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RESUMO

Neste trabalho estudou-se a atividade auxino-similar de hidrocarvoes liquidos e sélidos obtido a
partir de residuos de milho, preparados por carbonizacdo hidrotérmica (HTC). Os bioensaios
foram realizados testando concentrag¢fes do hidrocarvéo liquido na faixa de 0,0557-5570,0 mg de
carbono L; e hidrocarvao sélido na faixa de 0,026-2600,0 mg de carbono L. A matéria organica
dissolvida (DOM) foi extraida para realizacdo de testes utilizando hidrocarvdo solido. Os
bioensaios foram realizados com sementes de Lactuca sativa. Os métodos instrumentais MEV,
ATR-FTIR e Py-GC/MS foram usados para avaliar o efeito da HTC na producao/composi¢édo de
hidrocarvdo. O hidrocarvéo liquido apresentou intensa bioatividade, inibindo completamente a
germinacédo das sementes-teste em concentragdes acima de 696 mg C L. O hidrocarvéo liquido
foi consideravelmente mais bioativo que a DOM, mesmo apresentando efeito auxino-similar nos
testes de germinacdo. A analise MEV mostrou como a HTC transformou a superficie da matéria-
prima, abrindo poros e sulcos nos hidrocarvdes. O ATR-FTIR também mostrou que a HTC mudou
a composicdo quimica dos residuos de milho, reduzindo os grupos hidroxila e enriquecendo o
material com grupos funcionais aromaticos. O Py-GC/MS permitiu a identificacdo das moléculas
envolvidas nos efeitos do tipo AlA: &cidos carboxilicos (lineares e arométicos) e aminoacidos. A
concentracdo de mais moléculas bioativas, ao invés de sua simples presenca na fragdo do
hidrocarvdo, determinou o efeito bioestimulante, além de uma boa regressdo linear entre a

atividade auxino-similar e a concentracdo de moléculas ativas estimulantes.

Palavras-chave: Carbonizacédo hidrotérmica, Compostos organicos, Atividade hormono-similar,

Propriedade auxino-similar, Matéria organica dissolvida.



ABSTRACT

This work studied the auxin-like activity of liquid and solid hydrochar obtained from corn
overground biomass, prepared using hydrothermal carbonization (HTC). Bioassays were
performed by testing liquid hydrochar concentrations in the range of 0.0557-5570.0 mg carbon L-
1:and solid hydrochar in the range 0.026-2600.0 mg carbon L. Dissolved organic matter (DOM)
was extracted to perform tests using solid hydrochar. Bioassays were performed using seeds of
Lactuca sativa. SEM, ATR-FTIR, and Py-GC/MS instrumental methods were used to assess the
effect of HTC on hydrochar production/composition. Liquid hydrochar presented an intense
bioactivity, completely inhibiting the germination of testing seeds at concentrations above
696 mg C L. Liquid hydrochar also was considerably more bioactive than the DOM, even it has
shown auxin-like effect in the germination tests. SEM analysis showed how HTC transformed the
feedstock surface, by opening pores and grooves in the hydrochars. ATR-FTIR also showed how
the HTC changed the chemical composition of corn waste, reducing hydroxyl groups and
enriching the material by aromatic functional groups. Py-GC/MS allowed the identification of the
molecules involved in IAA-like effects: carboxylic acids (linear and aromatic) and amino acids.
The concentration of more bio-active molecules, rather than their simple presence in the
hydrochar fraction, determined the bio-stimulating effect, besides a good linear regression

between auxin-like activity and the concentration of active stimulating molecules.

Keywords: Hydrothermal carbonization, Organic compounds, Hormone-like activity, Auxin-like

property, Dissolved organic matter.



1. INTRODUCAO

O milho (Zea mays) € uma das culturas mais importantes do mundo, com produgéo global
de 1,168 bilhdo de toneladas na safra de 2022/2023 (USDA, 2022). Entretanto, além da alta
producdo também é gerada uma elevada quantidade de residuos agricolas, que podem ser
prejudiciais ao meio ambiente quando descartados de forma inadequada. Para evitar a polui¢éo,
tratamentos quimicos, fisicos e bioldgicos especificos tém sido adotados para reduzir a quantidade
de residuos, potencializando os sistemas de aproveitamento/reciclagem de residuos de milho
(AWOGBEMI; KALLON, 2022).

Nesta perspectiva, a carbonizacao hidrotérmica (HTC) é relatada como um tratamento
eficaz para os residuos agricolas, agregando valor ao melhorar a qualidade da matéria organica
(MO) e a disponibilidade de nutrientes. Em geral, 0 HTC é realizado usando &gua como meio
reacional, temperaturas moderadas (180-250°C) e pressdo autogerada. Como produto, a HTC
converte a matéria-prima Umida em um material carbonéaceo, denominado hidrocarvdo. Além
disso, a HTC também gera uma fracdo liquida derivada da fusdo/dissolugdo das moléculas
organicas mais labeis em solucdo. A HTC também é considerada um método econbémico e
ecoldgico, devido a baixa energia aplicada e a pequena geragéo de subprodutos indesejados, como
CO; (AYODELE et al., 2022; CHEN et al., 2021; LANG et al., 2022). Em geral, durante a HTC,
a 4gua em estado subcritico promove transformagdes na matéria-prima. Primeiramente, 0 MO
sofre hidrélise, acompanhada pela desidratacdo e descarboxilagdo. Além disso, as cadeias
carbbnicas sdo condensadas e aromatizadas, proporcionando um material com maior teor de
carbono elementar quando comparado a matéria-prima (HARIS et al., 2022; LIN et al., 2022;
MARIUZZA et al., 2022).

Por fim, o hidrocarvdo apresenta baixas razfes atdmicas O/C e H/C, indicando uma
estabilidade do MO. Além disso, o0 hidrocarvao também apresenta alta concentragdo de grupos
funcionais e alta area superficial, que influenciam positivamente na capacidade de troca catidnica
(CTC), além da retencdo e disponibilidade de nutrientes (BENTO et al., 2021; KHOSRAVI et al.,
2022; MOHAMMADI et al., 2022; ZHANG; QIN; YI, 2021).

Dependendo das caracteristicas do hidrocarvao, diferentes formas de uso podem ser
destinadas, por exemplo, como insumo agricola (HOU et al., 2020; KAVINDI et al., 2022),
material adsorvente (IGHALO et al., 2022; LANG et al., 2021), combustivel sélido (KANG et
al., 2019; MARIUZZA et al., 2022), como catalisador (QUEVEDO-AMADOR et al., 2022;
SHUANG et al., 2022), etc. A utilizacdo agricola do hidrocarvdo é bastante comum, sendo
aplicado principalmente na remediagdo ambiental, como condicionador de solo e em sistemas
modernos de agricultura, fornecendo MO e nutrientes ao solo, visando promover a nutricdo e a
producdo vegetal (BENTO et al., 2021; KHOSRAVI et al., 2022).

Muitos estudos tém relatado o uso potencial de hidrocarvfes na agricultura. Bento et al.

(2019) avaliaram a liberagéo de nutrientes e MO do hidrocarvéo de vinhaga em diferentes solos,
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concluindo que o hidrocarvéo foi um fertilizante organico eficiente, com potencial para melhorar
a produtividade agricola. Hou et al. (2020) mostraram como a aplicacdo de hidrocarvdo de
serragem em uma cultura de arroz aumentou a produtividade e reduziu significativamente a
emissdo de gases de efeito estufa. Kavindi et al. (2022) produziram hidrocarvdes a partir de palha
de arroz e lodo de esgoto, mostrando sua eficiéncia na remediagdo de solos contaminados por
Cr(VI).

Diversos estudos tém indicado que parte do papel da MO na promocdo do
desenvolvimento vegetal estd associada a presenca de hormonios vegetais, principalmente os do
grupo das auxinas. Por outro lado, alguns autores relataram a presenca de moléculas organicas
diferentes da auxina, mas com efeito/acdo hormonal semelhante. Nesse caso, moléculas com esse
efeito sdo denominadas compostos com atividade hormono-similar (CASTILLO-ESPARZA et
al., 2021; NARDI et al., 2002; SCAGLIA; POGNANI; ADANI, 2015).

A atividade auxino-similar é a influéncia de moléculas organicas da MO no metabolismo
vegetal, semelhante ao efeito de uma auxina de fato, regulando, por exemplo, o crescimento da
raiz, a absorcdo de nutrientes e, consequentemente, a producdo vegetal (NARDI et al., 2002;
SCAGLIA; POGNANI; ADANI, 2015).

Em estudos recentes, Wang et al. (2022) avaliaram a fitotoxicidade do hidrocarvdo de
residuos de repolho por meio de testes de germinacdo, obtendo resultados positivos para o
crescimento radicular. Sun et al. (2022) produziram hidrocarvdo a partir de palha de junco e
avaliaram sua influéncia no crescimento de mudas de amendoim em solo salino, relatando
aumento do teor de hormonios nos tecidos vegetais. Bento et al. (2021) avaliaram o potencial
bioestimulante do hidrocarv@o de vinhaca na germinagdo de sementes de milho, indicando a
presenca de compostos fitotoxicos que inibiram a germinacdo das sementes.

