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Summary

This work aims to investigate the influence of temperature on textural, morphological,
and crystaline characterization of bio-adsorbents produced by hydrothermal processing of
corn Stover with hot compressed H>O. The experiments were carried out at 175, 200, 225,
and 250 °C, 240 minutes, heating rate of 2.0 °C/min, and biomass/H0 ratio of 1:10, using a
pilot scale reactor of 18.927 L. The process performance analyzed in terms of yields of
reaction products as a function of temperature. The results showed solid yields ranging from
62.92 to 35.82% (wt.), gas yields ranging between 1.49 and 9.59% (wt.), and reaction liquid
products yields ranging from 35.43 to 54.59% (wt.). The solid phase yield decreases with
increasing temperature, showing an inflection region between 200 and 225 °C, whereas a
drastic change takes place, while that of liquid phase increases, showing also a drastic change
between 200 and 225 °C. The yield of gaseous phase increases exponentially with
temperature up to approximately 10% (wt.) within the investigated temperature range. The
elemental analysis of solid products shows that carbon content increases, while that of
oxygen and hydrogen decreases with increasing temperature. The textural, morphological,
and mineralogical characterization of solid phase products analyzed by thermo-gravimetric
analysis, scanning electron microscope, energy dispersive X-ray spectroscopy, X-ray
diffraction and BET. The solid phase product (bio-adsorbent) obtained by hydrothermal
processing of corn Stover at 225 and 250 °C, reaction time of 240 minutes, and biomass-to-
water ratio of 1:10, were activated chemically with 2.0 M NaOH and 2.0 M HCI solutions
in order to investigate the adsorption of acetic acid solutions (1.0, 2.0, 3.0, and 4.0 mg/mL).
The adsorption kinetics investigated at 30, 60, 120, 240, 480, and 960 seconds. The
adsorption isotherms show that chemically activated hydrochars were able to recover acetic
acid from aqueous solutions.
Keywords: Corn Stover, Hydrothermal Processing, Solid Phase Characterization,

Adsorption, Acetic Acid.



Resumo

Este trabalho tem como objetivo investigar a influéncia da temperatura na
caracterizacdo textural, morfolégica e cristalina de bioabsorventes produzidos pelo
processamento hidrotérmico de residuos de palha de milho com H20 quente comprimida.
Os experimentos foram realizados a 175, 200, 225 e 250 °C, 240 minutos, taxa de
aquecimento de 2,0 °C/min e relagdo biomassa/H.O de 1:10, utilizando um reator em escala
piloto de 18.927 L. A eficiéncia do processo é analisado em termos dos rendimentos dos
produtos de reacdo em fungdo da temperatura. Os resultados mostraram rendimentos de
solidos variando de 62,92 a 35,82% (peso), de gas variando entre 1,49 e 9,59% (peso) e de
produtos liquidos variando de 35,43 a 54,59% (peso). O rendimento da fase solida diminui
com a temperatura, apresentando uma regido de inflexdo entre 200 e 225 °C, na qual ocorre
uma mudanca drastica, enquanto o da fase liquida aumenta, apresentando a mesma regido
de inflex&o entre 200 e 225 °C. O rendimento da fase gasosa aumenta exponencialmente
com a temperatura até aproximadamente 10% (peso) na faixa de temperatura investigada. A
analise elementar de produtos s6lidos mostra que o teor de carbono aumenta, enquanto o de
oxigénio e hidrogénio diminui com a temperatura. A caracterizacdo textural, morfoldgica e
cristalina de produtos em fase sdlida analisados por TG/TDG, MEV/EDX, DRX e BET. O
produto em fase sélida (bio-adsorvente) obtido por processamento hidrotérmico de residuos
de palha de milho a 225 e 250 °C, 240 minutos, e relagdo biomassa/H>O de 1:10, foram
ativados quimicamente com solugdes de NaOH 2,0 M e de HCI 2,0 M para investigar a
adsorgdo de solugdes de acido acético (1,0; 2,0; 3,0; e 4,0 mg/mL). A cinética de adsorcéo
investigada em 30, 60, 120, 240, 480 e 960 segundos. A isoterma de adsor¢cdo mostrou que
os hidro carvBes quimicamente ativados foram capazes de remover o &cido acético de
solucdes aquosas.
Palavras chave: Palha de milho, Carbonizag&o hidrotérmica, Caracterizacdo da fase sdlida,

Adsorgao, Acido acético.



1 Introdugéo
1.1 Introducgdo

Bio-carvao (Biochar) é um sélido de baixa densidade, elevado poder calorifico,
caracterizado como um material carbonaceo com alto teor de carbono [1-3]. O Bio-carvéo é
produzido via processos de transformacdo termo-quimicos (pirdlise, carbonizacdo
hidrotérmica) de biomassa na auséncia de oxigénio ou atmosfera limitada de oxigénio [4].

Nos Ultimos anos, a carbonizagdo hidrotérmica (HTC) de biomassa tem sido
investigada como um processo termo-quimico pro-eminente na transformacéo de biomassa
[5-9]. Na carbonizacdo hidrotérmica, a biomassa € processada com agua quente comprimida,
resultando em trés produtos: gases, agua de processo e um produto sélido, comumente
denominado hidro-carvéo (Hydrochar). As temperaturas de reacao tipicas estdo na faixa de
150-275 °C e as pressOes sdo mantidas acima da pressdo de saturacdo, tal que a agua
permanega no estado liquido [10].

Os hidro-carvoes tém sido aplicados na agricultura [11], como meio de sequestro de
carbono [12-13], combustivel [14], assim como bio-absorventes [15-16]. O processo de
carbonizacdo hidrotérmica possui diversos mecanismos de reagdo, incluindo hidrolise,
desidratacdo, descarboxilagdo, polimerizacéo e aromatizacéo [10].

Uma vantagem da carbonizagdo hidrotérmica reside no fato de que néo existe limite
para o teor de umidade da biomassa. As condi¢bes hidrotérmicas (T, P) determinam
diretamente a composigao/caracteristicas e proporcao dos produtos de reacdo resultantes:
gases, fase aquosa e sdlido [17]. Por outro lado, a principal desvantagem da carbonizagéo
hidrotérmica de biomassa reside no fato de que grandes quantidades/quantidades de aguas
de processo contendo substancias toxicas (furfurais, fendis, etc.) sdo obtidas como

subproduto do processo e, portanto, a &gua desse processo precisa ser tratada adequadamente

[8].



Apesar do crescente niumero de estudos focando a produgdo e aplicacéo de hidro-
carvdes a partir de biomassa nos Gltimos anos relatados na literatura [5-21], poucos estudos
tém investigado sistematicamente o efeito das condi¢des do processo na caracterizagéo
morfoldgica, cristalina e textural da bio-adsorventes produzidos via carbonizagdo
hidrotérmica de residuos de palha de milho com H2O quente comprimida em escala piloto
[22-23].

Neste contexto, o objetivo desta Tese € investigar sistematicamente a influéncia da
temperatura do processo nas propriedades fisico-quimicas, assim como na caracterizagao
morfoldgica, cristalina e textural dos produtos da fase s6lida obtidos via carbonizacdo
hidrotérmica de residuos de palha de milho a 175, 200, 225 e 250 °C, 240 minutos, relacdo
biomassa/H»O de 1:10, usando um reator de tanque agitado de 18,927 L, em escala piloto.
Além disso, os produtos da fase s6lida obtidos via carbonizacdo hidrotérmica de residuos de
palha de milho milho com H20 quente comprimida a 225 e 250 °C, 240 minutos, rela¢éo
biomassa/H»O de 1:10, usando um reator de tanque agitado de 18,927 L, em escala piloto,
foram ativados quimicamente com NaOH (2.0 M) e HCI (2.0 M), foram aplicados/testados
como hio-absorvente para remover o acido acético (acido carboxilico volatil), composto
quimico presente na 4gua de processo produzida durante a carbonizagdo hidrotérmica de
biomassa.

1.2 Estado da arte da carbonizacdo hidrotérmica de biomassa
1.2.1  Residuos de palha de milho

Existem indmeras fontes de materiais renovaveis ricos em celulose para
bioconversdo, no entanto, apenas algumas fontes estdo disponiveis em grandes quantidades
[24], com excegdo de residuos agricolas [25]. Entre estes, os residuos de palha de milho é

a biomassa renovavel com maior potencial para bio-converséo [26].



O milho (Zea mays L.) contém aproximadamente 30% (peso) de graos, 8% (peso) de
espiga, 6% (peso) de casca, 7% (peso) de folhas, 1% (peso) de borla, e 48% (peso) de talo
[27]. A palha de milho, um residuo agroindustrial deixado apés a colheita de gréos de milho,
gera cerca de 25-30% (wt.) de um material folhoso (folha + casca + bainhas) e 70-75% de
material fibroso e duro (caule + espigas) [27]. E a fonte mais abundante de biomassa
disponivel para bioconversdo que pode ser gerada em sistemas agricolas de produgdo, se
manejo adequado for aplicado [28-29]. Entretanto, apenas uma parte dos residuos de palho
de milho pode ser utilizada para bioconversdo, uma vez que parte desses residuos agricolas
devem ser utilizados como cobertura orgénica dos solos [30].

Considerando que a producdo mundial de milho para o ano-safra 2015/2016 atingiu
969,6 MMT [31], e o fato dos residuos de palha de milho representarem aproximadamente
70% (wt.) da massa do milho [27], grandes quantidades de residuos de palha de milho sdo
geradas anualmente [26]. O Brasil contribui com aproximadamente 8,42% da producéo
mundial de milho (81,5 MMT) [31].

Como um material rico em lignocelulose, os residuos de palha de milho tém sido
utilizados como biomassa renovavel para produzir materiais ricos em carbono [22-23, 32-
36], incluindo bio-absorventes [20-22, 32]. O processamento hidrotérmico de biomassa rica
em lignocelulose usando H20 quente comprimida no estado subcritico € uma técnica
promissora [9], particularmente para biomassa contendo alto teor de umidade [19], como os
residuos de palha de milho com teor de umidade entre 50-60% (wt.) [27].

1.2.2  Carbonizagdo hidrotérmica de biomassa

O processo de transformacdo de biomassa hidrotérmica usando H>O quente
comprimida no estado subcritico como meio de reacdo € denominado carbonizacdo
hidrotérmica quando o produto de reagdo principal é uma fase solida rica em carbono,
liguefacdo hidrotérmica quando um produto de reagdo liquido é predominante, e

gaseificacdo hidrotérmica quando apenas produtos gasosos sdo formados [37]. Conforme a



temperatura da agua quente comprimida aumenta até 300 °C, o produto i6nico da agua
aumenta em trés ordens de grandeza (Krzo (298 K) = 104 mol? L?/Knzo (298 K) = 101
mol2 L2 = 10%) [37], catalisando assim reacdes quimicas como hidrélise e degradacéo de
compostos organicos sem auxilio de um catalisador [38].

A constante dielétrica da H2O quente comprimida também reduz de 78,5 (298 K; 0,1
MPa) para 27,1 (523 K; 5 MPa), muito prédxima da constante dielétrica do etanol a 298 K
[39], um solvente organico comum. Além disso, a viscosidade da agua quente comprimida
diminui fortemente com 0 aumento da temperatura, aumentando o processo de transferéncia
de massa ndo apenas na interface fluido-sélido, mas também no interior da matriz sélida
porosa [40]. As condi¢des de estado da H20 subcritica (T, P), principalmente a temperatura,
determinam as caracteristicas composicionais e a proporcéo dos produtos da reagao (gases,
fase aquosa e fase sélida) [19, 37, 40].

As principais desvantagens do processamento hidrotérmico de biomassa com H2O
quente comprimida s&o a alta proporcdo/razdo H.O/biomassa, 0 que torna o processo intenso
em energia, umag vez que a agua possui elevada capacidade de calorifica, e o fato de que
grandes quantidades de agua de processo sdo geradas como produtos liquidos de reacéo,
contendo substancias toxicas e perigosas, tais como furfural, hidroxil-metil-furfural (HMF)
e fendis [8, 41-43, 44-45]. A presenca de compostos toxicos derivados da degradagao termo-
quimica da celulose e lignina na fase aquosa no processo de carbonizacéo hidrotérmica de
biomassa torna necessaria uma nova etapa de pré-tratamento da agua de processo, antes da
reutilizacdo e/ou descarte [46], apresentando-se como uma tarefa de separacdo complexa,
baseada nas diferencas na estrutura quimica e propriedades termo-fisicas, tais como o ponto
de ebulicdo. A maioria desses compostos quimicos apresentam pontos de ebuli¢do superiores
a agua, tornando ineficaz a aplicagao de processos classicos de separagdo térmica (extracéo

liquido-liquido, evaporacéo, destilacéo), exceto adsor¢do multicomponente.



Apesar do crescente nimero de estudos sobre carbonizagao hidrotérmica de biomassa
lignoceluldsica com H>O quente comprimida nos Gltimos anos [5, 8-13, 18, 21, 22-23, 33-
36, 37-38,41-43, 44-45, 47, 48-50-51, 52-57], a maioria foi realizada em escala micro [37-
38, 47], escala de laboratdrio [8, 34-35, 43] e escala de bancada [45, 48], e poucos estudos
em escala piloto e/ou técnica [8, 33, 41-42, 44, 49-50, 52-54]. Além disso, a maioria dos
estudos focou a produgdo de biocombustiveis solidos [51], a cinética e o mecanismo de
formagdo de combustivel sélido [5, 9,44, 57], caracterizacéo de bio carvao (biochar) e hidro
carvoes (hidrochar) [6, 13, 23, 57], e caracteristicas de combustdo do combustivel sélido
[52-53], sendo que poucos estudos investigaram o efeito da temperatura do processo na
caracterizacdo morfoldgica, cristalina e textural de bio-absorventes produzidos por
carbonizacao hidrotérmica de residuos de palha de milho com H2O quente comprimida em
escala piloto [22, 23].

1.2.3 Adsorcdo de compostos organicos e inorganicos em hidro-carvoes
(hydrochar)

O hidro carvao (hydrochar) é um material carbonaceo poroso com superficies
reativas, funcionalizadas/aromaticas [58]. Essas propriedades morfolégicas e texturais
tornam o hidro carvdo um adsorvente potencial para remover/recuperar contaminantes de
efluentes aquosos [58, 59, 60-62], assim como compostos quimicos presentes na agua de
processo da carbonizagdo hidrotérmica da biomassa [22]. Hydro carvdes diferem de bio
carvoes devido a sua menor aromaticidade, consistindo principalmente de analitos contendo
o grupo alquil [10].

Nos ultimos anos, os hidro-carvdes (hydrochars) tem sido aplicado como adsorvente
para remover poluentes organicos e inorganicos, ou seja, na adsor¢do/sorcdo de
contaminantes aquosos em hidro carvdes (hydrochars) [15, 16, 22, 58, 59, 60-62, 63-79].

Hydro-carvdes tém sido aplicados como adsorventes devido a sua capacidade de

remover e ou absorver seletivamente compostos organicos polares e ndao polares, incluindo



corantes como o azul de metileno [15, 16, 76, 77, 79], acido acético [22], bisfenol A, 170-
etinilestradiol e fenantreno [75], vermelho do Congo e 2-naftol [64], e pireno [75],
herbicidas como fluridona e norflurazon [71], e isoproturon [72], farmacos como triclosan,
estrona, carbamazepina e acetaminofeno [65], sulfametoxazol, diclofenaco, bezafibrato,
carbamazepina e atrazina [69], tetraciclina [73], diclofenaco de sodio, acido salicilico e
flurbiprofeno [74], metais pesados como chumbo [59, 60, 61, 63 , 68, 76-78], cadmio [59,
61, 62, 63, 66, 77-78], uranio (V1) [58], antimdnio [66], cobre [61, 62, 63, 67, 70, 77], niquel
[61], e zinco [63], e até fertilizantes como o fosfato [76].

