1985; SILVA et al., 2008; SILVA et al., 2017), melhoria
dos teores de matéria organica, nutrientes como N, P, K, Ca, Mg e elevacdo do pH (MOYIN-
JESU, 2007).

Além de ter sua aplicacdo para fins agricolas, a cinza da casca de arroz também pode
surgir como uma opcao alternativa na remocao de metais pesados em sistemas aquosos. Como
a cinza da casca de arroz possui um levado teor de silica (85 a 95%) (DELA et al., 2005), a
adsorcao dos ions metalicos pode ocorrer pela interacdo entre as cargas elétricas das espécies
de superficie com a os jons da solugdo. E necessério que haja a presenca de cargas negativas ou
pares de elétrons (sitios de adsorcdo) na superficie da silica para que ocorra a adsorcdo das
espécies metélicas, gerados pela presenca de grupos silanois (-OH). As interaces que ocorrem
na superficie da silica sdo de natureza eletrostatica, devido aos pares de elétrons livres dos
atomos e ao carater proténico dos atomos de hidrogénio. Outras caracteristicas sao decisivas na
remocao destas espécies metélicas como o pH, tempo de contato, concentracao inicial do metal,
temperatura e quantidade e natureza do adsorvente (SILVA, 2016). O potencial de remogéo
destes metais também pode ser creditado a estabilidade quimica, alta resisténcia e estrutura
granular e porosa das cinzas (NGAH; HANAFIAH, 2008).

Além do exposto acima, a reatividade das cinzas também depende da condicdo de
gueima a qual a casca é submetida. Até 100°C, ocorre a perda de massa inicial resultado da
evaporacdo de agua adsorvida. A ignicdo do material volatil ocorre a cerca de 350°C, dando
inicio a queima da casca de arroz. Entre 400 e 500°C, o carbono residual é oxidado, sendo nesse
estagio observada a perda de massa mais substancial. Acima de 600°C pode levar a formacao
de quartzo e niveis mais elevados de temperatura podem acarretar na formagé&o de outras formas

cristalinas. A silica presente na cinza da casca de arroz é essencialmente cristalina quando
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obtida em temperaturas acima de 800°C. Quando a temperatura de queima da casca de arroz é
baixa ou o tempo de exposicdo & alta temperatura é curto, obtém-se a silica amorfa
(PRUDENCIO et al., 2003).

O potencial da cinza da casca de arroz como material adsorvente ja vem sendo
pesquisado ha& anos, tanto na remocdo de metais (SAHA et al., 2001) como na remogéo de
corantes e compostos organicos (MANE et al., 2007). Os estudos em diversas areas do
conhecimento buscam de um modo geral apresentar produtos sustentaveis, solu¢cdes com menor
impacto ambiental e econdmico ou alternativas onde sejam utilizados residuos gerados em
outras etapas do processo de producdo a fim de zerar a geracdo de residuos. A utilizacdo de
biomassas pirolisadas vem de encontro a essa proposta, pois utiliza biomassas vegetais
(residuos) como matéria-prima para obtencdo de produtos que apresentam beneficios
comprovados devido ao seu grande poder de adsorcdo de contaminantes no meio ambiente.
Entretanto, além de gerar a cinza, a casca gerada no beneficiamento do grédo pode ser utilizada
também para a producdo de biocarvéo, outro material pirolisado em condic¢des especificas.

2.3 BIOCARVAO DE CASCA DE ARROZ

O biocarvao é termo para designar um bioproduto sélido obtido por aquecimento com
pouco ou nenhum oxigénio de biomassa rica em carbono, tal como madeira, palhas, casca de
arroz, dejetos animais (SOHI, 2012). Muitos autores auxiliaram na construcdo de um conceito
para este bioproduto, mas somente em 2012 a International Biochar Initiative (IBI) padronizou
sua definicdo: “um material so6lido obtido a partir da conversao termoquimica de biomassa num
meio limitado em oxigénio”. Pode-se dizer que a diferenca entre a cinza da casca de arroz € 0
biocarvao esta na existéncia de controle de temperatura na queima e no meio onde o oxigénio
inexiste ou existe em pouca quantidade.

Nos ultimos anos diversos estudos tém sido feitos no sentido de avaliar os diversos
beneficios e alteracdes causadas no solo pela adi¢éo de biocarvédo (ABIT et al., 2012; GOYAL,
2013; MAO et al., 2012; SOHI, 2012; VERHEIJEN et al., 2014). As aplicagdes mais comuns
para o biocarvao relacionam-se com o melhoramento da fertilidade do solo e mitigacéo da
emissao de gases de efeito estufa (GEE) por cultivos agricolas. A utilizacdo do biocarvdo como
mitigador da emissdo de GEE ocorre devido as propriedades deste carvao que possibilitam o
sequestro de carbono no solo. A retencdo deste carbono pirolisado pode ser mantida por
centenas ou milhares de anos no solo de forma estabilizada. Os efeitos de sua presenca no solo

proporcionam melhorias na fertilidade, o que garante um maior crescimento das plantas, que



26

por sua vez, consomem maiores quantidades de CO2 e necessitam menores quantidades de
fertilizantes comerciais. Assim, a aplicacdo de biocarvdo também reduz a emissdo de GEE de
maior potencial de aquecimento que o COz, tais como 0 N2.O (LAIRD et al., 2009).

A ideia da utilizacdo do biocarvédo para 0 melhoramento do solo nédo € recente, visto a
existéncia de algumas publicacdes sobre o assunto desde o inicio do século XX. Entretanto, o
interesse por este assunto foi renovado tendo em vista recentes estudos relativos as terras pretas
da Amazonia também conhecidas como Terra Pretas de indio (TPI) (MAIA et al., 2011). As
TPI sdo solos formados por meio de repetidas acGes de individuos ao longo do tempo
(GRAHAM, 2006; NEVES; PETERSEN, 2006) e possuem o horizonte superficial enriquecido
com matéria organica em diferentes profundidades, presenca de materiais liticos e cacos de
ceramicas (KAMPF et al; 2003). Os locais onde houve a formacdo deste tipo de solo foram
locais de moradia no passado pré-histérico e depositos de residuos de origem vegetal (folhas e
talos de palmeiras diversas, cascas de mandioca e sementes) e de origem animal (0sso0s, sangue,
gordura, fezes, carapacas de quelbnios e conchas), além de uma grande quantidade de cinzas e
residuos de fogueiras (carvao vegetal). Essa grande adicdo de material organico possivelmente
contribuiu para a formacdo de solos altamente férteis, com teor elevado de matéria organica
estavel de origem pirogénica (COSTA; KERN, 1999).

Além das aplicagdes citadas anteriormente, varios estudos demonstram que o biocarvéo
também pode ser utilizado na remediagdo de contaminantes organicos e inorgéanicos.
Compostos organicos como pesticidas, antibioticos e fenodis podem ter sua concentracdo
reduzida em sistemas aquosos e no solo por meio de aplicacdo de biocarvdes. A aplicacdo de
biocarvdes também mostra resultados positivos em relacdo a minimizacdo de contaminantes
inorganicos tais como céations (principalmente metais) e anions (MOHAN et al., 2014). A
afinidade do biocarvdo produzido a partir de diferentes fontes de biomassa com inimeros
metais de transicdo (MOHAN et al., 2014) pode evidenciar a possibilidade de sua utilizagéo a
fim de diminuir a concentracao de ions ferro na solugéo do solo em plantios de arroz irrigado e
diminuir sua toxicidade a cultura. Com esta préatica, o ciclo de cultivo de arroz também

diminuiria a quantidade de residuos como a casca de arroz, utilizada na forma de biocarvao.

2.4 PRODUCAO DE BIOCARVAO

O biocarvéo, além de ser encontrado em solos alterados pelo homem (ex. TPI), também

pode ser produzido via aquecimento controlado de diversos tipos de biomassas vegetais. O
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método mais comum para produzir biocarvao € a pirélise. A pirélise pode ser categorizada em
pirélise lenta e pirdlise rapida dependendo do tempo de queima e da temperatura de
aquecimento (QIAN et al., 2015). A pirdlise lenta é usada ha muito tempo para a producédo de
biocarvdo e é caracterizada por seu processo acontecer entre 400-600°C. A pirolise lenta
subdivide-se em pir6lise lenta convencional que possui um tempo de residéncia entre 5 e 30
minutos e a carbonizacdo que possui tempo de residéncia de horas a dias. A pir6lise lenta
convencional favorece a formacéo de carvdo, porém produtos liquidos e gasosos também séo
formados em menores quantidades enquanto que a carbonizacao resulta somente em carvao
solido (DEMIRBAS; ARIN, 2002). A pir6lise rapida € um processo que ocorre entre 850 a
1250°C com variacdo de temperatura entre 10 e 200°C e tempo de variando de 1 a 10 segundos.
A pirolise rapida produz tipicamente uma mistura que contém 60-75% de produto liquido, 15-
25% de biocarvdo e 10-20% de produtos gasosos ndo condensados. As principais diferencas
entre os dois métodos de pirdlise sdo os rendimentos de biocarvéao e bio-6leo: pirdlise répida
favorece alto rendimento na producdo de bio-6leo enquanto a pirélise lenta favorece alto
rendimento na producdo de biocarvdo (QIAN et al., 2015).

Durante o processo de carbonizacdo, as diferencas estruturais entre as fontes de
biocarvao tendem a diminuir, muito embora a constituicdo quimica das diferentes biomassas
apresente grande variabilidade de acordo com as espécies e partes da planta utilizadas. Logo,
diferentes fontes de biomassa resultardo em diferentes biocarvdes, com particularidades para o
biocarvéo obtido (porosidade, tamanho de grdo). De forma semelhante, as propriedades fisicas
como densidade e porosidade também sdo dependentes do processo de pirdlise, pois podem
alterar-se conforme a taxa e a intensidade de calor aplicada. No Brasil, a maioria dos carvies
sdo produzidos por meio de pir6lise lenta, processo que possui baixa eficiéncia e rendimento
médio de 30%.

Os aspectos quimicos da pir6lise sdo muito complexos, visto a grande variabilidade de
estruturas de biomassa utilizadas e também pela complexidade das rea¢Ges que ocorrem durante
0 processo e que ainda ndo estdo totalmente compreendidas (MAIA et al., 2011). Os
componentes encontrados nas plantas (em sua maioria lignina, celulose e hemicelulose) seguem
as seguintes etapas de reacdo durante o processo de pirdlise:

a) desidratacdo: etapa endotérmica que geralmente ocorre entre 50 a 150 °C, onde
moléculas livres de agua e componente de baixo peso molecular sdo perdidas;
b) degradacéo da hemicelulose: etapa exotérmica que inicia em aproximadamente 150

°C atingindo seu apice de perda de massa em 275 °C, produzindo predominantemente
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compostos volateis como dioxido de carbono;

c) degradacdo da celulose: etapa endotérmica que ocorre em 280 e 500°C e que atinge
0 pico em torno de 350 °C;

d) degradacdo da lignina: etapa exotérmica lenta que ocorre em 200 a 500°C e o
maximo de energia é liberada aos 365 °C; (TACCINI, 2010).

Considerando os produtos das reacGes descritas, é possivel afirmar que a pirolise resulta
em um produto de estrutura semelhante ao grafite, baixa relagdo O/C e H/C e alguns grupos
funcionais organicos (MAIA et al., 2011).

2.4.1 Parametros que afetam a pirdlise

Como em qualquer reacdo quimica, algumas condi¢bes sdo fundamentais durante a
pirélise. Parametros como temperatura, tempo de reacdo, tamanho de particula e outros mais
influenciam na obtencéo do biocarv@o por meio deste processo. Estes parametros ndo somente
estdo ligados diretamente ao rendimento do processo como também a qualidade do produto da
pir6lise (TRIPATHI; SAHU; GANESAN, 2016).

Baixa temperatura associada a um tempo maior de contato entre 0 vapor e o residuo sdo
fatores indicados como contribuintes a uma maior producdo de biocarvdo (ENCINAR et al.,
1996). Um aumento no tempo de permanéncia deste vapor auxilia na repolimerizacdo dos
constituintes da biomassa, enquanto que em situacfes onde este tempo é menor esta
repolimerizacdo dos constituintes da biomassa ndo é completa, diminuindo assim o rendimento
do processo de obtencdo do biocarvdo (PARK; PARK; KIM, 2008). Outros estudos
observaram, porem, que o tempo de queima afeta somente a composi¢éo dos produtos liquidos
e gasosos, nao afetando significativamente a producdo de biocarvdo significativamente
(MOHAMED et al., 2013; TSAI et al., 2007). O tempo de queima também influencia
diretamente na formacgdo de micro e macroporos. Um maior tempo de queima promove um
aumento no tamanho dos poros do carvéo formado (TSAI et al., 1997). Como o efeito do tempo
de queima estd intimamente ligado a outros parametros, tais como temperatura e taxa de
aquecimento, é desafiador fazer afirmacgdes sobre o papel exclusivo sobre o tempo de queima
na producdo de biocarvao (FASSINOU et al., 2009).

O tamanho da particula do residuo a ser pirolisado é algo que necessita de alguns

cuidados, visto que representa uma variavel responsavel pela taxa de entrada de calor na
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biomassa. Com o aumento do tamanho de particula, a distancia entre a superficie da biomassa
por onde entra o calor e o nicleo da particula aumenta, o que retarda o rapido fluxo de calor,
havendo um gradiente de temperatura e essa diferenca € um dos fatores que auxiliam na
formacéo do carvdo. Um outro efeito verificado com o aumento deste didmetro é que o vapor
formado com o inicio da pir6lise protagoniza um nimero maior de reagdes secundarias devido
ao aumento da camada de carvao, fato que resulta em um percentual maior de carvdo formado
(ENCINAR; GONZALEZ; GONZALEZ, 2000). Embora a grande maioria dos estudos nos
mostrem que existe um incremento no rendimento da produgdo do biocarvdo com o aumento
do didmetro de particula, alguns artigos descrevem que ocorre exatamente o contréario
(SENSOZ; ANGIN; YORGUN, 2000; SENSOZ; KAYNAR, 2006) e também alguns autores
descrevem que ndo existe variacdo significativa pela mudanca desta variavel (AYSU; MASUK,
2014; ENCINAR, 2000).

A taxa de aquecimento funciona de forma importante na pir6lise da biomassa visto que
influencia diretamente na natureza e composi¢do do produto final. Em baixas taxas de
aquecimento, as reacdes secundarias da pirélise podem ser reduzidas ou extintas, como também
podem diminuir reacdes de termolise e consequentemente aumentar a producdo de biocarvao.
Altas taxas de aguecimento auxiliam a fragmentagcdo do biocarvdo formado, aumentando a
fracdo liquida e gasosa da mistura, limitando a formacdo de carvao (TRIPATHI; SAHU;
GANESAN, 2016). Uma alta taxa de aquecimento provavelmente reforca a despolimerizacao
da biomassa em componentes volateis os quais finalizam e/ou retardam a producdo de
biocarvdo. Nessa condicdo, também ocorrem as reacdes secundarias que auxiliam a formacéo
de componentes gasosos. O efeito da taxa de aquecimento na producgdo de biocarvao é mais
avaliado e noticiado em baixas temperaturas (AYLLON et al, 2006).

O aumento da temperatura durante a pirélise diminui a produgédo de biocarvao, assim
como facilita o craqueamento de moléculas maiores de hidrocarbonetos favorecendo a fracdo
liquida e gasosa da mistura formada durante este processo. Por exemplo, quando a temperatura
de queima da casca de aveld ¢é elevada de 400°C para 700°C ocorre a reducdo de 10% na
producdo do biocarvdo (BREBU; VASILE, 2010). Em altas temperaturas, o biocarvdo formado
durante as reacOGes primérias da pirolise passa pelas reacdes secundarias aumentando a
quantidade de gases e liquidos produzidos, consumindo o carvéo sélido ja formado. Baixas
temperaturas sao adequadas para a maior producdo de biocarvao, pois em altas temperaturas a
alta energia fornecida pode vir a quebrar as pontes de ligacdo, fazendo com que compostos se
desprendam na forma volatil, o que contribui para a menor quantidade de carvao formada.

Varios estudos foram realizados com o intuito de definir a melhor faixa de temperatura durante
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0 processo de pirolise, porém esta é uma tarefa dificil visto que se deve levar em conta também
a composicdo e a natureza da biomassa empregada no processo (TRIPATHI; SAHU;
GANESAN, 2016).

2.4.2 Propriedades do biocarvéao

Para determinar as propriedades do biocarvdo é importante conhecer a composicéo
quimica da biomassa empregada na pirélise, como a quantidade de polissacarideos, lignina,
hemicelulose, cinzas, etc., pois a degradacdo térmica depende destes valores. Por exemplo,
biomassas ricas em lignina, como a casca do arroz, séo conhecidas por produzirem carvées com
maior poder calorifico (NOVOTNY et al., 2015) e biomassas com alto teor de celulose sofre
pirélise de forma mais rapida que biomassas com alto teor de lignina (GANI; NARUSE, 2007).

A composicéo e o tipo da biomassa utilizada na obtencéo do biocarvao pode influenciar
diretamente na composi¢do e natureza dos produtos da pirdlise. A maioria das biomassas séo
de origem florestais como hastes, galhos, cascas, folhas de diferentes espécies arbdreas. Outra
importante fonte de biomassa provém dos cultivos agricolas, onde partes como talos, palhas e
cascas também sdo utilizadas em vaérias partes do mundo (VASSILEV et al., 2012). Estudos
sobre a estrutura da biomassa revelaram que a celulose, a lignina e a hemicelulose séo os
principais componentes da biomassa que influenciam o rendimento dos produtos da pirdlise
(SANTOS et al., 2013). A celulose é o maior constituinte das biomassas derivadas de plantas,
mas a lignina é um constituinte importante em biomassas derivadas de espécies florestais.
Celulose € um polissacarideo ndo-ramificado muito estavel, formado por unidades de D-glicose
ligadas por pontes B-1,4 e seu percentual formados da biomassa varia entre 40 e 60 %. Ligadas
as celuloses, estdo as hemiceluloses que sdo polissacarideos heterogéneos estruturados
principalmente por hexoses e pentoses arranjadas em cadeias mais curtas e ramificadas. Sao
menos estaveis e sdo responsaveis por 20 a 40 % dos constituintes da biomassa. A lignina é um
biopolimero estruturalmente mais complexo que os polissacarideos e também mais resistente a
degradacéo térmica, pois € um polifenol ligado a unidades de fenil-propano por fortes ligacGes
covalentes. A lignina é o segundo componente mais abundante na biomassa, variando entre 18
e 40 % e deriva-se de trés alcoois principais: p-coumaril, coniferil e sinapil. A propor¢éo entre
esses compostos aromaticos depende da morfologia e boténica da planta empregada na
biomassa (NOVOTNY et al., 2015).