Aminoacidos e acidos organicos carboxilicos (acido oxalico, tartarico e fenolico) foram
relatados como apresentando efeitos semelhantes a auxinas quando testados como moléculas
puras ou presentes como constituintes da fragdo organica (ou seja, matéria organica dissolvida ou
alguma fracéo de substancia humica) (COLLA et al., 2014; PIZZEGHELLO et al., 2006; SINGH
etal., 2014).

A complexidade quimica da MO dificulta a identificacdo analitica de moléculas
semelhantes a auxinas que promovem o efeito de bioestimulacdo, e isso levou a tentativas de
identificar quais das fracGes orgénicas que compdem a MO tém propriedades semelhantes a
auxinas (CANELLAS et al., 2002; DELL’AGNOLA; NARDI, 1987; QUAGGIOTTI, 2004). Por
exemplo, o fracionamento de &cidos humicos em baixo peso molecular (HALMW) e alto peso
molecular (HAHMW) e fragBes sollveis em agua (WHA) (ZANDONADI et al., 2013), indicou
gue o peso molecular ndo afetou a atividade semelhante a auxina (DELL’AGNOLA; NARDI,
1987; MUSCOLO, 1999). Uma possivel explicacdo para esse resultado consiste no fato de que

0s receptores de horménio vegetal interagem com pequenas moléculas semelhantes a auxinas
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presentes na MO e ndo com a MO total (CANELLAS et al., 2011; TREVISAN et al., 2010;
ZANDONADI et al., 2013).

O objetivo deste trabalho foi avaliar o efeito auxino-similar do hidrocarvéo preparado a
partir de residuos de milho, via carbonizacdo hidrotérmica (HTC). Em particular, usando
diferentes abordagens analiticas, ou seja, ATR-FTIR e Py-GC/MS, moléculas organicas

responsaveis por efeitos bioestimulantes foram investigadas.

2. MATERIAIS E METODOS
2.1.  Producéo do hidrocarvao

Este estudo foi realizado utilizando hidrocarvao preparado a partir de residuo de milho.

As carbonizacBes hidrotérmicas (HTC) foram realizadas em um reator de Teflon
revestido por titdnio com volume de 100 mL. Os hidrocarvbes foram preparados usando 1 g de
residuos de milho e 50 mL de 4gua. O reator foi mantido a 200°C em estufa (Sterilifer SX, Séo
Caetano do Sul, Brasil) por 12 h. Essas condic¢@es foram previamente definidas por meio de um
planejamento fatorial preliminar 23,

Os residuos de milho foram coletados em um assentamento do Movimento dos
Trabalhadores Rurais Sem Terra (MST), localizado no municipio de Serra Talhada, Pernambuco,
Brasil (9°16'15.8"S 40°35'32.6"W). Os residuos de milho foram coletados da parte aérea da
planta, na forma de caule, folhas, palha e sabugo de milho. As matérias-primas frescas foram
misturadas (com base no volume seco) e a propor¢éo foi determinada pela combinacdo de cada
residuo na planta colhida: 81% caule e folhas, 10% palha e 9% sabugo de milho. A mistura foi
triturada em moinho de facas e peneirada entre 500 e 250 mm. As seguintes analises foram
realizadas com o objetivo de caracterizar a matéria-prima mista: matéria organica (MO) (NEN,
1994), carbono organico total (TOC) (utilisando analisador de carbono Sievers InnovOX — GE,
Boulder, EUA) (NEN, 1994) e relagbes O/C e H/C (através andlise elementar, utilizando um
Perkin EImer Series Il CHNS/O Analyser 2400, Waltham, EUA).

Apo6s a HTC, uma suspensdo foi obtida e separada por filtragdo. A fragdo liquida (amostra
LHC) foi armazenada a -4°C e a fracdo solida (amostra SHC) foi seca em estufa a 60°C por 24 h,
e entdo armazenada em dessecador. Testes de germinacdo foram realizados com a fracdo liquida
do hidrocarvdo (LHC) e com a matéria orgénica dissolvida (DOM), extraida da fracdo sélida
(SHC). Os experimentos foram conduzidos no Laboratério de Quimica Ambiental (LQA) da
Universidade Federal Rural de Pernambuco (UFRPE), Brasil.

2.2.  Extracdo da matéria organica dissolvida (DOM)
A DOM foi extraida usando 5 g de hidrocarvdo em um Erlenmeyer de 250 mL e 100 mL
de 4gua destilada. A amostra foi aquecida em banho Dubnoff a 40°C com agitacdo a 60 rpm por

30 min. Em seguida, o sobrenadante foi filtrado em sistema pressurizado, utilizando filtros de
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acetato de celulose de 0,45 um (Whatman), e armazenado em geladeira a -4°C (D’IMPORZANO;
ADANI, 2007).

2.3.  Caracterizacéo do hidrocarvéo

Os hidrocarvdes liquido (LHC) e solido (SHC) foram caracterizados em termos de
carbono organico total (TOC) (usando um analisador de carbono Sievers InnovOX — GE, Boulder,
EUA), razbes O/C e H/C (via andlise elementar, utilizando um Perkin Elmer Series Il CHNS/O
Analyser 2400, Waltham, EUA), pH (usando um medidor de pH Tecnal, Piracicaba, Brasil) e
condutividade elétrica (EC) (usando um medidor de condutividade Tecnal Tec-4MP, Piracicaba,
Brasil). Além disso, no hidrocarvéo sélido (SHC) também foi determinado o teor de matéria
organica (MO) (NEN, 1994).

2.4.  Andlise por MEV

O hidrocarvdo (SHC) e o residuos de milho foram analisados e comparados por
Microscopia Eletronica de Varredura (MEV). As amostras foram montadas em stubs de aluminio,
com fita dupla face de carbono, colocadas sobre filme de papel aluminio e cobertas com ouro
utilizando um metalizador DENTON VACUUM modelo DESKV (Moorestown, EUA). As
micrografias foram obtidas em microscépio eletrdnico de varredura TESCAN VEGA3 (Libusina,
Chéquia).

2.5.  Andlise por ATR-FTIR

Os espectros na regido do infravermelho foram obtidos a partir de um espectrofotdémetro
Shimadzu IR-Tracer 100 (Kyoto, Japdo) e amostragem de Reflectancia Total Atenuada (ATR) de
desempenho de diamante/zinco seleneto e cristal, com resolucéo de 4 cm™ e 16 acumulacdes. A

regido analisada variou entre 4000-600 cm™,

2.6.  Caracterizacdo por Py-GC/MS

A andlise cromatogréfica foi realizada em um Agilent 5975C Series GC/MSD (Santa
Clara, EUA) e uma coluna capilar de 30,00 m x 250,00 um x 0,25 um ZB-Semivolatiles. O gas
de arraste utilizado foi o He, injetado a uma vazéo de 1,1 mL min-t. Um volume de 1,0 uL de
amostra foi injetado usando um injetor pirolisador (CDS 4000, Oxford, EUA) no modo splitless.
O programa de temperatura foi ajustado para 60°C por 1 min e entdo aumentado para 325°C a
uma taxa de 10°C min-t. Os espectros de massa foram obtidos por impacto eletronico a 70 eV e
os dados coletados em uma faixa entre 50-660 m/Z. Os compostos foram identificados por
comparacdo com espectros de massa da biblioteca Agilent Fiehn GC/MS Metabolomics RTL
Library, usando o software AMDIS (software Automated Mass Spectral Deconvolution and
Identification System, NIST 08).



Em relacdo ao LHC, a amostra foi primeiramente liofilizada para eliminar a 4gua e assim
concentrar o MO. Um liofilizador LabConco Benchtop (Kansas, EUA) foi usado no modo padréo
durante 48 h.

2.7.  Avaliacdo da atividade auxino-similar por bioensaios

A atividade auxino-similar do LHC e da DOM extraida do SHC foram avaliadas pela
inibicdo do crescimento radicular de sementes de alface (Lactuca sativa, ISLA, Porto Alegre,
Brasil). Os bioensaios foram preparados colocando 30 sementes em placas de Petri contendo
papel filtro (Whatman 91) umedecido com 3,0 mL de agua destilada (controle), ou 3,0 mL de
solugdo da amostra nas seguintes concentragdes:

LHC: 0,0557; 0,557; 5,57; 55,7; 348,125; 696,25; 1392,5; 2785,0 e 5570,0 mg C L.
SHC: 0,026; 0,26; 2,6; 26,0; 162,5; 325,0; 650,0; 1300,0 e 2600,0 mg C L?;

Para obtengéo da curva de calibracdo foram realizados testes com 0,001, 0,004, 0,006,
0,01, 0,04, 0,06, 0,1 e 0,2 mg C L* de auxina (acido 3-indolacético-AlA, Sigma Aldrich, 13750).
As sementes foram germinadas no escuro a 25°C; ap6s 5 dias, as mudas foram removidas e 0s
comprimentos das raizes medidos (PIZZEGHELLO et al., 2006).

O comprimento da raiz foi definido a partir da ponta da raiz até o ponto onde a radicula
emergiu do tegumento. Comprimentos de raiz abaixo de 5 mm foram considerados sementes néo
germinadas (PIZZEGHELLO et al., 2006; WANG et al., 2001).

Os dados foram apresentados como um indice de comprimento (LI), calculado pela
divisdo do comprimento médio da amostra e a média do comprimento obtido no controle.

A atividade hormono-similar foi considerada presente quando a tendéncia LI vs. [C] foi
estatisticamente significativa (Sig. <0,05) e seguiu uma curva logaritmica (ERTANI et al., 2013;
PIZZEGHELLO et al., 2006).