Sun et al. [75], investigaram a adsor¢do de bisfenol A, 17a-etinil estradiol e
fenantreno em hidro carvao (hydrochar). Os resultados de difracdo de raios-X e RMN do
estado solido sugeriram que o hidro carvéo consistia majoritariamente de C-alifatico amorfo,
demonstrando que os hidro-carvdes obtidos via carbonizacéo hidrotérmica podem adsorver
seletivamente um espectro mais amplo de contaminantes organicos polares e ndo polares em
comparagdo com os bio carvdes (biochars) produzidos via pirélise [58].

Liu e Zhang [60], investigaram a adsor¢éo de chumbo em hidro-carvoes produzidos
por liquefacdo hidrotermal de pinho e casca de arroz. Os resultados indicaram que os hidro-
carvBes (hydrochars) continham uma grande quantidade de grupos contendo oxigénio na
superficie, os quais foram eficazes na remocéo de chumbo. O equilibrio de adsor¢do foi
alcangado apds 05 (cinco) horas. A temperatura mais elevada favoreceu a capacidade de
remogao, mostrando que a adsorcdao foi um processo endotérmico. Os dados de adsorcdo
foram descritos pelo modelo de Langmuir e o processo cinético de adsor¢do foi bem ajustado
com um modelo de pseudo-segunda ordem. A analise termodinamica sugeriu que a adsorgéo
de chumbo nos hidro-carvdes (hydrochars) foi um processo fisico endotérmico.

Xue et al. [61], investigou o efeito do pré-tratamento com H202 no hidro carvédo
(hydrochar) produzido por carbonizagéo hidrotérmica da casca de amendoim, um residuo

agricola, como adsorvente alternativo na remocao de metais pesados em solugdes aquosas.



A caracterizacdo morfol6gica mostrou que o pré-tratamento aumentou os grupos funcionais
contendo oxigénio, particularmente os grupos carboxila, nas superficies do hidro carvéo.
Como resultado, o hidro carvao ativado demostrou maior capacidade de adsorcéo/sorgdo de
chumbo, sendo esta comparavel ao carvédo ativado comercial, e 20 vezes maior do que a
capacidade do hidro carvdo ndo tratado. A capacidade de remocéo de chumbo do hidro
carvdo ativado em coluna empacotada foi cerca de 20 (vinte) vezes maior do que aquela
contendo hidro carvao ndo tratado. Em um sistema modelo multimetal, a coluna de hidro
carvdo ativado removeu efetivamente o chumbo, assim como outros metais pesados, tais
como niquel, cobre e cadmio (Pb?*, Cu?*, Cd?* e Ni?*) de solugdes aquosas. Além disso, 0s
resultados indicaram que a capacidade de remoc¢do de metais pesados do hidro carvdo
ativado segue a ordem de Pb?> Cu?*> Cd?*> Ni?*, sugerindo que o hidro carvéo ativado
com H20: pode ser utilizado como adsorvente ambientalmente sustentavel, efetivo na
imobilizacdo de metais pesados.

Regmiet al. [62], investigou o efeito do pré-tratamento a frio com alcali (KOH) na
ativacdo do hidro carvdo produzido a partir de grama via carbonizacéo hidrotérmica,
aplicado como adsorvente na remogao de cobre e cadmio da solugdo aquosa. A eficiéncia de
adsorgdo/sorcao do hidro carvéo e do hidro carvédo ativado com KOH na remocéo de cobre
e cadmio da solugdo aquosa foi comparada com o carvédo ativado comercial. Os autores
investigaram a influéncia do pH da solucéo, teor de hidro carvédo, concentragdo inicial do
metal pesado, assim como tempo de contato na eficiéncia de remogao de cobre e cadmio de
solugBes aquosas contendo um Unico ion de metalico. O hidro carvéo ativado exibiu um
maior potencial de adsorcdo de cobre e cadmio comparado ao hidro carvao e ao carvdo
ativado comercial. Além disso, quase 100% (wt.) de cobre e cddmio puderam ser removidos
de solugdes com concentragdes inicial de 40 mg/L, pH 5,0, tempo de contato de 24 h e teor

de hidro carvao igual a 2 g/L.
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Machado et al. [22], investigou a carbonizagdo hidrotérmica do milho Stover a 200,
225 e 250 °C, 240 min, taxa de aquecimento de 2 °C/min, relacdo biomassa/H»O de 1:10,
usando um reator de tanque agitado de 18,927 L, em batelada. Os produtos de fase solida
foram caracterizados por microscopia eletronica de varredura (MEV), espectroscopia de
energia dispersiva de raios-X (EDX) e difracéo de raios-X (DRX). O produto de fase sélida
(bio-adsorvente) obtido via processamento hidrotérmico dos residuos de palha de milho a
250 °C, 240 minutos, e razdo biomassa/H.O de 1:10, foi ativado quimicamente com uma
solugdo de NaOH 2,0 M a fim de investigar a adsorcéo de solugdes de acido acético (1,0,
2,0, 3,0 e 4,0 mg/mL). A cinética de adsorcdo foi investigada em 30, 60, 120, 240, 480 e 960
segundos. A isoterma de adsor¢do mostrou que os hidro-carvfes quimicamente ativados
foram capazes de recuperar/remover o acido acético de solugGes aquosas.

Devido os estudos relatados na literatura sobre a adsorcéo/sorgdo de compostos
organicos/inorganicos no hidro carvdo produzido via carbonizacdo hidrotérmica de
biomassa, ativada quimicamente com NaOH [15, 16, 22], KOH [62] e H20. [61], serem
escassos, é objetivo desta Tese investigar sistematicamente a caracterizacdo morfoldgica,
textural, e cristalina dos produtos da fase sélida obtidos via carbonizagdo hidrotérmica de
residuos de milho a 175, 200, 225 e 250 °C, 240 minutos, taxa de aquecimento de 2,0 °C/min,
e relagdo biomassa/H2O de 1:10, usando um reator de tanque agitado em escala piloto de
18,927 L, bem como a influéncia do pré-tratamento alcalino (NaOH) e &cido (HCI) na
superficie porosa do hidro carvdo produzido via carbonizacao hidrotérmica de residuos de
milho na adsorcéo/sorcéo de cido acético (CH3COOH), através da andlise da cinética de
adsorgdo, equilibrio de adsorgéo, assim como capacidade de sorgdo em equilibrio, em escala

de laboratério, modo batelada.

1231 Processamento da 4&gua de processo na carbonizagdo

hidrotérmica de biomassa
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Na carbonizacdo hidrotérmica da biomassa, grandes quantidades de 4gua de processo
sdo geradas como subproduto do processo, as quais devem ser tratadas adequadamente antes
de serem reutilizadas [8, 22]. O processo de carbonizagdo hidrotérmica possui varios
mecanismos de reacdo, incluindo hidrdlise, desidratacdo, descarboxilacdo, polimerizacéo e
aromatizacdo [5, 9], produzindo diversos compostos quimicos, incluindo monossacarideos
como o-D-Xilose, o-L-Manose e a- D-glicose, derivados de furanos, tais como o 5-
(hidroximetil) furfural e furfural, e &cidos organicos, tais como acido acético, acido formico
e &cido lactico [80].

Entre as possibilidades tecnoldgicas para tratar adequadamente a agua de processo
gerada na carbonizagao hidrotérmica de biomassa incluem a reciclagem da agua de processo,
em circuito fechado, utilizando-se um reator hidrotérmico [47], o uso de agua de processo
em reatores anaerobios para producdo de metano [81], assim como a adsorgéo de compostos
quimicos presentes na agua de processo, tais como o acido acético, na superficie porosa do
hidro carvdo ativado quimicamente com NaOH [22].

Uddin et al. [47], investigaram os efeitos da reciclagem de aguas do processo na
carbonizacéo hidrotérmica de Pinho. Os experimentos foram realizados a 200, 230 e 260 °C
por 5 min, com relacéo dgua/biomassa de 5:1. A fase liquida aquosa foi separada e reciclada
para reutilizacdo na carbonizagdo hidrotérmica de Pinho, nove ciclos a 200 e 230 °C e cinco
ciclos a 260 °C. Os produtos sdlidos foram caracterizados em termos dos rendimentos em
massa, poder calorifico superior e teor de umidade de equilibrio, enquanto que nas amostras
liquidas foram caracterizadas em termos de teor de matéria organica e pH. Os resultados
experimentais mostraram que, apds sucessivas reciclagens, o teor de matéria organica da
fase aquosa aumenta com o numero de ciclos e atinge o equilibrio, enquanto as
caracteristicas sélidas permanecem quase constantes.

Wirth e Mumme [81], investigaram a digestdo anaerébica de aguas de processo

geradas na carbonizacdo hidrotérmica de silagem de milho em um reator de tanque agitado
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continuo (CSTR) acoplado a um filtro anaerébico durante 13 (treze) semanas, carga organica
especifica de 1,0 gCOD/L*dia. Os resultados experimentais mostraram, durante as primeiras
05 (cinco) semanas de operagdo, uma eficiéncia de remogao da DQO de até 80% e uma taxa
de producgdo de metano (CH4) de até 0,25 L/L*dia. Além disso, pequenas concentracfes de
compostos fenolicos presentes na &gua de processo foram degradadas em até 80% e a
degradacéo foi relativamente rapida em comparacdo com a digestéo de residuos organicos

convencionais, comprovando que o processo é adequado para digestdo anaerdbia.

Com base no pequeno nimero de aplicaces no processamento de dguas de processo
geradas durante a carbonizacéo hidrotérmica de biomassa relatadas na literatura [47, 81, 22],
também € objetivo deste Tese investigar sistematicamente a influéncia do tempo de contato,
concentracdo inicial da solucdo, e razdo hidro carvdo/solucdo no processo de
adsorgdo/sorcao de acido acético (CH3COOH), um &cido carboxilico volatil produzido na
carbonizacao hidrotérmica de biomassa, na superficie porosa do hidro carvao produzido via
carbonizacao hidrotérmica de residuos de palha de milho, através da andlise da cinética de
adsorgdo, isotermas de equilibrio de adsorcéo, e capacidade de adsor¢do no equilibrio, em
escala de laboratério, modo batelada, objetivando-se concentrar compostos quimicos
valiosos presentes na dgua de processo da carbonizacdo hidrotérmica, assim como remover
produtos quimicos tdxicos.

1.3 Objetivos
131 Geral

O objetivo principal é investigar a influéncia da temperatura de reagdo nas
propriedades adsorventes dos produtos da fase soélida (hidro carvdes) obtidos via
carbonizacéo hidrotérmica dos residuos de palha de milho, analisando a capacidade do hidro
carvdo em adsorver seletivamente acidos organicos em solugdo aquosa.

1.3.2  Especificos
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1321 Caracterizacdo das propriedades adsorventes do hidro carvéo
(hydrochars)

Caracterizacdo morfoldgica, cristalografica e textural (DRX, MEV, EDX, TG/DTG,
e BET), analise elementar (C, N, H, S), e fisico-quimica (cinzas, matéria seca, e matéria
orgénica) do hidro carvéo (hidrochar).

1.3.2.2 Ativacdo quimica do hidro carvéo (hydrochar)

Investigar o efeito do pré-tratamento com &cido (HCI) e alcalis (NaOH) no hidro
carvdo (hydrochar) produzido a partir dos residuos da palha de milho (Zea mays) via
carbonizacao hidrotérmica na eficiéncia de adsorcéo/sorcéo de acido acético no hidro carvéo
ativado quimicamente.

1.3.23 Cinética da adsorcdo de &cido acético em hidro carvéo
(hydrochar)

Investigar a influéncia do tempo de contato, concentragdo inicial de soluto e razéo
massa de adsorvente/massa de solugdo no processo de adsorcdo/sorgdo de acido acético
(CH3COOH), dissolvidos em solugdes aquosas no hidro carvéo (hydrochar) produzido partir
dos residuos da palha de milho (Zea mays) via carbonizacéo hidrotérmica, através da analise
da cinética de adsorcdo (modelos de primeira e segunda ordem), isotermas de equilibrio de
adsorgdo e capacidade de sor¢do do hidro carvdo (hydrochar), objetivando-se concentrar
produtos quimicos, assim como remover seletivamente compostos quimicos nocivos

presentes na agua de processo da carbonizacao hidrotérmica de biomassa.
1.4 Estrutura da Tese

A estrutura desta Tese seguird uma seqliéncia légica de idéias, procedimentos e
métodos. O desenvolvimento da Tese esta delineado da seguinte forma: A introducéo, estado
da arte da carbonizacéo hidrotérmica, adsor¢do de compostos organicos e inorganicos em

hidro carvédo, processamento de dgua de processo na carbonizagdo hidrotérmica, bem como
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0s objetivos séo definidos no capitulo 1. Os fundamentos dos balangos de matérias no reator
de tanque agitado, em escala piloto, operando em modo batelada, assim os fundamentos da
cinética de adsorcdo e isotermas de adsorcdo de &cidos organicos em hidro carvao
apresentados no capitulo 2. A metodologia apresentada no capitulo 3. Os resultados

apresentados na forma de artico acadénmico-cientifico, classificado como Al no Quali-

Capes.



15

2 Fundamentos

2.1 Balangos de matéria e rendimentos dos produtos de reagéo na carbonizacgéo

hidrotérmica de residuos de palha de milho

A aplicacao do principio de conservacédo de matéria na forma de um balango de massa
global no estado estacionario, no interior do reator de tanque agitado, operando em modo

descontinuo, sistema termodinamico fechado, gera as seguintes equagdes.

MReator = MAIimenta(;aiJ + IVIHZO(S) (l)
Meestor = Mgp + M + Mgy 2
M Lp = M H20(S) +M Hidrolisads(R) +M H20(R) (3)

Onde MAnmeman, = Mpa|hade|\/|i|h0 ¢ a massa dos residuos de palha de milho,
M50 € @ massa do solvente/diluente (H20), Msp € a massa da fase sdlida (hidro carvéo),

M Lp € a massa da fase liquida, MGés é a massa do gas, M Hidrolisads(R) € @ Massa dos produtos
de reacdo derivados da celulose/hemicelulose e da lignina, dissolvidos na fase aquosa,
MHZO(R) é a massa de H20 produzida durante a reacéo. O desempenho do processo é avaliado

através do célculo dos rendimentos dos produtos de reacdo das fases sélida e liquida,

definidos pelas equactes (4) e (5).

. M
Yield ¢, (%)= ——%—x100 ()
Palhade Milho
M,-M
Yield |, (%) = (”’7“2"“)) x100 (5)
Palhade Milho

O rendimento da fase gés é calculado por diferenca, definido pela equacéo (6).

(1' (M et MSP - MHZO(S)))

MPthadeMiIhu

Yield o, (%) =

x100 (6)
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2.3 Adsorption Cinética da adsor¢édo de &cido acético de solugdes aquosas

A cinética de adsorcdo de acido acético de solugBes aquosas em hidro carvao
produzido via carbonizagdo hidrotérmica dos residuos de palha de milho a 225 e 250 °C,
240 minutos, relacdo biomassa/H-0 de 1:10, em escala piloto, ativado com solugdes 2,0 M
de NaOH e HCI, pode ser investigada determinando-se a concentracdo inicial da solucéo de
&cido acético Ckyscoon(0) € as concentragdes de acido acético na solugdo aquosa no tempo
(t) Chyscoon(?), até 0 momento em que atinge seu valor minimo em (), ou seja, a
concentracdo de &cido acético na fase aquosa em equilibrio com o hidro carvao Ckyscoon («0)
[22]. Nos casos em que apenas uma espécie de acido organico esté dissolvida na fase aquosa
(solugdes modelo), é possivel determinar a concentracdo de acido organico na fase aquosa
pelo indice de acidez, visto que o indice de acidez é diretamente proporcional a concentragdo
de um é&cido organico dissolvido na fase aquosa.