A composicao elementar do biocarvéo é formada em quase sua totalidade por carbono,

oxigénio e hidrogénio. Existe uma correlacdo positiva entre o conteudo de carbono e a
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temperatura de pirolise, o que indica um incremento no contetido de carbono no biocarvdo com
0 aumento da temperatura, enquanto ocorre um decréscimo do teor de hidrogénio e oxigénio
com esse aumento de temperatura (AHMED et al., 2016). A variabilidade de compostos
quimicos que fazem parte da estrutura do biocarvao é muito grande. Em biomassas como cana
de agUcar, palha e casca de arroz é possivel encontrar diversos compostos originados por
polissacarideos como 2,3- dihidrobenzofurano, 3-furaldeido e compostos derivados de lignina
tais como 2-metoxifenol, 4-metdxifenol, 2-metdxi-4-(1-propenil) fenol, sendo o 2-metoxifenol
o0 principal componente na cana de agucar, na palha e casca de arroz. Quando a pir6lise ocorre
a 450 °C ocorre 0 aparecimento de outros inUmeros compostos, tais como: fendis variados,
hidrocarbonetos poliaromaticos, benzeno, tolueno, etilbenzeno, estireno e xileno. Porém, ndo
se pode afirmar que tal comportamento é fixo, pois depende do tipo de biomassa (JEONG;
DODLA; WANG, 2016).

A elevada razdo entre hidrogénio e carbono (H/C) indica um alto nimero de grupos
alquilas (TAN et al., 2015), enquanto que uma elevada raz&o entre oxigénio e carbono (O/C)
indica a presenca de diversos grupos funcionais oxigenados como hidroxilas, carbonilas e
carboxilas, aumentando assim o valor de capacidade de troca de cations (CTC) do biocarvéo
(LEE et al., 2010). O aumento de temperatura diminui os valores de H/C e O/C. Valores de H/C
para casca e palha do arroz que, antes da pir6lise, variavam entre 0,58 e 0,72 passam a faixa de
valores entre 0,16 e 0,23 apds a pir6lise em 750 °C e o valor de O/C antes na faixa de 0,64 a
1,20 passa para valores entre 0,08 e 0,13 (JEONG; DODLA; WANG, 2016). A reducdo do
valor de H/C implica em maior estabilidade estrutural no biocarvdo em relacdo a biomassa ndo
pirolisada devido ao aumento de estruturas aromaticas que sdo formadas durante a queima
(KLOSS et al., 2012) enquanto que a reducdo do valor de O/C indica um maior grau de
carbonizacdo devido a eliminag&o de grupos funcionais hidrofilicos da biomassa por efeito da
gueima (CANTRELL et al., 2012). Com o aumento da temperatura de 450 °C para 750°C foi
demonstrado que as varia¢des dos valores de H/C e O/C dentre biocarvdes de diferentes fontes
de biomassa tornam-se menores, indicando que as caracteristicas de aromaticidade e polaridade
ficam mais homogéneas em temperaturas mais altas (JEONG; DODLA; WANG, 2016).

A partir de um estudo comparativo entre diferentes tipos de biomassa pirolisadas em
diferentes tipos de processos foi recomendado que o biocarvdo com valores de H/C menores
que 0,6 e valores de O/C menores que 0,4 poderiam ser adequados para melhoramento do solo
e sequestro de carbono (SCHIMMELPFENNIG; GLASER, 2012). Com base nesta
recomendacgdo, um outro estudo averiguou que tais valores sdo atingidos em 450 °C em
biocarvéo de palha e casca e arroz (JEONG; DODLA; WANG, 2016).
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A morfologia e as mudancas nas estruturas de superficie no biocarvao também podem
ser influenciadas pela temperatura de pirdlise (LIU; ZHANG; WU, 2010). Em geral, a area
superficial aumenta com o aumento temperatura de pirolise. A destruicdo de alquilas alifaticas,
de grupamentos ésteres e a exposicdo do nudcleo aromatico das ligninas devido a alta
temperatura de pirdlise pode ser a causa do incremento da &rea superficial do biocarvéo
(JOSEPH; LEHMANN, 2009). Outros estudos atribuem este efeito a formacéo de canais na
estrutura do biocarvédo devido a volatilizacdo de substancias incluindo a celulose, lignina e
hemicelulose vindas da biomassa (AHMAD et al., 2012; CHEN et al., 2012). Estes canais
estruturais facilitam o melhoramento da area superficial e a estrutura de poros (LI et al., 2013),
diminuindo o tamanho dos poros na estrutura do biocarvdo mas aumentando a sua porosidade
total devido ao langcamento de compostos volateis durante a carbonizacdo (AHMAD et al.,
2012).

Em estudo com amostras de casca de arroz, ocorreu um incremento na rea superficial
do biocarvdo, com a mudanca da temperatura de 450 °C para 750 °C, de 22,9 m? g* para 164,1
m? g (JEONG; DODLA; WANG, 2016). Esta mudanca foi maior que a verificada em
biocarvédo obtido com biomassa de casca de semente de algoddo, que apresentou mudanca de
48,2 m? gt para 84,4 m? gt em uma temperatura que variou de 200 °C a 800 °C (SPOKAS et
al., 2011). No biocarvéo da casca de arroz encontrou-se poros com tamanhos em torno de 20
nm e durante a pirélise com incremento de temperatura de 450 °C para 750 °C houve um ganho
de 2 nm (JEONG; DODLA; WANG, 2016). Estudos verificaram que ha um ganho significante
no tamanho dos poros em materiais cujo poros sejam menores que 50 nm (GRAY et al., 2014)
e também verificaram que o tamanho destes poros é indiferente, dependendo apenas do tipo de
biomassa empregada (JEONG; DODLA; WANG, 2016).

A capacidade de troca de cations (CTC) do biocarvéo € a quantidade de cargas negativas
do material que podem ser neutralizados por cations trocaveis, melhorando a capacidade do
solo de trocar e captar nutrientes como amonio, célcio e potassio (BRADY; WEIL, 1984). As
interagcbes quimicas que o biocarvdo realiza com o0s outros compostos e elementos é
provavelmente um efeito da CTC (JEONG; DODLA; WANG, 2016). Dados publicados
mostram que a CTC do biocarvio é bastante variavel, indo de 71 mmol kg (CHENG et al.,
2008) até 34 cmolc kg* (GUNDALE; DELUCA, 2006). Os solos podem variar sua CTC de 3
a 40 cmolc kg™, embora em solos organicos este valor possa ultrapassar os 100 cmolc kg™
(BRADY; WEIL, 1984). Nas terras pretas de indio da Amazonia, o valor reportado de CTC
esta entre 10-15 cmolc kg, significativamente maior que o valor encontrado em latossolos

(oxisols) adjacentes (1-2 cmolc kg™).
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E bem provéavel que o melhoramento do solo pelo biocarvdo também aumente a CTC
do solo, embora o periodo de tempo sobre o qual isso ocorra ainda seja desconhecido
(MUKHERJEE; ZIMMERMAN; HARRIS, 2011). O biocarvéo obtido a partir de residuos de
cana de actcar apresentou valores altos (83 a 113 cmolc kg™), enquanto que o biocarvao obtido
a partir de palha de arroz (48 a 68 cmolc kg™) e casca de arroz (30 a 62 cmolc kg™?) apresentaram
valores menores. Com a mudanga de temperatura durante a pirolise, assim como as demais
propriedades, a CTC do biocarvdo também vai se alterando. Para residuos de cana, palha e
casca de arroz, o pico do valor da CTC ocorreu aos 550 °C (JEONG; DODLA; WANG, 2016)
enguanto em um outro estudo feito com outros tipos de biomassa (casca de amendoim, soja e
canola), apresentou a maior mudanga na CTC do biocarvéo aos 500 °C em um processo de
pirélise que foi dos 300-700 °C (YUAN; XU; ZHANG, 2011). Outros autores contrariam a
afirmacdo de que existe um incremento da CTC com o aumento da temperatura. Em uma
pirolise com palha de trigo, residuo arboreo e cama de frango foi detectado a tendéncia de
diminuicdo do valor de CTC (KLOSS et al., 2012; SONG; GUO, 2012) e a explicacéo para tal
fato é a de que provavelmente houve a perda de grupos funcionais acidicos, devido a
determinada temperatura de pirélise e a composi¢cdo da biomassa utilizada no processo
(JEONG; DODLA; WANG, 2016).

Considerando a diversidade de fatores que influenciam na composicao do biocarvédo sob
condigdes controladas, tais como composi¢cdo da biomassa, temperatura, taxa de aquecimento,
tempo de queima, etc é dificil afirmar sem ensaios analiticos a composicdo estrutural,
propriedades quimicas e fisicas de biocarvdes provenientes de processos onde biomassas sao

pirolisadas sem controle rigido de condigdes.

2.4.3 Uso de biocarvao na mitigacdo de contaminantes

O biocarvéo pode ser utilizado como mitigador de alguns problemas ambientais, tais
como poluicdo de agua e solos, pois possui propriedades que permitem atuar como um ja
comprovado adsorvente para um grande nimero de poluentes organicos e inorganicos
(AHMAD et al., 2014). Ao contréario do carvdo ativado, a area superficial do biocarvao nao é
muito grande (menor que 200 m2 g1), fato que pode limitar sua utilizagdo como um adsorvente
na remocao de contaminantes. Porém, isto é contrabalancado pelo alto nimero de grupos de
superficie oxigenados, como carboxilas, hidroxilas e fendis e estes grupos tém sido
comprovadamente sitios de ligacao para esses contaminantes no solo (UCHIMIYAetal., 2011).

Diferentemente de contaminantes organicos, metais ndo sdo bio-degradaveis e sua
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biodisponibilidade faz com que eles sejam altamente toxicos para os demais organismos
(ZHANG et al., 2013). Estudos com avancadas técnicas espectroscéopicas tém sido utilizados
para elucidar melhor a capacidade adsorcéo e mecanismos de ligacdo entre metais pesados e
biocarvdo (IPPOLITO et al., 2012). LIMA; BOATENG; KLASSON, (2010) compararam
diferentes biocarvoes derivados de cama de frango, broto de alfafa, espigas de milho, palha de
milho, bagaco e arbustos de guiaiule, palha de soja e seus respectivos biocarves na forma
ativada para avaliar a absor¢do de Cu?*, Cd?*, Ni%* e Zn?*.

Os biocarvdes na forma ativada apresentaram maior capacidade de adsor¢édo devido a
sua maior area superficial e mais facil acesso a seus grupos funcionais. O Cu apresentou maior
afinidade com o biocarvdo quando comparado aos demais metais divalentes e isso pode ser
atribuido a formacédo de complexos de superficie entre o Cu?* e grupos funcionais ativos (-
COOH e -OH) no biocarvdo (TONG et al., 2011). Por meio de espectroscopia de raio X
investigou-se que a sor¢do do Cu?* é dependente do pH, pois 0 mesmo Cu?* sofre sor¢do pelo
grupo funcional orgénico do biocarvao em pH entre 6 e 7, enquanto que compostos formados
por cobre (CuO e Cus(CO3)2(OH)2) precipitam com valores de pH entre 8 e 9 (IPPOLITO et
al., 2012). O tamanho do raio ibnico também é um parametro importante na adsor¢do de metais
pelo biocarvao, pois geralmente quanto menor o raio ionico do metal maior a capacidade de
adsorcdo do metal devido a eficiente penetracdo nos poros do biocarvdo (KO et al., 2004;
NGAH; HANAFIAH, 2008).

De uma forma geral, quatro diferentes mecanismos foram propostos para explicar a
interacdo entre metais e biocarvdo (Figura 1) : (I) Complexacdo de esfera externa (atracéo
eletrostatica) devido a troca de elementos como K+ e Na+ presentes na estrutura do biocarvéo,
(1) co-precipitagdo e complexacgdo de esfera interna de metais com a matéria organica e 6xidos
minerais do biocarvéo, (Ill) complexacdo do metal com grupos funcionais como hidroxilas e
carboxilas na superficie do biocarvdo e (IV) precipitacdo como chumbo-fosfato-silicato
(5Pb0.P205.Si02) (AHMAD et al., 2014). Em sistemas aquosos, precipitacdo de Pb?" com
fosfato em biocarvédo derivado de esterco (enriquecido com P) tem sido reportados (CAO;
HARRIS, 2010). Semelhante ao comportamento do Pb e Cu, o Hg dissolvido em &gua pode
precipitar-se nas superficies como Hg(OH). ou HgCl> em superficies alcalinas de biocarvoes
que contenham alto teor de cloro (KONG et al., 2011). A sor¢édo do Cr (VI) no biocarvao tem
sido atribuida a ligacdo do mesmo a sitios de carga negativa em sua superficie e posterior
reducdo a Cromo (l11) devido a quantidade de grupos funcionais oxigenados (-O) (CHOPPALA
etal., 2012).
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Figura 1: Mecanismos postulados sobre intera¢cdes do biocarvao com contaminantes inorganicos. | —troca de metal
(forma idnica) entre metal a ser adsorvido e metal trocavel na estrutura do biocarvédo. Il — atragdo eletrostatica do
metal na forma anibnica. Il — precipitacdo do metal e IV — atragéo eletrostatica do metal na forma cati6nica.
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Fonte: AHMAD et al., 2014.

O biocarvéo, quando em sistemas aquosos, sofre um “inchaco” e isso aumenta sua
superficie de absorcdo em relacdo ao biocarvéo seco, devido a abertura de poros pré-existentes
em sua estrutura, por isso, nos solos o biocarvéo pode ter um efeito diferente na mobilidade dos
metais quando comparado a meios aquosos. Poucos estudos foram publicados relacionando a
aplicacdo de biocarvdo com a dinamica dos ions de Fe em cultivos de arroz, porém diversos
estudos mostram a aplicacdo de biocarvdo para a eficiente remocao de diversos metais de
mesma valéncia (2+) que o ferro presente na solugdo do solo em sistemas aquosos, como por
exemplo, Cd, Zn, Cue Pb (MOHAN et al., 2014). BEESLEY; MORENO-JIMENEZ; GOMEZ-
EYLES (2010) aplicaram biocarvao derivado de madeira de lei em um solo contaminado com
diversos elementos (As, Cd, Cu, Zn), onde Cu e As continuaram moveis e Cd e Zn foram
imobilizados. O transporte de Cu esta relacionado ao alto teor de carbono orgénico dissolvido
e ao aumento de pH que ocorre devido a aplicacdo do biocarvao, enquanto a lixiviacdo de As
foi atribuida ao aumento do pH do solo para 7,5. Por outro lado, o aumento do pH causou
diminuicdo da solubilidade e mobilidade de Cd e Zn (PARK et al., 2011). O aumento da

mobilidade do As foi atribuido ao aumento do pH e também ao efeito competitivo encontrado
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com o fosforo (P) e além disso, o biocarvao pode reduzir o As (V) para As (1), aumentando
assim a mobilidade do As no solo (ZHANG et al., 2013).

O principal mecanismo de retencdo do Cu € a atracdo eletrostatica entre as cargas
positivas do metal e as cargas negativas na superficie do biocarvao (UCHIMIYA et al., 2011)
e ele é muito influenciado pelo contetdo de carbono do biocarvao aplicado. Geralmente, 0s
biocarvdes produzidos a temperaturas menores que 500 °C possuem um alto contetdo de
carbono organico dissolvido, o qual pode facilitar a formacdo de complexos solUveis de cobre
(BEESLEY; MORENO-JIMENEZ; GOMEZ-EYLES, 2010). E necessério salientar que, por
outro lado, existem autores que afirmam que este alto contetdo de carbono dissolvido pode vir
a contribuir para o fechamento dos poros e reducéo da adsorcao de Cu pelo biocarvdo (BOLAN
etal., 2011; CAO et al., 2011).

A temperatura de pir6lise utilizada na obtengdo do biocarvéo é um fator que influencia
0s mecanismos de adsorcdo dos metais. O efeito da temperatura de pir6lise na retencdo do Pb
por biocarvéo derivado de cama de frango produzido entre 350 e 650 °C foi estudado e seus
autores concluiram gue o biocarvédo produzido em baixas temperaturas favorece a imobilizacédo
do Pb. O aumento da liberacdo de elementos como P, K e Ca em biocarvdes produzidos a baixas
temperaturas é associado a alta estabilizacdo do Pb (UCHIMIYA et al., 2012). O pH do solo é
um fator muito importante na mobilidade dos metais. Na maioria das vezes, o pH do biocarvao
é alcalino e isso favorece o efeito de calagem no solo, imobilizando varios metais e tornando
moveis 0s oxianions no solo (ALMAROAI et al., 2014).

O biocarvdo também se mostra como um potencial mitigador da contaminacao de solos
por Cr, pois a sua estrutura apresenta diversos grupos funcionais com possibilidade de doagéo
de elétrons (CHOPPALA et al., 2012). O aumento da disponibilidade de prétons para a reducao
do Cr (VI) pode ser atribuido a presenca de varios O de carater acido (carbonila, hidroxila,
carboxila e fenol) (BOEHM, 1994). Mesmo nao ocorrendo a reducéo, é importante indicar que
o cromo (V1 e 111) possuem baixa solubilidade e, em ambos os casos, sua mobilidade € reduzida
(CHOPPALA etal., 2012).