2.8.  Analises estatisticas

A anélise de variancia ANOVA One-Way foi usada para avaliar as diferengas entre as
médias para p < 0,01, usando testes de intervalo multiplo de Duncan. A regressdo linear bootstrap
foi aplicada para determinar a relagdo do efeito semelhante ao horménio versus a dose de

moléculas bioestimulantes. O software IBM SPSS Statistics v. 29 foi usado para analise de dados.

3. RESULTADOS E DISCUSSAO
3.1.  Caracterizacdo do hidrocarvao

As caracteristicas quimicas dos hidrocarvfes sdo apresentadas na Tabela 1. A partir da
observacdo desses pardmetros, é possivel acompanhar o efeito da carbonizacao hidrotérmica na
evolucdo da MO, ou seja, mudancas na cor e no tamanho das particulas (textura), além de um

aumento significativo do TOC e uma pequena diminui¢do da MO (Tabela 1).



O hidrocarvéao sélido apresentou coloracéo preta, diferente do tom amarelado apresentado
pelo residuo de milho, indicando a carbonizagcdo da MO. Outra observacdo diz respeito as
particulas de menor tamanho, obtidas na forma de pd no hidrocarvdo, diferentes quando
comparadas ao residuo fresco (500-250 mm). Mudancas na cor e no tamanho das particulas sao
evidéncias do alto grau de carbonizacdo da biomassa (SANTANA et al., 2022). Com base em
testes preliminares, HTC mais longa (mais de 10 h) e temperaturas mais altas (maximo de 200°C
permitido pelo Teflon) favoreceram o processo. Neste caso, o rendimento médio foi de 57,35%
(m/m). A fusdo de moléculas orgénicas e a solubilizacdo de alguns compostos em &gua
contribuiram para diminuir o rendimento do hidrocarvdo (SHC) (FAROBIE et al., 2022;
VENKATESAN et al., 2022; ZHANG et al.,, 2019). Por outro lado, as cadeias fundidas
enriqueceram a fracdo liquida com compostos organicos, conforme observado. O rendimento
médio da fracdo liquida (LHC) foi de 17%. Apenas a HTC acima de 180° originou a fragdo
liquida.

O TOC aumentou 52% no SHC quando comparado ao residuo de milho. A MO diminuiu
6,4%. Alteracbes no teor de carbono estdo relacionadas principalmente a quebras de
(macro)moléculas, além de processos de desidratacdo, descarboxilagdo e a consequente
condensagdo e aromatizacdo das cadeias de carbono, concentrando o carbono orgéanico no
hidrocarvéo (LI; CAI, 2022; WANG et al., 2020).

Reducdes significativas na relagdo H/C e no O/C também indicaram o alto grau de
transformacdo da MO durante o processo de HTC. A relagdo H/C reduziu de 0,18 na matéria-
prima para 0,08 na hidrocarvao (76% de diferenca). A relacdo O/C passou de 0,81 para 0,21
(117% de diferenca). Ambas as razfes sdo estatisticamente diferentes entre si de acordo com
ANOVA One-way e o teste de Duncan em p < 0,05.

A relagdo H/C é um pardmetro importante recomendado para determinar a qualidade do
hidrocarvdo. Em geral, a relagio H/C muda substancialmente quando um tratamento
termoquimico é eficiente, e valores abaixo de 0,7 sdo recomendados. Além disso, a relagcdo O/C
esta correlacionada com a estabilidade do hidrocarvdo. A relagdo H/C é uma propriedade
correlacionada com o grau de alteracdo termoquimica que produz estruturas de anéis aromaticos
fundidos no hidrocarvdo. A presenca dessas estruturas € uma medida intrinseca da estabilidade
molecular (PEREIRA et al., 2011; SEVILLA; FUERTES, 2009; SPOKAS, 2010). Os resultados
obtidos concordaram com a literatura que relatou baixas ragdes de H/C e O/C apds o processo de
HTC (ARAGON-BRICENO et al., 2020; SANTANA et al., 2022; SEVILLA; FUERTES, 2009).



Tabela 1. Caracterizagdo quimica do residuo de milho e do hidrocarvéo liquido/sélido.

Residuo de milho® SHCe SHC/DOM® LHC

MO? (%) 97,19 +0,11b 91,35 +0,26a - -
TOC® 43,32 +£0,00a 73,13 £ 0,00b 2,60 = 0,00 5,57 £0,00
pH - - 4,55+ 0,01b 3,71 £0,00a
EC (uS cm™) - - 2,90 +0,03a 3,84 +0,00b
Anélise elementar

H (%) 7,79 £0,01b 5,85 £ 0,02b 5,52 £0,02b 4,19 +0,02a

N (%) 3,12 £ 0,00b 3,39 £0,01b 2,02 £0,02a 2,99 +0,02a

O (%) 35,08 £ 0,04c 15,35 +0,03a 16,32 + 0,02ab 20,85 +0,08b
Razdo molar

o/cd 0,81 +0,01b 0,21 +0,01a - -

H/Cd 0,18 £ 0,00b 0,08 +0,00a - -

2 MO = Matéria organica particulada; TOC = Carbono organico total.

b Unidade de TOC: Residuo de milho SHC em %; LHC e SHC/DOM em g L. Os valores de TOC foram usados para calcular as razdes O/C e H/C.

©Valores na mesma linha seguidos da mesma letra ndo séo estatisticamente diferentes um do outro, em p < 0,05 de acordo com ANOVA One-way e teste de Duncan.
40 desvio padrio de O/C e H/C foi calculado como: std= O/C x [(std O + 0)? + (std C + C)?]*? e std = H/C x [(std H + H)? + (std C + C)?]*?.
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3.2.  Andlise por MEV

As micrografias do MEV sdo mostradas na Figura 1. Trés micrografias sdo apresentadas
nas escalas de 10, 50 ¢ 100 um, comparando-se as superficies do residuo de milho e da amostra
SHC. A imagem microscopica indicou como a carbonizagdo hidrotérmica atuou sobre a matéria-

prima, alterando o material pela abertura de poros e ranhuras.

Residuo de milho

Figura 1. Morfologia da superficie do residuo de milho e hidrocarvao por MEV.

Poros com nano dimenséo ndo foram identificados por MEV com ampliacdo de 1.000X.
No entanto, a presenca de poros estruturados foi confirmada, aumentando assim a area superficial
do hidrocarvao e, consequentemente, favorecendo a retencdo de ions, umidade e compostos
organicos.

A HTC também tornou a superficie do hidrocarvdo mais aspera, quando comparado com
o0s residuos de milho. Essa mudanca superficial foi mais evidente nas escalas de 100 e 50 um.
Além disso, a distribuicdo das cavidades é aparentemente homogénea ao longo da estrutura do
hidrocarvdo. Este aspecto € essencial para promover a maior area superficial e capacidade de

adsorcéo.
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3.3.  Andlise por ATR-FTIR

Os espectros do ATR-FTIR sdo mostrados na Figura 2. Em geral, cada espectro é
significativamente diferente um do outro e indicou como os grupos moleculares/funcionais foram
alterados durante 0 HTC, quando os residuos de milho foram convertidos em hidrocarvao (SHC
e LHC).

Residuo de milho
< SHC
=]
= |wHC
(§ \ A N\
= / ' gy}
E / /
w {
=]
s
4
-OH", 7 -CH C=0 C-0-C
e o I A e B B LA
4000 3500 3000 2500 2000 1500 1000 600

i -1
Numero de onda / cm

Figura 2. Espectro ATR-FTIR de residuos de milho e hidrocarvdes (LHC e SHC).

A banda em 3300 cm* nos residuos de milho foi atribuida principalmente as vibracdes de
alongamento -OH presentes na dgua e nos polissacarideos, tem baixa intensidade no SHC,
indicando a desidratacdo da matéria-prima devido ao aumento da temperatura na HTC, além da
quebra das moléculas de polissacarideos. No LHC, a agua da fase aquosa do hidrocarvdo
intensifica essa banda, indicando também a presenca de grupos hidroxila dissolvidos e compostos
fendlicos (SANTANA et al., 2022).

A regido entre 3000 e 2800 cm nos residuos de milho esta associada as ligagbes -CHs, -
CH; e CH e diminui apés a HTC na amostra SHC. (FAROBIE et al., 2022; SANTANA et al.,
2022)

Na regido entre 1700 e 1400 cm?, as bandas observadas nos residuos de milho estdo
associadas a grupos funcionais contendo C=0. Essas bandas sdo de menor intensidade no SHC,
indicando que as reagdes de descarboxilacdo ocorreram durante o processo HTC (FAROBIE et
al., 2022; SANTANA et al., 2022; WANG et al., 2020).
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A banda em 1600 cm* no LHC é atribuida ao alongamento das ligagdes C=C e C-H em
compostos aromaticos, enquanto a faixa a 690 cm* esta associada principalmente a deformacoes
angulares de anéis aromaticos, indicando a forte natureza aromatica da fragao liquida (LIU et al.,
2021; ZHANG et al., 2019).

A banda presente nos residuos de milho a 1000 cm! esta associada ao alongamento das
ligagbes C-O e C-O-C em polissacarideos, como a celulose. No SHC esta intensidade diminuiu,
indicando degradacéo da celulose pela alta temperatura e pressdo durante a HTC (FAROBIE et
al., 2022; SANTANA et al., 2022; WANG et al., 2020).