Uma vez que o indice de acidez é diretamente proporcional a concentracéo de &cido
acético Clyzcoon Na solugio aquosa, expresso pela equacio (7), aplicando um balango de
moles no estado estacionario, sistema termodinamico fechado e conservativo, na anélise da
adsorcdo [solugcdo aquosa de acido acético (fase liquida) + hidro carvdo (fase sélida)], o
ndmero inicial de moles de écido acético na fase liquida nj ¢ igual a soma do niimero de
moles de 4cido acético na fase liquida no tempo (1) n e o nimero de moles de 4cido acético
na fase sélida (hidro carvio) no tempo (1) n3, definido pela equacio (8). Dividindo a equagio
(8) pelo volume de solugéo V, obtém-se a equagdo (9), onde Ckyscoon(0) € @ concentragéo
inicial da solugao de &cido acético, Clyscoon (7) @ concentragio da solugio de 4cido acético
no tempo (t) & Cdy3c00n (2 @ concentragdo de cido acético no hidro carvdo no tempo (z).
A concentragao de acido acético em hidro carvao no tempo (1) € descrita pela equacao (10).
Substituindo a relagdo descrita pela equacdo (7) na equacdo (10), é possivel calcular

indiretamente, a concentragao de acido acético no hidro carvdo no tempo (t), pela diferenca
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entre o indice de acidez inicial da solugio I%,,.c00n (0) € 0 indice de acidez da solugdo no
tempo (), Iénscoon (-

Quando a concentracdo de &cido acético na solugcdo aquosa atinge o equilibrio, ou
seja, Céuscoon (%) = Censcoon Iemscoon (%) = Ienzcoon 0 indice de acidez da solugéo no
equilibrio Iky3c00r(20), a concentragio de &cido acético no hidro carvéo atinge seu maximo
no equilibrio C2yucoon() = Cluzcoon. © @ diferenca Ifyscoon(0) — Iénscoon (),

equagdo ( 11), atinge seu valor maximo.

Iuscoon * Cluzcooms 1nscoon = K* Cluzcoon (7
nk =nk+n (8)
Cénzcoon (0) = Cluzcoon(?) + Cuzcoon (9 9)

CCSH3600H(T) = CCL‘HSCOOH(O) - CCLH3c00H(T)»1(T) = 151130001—1(0) - IéHSCOOH(T) (10)

CgH3COOH(OO) = CEHBCOOH'I* = I({:H3C00H(0) - IéHSCOOH(OO) (11)

A cinética do processo de adsorcéao foi descrita por um modelo de primeira ordem,

expresso em termos de uma concentracdo adimensional, descrita pela equacéo (12).

1(D) = I¢necoon(0) * [1 — exp(—K * 7)] (12)

OndeX, é a constant da cinética de adsorcao.
2.4.1 Isoterma de adsorc¢éo de acido acético de solugdes aquosas

Os dados de equilibrio da adsorcéo de acido acético em solugdes aquosas em uma
matriz sélida porosa (adsorvente) foram analisados usando uma isoterma de Langmuir,
definida pela equagéo (13), onde 7., ... € @ capacidade de adsorgéo de equilibrio de acido

acético no adsorvente (hidro carvdo), Ciyscoon, @ concentracdo de equilibrio de &cido
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acético em solucdo aquosa, K, constantes de adsorcdo associadas a energia livre de

ZMax’

adsorgdo e a capacidade maxima de adsorcéo.

" _ Ko*Xp1ax*CCH3CO0H (13)
Zcrzcoon (1+Ko*Céyzcoon)
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3 Materiais e Métodos
3.1 Materiais
Os residuos de palha de milho, usados como matéria-prima, foram fornecidos pelo

Leibniz-InstitutfurAgrartechnikundBiotkonomiee.V (ATB), Potsdam-Bornin.

3.1.1. Pre-tratamento dos residuos de palha de milho
Os residuos de palha de milhoforam secos por 24 horas a 105 °C para remover a
umidade, utilizando-se uma estufa de secagem com controle digital de temperatura (Binder
GmbH, Alemanha, Modelo: ED115). Em seguida, o material seco foi triturado emmoinho
de facas de laboratério (Retsch, Alemanha, Modelo: SM 100). O tamanho médio das
particulas de 2,0 mm e geometria quadrada foram obtidosatravés do acoplamento na saida
do moinho de facas, de uma peneira com orificios quadrados de 2,0 mm [52].
3.2 Caracterizacéo fisico-quimica e elementar do hidro carvéo
O hidro carvao foi caracterizado em termos de mataria seca, teor de matéria organica,
cinzas, assim como andlise elementar (C, H, N e S).
3.21 Matéria Seca
O teor de matéria seca foi calculado com base na matéria seca a 60 °C, devido a
elevada razdo fase aquosa/hidro carvéo, apds os experimentos de carbonizacéo hidrotérmica.
Inicialmente, pesou-se entre 50,0-300,0 g de hidro carvéo utilizando-se uma balan¢a semi-
analitica com precisdo de 0,01 g. Em seguida, o material foi seco a 60 °C por 48 horas,
utilizando-se a estufa de secagem descrita na Sec¢éo 3.11. Apds, aproximadamente 1-2 g do
hidro carvéo foi introduzido em um cadinho de porcelana e submetido a secagem a 105 °C
por 24 horas, utilizando-se a estufa de secagem descrita na Se¢éo 3.1.1. A matéria seca foi

calculada usando a equagéo (14).

Msooc, 1) «(M105°C, 199"
MSi05ec[%] = ( o ) <M50°C ) (14)

100
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OndeM,yé a massa inicialdo hidro carvdo, Mgy.ca massa do hidro carvdo apds a
secagem a 60 °C, eM, ys-ca massa do hidro carvdo apés a secagem a 105 °C.
3.2.2  Teor de mataria organica
O teor de matéria organico foi determinado via por tratamento térmico de matéria
seca (MS) a 550 °C por 5 (cinco) horas usando uma mufla com controle digital de
temperatura (Binder GmbH, Alemanha, Modelo: ED115), conforme equag&o (15).

TMO [%] = W £100 (15)

OndeM; s-c€ a massa do hidro carvdo ap6s a secagem a 105 °C, eMggqoca massa do
hidro carvdo apds tratamento térmico a 550 °C.
3.2.3  Teor decinzas
O teor de cinzas foi calculado pela equagéo (16), ou ainda pela diferenca da matéria
seca (MS) a 105 °C (MSgsec) € 0 teor de matéria organica (TMO), descrito pela equagéo

(17), conforme descrito na literatura as reported [66].

Cinzas[%] = % £100 (16)
MSy05-c[%] = Cinzas[%] + TMO[%] 17)

3.2.4  Andlise elementar (C, H, N, S)
A andlise quimica elementar (Carbono, Hidrogénio, Nitrogénio e Enxofre) dos hidros
carvoes foi realizada usando um analisador elementar (Elementar Analysensysteme GmbH,
Alemanha, Modelo: Vario EL IlI), e os procedimentos descritos em detalhes na literatura
[12]. O teor de oxigénio foi calculado pela diferenca usando a equacéao (18).
0[%] = 100[%] — X[C + H + N + S + Cinzas] [%] (18)
3.3 Analise fisico-quimica da agua de processo
3.3.1  Andlise fisico-quimica
A 4gua de processo (fase aquosa) foi analisada em termos de pH e teor de acidos

carboxilicos total, expresso como &cido acético equivalente, conforme descrito na literatura
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[38, 42]. O pH foi medido utilizando-se um medidor de pH (WTW GmbH, Alemanha,
Modelo: MultiLab 540), equipado com um eletrodo de pH com compensacao de temperatura
(WTW GmbH, Alemanha, Modelo: SenTix 41), sendo o eletrodo calibrado em todas as

medices [8, 41, 44, 52].

3.3.2 Cromatografia gasosa de acidos carboxilicos de cadeia curta (C2-Cs) e
alcoois (etanol, metanol, propanol)

A analise cromatografica (GC-MS) identificou e quantificou compostos seletivos,
derivados de celulose/hemicelulose, presentes na fase aquosa, incluindo acidos carboxilicos
de cadeia curta C>-Cs (R-COOH e R1 = CH3, R2 = CH3-CH>, R3 = CH3-CH,-CH,, R4 =
CH3-CH2-CH>-CH>, R5 = CH3-CH,-CH2-CH2-CHy), e alcoois (R-OH e R1 = CH3, R2 =
CHs-CHz2, R3 = CHs-CH2-CHy) realizados usando um cromatdgrafo (Agilent Technologies,
EUA Modelo: 7890A), equipado com um detector FID e um amostrador automatico (Agilent
Technologies, EUA, Modelo: 7890A), uma coluna capilar e tubular oca (fase estacionaria
&cida) de polietilenoglicol reticulado de 30m x 0,32mm ID (Macherey-Nagel, Alemanha,
Modelo: Permabond FFAP) revestida com 05 pum (100% polietilenoglicol 2-
nitrotereftalato), e os procedimentos descritos a seguir. Inicialmente, 5,0 g de amostra foram
pesados e introduzidos em um tubo de centrifugacdo. Em seguida, 1,0 mL de Carrez | (C =
0,3 mg/mL, solugdo aquosa de sulfato de zinco ou acetato de zinco), 1,0 mL de Carrez Il (C
= 0,15 mg/mL, solugdo aquosa de hexa-cianoferrato (II) de potéssio), 0,5 mL de acido
fosforico 85% e 2,5 mL de H20 deionizada foram misturados e introduzidos no tubo de
centrifugacdo, resultando em um fator de diluicdo de 2,0. Em seguida, a amostra foi
centrifugada a 5000 rpm por 10 min (Andreas Hettich GmbH & Co, Alemanha, Modelo:
Rotina 35R), sendo 2,0 mL do sobrenadante filtrado diretamente no auto-amostrador usando
um filtro de seringa Unica (Sartorius, Alemanha, Modelo : Minisart® NML Plus). Hélio

99,99% (vol./vol.) foi usado como géas de arraste (3 mL/min, 13,7 psi), ar sintético (300
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mL/min) e Hz (3,0 mL/min) foram usados como meio de combustédo e N2 (25 mL/min) como
make-up gés. 1,0 pL de amostra foi injetada a taxa de injecdo 1/20, sendo o programa de
temperatura descrito a seguir . As temperaturas do injetor e do detector foram 493 K e 573
K, respectivamente. A temperatura inicial do forno foi de 333 K. Em seguida, o forno foi
aquecido a taxa de 15 K/min até 483 K, sendo a temperatura mantida em 483 K por 1,0 min.
Uma curva de calibracéo foi produzida usando solucdes padréo de acidos carboxilicos de
cadeia curta (&cido acético 0,5-8,0 g/L, acido propibnico 0,2- 6,4 g/L, &cido i-butirico 0,1—
0,8 g/L, acido n-butirico 0,25-2,0 g/L, acido i-valérico 0,1-0,8 g/L, &cido n-valérico 0,1-0,8
g/L, acido n-caprilico 0,1-0,8 g/L) e alcoois (etanol 0,2-1,6 g/L, propanol 0,2-1,6 g/L),
descrita no cromatograma da Figura 1. Para converter 0s picos dos cromatogramas em
equivalente de &cido acético (HAc) (g/L), a massa molar de todos os acidos carboxilicos de
cadeia curta foi dividida pela massa molar de &cido acético resultando 1, 1,23, 1,47, 1,70,

1,93, e a soma realizada [8, 41, 44, 52].
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3.3.3 HPLC de compostos seletivos derivados de celulose/hemicelulose

A anélise quimica de compostos seletivos, derivados de celulose/hemicelulose,
incluindo compostos fendlicos (fenol, cresol, catecol e guaiacol) e aldeidos (furfural e HMF)
foi realizada via cromatografia liquida de alta eficiéncia, utilizando-se um HPLC (Dionex
Corporation, EUA, Modelo: I1CS-3000), equipado com um detetor UV-vis, usando uma
mistura de H20 desionizada e acetonitrila na proporc¢do de 50% (vol./vol.), como eluente,
uma coluna analitica de fase estacionaria de gel de silica ultra-pura (100 mm x 0,3 mm ID),
acoplada a uma pré-coluna (5 mm x 0,3 mm ID) (Dr. Ing. Herbert Knauer GmbH, Alemanha,
Modelo: Eurosphere Il C18 P), e os procedimentos descritos a seguir. Inicialmente, as
amostras liquidas diluidas (1:10). Em seguida, filtrou-se diretamente no HPLC usando um
filtro de seringa (Neolab, Alemanha, Modelo: PFTE 0,2 um, 25 mm ¢). A vazdo do eluente
foi de 1 mL/min, e a temperatura da coluna de 296 K, sendo o detector ajustado para 280
nm. As especificacdes e procedimentos do equipamento descritos em detalhes na literatura
[52].

3.4 Analise fisico-quimica da fase géas

O volume da fase gasosa, desgaseificada em condigdes ambiente, apds a
carbonizacao hidrotérmica de residuos de palha de milho a 175, 200, 225 e 250 °C, tempo
de reacédo de 240 minutos, e razdo biomassa/H.O de 1:10, em um reator em escala piloto de
18,927 L, foi medido usando um medidor de fluxo de gas (Dr.-Ing. RITTER Apparatebau
GmbH & Co KG, Alemanha, Modelo: TG 05/5), e a composic¢ao dos produtos gasosos foi
determinada usando um analisador de gas infravermelho (Geotechnical Instruments LTD,
UK, Model: GA2000), introduzido dentro de um coletor de gés, usado para armazenar a fase
gasosa [52].

3.5 Caracterizagdo morfoldgica, cristalina e textural dos hidro-carvoes
A caracterizacdo morfoldgica, cristalina e textural dos hidro carv@es de residuos de

palha de milho ap6s a carbonizagdo hidrotérmica de residuos de palha de milho a 175, 200,
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225 e 250 °C, tempo de reacéo de 240 minutos, e razdo biomassa/H-O de 1:10, em um reator
em escala piloto de 18,927 L, foi realizado por anélise termogravimétrica (TG/DTG),
microscopio eletrdnico de varredura (MEV), espectroscopia de energia dispersiva de raios-
X (EDX), difracdo de raios-X (DRX) e BET [ 22, 82-83].
3.5.1. Andlise termogravimétrica (TG/DTG)

A perda de massa de residuos de palha de milho apds processamento hidrotérmico a
175, 200, 225 e 250 °C, tempo de reacdo de 240 minutos, e razdo biomassa/H-0 de 1:10,
usando um reator em escala piloto de 18,927 L, foi analisado por TG/DTG usando um
analisador térmico (Shimadzu, Japdo, Modelo: DTG 60-H), e as seguintes condicdes
operacionais usadas: A amostra (~ 5,0 mg) colocada dentro de um cadinho de platina no
mecanismo de equilibrio, a temperatura selecionada na faixa de 25 °C-800 °C, taxa de
aquecimento de 10 °C/min, sob atmosfera de N2 com uma taxa de fluxo volumétrico de 50
mL/min.