Uma questdo que merece grande atencéo é a grande afinidade e capacidade de interacdo
do biocarvdo com o0s mais variados nutrientes que podem vir a causar desequilibrios
nutricionais as plantas (KUPPUSAMY et al., 2016). Embora existam evidéncias de que os ions
Fe?* presentes na solugdo do solo em cultivos de arroz podem ser adsorvidos ou complexados
deixando de causar toxidez as plantas, é necessario também avaliar a dindmica dos
macronutrientes (N, P, K, Ca e Mg) e demais micronutrientes (Zn, Mn e Cu) para eliminar a

possibilidade de deficiéncia nutritiva nas plantas. Existe a necessidade de monitorar
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especialmente os micronutrientes que possuem um comportamento quimico semelhante ao
ferro em relagéo aos fendmenos de interagdo com o biocarvéo, pois por terem uma concentracdo
menor na solugédo do solo a possibilidade de caréncia destes micronutrientes € aumentada.
Tendo em vista todo 0 exposto nesta revisdo, este trabalho busca contribuir para o
entendimento da dindmica dos nutrientes e do ferro em cultivos de arroz irrigado mediante a
aplicacdo de materiais que sofreram pirdlise em condic¢des ndo controladas e em condi¢des com
tempo e temperatura controladas, no caso, as cinzas e o biocarvédo da prépria casca de arroz,

respectivamente.
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3 HIPOTESES

A aplicagdo de biocarvéo e cinzas de casca de arroz reduzira a concentragio de Fe?* na
solucdo do solo alagado, amenizando os riscos de toxidez em plantas de arroz irrigado e também
reduzira a concentracdo de alguns micronutrientes (como Zn, Mn e Cu), sem causar efeitos
significativos sobre a concentracdo de outros nutrientes (como N, P e K) tendo em vista a grande
afinidade que os biocarvfes possuem com cations metélicos (complexacdo), enquanto que
nutrientes como N, P e K ficardo mais labeis devido a ocorréncia de atragdes eletrostaticas, ou
seja, ligacGes mais fracas.

A capacidade de reducdo da concentragdo de Fe?* na solugdo do solo sera menor para
as cinzas obtidas em condicdes ndo controladas (queima em secadores) em relacdo ao biocarvéo
obtido sob condi¢6es controladas (500 °C por 1 hora) por causa da maior carbonizacdo total da
casca de arroz gracas a falta de controle na temperatura e consequente menor formacédo de

grupos funcionais de superficie.
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4  OBJETIVOS

Os objetivos deste estudo sdo:

a) caracterizar o biocarvdo (condi¢Ges controladas) e as cinzas (condi¢cbes nao
controladas), quantoa area superficial especifica, grupos funcionais, poder de
neutralizacdo, capacidade de troca de cations, teor de cinzas, estrutura e composicao.
b) avaliar a capacidade do biocarvao e das cinzas em adsorver o Fe e outros nutrientes
(N, P, K, Mn, Cu, Zn, Mg e Ca) em solucao.

c) avaliar as concentracdes de Fe e outros nutrientes (N, P, K, Mn, Cu, Zn, Mg e Ca)
na solugéo do solo ao longo de 64 dias do ciclo de cultivo do arroz com e sem a aplicagéo
de biocarvao e cinzas.

d) avaliar os teores de Fe e demais nutrientes (N, P, K, Mn, Cu, Zn, Mg e Ca) em
plantas de arroz cultivadas durante 64 dias com e sem a aplicacdo de biocarvéo e cinzas

no solo.
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5 RESULTADOS

5.1 ESTUDO I

CHEMICAL AND PHYSICAL CHARACTERIZATION OF BIOCHAR AND ASH
FROM RICE HUSK AND THEIR POTENTIAL TO ADSORB IRON"

ABSTRACT
Most of the rice produced in Brazil is cultivated by flood irrigation system, whose anaerobic
environment converts iron (Fe) in reduced form (Fe?*) present in the minerals of soil making it soluble.
The Fe?*, in excess can be toxic to rice plants, consequently decreasing its productivity. Pyrolyzed
materials from residues, such as rice husk, can be an economically viable and environment friendly
option to diminish iron availability in soil solution, provided if they have appropriate characteristics. In
this study, rice husk biochar (RHB) and rice husk ash (RHA1 and RHA2) were characterized in relation
to several physical and chemical parameters and iron adsorption capacity. The different oxygenation
conditions in obtaining the materials resulted in chemical and physical differences (e.g. biochar carbon
content of 46% while in ashes 16% and 0.93%); but there were no significant differences found in the

adsorption capacity of iron in aqueous solution.

Keywords: flooded rice; iron toxicity; organic amendments; Langmuir isotherm

1. Introduction

The production cycle of rice in Brazil annually generates about 1.5 million tons of husk
and provides about 300,000 tons of ash after burning this husk in furnaces or boilers of grain
processing industries (Irga, 2019). When the rice husk is burnt under uncontrolled conditions,
much of the organic matter is removed, i.e. lignin and cellulose are oxidized and the resulting

material is composed of primarily silica (up to 95%) and other components such as Fe, Al, Ca

* Artigo formatado de acordo com as normas da revista Journal Environmental Management.
( https://www.journals.elsevier.com/journal-of-environmental-management)
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and K oxides (Silva, 2016) in variable quantity according to cultivation conditions, soil, harvest

and methods of burning (Islabdo, 2013).

In general, rice husk ash is a material of difficult degradation, with high specific surface
area, porous structure and some metal retention capacity (Della et al., 2002). When burning of
organic materials occur in a controlled environment i.e. temperature, time in a regime of little
or no oxidation (pyrolysis), the production of biochar occurs. Biochars, generally have a higher
carbon content in relation to ash, high CEC, high porosity and high complexing ability with
metals. Although these materials are obtained from biomass composed predominantly of
cellulose, lignin and hemicellulose (Santos et al., 2013), other factors, such as rate of heating,
temperature and time of burning, can result these biochars with very different characteristics

even though they originate from the same type of biomass.

Ashes and biochars have a property highly valued in environmental studies that is
adsorption capacity of polluting elements or substances. The use of biochars for removal of
organic and inorganic pollutants from aqueous solutions has proved to be efficient for a large
group of substances, such as dyes, pesticides and heavy metals (Santos et al., 2006; Tan et al.,
2015). Studies using rice hulls ash as adsorbent material in solutions were also performed, due
to the high amount of silica present in the husk ash. The adsorption of lead and mercury in

aqueous systems (Feng et al., 2004) and the stabilization of lead and zinc (Bosio et al., 2014).

The interaction of these materials with the metals can be credited with the interaction of
the cations with the silanols (Si-OH) groups present in ash structure or with organic functional
groups such as hydroxyls (-OH) and carboxylic acids (-COOH) including the possible presence
of functional groups of mineral oxides (Ahmad et al., 2014). Recent studies evaluating
adsorption of numerous metals such as Cr, Cu, Pb, Hg, Zn and As by activated carbon also

showed efficiency; however, the proper destination of these coals with adsorbed metals



42

becomes costly. Therefore, studies with adsorptive materials obtained locally and available on
a large scale without prior preparation and subsequent disposal are necessary (Mohan et al.,

2014).

In rice cultivations irrigated by soil flooding, occurrence of anaerobic conditions, the
Fe3* ions reduces to Fe?*, a more soluble chemical species and, consequently, more subject to
absorption by the plants, being able to cause toxicity and a loss in the production of up to 20%
of the potential (Wolter, 2010; Sousa et al., 2012). The toxicity to rice plants can occur directly
by the adsorption of the ions by the plant or indirectly that occurs when there is a generalized

deficiency of nutrients caused by the high iron content in the soil solution (Wolter, 2010).

In this context, we hypothesized that rice husk ash and/or biochar could be used as
alternatives in iron toxicity mitigation in irrigated rice, provided they have propitious

characteristics and ability to adsorb iron released by the reduction of iron in soil.

The objectives of this study were: i) to characterize ash and rice husk biochar in relation
to parameters such as elemental composition, ash content, functional groups, neutralization
capacity, surface area, degree of crystallinity and active sites of these materials; and, ii) to

evaluate the adsorptive capacity of these materials in relation to Fe?* ions in solution.

2. Material and Methods

2.1.Collection of rice husk ash and biochar

Both rice husk ashes (RHAL) and (RHAZ2) were collected from the rice trade companies
in south of Brazil, respectively in which rice husk is used in furnaces to generate heat for grain
processing. The firing conditions in these locations do not have controlled temperature or time.
The ash is disposed on the ground of companies in open air and collections were randomly
carried out in piles, being packed in plastic bags for transportation and subsequent analysis.

There was no pretreatment or drying was done on material.
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A biochar (RHB) was prepared from rice husk under slow pyrolysis conditions. The
husks were pre-air dried and then pyrolyzed for 1 hour at 500 °C in a muffle furnace (Jung

brand, model 7549) with 10 °C min! increase in temperature.

2.2.Chemical and physical characterization of materials

Total carbon (C) and nitrogen (N) contents of ashes/biochar were determined using
elemental Analyzer (Flash model EA-1112, Thermo Scientifics). After burning of a sample of
200 mg of each material in muffle at 500 °C for 8 hrs and digestion was carried out with nitric
acid + hydrogen peroxide (Enders et al., 2012), and calcium (Ca), magnesium (Mg), iron (Fe),
manganese (Mn), copper (Cu) and zinc (Zn) were measured by atomic absorption spectrometer
(AAnalyst 200 - PerkinElmer)and phosphorus (P) by using spectrophotometer (BEL Model

S05) according to the the MURPHY; RILLEY method (1962).

The cation exchange capacity (CTC) was determined according to Silva (2009) and the
neutralization power (NP) was determined by the same procedure used for correctives described
by Map (2007); however, the solutions used had to be diluted in relation to the original
methodology, given the low neutralization power of the materials. Surface acid groups
(carboxylic acids, phenols and lactones) were estimated by return titration as described in
Boehm (1994). Determination of the ash content made according to ASTM D3172-13
(American Society for Testing and Materials - ASTM D3172, 2013). The specific surface area
(SSA) was determined by the BET procedure in an automatic determiner (Quantachrome
Instruments) at the Ceramic Materials Laboratory (LACER) of the Federal University of Rio

Grande do Sul (UFRGS).

The biochar and ashes samples were characterized by X-ray diffraction (X-ray
diffraction DXA, Advance Bruker), after milling in mortar and pistil, sieved in 45-micron mesh

and powdered in the equipment. The analyzes were performed at room temperature with a
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copper tube (Ko =1.5418 A radiation), in a range of 26 of 10°-70°, with resolution of 0.02° and
0.6 s count time. The samples were also grinded in mortar and pistil, mixed with potassium
bromide (KBr), pressed and characterized by Fourier Transform Infrared Spectroscopy (FTIR)
in spectrophotometer (Spectro One model, Perkin-Elmer) to identify functional groups at the

Department of Material Engineering of the Franciscan University (UFN).

The samples were also evaluated by X-ray photoelectron spectroscopy (XPS) for
surface characterization (qualification and quantification of the functional group elements on
the surface of the solid material), as well as determination of the content of Si and O in the
samples at the Department of Inorganic Chemistry of the Federal University of Rio Grande do
Sul (UFRGS). For the evaluation by XPS, previously grinded samples were placed in a
spectrophotometer (Omicron-SPHERA), using an Al Ka radiation source (1486.6 eV) with an
application to the anode 225 W (15 kV, 15 mA). The pressure used during the analyzes was
between 108 and 10° mbar. The detection angle of the photoelectrons () relative to the sample

surface was set at 53° for all measurements. All binding energies on the spectra are referenced

to Cls at 284.8 eV.

2.3.1ron adsorption capacity

Iron adsorption isotherms were determined using 0.5g aliquots of previously grinded
triplicate sample of biochar/ash which were added to snap-cap flasks containing 50 mL of
Hydrated Iron Penta Sulfate solution (Fe.SO4.7H20) of 0, 5, 10, 20, 40, 80 and 120 mg L
concentrations. After stirring on a horizontal shaker for 24 hours at room temperature (23 °C),
a 20 mL aliquot was filtered on cellulose membrane (0.2 um) and the iron concentrations of the
solutions were determined by atomic absorption spectroscopy. The initial pH of the iron
solution was measured and that was around 3.8. From the experimental data, the equations were

adjusted according to the Langmuir model (Sparks, 2003):
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K XCmax XCsol

Q = A SOl ) (1)

1+K X Csol

Where

Q = amount of Fe?" in equilibrium; Cmax = maximum sorption capacity of Fe?"; K =
constant related to the affinity of the biochar/ash for Fe?*; Cso = concentration of Fe?* in the

solution.

The parameter Cmax is related to the maximum adsorption capacity and KL
(Langmuir's constant) is the ratio between the adsorption kinetic constant and kinetic desorption
constant (Choy, 1999). The separation factor (RL) was also calculated. This parameter is used
to predict the nature of adsorption (spontaneity) and is defined according to the equation

(Sivaraj, 2001):

If RL> 1: unfavorable isotherm; RL = 1: isotherm is linear; and 0 <RL <1: isotherm is

favorable.

A sample of the ashes and biochar used in the isotherm experiment was oven dried

(60 °C) for evaluation by XPS by the same procedure described above.

2.4.Statistical Analysis

The values obtained in the nutrient analyzes of the ashes and the biochar were
submitted to analysis of variance (ANOVA) and, when necessary, the means comparison was

performed by the Tukey test (5% level of significance).

3. Results and Discussion

3.1.Chemical and physical characterization of materials
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The RHB presented higher C content, followed by RHAL1 and RHA2 (Table 1), which
was expected because the higher oxygenation during the burning of these materials in the
production of the ash guaranteed conditions of greater oxidation of carbon and its release in the
form of COz. Virtually no N was detected in ashes, while a low concentration still persisted in
biochar. Unlike C and N, higher Si content was verified in both ashes. There was no significant
difference in Mn, Mg, Ca, Cu, Fe, K, P contents among materials, which presented in relatively
low concentrations, except for P and K, which presented higher values. The higher
concentration these elements in biochar and ashes compositions justify their fertilizer effects

on soil and plant uptake (Srivastava et al., 2006; Wu et al., 2012).

The presence of carboxylic radicals (-COOH) in the materials was not detected. The
phenolic groups (-OH) were higher in relation to the lactonic groups (-COOR) in biochar and
ashes. A greater number of phenolic groups in the biochar is expected due to controlled
temperature over time period and hence ease in formation of aromatic groups in structure of
material. However, due to lower amount of carbon in the ash, especially RHAL, there was no
expectation of detecting the presence of these organic groups. The Boehm method is usually
used in higher carbon materials and, because of this, the use of this methodology in the ashes
may present limitations. As the principle involves an indirect estimate, it is possible that

presence of other functional groups (e.g. silicates) may have been attributed to organic ones.

The materials presented low neutralization power, although different from each other
(Table 1). The study of Islabdo (2013) also showed a very low NP (0.91%), and the application
of this material caused a significant increase in the pH of oxidized soil at doses above 40 Mg
ha™t. Thus, its use with a view to replacing limestone for raising soil pH with a significant
decrease in Fe?* release in irrigated rice crops cannot be considered a viable alternative due to

large amount to be applied.
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Table 1. Chemical and physical parameters of biochar (RHB) and ashes (RHA1 and RHA?2)

from rice husk.

Chemical and physical parameters RHB RHA1 RHA2
Carbon (%) 46,1 +2,05a 093+0,05¢c 165+211b
Nitrogen (%) 0,43+£0,02a <0,01b 0,01b
Oxygen (%) 195+2,1b 265+21a 145+1,70¢c
Silicon (%) 350+4.2c 66,0+85a 595+780b
Manganese (g kg™) 0,55+0,11 0,32 + 0,04 0,45+0,11
Magnesium (g kg™) 0,50 £ 0,03 1,09 + 0,43 0,69 £ 0,08
Calcium (g kg™) 0,81+0,04 1,28 + 0,53 1,00+ 0,01
Cooper (g kg?) <0,01 0,03 +0,02 0,01
zZinc (g kg 0,08+0,01a 0,13£0,010b 0,12+£0,01b
Iron (g kg™) 0,24 £0,01 0,37 £0,10 0,34 £ 0,04
Potassium (g kg™) 51+0,13 6,2+ 1,81 530,37
Phosphorus (g kg™t) 1,2 +0,09 3,1+0,70 2,5+1,29
Ash (%) 354+0,352a 96,0£0,15b 689+144c
Neutralizing power (%) 0,76 £ 0,01 a 0,51+£0,02b 0,44+0,04cC
Carboxylic groups (mmolc g2) <0,01 <0,01 <0,01
Lactonic groups (mmolc g?) 35+0,31b 45+0,2a 2,7+0,20c
Phenolic groups (mmolc gt) 310+22a 6,2+0,2¢c 95+£0,20b
CEC* (cmolc kg?) 1125+25a 400+5¢c 57,5+250b
SSA** (m2 gl) 118,2+2,38a 92+024c 95+1,18hc
*Cation Exchance Capacity **Specific Surface Area.

Means  followed in horizontal line  have  significant  differe

nces according to the Tukey's test (p> 0.05)

A higher CEC value was obtained in the RHB compared to the ashes; however, this can

be very variable between biochars, since it depends directly on temperature of production and

feed stock (Jiang et al., 2012). Although it is not as common for biochars to reach values as

high as that obtained in this study (112.5 cmolc kg?), studies with cane residues found values

close to 120 cmolc kg™ (Wang, 2016). Biochar with high CEC values as these have adsorption
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potential of up to 33 mgFe?* g of biochar. The lower CEC of ashes may be related to lower

SSA, similar to those found in other studies (Srivastava et al., 2006).