3.4.  Atividade auxino-similar dos hidrocarvoes

Os hidrocarvdes solido e liquido foram testados para propriedades auxino-similares
(AlA-similar). O hidrocarvao solido foi testado em termos de DOM extraida. Os resultados dos
bioensaios indicaram que ambas as formas tinham atividade semelhante a hormdnio (Tabelas 2 e
3). O LHC inibiu o crescimento de todas as raizes nas maiores concentragdes, acima de 696,25
mg C L. No entanto, SHC inibiu parcialmente em todas as concentracdes, sem inibir
completamente o crescimento radicular, mesmo na concentragdo mais alta. Este resultado era
esperado, uma vez que a diferenca de carbono foi significativa entre as amostras (Tabela 1). Os
resultados obtidos concordam com a literatura que relatou atividade semelhante a AIA para
hidrocarvées (BENTO et al., 2020; EGAMBERDIEVA et al., 2020; MASSAYA; MILLS-
LAMPTEY; CHUCK, 2022; SUN et al., 2022).

Os testes de bioensaios foram realizados em uma ampla faixa de concentragdo de carbono
(0,026 — 2600 mg C L para SHC e 0,0557 — 5570 mg C L para LHC). No entanto, a atividade
AlA-similar foi verificada para o0 SHC na faixa de concentracdo 26 — 2600 mg C L%, e 5,57 —
5570 mg C L para o LHC. Em outras palavras, a atividade AlA-similar foi verificada a partir de
1% e 0,1% da concentragdo total de C, respectivamente. O coeficiente angular da curva
logaritmica (LI/[C]) foi usado para avaliar a intensidade da atividade AlA-similar (SCAGLIA;
POGNANI; ADANI, 2015), obtendo a seguinte escala; SHC < LHC (Tabela 3). O efeito
semelhante ao AIA mais eficaz foi encontrado para o LHC, sugerindo que a fusdo de moléculas
mais labeis aumentou o desenvolvimento da atividade AlA-similar como consequéncia da

transformacgéo ocorrida durante o processo de HTC.
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Tabela 2. indice de comprimento (LI) das raizes de Lactuca sativa apos a aplicagio de hidrocarvdes liquidos e solidos e do acido 3-indolacético (AIA).

SHC LHC AlA

gol_sisi da DOM (mg I(:_(;r%f:irﬁir?t?)) Doses (mg C L) LI Doses (mg C L ™) LI

26 0,91 £ 0,06abc ? 5,57 0,90 + 0,03bc 0,001 0,49 £0,22d
162,5 0,85 + 0,07abc 55,7 0,76 + 0,06bc 0,004 0.28 +0,06¢
325 0,85 + 0,08abc 348,125 0,77 £0,07bc 0,006 0,11 £ 0,02b
650 0,67 £ 0,60abc 696,25 0,71 £0,05b 0,01 0,06 +0,01a
1300 0,67 £0,01ab 1392,5 0,00 + 0,00a 0,04 0,04 £0,01a
2600 0,62 £ 0,06a 2785 0,00 £ 0,00a 0,06 0,04 £0,04a
- - 5570 0,00 +0,00a 0,1 0,02 +0,02a

2 Valores na mesma coluna seguidos da mesma letra ndo sdo estatisticamente diferentes um do outro para p < 0,05, de acordo com os testes ANOVA One-way e Duncan.



Tabela 3. Atividade hormono-similar (efeito AlA-similar) observada em bioensaios com hidrocarvao liquido e sélido e acido 3-indolacético (AlA).

Intervalo de atividade AlA-

similar (mg C L Y) Equacdo do efeito AIA-similar R? Sig.
SHC? 26,0-26000mgCtt  y=-0,068 x In(x) + 1,168 0,856 0,022
LHC 5,57-5570,0 mg C -1 y = —0,146 X In(x) + 1,323 0,687 0,001
AlA 0,001-0,01 mg C -1 y =—0,193 x In(x) — 0,834 0,962 0,019

@ Hidrocarvao s6lido foi testado na forma de matéria orgénica dissolvida (DOM) extraida.
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3.5.  Caracterizacéo por Py-GC/MS
Os resultados discutidos acima indicaram a presenca de atividade hormonal nos

hidrocarvoes solido e liquido.

A abordagem Py-GC/MS confirmou informacGes importantes sobre a presenca e a
quantidade de moléculas especificas contidas no SHC e LHC. Agora ela pode ser usada para
elucidar quais moléculas foram responsaveis pelo efeito bioestimulante.

A DOM extraida do SHC e o LHC foram caracterizados por diferentes classes de
moléculas como monossacarideos, aminoécidos, nucleotideos, &cidos carboxilicos lineares e
aromaéticos, alfa-hidroxiacidos e alditois (Tabela S1).

Em geral, LHC e SHC apresentaram aproximadamente a mesma concentragdo de
compostos organicos, divididos em classes moleculares, totalizando 358,01 + 12,33 ug g* no
LHC e 300,26 + 11,91 ug g no SHC. Diferengas estatisticas foram observadas apenas nas
seguintes classes: nucleotideos, alditois, &cidos carboxilicos arométicos e aminoacidos (ANOVA
bootstrap, p < 0,05); no entanto, nenhuma diferenca entre as classes moleculares excedeu 18%.
Por outro lado, o0 DOM extraida do SHC apresentou um total de 124,84 + 21,91 pg g* de
compostos organicos, soma consideravelmente abaixo dos resultados de LHC e SHC, também

estatisticamente diferente em todas as classes moleculares (ANOVA bootstrap, p < 0,05) (Figura

3).
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Figura 3. Moléculas organicas detectadas nos hidrocarvoes e na DOM por Py-GC/MS.
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A Tabela S1 e a Figura 3 indicam por que, embora ambas as amostras tenham atividade
semelhante a auxina (Tabela 3), os efeitos observados nos testes de germina¢do com LCH e
SHC/DOM sdo tdo diferentes. Compostos como alfa-hidroxiacidos, &cidos carboxilicos
aromaticos, nucleotideos e aminoécidos foram quantificados entre 0 e 3,38 + 0,11 pg gt em
SHC/DOM.

Em particular, os &cidos carboxilicos (aromaticos e lineares) e os aminoacidos tém sido
relatados por muitos estudos como tendo efeitos AlA-similar (COLLA et al., 2014; ERTANI et
al., 2009; PIZZEGHELLO et al., 2006; SINGH et al., 2014; TREVISAN et al., 2010). Uma alta
presenca de grupos carboxilicos foi correlacionada com o efeito auxina (TREVISAN et al., 2010).
Além disso, aminodcidos foram relatados por efeitos fortes ou fracos semelhantes ao AlA,
dependendo da presenca de triptofano (o precursor metabolico do AIA) ou, geralmente, pela
concentracdo de aminoécidos (COLLA etal., 2014; ERTANI et al., 2009). Além disso, a eficacia
do efeito AlA-similar também foi diretamente associada a concentragdo de &cidos carboxilicos
aromaticos especificos (ou seja, vanilina, acido ferdlico, acido protocatecuico, acido 4-
hidroxibenzoico e acido 4-hidroxicinamico) (FERRO et al., 2006; PIZZEGHELLO et al., 2006;
SINGH et al., 2014).

No entanto, a complexa composi¢do quimica relatada na Tabela S1 ndo permitiu explicar
claramente o efeito bioestimulante do SHC e do LHC, uma vez que moléculas bioestimulantes
estavam presentes nas amostras estudadas. No entanto, muitos autores relataram que apenas a
presenca de moléculas especificas ndo é suficiente para obter efeitos estimulantes, uma vez que a
concentracdo molecular e a biodisponibilidade também desempenham papéis importantes. Ja
levando-se em consideracdo a concentragéo total no LHC e SHC/DOM (amostras aplicadas nos
testes de germinagdo) de moléculas com atividade semelhante a AlA, cada classe teve sua soma
de concentragdo, ou seja, acidos carboxilicos e aminoacidos (Tabela S1), e o efeito comparado
entre as amostras, associando o grupo mais relatado de classes moleculares que apresenta efeito
AlA-similar (Figura 4). No LHC, a soma da concentracdo de moléculas ativas foi de 112,36 +
3,58 g g* (intervalo de concentracdo entre 23,26 + 4,81 pg gt e 50,14 + 3,62 ug g?) e na
concentracdo de moléculas ativas SHC foi de 20,29 + 2,92 ug g* (intervalo de concentragdo entre
2,22+0,69 ug g'e1585+0,42 ug g?).

17



[ Acidos carboxilicos aromaticos
[ Acidos carboxilicos lineares
SHCDOM I Anminodcidos
LHC
[ I I I I I
0 20 40 60 80 100 120

[Compostos com efeito AIA-similar] / pg g’l

Figura 4. Compostos AlA-similar em LHC e SHC/DOM determinados por Py-GC/MS.