3.5.2.  Microscopia eletrénica de varredura (MEV) e energia dispersiva de

raios-X (EDX)

A morfologia dos residuos de palha de milho, apds processamento hidrotérmico a
175, 200, 225 e 250 °C, tempo de reacdo de 240 minutos, e razdo biomassa/H>O de 1:10,
usando um reator em escala piloto de 18,927 L, foi realizada usando um microscopio
eletrénico de varredura (Hitachi, Modelo: TM3000), acoplado a um espectrometro EDX
(Oxford Instruments, Modelo: SwiftED 3000), resolucdo de 30 nm, ampliagdo de 15-30.000
e fonte de tungsténio. Uma pequena amostra de pé montada em um suporte de aluminio de
10 mm de didmetro usando uma fita adesiva de carbono, foi colocada dentro do suporte,
ajustada para foco usando um parafuso de ajuste de altura e analisada a 20 kV, 25 mA, leitura
de 150 s e pressdo de 10! mbar. Imagens de MEV foram geradas a partir de elétrons
secundarios, gravadas em alta resolugdo. A andlise de EDX permite determinar a

composicao elementar dos residuos de palha de milho carbonizados por meio da varredura
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da amostra em um determinado ponto da amostra, com um diametro de ordem entre 1,0 e
2,0 pm [22].
3.5.3. Difragdo de raios-X (DRX)

A caracterizagdo mineraldgica de todas as formas cristalinas presentes nos residuos
de palha de milho,ap6s o processamento hidrotérmico a 175, 200, 225 e 250 °C, tempo de
reacdo de 240 minutos, e razdo biomassa/H»0 de 1:10, usando um reator em escala piloto de
18,927 L, foi analisado por difragdo de raios-X usando um difratdmetro (PANalytical,
Modelo: X'PERT PRO MPD, PW 3040/60) acoplado a um Goniémetro (Phillips, Modelo:
PW 3050/60, Theta/Theta), com tubo de Cu-LFF de cerdmica Xray (Kaa = 1,54056A)
(Phillips, Modelo: PW 3373/00), foco fino longo, 2200 W, 60 kV. O detector usado foi um
X’Celerator RTMS atuando em modo de varredura e comprimento ativo de 2,122°. A
aquisicdo dos dados foi realizada com auxilio do software Data Collector (PANalytical), a

partir da comparacéo com o banco de dados PDF (Powder Diffraction File) do ICDD [22].

354. BET

A érea superficial e a porosidade da lama vermelha ativada foram medidas usando
um analisador de sor¢cdo BET (Micrometrics, Model: ASAP 2000), operando com a técnica
volumétrica estatica. Inicialmente, as amostras (0,3-0,5 g) foram desgaseificadas a 105 °C
sob vacuo por 24 horas para a remogdo completa dos residuos e da agua adsorvida. As
isotermas de adsorcdo e dessor¢do foram medidas sob condi¢des de pressdo de equilibrio
para um volume conhecido de N2 liquido (=196 ° C), e os métodos BJH e t-plot aplicados
para calcular a distribui¢cdo do tamanho médio dos poros e o volume total dos poros,
respectivamente, e a equagdo BET foi usada para calcular a area de superficie [84].

3.6 Carbonizagdo hidrotérmica de residuos de palha de milho

3.6.1  Aparato experimental
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O reator de tanque agitado cilindrico, construido de ago inoxidavel, em escala piloto,
capacidade de 18.927 L (Parr, EUA, Modelo: 4555), com didmetro interno de 24,13 cm e
41,275 cm de altura, pesa 170,1 kg. O reator contém um sistema de agitagdo mecanica com
um motor de ¥ hp, 60 Ibf *in de torque, 02 agitadores (ID = 13,335 cm) com 6 palhetas,
uma resisténcia cerdmica de 3 zonas de 4500 watts, um controlador modular (Parr, EUA,
Modelo: 4848), 02 termopares tipo J dentro de um revestimento/capa térmico, opera a
pressGes e temperaturas maximas de 131 bar e 350 °C, respectivamente.

3.6.2  Procedimento experimental

Aproximadamente 600 g de residuos de palha de milho foram pesados. Em seguida,
6.000 g de 4gua potavel introduzidos no reator, sendo os residuos de palha de milho socados
manualmente. Em seguida, os parafusos de compressdo da junta plana foram fechados. As
temperaturas de operagéo (175, 200, 225 e 250 °C) ajustadas com uma taxa de aquecimento
de 2,0 °C/min. O tempo de reacdo calculado a partir do momento em que o reator atinge a
temperatura de set point (t0). Em seguida, o reator ¢ resfriado até a temperatura ambiente.
Inicialmente, o reator foi degaseificado, conforme descrito na se¢do 3.4. Em seguida, 0s
produtos da reacdo foram separados via prensa mecanica manual, produzindo uma fase
solida umida desaguada e uma fase liquida, sendo as massas das fases liquida e s6lida imida
determinada gravimetricamente. Em seguida, a fase sélida imidadesaguada foi seca a 105
°C por 24 horas, e a massa de solidos secos e dgua determinada gravimetricamente. Amostras
de sélidos Umidos desaguados, fase liquida e fase solida seca foram armazenadas para
andlises fisico-quimicas e caracterizacdo morfoldgica [52].

3.7 Adsorcéo de CHsCOOH em hidro carvéo ativado quimicamente
3.7.1  Aparato experimental e procedimentos de adsor¢éo

Os hidros carvdes obtido via carbonizacdo hidrotérmico de residuos de palha de

milho a 225 e 250 ° C, tempo de reacdo de 240 minutos e razdo biomassa/H>O de 1:10, foram

ativados quimicamente solucdes de hidréxido de sodio 2,0 M (NaOH) e de &cido cloridrico
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(HCI) 2,0 M sob agitac&o por 4 (quatro) horas. Em seguida, o hidro carvéo foi lavada com
agua potavel 03 (trés) vezes e seco a 105 °C por 24 (vinte e quatro) horas. As solugtes de
acido acético (1,0, 2,0 e 4,0 mg/mL) foram preparadas via dilui¢do do acido acético em 10
mL de &gua destilada e desionizada. Os experimentos de adsor¢do foram realizados com 0,1
ge 0,2 g de hidro carvao ativado e 10 mL de solugéo de acido acético a 1,0 atmosfera e 25
°C usando um agitador orbital (Quimis, Brasil, Modelo: Q225M22). O hifro carvédo
quimicamente ativado foi introduzido em um Erlenmeyer de vidro borossilicato de 50 mL e
completado com 10 mL de solugdo de acido acético. Como a adsorgdo de &cido acético no
hidro carvdo quimicamente ativado é muito rapida, conforme observado nos experimentos
pré-teste, a cinética de adsor¢do foi investigada em 30, 60, 120, 240, 480 e 960 segundos.
Os frascos Erlenmeyer (06), um para cada tempo de coleta, foram inseridos no agitador
orbital. Amostras de 2,0 mL foram retiradas, seguido de filtracdo para separar as particulas
solidas e a fase liquida (filtrado). Posteriormente, o indice de acidez do filtrado determinado
pelo método AOCS Cd 3d-63 [109]. Para determinagdo daisoterma de adsorcao,
solugBesmodelo de acido acético de 0,5; 0,25; 0,1; 0,05; 0,02 e 0,01 M foram preparadas e
colocadas em contato com aproximadamente 0,1 g de hidro carvao (adsorvente) até que o
equilibrio fosse alcancado. Em seguida, a massa de A&cido acético consumida e a

concentracéo de equilibrio determinada por titulacéo.
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4, Results and Discussions
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Abstract: In this work, the influence of temperature on textural,
morphological, and crystalline characterization of bio-adsorbents produced by
hydrothermal carbonization (HTC) of corn stover was systematically
investigated. HTC was conducted at 175, 200, 225, and 250 °C, 240 min, heating
rate of 2.0 °C/min, and biomass-to-H20 proportion of 1:10, using a reactor of
18927 L. The textural, morphological, crystalline, and elemental
characterization of hydro-chars was analyzed by TG/DTG/DTA, SEM, EDX,
XRD, BET, and elemental analysis. With increasing process temperature, the
carbon content increased and that of oxygen and hydrogen diminished, as
indicated by elemental analysis (C, N, H, and S). TG/DTG analysis showed
that higher temperatures favor the thermal stability of hydro-chars. The
hydro-char obtained at 250 °C presented the highest thermal stability. SEM
images of hydro-chars obtained at 175 and 200 °C indicated a rigid and well-
organized fiber structure, demonstrating that temperature had almost no
effect on the biomass structure. On the other hand, SEM images of hydro-chars
obtained at 225 and 250 °C indicated that hydro-char structure consists of
agglomerated micro-spheres and heterogeneous structures with nonuniform
geometry (fragmentation), indicating that cellulose and hemi-cellulose were
decomposed. EDX analysis showed that carbon content of hydro-chars
increases and that of oxygen diminish, as process temperature increases. The
diffractograms (XRD) identified the occurrence of peaks of higher intensity of
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graphite (C) as the temperature increased, as well as a decrease of peaks
intensity for crystalline cellulose, demonstrating that higher temperatures
favor the formation of crystalline-phase graphite (C). The BET analysis showed
4.35 m?/g surface area, pore volume of 0.0186 cm?/g, and average pore width
of 17.08 um.The solid phase product (bio-adsorbent) obtained by
hydrothermal processing of corn stover at 250 °C, 240 min, and biomass/H20
proportion of 1:10, was activated chemically with 2.0 M NaOH and 2.0 M HCl
solutions to investigate the adsorption of CH3COOH. The influence of initial
acetic acid concentrations (1.0, 2.0, 3.0, and 4.0 mg/mL) was investigated. The
kinetics of adsorption were investigated at different times (30, 60, 120, 240, 480,
and 960 s). The adsorption isotherms showed that chemically activated hydro-
chars were able to recover acetic acid from aqueous solutions. In addition,
activation of hydro-char with NaOH was more effective than that with HCL.

Keywords: corn stover; hydrothermal process; hydrochar; adsorption; acetic
acid; thermo-gravimetric analysis; scanning electron microscopy; X-ray
diffraction; BET analysis

1. Introduction

Hydro-char is porous carbonaceous material with reactive,
functionalized/aromatic surfaces [1]. These morphological and
textural properties make hydrochara potential adsorbent to
remove/recover chemical contaminants from process water [1-5], until
the process aqueous phase produced by hydrothermal carbonization
of biomass [6]. Hydrochars differ from biochars due to its lower
aromaticity, consisting of mostly alkyl moieties [7]. In recent years, the
literature reports the application of hydro-chars as bio-adsorbents to
selectively remove organic and inorganic compounds, as well as heavy
metal, that is, the adsorption/sorption of aqueous contaminants onto
hydro-chars [1-6,8-51].

Hydro-chars have been applied as adsorbents due to their
capacity to remove and or selectively absorb polar and non-polar
organic compounds, including acetic acid [6], bisphenol A, 17a-ethinyl
estradiol and phenanthrene [22], 2-naphthol [11], pyrene [22]; phenolic
compounds (phenol, guaiacol, vanillyl alcohol, and resorcinol) [31];
dyes, such as methylene blue [8,9,23,24,26,27,29,36,38—40,41-47],
methyl orange [36,49], methylene green [48], and Congo red [11];
herbicides, such as fluridone, norflurazon [18], and isoproturon [19];
pharmaceuticals, such as triclosan, estrone, carbamazepine,
acetaminophen [12], sulfamethoxazole, diclofenac, bezafibrate,
carbamazepine, atrazine [16,51], tetracycline [20], diclofenac sodium,
salicylic acid, and flurbiprofen [21]; alkaline (K*, Na*) and alkaline
earth metals (Mg?, Ca?*) [31]; heavy metals, such as lead [2—4,10,15,23—
25,28,30,32,42], cadmium(ll) [2,4,5,10,13,24,32,38], uranium(VI) [1,35],
antimony [13], copper(Il) [4,5,10,14,17,24,39,50], nickel [4], zinc [10],
and chromium(Il) [33]; and fertilizers such as phosphate [23,34],
orthophosphate [50], and ammonium [34].

The chemical activation of hydro-chars was carried out by either
modifying the reaction media composition (Hz0 + modifier) or the solid
phase reaction products (hydro-char + modifier) and has been
intensively  investigated in  recent years [4,8-10,21,26—
30,32,33,35,36,38-43,45-51]. The physical activation of hydrochars has
also been investigated [24]. Changes in the mesoporous and surface
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properties of hydro-chars by modifying the reaction medium
composition include the addition of HsPOs (phosphoric acid) [30], CHz=
CH-COOH (acrylic acid) [29,32], terminal amino hyper-branched
polymer solutions [33], C2H2(CO):0 (maleic anhydride) followed by
deprotonation of carboxyl groups with NaHCO:s solution [35], ZnCl
(zinc chloride) [41], NaOH [48], HCL, NaOH, and NaCl [51]. In addition,
hydro-char mesoporous and surface properties have been chemically
activated with HoO2 [4, 25], NaOH [6,8,9,26,27,29], KOH [10,28,47,50],
HsPOs [21], polyaminocarboxylated modified hydro-char [39], Os/NaCl
[42], HNO:s [43], and until etherification, amination and protonation
reaction [49].

The water process streams by hydrothermal carbonization of
lignocellulosic materials is a complex mixture containing aromatic-
ring compounds (furfural, HMF, phenols, cresols, catechol, and
guaiacol) [52-54], carboxylic acids (formic acid, acetic acid, propionic
acid, and lactic acid) [52-54], alcohols (methanol and ethanol) [52,53],
and sugars [54], with high concentrations of volatiles carboxylic acids
[52-54], as well as hazardous substances such as HMF
(hydromethylfurfural), thus making its reuse, even as washing water
not possible, so that application of separation processes is necessary to
recover organic and inorganic compounds. In addition, Machado et al.
[52] stated that complex chemical composition of water process
streams by HTC poses a hard separation task, because of the huge
differences in chemical structure, as well as thermal and physical
properties such as boiling point. In fact, many of those compounds
present boiling points higher than H:0, so that application of
separation processes (except adsorption [6,31]), such as distillation and
evaporation are not effective [52].

Despite some studies on the adsorption/sorption of organic
compounds within hydro-char produced by hydrothermal
carbonization of biomass, activated chemically with NaOH
[6,8,9,26,27,29], only a few have investigated the uptake of organic
compounds from aqueous process streams from hydrothermal
carbonization/liquefaction [6,31], as summarized synthetically below.
In addition, until now, no study has investigated the adsorption of
acetic acid in hydro-char activated chemically with HCI.

Machado et al. [6], studied the adsorption of acetic acid form H20
solutions on hydro-chars produced by hydrothermal carbonization of
corn stover at 200, 225, and 250 °C, 240 min, heating rate of 2 °C/min,
biomass/H20 proportion of 1:10, using a reactor of 18.927 L, in batch
mode. The hydro-chars were characterized by SEM, EDX, and XRD [6].
The hydro-char obtained at 250 °C, was activated chemically with a 2.0
M NaOH solution [6]. The influence of initial CHsCOOH
concentrations on the adsorption kinetic was investigated [6]. The
adsorption kinetics was investigated at 30, 60, 120, 240, 480, and 960 s
[6]. The adsorption isotherms showed that chemically activated hydro-
chars were able to recover acetic acid from aqueous solutions [6].