The three materials showed silicate structures in several crystalline arrangements
(cristobalite, quartz and moganite) in XRD evaluation (Figure 1). It was possible to verify the
presence of four crystalline phases in the biochars diffractogram (RHB), and in one of them
mineral containing calcium was identified (Figure 1A). Besides the identification of the silicate
phases, it is possible to notice that the diffractogram of this material has a diffuse baseline, with
no predominant peaks, characteristic of presence of large amounts of amorphous components
in its composition. This amorphous material may be related to presence of carbon structures in
formation of biochar. Most of the studies that have evaluated rice-derived biochars converge to
the appearance of peaks related to SiO> structures represented in various arrangements and with
elements such as Ca and K in the mineral forms (Wu et al., 2012). The formation of crystalline
phases in the biochar is usually related to obtaining this material at high temperatures (700 to
800 °C), but this was also substantiated in studies where this material was obtained at 500 °C
(Lu et al., 2017). Studies have shown that peaks of minerals with calcium increase at
temperatures of up to 500 °C, but decrease and even disappear at higher temperatures (700-800
°C). In general, the appearance of crystalline structures containing Ca in biochars also depends

on the biomass from which they were obtained.

In RHAL, occurrence of silicate phases (quartz and cristobalite) was also verified, as
well as the presence of Ca mineral in its crystalline structure (gyrolineite). The RHAZ2 presented
phases with the presence of silica (cristobalite) and K. The study of Srivastava et al. (2006) also
reported that the presence of SiO2 in the form of cristobalite and compounds with presence of
K in crystalline phase of rice husk ash. Therefore, when comparing ash, it is possible to affirm
that firing conditions of first one (RHA1) were more propitious to formation of crystalline

structures in relation to second ash (RHA2).
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In order to make ashes, the ideal temperature to not occur crystalline phases must be
below 700 °C (Della et al., 2002) however, obtaining ashes in grain dryers occurs at varying
temperatures and without logging or monitoring. As a result, ashes obtained in a very
heterogeneous material, due to changes that can occur between a firing and another, such as the
temperature of the furnace, quantity of material to be pyrolyzed, time of permanence of the
material inside the furnace among others. In view of above, it is uncertain to state in which
temperature ashes used in this study were obtained. Evidence of this variation is the fact that
RHAZ2 ash did not present peaks related to the presence of quartz in its diffractogram. It is
important to point out that the visualization of amorphous structures by this technique is not
possible, which does not exempt such structures from actively participating in ion adsorption

reactions, both in soil and in solution.

The functional groups present in biochar and ashes evaluated by FTIR are very similar
to each other (Figure 2). The peak transmittance between 3400 and 2920 cm™ present in three
materials indicates presence of hydroxyl groups (-OH). These groups may be derived from
phenols, alcohols, ethers and esters. In the ashes, stretches occurring at 1097 and 1095 cm (for
RHAL and RHAZ2, respectively) confirm the presence of silanols (Si-OH) and siloxanes (Si-O-
Si-OH) groups. In addition, a specific peak (793 cm™) for Si-H in these materials was also
verified. It was possible to identify possible CH stretches of aliphatic (2923 and 2850 cm™),
stretches of -C = O and -C-OH from ketones and aldehydes (1636 and 1615 cm™), stretches of
oxygen groups typical of lignin (1200 cm™) and metals such as K and Ca (620 cm™) (Aguiar et

al., 2002, Wu et al., 2012).
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Figure 1. X-ray diffraction of A) biochar (RHB) and ashes B) RHA1 and C) RHA2 of rice
husks.

The results found are very similar to those found in studies evaluating ashes and
biochars from rice husk (Srivastava et al., 2006; Wu et al., 2012). The presence of organic
functional groups described, as well as presence of silanols and siloxanes in ash, are responsible
for ability of these materials to adsorb metals (Srivastava et al., 2006). However, it is necessary

to take into account that these FTIR results have a qualitative character, not expressing amount
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of these functional groups in the biochar and ashes. Therefore, the amount of these groups can

directly affect the ability of these materials to adsorb iron.

Transmitance (%)

L] I z 1 5 I Y | 3 I 2 I K I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. Transmittance spectrum obtained by Fourier transform infrared (FTIR) of biochar
(RHB) and ashes (RHA1 and RHAZ2) of rice hulls.

The photoelectric spectrum obtained by XPS evaluation of the surface of the biochar
(RHB) and ashes (RHA1 and RHAZ2) evidenced presence of O, C, Si and Ca (Figure 3). The
spectral lines of O (O1s) for RHB showed binding energy equal to 533.9 eV and this is related
to the presence of C=0 type bonds, which confirms previously obtained information in FTIR
evaluation, which indicates presence of surface groups in the biochar such as phenols, ethers
and hydroxyls. Carboxylic groups were previously discarded by Boehm method (Table 1). For
ashes RHA1 and RHAZ2, value found was 532.8 eV and can be related to presence of O to Si in

the SiO2 form.

The spectral line of Ca (Ca2p) had binding energy of 347.8 eV for all materials and this

value is related to presence of Cas(POs)2 in the three materials (Figure 3). The spectral line of
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calcium was also present as Ca3p and binding energy of 26.8 eV, a value that relates this
element to the presence of its oxide in the biochar. In both ashes, the value around 25.3 eV
refers to this element in the form of carbonate (Sosulnikov et al., 1992). The spectral line of C
(C1s), whose binding energy was 284.8 eV in all materials tested, indicates that this element
also carries out single bonds (sp3-type hybridization), fact previously confirmed by FTIR
(stretches of type CH aliphatic). The spectral line of Si occurred under two binding energies
(Si2s and Si2p). The binding energy values for Si2s were around 155.4 eV in the three materials
and refer to Si in inorganic form (SiOz). The values in Si2p were recorded only in RHB and
RHAL (104 and 102 eV respectively) and confirmed the presence of Si in the form of SiO, and
amorphous silicon (SiCxOy) (Krummacher and Sarma, 1986). The clusters found by XPS for
the rice bark derived biochar are in agreement with other studies (Liu et al., 2015), in addition
to being very similar to those observed by FTIR. This reinforces the need for use of analytical
techniques that complement each other in order to confirm functional groups are on surfaces of

materials in characterization studies.

The XPS evaluation was also performed on the materials after exposure to the Fe?* ions
in the adsorption isotherm (Figure 4). The binding energy values of elements O, Ca, C, Si and
Ca remained same. The main difference observed in photoelectric spectrum of these materials
was the appearance of Fe related bonding energies in the Fe2p and Fe3p regions, evidencing
the Fe?* sorption of the solution in the biochar and the ashes tested. The less intense binding

values (Fe3p) are related to the appearance of Fe in FeSO4.7H20 form (Descostes et al., 2000).
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Figure 3. Photoelectric spectrum (XPS) of rice husk biochar (RHB) and ashes (RHA1 and
RHA2) surfaces.
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Figure 4. Photoelectric spectrum (XPS) of the biochar surface (RHB) and ashes (RHA1 and
RHAZ2) of rice husk after eight days of contact with solution containing Fe?* ions.
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By means of deconvolution (Figure 5), it was possible to verify in a more detailed way
different binding energies that compose peak formed in the primary region for the element Fe
(Fe2p) (Figure 5). In presence of FeSi., FeSi, FesSi (707.2 eV, 707 eV and 706.8 eV
respectively), the presence of Fe-FeSO4 (711 — 713 eV) where the binding of Fe?* to oxide form
(709.1 eV, 709.8 eV and 710.6 eV) occurs (DESCOSTES et al., 2000). The spectral lines of Fe
(Fe2pl1/2 and Fe2p3/2) found in a value close to 710 eV denote the presence of this oxygen-
bound element (Fe203) (Zhang et al., 2013). However, it is necessary to point out that such a
structure can be adsorbed in both organic groups and in silicate structures, provided there is an
electrically favorable site for this phenomenon to occur. The less intense line of Fe (Fe3p) also
refers to the same structure (Fe203) found for the other peaks of the element (Descostes et al.,
2000). In general, the results obtained in this study indicate potential adsorption capacity of iron

by ash and biochar but involving different functional groups.

3.2.1ron adsorption capacity

The iron retention capacities of substances were determined by adsorption isotherms
(Figure 6). The ashes have a similar behavior to each other and as well as similar to biochar
(RHB). In general, three isotherms obtained can be classified as being type L (Langmuir —
subgroup 2). According to classification of Giles et al. (1974), the isotherms have an initial
downward curvature due to decrease in availability of active sites. It also indicates that there
was saturation of the surface at which adsorbate has more affinity for solvent than for the
already adsorbed molecules. The Langmuir constant (KL), which indicates the adsorption
affinity of adsorbate by adsorbent, also presented close values between the materials (0.10 mg
Lt 0.10 mg Lt and 0.14 mg L™ for RHB, RHA1 and RHAZ2 respectively), indicating similar
affinity of these materials for iron. For the separation factor (RL), values found for RHB (0.7)
and RHA1 and RHA2 (0.8) denote the occurrence of favorable and spontaneous adsorption of

materials with iron.
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Figure 5. Deconvolution of Fe2p primary region in XPS spectrum of A) biochar (RHB) and

ashes B) RHAL and C) RHA2

of rice husk after eight days of contact with Fe?* solution.
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The maximum adsorption capacities of RHB, RHAL and RHA2 were 5.53, 7.22 and
6.74 mgFe?* g respectively (Figure 6). Considering the CEC of the materials, it was possible
to verify that the amount of Fe?* adsorbed was equivalent to 34% of the total CEC of RHB,
100% of RHA1 and 85% of RHAZ2. The higher values of occupation of sites available by Fe in
ashes may be related to the strong interaction tendency that Si of the ashes possesses with
metals. The lower occupation of CEC by Fe?" in biochar may depend on variety of organic
functional groups present, which in turn have different optimum adsorption conditions for
metal. However, the adsorption of Fe to biochar and to ashes must have occurred by different
functional groups and mechanisms which together ended up providing similar total capacity

values, even with the biochar having the possibility of greater retention.

Considering parameters evaluated in characterization of materials together with
adsorption results evaluated in solution, it was possible to verify that biochars and ashes of the
rice hulls have different characteristics but a similar potential of adsorption capacity of Fe?*
ions in rice crops with the history of occurrence of iron toxicity. Further studies are needed to
evaluate the possibility that its addition is an economically viable and ecologically correct

alternative to minimize or even eliminate the effects of this type of occurrence.

4. Conclusion

Biochar and ash of rice husk have different levels of C, Si, CTC, SSA and surface
functional groups, which should be related to the difference in oxygenation and temperature
during the pyrolysis of the materials. However, these differences did not result in a large
difference in adsorption capacity of Fe?* ions. The iron adsorption capacity of the biochar was
5.53 mgFe?* g%, and of the ashes was 6.74 and 7.22 mgFe?* g* for the two materials tested,
which demonstrates potential use of these materials in irrigated rice crops by flooding to

mitigate iron toxicity.
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of rice husk adjusted by the Langmuir equation.
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5.2 ESTUDO I

RICE HUSK ASH AND BIOCHAR AS AMENDMENTS FOR IRON TOXICITY IN
FLOODED RICE'

ABSTRACT

Majority of rice around the world is produced under flooded irrigation in soils. In this system,
in absence of O in soil, Fe reduction reactions increase availability of this chemical element in
soil solution and may reach toxic levels to plants. Present study aimed to evaluate the potential
of rice husk ash (rice hull ash) - which is a residue of rice production chain, and biochar - which
is produced from husk pyrolysis - as alternatives to decrease Fe concentration in soil solutions
considering their metal adsorption potentials. A greenhouse experiment was conducted to
evaluate Fe retention ability and to quantify effects of two types of rice husk ashes and biochar
type at rate of 5, 10 and 15 Mg ha* for 64 days. A control treatment (no ash or biochar) was
also installed. Fe?* and other nutrients concentrations were measured in soil solution and plant
tissue, photosynthetic parameters were quantified. These materials presented distinct Fe
retention potential, however, in soil solution, an increase of Fe and Mn contents with application
of the materials was noted which was related to the stimulus to soil reduction by C and added
nutrients. The contents in solution and in rice tissues were also affected. However, these were
related to the supply of the elements by the materials. Although Fe showed retention potential,
biochar and rice husk ash did not reduce the availability of Fe in the soil solution in irrigated

rice cultivars while, altered availability of some nutrients up to some extent.

Keywords: crop residues; organic amendments; iron adsorption; soil fertility

1 Introduction

Rice (Oriza sativa L.) is adapted to aquatic environments and is commonly cultivated
under irrigation in flooded areas. One of the main residues of rice production is rice husk which
is difficult to manage due to large amounts generated during this process which corresponds to
approximately 20% of the mass of rice produced (PIRES et al., 2006). These leftovers cannot

be deliberately discarded in environment since timespan required for its degradation is nearly

T Artigo formatado de acordo com as normas da revista Chemosphere.
(https://www.journals.elsevier.com/chemosphere)
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5 years (MAYER, HOFFMANN, RUPPENTHAL, 2006). A common destination for rice husk
is burning for the generation of energy in grain processing facilities (AMATO, 2002). Burning
rice husk generates another residue - rice husk ash (RHA) which may correspond to up to 15%
of husk mass prior to incineration (GONCALVES; BERGMANN, 2007). In general, the use of
this material in agricultural crops appears to be a promising alternative. A number of published
articles have demonstrated the effect of use of ash in relation to supply of nutrients to crops
(DONEGA et al., 2013; SANDRINI, 2010; SANTIN; VAHL, 1985; SILVA et al., 2008;
SILVA et al., 2017) and improved organic matter levels and pH increase as well (MOYIN-
JESU, 2007). However, most of the studies on subject have focused use of ash in oxidized soils.
Ash provides different effects on these soils if we consider the electrochemical changes in soils
under flooding and the adsorbent potential of this type of material.

With the establishment of a water layer (water table) on soil and in absence of molecular
oxygen (O2) in the flooded soil, anaerobic microorganisms use oxidized soil compounds as
respiration electron acceptors, including NO3z, manganic oxides (Mn*"), ferric oxides (Fe*"),
and SO472, respectively (SOUSA et al., 2012). The reduction of Fe3* to Fe?* is considered an
important geochemical reaction that results in an increase in the solubility of Fe, reaching about
300 mg Fe 2* L in the soil solution (SOUSA et al., 2012). High levels of Fe in the solution
associated with other soil characteristics can cause Fe toxicity to rice plants either due to
excessive absorption of element by plant (direct toxicity) or generalized deficiency of other
nutrients (indirect toxicity) (WOLTER, 2010). Iron toxicity in early stages of plant growth
causes severe growth retardation and, in later stages, affects crop yield due to spikelet sterility
(PONNAMPERUMA,; LANTIN, 1985; WOLTER, 2010).

Currently, there are several agricultural practices that can be used to mitigate iron toxicity
(SOSBAI, 2016). However, none of these methods solves the problem alone, and there are
drawbacks in using some of these methods. Intermittent irrigation is efficient. However, if
flooding is suspended, an increase in weed incidence and N losses may occur (SCHMIDT et
al., 2013). Raising the pH up to 6.0 by the addition of limestone can reduce the amount of Fe
released. However, it creates additional costs to the productive cycle of rice imposing extra
burdens on producers. In such context rice husk ash as well as biochar may be alternatives for
the mitigation of Fe toxicity in irrigated rice.

Biochar is a solid bioproduct of organic materials obtained by burning with little or no
oxygen i.e. including wood, straw, rice husk, and animal waste (SOHI, 2012). Several studies
have been conducted over the years to evaluate the benefits and changes caused in the soil by
the addition of this material (WHITMAN et al., 2011; ABIT et al., 2012; MAO et al., 2012;
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SOHI, 2012; KHARE; GOYAL, 2013; VERHEIJEN et al., 2014). The most common uses of
biochar in agriculture is related to improved soil fertility and mitigation of greenhouse gas
emissions from crops. However, positive results in relation to the decrease in inorganic
contaminants such as cations (mainly metals) and anions (MOHAN et al., 2014) have been
obtained in a number of studies are also promising.

Studies on the adsorbent ability of the ashes in the aqueous system has been carried out
for many years, both in the removal of metals (SAHA et al., 2001) and in the removal of dyes
and organic compounds (MANE et al., 2007). The potential for removal of these metals may
be due to the chemical stability, high strength, and porous granular structure of the ashes
(HGAFIAH, 2008). Due to its high content of silica (which ranges between 85 and 95%),
adsorption of metal ions may occur through the interaction between silane groups (Si-OH) on
the silica surface and the elements in solution. Other characteristics are also pivotal in the
removal of these metal species including pH, contact time, initial metal concentration,
temperature, and amount and nature of the adsorbent (SILVA, 2016).

Thus, it is hypothesized that use of ash and biochar from rice husk may be efficient in
adsorbing Fe?* from soil solution during irrigated rice cultivation minimizing the risks of
toxicity and offering an alternative for disposal of this residue. The present study aimed to i) to
evaluate the retention ability of Fe by ash and rice husk biochar; ii) to assess the availability of
nutrients and Fe in the soil solution during rice cultivation under flooding with the use of ash
and rice hull and iii) to evaluate the effects of the use of ashes and biochar from rice hull on

irrigated rice plants after cultivation under flooding.

2 Material and Methods
2.1 Production and characterization of ash and rice husk biochar

Ashes from rice husk were collected from the rice trade company (referred to as RHAL)
and rice processing company (named RHA2), respectively, both located in the south of Brazil,
State of Rio Grande do Sul, Brazil, in which rice husk is used to generate heat during the grain
processing process. The temperature and time of burning (incineration) conditions at these sites
are not controlled (monitored). However, the degree of exposure of the husk to the burning is
different in each premise. The ash disposal in each factory (establishment) is done on the ground
of these premises in the open. The samples were randomly collected from husk piles and stored
in plastic bags for transportation (shipping) and subsequent analysis at the university laboratory.
No pretreatment or drying was done on these materials.

A biochar (RHB) was prepared at laboratory, under slow pyrolysis conditions from rice
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husk which was collected at a rice mill located in the municipality of Santa Maria, RS, Brazil.
Rice husks were previously air dried and pyrolyzed for 1h at 500 °C inside a muffle oven (brand:
Jung, model 7549, Brazil) with a heating rate of 10 °C min™.

The materials were characterized for their composition (C, N, P, K, Ca, Fe, Mn, and Mg)
and surface functional groups. Procedures and results are described in a previous study
conducted by SEVERO et al. (2019).

