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RESUMO

PREPARACAO DE BIOCHAR A PARTIR DE MAT~ERIAS—PRIMAS
ALTERNATIVAS E SUA APLICACAO NA ADSORCAO DE CORANTES

AUTORA: Maria Amélia Zazycki
ORIENTADOR: Guilherme Luiz Dotto

A contaminacdo das aguas naturais tem sido um dos grandes problemas da sociedade. Os
setores téxtil e alimenticio apresentam especial destaque, devido as grandes quantidades de
efluentes langados nos corpos hidricos. Desse modo € preciso desenvolver e aprimorar
tecnologias que promovam o tratamento eficiente de efluentes e que sejam viaveis. Neste
estudo, foram produzidos biochars a partir de materiais residuais alternativos, os quais foram
aplicados no tratamento de efluentes coloridos. Os materiais precursores foram residuos de
cascas de noz—pecan, quitina e chapas de MDF. Os residuos foram obtidos, caracterizados e
pirolisados, transformando—os em biochars. Os biochars e seus precursores foram
caracterizados utilizando técnicas de microscopia eletrénica de varredura (MEV),
espectroscopia de infravermelho com transformada de Fourier (FTIR), difracdo de raios—x
(DRX) e analise da area superficial (BET e BJH). Por fim foi estudada a adsorc¢do de corantes
do ponto de vista cinetico, de equilibrio e termodindmico. As analises de caracterizacao
indicaram que os biochars apresentaram caracteristicas adequadas para adsorc¢do, incluindo
estruturas microporosas e mesoporosas e suficiente area de superficie. O biochar derivado de
residuos de cascas de noz—pecan apresentou uma area de superficie de 93 m? gt A
capacidade méaxima de adsorcéo foi de cerca de 130 mg g~* para o corante RR141 e a cinética
de adsorcéo seguiu 0 modelo de PSO. O biochar derivado da quitina apresentou uma area de
superficie de 275 m? g, A cinética de adsorcéo foi bem representada pelo modelo PSO e a
capacidade maxima de adsorcio, estimada pelo modelo de Liu, foi de 1120,8 mg g para o
corante MV. O biochar derivado de residuos de chapas de MDF apresentou area de superficie
de 218,8 m? g 1. Os modelos PSO e Freundlich foram os melhores modelos para representar,
respectivamente a cinética e as isotermas de adsorcdo A capacidade maxima de adsorcdo foi
de 210 mg g * para o corante FR17. Os resultados demonstraram que os biochars podem ser
preparados a partir de residuos, usando um processo simples na sua preparacdo, sendo uma
alternativa viavel para adsorcdo de corantes em solugdes aquosas.

Palavras—chave: Adsorventes alternativos. Area de superficie. Efluentes coloridos. Pirdlise.
Residuos.



ABSTRACT

BIOCHAR FROM ALTERNATE RAW MATERIALS FOR APPLICATION IN
DYES ADSORPTION

AUTHOR: Maria Amélia Zazycki
ADVISOR: Guilherme Luiz Dotto

Contamination of natural waters has been one of the great problems of modern society. The
textile and food sectors stands out especially due to the large amounts of effluents discharged
into the water bodies. Thus, it is necessary the development and improvement of technologies
that promote the efficient effluent treatment and are viable. In this study, biochars were
produced from alternative raw materials and applied in the treatment of colored effluents. The
precursor materials were pecan nutshells wastes, chitin and MDF sheets. The residues were
obtained, characterized and pyrolysed, being then converted into biochars. The biochars and
their precursors were characterized using scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), x—ray diffraction (XRD) and surface area analysis
(BET and BJH) techniques. Finally, the adsorption of different dyes was analyzed from the
kinetic, equilibrium and thermodynamic viewpoints. Characterization analyzes indicated that
the biochars presented adequate characteristics for adsorption, including microporous and
mesoporous structures and interesting surface area. The biochar derived from pecan nutshell
residues presented a surface area of 93 m? gX. The maximum adsorption capacity was about
130 mg g! for RR141 dye and the adsorption kinetics followed the PSO model. The chitin—
derived biochar presented a surface area of 275 m? gl. Adsorption kinetics was well
represented by the PSO model and the maximum adsorption capacity estimated by the Liu
model was 1120.8 mg g* for the MV dye. The biochar derived from MDF sheet residues had
a surface area of 218.8 m? g 1. The PSO and Freundlich models were the best to represent the
adsorption Kinetics and isotherms, respectively. The maximum adsorption capacity was 210
mg g for the FR17 dye. The results showed that promising biochars can be prepared from
alternative wastes using a simple process in their preparation, being a viable alternative for
dye adsorption from aqueous solutions.