Os contetidos de compostos com efeito AlA-similiar foram estatisticamente diferentes
para SHC/DOM e LHC (ANOVA bootstrap, p < 0,05), sugerindo que uma maior concentracéo
de moléculas bioestimulantes resultou em uma atividade bioestimulante mais eficaz. Mesmo com
um resultado menor em SHC/DOM, os resultados indicaram que, mesmo em baixas
concentracBes de compostos AlA-similares, foi observado um efeito bioestimulante, conforme
relatado na Tabela 2. Assim, mesmo em baixas concentra¢fes, o hidrocarvao sélido pode ser
considerado bioativo e pode influenciar positivamente o desenvolvimento da planta, conforme
demonstrado nos testes de germinagdo. Essa hipétese foi corroborada pela 6tima regresséo linear
encontrada entre o coeficiente linear e a concentragdo de compostos AlA-similares (Tabela 3).
De qualquer forma, levando em consideracdo o que foi discutido acima e os dados relatados na
Figura 3, pode-se concluir que uma concentracéo de moléculas bioestimulantes de 20 ug g™ pode

ser indicada como o limite acima do qual um efeito bioestimulante mais intenso iniciou.

4. CONCLUSAO

O hidrocarvéo preparado a partir de residuos de milho foi testado para atividade hormono-
similar (efeito auxina). Os resultados obtidos indicaram que a carbonizacdo hidrotérmica afetou
essa atividade, concentrando e/ou produzindo &cidos carboxilicos (aromaticos e lineares) e
aminoacidos, sendo essas moléculas as sugeridas como responsaveis pela atividade hormono-
similar. O hidrocarvéo liquido foi consideravelmente mais bioativo do que a matéria orgénica
dissolvida extraida do hidrocarvéo sélido, inclusive apresentando efeito auxino-similar nos testes
de germinacdo. Uma concentragéo total de moléculas de 20 pg g foi mostrada como uma

concentracéo limite acima da qual elas produziram uma atividade bioestimulante mais intensa.
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APENDICE

APENDICE A - MATERIAL SUPLEMENTAR

Tabela S1. Caracterizacdo Py-GC/MS do hidrocarvéo solido e liquido (SHC e LHC) e da DOM extraida do SHC (media = DP, n = 3, com base na matéria seca).

Classes de moléculas LHC SHC DOM/SHC Efeito AIA-similar
Mg g (m/m)

Aminoacidos L-Serina 3,15 +0,08 2,52 +£0,27 0 Collaetal., 2014
Acido L-glutdmico (desidratado) 493 +0,43 5,43 £ 0,60 1,24 + 0,03 Ertani et al., 2009
Acido L-piroglutamico 15,18 +1,02 9,32 +£0,02 0,98 £0,11

Acidos carboxilicos lineares Acido glicolico 9,24 £0,33 11,46 £1,01 1,24 £ 0,53 Trevisan et al., 2010
L-(+) Acido latico 5,27+0,41 4,68 +0,44 0,07 = 0,00
Acido oxalico 8,82 +0,94 8,36 + 0,74 4,54 +0,48
Acido succinico 11,44 £ 0,74 5,33 +0,59 0
Acido citrico 15,37 £ 0,98 18,27 £1,20 10,00 £ 0,74

Acidos ciclohexanocarboxilicos Acido quinico 4,49 + 0,56 1,25 + 0,01 0

Acidos carboxilicos arométicos Acido 4-hidroxi-3-metoxibenzoico 10,71 0,11 2,35+0,03 0 Vanilina-similar:
Acido 4-hidroxibenzoico 3,92 £ 0,05 1,81+0,49 0 Pizzeghello et al., 2006
Acido fertlico 8,13+ 0,52 6,43+0,14 1,24 +£0,02 Ferro et al., 2006
Acido 4-hidroxicinamico 16,20 £ 0,82 6,56 + 0,93 0,98 + 0,08 Acido protocatectico-similar:
Alcool sinapilico 0 1,21 £ 0,00 0 Pizzeghello et al., 2006
Alcool coniferilico 0 0,91+0,23 0 Singh et al., 2014

24



Classes de moléculas LHC SHC DOM/SHC Efeito AIA-similar
Mg g (m/m)

Alfa hidroxiacidos Acido glicérico 15,92 +1,10 12,54 +2,05 1,11 +0,08

Alditois Glicerol 87,44 £ 6,37 85,26 £4,11 64,13 £9,19
Xilitol 19,27 £ 0,89 954+1,74 0

Monossacarideos 6-Deoxi-D-glucose 8,27 £0,31 5,36 £ 0,59 3,67 £0,57
D (+)Altrose 4,23 +£0,07 2,42 + 0,36 0
D-Glucose 29,65+ 1,65 19,55+2,43 7,81 +0,22
D-Lixose 8,38 £0,33 33,56 £4,71 19,33 +1,57
D-Manose 2552 +231 17,99 + 2,50 2,61 + 0,05
N-Acetil-D-manosamina 3,11 +0,87 2,10+0,44 0
Talose 1,90 + 0,02 4,05 + 0,39 2,51+0,17

Nucleotideos Adenina 11,92 +£0,72 9,25+1,19 1,01 £0,07
Citosina 12,45 +0,47 4,32 + 0,45 0
Timina 13,10 + 1,00 8,43 £ 0,56 2,37 +£0,11

25



ANEXO
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authored by Edson T.G. Lima, Erica D.S. Sales, Rogerio A. Saraiva, and myself. We

believe it should be published due to the following features:

i
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This work fits the aims and scope of the Science of the Total Environment. It is an
original and interdisciplinary environmental research paper focused on areas such
as environmental technologies (hydrothermal carbonization, HTC), biology
(germination tests and seed/plant development), chemistry (chemical composition
and use of instrumental analysis applied in the hydrochar characterization and data
acquisition of bioactive molecules), and agronomy (we recommend the hydrochar
use in agriculture and plant production). Our paper describes laboratory trials and
demonstrates noteworthy advances in methodology and understanding with a clear

link to the environment (also agriculture);

This work studied the use of aboveground corn biomass as feedstock in the
production of hydrochars via hydrothermal carbonization (HTC). In addition,
germination tests were performed, and organic compounds with hormonal activity
(auxin-like effect) were assessed via Py-GC/MS. Other instrumental analyses were

applied, such as ATR-FTIR and SEM;
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.

Bio-stimulant effects were assessed regarding solid and liquid fractions of
hydrochar. Solid hydrochar was tested in terms of the extracted dissolved organic
matter (DOM). Both fractions were bioactive; however, the liquid fraction was
considerably more bio-stimulant in the germination tests. Using Py-GC/MS, the
most active molecular classes were determined, and the reasons for the difference

in the auxin-like effect were elucidated (see next point);

Finally, the most crucial finding of this study concerns how the HTC produces or
concentrates organic molecules able to bio-stimulate vegetal production on
germination tests. Among the molecular classes determined, amino acids and
carboxylic acids (linear and aromatic) are suggested as responsible for the intense
auxin-like effect in liquid hydrochar. In the next step of this study, HTC will be
scaled up, and the real use of hydrochars will be evaluated, first in pot cultivation,

followed by field application.

Thank you for your time and consideration.
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Prof. Ramom Rachide Nunes

Laboratory of Environmental Chemistry

Federal Rural University of Pernambuco, Brazil

mLEC

oy ENWI

ironmental Chemistry



Graphical Abstract

Graphical abstract

ABOVEGROUND
CORN BIOMASS

HYDROCHAR

.3
: High transformed organic matter, rich
in compounds with hormonal activity

(auxin-like effect)

HTC

TN
ﬁ(//

__4

Hydrochar organic
fractions showed an
intense bioactivity,
completely inhibiting the
germination of testing
seeds at higher carbon
concentrations.

Germination
tests




Highlights

Highlights

o Hydrotermal carbonization converts corn waste into hydrochar.

. Hydrochar can have biostimulating effect for the presence of hormone-like
compounds.

. Auxine-like activity was more intense in liquid than solid hydrochar (DOM).

. Amino acids and carboxylic acids were reported to act as [AA-like molecules.
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Abstract

This work studied the auxin-like activity of liquid and solid hydrochar from aboveground
corn biomass prepared using hydrothermal carbonization (HTC). Bioassays were
performed by testing liquid hydrochar concentrations in the range of 0.0557-
5570.0 mg carbon L!; and solid hydrochar in the range of 0.026-2600.0 mg carbon L.
Dissolved organic matter (DOM) was extracted to perform tests using solid hydrochar.
Bioassays were performed using seeds of Lactuca sativa. SEM, ATR-FTIR, and Py-
GC/MS instrumental methods were used to assess the effect of HTC on hydrochar
production/composition. Liquid hydrochar presented an intense bioactivity, completely
inhibiting the germination of testing seeds at concentrations above 696 mg C L. Liquid
hydrochar also was considerably more bioactive than the DOM, even though it has shown
an auxin-like effect in the germination tests. SEM analysis showed how HTC transformed
the feedstock surface by opening pores and grooves in the hydrochars. ATR-FTIR also
showed that HTC changed the chemical composition of corn waste, reducing hydroxyl
groups and enriching the material with aromatic functional groups. Py-GC/MS allowed
the identification of the molecules involved in IAA-like effects: carboxylic acids (linear
and aromatic) and amino acids. The concentration of more bioactive molecules, rather
than their simple presence in the hydrochar fraction, determined the bio-stimulating
effect, besides an excellent linear regression between auxin-like effect and the

concentration of active molecules.

Keywords: Hydrothermal carbonization, Organic compounds, Hormone-like activity,

Auxin-like property, Dissolved organic matter.
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1 Introduction

Corn (Zea mays) is one of the most important crops in the world, with a global production
of 1.168 billion metric tons in the harvest of 2022/2023 (USDA, 2022). However,
intensive corn culture usually generates a great deal of agricultural waste, which can harm
the environment when improperly disposed of. In order to avoid pollution, specific
chemical, physical and biological treatments have been adopted to reduce waste amount,

enhancing waste corn use/recycling systems (Awogbemi and Kallon, 2022).