2.2 Iron adsorption ability in absence or presence of other elements

The Fe adsorption ability of each material in the absence of other elements was
determined in an experiment in which aliquots of biochar and ash (in the amounts of 5 g and 10
g L) were placed in contact with 1 L of a solution with concentration of 95.7 mg L™ of Fe?*
produced with FeSO4.7H,0 (PA). The suspension of biochar or ash and the solution was put
into a set of glass beakers and kept under a in laboratory at room temperature. To evaluate the
adsorption ability in presence of other elements, another set of glass beakers containing biochar
and ash (in the amounts of 5 g and 10 g L) were placed in contact with a solution containing
85.6 mg L of Fe?* and the following elements: 1.44 mg L™ of Zn?* (ZnS04.7H20), 0.21mg L"
! of Cu?* (CuSO4 .5H20), 3mg L of Mn?* (MnCl..7H.0), 35.38 mg L of N((NH4)2SO4 and
Ca(NO3)2.4H20), 1.35 mg L of P (KH2PO4), 97 mg L of K* (K2SO4 and KH,PO4), 133 mg
LT Ca?* (Ca (NOs3)2.4H20 and CaCl,) and 45.11 mg L of Mg?" (MgS0O4.7H20), all of the
reagents PA. The added elements and their concentrations were established according to the
nutritional solution of Furlani (FURLANI, 1999) except for Fe. The experimental design was
completely randomized and had four replicates. The suspension of biochar or ash was mixed
with glass rod stirred once a day (qd) until the end of the experiment.

In the first set (Fe only in solution), 5 mL of solution were sampled using a syringe every
2 days till 8" day after biochar/ash contact was started. In the second set (Fe and nutrients), 40
mL of solution were collected on day 1%, 5", and 10" of the experiment. After collection, the
solution was immediately filtered on a 0.2 um acetate membrane and refrigerated (10 °C); a 15
mL aliquot of the second set was frozen for N measurement. The concentrations of Fe, Zn, Cu,
Mn, Ca, and Mg of the solution were determined by atomic absorption spectrometry (AAnalyst
200 - PerkinElmer). N was evaluated using the total C and N analyzer (Shimadzu TOC-L). K
was assessed using a flame photometer (Digimed DM-62). P was evaluated by reading samples
on a UV-VIS spectrophotometer (BEL Model S05) according to the the MURPHY; RILLEY
method (1962).

At the end of the experiment in which there was the addition of Fe*2 only, aliquots of
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biochar and ash were dried at 60 °C, macerated, and evaluated by X-ray diffraction (DXA model
D2 Advance Bruker). Analyses were performed as powder at room temperature with a copper
tube (Ko =1.5418 A radiation) in a 26 range of 10°-70°, with resolution of 0.02° and counting

time of 0,6 sec.

2.3 Addition of biochar and ash in irrigated rice crop

A pot experiment with rice crop was carried out under greenhouse conditions. The
surface layer (0-20 cm) of a Planosol (FAO, 2014)/ Planossolo Haplico eutréfico tipico
(EMBRAPA, 2018) collected from the experimental areas of the Federal University of Santa
Maria (UFSM, South of Brazil) (29°43'5"S; 53°42'20"W). After collection, the soil samples
were air dried, grinded and sieved by a 10 mm mesh. The soil chemical attributes were assessed
according to the methods described by TEDESCO et al. (1995). The results were the following:
Ca = 6.1 cmolc dm=, Mg = 2.7 cmol. dm=3, Al = 1.8 cmolc dm=3, K = 0.164 cmolc dm=, H + Al
= 7.7 cmolc dm3, effective CTC = 10.8 cmolc dm™, CTCpr7 = 16.7 cmolc dm™, base saturation
and aluminum = 54.1% and 16.7%, respectively, organic matter = 2.8%, clay = 40%, and P-
Mehlich-1 = 8.5 mg dm.

Five kg of dry soil was placed in plastic pots (vessels) for subsequent application of the
different treatments. The amount of biochar and ash used was 12.5, 25 and 37.5 g pot™* at doses
equivalent to 5, 10 and 15 Mg ha* (considering a mass of 2000 Mg ha* of soil in the 0-20 cm
layer and density 1). In all treatments, plant residue of ground and dried ryegrass was
incorporated in an amount of 10g pot™ (equivalent to 4 Mg ha*) in order to provide C to favor
soil reduction and consequently the release of Fe in the solution.

A two factorial experiment (3 material type x 3 doses) was designed under complete
randomized design (CRD) with 4 replicates (control - soil only (T1), soil + RHB 5 Mg ha'
(T2), soil + RHB 10 Mg ha® (T3), soil + RHB 15 Mg ha (T4), soil + RHA1 5 Mg ha! (T5);
soil + RHA1 10 Mg ha® (T6); soil + RHA1 15 Mg ha* (T7); soil + RHA2 5 Mg ha* (T8); soil
+ RHA2 10 Mg ha' (T9) and soil + RHA2 15 Mg ha (T10). A PVC tube (0.25 cm in diameter
x 10 cm in length) covered with a polyamide screen of 80 um porosity coupled to a silicone
hose (measuring 3 mm diameter x 50 cm in length) that was connected to a 3-way tap was
placed on the ground between 5 and 7 cm depth to collect soil solution (Moscoso et al., 2018)
to collect soil solution. At the end that was in contact with the soil solution. The fertilization
was carried out by applying a solution containing 150 mg of N using (NH4)2S04, 91.1 mg of P
and 114 mg K using KH2PO4, and 57 mg K using KCI in each pot, and on the 1% day of flooding
33% of the total dose of N, 100% of the dose of P, and 67% of the total dose of K was applied
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whereas on the 24" day of flooding, 67% of the dose of N was applied and on the 30" day 33%
of the dose of K was applied.

After preparation of pots, pre-germinated 5 rice seedlings IRGA 409 (Fe toxicity
sensitive) were transplanted. After transplantation, soil was kept saturated for 5 days and
thinning was made by uprooting 2 unhealthy seedlings and only 3 rice plants remained in the
pots. A water layer was established between 2 and 3 cm above soil.

Soil solution sampling was performed during a period of 64 days with intervals of 8 to 12
days (at 4™, 151, 241 36™ 45" 56 and 64" days of flooding). At each collection, 40 mL of
soil solution was collected and filtered on 0.45 cellulose acetate membrane and thereafter 0.22
um and 1 mL of 3 mol L™ HCI was added and the samples were conditioned in a refrigerator
(10 °C).A 15 mL aliquot of each sample was frozen for the total C and N measurements. The
concentrations of Fe, Zn, Cu, Mn, Ca, and Mg of the solution were determined by atomic
absorption spectrometry using a AAnalyst 200 - PerkinElmer; the total C and N was determined
using the analyzer TOC-L Shimadzu), K was determined in a flame photometer (Digimed DM-
62) and P was measured by reading in a UV-VIS spectrophotometer (BEL Model S05)
according the to procedure published by MURPHY; RILEY (1962).

On the 49" day of flooding (V5-V6 stage), chlorophyll fluorescence parameter was
measured with a light-modulated portable fluorometer (Junior-Pam Chlorophyll Fluorometer
Walz-Mess-und-Regeltechnik, Germany) in completely expanded leaves. The electron
transport rate (ETRm) was determined in the period between 4:00 AM and 5:00 AM by light
curves (electron transfer rate versus PAR which were constructed by subjecting each sample to
9 different radiation levels (0, 125, 190, 285, 420, 625, 820, 1150, and 1500 electrons ol m2 s’
1y for 10 sec. The emission of the initial fluorescence (Fo) and the maximum fluorescence (Fm)
were performed in the morning (between 8:00 AM and 11:00 AM) in leaves of 3 plants per
treatment adapted to the dark for 30 min. The maximum quantum vyield PSII (F./Fm) was
obtained by variable fluorescence ratio (Fv= Fm-Fo) and maximum fluorescence.

At the end, on day 64 and after final sampling of soil solution, aerial part of plants was
collected, dried at constant weight in an oven at 60°C, and then weighed for determination of
dry matter and ground for the determination of the N, P, K, Cu, Zn, Mn, Fe, Ca, and Mg contents
in the plant tissue (TEDESCO et al., 1995).

2.4 Statistical analyses
All variables were submitted for analysis of variance (ANOVA) considering model in a

completely randomized design and treatments in a two factorial with additional treatment (3x3



68

+ 1 control) and F (Anova) test application. When ANOVA was significant, factorial 3x3 was
compared to the control treatment by orthogonal contrast test (T test at 5% probability of error)
while the effects of material and dose factors or their interaction, when significant, were
evaluated by the test of Tukey to 5% probability of error.

3 Results and Discussion
3.1 Adsorption ability of iron by biochar and rice husk ash

In experiment containing Fe only, there was a reduction of the initial concentration of
Fe?* by the presence of biochar and ash (Figure 1a) with higher intensity until the 4™ day of

contact in both concentrations of these materials.
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Figure 1. A) Percent change in Fe?* concentration during 8 days in contact with biochar and rice husk ash (RHB,
RHA1 and RHA2) in solution with Fe?*; B) Percent change in Fe?* concentration during 10 days in contact with
biochar and rice husk ash (RHB, RHA1 and RHAZ2) in solution with Fe2* and nutrients (N, P, K, Ca, Mg, Cu, Zn
e Mn). The vertical bars correspond to the standard deviation of the samples.

After 6 days of contact, there was basically no change in the amount of Fe retained by
the materials, which remained on average for the 3 materials approximately 68% and 37% of
the initial iron concentration for 5 and 10g L™ of biochar or ash in the solution, respectively.
The retention ability of Fe by biochar and non-nutrient rice husk ash ranged between 5.0 and
7.8 mg Fe?* g when 5g L of the materials were used and between 5.9 and 6.3 mg Fe?* g

when 10 g L™ of the materials (Table 1) was used.
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Materials

Amount of biochar or ash in the solution

5¢gL? 10gL?
.................... mg Fe?* gt ash or biochar....................
RHB 5,8+ 0,37 Ab 5,9+0,16 Ab
RHA1 5,0+£0,41Bb 5,9+ 0,36 Ab
RHA2 7,8+0,17 Aa 6,3+ 0,23 Bb
CV% 14,84
RHB + nut 7,4 +£0,37 Ab 7,2+£0,29 Aa
RHAL + nut 8,9+ 0,63 Aa 7,2+0,25Ba
RHAZ2 + nut 9,2+0,42 Aa 7,2+0,14 Ba
CV% 12,29

Values followed with the same lowercase letter in the column do not differ according to the Tukey test (p <0.05).
Values followed with the same capital letter on the same line do not differ according to the Tukey test (p <0.05).

Table 1: Fe?* retention capacity of biochar and rice husk ash (RHB, RHA1, RHA2) in solution containing Fe?* and
solution with Fe?* + nutrients (RHB + nut, RHAL + nut, RHA2 + nut)

With 5 g L of material, only RHA2 presented sorption capacity with significant
difference in relation to other materials. When 10 g L™ of material was used, there was no
difference between biochar and ash (RHA1 and RHAZ2). In the experiment in which the
nutrients were not present, the different amounts of material (5 g and 10 g L) had a significant
effect on iron retention in the ashes only.

In experiment, where biochar and ash were in contact with the Fe?* solution with other
elements (N, P, K, Cu, Zn, Mn, Ca, and Mg), the adsorption ability was slightly increased
(Figure 1b) and adsorption ability of the Fe?* solution was higher, remaining approximately 50
% of the Fe concentration for the dosage of 5 g L™ of the materials and nearly 16% for the
dosing of 10 g L* of the materials. The highest adsorption intensity occurred until the 5 day
of contact with the solution. However, it continued to reduce the Fe concentration until the 10™"
day of contact in a less intense pattern. In this experiment, the Fe retention ability by biochar
and ash was slightly higher in comparison to the Fe?* solution only, ranging from 7.4 to 9.2 mg
Fe?* g* of biochar or 5 g L™ material and 7.2 mg Fe?* g biochar or ash concentration of 10 g
L of material.

Based on the results of the present study, it is suggested that the greatest reduction of Fe
concentration in solution containing other nutrients was not induced by a greater ability of
adsorption by biochar or ash. The formation of a precipitate (probably Fes(PO4). was observed
during the experiment. When comparing concentration of elements prior and posterior to
contact with materials, it was observed that there was no variation in N contents, an increase in
Ca concentrations (+11% for both materials), Mg (+33% and +11% for ash and biochar,
respectively), and K (+50% and +46% for ash and biochar, respectively) and Mn (+62% and

+81% for ash and biochar, respectively) and reduction in levels of Cu (-62% % and -81% for
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ash and biochar, respectively) and Zn (-41% for ash, unchanged for biochar) while the P content
was zeroed in the solution after contact with the materials. Thus, it is believed that P was totally
consumed in precipitation with Fe, being the limiting element of this reaction. Based on these
findings, we believe that the decrease in Fe concentration occurred due to the superimposing
effect of the adsorption mechanisms by the materials with the precipitation of iron phosphates.

In irrigated rice crops conditions, this reduction of P concentration by the reaction with
Fe does not affect the nutrition of the plant since the reduction of Fe of the soil by flooding also
promotes the release of P in the soil solution (SOUSA et al., 2012). The release of Mg, Ca, and
K in the solution was expected as these elements are present in ash and biochar as oxides and
hydroxides and these compounds are easily solubilized in solution (SILVA et al., 2017). In
addition, alkaline earth metals have a weak interaction (electrostatic adsorption) with the
surface of biochar and ash which facilitates the release of adsorption sites for Fe (CHEN et al.,
2015).

The lack of effects on N levels is beneficial as it has minor influence on plant availability

if the materials are added during rice crop. Acid functional groups that are found on the surface
of the biochar have a negative surface and can therefore adsorb the N-NH*" by electrostatic
attraction (MONTES-MORAN et al., 2004; ZHENG et al., 2010);
However, since this type of binding is weak, possibly functional groups have been occupied by
other chemical species in higher concentration. In the case of N-NOs™ adsorption, we may infer
that such weakness stems from the fact that biochar has a greater number of negative charges
on its surface than positive charges (KAMEYAMA et al., 2012) which restricts (limits) this
phenomenon to occur.

As for the micronutrients Cu and Zn, the reduction of the final concentration in relation
to the initial concentration was significant in percentage terms. This behavior was anticipated
since these metals have a chemical behavior similar to Fe and should also have been adsorbed
on the surface of biofuels and ashes or precipitates with P. However, the impact of these effects
on the availability of these compounds to plants should be assessed if the materials are added
during irrigated rice crops since the need for these elements by plants is much lower than N, P,
and K (MALVI, 2011).

Fe retention ability for the ash and biochar used in the experiment are similar to each
other even in materials having different features e.g. C content (SEVERO et al., 2019). Possibly
the Fe adsorption ability of ashes even with a lower C content is due to the presence of
functional groups of Si on the surface (Severo et al., 2019) forming complexes through groups
including -CO-, -OH, -Si-OH, -SiH, and -C-OH (SRIVASTAVA et al., 2009). A study, using
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spectroscopic methods have shown that metal silicates (PbSixOs and Zn»SiOa) are formed after
the contact of the rice husk ash with Pb and Zn in solution (STRUIS et al., 2013; BOSIO et al.,
2014). Therefore, we expect the occurrence of concomitant phenomena of sorption phenomena
including electrostatic attraction, physical adsorption, surface complexation/adsorption, and ion
exchange between the functional groups and the solution ions (AHMAD et al., 2014; TAN et
al., 2015).

The X-ray diffractograms of the materials RHB, RHAL, and RHA2 after contact with the
Fe?* solution show a number of differences with regard to the material initially placed in
solution (Figure 2). In the biochar (RHB), we were able to note the disappearance of the quartz
phase (SiO2) and the phase that contained Ca (Cas(Si.O7)) and the presence of Fe (FeSiy)
indicating the contribution of Si to Fe adsorption. The SiO; (cristobalite) phase was maintained
though. This finding was also reported in the study carried out by YANG et al. (2018).
However, in this study the occurrence of a new crystalline phase with the presence of Fe was
not observed.

In ash (RHA1), SiO- (cristobalite) phase was also maintained after solution experiment.
A new SiO (tridimite) phase with a new structural arrangement was noted. In this material, the
disappearance of quartz and calcium phase (2Ca0.3SiO> .2.5H,0) after contact with Fe was
also noted. A new phase with Fe has not been detected in the diffractograms. This finding does
imply that there was no adsorption of this element in the ash surface since the adsorption may
have occurred in the amorphous phase of the material. As a result, it is undetectable using this
technique. However, a strong indication that this phenomenon occurred is the disappearance of
the quartz phase which is a phenomenon that occurred in RHB. The disappearance of quartz
may be due to the destruction of crystalline planes that disappear after the adsorption of Fe ions
in these structures. In RHA2 ash, maintenance of the SiO, phase (cristobalite) was observed.
However, there were no quartz phases prior or posterior to the experiment in solution. There
was disappearance of the phase with K and the appearance of phases with the element Fe
(Fe2.2Si0q - faialite).

Using diffractograms, we were able to confirm the occurrence of probable interactions of
silicate structures present in both the biochar and ashes with Fe as well as the disappearance of
phases with alkali metals including Ca and K due in part to the release of these elements to the
solution. The diffractograms of three materials analyzed allowed us to evaluate only compounds
with Fe and the elements Si, O, and H. We were unable to detect ferrous organic structures
potentially formed in the samples analyzed.
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Figure 2. X-ray diffractograms of rice husk (A, RHB) and ash (B, RHA1 and C, RHAZ2) after 8 days of contact in
solution containing Fe?*. The image in detail is related to the material before contact with the solution of Fe?*.
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3.1 Addition of biochar and rice husk ash to irrigated rice crops

During 64 days period of irrigated rice crop, no visual evidence of Fe toxicity or any other
nutritional disturbances were noted in the control or in treatments with addition of biochar or
ashes. Similarly, there was no effect of the treatments on the dry matter production of the plants
(Table 2).