Sanette et al. [31], investigated the adsorption of AAEMs (alkaline
and alkaline earth metals) (Ca?*, K*, Na*, and Mg?*), as well as phenolic
compounds (guaiacol, phenol, vanillyl alcohol, and resorcinol) present
in process water streams obtained by hydrothermal carbonization of a
model (synthetic) mixture that mimics the organic fraction of
municipal solid waste at 300 °C, 15 min, feedstock/H20 proportion of
1:1, using a stainless steel reactor of 945 mL, on chemically activated
hydro-char with KOH solutions of concentrations between 0.5 and 2.5
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mol/L. For AAEM the order of adsorption was Ca>> K*> Na*> Mg?*
[31]. The synthetic hydro-char was able to uptake 100% of guaiacol,
phenol, and resorcinol and 61% of vanillyl alcohol present in process
water streams [31]. The multilayer adsorption of phenolic compounds
was correlated using the Dubinin-Radushkevich isotherm, showing
equilibrium adsorbent-phase loadings of 68.7 mg/g and 50.3 mg/g for
vanillyl alcohol and resorcinol, respectively [31]. On the other hand,
Henry’s law best correlated the adsorption of AAEMs [31].

In this work, the influence of process temperature on the textural,
morphological, and crystalline characterization of hydro-chars
produced by hydrothermal carbonization of corn stover at 175, 200,
225, and 250 °C, 240 min, heating rate of 2.0 °C/min, and biomass/H-0
proportion of 1:10, using a reactor of 18.927 L, was investigated
systematically. In addition, this work also investigated the influence of
alkali (NaOH) and acid (HCI) pre-treatment over the hydro-char
produced at 250 °C, on the adsorption/sorption of acetic acid
(CHsCOOH) on hydro-char by analyzing the effect of initial
concentration of acetic acid (CH3COOH), as well as acetic acid
solution-to-adsorbent ratio on the adsorption kinetics, adsorption
equilibrium, and sorption equilibrium capacity in laboratory scale,
batch mode.

2. Materials and Methods
2.1. Methodology

Figure 1 outlines the methodology as a rational scheme of ideas,
methods, and procedures to produce the bio-adsorbent. The
chemically activated adsorbent was applied to uptake acetic acid from
aqueous solutions. Initially, the corn stover was collected. Afterwards,
it was submitted to pretreatments of drying, grinding and sieving. The
hydrothermal carbonization was carried out in batch mode, closed
system, and pilot scale, as described elsewhere [52]. The hydro-chars
were characterized by TG/DTG/DTA, SEM/EDX, BET, and XRD. The
hydro-char were obtained by processing of corn stover with hot
compressed H20 at 250 °C, chemically activated with NaOH and HCL
The adsorption of acetic acid (CHsCOOH) on hydro-char was
investigated by analyzing the adsorption kinetics, adsorption
equilibrium, and sorption equilibrium capacity in laboratory scale,
batch mode.
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Figure 1. Process diagram of adsorption of acetic acid on hydro-char
chemically activated with NaOH and HCI, obtained by HTC of corn stover at
250 °C, 240 min, and biomass/H20 proportion of 1:10, batch mode, closed
system, in pilot scale.

2.2. Materials, Pre-Treatment, and Physicochemical Characterization of
Corn Stover

The corn stover was supplied by ATB-Bornin [52].The residues
were pretreated by drying, grinding, and sieving, as described
elsewhere [52]. Afterwards, the residues were physicochemically
characterized for dry matter, organic matter, ash, and
elementalanalysis, while oxygen was computed by difference, as
described elsewhere [52].

2.3. Experimental Apparatus and Procedures
Hydrothermal Carbonization

The experiments were performed at 175, 200, 225, and 250 °C, 240
min, and biomass/H:0 proportion of 1:10, using a reactor of 18.927 L,
and the apparatus and procedures described elsewhere [52].

2.4. Adsorption of CHsCOOH

The adsorption kinetic of acetic acid into hydro-char produced by
hydrothermal carbonization of corn stover at 250 °C, 240 min,
biomass/H20 proportion of 1:10, in pilot scale, chemically activated
with NaOH and HCl, was investigated systematically. The uptake of
CHsCOOH can be investigated by determining the acetic acid solution
initial concentration Cgy3c00x(0) and the concentrations of CHsCOOH
in aqueous solutions at time (t) Cfy3c00n (), until the time reaches its
minimum value at (=), that is, the acetic acid concentration in aqueous
phase at equilibrium with hydro-char Cy3co0 () [6]-

TG/DTG/DTA
MEV/EDX
DRX/BET



In cases, where only one organic acid specie is solvated in water
(model solution), it is possible to determine the concentration of an
organic acid in water by computing the acid value, as the proportion
acidity/concentration of acetic acid (Clyscooy) is constant, given by
Equation (1).

Applying a steady-state mole balanced, closed, and conservative
system for the adsorption analysis (acetic acid aqueous solution (liquid
phase) + hydro-char (solid phase)), the quantity of moles of acetic acid
in water at the beginning n§ is equal to quantity of moles of acetic acid
in water at time (t) n¥ and quantity of moles of acetic acid uptake into
hydro-char at time (t) n§ defined by Equation (2). Dividing Equation
(1) by solution volume V yields Equation (3), where Cly3coon (0)is the
initial acetic acid solution concentration, Clyscoon(T) the acetic acid
solution concentration at time (t), and Cfyzcoon(T)the acetic acid
concentration in hydro-char at time (7).

The acetic acid concentration in hydro-char at time (1) is given by
Equation (4). By substituting the relation given by Equation (1) in
Equation (4), it is possible to compute, indirectly, the acetic acid
concentration in hydro-char at time (1), by the difference between the
initial solution acid valuellyecoon(0)and the solution acid value at
time (1), Ignscoon (V-

When acetic acid concentration in water reaches equilibrium, that
is, Ctuscoon(®) = Cinscoom 1euscoon (%) = Inscoon, the acetic acid
concentration into hydro-char reaches its maximum at equilibrium
Cliacoon () = Cinscoon, and  the difference  I¢nzcoon(0) —
I&13co0n (0), Equation (5), reaches its maximum.

IEHBCOOH « CéH3COOH‘ ]]éﬂscom-l =Kx CIEH3C00H 1)
n§ = nk +nd )
CI€H3c00H 0) = C](SH3COOH o+ C(SZHBCOOH(T) 3)

C(S:H3c00H(T) = Cl€H3c00H 0 - C]€H3c00H(T)r1(T) = 1'6H3c00H(0) - IéH3COOH(T) @)
Cezcoon(®) = Ciuzcoon 1" = Ienzcoon(0) = IEuzcoon () ()

A first order kinetic was applied to describe the adsorption
process, expressed as a dimensionless acidity, given by Equation (6).

I(v) = ]IEHeCOOH(O) *[1 —exp(—K*1)] (6)

wherek, is the adsorption kinetic constant.

2.4.1. Adsorption Isotherm of CH:=COOH

The Langmuir isotherm, given by Equation (7), was applied to
analyze the adsorption equilibrium data of acetic acid in aqueous
solutions within a porous solid matrix (adsorbent), where ¥;yscoon is
the equilibrium adsorbent-phase concentration of CHsCOOH, C¢y3co0n/
is the equilibrium aqueous-phase concentration of acetic acid, and
Ko, Xmax, the adsorption equilibrium constant and the saturation
adsorption loading, respectively.

Ko * Xpax * CcHscoon
(1 + Ko * Ceuscoon)

@)

* —
XcH3cooH =

2.4.2. Adsorption Apparatus and Procedures
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The adsorption apparatus and procedures of CHsCOOH on
hydro-char activated with NaOH (2.0 M) and HCI (2.0 M), was
described in detail by Machado et. al. [6].

2.5. Morphological, Crystalline, and Textural Characterization of Hydro-
Chars

The morphological, crystalline, and textural characterization of
hydro-chars obtained by hydrothermal processing of corn stover at
175,200, 225, and 250 °C, 240 min, and biomass/H20 proportion of 1:10,
using a reactor of 18.927 L, was performed by SEM, EDX, and XRD (the
equipment and procedures were described elsewhere [55,56]) as well
as by thermo-gravimetric analysis (TG/DTG/DTA) and BET [56].
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Thermo-Gravimetric Analysis (TG/DTG/DTA)

The weight loss of hydro-chars obtained by hydrothermal
processing of corn stover at 175, 200, 225, and 250 °C, 240 min, and
biomass/H20 proportion of 1:10, using a reactor of 18.927 L, was
analyzed by TG/DTG/DTA, and the equipment and procedures were
described elsewhere [57].

3. Results

3.1. Morphological, Crystalline, and Textural Characterization of Hydro-
Chars

3.1.1. Thermo-Gravimetric Analysis (TG/DTG/DTA)

Sittisun et. al. [58], studied the thermal degradation of corn stover
between 25 and 900 °C, heating rates of 10, 20, and 50 °C/min. The
authors reported for heating rates of 10 °C/min, a mass loss of
approximately 92 (wt.%), between 25 and 510 °C.

In the temperature region 510-900 °C, the mass loss was constant,
and the remaining solid phase was composed of ash. The DTG curve
shows three different thermal degradation steps. In the first one,
between 25 and 167 °C, a mass loss of 8.5 (wt.%) was reported,
representing the recovery of moisture within the solid phase.
Afterwards, in the temperature region 167-368 °C, a mass loss of 56.59
(wt.%) occurred, mainly due to release of volatile compounds by the
degradation reactions of cellulose and hemi-cellulose, described
chemically by degradation of chemical functions containing oxygen,
including hydroxyl, carbonyl, and carboxyl groups [58,59]. In the last
step, between 368 and 514 °C, a mass loss of 26.50 (wt.%) occurred,
associated with the thermal degradation and/or combustion of lignin,
as well as residual char compounds, produced at the second step.

Figures 2-4 describe the TG, DTG, and DTA analysis of corn
stover after hydrothermal processing at 175, 200, 225, and 250 °C, 240
min, and biomass/H:z0 proportion of 1:10, respectively, using a reactor
of 18.927 L, between 25 and 800 °C, 10 °C/min, under N2 atmosphere.
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Figure 2. TG of hydro-chars obtained by hydrothermal carbonization of corn
stover at 175, 200, 225, and 250 °C, 240 min, and biomass/H20 proportion of
1:10, using a reactor of 18.927 L.

One observes, for the thermal degradation of corn stover after
hydrothermal processing at 175 °C, the occurrence of 03 reaction steps.
In the first one, between 25 and 150 °C, a mass loss of approximately
3.0-4.0 (wt.%) occurred, due to the release of moisture. It is also
probable that degradation of volatile compounds selectively adsorbed
into the pores of solid phase products has taken place, including
alcohols (methanol, ethanol), carboxylic acids (acetic acid, propanoic
acid) [6], and aldehydes (HMF). In the second degradation step,
between 150 and 530 °C, a mass loss of approximately 79-80 (wt.%)
occurred.

The mass balance by hydrothermal carbonization of corn stover
at 175 °C shows that approximately 63.0 (wt.%) of initial biomass still
remains as solid phase reaction products [52]. In addition, the low
concentration of lignin-derived reaction compounds such as phenols
and guajacol in the aqueous phase indicates that only a small portion
of lignin has been thermally degraded [52]. Contrarily, the high
concentration of cellulose/hemi-cellulose-derived reaction compounds
in the aqueous phase including furfural, HMF, and acetic acids is a sign
that higher amounts of cellulose/hemi-cellulose compared to lignin
have been thermally degraded [52].

Since corn stover consist basically by cellulose + hemi-cellulose
(69.0%), lignin (20.0%), ash (8.0%) [60-62], and small amounts of
soluble substances [61], the TG/DTG analysis shows that almost all
cellulose + hemi-cellulose and soluble substances in the aqueous phase
have been thermally degraded, as well as approximately the haft of
lignin, thus remaining within the solid phase reaction products the
inorganic matter and lignin. In the last step, between 530 and 800 °C, a
mass loss of approximately 11.0-12.0 (wt.%) occurred, associated with
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the thermal degradation and/or combustion of lignin. The ash content
of 8.0 (wt.%) is according to that reported in the literature [60-62].

The thermal degradation of corn stover after hydrothermal
processing at 200 °C shows the occurrence of 03 reaction steps. In the
first one, between 25 and 110 °C, a mass loss of approximately 2.0
(wt.%) occurred, because of humidity removal, as well as the
degradation of low molecular weight compounds (volatile
compounds) adsorbed into the pores of solid phase products such as
methanol. [6,52]. In the second degradation step, between 110 and 520
°C, a mass loss of approximately 62.0 (wt.%) was observed. The mass
balance by hydrothermal carbonization of corn stover at 200 °C shows
that approximately 57.4 (wt.%) of initial biomass still remains as solid
phase reaction products [52]. Although, the concentrations of lignin-
derived reaction compounds in process water such as phenols and
guajacol has increased between 175 and 200 °C [52], still a small portion
of lignin has been thermally degraded. The high concentration of
cellulose/hemi-cellulose-derived reaction compounds in the aqueous
phase including furfural, HMF, and acetic acids show that high
amount of cellulose/hemi-cellulose has been thermally degraded [52],
remaining within the solid phase reaction products the inorganic
matter and lignin. In the third step, between 520 and 800 °C, a mass
loss of approximately 32.0 (wt.%) occurred, associated with the
thermal degradation and/or combustion of lignin. The ash content of
4.0 (wt.%) is according to that reported in the literature [60-62].

One observes, for the thermal degradation of corn stover after
hydrothermal processing at 225 °C, the occurrence of 03 reaction steps.
In the first one, between 25 and 130 °C, a mass loss of approximately
2.0 (wt.%) occurred, because of humidity removal, as well as the
degradation of low molecular weight compounds (volatile
compounds) adsorbed into the pores of solid phase products including
alcohols (methanol, ethanol), volatile carboxylic acids (acetic acid,
propanoic acid) [6], and aldehydes (HMF). In the second degradation
step, between 130 and 530 °C, a mass loss of approximately 92.0 (wt.%)
occurred. The mass balance by hydrothermal carbonization of corn
stover at 225 °C shows that approximately 41.0 (wt.%) of initial
biomass still remains as solid phase reaction products [52]. The high
concentration of lignin-derived reaction compounds in process water
such as phenols and guajacol, as well as cellulose/hemi-cellulose-
derived reaction chemicals dissolved in process water such as
carboxylic acid, show that most of lignin and cellulose/hemi-cellulose
have been thermally degraded [52], remaining within the solid phase
reaction products the inorganic matter. In the third step, between 530
and 800 °C, a mass loss of approximately 3.0 (wt.%) occurred,
associated with the thermal degradation and/or combustion of lignin.
The ash content of 3.0 (wt.%) is according to that reported in the
literature [60-62].
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Figure 3. DTG of hydro-chars obtained by hydrothermal carbonization of corn
stover at 175, 200, 225, and 250 °C, 240 min, and biomass/H20 proportion of
1:10, using a reactor of 18.927 L.

The thermal degradation of corn stover after hydrothermal
processing at 250 °C shows the occurrence of 04 reaction steps. In the
first one, between 25 and 110 °C, a mass loss of approximately 1.0
(wt.%) occurred, due to the release of moisture. In the second
degradation step, between 110 and 270 °C, a mass loss of
approximately 9.0 (wt.%) has been observed. In the third degradation
step, between 270 and 430 °C, a mass loss of approximately 15.0 (wt.%)
occurred. In the last degradation step, between 430 and 800 °C, a mass
loss of approximately 25.0 (wt.%) occurred. The mass balance by
hydrothermal carbonization of corn stover at 250 °C shows that
approximately 35.8 (wt.%) of initial biomass still remains as solid
phase reaction products [52]. The high concentration of cellulose/hemi-
cellulose-derived reaction chemicals in process water such as acetic
acid, as well as lignin-derived reaction compounds solvated in process
water such as guajacol and phenols, show that high amounts of
cellulose/hemi-cellulose and lignin have been thermally degraded [52],
being the solid phase reaction products a carbon rich material. Finally,
the results illustrated in Figures 2 and 3 are in accord to a similar study
described in the literature, for the thermal analysis of corn stover, by
Mohammed et al. [63].