In this perspective, hydrothermal carbonization (HTC) is reported to be an effective
treatment for agricultural waste, adding value by improving the organic matter (OM)
quality and nutrient availability. HTC is generally performed using water as a reaction
medium, moderate temperatures (180-250°C), and self-generated pressure. As a product,
HTC converts the moist feedstock into a carbonaceous material named hydrochar. In
addition, HTC also generates a liquid fraction derived from the fusion/ dissolution of the
more labile organic molecules in the solution. HTC also is considered an economic and
ecological method due to the low applied energy and the small generation of unwanted
by-products, such as CO> (Ayodele et al., 2022; Chen et al., 2021; Lang et al., 2022).
During the HTC, water in a subcritical state generally promotes transformations in the
OM feedstock. First, the OM suffers hydrolysis, attended by dehydration and
decarboxylation. Furthermore, carbon chains are condensed and aromatized, providing
material of higher elemental carbon than feedstock (Haris et al., 2022; Lin et al., 2022;

Mariuzza et al., 2022).

Finally, hydrochar presents low atomic ratios of O/C and H/C, indicating OM stability.
In addition, hydrochar also offers a high concentration of functional groups and a high

surface area, which positively influence the cation-exchange capacity (CEC), besides the
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nutrient retention and availability (Bento et al., 2021; Khosravi et al., 2022; Mohammadi

et al., 2022; Zhang et al., 2021).

Depending on the hydrochar characteristics, different forms of use can be intended, e.g.,
as agricultural input (Hou et al., 2020; Kavindi et al., 2022), adsorbent material (Ighalo
et al., 2022; Lang et al., 2021), solid fuel (Kang et al., 2019; Mariuzza et al., 2022), as
catalyst (Quevedo-Amador et al., 2022; Shuang et al., 2022) etc. Among these
applications, hydrochar use in agriculture is the most common, mainly applied in
environmental remediation as a soil conditioner; and in modern systems of agriculture,
supplying OM and nutrients to the soil, aiming to promote plant nutrition and vegetal

production (Bento et al., 2021; Khosravi et al., 2022).

Many studies have reported the potential use of hydrochars in agriculture. Bento et al.
(2019) assessed the release of nutrients and OM of vinasse hydrochar in different soils,
concluding that hydrochar was an efficient organic fertilizer with the potential to improve
agricultural productivity. Hou et al. (2020) showed how the application of sawdust
hydrochar in rice cultivation increased productivity and significantly reduced the
emission of greenhouse gases. Kavindi et al. (2022) produced hydrochars from rice straw

and sewage sludge, showing their efficiency in remediating soil contaminated by Cr(VI).

Several studies have indicated that part of the role of OM in promoting plant development
is associated with the presence of vegetal hormones, especially those from the auxin
group. On the other hand, some authors have reported the presence of organic molecules,
different from auxin but similar in hormonal effect/action. In this case, molecules with
this effect are named compounds with hormone-like activity (Castillo-Esparza et al.,

2021; Nardi et al., 2002; Scaglia et al., 2015).
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Auxin-like activity is the influence of organic molecules from the OM on the vegetal
metabolism, similar to the effect of auxin in fact, regulating, e.g., root growth, nutrient
absorption, and consequently the vegetal production (Nardi et al., 2002; Scaglia et al.,

2015)

In recent studies, Wang et al. (2022) evaluated the phytotoxicity of cabbage hydrochar
via germination tests, obtaining favorable results for root growth. Sun et al. (2022)
produced hydrochar from reed straw. They evaluated its influence on the growth of peanut
seedlings in saline soil, reporting an increase in the content of plant hormones in the
vegetal tissues. Bento et al. (2021) evaluated the bio-stimulant potential of vinasse
hydrochar on corn seed germination, indicating the presence of phytotoxic compounds

that inhibited seed germination.

Amino acids and organic carboxylic acids (oxalic, tartaric, and phenolic acids) were
reported to present auxin-like effects when tested as pure molecules or present as
constituents of the organic fraction (i.e., dissolved organic matter or some humic

substance fraction) (Colla et al., 2014; Pizzeghello et al., 2006; Singh et al., 2014).

The chemical complexity of OM renders difficult the analytical identification of auxin-
like molecules promoting the bio-stimulation effect, and this has led to attempts to
identify which of the organic fractions composing OM have auxin-like properties
(Canellas et al., 2002; Dell’Agnola and Nardi, 1987; Quaggiotti, 2004). For example,
humic acids fractionation into low molecular (HALMW) and high molecular weight
(HAHMW), and water-soluble fractions (WHA) (Zandonadi et al., 2013), indicated that
molecular weight did not affect the auxin-like activity (Dell’Agnola and Nardi, 1987;

Muscolo, 1999). A possible explanation of this result is that hormone-plant receptors
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interact with small auxin-like molecules present in OM rather than the total OM (Canellas

etal., 2011; Trevisan et al., 2010; Zandonadi et al., 2013).

This work aimed to study the auxin-like effect of hydrochar prepared from corn waste via
the hydrothermal carbonization process (HTC). In particular, using different analytical
approaches, i.e., ATR-FTIR and Py-GC/MS, organic molecules responsible for bio-

stimulant effects were investigated.

2 Materials and Methods
2.1 Hydrochar production
This study was carried out using hydrochar prepared from corn waste.

Hydrothermal carbonizations (HTC) were set up in a Teflon reactor coated with titanium
and a volume of 100 mL. Hydrochars were prepared using 1 g of corn waste and 50 mL
of water. The reactor was maintained at 200°C in a stove (Sterilifer SX, Sdo Caetano do
Sul, Brazil) for 12 h. These conditions were previously defined through a preliminary 2°

factorial design.

Corn waste was collected in a settlement of the Landless Workers' Movement (MST),
located in the municipality of Serra Talhada, Pernambuco, Brazil (9°16'15.8"S
40°35'32.6"W). Corn waste was collected from aboveground biomass in forms of stem,
leaves, straw, and corn cob. Fresh feedstocks were mixed (based on dry volume), and the
proportion was determined by combining each residue in the harvested plant: 81% stem
and leaves, 10% straw, and 9% corn cob. The mixture was crushed in a knife mill and
sieved between 500 and 250 mm. The following analyses were carried out aiming to

characterize the mixed feedstock: organic matter (OM) (NEN, 1994), total organic carbon
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(TOC) (using Sievers InnovOX GE carbon analyzer, Boulder, USA), and O/C and H/C
ratios (through elemental analysis, using a Perkin Elmer Series II CHNS/O Analyser

2400, Waltham, USA).

After HTC, a suspension was obtained and separated by filtration. The liquid fraction
(sample LHC) was stored at -4 °C, and the solid fraction (sample SHC) was dried in a
stove at 60 °C for 24 h and then stored in a desiccator. Germination tests were carried out
in the liquid fraction of the hydrochar (LHC) and the dissolved organic matter (DOM)
extracted from the solid fraction (SHC). The experiments were carried out at the
Laboratory of Environmental Chemistry (LEC), Federal Rural University of Pernambuco

(UFRPE), Brazil.

2.2 Dissolved organic matter (DOM) extraction

DOM was extracted using 5 g of hydrochar in a 250 mL Erlenmeyer and 100 mL distilled
water. The sample was heated in a Dubnoff bath at 40°C with stirring at 60 rpm for 30
min. Then, the supernatant was filtered in a pressurized system using cellulose acetate
filters of 0.45 um (Whatman) and stored in a refrigerator at -4 °C (D’Imporzano and

Adani, 2007).

2.3 Hydrochar characterization

Liquid (LHC) and solid (SLH) hydrochar were characterized in terms of total organic
carbon (TOC) (using a Sievers InnovOX carbon analyzer, VEOLIA, Aubervilliers,
France), ratios O/C and H/C (via elemental analysis, using a Perkin Elmer Series Il

CHNS/O Analyser 2400, Waltham, USA), pH (using a pH meter Tecnal, Piracicaba,
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Brazil), and electrical conductivity (EC) (using a conductivity meter model Tecnal Tec-
4MP, Piracicaba, Brazil). Furthermore, in solid hydrochar (SHC), the organic matter

(OM) (NEN, 1994) was also determined.

2.4 SEM analysis

Hydrochar (SHC) and corn waste were analyzed and compared by Scanning Electron
Microscopy (SEM). Samples were mounted on aluminum stubs and covered with gold
using a metalized DENTON VACUUM model DESKV (Moorestown, USA).
Micrographs were obtained in a scanning electron microscope TESCAN VEGA3

(Libusina, Czechia).

2.5 ATR-FTIR analysis

Spectra in the infrared region were obtained from a spectrophotometer Shimadzu IR-
Tracer 100 (Kyoto, Japan) and sampling of Attenuated Total Reflectance (ATR) of
diamond/zinc selenide and crystal performance, with a resolution of 4 cm™ and 16

accumulations. The analyzed region ranged between 4000-600 cm!.