Application rate

Treatment 5 Mg ha™ 10 Mg ha'. 15 Mg ha'.
Dry matter, g pot!
Soil 472
Soil + RHB 48,7 52,6 51,1
Soil + RHA1 49,9 48,9 55,6
Soil + RHA2 51,8 49,9 50,2
(64 9,7%
N, g kg*
Soil 14,0
Soil + RHB 15,3 15,1 16,1
Soil + RHA1L 15,6 16,4 13,6
Soil + RHA2 16,3 13,8 15,6
Cv 10,6%
P,gkg*
Soil 3,53
Soil + RHB 3,59 aA 3,33 abAB 3,29B
Soil + RHA1 3,23 bB 3,62 aA 3,33 AB
Soil + RHA2 321b 3,27b 3,41
CcVv 4,9%
K,gkg*
Soil 11,8*
Soil + RHB 13,1 12,5 13,3
Soil + RHA1 11,7 15,2 14,1
Soil + RHA2 13,9 13,6 15,5
Ccv 11,5%
Ca, g kg*
Soil 5,68* Mean
Soil + RHB 5,51 5,48 4,65 5,21a
Soil + RHA1 5,37 4,73 3,96 4,69b
Soil + RHA2 4,52 4,48 4,35 4,45b
Mean 5,142 4,90A 4,32B
Ccv 8,6%
Mg, g kg
Soil 1,84
Soil + RHB 1,77 1,78 1,58
Soil + RHA1 1,90 1,75 1,59
Soil + RHA2 1,83 1,81 1,72
Mean 1,832 1,78A 1,63B
Cv 7,5%
Fe, mg kg*
Soil 304,30
Soil + RHB 252,05 315,18 253,74
Soil + RHA1 322,86 323,27 263,99
Soil + RHA2 323,59 288,12 284,73
cv 14,3%
Mn, mg kg
Soil 464,20
Soil + RHB 532,70 442,755 396,29

Soil + RHA1 517,19 479,22 466,63
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Soil + RHA2 490,79 494,70 470,91
Mean 513,55A 472,22AB 444,61B
Ccv 12,3%

Zn, mg kg*
Soil 38,20*
Soil + RHB 35,56 33,25 30,63
Soil + RHA1 28,79 31,77 32,02
Soil + RHA2 30,94 29,95 29,41
Ccv 10,4%

Cu, mg kgt
Soil 2,62 Mean
Soil + RHB 2,69 2,67 2,38 2,58b
Soil + RHA1 2,70 2,42 2,48 2,53b
Soil + RHA2 3,77 3,90 3,80 3,82a
CVv 19,8%

Values followed with the same lowercase letter in the column do not differ according to the Tukey test (p <0.05).
Values followed with the same capital letter on the same line do not differ according to the Tukey test (p <0.05).

Table 2. Nutrients in aerial part of rice after 64 days under cultivation in flooded soil with rice husk biochar (RHB)
and rice husk ashes (RHAL and RHA2) application.

These results indicate that there was no release of Fe in solution at concentrations capable
of expressing signs of toxicity to irrigated rice plants. However, we are able to evaluate the
biochar and ash potential on the availability of Fe in the solution and other plant parameters

which may indicate disturbances caused by excess Fe:

a) Component content in soil solution

The addition of biochar and ash did not cause an expected reduction in Fe availability in
the soil solution (Table 3). Instead, after the 45" day of flooding, there was a significant increase
in the levels of RHB, RHAL, and RHA2 treatments in comparison with the control.

Based on these findings, we may infer that Fe content in the soil solution originates from
the soil due to flooding since the amount of Fe added to the soil by the composition of the
materials is low (between 1.8 and 2.8 mg kg™ of ground). The highest levels of Fe in solution
with the application (use) of biochar and ashes may be due to the addition of C and nutrients
favoring soil reduction and consequently the release of Fe. A number of studies have shown
that the use of porous materials in the soil containing C, N, and P in their composition may
contribute to the increase of the microbial population through the formation of nutritionally
favorable conditions (STEINER et al., 2008) and also by the protection offered by the pores of
these materials for the proliferation of these organisms (SINGH et al., 2018) contributing to the
greater reduction of Fe and Mn. The concentration of Mn in the soil solution was also
significantly increased with regard to the control in all days of assessment (Table 4) which

behavior as a function of the soil reduction course is similar to that of Fe.
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Rice husk biochar or ashes application rate

Treatment 5 Mg ha. 10 Mg ha™ 15 Mg ha®
Fe in soil solution, mg L*

4 days after flooding
Soil 20,2 Mean
Soil + RHB 17,9 25,9 20,3 21,4b
Soil + RHA1 23,5 28,5 31,5 27,8a
Soil + RHA2 22,9 24,0 25,8 24,3ab
cVv 21,1%

15 days after flooding
Soil 140,3
Soil + RHB 116,2bB 168,1aA 130,3AB
Soil + RHA1 177,32 160,1a 147,6
Soil + RHA2 127,7b 111,8b 137,0
cVv 15,8%

24 days after flooding
Soil 111,3
Soil + RHB 125,6abAB 143,3aA 111,98
Soil + RHAL 130,9aAB 140,7aA 111,8B
Soil + RHA2 103,0bA 74,5bB 101,42
cv 12,7%

36 days after flooding
Soil 212,2
Soil + RHB 204,9b 237,2 226,3
Soil + RHA1 257,4aA 216,3B 237,3AB
Soil + RHA2 225,3ab 242,1 232,1
cVv 9,7%

45 days after flooding
Soil 142,3*
Soil + RHB 173,5 183,1 191,8
Soil + RHA1 200,8 206,5 182,0
Soil + RHA2 205,2 196,6 211,0
Ccv 12,5%

54 days after flooding
Soil 135,5*
Soil + RHB 150,4 177,6 188,1
Soil + RHA1 184,7 199,6 202,4
Soil + RHA2 190,5 199,7 191,0
Ccv 13,2%

64 days after flooding

Soil 87,5*
Soil + RHB 141,0 167,2 1314
Soil + RHAL 127,7 148,8 137,3
Soil + RHA2 1713 187,2 153,1
CVv 29,3%

Values followed with the same lowercase letter in the column do not differ according to the Tukey test (p <0.05).
Values followed with the same capital letter on the same line do not differ according to the Tukey test (p <0.05).
The "*" in the soil treatment indicates a signicative difference to the other treatments with biochar application.

Table 3. Iron concentration (mg L) in soil solution during rice cultivation in flooded soil with rice husk biochar
(RHB) and rice husk ashes (RHA1 and RHA?2) application.
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Application rate

Treatment 5 Mg hal 10 Mg ha* 15 Mg ha'l
Mn in soil solution, mg L™

4 days after flooding
Soil 2,50* Mean
Soil + RHB 2,63 3,49 2,88 3,00b
Soil + RHA1 3,31 4,25 4,27 3,94a
Soil + RHA2 3,30 3,33 3,18 3,27b
Mean 3,08B 3,69A 3,44AB
cVv 15,2%

15 days after flooding
Soil 6,53* Mean
Soil + RHB 5,67 7,89 6,87 6,81b
Soil + RHA1 7,74 8,46 8,52 8,24a
Soil + RHA2 7,27 7,22 7,87 7,45ab
Mean 6,90B 7,86A 7,75A
Cv 11,5%

24 days after flooding
Soil 6,69* Mean
Soil + RHB 6,10 7,78 7,15 7,01b
Soil + RHAL 7,90 8,74 8,31 8,31a
Soil + RHA2 7,52 7,25 7,79 7,52ab
cv 11,1%

36 days after flooding
Soil 6,05* Mean
Soil + RHB 5,96 7,35 7,18 6,83b
Soil + RHA1 7,62 8,45 8,45 8,17a
Soil + RHA2 7,35 7,65 8,24 7,74a
Média 6,98B 7,82AB 7,95A
cVv 11,5%

45 days after flooding
Soil 5,89*
Soil + RHB 7,02 7,35 7,45
Soil + RHA1 7,56 8,20 8,30
Soil + RHA2 7,48 7,26 8,01
cVv 11,2%

54 days after flooding
Soil 5,63* Mean
Soil + RHB 6,50 6,67 6,85 6,67b
Soil + RHA1 6,84 7,68 7,97 7,49a
Soil + RHA2 7,12 7,02 8,24 7,46a
Mean 6,82B 7,12AB 7,68A
cv 9,9%

64 days after flooding
Soil 5,33* Mean
Soil + RHB 6,76 7,03 6,76 6,85b
Soil + RHA1 6,72 8,08 7,80 7,53a
Soil + RHA2 7,39 7,63 7,71 7,58a
Mean 6,96B 7,58A 7,42AB
CcVv 8,5%

Values followed with the same lowercase letter in the column do not differ according to the Tukey test (p <0.05).
Values followed with the same capital letter on the same line do not differ according to the Tukey test (p <0.05).
The "*" in the soil treatment indicates a signicative difference to the other treatments with biochar application.

Table 4. Total manganese in soil solution after many days under cultivation in flooded soil with rice husk biochar
(RHB) and rice husk ashes (RHA1 and RHA?2) application.
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Thus, although biochar and ash have a Fe retention ability, this feature was not sufficient
to attenuate the amount of Fe released in the solution as the hypothesis of this study suggests.
Considering the maximum value of this ability between the tested materials (7.8 mg Fe?* g
found in the ashes, see Table 1) and the larger amount applied (37.5g of vessel material ™), the
estimated potential would retain up to 292,5 mg of Fe in each vessel. Although this potential is
close to some of the Fe contents found in the soil solution (Table 3), the release of Fe by soil
reduction is a continuous ongoing process along the flood. Therefore, we may infer that the
amount of Fe released during the rice crop is significantly higher than the adsorptive ability of
the materials used at the doses applied. The study carried out by Huang et al. (2011) showed
that ash application was effective in reducing Cu contents in rice crops. However, such efficacy
was observed only at doses above 5% of the soil mass, which in our study would be equivalent
to 100 Mg ha™.

The addition of C and nutrients present in the composition of the materials added to the
soil resulted in the significantly higher values of C, N, K, Mg, and Ca in the soil solution
compared to the control treatment over the flooding days (data not shown). This effect may be
the result of phenomena that occur simultaneously, i.e. part of the increase in concentration may
be attributed to the composition of the added materials whereas the other part occurs due to an
increase of Fe concentration in the soil solution displacing these elements retained weakly in
the clay of the soil due to elements that are in higher concentration in the soil solution e.g. Fe
(SOUSA et al., 2012). Cu and Zn contents in the solution varied during flooding. However,

these contents were not significantly affected by the addition of the materials (data not shown).

b) Photosynthetic parameters of irrigated rice plants

The results of the initial fluorescence measurements (Fo) underwent interaction effects
at all applied doses of different materials and at different doses of ash RHAZ2. In general, Fo
was statistically similar between doses with the exception of plants cultivated with RHA2 in
which the lowest photochemical loss was observed with the dose of 15 Mg ha* (Table 5). The
lower values of Fo show that in this condition the plants had less damage in the PSII reaction
center and have a high transfer of excitation energy from the light collecting system to the
reaction center (SCHANSKER et al., 2014). In contrast, the increase of Fo at the lowest doses
represents difficulty or interruption in the energy transfer at the PSII reaction center
(CALATAYUD et al., 2006; HAZRATI et al., 2016). However, this decrease does not present
any difference in relation to the control treatment, i.e. the use of biochar or ash did not induce

any variations in this parameter.



78

Application rate

Treatment
5 Mg ha'? 10 Mg ha* 15 Mg ha!
ETR1500®
Soil 326
Soil + RHB 70,9 a 48,3 41,7
Soil + RHAL 21,0 bB 36,5AB 58,0A
Soil + RHA2 65,3 a 36,9 38,9
cv 37,6%
Fo®@
Soil 225,0
Soil + RHB 1447 b 163,3b 227,5ab
Soil + RHAL 214,7 ab 212,2 ab 262,3 a
Soil + RHA2 246,3 aAB 297,6 aA 153 bB
cv 25,1%
Fm®
Soil 886
Soil + RHB 758 832 936
Soil + RHAL 819 822 859
Soil + RHA2 851 930 825
cv 9,4%
FV/IFM®
Soil 0.72
Soil + RHB 0,81 0,78 0,73
Soil + RHAL 0,72 0,74 0,73
Soil + RHA2 0,73 0,72 0,78
cv 9,5%

Means followed by the same capital letter in the row and lowercase in the column (same parameter) do not differ
from each other by the Tukey test. (P> 0.05). electron transport rate, @ initial fluorescence measurements, ¢
maximum fluorescence, ¥ maximum quantum PSII.

Table 5. Photosynthetic parameters in rice plants after xx days under cultivation in flooded soil with rice husk
biochar (RHB) and rice husk ashes (RHAL and RHA2) application.
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Although the electron transport rate (ETR) was generally higher in the treatments with
ash and biochar compared to the plants cultivated in the control treatment, such difference was
not significant in the present study. In addition, there was an interaction effect for the doses
applied on ash RHAL resulting in higher values of ETR observed at 15 Mg ha™. This finding
suggests that there was an increase in photosynthetic rates, carbohydrate production capacity,
and greater accumulation of dry matter. However, such effect was not noted (Table 2).

The maximum fluorescence (Fm) and maximum quantum PSII (Fv/ Fm) parameters did
not show any difference between the evaluated treatments. A possible explanation for the
finding that there was no great difference between the values of these parameters is the iron
concentration in the tissues of the aerial part of rice. This plant also did not show any significant
differences between the treatments which values range between sufficient levels (50 to 250 mg
Fe kg dry matter) established by KABATA-PENDIAS (2010) and ABDEL LATEF (2011).
Another factor that may have also contributed to the lack of signs of toxicity in rice plants even
in a medium with higher amounts of Fe was the elevation of other nutrients increasing the
amount of soil solution ions and decreasing the potential of occurrence of Fe toxicity in rice
(SOUSA et al., 2012).

c) Nutrient contents in the tissues of irrigated rice plants

The use of biochar and ash did not promote any differences or variations in Fe content in
rice plants (Table 2), although the Fe content in the soil solution was increased when the plant
was more susceptible to toxicity. In the study conducted by Bian et al. (2013), a significant
reduction of Cd occurred with the application of 40 Mg ha™* of rice husk biochar, however, in
this study, the use of this material also promoted a liming effect that resulted in a significant
pH increase to the soil without the use of any adsorptive material. With regard to the other
nutrients, the use of biochar and ash did not result in any significant increase of N, P, Mg, Mn,
and Cu contents within the tissues of rice plants. There was an increase in the levels of K in the
plants in relation to the control. This result is in agreement with the results obtained during the
analyses of solution of the soil samples. Ca was the only nutrient that presented reduction of
tissue content, although such decrease was not significant, whereas there was an increase of the
content of the element in the solution of the soil.

Despite their adsorption capacity, addition of biochar and rice husk ash did not promote
any decrease of Fe contents in soil solution or in tissues of rice plants. This lack of effect should

be related to the applied dose since the continuous progressive release of Fe by reduction of soil
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often exceeds adsorption ability of materials in doses used in the present study. The use of doses
much higher than these may have undesirable effects especially in the physical properties of
the soil which precludes its recommendation for the purpose of mitigating Fe toxicity on rice
plants. The benefits provided through the availability of other nutrients show that these

materials may serve more as a source of nutrients to the crop.

4 Conclusions

Rice husk biochar and rice husk ashes have similar Fe?* adsorption ability ranging
between 5.9 mg Fe?* g* (biochar) and 7.8 mg Fe?* g only with Fe?* ion in solution and 7.4 mg
Fe?* g (biochar) and 9.2 mg Fe?* g (rice husk ash) in soil solution with the presence of other
nutrients. The use of these materials on irrigated rice crops promoted an increase in the Fe?*
and Mn*2 contents in the soil solution possibly due to the stimulus to soil reduction as well as
nutrients including N, K, Ca, and Mg in the soil solution with the release of the elements
contained in the materials. At the doses used in this study, biochar and rice husk ash were not

efficient to reduce Fe concentration in the soil solution or in the tissues of irrigated rice plants.

Acknowledgements

The authors gratefully acknowledge all students and staff from UFSM and UFN on their
contributions in the development of this research. This study was financed (grant and
scholarships) in part by the Brazilian Council for Scientific and Technological Development
(CNPq) and the Brazilian Federal Agency for Support and Evaluation of Graduate Education
(CAPES) for providing scholarships and the laboratory equipment for analysis - Financing
Code-001.

Reference

ABIT, S. et al. Influence of feedstock and pyrolysis temperature of biochar amendments on
transport of Escherichia coli in saturated and unsaturated soil. Environmental science &
technology, v. 46, n. 15, p. 8097-8105, 2012. https://doi.org/10.1021/es300797z

AHMAD, Mahtab et al. Biochar as a sorbent for contaminant management in soil and water:
a review. Chemosphere, v. 99, p. 19-33,2014.
https://doi.org/10.1016/j.chemosphere.2013.10.071

AMATO, Gilberto Wageck. Casca: agregando valor ao arroz. Instituto Rio Grandes de
Arroz, 2002.

BIAN, Rongjun et al. Biochar soil amendment as a solution to prevent Cd-tainted rice from


https://doi.org/10.1021/es300797z
https://doi.org/10.1016/j.chemosphere.2013.10.071

81

China: results from a cross-site field experiment. Ecological engineering, v. 58, p. 378-383,
2013. https://doi.org/10.1016/j.ecoleng.2013.07.031

BOSIO, A. et al. A sustainable technology for Pb and Zn stabilization based on the use of
only waste materials: A green chemistry approach to avoid chemicals and promote CO2
sequestration. Chemical Engineering Journal, v. 253, p. 377-384, 2014.
https://doi.org/10.1016/j.cej.2014.04.080

CALATAYUD, A.; ROCA, D.; MARTINEZ, P. F. Spatial-temporal variations in rose
leaves under water stress conditions studied by chlorophyll fluorescence imaging. Plant
Physiology and Biochemistry, v. 44, n. 10, p. 564-573, 2006.
https://doi.doiorg/10.1016/jplaphy.2006.09.015

Chen, T., Zhou, Z., Han, R., Meng, R., Wang, H., & Lu, W. (2015). Adsorption of cadmium
by biochar derived from municipal sewage sludge: impact factors and adsorption
mechanism. Chemosphere, 134, 286-293.
https://doi.org/10.1016/j.chemosphere.2015.04.052

DA SILVA, Frederico Fonseca et al. Aplicacdo de cinza da casca de arroz e de dgua
residudria de fecularia de mandioca na cultura de aveia. Revista Em Agronegocio E Meio
Ambiente, v. 1, n. 1, p. 25-36, 2008.