Finally, one observes in Figure 3, for the hydro-chars obtained at
175 and 200 °C, that highest mass loss are associated with the
occurrence of endothermic peaks at 355.2 and 362.9 °C, respectively.
This behavior, was also observed in Figure 4 by the presence of
exothermic peaks around 360 °C. For the hydro-chars obtained at 225
and 250 °C, the endothermic peaks occurred at 397 and 434 °C,
respectively, showing that the higher the temperature the higher the
thermal stability of solid reaction products. In addition, the hydro-char
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obtained at 250 °C presented the highest thermal stability compared to
the hydro-chars obtained at 175, 200, and 225 °C, as it presented the
lowest mass loss of 50.51% (wt.) between the temperatures of 144 and
768.5 °C.
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Figure 4. DTA of hydro-chars obtained by hydrothermal carbonization of corn
stover at 175, 200, 225, and 250 °C, 240 min, and biomass/H20 proportion of
1:10, using a reactor of 18.927 L.

3.1.2. SEM Analysis

The microscopic analyses of hydro-chars obtained at 175, 200, 225,
and 250 °C, 240 min, and biomass/H20 proportion of 1:10, using a
reactor of 18.927 L, are illustrated in Figure 5a,b and Figure 6a,b,
respectively. The SEM image in Figure 5a indicates a rigid and well-
organized fiber structure, demonstrating that temperature had almost
no effect on the vegetal structure, as it largely retained the original
morphological microscopic characteristics. The results are in
agreement to analogous investigations on the effect of process
temperature over the morphology of hydro-chars produced by corn
stover [63], and corn straw [64].

The SEM image illustrated in Figure 5b shows that disaggregate,
amorphous, and heterogeneous structures with nonuniform geometry
dominated, demonstrating that temperature had caused the
appearance of micropores with average diameter of 3.00 um,
indicating that the lignocellulose material started to decompose.
However, process temperature still had little effect on the vegetal
structure, as it largely retained the original microscopic characteristics.
The results are in agreement to similar investigations described by
Xing et al. [64], and Mohammed et al. [63].

The SEM image in Figure 6a indicates that hydro-char structure
consists of agglomerated micro-spheres and heterogeneous structures
with irregular shapes (fragmentation), showing particle size averaging
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0.5 um as depicted in detail by Figures B19 and B20 in Supplementary
Figure B. The agglomerated micro-spheres and fragmentation
indicates that cellulose and hemi-cellulose were decomposed, as
reported by Xing et al. [64], demonstrating that temperature had
generated significant alterations on the morphological structure of
corn stover by destructing the plant cell walls [6]. Xing et al. [64]
reported the occurrence of micro-spheres by the hydrothermal
carbonization of corn straw at 230 °C, 30 min, and biomass/H20
proportion of 1:8.

Figure 5. SEMof corn stover after hydrothermal processing at 175 °C (a) and 200 °C (b), 240 m, and
biomass/H20 proportion of 1:10, using a reactor of 18.927 L (Mag: 5000x).

Figure 6. SEMof corn stover after hydrothermal processing at 225 °C (a) and 250 °C (b), 240 m, and
biomass/H20 proportion of 1:10, using a reactor of 18.927 L (Mag: 5000x).
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One observes in Figure 6b an aggregate amorphous solid phase
consisting of micro-spheres and heterogeneous structures with
nonuniform geometry (fragmentation), showing that original vegetal
surface structure had been drastic changed, and was the carbonization
grade higher compared to the SEM image at 225 °C. In fact, process
temperature had generated significant alterations on the
morphological structure of corn stover by destructing the plant cell
structure. The agglomerated micro-spheres and fragmentation
indicates that cellulose and hemi-cellulose were decomposed. Xing et
al. [64] reported the occurrence of a similar structure by the
hydrothermal carbonization of corn straw at 260 °C, 30 min, and
biomass/H20 proportion of 1:8.

3.1.3. EDX Analysis

Table 1 shows the EDX (energy dispersive X-ray spectroscopy)
analysis of hydro-chars. The samples were analyzed at five different
points. By increasing the temperature, the carbon content increased
and that of oxygen diminished. By comparing the results for the carbon
content in Table 1 and those described in Supplementary Table A3, one
observes that the EDX technique exhibited higher carbon contents but
similar oxygen contents. This was probably due to limitations of the
technique, as it was not adequate to identify/recognize elements such
as nitrogen and hydrogen. In addition, calculation of oxygen and
carbon contents, described in Table A3, was computed by subtracting
the ash content [52]. In addition, Ca, Zn, Cu, Mo, Na, and P, as well as
Si were identified in almost all the points marked by EDX. The
inorganics identified in hydro-chars by EDX in hydro-chars are in
agreement to those identified in corn stover after drying at 105 °C [65].
Finally, Table 1 shows an increase on carbon content (carbonization)
with increasing process temperature.

Table 1. Percentages in mass and atomic mass of hydro-chars, obtained by hydrothermal
carbonization of corn stover at 175, 200, 225, and 250 °C, 240 min, biomass/H20 proportion of 1:10,
using a reactor of 18.927 L, at the point marked by EDX technique [6].

Hydro-Chars

Chemical
Elements

C

175 °C
Mass Atomic
(wto)  Mass
: (wt.%)
60.69 67.56
38.57 32.24
0.136 0.065
0.181 0.061
0.210 0.044

SD

0.503

0.504
0.020
0.018

0.042

200 °C 225°C 250 °C
Mass Atomic Mass Atomic Mass Atomic
(WE%) Mass SD (WE%) Mass SD (WE%) Mass
’ (wt.%) : (wt.%) ’ (wt.%)
0.818
71.98 77.43 73.89 79.17 0.654  76.04 81.05

27.83 22.47 0.819  25.73 20.70 0.656  23.59 18.87
0.194 0.089 0.043 - - - - -
- - - 0.374 0.120 0.032 - -

- - - - - - 0.366 0.072

SD

0.631
0.632

0.065

SD = standard deviation.

3.1.4. XRD Analysis

The XRD (X-ray diffraction) data of hydro-chars obtained by
hydrothermal processing of corn stover at 175, 200, 225, and 250 °C,
240 min, and biomass/H20 proportion of 1:10, using a reactor of 18.927
L, is illustrated in Figure 7a,b and Figure 8a,b, respectively.

The diffractogram of corn stover obtained by hydrothermal
carbonization at 175 °C, is illustrated in Figure 7a. It shows the presence
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Intensity [CPS]

Intensity [CPS]

of two crystalline phases—graphite (C) with a peak of higher intensity
(100%) on the position 20: 26.47, and crystalline cellulose with a peak of
higher intensity (12.95%) on the position 20: 22.20. The peak on the
position 20: 22.20 is characteristics of crystalline cellulose structure, as
described by Regmi et. al. [5] and Kang et. al. [66], who identified
diffraction peaks on the positions 20: 15.3 and 22.3 [5,66].

At 200 °C, x-ray-diffraction data identified two crystalline
phases—crystalline cellulose with a peak of higher intensity (100%) on
the positions 20: 20.68, 15.53 (79%), and 21.96 (90.07%), because of
amorphous cellulose matrix degradation and the exposure of the
crystalline cellulose [57], and graphite (C) with a peak of medium
intensity (59.38%) on the position 20: 26.45, as shown in Figure 7b.
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Figure 7. XRD of hydro-chars obtained by hydrothermal carbonization of corn stover at 175 °C (a)
and 200 °C (b), 240 min, and biomass/H20O proportion of 1:10, using a reactor of 18.927 L.
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Figure 8. XRD of hydro-chars obtained by hydrothermal carbonization of corn stover at 225 °C (a)
and 250 °C (b), 240 min, and biomass/H2O proportion of 1:10, using a reactor of 18.927 L.

The XRD at 225 °C identified two crystalline phases —graphite (C)
with a peak of medium intensity (53.75%) on the position 20: 26.57,
and crystalline cellulose with peaks of high and low intensity on the
positions 20: 22.47 (100%) and 49.94 (49.86%), as well as three peaks of
medium and low intensity on the positions 20: 20.73 (65.99%) and
49.94 (49.86%), as shown in Figure 8a.

The diffractograms (XRD) identified the occurrence of peaks of
higher intensity of graphite (C) as the temperature increased, as well
as a decrease of peaks intensity for crystalline cellulose, demonstrating
that higher temperatures favor the formation of crystalline-phase
graphite (C), being in agreement to the results illustrated in Table 1.

3.1.5. BET

Figure 9 shows the BET analysis of hydro-char obtained by HTC
of corn stover at 250 °C, 240 min, and biomass/H20 of 1:10, using a
reactor of 18.927 L. The N: capacity increased as the relation (P/Po)
increased, showing a maximum capacity of approximately 12 cm?/g as
the relative pressure approached 1.0. The density of hydro-char was
2.10 g/cm?, and the surface area measured by relative pressure (P/Po=
0.201) was 4.02 m?/g, while the surface area was 4.3498 m?/g. The pore
volume measured by reduced pressure (P/Po = 0.988) was 0.01857
cm?/g. The average pore width was 17.079 um.
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Figure 9. BET of hydro-char obtained by hydrothermal carbonization of corn
stover at 250 °C, 240 min, and biomass/Hz0O of 1:10, using a reactor of 18.927 L.

3.2. Adsorption Kinetics of Acetic Acid (CHsCOOH) on Hydro-Char

One of the great disadvantages of hydrothermal processing of
lignocellulose-rich materials, such as biomass, is the occurrence of
hazardous lignin and cellulose-derived reaction products including
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phenols, furfural, and hydroxymethylfurfural in the aqueous phase
[52-55,67,68]. In addition, the high concentration of carboxylic acids
(acetic acid, propionic acid, etc.), in process water confers its high
acidity [52-55,68,69]. From this perspective, the hydro-char obtained
by HTC at 250 °C, 240 min, biomass/H20 proportion of 1:10, was
chemically activated with alkali (2.0 M NaOH) and acid (2.0 M HCI)
solutions in order to investigate the its capacity to selectively uptake
(adsorb) acetic acid from model aqueous solutions (1.0, 2.0, 3.0, and 4.0
mg/mL), the major carboxylic acid within hydrothermal carbonization
process water streams.

3.2.1. Bio-Adsorbent Activation with NaOH
Influence of Acetic Acid Concentration

Figure 10 illustrates the influence of acetic acid initial solution
concentration (2.0, 3.0, and 4.0 mg mL") on the adsorption kinetics
within hydro-char produced by HTC at 250 °C, 240 min, biomass/H20
proportion of 1:10, alkali-activated (2.0 M NaOH), 0.1 gadsorbent/10
mLcrscoon. The adsorption kinetic is rapid and equilibrium is reached
between 240 and 480 s. The activation of hydro-char with a strong
alkali such as NaOH causes significant changes in the surface and
porous (micropores, mesopores, and macropores) structure [8,9]. The
acetic acid molecules solvated in H20 are selectively caught by the
negative-charged active sites, which is according to Liang et. al. [69],
who reported that adsorption process of CHsCOOH on carbon
microspheres, prepared by hydrothermal carbonization of starch, was
mainly due to the porous (micropores, mesopores, and macropores)
structure transformations caused by destruction of hydrophilic oxygen
functional groups. In addition, Liang et. al. [69] proved that pore
structure determines the adsorption capacity and diffusion rate and
the process is physical.

The absorption of acetic acid molecules occurs because of a
concentration difference between the solution and hydro-char surface
and internal porous, micro-porous, and macro-porous structure, as
well as the appearance of dipole-dipole electrostatic attraction forces
between the negative charged sites within the porous and the
dissociated H* of R-COOH (H* + R-COO). The adsorption kinetic data
of acetic acid on hydro-char was correlated with a first order model,
exhibiting root-mean-square error(r2) between 0.969 and 0.999, as shown
in Table 2, which is in agreement with the results described by
Machado et al. [6]. It can be also observed that dimensionless acid
value I(t), increases with decreasing acetic acid solutions
concentrations (2.0, 3.0, and 4.0 mg mL™"), that is, the lower the acetic
acid solution concentration, the higher the adsorption efficiency.
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Figure 10. Adsorption kinetic ofCH3COOHSsolutions, expressed as
dimensionless acid value I(t), on NaOH-activated hydro-char obtained at 250
°C.

Table 2. Regression parameters by adsorption kinetic of CHsCOOHSsolutions
(2.0, 3.0, and 4.0 mg mL™"), expressed as dimensionless acid value, on NaOH
(2.0 M)-activated hydro-char produced by hydrothermal processing of corn
stover at 250 °C, 240 min, and biomass/H20 proportion of 1:10, 0.1 gadsorbent/10
mULcrHscooH.

Parameters Ccnscoon (mg/mL)
2 3 4
Pseudo-first-order
Iecoon(0) (-) 0.3694 0.2361 0.1497
K (sT) 0.0479 0.0545 0.0468
r? 0.969 0.999 0.988

The influence of acetic acid initial solution concentration (1.0, and
2.0 mg mL-) on the adsorption kinetics within hydro-char obtained by
hydrothermal processing of corn stover at 250 °C, 240 min,
biomass/H20 proportion of 1:10, chemically activated with NaOH (2.0
M), 0.2 gadsorbent/10 mLcrscoon, is illustrated in Figure 11.0ne can
observe that dimensionless acid value I(t), increases with decreasing
CHsCOOH concentrations (1.0, and 2.0 mg/mL), that is, the lower the
acetic acid solution concentration, the higher the adsorption efficiency.
In addition, by comparing Figures 10 and 11, it is easy to observe that
higher adsorbent-to-solution ratios favors the adsorption efficiency,
due to an increase on the surface area. The adsorption kinetic data of
acetic acid on hydro-char was correlated with a first order model,
exhibiting root-mean-square error(r?) between 0.969 and 0.982, as shown
in Table 3.
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Figure 11. Adsorption kinetic of CHsCOOHsolutions (1.0 and 2.0 mg mL-),
expressed as dimensionless acid value I(t), on NaOH (2.0 M)-activated hydro-
char produced by hydrothermal processing of corn stover at 250 °C, 240 min,
and biomass/H20 proportion of 1:10, 0.2 gadsorbent/10 mLcHscooH.

Table 3. Regression parameters by adsorption kinetic of CHsCOOHsolutions
(1.0 and 2.0 mg mL™"), expressed as dimensionless acid value, on NaOH (2.0
M)-activated hydro-char produced by hydrothermal processing of corn stover
at 250 °C, 240 min, and biomass/H20 proportion of 1:10, 0.2 gadsorbent/10

mLcH3cooH.

Parameters Ccuscoon (mg/mL)
1 2
Pseudo-first-order
Ié1ec001(0) (-) 0.4689 0.3694
K (s) 0.0305 0.0479
2 0.982 0.969

Influence of Adsorbent-to-Solution Ratio

The effect of hydro-char/solution ratio on the adsorption kinetics
of acetic acid solution (2.0 mg mL™") within NaOH (2.0 M)-activated
hydro-char obtained by hydrothermal processing of corn stover at 250
°C, 240 min, biomass/H20 proportion of 1:10, is illustrated in Figure
12. The adsorption performance increased with increasing hydro-
char/solution ratio increase as the number of active sites on surface and
porous (micropores, mesopores, and macropores) structure increased,
that is, by increasing the hydro-char/solution ratio, the surface area
increased. The adsorption kinetic data of acetic acid on hydro-char was
correlated with a first order model, exhibiting root-mean-square error(r2)
between 0.973 and 0.982, as shown in Table 4.