2.6 Py-GC/MS characterization

Chromatographic analysis was performed on an Agilent 5975C Series GC/MS (Santa
Clara, USA) and a capillary column of 30.00 m x 250.00 um x 0.25 um ZB-Semivolatiles.
He was used as the carrier gas, injected at a flow rate of 1.1 mL min™. A volume of 1.0
uL of the sample was injected using a pyrolyzer injector (CDS 4000, Oxford, USA) in

splitless mode. The temperature program was set at 60°C for 1 min and then increased to
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325°C at a rate of 10°C min™!. Mass spectra were obtained by electronic impact at 70 eV,
and data was collected between 50-660 m/Z. The compounds were identified by
comparison with mass spectra from the Agilent Fiechn GC/MS Metabolomics RTL
Library, using AMDIS software (Automated Mass Spectral Deconvolution and

Identification System software, NIST 08).

Regarding the LHC, the sample was first lyophilized to eliminate water and thus
concentrate the OM. A lyophilizer LabConco Benchtop (Kansas, USA) was used in

standard mode for 48 h.

2.7 Hormone-like activity tests using bioassays

The auxin-like activities of the HAs were assessed by checking the root growth inhibition
of lettuce seeds (Lactuca sativa, ISLA, Porto Alegre, Brazil). Bioassays were prepared
by placing 30 seeds in Petri dishes containing a filter paper (Whatman 91) wetted with
3.0 mL of distilled water (control) or 3.0 mL of the sample solution in the following

concentrations:
LHC: 0.0557; 0.557; 5.57; 55.7; 348.125; 696.25; 1392.5; 2785.0 and 5570.0 mg C L.
SHC: 0.026; 0.26; 2.6; 26.0; 162.5; 325.0; 650.0; 1300.0 and 2600.0 mg C L!;

To obtain the calibration curve, tests were performed using 0.2, 0.1, 0.06, 0.04, 0.01,
0.006, 0.004, and 0.001 mg C L' of auxin (3-indoleacetic acid, IAA, Sigma Aldrich,
13750). The seeds were germinated in dark conditions at 25 °C; after 5 days, the seedlings

were removed and the root lengths measured (Pizzeghello et al., 2006).
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Root length was defined from the tip of the root to the point where the radicle emerged
from the seed coat. Root lengths below 5 mm were considered non-germinated seeds

(Pizzeghello et al., 2006; Wang et al., 2001).

Data were presented as a length index (LI), calculated by dividing the mean length of the

sample and the mean of the length obtained in control.

The hormone-like activity was considered present when LI vs. [C] trend was statistically
significant (Sig. < 0.05) and followed a logarithmic curve (Ertani et al., 2013; Pizzeghello

et al., 2000).

2.8 Statistical analysis

One-way bootstrap ANOVA was used to evaluate the differences between the means for
p <0.01, using Duncan's multiple range tests. Linear bootstrap regression was applied to
determine the relationship of hormone-like effect vs. bio-stimulant molecules dose. IBM

SPSS Statistics v. 29 was used for data analysis.

3 Results and Discussion

3.1 Hydrochar production

The chemical characteristics of hydrochars are shown in Table 1. From observing these
parameters, we can follow the effect of hydrothermal carbonization on OM evolution,
1.e., changes in color and particle size (texture), in addition to a significant TOC increase

and a slight OM decrease (Table 1).
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Table 1. Chemical characterization of corn waste and liquid/solid hydrochars.

Corn waste® SHC* SHC/DOM?*® LHC

OM? (%) 97.19+0.11b 91.35+ 0.26a - -
TOC® 43.32 £ 0.00a 73.13 + 0.00b 2.60 +0.00 5.57+0.00
pH - - 4.55+0.01b 3.71 +0.00a
EC (uS cm™) - - 2.90 +0.03a 3.84 + 0.00b
Elemental analysis

H (%) 7.79 +0.01c 5.85+0.02bc 5.52+0.02b 4.19 +0.02a

N (%) 3.12 + 0.00b 3.39+0.01b 2.02+0.02a 2.99 +0.02a

0 (%) 35.08 + 0.04c 15.35+0.03a 16.32 + 0.02ab 20.85 + 0.08b
Molar ratio

o/c¢ 0.81+0.01b 0.21+0.01a - -

H/C! 0.18 + 0.00b 0.08 + 0.00a - -

? OM = Particulate organic matter; TOC = Total organic carbon; EC = Electrical conductivity; SHC/DOM = Dissolved organic matter extracted

from the solid hydrochar.

® TOC units: Corn waste and SHC in %; LHC and SHC/DOM in g L'!. Values of TOC were used to calculate O/C and H/C ratios.

“Values in the same row followed by the same letter are not statistically different at p < 0.05, according to ANOVA One-way and Duncan's test.

40/C and H/C standard deviation was calculated as: std = O/C x [(std O = O)* + (std C = C)*]"? and std = H/C x [(std H +~ H)* + (std C = C)*]".
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Solid hydrochar presented a black color, different from the yellowish tone showed by
corn waste, indicating OM carbonization. Smaller particle sizes were obtained in powder
form in the hydrochar, different when compared to the fresh waste (500-250 mm).
Changes in color and particle size are evidence of the high degree of biomass
carbonization (Santana et al., 2022). Based on preliminary tests, longer HTC (over 10 h)
and higher temperatures (maximum 200°C allowed by Teflon) favored the process. In
this case, the mean HTC yield was 57.35% (m/m). The melting of organic molecules and
the solubilization of some compounds in water contributed to decreasing the hydrochar
yield (sample SHC) (Farobie et al., 2022; Venkatesan et al., 2022; Zhang et al., 2019).
On the other hand, molten chains enriched the liquid fraction with organic compounds,
as observed. The mean yield of liquid fraction (LHC) was 27%. Only HTC above 180°

originated the liquid fraction.

TOC increased 52% in the SHC when compared to corn waste. OM decreased by 6.4%.
Changes in the carbon content are mainly related to (macro)molecule breaks, dehydration
processes, decarboxylation, and the subsequent condensation and aromatization of the

carbon chains, concentrating the organic carbon in the hydrochar (Li and Cai, 2022; Wang

et al., 2020).

Significant decreases in both the H/C ratio and O/C indicated the high degree of OM
transformation during the HTC process. The H/C ratio reduced from 0.18 in the feedstock
to 0.08 in the hydrochar (76% of difference). O/C passed from 0.81 to 0.21 (117% of
difference). Both ratios are statistically different according to ANOVA One-way and

Duncan's test at p < 0.05.

The molar H/C ratio is an important parameter to determine the hydrochar quality. In

general, the H/C ratio change substantially when a thermochemical treatment is efficient,
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and values below 0.7 are recommended. In addition, O/C ratio is correlated with the
hydrochar stability. The H/C ratio is a property correlated with the degree of
thermochemical alteration that produces fused aromatic ring structures in the hydrochar.
The presence of these structures is an intrinsic measure of molecular stability (Calvelo
Pereira et al., 2011; Sevilla and Fuertes, 2009; Spokas, 2010). Results agreed with the
literature that reported low H/C and O/C rations after the HTC process (Aragon-Bricefio

et al., 2020; Santana et al., 2022; Sevilla and Fuertes, 2009).

3.2 SEM analysis

SEM micrographs are shown in Figure 1. Three micrographs are presented in the scales
of 10, 50, and 100 pm, comparing the surfaces of corn biomass and sample SHC.
Microscopy images indicated how the hydrothermal carbonization acted on the feedstock,

changing the material by opening pores and grooves.
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Figure 1. Corn waste and SHC surface morphology by SEM.

SEM identified no pores with nano-dimension at a magnification of 1,000X. However,
the presence of structured pores was confirmed, thus increasing the hydrochar surface

area and consequently favoring the retention of ions, moisture, and organic compounds.

HTC also promoted a rough feature on the hydrochar surface compared to corn waste.
This surface change was more evident in the scales of 100 and 50 pm. In addition, the
distribution of cavities is apparently homogeneous along the hydrochar structure. This

aspect is essential for promoting greater surface area and adsorption capacity.

3.3 ATR-FTIR analysis
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281  Spectra of ATR-FTIR are shown in Figure 2. In general, each spectrum is significantly
282  different and indicates how molecular/functional groups were changed during the HTC

283  when corn waste was converted into hydrochar (SHC and LHC).

284
Corn waste

> LHC

‘é / / S

&

o’ cu c=0 c-0-C
4000' - '35l00l - I30'00' - IZSIO()I - 'ZOIOOI - IISIOOI - ']0'0(). l '600

285 Wavenumber / cm’'
286 Figure 2. ATR-FTIR spectra of corn waste and hydrochars (LHC and SHC)
287

288  The band at 3300 cm™ in the corn waste, attributed mainly to -OH stretching vibrations
289  present in water and polysaccharides, has a low intensity in the SHC, indicating the
290  feedstock dehydration due to the temperature increase in the HTC, in addition to the
291  breakdown of polysaccharide molecules. In LHC, water from the hydrochar aqueous
292 phase intensified this band, indicating the presence of dissolved hydroxyl groups and

293  phenolic compounds (Santana et al., 2022).

294  The region between 3000 and 2800 cm'! in the corn waste is associated with -CHs, ~CH>,
295 and —CH bonds and decreased after HTC in sample SHC (Farobie et al., 2022; Santana et

206 al., 2022).
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In the region between 1700 and 1400 cm’!, bands observed in the corn waste are
associated with functional groups containing C=0O. These bands are of smaller intensity
in SHC, indicating that decarboxylation reactions have occurred during the HTC process

(Farobie et al., 2022; Santana et al., 2022; Wang et al., 2020).