DELLA, V.P.; KUHN, I.; HOTZA, D. Reciclagem de residuos agro-industriais: cinza de
casca de arroz como fonte alternativa de silica. Ceramica Industrial, v. 10, n. 2, p. 22-25
2005.

DO ARROZ, REUNIAO TECNICA DA CULTURA. IRRIGADO (31.: 2016: Bento
Gongalves, RS) Arroz irrigado: recomendac@es técnicas da pesquisa para o Sul do
Brasil/Sociedade Sul-Brasileira de Arroz Irrigado. Pelotas: SOSBAI, 2016.

DONEGA, Mateus Augusto et al. Atributos quimicos do solo e crescimento inicial de
plantas de milho em Latossolo arenoso com adicao de cinza de casca de arroz. BRAZILIAN
JOURNAL OF AGRICULTURE-Revista de Agricultura, v. 86, n. 3, p. 192-199, 2013.

DOS SANTOS, Humberto Gongalves et al. Sistema brasileiro de classificagio de solos.
Brasilia, DF: Embrapa, 2018., 2018.

FURLANI, Pedro Roberto et al. Cultivo hidrop6nico de plantas. Campinas: Instituto
Agrondmico, 1999.

GONCALVES, M. R. F.; BERGMANN, C. P. Thermal insulators made with rice husk
ashes: Production and correlation between properties and microstructure. Construction and
building materials, v. 21, n. 12, p. 2059-2065, 2007.
https://doi.org/10.1016/j.conbuildmat.2006.05.057

HAZRATI, Saeid et al. Effects of water stress and light intensity on chlorophyll fluorescence
parameters and pigments of Aloe vera L. Plant physiology and biochemistry, v. 106, p.
141-148, 2016. https://doi.org/10.1016/j.plaphy.2016.04.046

HUANG, Jang-Hung; HSU, Shen-Huei; WANG, Shan-L.i. Effects of rice straw ash


https://doi.org/10.1016/j.ecoleng.2013.07.031
https://doi.org/10.1016/j.cej.2014.04.080
https://doi.doiorg/10.1016/jplaphy.2006.09.015
https://doi.org/10.1016/j.chemosphere.2015.04.052
https://doi.org/10.1016/j.conbuildmat.2006.05.057
https://doi.org/10.1016/j.plaphy.2016.04.046

82

amendment on Cu solubility and distribution in flooded rice paddy soils. Journal of
hazardous materials, v. 186, n. 2-3, p. 1801-1807, 2011.
http://doi:10.1016/j.jhazmat.2010.12.066

KABATA-PENDIAS, Alina. Trace elements in soils and plants. CRC press, 2010.

KAMEYAMA, K. et al. Influence of sugarcane bagasse-derived biochar application on
nitrate leaching in calcaric dark red soil. Journal of Environmental Quality, v. 41, n. 4, p.
1131-1137, 2012.

KHARE, P.; GOYAL, D. K. Effect of high and low rank char on soil quality and carbon
sequestration. Ecological engineering, v. 52, p. 161-166, 2013.
https://doi.org/10.1016/j.ecoleng.2012.12.101

LATEF, Arafat Abdel Hamed Abdel. RETRACTED ARTICLE: Influence of arbuscular
mycorrhizal fungi and copper on growth, accumulation of osmolyte, mineral nutrition and
antioxidant enzyme activity of pepper (Capsicum annuum L.). Mycorrhiza, v. 21, n. 6, p.
495-503, 2011. http://doi.org/10.1007/s00572-010-0360-0

MALVI, Ujwala Ranade. Interaction of micronutrients with major nutrients with special
reference to potassium. Karnataka Journal of Agricultural Sciences, v. 24, n. 1, 2011.
http://doi.org/10.1049/BJN2000312

MANE, Venkat S.; MALL, Indra Deo; SRIVASTAVA, Vimal Chandra. Kinetic and
equilibrium isotherm studies for the adsorptive removal of Brilliant Green dye from aqueous
solution by rice husk ash. Journal of Environmental Management, v. 84, n. 4, p. 390-400,
2007. http://doi.org/10.1016/j.jenvman.2006.06.024

MAQO, J. D. et al. Abundant and stable char residues in soils: implications for soil fertility
and carbon sequestration. Environmental science & technology, v. 46, n. 17, p. 9571-9576,
2012. https://doi.org/10.1021/es301107¢c

MAYER, Flavio Dias; HOFFMANN, Ronaldo; RUPPENTHAL, Janis E. Gestdo energética,
econdmica e ambiental do residuo casca de arroz em pequenas e médias agroindustrias de
arroz. Simposio de Engenharia de Produgédo da UNESP, v. 13, 2006.

MOHAN, Dinesh et al. Organic and inorganic contaminants removal from water with
biochar, a renewable, low cost and sustainable adsorbent—a critical review. Bioresource
technology, v. 160, p. 191-202, 2014. https://doi.org/10.1016/j.biortech.2014.01.120

MONTES-MORAN, M. A. et al. On the nature of basic sites on carbon surfaces: an
overview. Carbon, v. 42, n. 7, p. 1219-1225, 2004.
https://doi.org/10.1016/j.carbon.2004.01.023

MOSCOSO, Janielly Silva Costa et al. Efluxo de metano relacionado com &cidos
organicos no solo e carbono de exsudados radiculares no cultivo do arroz irrigado.
2018. Tese de Doutorado. Universidade Federal de Santa Maria.

MOYIN-JESU, Emmanuel Ibukunoluwa. Use of plant residues for improving soil fertility,
pod nutrients, root growth and pod weight of okra (Abelmoschus esculentum


http://doi:10.1016/j.jhazmat.2010.12.066
https://doi.org/10.1016/j.ecoleng.2012.12.101
http://doi.org/10.1007/s00572-010-0360-0
http://doi.org/10.1049/BJN2000312
http://doi.org/10.1016/j.jenvman.2006.06.024
https://doi.org/10.1021/es301107c
https://doi.org/10.1016/j.biortech.2014.01.120
https://doi.org/10.1016/j.carbon.2004.01.023

83

L). Bioresource technology, v. 98, n. 11, p. 2057-2064, 2007.
http://10.1016/].biortech.2006.03.007

MURPHY, J. & RILLEY, J.P. A modified single-solution method for the determination of
phosphate in natural waters. Analytica Chimica Acta, 1962, 27: 31-36.

NGAH, W. W.; HANAFIAH, M. A. K. M. Removal of heavy metal ions from wastewater
by chemically modified plant wastes as adsorbents: a review. Bioresource technology, v.
99, n. 10, p. 3935-3948, 2008. https://doi.org/10.1016/].biortech.2007.06.011

PIRES, T. C. et al. Producédo de Papel Compdsito com Casca de Arroz para Aproveitamento
da Biomassa Residual. In: 17° CONGRESSO BRASILEIRO DE ENGENHARIA E
CIENCIA DOS MATERIAIS (CBECIMat).

PONNAMPERUMA, F. N.; LANTIN, R. S. Diagnoses and amelioration of nutritional
disorders of rice. Los Bafios: IRRI, 1985.

SAHA, J. C.; DIKSHIT, K.; BANDYOPADHYAY, M. Comparative studies for selection of
technologies for arsenic removal from drinking water. In: BUET-UNU international
workshop on technologies for arsenic removal from drinking water. 2001.

SANDRINI, Wilian Costa. AlteracGes quimicas e microbioldgicas do solo decorrentes da
adigéo de cinza de casca de arroz. 2010. Dissertagdo de Mestrado. Universidade Federal de
Pelotas.

SANTIN, M. J. & VAHL, L. C. Aproveitamento da cinza da casca de arroz como corretivo
da acidez e da fertilidade do solo. Relatorio CNPQ — Processo 11.3006/83. AG.1985. 20 p.

SCHMIDT, Fabiana et al. Impacto do manejo da dgua na toxidez por ferro no arroz irrigado
por alagamento. Revista Brasileira de Ciéncia do Solo, v. 37, n. 5, p. 1226-1235, 2013.
http://dx.doi.org/10.1590/S0100-06832013000500012

SINGH, Rishikesh et al. Impact of rice-husk ash on the soil biophysical and agronomic
parameters of wheat crop under a dry tropical ecosystem. Ecological Indicators, 2018.
https://doi.org/10.1016/j.ecolind.2018.04.043

SILVA, Leonardo Brito da. Emprego de adsorventes oriundos da casca de arroz na remocao
de cobre em efluentes aquosos. 2016.

SILVA, Isley Cristiellem Bicalho da et al. Biochar from different residues on soil properties
and common bean production. Scientia Agricola, v. 74, n. 5, p. 378-382, 2017.
http://doi.org/10.1590/1678-992x-2016-0242

SOUSA, R. O.; CAMARGO, F. A. O.; VAHL, L. C. Solos alagados (reacdes de
redox). Fundamentos de quimica do solo, v. 5, p. 178-201, 2012.

SOHI, Saran P. Carbon storage with benefits. Science, v. 338, n. 6110, p. 1034-1035, 2012.

SRIVASTAVA, Vimal Chandra; MALL, Indra Deo; MISHRA, Indra Mani. Competitive
adsorption of cadmium (11) and nickel (I11) metal ions from aqueous solution onto rice husk


http://10.0.3.248/j.biortech.2006.03.007
https://doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1590/S0100-06832013000500012
https://doi.org/10.1016/j.ecolind.2018.04.043
http://doi.org/10.1590/1678-992x-2016-0242

84

ash. Chemical Engineering and Processing: Process Intensification, v. 48, n. 1, p. 370-
379, 2009. https://doi.org/10.1016/j.cep.2008.05.001

STEINER, Christoph et al. Charcoal and smoke extract stimulate the soil microbial
community in a highly weathered xanthic Ferralsol. Pedobiologia, v. 51, n. 5-6, p. 359-366,
2008. https://doi.org/10.1016/j.pedobi.2007.08.002

STRUIS, Rudolf PWJ et al. Inertisation of heavy metals in municipal solid waste
incineration fly ash by means of colloidal silica—a synchrotron X-ray diffraction and
absorption study. RSC Advances, v. 3, n. 34, p. 14339-14351, 2013.

DOI: 10.1039/C3RA41792A

TAN, Xiaofei et al. Application of biochar for the removal of pollutants from aqueous
solutions. Chemosphere, v. 125, p. 70-85, 2015.
https://doi.org/10.1016/j.chemosphere.2014.12.058

TEDESCO, M. J. et al. Analise de solo, plantas e outros materiais. Porto Alegre,
Universidade Federal do Rio Grande do Sul, 1995. 174p. Boletim técnico, v. 5. Tese de
Doutorado. Escola Superior de Agricultura “Luiz de Queiroz.

VERHEIJEN, F. G. A. et al. Biochars in soils: new insights and emerging research
needs. European Journal of Soil Science, v. 65, n. 1, p. 22-27, 2014.
https://doi.org/10.1111/ejss.12127

WHITMAN, T. et al. Climate change impact of biochar cook stoves in Western Kenyan
farm households: system dynamics model analysis. Environmental science & technology,
v. 45, n. 8, p. 3687-3694, 2011. http://doi.org/10.1021/es103301k

WOLTER, R. C. D. Prognostico da toxidez de ferro em arroz irrigado por alagamento
através da analise de solo pelo método oxalato de amdnio. 2010. Dissertacao de
Mestrado. Universidade Federal de Pelotas.

WORLD REFERENCE BASE FOR SOIL RESOURCES. International soil classification
system for naming soils and creating legends for soil maps. Food and Agriculture
Organization of the United Nations, 2014.

YANG, Yan et al. Effect of minerals on the stability of biochar. Chemosphere, v. 204, p.
310-317, 2018. http://doi.org/10.1016/j.chemosphere.2018.04.057

ZHENG, Wei; SHARMA, B. K.; RAJAGOPALAN, Nandakishore. Using biochar as a soil
amendment for sustainable agriculture. 2010.


https://doi.org/10.1016/j.cep.2008.05.001
https://doi.org/10.1016/j.pedobi.2007.08.002
http://dx.doi.org/10.1039/C3RA41792A
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1111/ejss.12127
http://doi.org/10.1021/es103301k
http://doi.org/10.1016/j.chemosphere.2018.04.057

85

6 DISCUSSAO GERAL

As linhas de pesquisa e 0s estudos gerados envolvendo biocarvdes e cinzas nos altimos
anos tem aumentado gradativamente e os beneficios da aplicacdo destes materiais no solo sdo
comprovados cientificamente por varios autores (EL-NAGGAR et al., 2019; PODE, 2016). A
utilizacdo das cinzas de casca de arroz e biocarvdes tambem tem apresentado resultados
positivos na remocao de poluentes em sistemas aquosos (PODE, 2016; WANG et al., 2019) e
também na liberacdo de &acido silicico soluvel como um melhorador em cultivos de arroz
irrigado (PODE, 2016). A possibilidade de utilizagdo de um material que se apresenta como
um residuo da cadeia produtiva do arroz pode ser uma estratégia voltada ndo somente ao
melhoramento da fertilidade do solo e consequente aumento de produtividade, mas também
uma forma de preservagdo do meio ambiente pela reutilizagdo de residuos.

Os resultados obtidos neste estudo (item 5.1) demonstraram que as caracteristicas entre
biocarvéo e cinzas sdo muito distintas e as principais diferencas observadas estdo relacionadas
aos valores de Si, CTC, ASE e C. A quantidade de C nos materiais pode ser resultado de
processos de obtencdo sob diferentes condi¢des de oxigenacao e estar relacionado diretamente
a quantidade de grupos funcionais e, por consequéncia, sitios ativos disponiveis para a adsor¢ao
de Fe pelos materiais. Porém, mesmo apresentando estas diferencas foi possivel verificar que
as capacidades de retencdo ndo apresentaram notaveis divergéncias entre si, visto a provavel
ocorréncia de mecanismos de adsorcdo atuando concomitantemente, seja pela interacdo dos
ions Fe?" com grupos funcionais organicos ou com grupos Si-OH. A partir destes resultados foi
possivel comprovar a espontaneidade do processo de adsorgdo do Fe?" por estes materiais.

Na segunda parte do estudo (item 5.2), foi possivel verificar parametros relacionados ao
cultivo do arroz por alagamento com a aplicagdo destes materiais no solo. A aplicacdo do
biocarvido e das cinzas em diferentes quantidades promoveu o aumento da quantidade de Fe?*
na solucdo do solo, ndo ocorrendo adsorcao suficiente deste elemento pelo biocarvéo ou cinzas
a ponto de alterar a concentracdo de Fe da solugédo do solo. Este aumento pode estar relacionado
a adicdo de C e nutrientes no sistema solo-4gua e consequente aumento da biomassa
microbiana, porém nenhum sintoma de toxidez foi verificado nas plantas. Os teores de N, K,
Ca e Mg na solucdo aumentaram significativamente e isso pode estar relacionado ao conteudo
destes elementos nos materiais aplicados, além de estarem intrinsicamente ligados ao aumento
da biomassa microbiana e a maior liberacdo de Fe no sistema, o que promove um maior
deslocamento destes nutrientes adsorvidos nos argilominerais do solo. Embora tenha ocorrido

este aumento de Fe e nutrientes na solucdo do solo, este mesmo efeito foi verificado apenas
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para o K no tecido vegetal das plantas de arroz. Esta menor absor¢édo de Fe pelas plantas pode
estar relacionada ao aumento dos ions em solucdo e a capacidade que o Si pode ter para
imobilizar metais em formas menos soluveis.

Apesar de ndo terem sido visualizadas sintomas de toxidez nas plantas nas condi¢fes
em que o experimento foi conduzido, é possivel afirmar que a aplicacdo destes materiais criou
condicdes para que sua ocorréncia seja dificultada, principalmente pelo fato da concentragao
dos demais nutrientes terem sido aumentadas, diminuindo o percentual de representacao que o
Fe* possui no somatdrio dos fons na solugdo do solo (SOUSA et al., 2012), mesmo em
condigdes onde a concentragdo de Fe tenha sido aumentada.

Para um entendimento mais efetivo acerca dos impactos que a aplicacdo do biocarvao e
cinzas de casca de arroz no cultivo do arroz irrigado Sdo necessarios mais estudos,
preferencialmente de maior duracdo e em locais com historico de ocorréncia de toxidez por Fe,
pois isso poderia esclarecer quais os reais beneficios que a aplicacdo destes materiais pode
resultar em mais de um ciclo de cultivo e qual a duracdo destes efeitos. Além disso, a
reutilizacdo de residuos provenientes da prépria cadeia produtiva do arroz poderia minimizar a
geracdo de residuos, apresentando-se como uma alternativa econémica e ambientalmente

correta de promover a reinsercao destes nutrientes no préprio ciclo de cultivo do gréo.
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7 CONCLUSOES GERAIS

A aplicacéo de biocarvéo e cinzas de casca de arroz no cultivo de arroz por alagamento
n&o foi capaz de reduzir a concentragdo de Fe?* na soluc&o do solo.

As diferentes condi¢des de queima da casca de arroz condicionaram a formacdo de
biocarvdo e cinzas muito distintas em relacdo a parametros como composi¢do, ASE e CTC,
porém estes ndo foram fatores relevantes para a obtencéo de materiais com diferentes potenciais
de adsorcéo de Fe?* em solugo.

Houve aumento de nutrientes como N, K, Ca e Mg na solucdo do solo. No tecido vegetal,
apenas o K apresentou acréscimo, enquanto que o Ca teve uma leve reducéo de teores. Os teores

de Fe ndo sofreram alterac@es significativas no tecido vegetal das plantas de arroz.
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8 PERSPECTIVAS DE ESTUDOS FUTUROS

Este estudo foi concebido objetivando avaliar os materiais utilizados desde a sua
caracterizacdo mais elementar, até seu comportamento durante o ciclo do cultivo de arroz. A
partir do momento em que h& o conhecimento acerca das caracteristicas do material e seu
provavel comportamento perante a diversas espécies quimicas, a proposi¢ao de novos estudos
comeca a ser facilitada, permitindo a resposta de indagacdes mais especificas.