Table 4. Regression parameters by the effect of hydro-char/solution ratio (0.1
gadsorbent/10 mLcrscoon, 0.2 gadsorbent/10 mLcrscoon) on adsorption kinetic
of CHsCOOH, expressed as dimensionless acid value I(t), on NaOH (2.0 M)-



activated hydro-char produced by hydrothermal processing of corn stover at
250 °C, 240 min, and biomass/H20 proportion of 1:10.

Parameters Ccnscoon (mg/mL)
2 2
Pseudo-first-order 0.1 gadsorbent/10 mLcHscoon 0.2 gadsorbent/10 mLcrHscoon
IEnecoon(0) (-) 0.4689 0.6889
K (s7) 0.0305 0.0430
2 0.982 0.973
0,5
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Figure 12. Effect of hydro-char/solution ratio (0.1 gadsorbent/10 mLctscoo, 0.2
gadsorbent/10 mLcrscoon) on adsorption kinetic of CHsCOOH, expressed as
dimensionless acid value I(t), on NaOH (2.0 M)-activated hydro-char
produced by hydrothermal processing of corn stover at 250 °C, 240 min, and
biomass/H:20 proportion of 1:10.

3.2.2. Bio-Adsorbent Activation with HCI
Influence of Hydrochloric Acid Concentration

The influence of acetic acid initial solution concentration (1.0, 2.0,
3.0, and 4.0 mg mL™") on the adsorption kinetics within HCI (2.0 M)-
activated hydro-char obtained by on hydro-char obtained by
hydrothermal processing of corn stover at 250 °C, 240 min,
biomass/Hz0 proportion of 1:10, 0.2 gadsorbent/10 mLcrscoon, is shown in
Figure 13.

The adsorption kinetic was rapid and equilibrium was reached
around 240 s. The activation of hydro-char with a strong acid such as
HCI causes significant changes and/or damages on the surface and
porous (micropores, mesopores, and macropores) structure [51]. The
acetic acid molecules solvated/dissociated in water are not efficiently
captured by the positive charged active sites. The absorption of acetic
acid molecules is due basically to a concentration difference between
bulk solution and hydro-char surface and porous (micropores,
mesopores, and macropores) structure, as the positive-charged sites on
the surface and within the internal porous structure contribute to the
appearance of electrostatic repulsion forces between the dissociated H*
of R-COOH (H* + R-COO-) and the positive charged sites. This is
according to Liang et. al. [69], who proved that pore structure
determines the adsorbent capacity and that process is diffusion-rate
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controlled. The adsorption kinetic data of acetic acid on hydro-char
was correlated with a first order model, exhibiting root-mean-square
error(r2) between 0.967 and 0.997, as shown in Table 5.

The results presented in Figures 10 and 13 show that NaOH (2.0
M) chemically activated hydro-char is not only more efficient than that
activated with HCI (2.0 M), but also presents the highest adsorption
performance and capacity.

1.0 M HC
0,254 @ 20MHcl
@® 30MHC
@ 20MHC
0,20+ 250 °C, 15 =240 m, R = 1:10
£0,151
S
=.0,10
0,05 +
*
0,00
0 50 100 150 200 250

t[s]

Figure 13. Adsorption kinetic of CHsCOOHsolutions (1.0, 2.0, 3.0, and 2.0 mg
mL™), expressed as dimensionless acid value I(t), on HCl (2.0 M)-activated
hydro-char produced by hydrothermal processing of corn stover at 250 °C, 240
min, and biomass/H20 proportion of 1:10, 0.1 gadsorbent/10 mLcrHscooH.

Table 5. Regression parameters by adsorption kinetic of CHsCOOH solutions
(1.0, 2.0, 3.0, and 4.0 mg mL), expressed as dimensionless acid value I(t), on
HCI (2.0 M) hydro-char produced by HTC of corn stover at 250 °C, 240 min,
and biomass/H20 proportion of 1:10, 0.1 gadsorbent/10 mLcrscooH.

Parameters Ccuscoon (mg/mL)
1 2 3 4
Pseudo-first-order
Iyecoon(0) (-) - 0.1241 0.0908 0.0941
K (s - 0.0156 0.0563 0.0101
r2 0.969 0.998 0.978 0.967

3.2.3. Adsorption Equilibrium Isotherms of Acetic Acid (CHsCOOH)
on Hydro-Char

The Langmuir isotherm was applied to correlate the equilibrium
adsorption data of CHsCOOH on alkali (2.0 M NaOH)- and acid (2.0
M HCl)-activated hydro-char produced by hydrothermal processing
of corn stover at 250 °C, 240 min, biomass/H2O proportion of 1:10, 0.1
gadsorbent/ 10 mLcuscoon, as illustrated by Figure 14.
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The adsorption isotherm of acetic acid on NaOH- and HCI-
activated hydro-char was correlated with the Langmuir model,
exhibiting root-mean-square errors(r?) of 0.994 and 0.989, respectively.
The equilibrium adsorbent-phase concentration of CHsCOOH for
NaOH- and HCl-activated hydro-chars were approximately 650 and
575 mg/g, respectively. The bio-adsorbent (hydro-chars) equilibrium
loadings were in agreement with the adsorption of MB (methylene
blue) from aqueous solution on NaOH-activated hydro-chars
produced by HTC of factory-rejected tea and palm date seeds, as
reported by Islam et al. [8,9], correlated using a pseudo-second-order
model and the adsorption isotherms by the Langmuir [8], and the
Freundlich models [9], respectively. For the adsorption kinetic of MB
(methylene blue) on NaOH-activated hydro-chars produced by HTC
of from factory-rejected tea and palm date seeds, maximum adsorption
loadings of 487.4 mg/g at 30 °C [8], and 612.1, 464.3, and 410.0 mg/g at
30, 40, and 50 °C [9], were reported, respectively. Finally, the
adsorption of CH3COOH on carbon microspheres synthesized by
hydrothermal carbonization was investigated by Liang et. al. [69],
reporting equilibrium adsorbent-phase concentration of CHs<COOH of
260 mg/g at 25 °C.

X*CH3COOH,Ads [9/9]

® 2.0 MNaOH
2.0MHCl

] 250°C,1,=240m,R=1:10
0,0 T T T T T T T T T T T " T " T
0 1 2 3 4 5 6 7 8 9

C*cHacooH MoliL]

Figure 14. Langmuir adsorption isotherm of CHsCOOH solutions (0.5, 0.25, 0.1,
0.05, 0.02, and 0.01 M) within NaOH (2.0 M)- and HCI (2.0 M)-activated hydro-
chars produced by hydrothermal carbonization of corn stover at 250 °C, 240
min, and biomass/H20 proportion of 1:10.

4. Conclusions

TG/DTG analysis showed, for the hydro-chars obtained at 175 and
200 °C, that highest mass loss was associated with the occurrence of
endothermic peaks at 355.2 and 362.9 °C, respectively. This was also
confirmed by DTA analysis by the presence of exothermic peaks
around 360 °C. For the hydro-chars obtained at 225 and 250 °C, the
endothermic peaks occurred at 397 and 434 °C, respectively, showing
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that the higher the temperature the higher the thermal stability of solid
reaction products. The hydro-char obtained at 250 °C presented the
highest thermal stability compared to the hydro-chars obtained at 175,
200, and 225 °C, as it presented the lowest mass loss of 50.51% (wt.)
between the temperatures 144 and 768.5 °C.

SEM images indicate a rigid and well-organized fiber structure by
hydrothermal processing of corn stover at 175 and 200 °C,
demonstrating that temperature had almost no effect on the vegetal
structure, as it largely retained the original morphological microscopic
characteristics. On the other hand, SEM images of hydro-char
produced by hydrothermal carbonization of corn stover at 225 and 250
°C indicate that hydro-char structure consisted of agglomerated micro-
spheres and heterogeneous structures with irregular shapes
(fragmentation). The agglomerated micro-spheres and fragmentation
indicates that cellulose and hemi-cellulose were decomposed, as
reported by Xing et al. [62], demonstrating that temperature had
generated significant alterations on the morphological structure of
corn stover by destructing the plant cell structure/walls [6].

As observed by EDX analysis, by increasing the temperature, the
carbon content increased and that of oxygen diminished. The
diffractograms (XRD) identified the occurrence of peaks of higher
intensity of graphite (C) as the temperature increased, demonstrating
that higher temperatures favors the formation of crystalline-phase
graphite (C).

The analysis of acetic acid adsorption kinetics data, the main
volatile carboxylic acid identified in the hydrothermal carbonization
liquid phase, showed that NaOH (2.0 M)-activated hydro-char
obtained by hydrothermal processing of corn stover at 250 °C, 240 min,
biomass/H20 proportion of 1:10, presented the highest adsorption
performance and capacity. The chemically activated hydro-chars were
selective to uptake of CHsCOOH, demonstrating that
enriching/recovery of CHsCOOH from HTC process water streams is
possible.

Supplementary Materials: The following are available online at
www.mdpi.com/xxx/s1, Figure B19: SEM of corn stover after hydrothermal
processing at 225 °C, 240 min, and biomass/HzO ratio of 1:10, using a reactor
of 18,927 L (Mag: 30,000x). Figure B20: SEM of corn stover after hydrothermal
processing at 225 °C, 240 min, and biomass/HzO ratio of 1:10, using a reactor
of 18.927 L (Mag: 30,000x). Table A3: Physical chemistry and elemental
analysis of corn stover after hydrothermal processing at 175, 200, 225, and 250
°C, 240 min, and biomass/H20 ratio of 1:10, using a reactor of 18.927 1. (MM =
moist matter, TS = total solids.) [52].
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Apéndice A (Condicdes de processo, balancos de material, rendimentos dos produtos
de reacao, composicdo quimica dos produtos de reacgéo)

Tabela Al: CondigOes de processo, balangos de material, e rendimentos dos produtos de
reacdo da carbonizacao hidrotérmica de residues de palha de milho a 175, 200, 225, e 250
°C, tempo de reacdo de 240 minutos, razdo biomassa/H.O de 1:10, usando um reator de

18.927 L, em escala piloto [52].

Temperatura

Parametros de processo [°C]
175 200 225 250

Massa de residuos de palha de milho [g] 600.11 600.12 | 600.08 | 600.10

Massa de H20 [g] 6001.40 | 6002.10 | 6000.50 | 6000.70
Velocidade do agitador mecanico [rpm] 90 90 90 90
Temperatura inicial [°C] 30 30 30 30
Taxa de aquecimento [°C/min] 2 2 2 2
Tempo do processo [min] 240 240 240 240
;{Om';‘me de gas [mL] (T=25°C,P=1 6280 | 12009 | 23879 | 35225
Massa de hidro carvéo [g] 377.61 | 34444 | 24727 | 21499
Massa de gas [g] 8.956 18.418 38.642 57.495
Massa de liquido [g] 212.64 237.26 314.17 327.61
Rendimento de hidro carvédo [wt.%] 62.92 57.39 41.20 35.82
Rendimento de gas [wt.%] 149 3.07 6.44 9.58

Rendimento de liquido [wt.%] 35.43 39.53 52.35 54.59




Tabela Al: Composi¢do volumétrica dos produtos de reacéo da fase gas a 25 °C e 1,0
atmosfera, na carbonizacgdo hidrotérmica de residuos de palha de milho a 175, 200, 225, e
250 °C, tempo de reagdo de 240 minutos, razdo biomassa/H20 de 1:10, usando um reator de

18.927 L, em escala piloto [52].

Temperatura
Composicao [°C]
[vol.%%] 175 200 225 250
CO: [vol.%] 40.20 59.20 75.30 81.10
CHs [vol.%] 1.00 0.70 1.80 6.40
02 [vol.%] 3.00 0.70 0.00 0.00
100 - X (COz2+ CHa+ O2)

[vol.%] 57.80 39.40 22.90 12.50

Volume de Gas [mL]

17980.8 | 28567.4

Volume de CO2 [mL] 252456 | 7162.61 9 7
Volume de CH4[mL] 62.80 84.69 429.82 | 2254.40
Volume de Oz [mL] 188.40 84.69 0.00 0.00

V100- = (co2 + cu4 +02) = Veo [ML] 3629.84 | 4767.00 | 5468.29 | 4403.12

Massa de Gas [g]

Massa de CO; [g] 4.505 12.782 32.087 50.978
Massa de CHa [g] 0.041 0.055 0.278 1.462
Massa de O: [g] 0.243 0.109 0.00 0,00

M10o - = (co2 + cr4 + 02) = Mco [g] 4.167 5.472 6.277 5.055
Composicdo do Gas

[mol.%0]
yeez 39.174 | 58.952 | 75.118 | 80.991
YCH4 0.980 0.697 1.789 6.387
Y02 2.905 0.691 0.000 0.000
Y 100-3(CO2 + CH4 +02) = y CO 56.940 | 39.669 | 23.092 | 12.620

*pco2=1.7845 [g/L], pcra =0.6484 [g/L], poz2 =1.292 [g/L], pco=L1.148 [g/L], (T = 25 °C, P = 1 atm)



Tabela A3: Andlise fisico-quimica e elementar do hidro carvdo obtido via carbonizagéo
hidrotérmica de residuos de palha de milho a 175, 200, 225, e 250 °C, tempo de reacédo de
240 minutos, razdo biomassa/H>0 de 1:10, usando um reator de 18.927 L, em escala piloto

(MM = Matéria imida, TS = Sélidos Totais.) [52].

Analise elementar do hidro carvio Temperatura [°C]

175 200 225 250
TS 60°C-105°C %MM 98.83 98.34 97.83 97.75
N % [TS] 0.596 0.630 0.736 0.861
C % [TS] 4904 | 5119 | 5673 | 59.17
S%[TS] 0.3133 0.2380 0.2147 0.2353
H % [TS] 7124 | 6655 | 6500 | 5.719
0 % [TS] 30.60 29.31 25.75 24.75
Cinzas % [TS] 12.62 11.9 10.07 9.26




Tabela A4: Concentragdo de aroméaticos (HMF, furfural, fenol, guaiacol), acido acético
(C2H402), é4cido acético equivalente (C2HaO2+C3HsO2+CsHgO2+CsH1002+CsH1202),
alcoois (CH3OH, CH3CH,OH, CH3CH,CH>OH) na &gua de processo a 25 °C e 1,0
atmosfera, na carbonizagdo hidrotérmica de residuos de palha de milho a 175, 200, 225, e
250 °C, tempo de reagdo de 240 minutos, razdo biomassa/H>0O de 1:10, usando um reator de

18.927 L, em escala piloto, em fun¢do da temperatura [52].

Temperatura
OC]
175 200 225 250

Concentragéo de aromaticos [mg/I]

HMF: CAS: 67-47-0

0 493.9 | 443.9 1704 0.0

Furfural: CAS:98-01-1

@\(o 2832.0 | 686.7 22.81 0.0
o
N

Fenol: CAS: 108-95-2
OoH

L 62.99 | 85.73 226.6 413.8
l =

Guaiacol: CAS: 90-05-1

O/CH3

oH 106.6 176.0 363.5 481.4

Concentracdo de acidos carboxilicos

[mg/1]
Acido acético: CAS: 64-19-7
o 3760 4020 4360 5040

)J\OH

Acido acético equivalente
(C2H402+C3HeO2+CsHs02, 3858 4064 4619 5387
CsH1002+CsH1203)

Concentracéo de alcoois [mg/l]
Metanol: CAS: 67-56-1 300 390 500 610
Etanol CAS: 64-17-5 <20 <20 <20 <20

Propanol CAS: 71-23-8 <20 <20 <20 <20




Apéndice B (Microscopia Eletronica de Varredura)

Figura B1: MEV do hidro carvéo obtido via carbonizacgéo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de reagdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 200x).