The band at 1600 cm™ in LHC is attributed to the elongation of C=C and C—H bonds in
aromatic compounds, while the band at 690 cm™ is associated mainly with angular
deformations of aromatic rings, indicating the strong aromatic nature of the liquid fraction

(Liu et al., 2021; Zhang et al., 2019).

The band present in the corn waste at 1000 cm™ is associated with the stretching of C-O
and C—-O—C bonds in polysaccharides, such as cellulose. In SHC, this intensity has
decreased, indicating cellulose degradation by the high temperature and pressure during

the HTC (Farobie et al., 2022; Santana et al., 2022; Wang et al., 2020).

3.4 Hormone-like activity test

Solid and liquid hydrochar were tested for auxin-like properties (IAA-like effect). Solid
hydrochar was tested in terms of the extracted DOM. The results of bioassays indicated
that both forms had hormone—like activity (Tables 2, 3). LHC inhibited the growth of all
roots at the highest concentrations, above 696.25 mg C L. However, SHC partially
inhibited at all concentrations, even at the highest concentration, without completely
inhibiting root growth. This result was expected since the carbon difference was
significant between the samples (Table 1). Results agreed with the literature that reported
IAA-like activity for hydrochars (Bento et al., 2020; Egamberdieva et al., 2020; Massaya

et al., 2022; Sun et al., 2022).
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The bioassays tests were performed on a wide carbon concentration range
(0.026 — 2600 mg C L' to SHC and 0.0557 — 5570 mg C L! to LHC). However, IAA-
like activity was verified for SHC in the concentration range 26 — 2600 mg C L! and
5.57-5570 mg C L! to LHC. In other words, IAA-like activity was verified from 1%
and 0.1% of the total C concentration, respectively. The angular coefficient of logarithmic
curves (LI/[C]) was used to evaluate [AA-like activity intensity (Scaglia et al., 2015),
obtaining the following scale: SHC < LHC (Table 3). The most effective IAA-like effect
was found for LHC, suggesting that the fusion of more labile molecules enhanced the
development of [AA-activity due to the transformation that occurred during the HTC

process.
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330 Table 2. Length index (LI) of Lactuca sativa roots after applying liquid and solid hydrochars and 3-indoleacetic acid (IAA).

SHC LHC IAA

DOM doses LI* Doses LI Doses LI

(mg CL™) (length index) (mg CL™) (mg CL™)

26 0.91 £ 0.06abc * 5.57 0.90 £ 0.03bc 0.001 0.49 £0.22d
162.5 0.85 £ 0.07abc 55.7 0.76 £ 0.06bc 0.004 0.28 + 0.06¢
325 0.85 + 0.08abc 348.125 0.77 £ 0.07bc 0.006 0.11 +0.02b
650 0.67 £ 0.60abc 696.25 0.71 £ 0.05b 0.01 0.06 £0.01a
1300 0.67+0.01ab 1392.5 0.00 £ 0.00a 0.04 0.04 £0.01a
2600 0.62 £ 0.06a 2785 0.00 + 0.00a 0.06 0.04 + 0.04a
- - 5570 0.00 + 0.00a 0.1 0.02 £ 0.02a

331  ?*Values in the same column followed by the same letter are not statistically different at p < 0.05 from each other, according to ANOVA One-way

332  and Duncan's test.
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333  Table 3. Hormone-like activity (IAA-like effect) observed in bioassays with liquid and solid hydrochar and 3-indoleacetic acid (IAA).

Interval of IAA-like activity

(mg CL- 1) [AA-like effect equation R? Sig.
SHC® 26.0-2600.0 mg C L y = —0.068 X In(x) + 1.168 0.856 0.022
LHC 5.57-5570.0 mg C L™ y = —0.146 X In(x) + 1.323 0.687 0.001
AIA 0.001-0.01 mg C L y = —0.193 x In(x) — 0.834 0.962 0.019

334  ?Solid hydrochar was tested in the form of the extracted dissolved organic matter (DOM).
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3.5 Py-GC/MS characterization

The results discussed above indicated the presence of hormone-like activity in solid and

liquid hydrochar.

The Py-GC/MS approach supported important information about the presence and
amount of specific molecules contained in the SHC and LHC. Now it can be used to

elucidate which molecules were responsible for the bio-stimulant effect.

DOM extracted from SHC and LHC were characterized by different classes of molecules
such as monosaccharides, amino acids, nucleotides, linear and aromatic carboxylic acids,

alpha hydroxyl acids, and alditoles (Table S1).

In general, LHC and SHC presented approximately the same concentration of organic
compounds, divided into molecular classes, totalizing 358.01 + 12.33 pg g’ in LHC and
300.26 + 11.91 pg ¢! in SHC. Statistical differences were observed only in the following
classes: nucleotides, alditoles, aromatic carboxylic acids, and amino acids (ANOVA
bootstrap, p < 0.05); however, no difference between molecular classes exceeded 18%.
On the other hand, the DOM extracted from the SHC presented a total of
124.84 £21.91 pug ¢! of organic compounds, a sum considerably below the results of
LHC and SHC, also statistically different in all molecular classes (ANOVA bootstrap,

p <0.05) (Fig. 3).
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Figure 3. Organic molecules detected in hydrochars and DOM by Py-GC/MS.

Table S1 and Figure 3 indicate why even though both samples have auxin-like activity
(Table 3), the effects observed in the germination tests with LCH and SHC/DOM are so
different. Compounds such as alpha hydroxyl acids, aromatic carboxylic acids,
nucleotides, and amino acids were quantified between 0 and 3.38+0.11 pgg! in

SHC/DOM.

In particular, carboxylic acids (both aromatics and linear) and amino acids have been
reported by many studies to have AA-like effects (Colla et al., 2014; Ertani et al., 2009;
Pizzeghello et al., 2006; Singh et al., 2014; Trevisan et al., 2010). A high presence of
carboxylic groups was correlated to the auxin effect (Trevisan et al., 2010). In addition,
amino acids have been reported by strong or weak IAA-like effects (Colla et al., 2014;
Ertani et al., 2009) depending on the presence of tryptophan (the IAA metabolic
precursor) or, more generally, by the amino acids’ concentration (Colla et al., 2014; Ertani
et al., 2009). Moreover, the [AA-like effectiveness also was directly associated with the

concentration of specific aromatic carboxylic acids (i.e., vanillin, ferulic acid,
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protocatechuic acid, 4-hydroxybenzoic acid, and 4-hydroxycinnamic acid)(Ferro et al.,

2006; Pizzeghello et al., 2006; Singh et al., 2014).

However, the complex chemical composition reported in Table S1 did not allow us to
clearly explain the bio-stimulating effect of SHC and LHC, as bio-stimulating molecules
were present in the samples studied. Nevertheless, many authors have reported that only
the presence of specific molecules is insufficient to get stimulating effects since molecular
concentration and bioavailability also play essential roles (Colla et al., 2014; Dobbss et
al., 2010; Pizzeghello et al., 2006). Now, taking into consideration the total concentration
in LHC and SHC/DOM (samples applied in the germination tests) of molecules
presenting [AA-like activity, each class had its concentration sum, i.e., carboxylic acids
and amino acids (Table S1), and the effect compared between samples, associating the
most reported group of molecular classes that presents [AA-like effect (Fig. 4). In LHC,
the sum of active molecules concentration was 112.36 + 3.58 pg g’ (concentration range
between 23.26+4.81 ugg! and 50.14 +3.62 pgg!) and in SHC active molecules
concentration was 20.29 +2.92 pg g”! (concentration range between 2.22 + 0.69 pg g’!

and 15.85+0.42 pg g).

[ Aromatic carboxylic acids
[ Linear carboxylic acids

SHC/DOM I Amino acids

LHC

0 20 40 60 80 100 120

[IAA-like compounds] / pg g

Figure 3. IAA-like compounds in LHC and SHC/DOM determined by Py-GC/MS.
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SHC/DOM and LHC were statistically different (ANOVA bootstrap, p < 0.05),
suggesting that a higher concentration of bio-stimulating molecules resulted in an
effective bio-stimulant activity. Results indicated that even presenting a low
concentration of IAA-like compounds and much lower bioactivity, a bio-stimulating
effect was observed in sample SHC/DOM, as reported in Table 2. Thus, solid hydrochar
can be considered bioactive and positively influence plant development, as demonstrated
in the germination tests. This hypothesis was corroborated by the significant linear
regression between the IA A-like coefficient (Table 3). Anyhow, taking into consideration
how above discussed and the data reported in Fig. 3, it can be concluded that a bio-
stimulant molecules concentration of 20 ug g™! could be indicated as the limit above which
a more intense bio-stimulant effect started, even considering the effect caused by the

presence IAA-like compounds in small concentration.

4 Conclusion

Hydrochar prepared from aboveground corn biomass was tested for hormone-like activity
(auxin effect). Our findings indicated that hydrothermal carbonization affected this
activity by concentrating and producing carboxylic acid (aromatic and linear) and amino
acids, all of these molecules suggested as responsible for the hormone-like activity.
Liquid hydrochar was considerably more bioactive than the dissolved organic matter
extracted from the solid hydrochar, even presenting an auxin-like effect in the
germination tests. A total molecules concentration of 20 pug g™! was shown as a threshold

molecule concentration above which produced a more intense bio-stimulant activity.
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