Em um estagio mais avancado de pesquisa, a realizacdo de estudos de maior duragdo
em locais com historico de toxidez por Fe pode ser indicada. Neste cenario, um estudo mais
amplo poderia ser conduzido, com maiores doses de aplicacdo e monitoramento de parametros
fisicos e microbioldgicos resultantes disso, assim como o impacto disso na emissao de gases de

efeito estufa.
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Tabela 1: Valores de pH ao final do 1° experimento (Fe em sol aquosa+ biocarvéo/cinzas) e
2° experimento (Fe + solucdo de nutrientes + biocarvao/cinzas)

Amostras Fe Fe + nutrientes
sol inicial Fe?* 3,8 3,6
RHB - 5¢ 3,4 3,7
RHB - 10g 3,6 4,0
RHAL1 - 5¢g 4,2 4,2
RHAL - 10g 45 4,5
RHAZ2 - 5¢ 3,2 3,6
RHA2 - 10g 3,9 4,1
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Table 2. Total nitrogen in soil solution after many days under cultivation in flooded soil with
rice husk biochar (RHB) and rice husk ashes (RHAL and RHA2) application

Application rate

Treatment 5ton hat 10 ton ha't 15 ton ha't
N in soil solution, mg L

4 days after flooding
Soil 16,70*
Soil + RHB 18,3B 24,6A 19,5bAB
Soil + RHA1 20,6B 24,3AB 26,9aA
Soil + RHA2 21,7 21,3 18,4b
CVv 15%

15 days after flooding
Soil 32,5*
Soil + RHB 29,5bB 42,0A 31,7bB
Soil + RHA1 38,8a 40,6 43,6a
Soil + RHA2 38,9a 37,4 37,1ab
cVv 12,1%

24 days after flooding
Soil 41,9* Mean
Soil + RHB 40,9 51,8 44,5 45,7b
Soil + RHA1 48,8 58,2 53,7 53,6a
Soil + RHA2 48,6 48,5 45,7 47,6ab
Mean 46,1B 52,8A 47,9AB
CVv 12,8%

36 days after flooding
Soil 28,6* Mean
Soil + RHB 31,2 42,1 40,5 37,9b
Soil + RHA1 40,9 49,9 48,5 46,4a
Soil + RHA2 41,7 42,6 40,9 41,7ab
Mean 37,9B 44,9A 41,7AB
CVv 12,8%

45 days after flooding
Soil 16,0* Mean
Soil + RHB 20,7 29,3 28,8 26,3b
Soil + RHA1 28,2 36,5 33,4 32,7a
Soil + RHA2 30,7 31,6 35,6 32,5b
Mean 26,5B 32,5A 32,6A
CVv 20,3%

54 days after flooding
Soil 9,57*
Soil + RHB 22,0 14,9 20,9
Soil + RHA1 10,8 15,5 19,5
Soil + RHA2 16,1 17,9 19,8
cVv 47,6%

64 days after flooding
Soil 7,5* Mean
Soil + RHB 8,3 14,2 11,4 11,3b
Soil + RHA1 10,4 15,7 16,1 14,0b
Soil + RHA2 16,7 20,1 16,4 17,7a
Mean 11,8B 16,7A 14,6AB
CcVv 23,2%

Valores seguidos com a mesma letra mindiscula na mesma coluna nao divergem entre si segundo o
teste de Tukey (p=0,05). Valores seguidos com a mesma letra mailscula na mesma linha ndo
divergem entre si segundo o teste de Tukey (p=0,05).
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Table 3. Total phosphorous in soil solution after many days under cultivation in flooded soil

with rice husk biochar (RHB) and rice husk ashes (RHA1 and RHAZ2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

0,05

100,1%

00,0

220%

0,05

330%

0,00

5,4%

0,05

388,2%

0,00

0,00

285,7%

Application rate

5 ton hat

10 ton ha't
P in soil solution, mg L™*
4 days after flooding

0,05 0,04
0,04 0,04
0,11 0,04

15 days after flooding

0,09 0,02
0,06 0,11
0,00 0,01

24 days after flooding

0,01 0,02
0,01 0,02
0,03 0,22

36 days after flooding

0,01 0,00
0,01 0,00
0,00 0,00

45 days after flooding

0,00 0,02
0,01 0,00
0,02 0,24

54 days after flooding

0,02 0,00

0,00 0,01

0,00 0,00
186,8%

64 days after flooding
0,00 0,00
0,00 0,00
0,00 0,00

15 ton ha't

0,04
0,03
0,03

0,05
0,03
0,01

0,01
0,02
0,00

0,00
0,00
0,00

0,06
0,00
0,02

0,01
0,00
0,00

0,00
0,01
0,00
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Table 4. Total organic carbon (TOC) in soil solution after many days under cultivation in
flooded soil with rice husk biochar (RHB) and rice husk ashes (RHAL and RHA2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

CcVv

218,65*

16,7%

301,8*

21,3%

336,4*

21,8%

217,1*

16,7%

186,6*

15,0%

118,0*

19,6%

99,0*

21,8%

Application rate

5 ton ha't

4 days after flooding

230,9 2440
307,9 367,6
303,8 280,1

15 days after flooding

261,0 452,9
396,2 451,0
402,0 422,1
353,1B 442,0A

24 days after flooding

302,4 458,2
460,4 498,5
463,0 440,8

36 days after flooding

193,7 286,1

287,6 3419

285,4 293,7
255,5B 307,2A

45 days after flooding

207,9 256,4
237,6 278,3
255,8 246,1

54 days after flooding

160,8 201,5
179,00 253,6
256,2 271,6
198,7B 242,2A

64 days after flooding

125,8 227,2
160,3 2443
246,5 309,1
177,5B 260,2A

10 ton ha!
TOC in soil solution, mg L™

15 ton ha't

2474
396,9
241,8

372,1

470,0

4242
422,1AB

382,1
503,7
422,2

267,7

332,0

269,6
289,8AB

226,3
278,5
239,9

188,7

286,9

230,8
235,5AB

175,9

249,0

231,3
218,7AB

Mean
240,8b
357,5a
275,2b

Mean
380,9b
487,5a

442,0ab

Mean
249,2b
320,5a

282,9ab

Mean
183,7b
239,8a
252,9a

Mean
176,3b
217,9ab
262,3a




101

Table 5. Total potassium in soil solution after many days under cultivation in flooded soil with
rice husk biochar (RHB) and rice husk ashes (RHA1 and RHAZ2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil
Soil + RHB
Soil + RHA1
Soil + RHA2
Mean
cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

6,9*

25,7%

7,7*

19,8%

7,8*

13,5%

5,5*

19,7%

2,4%

18,0%

1,9

17,7%

1,6

12,7%

Application rate

5 ton ha

K in soil solution, mg L
4 days after flooding

91 10,8
10,7 14,7
9,2 10,3
9,7B 11,9AB

15 days after flooding

7,5 10,5
10,6 14,4
9,7 9,6

9,2B 11,5A

24 days after flooding

8,8bB 12,1bA
12,7aB 18,6aA
11,6ab 12,1b

36 days after flooding

8,5 12,1
13,3 17,3
9,2 10,7
10,3B 13,4A

45 days after flooding

3,9 59
6,3 10,6
6,2 6,9
5,4B 7,8A

54 days after flooding

1,6 14
1,5 2
18 18

64 days after flooding

1,9a 1,8a
1,8aA 1,4bB
1,2b 1,4ab

10 ton ha*

15 ton hal
Mean
14,3 11,4ab
17,6 14,3a
10,6 10,0b
14,1A
Mean
11,7 9,9b
16,9 13,9a
10,3 9,8b
12,9A
14,1bA
17,5aA
12,6b
Mean
13,3 11,3b
17,4 16,0a
11,6 10,5b
14,18
Mean
7,3 5,7b
10,6 9,2a
7,7 6,9b
8,5A
Mean
1,6 1,5b
1,9 1,8ab
2,0 1,8a
1,6
1,4AB
1,6
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Table 6. Total magnesium in soil solution after many days under cultivation in flooded soil

with rice husk biochar (RHB) and rice husk ashes (RHA1 and RHAZ2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Mean

(04V

29,73*

13,7%

72,62

5,4%

76,22

4,1%

73,19*

9,8%

22,73*

15,5%

21,72*

15,5%

17,80*

12,8%

Application rate

5 ton ha

4 days after flooding

31,38 41,94
38,55 49,15
39,89 40,49
36,60B 43,86A

15 days after flooding

66,73bB 78,85A
76,97a 79,82
77,33a 75,65

24 days after flooding

75,85 79,78
79,73 82,63
78,71 78,62

36 days after flooding

77,36 87,93
96,18 97,60
87,61 90,48

45 days after flooding

28,74 32,99
34,38 39,38
34,75 34,85

54 days after flooding

25,92 29,91
29,68 35,18
32,56 31,93

64 days after flooding

24,78 30,52
28,19 36,03
32,57 34,02
28,52B 33,52A

10 ton ha't
Mg in soil solution, mg L™

15 ton hat

33,92

49,48

36,24
39,87AB

73,24AB
80,40
77,01

77,52
81,64
78,49

96,85
96,84
91,60

32,13
37,28
37,67

29,20
38,07
31,14

27,40

36,46

32,87
32,25AB

Mean
35,74b
45,72a
38,87b

Mean
77,71b
81,33a

78,60ab

Mean
87,38b
96,87a

89,90ab

Mean
31,29b
37,01a

35,75ab

Mean
28,34b
34,31a

31,88ab

Mean
27,57b
33,56a
33,15a
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Table 7. Total calcium in soil solution after many days under cultivation in flooded soil with
rice husk biochar (RHB) and rice husk ashes (RHA1 and RHAZ2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

48,84*

11,5%

88,62*

10,5%

119,37*

11,9%

118,11*

15,1%

95,44*

14,4%

90,83*

11,1%

73,70*

12,5%

Application rate

5 ton hat

4 days after flooding

48,59b 59,43
58,69abB 67,96AB
63,30a 58,54

15 days after flooding

121,72bB 171,04A
159,00a 173,84
165,14a 157,19

24 days after flooding

131,45 172,78
167,08 181,38
160,70 162,50

36 days after flooding

113,24 147,67
150,82 169,18
148,60 156,14

45 days after flooding

117,16 125,25
128,00 145,36
132,97 128,86

54 days after flooding

103,73 109,76
109,55 126,70
122,12 121,04

64 days after flooding

108,00 121,80a
112,94 135,33
129,72 130,73

10 ton ha't
Ca in soil solution, mg L

15 ton hat

53,77b
72,37aA
56,60b

144,52bAB

179,53a
164,31ab

155,20
177,52
168,66

142,62
167,09
165,53

123,53
128,52
138,44

108,91
135,39
121,01

113,51
135,55AB
129,44

Mean
153,14b
175,33a

163,95ab

Mean
134,51b
162,36a

156,75ab

Mean
107,47b
123,88a
121,39a

Mean
114,44b
127,94ab
129,96a
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Table 8. Total cooper in soil solution after many days under cultivation in flooded soil with
rice husk biochar (RHB) and rice husk ashes (RHAL and RHA?2) application

Application rate

Treatment 5ton ha! 10ton ha' 15 ton ha't
Cu in soil solution, mg L*

4 days after flooding
Soil 0,04* Mean
Soil + RHB 0,04 0,04 0,05 0,04c
Soil + RHAL 0,05 0,05 0,05 0,05b
Soil + RHA2 0,06 0,06 0,06 0,06a
cVv 0,39%

15 days after flooding
Soil 0,04*
Soil + RHB 0,04cB 0,04cAB 0,05bA
Soil + RHA1 0,05bB 0,06bA 0,06abA
Soil + RHA2 0,07aB 0,09aA 0,07aB
Ccv 0,34%%

24 days after flooding
Soil 0,07* Mean
Soil + RHB 0,08 0,08 0,08 0,08b
Soil + RHA1 0,08 0,09 0,09 0,09a
Soil + RHA2 0,09 0,09 0,09 0,09a
Ccv 0,20%

36 days after flooding

Soil 0,11

Soil + RHB 0,12 0,11 0,11
Soil + RHA1 0,11 0,11 0,11
Soil + RHA2 0,12 0,12 0,12
cv 0,21%

45 days after flooding
Soil 0,01*
Soil + RHB 0,02aA 0,00B 0,00B
Soil + RHA1 0,00b 0,00 0,00
Soil + RHA2 0,00b 0,00 0,00
CcVv 3,62%

54 days after flooding
Soil 0,00
Soil + RHB 0,00 0,00 0,00
Soil + RHA1 0,00 0,00 0,00
Soil + RHA2 0,00 0,01 0,10
Ccv 323,45%

64 days after flooding
Soail 0,00*
Soil + RHB 0,00 0,00 0,00
Soil + RHA1 0,00 0,00 0,00
Soil + RHA2 0,00 0,01 0,00

Cv 2,30%
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Table 9. Total zinc in soil solution after many days under cultivation in flooded soil with rice
husk biochar (RHB) and rice husk ashes (RHAL and RHA?2) application

Treatment

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Ccv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
Média

CcVv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
cv

Soil

Soil + RHB
Soil + RHA1
Soil + RHA2
CVv

0,4*

36,9%

0,27

96,4%

0,32*

53,7%

0,67*

37,5%

0,23

44,3%

0,25

69,9%

0,13

49,0%

Application rate

5 ton hat

4 days after flooding

0,27 0,30
0,32 0,20
0,20 0,20

15 days after flooding

0,15 0,67
0,68 0,31
0,21 0,16

24 days after flooding

0,14 0,10
0,15 0,13
0,16 0,14

36 days after flooding

0,29 0,21
0,32 0,15
0,18 0,25

45 days after flooding

0,24 0,12

0,29 0,11

0,14 0,17
0,22A 0,13B

54 days after flooding

0,13 0,11
0,30 0,10
0,10 0,14

64 days after flooding

0,17 0,12
0,14 0,12
0,08 0,15

10 ton ha't
Zn in soil solution, mg L™

15 ton hat

0,22
0,19
0,18

0,22
0,26
0,18

0,11
0,14
0,12

0,18
0,20
0,21

0,15

0,12

0,14
0,13B

0,14
0,18
0,16

0,14
0,10
0,17
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Table 10. pH in soil solution after many days under cultivation in flooded soil with rice husk

biochar (RHB) and rice husk ashes (RHAL and RHA2) application

Treatment

Application rate

5 ton hat 10 ton ha't 15 ton ha!

4 days after flooding
Soil 5,14
Soil + RHB 5,33 5,05 511
Soil + RHA1 5,04 512 5,18
Soil + RHA2 5,04 5,06 4,97
cVv 3,3%

15 days after flooding
Soil 6,47
Soil + RHB 6,47 6,35 6,35
Soil + RHA1 6,40 6,40 6,42
Soil + RHA2 6,40 6,35 6,32
cVv 1,5%

24 days after flooding
Soil 6,67*
Soil + RHB 6,59 6,55 6,59
Soil + RHA1 6,59 6,64 6,64
Soil + RHA2 6,56 6,58 6,57
cVv 1,0%

36 days after flooding
Soil 6,78
Soil + RHB 6,66 6,77 6,75
Soil + RHA1 6,72 6,80 6,79
Soil + RHA2 6,78 6,75 6,77
cVv 1,0%

45 days after flooding
Soil 6,61
Soil + RHB 6,57 6,62 6,60
Soil + RHA1 6,61 6,67 6,66
Soil + RHA2 6,61 6,66 6,65
CcVv 0,9%

54 days after flooding
Soil 6,61
Soil + RHB 6,63 6,72 6,55
Soil + RHA1 6,71 6,74 6,77
Soil + RHA2 6,73 6,65 6,69
Ccv 1,74%

64 days after flooding
Soil 6,65
Soil + RHB 6,69 6,68 6,70
Soil + RHA1 6,68 6,33 6,70
Soil + RHA2 6,72 6,72 6,69
CcVv 4,0%
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Table 11. Eh (mV) in soil solution after many days under cultivation in flooded soil with rice
husk biochar (RHB) and rice husk ashes (RHA1 and RHA?2) application

Application rate

Treatment 5 ton ha't 10 ton ha'! 15 ton ha'!

4 days after flooding
Soil 115,0
Soil + RHB 105,0 121,7 96,1
Soil + RHA1 109,9 117,1 98,8
Soil + RHA2 115,5 108,2 115,1
Cv 18,2%

15 days after flooding
Soil -69,4
Soil + RHB -65,1 -60,5 -51,8
Soil + RHA1 -61,05 -58,1 -58,5
Soil + RHA2 -55,8 -47,4 -49,4
CcVv 24,9%

24 days after flooding
Soil -113,9 Mean
Soil + RHB -90,7 -101,6 -103,2 -98,5a
Soil + RHA1 -103,9 -117,5 -118,6 -113,4b
Soil + RHA2 -103,15 -109,7 -102 -104,9ab
CcVv 11,6%

36 days after flooding
Soil -116,7
Soil + RHB -115,3 -118,9 -111,1
Soil + RHAL -112,0 -125,3 -124.5
Soil + RHA2 -131,2 -119,9 -119,3
Cv 8,8%

45 days after flooding
Soil -80,2*
Soil + RHB -80,9 -89,4 -97,2
Soil + RHAL -92 -104,5 -111,9
Soil + RHA2 -100,4 -106,4 -100,9
Cv 16,7%

54 days after flooding
Soil -22,9
Soil + RHB -17,0 -19,8 -14,7
Soil + RHA1 8,9 -18,1 -25,9
Soil + RHA2 -21,0 -16,2 -18,7
CVv 107,8%

64 days after flooding
Soil -42,9
Soil + RHB -51,9 -49,1 -48,3
Soil + RHA1 -47,4 -59,0 -28,5
Soil + RHA2 -56,2 -54,7 -45,7
CcVv 39,6%