Figura B2: MEV do hidro carvéo obtido via carbonizagéo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de reacdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 400x).
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Figura B3: MEV do hidro carvéo obtido via carbonizacgéo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de reacdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 800x).
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Figura B4: MEV do hidro carvéo obtido via carbonizagéo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de reacgdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 1000x).



Figura B5: MEV do hidro carvao obtido via carbonizagdo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de rea¢do de 240 minutos, raz&o biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 10000x).
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Figura B6: MEV do hidro carvao obtido via carbonizagéo hidrotérmica de residuos de palha
e milho a 175 °C, tempo de reacdo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 20000x).



Figura B7: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de

palha e milho a 175 °C, tempo de reagdo de 240 minutos, razdo biomassa/H»0O de 1:10,
usando um reatorde }8.927 L,em sala iloto M
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Figura B8: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de palha

e milho a 200 °C, tempo de reacdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 200x).
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Figura B9: MEV do hidro carvéo obtido via carbonizagdo hidrotérmica de residuos de palha
e milho a 200 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 400x).
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Figura B10: MEV do hidro carvao obtido via carbonizacédo hidrotérmica de residuos de palha
e milho a 200 °C, tempo de reagdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 800x).
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Figura B11: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de palha
e milho a 200 °C, tempo de reacdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 1000x).

Figura B12: MEV do hidro carvao obtido via carbonizacdo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 200x).
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Figura B13: MEV do hidro carvao obtido via carbonizacédo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 400x).
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Figura B14: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 800x).



Figura B15: MEV do hidro carvao obtido via carbonizagao hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 1§.9g7'l__, em escala piloto Ma}: 1000x).
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Figura B16: MEV do hidro carvao obtido via carbonizacao hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 2000x).
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Figura B17: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacdo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag:
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Figura B18: MEV do hidro carvao obtido via carbonizagéo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 20000Xx).



det |spot
5.0

Figura B19: MEV do hidro carvéo obtido via carbonizacéo hidrotérmica de residuos de palha

e milho a 225 °C, tempo de reacgdo de 240 minutos, razdo biomassa/H»0 de 1:10, usando um

reator de 18.92L, em escala piloto (Mag: 30000x).
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Figura B20: MEV do hidro carvéo obtido via carbonizagédo hidrotérmica de residuos de palha
e milho a 225 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 30000Xx).



Figura B21: MEV do hidro carvao obtido via carbonizacdo hidrotérmica de residuos de palha
e milho a 250 °C, tempo de reagdo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 200x).
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Figura B22: MEV do hidro carvao obtido via carbonizacéo hidrotérmica de residuos de palha
e milho a 250 °C, tempo de reacdo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 400x).
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Figura B23: MEV do hidro carvéo obtido via carbonizacédo hidrotérmica de residuos de palha
e milho a 250 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 800x).

Figura B24: MEV do hidro carvao obtido via carbonizacdo hidrotérmica de residuos de palha
e milho a 250 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 1000x).



20 um
IME

Figura B25: MEV do hidro carvao obtido via carbonizacédo hidrotérmica de residuos de palha
e milho a 250 °C, tempo de reacéo de 240 minutos, razdo biomassa/H20 de 1:10, usando um
reator de 18.927 L, em escala piloto (Mag: 5000Xx).



Apéndice C (Adsorgéo)

Tabela C1: Cinética de adsorcéo da solucéo de &cido acético (1.0 mg/mL) no hidro carvéo

obtido via carbonizagdo hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H»O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razéo

adsorvente/adsorbato de 1:50.

Adsorvente Palha de milho a 250 °C, 240 | Tempo Mchscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 1.0214 0.7 - 1.4388
2mg/mL

Adsorvente/ 1.0 gadsorvente/S0MLcHacooH 0.5 1.0070 0.34 1.0125 0.6511

Adsorbato

Solugdo KOH | 0.04 M 1 1.0413 0.34 1.0125 0.6296

Fator (f) 1.0075 2 1.0090 0.26 1.0125 0.4705

Indicador Fenolftaleina 4 1.0127 0.24 1.0125 0.4242

Diluicéo 100 mL H2O destilada 8 1.0034 0.22 1.0125 0.3830

Volume H,O | 0.05 mL 16 1.0172 0.24 1.0125 0.4223




Tabela C2: Cinética de adsorcéo da solucdo de acido acético (2.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0204 1.72 - 1.8687
2mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0132 1.22 0.1056 1.3139

Adsorbato

Solugdo KOH | 0.04 M 1 2.0229 1.18 0.1055 1.2629

Fator (f) 1.0075 2 2.0151 1.16 0.1106 1.2454

Indicador Fenolftaleina 4 2.0080 1.06 0.1015 1.1372

Diluicéo 100 mL HO destilada 8 2.0108 1.05 0.1017 1.1243

Volume H,0O 0.05 mL 16 2.0126 1.12 0.1015 1.2020




Tabela C3: Cinética de adsorcéo da solucdo de acido acético (2.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:50.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0204 1.72 - 1.7576
2mg/mL

Adsorvente/ 0.2 gadsorvente/ L0MLcrzcoon 0.5 2.0077 1.18 0.2038 1.1968

Adsorbato

Solugdo KOH | 0.04 M 1 2.0066 111 0.2004 1.1233

Fator (f) 0.9476 2 2.0121 0.97 0.2006 0.9723

Indicador Fenolftaleina 4 2.0066 0.91 0.2014 0.9114

Diluicéo 100 mL HO destilada 8 2.0074 0.90 0.2006 0.9004

Volume H,O | 0.05 mL 16 2.0039 0.98 0.2046 0.9869




Tabela C4: Cinética de adsorcéo da solucdo de acido acético (3.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razédo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0198 2.64 - 2.7267
3mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0145 2.14 | 0.1009 2.2061

Adsorbato

Solugdo KOH | 0.04 M 1 2.0244 2.06 | 0.1014 2.1113

Fator (f) 0.9476 2 2.0303 2.05 | 0.1013 2.0947

Indicador Fenolftaleina 4 2.0259 2.03 | 0.1008 2.0782

Diluicéo 100 mL HO destilada 8 2.0509 2.05 | 0.1014 2.0736

Volume H,0O 0.05 mL 16 2.0116 2.18 | 0.1062 2.2515




Tabela C5: Cinética de adsorcéo da solucdo de acido acético (4.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0076 3.41 - 3.5589
4mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0067 3.02 | 0.1016 3.1472

Adsorbato

Solugdo KOH | 0.04 M 1 2.0140 2.96 | 0.1002 3.0724

Fator (f) 0.9476 2 2.0494 3.00 | 0.1015 3.0609

Indicador Fenolftaleina 4 2.0423 2.95 | 0.1006 3.0194

Diluicéo 100 mL HO destilada 8 2.0467 2.93 | 0.1002 2.9922

Volume H,0O 0.05 mL 32 2.0116 2.95 | 0.1062 3.0143




Tabela C6: Cinética de adsorcéo da solucdo de acido acético (1.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0080 1.10 - 0.8583
1mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0324 1.05 | 0.1017 0.7950

Adsorbato

Solugdo KOH | 0.04 M 1 2.039%4 1.05 | 0.1006 0.7922

Fator (f) 0.9600 2 2.0114 1.00 | 0.1017 0.7497

Indicador Fenolftaleina 4 2.0095 0.90 | 0.1026 0.6432

Diluicéo 100 mL HO destilada 8 2.0056 1.00 | 0.1037 0.8527

Volume H,O | 0.3 mL 32 2.0082 1.00 | 0.1040 0.8542




Tabela C7: Cinética de adsorcéo da solucdo de acido acético (2.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0492 1.80 - 1.6820
2mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0098 1.70 | 0.1025 1.6078

Adsorbato

Solugdo KOH | 0.04 M 1 2.0053 1.65 | 0.1006 1.5577

Fator (f) 0.9600 2 2.0105 1.60 | 0.1011 1.5001

Indicador Fenolftaleina 4 2.0356 1.60 | 0.1006 1.4819

Diluicéo 100 mL HO destilada 8 2.0031 1.65 | 0.1034 1.5594

Volume H,O | 0.2 mL 16 2.0376 1.70 | 0.1018 1.5859




Tabela C8: Cinética de adsorcéo da solucdo de acido acético (3.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0285 2.65 - 2.7612
3mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0225 2.45 | 0.1012 2.5563

Adsorbato

Solugdo KOH | 0.04 M 1 2.0085 2.40 | 0.1051 2.5205

Fator (f) 0.9600 2 2.0110 2.40 | 0.1021 2.5174

Indicador Fenolftaleina 4 2.0228 2.40 | 0.1006 2.5027

Diluicéo 100 mL HO destilada 8 2.0312 2.40 | 0.1011 2.4924

Volume H,0O 0.05 mL 16 2.0460 2.40 | 0.1049 2.4743




Tabela C9: Cinética de adsorcéo da solucdo de acido acético (4.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 250 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 250 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0075 3.60 - 3.7558
4mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0128 3.50 | 0.1020 3.6389

Adsorbato

Solugdo KOH | 0.04 M 1 2.0195 3.50 | 0.1020 3.6268

Fator (f) 0.9600 2 2.0406 3.40 | 0.1012 3.4838

Indicador Fenolftaleina 4 2.0055 3.30 | 0.1020 3.4373

Diluicéo 100 mL HO destilada 8 2.0060 3.30 | 0.1034 3.4365

Volume H,O | 0.10 mL 32 2.0183 3.30 | 0.1038 3.4155




Tabela C10: Cinética de adsor¢do da solucéo de acido acético (1.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0028 1.15 - 1.0751
1mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0040 1.00 1.1025 0.9148

Adsorbato

Solugdo KOH | 0.04 M 1 2.0061 0.95 1.1012 0.8608

Fator (f) 0.9500 2 2.0030 0.90 1.1024 0.8089

Indicador Fenolftaleina 4 2.0039 0.90 1.1030 0.8085

Diluicéo 100 mL HO destilada 8 2.0056 0.90 1.1037 0.8078

Volume H,O | 0.14 mL 16 2.0040 1.00 1.1001 0.9165




Tabela C11: Cinética de adsor¢do da solucéo de acido acético (2.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razédo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0069 1.80 - 1.7633
2mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0149 1.80 0.1013 1.7563

Adsorbato

Solugdo KOH | 0.04 M 1 2.0168 1.70 0.1039 1.6490

Fator (f) 0.9500 2 2.0220 1.70 0.1009 1.6447

Indicador Fenolftaleina 4 2.0152 1.65 0.1016 1.5974

Diluicéo 100 mL HO destilada 8 2.0064 1.60 0.1003 1.5513

Volume H,O | 0.14 mL 16 2.0206 1.60 0.1012 1.5403




Tabela C12: Cinética de adsor¢do da solucéo de acido acético (3.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0064 2.70 - 2.7200
3mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0509 2.60 0.1004 2.5570

Adsorbato

Solugdo KOH | 0.04 M 1 2.0041 2.50 0.1014 2.5104

Fator (f) 0.9500 2 2.0064 2.50 0.1000 2.5075

Indicador Fenolftaleina 4 2.0292 2.50 0.1006 2.4793

Diluicéo 100 mL HO destilada 8 2.0299 2.50 0.1005 2.4785

Volume H,0O 0.14 mL 16 2.0414 2.40 0.1006 2.3601




Tabela C13: Cinética de adsor¢do da solucéo de acido acético (4.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M NaOH, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M NaOH [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0056 3.80 - 4.0132
4mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0050 3.70 | 0.1011 3.9047

Adsorbato

Solugdo KOH | 0.04 M 1 2.0093 3.70 | 0.1035 3.8963

Fator (f) 0.9800 2 2.0012 3.60 | 0.1036 3.8022

Indicador Fenolftaleina 4 2.0042 3.60 | 0.1019 3.7965

Diluicéo 100 mL HO destilada 8 2.0063 3.60 0.1013 3.7925

Volume H,O | 0.14 mL 32 2.0050 3.60 0.1052 3.7950




Tabela C14: Cinética de adsor¢do da solucéo de acido acético (1.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0128 1.15 - 1.1035
1mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0142 1.05 | 0.1021 0.9935

Adsorbato

Solugdo KOH | 0.04 M 1 2.0188 1.04 | 0.1012 0.9804

Fator (f) 0.9800 2 2.0073 0.99 | 0.1026 0.9312

Indicador Fenolftaleina 4 2.0087 0.99 | 0.1014 0.9306

Diluicéo 100 mL HO destilada 8 2.0033 0.98 | 0.1038 0.9221

Volume H,0O 0.14 mL 16 2.0020 1.00 | 0.1019 0.9447




Tabela C15: Cinética de adsor¢do da solucéo de acido acético (2.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0072 2.05 - 2.0926
2mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0125 1.79 | 0.1037 1.8030

Adsorbato

Solugdo KOH | 0.04 M 1 2.0005 1.75 | 0.1014 1.7698

Fator (f) 0.9800 2 2.0181 1.76 | 0.1068 1.7653

Indicador Fenolftaleina 4 2.0264 1.73 | 0.1031 1.7255

Diluicéo 100 mL HO destilada 8 2.0214 1.91 | 0.1002 1.9256

Volume H,O | 0.14 mL 16 2.0067 1.90 | 0.1024 1.9288




Tabela C16: Cinética de adsor¢do da solucéo de acido acético (3.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razdo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0128 2.92 - 3.0485
3mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0202 2.61 | 0.1019 2.6888

Adsorbato

Solugdo KOH | 0.04 M 1 2.0051 2.50 | 0.1015 2.5884

Fator (f) 0.9800 2 2.0056 2.49 | 0.1002 2.5768

Indicador Fenolftaleina 4 2.0109 2.49 | 0.1024 2.5700

Diluicéo 100 mL HO destilada 8 2.0229 2.50 | 0.1004 2.5656

Volume H,0O 0.14 mL 16 2.0112 2.49 | 0.1002 2.5586




Tabela C17: Cinética de adsor¢do da solucéo de acido acético (4.0 mg/mL) no hidro carvéo

obtido via carbonizag&o hidrotérmica dos residuos de palha de milho a 225 °C, 240 minutos,

razdo biomassa/H.O de 1:10, ativado quimicamente com solucdo 2.0 M HCI, razédo

adsorvente/adsorbato de 1:100.

Adsorvente Palha de milho a 225 °C, 240 | Tempo | Mcrscoon | Vkon | Madsorvente 1A
m, 1:10, 2.0 M HCI [m] [a] [mL] [a] [Mgkon/gcHacoon]

Adsorbato Solugdo de CH3;COOH 0 2.0312 4.04 - 4.1770
4mg/mL

Adsorvente/ 0.1 gadsorvente/ 10MLcrzcooH 0.5 2.0065 3.83 | 0.1005 4.0059

Adsorbato

Solugdo KOH | 0.04 M 1 2.0189 3.85 | 0.1017 4.0024

Fator (f) 0.9476 2 2.0305 3.83 | 0.1016 3.9586

Indicador Fenolftaleina 4 2.0059 3.75 | 0.1027 3.9223

Diluicéo 100 mL HO destilada 8 2.0231 3.70 | 0.1007 3.8364

Volume H,O | 0.05 mL 16 2.0167 3.54 | 0.1004 3.6799