Keywords: Alternative adsorbents. Surface area. Colored Effluents.. Pyrolysis. Waste.
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1 INTRODUCAO

A contaminacgdo das aguas naturais tem sido um dos grandes problemas da sociedade,
sendo que, os setores téxtil e alimenticio apresentam especial destaque, devido as grandes
quantidades de efluentes lancadas nos corpos hidricos. Os efluentes caracterizam-se por
serem altamente coloridos, devido a presenca de corantes que ndo se fixam no produto
durante o processo de tingimento. Estima-se que 60% dos corantes ndo-fixados s&o
descartados no meio ambiente (ABBASIAN et al., 2017). Os corantes sintéticos sao
substancias potencialmente tdxicas, cancerigenas e ndo biodegradaveis caracterizados pela
presenca de cromoforos azo (N=N) ou ftalocianina (contendo cobre, niquel ou outros metais)
e aromaticos (VANAAMUDAN E SUDHAKAR, 2015). A remocdo destes corantes das
aguas residuais € um grande desafio ambiental e ha uma necessidade constante de ter um
processo eficaz para tal fim.

A Resolucdo CONAMA n° 357, de 17 de marco de 2005, estabelece que os efluentes
de qualquer fonte poluidora somente poderdo ser lancados, direta ou indiretamente, nos
corpos de agua, apds o devido tratamento e desde que obedecam as condicOes, padrdes e
exigéncias dispostos nesta Resolucdo e em outras normas aplicaveis. A partir disto, as
empresas comegaram a dar uma maior importancia as consequéncias dos Seus pProcessos
produtivos, aumentando a preocupacdo por tratamentos de efluentes eficazes e
economicamente Vviaveis.

Alguns métodos de tratamento quimicos, fisicos e bioldgicos para remocao de corantes
de aguas residuais sdo a coagulacdo—floculacdo (SAITOH et al., 2014), filtracdo (KAJEKAR
et al., 2015), adsorcdo (DOTTO et al., 2015; WEBER et al., 2014), processos avancados de
oxidacdo (COLLAZZO et al., 2012; VAIANO et al., 2015), troca iénica (WU et al., 2008),
tratamento bioldgico (RODRIGUES et al.,, 2014) e separacdo magnética (PANKAJ E
PATTAYIL, 2009). Entre estes métodos, a adsorcdo € uma das operacbes mais eficientes
(AHMED, 2016) em termos de baixo custo, facilidade de implementacdo e operacdo, alta
eficiéncia de remocdo e capacidade de regeneracdo. No entanto, o alto custo de preparacdo e
regeneracdo do carvéo ativado (o principal adsorvente usado) limita a aplicacdo desta técnica
(GAUTAM et al., 2014).

Novas pesquisas vém sendo desenvolvidas com foco nos adsorventes de baixo custo
com elevadas capacidades de adsor¢do na remogdo de contaminantes toxicos. Adsorventes de
baixo custo, geralmente s&o produzidos a partir de compostos residuais abundantes e sem

valor econdmico significativo. Estudos sobre a producdo de biochar a partir de materiais
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obtidos de fontes naturais como possiveis precursores sustentaveis/baratos para a producao de
materiais ricos em carbono estdo ganhando destaque na literatura com bom custo beneficio
para adsorcédo (LI et al., 2017; DING et al., 2016; LIU et al., 2016.; TITIRICI et al. 2015). O
biochar visa melhorar as propriedades do adsorvente em comparagdo com a respectiva
matéria—prima, e também, reduzir os custos em comparacdo com a producdo de carvdo
ativado, removendo o passo de ativagdo do processo.

Residuos de cascas de noz—pecan, quitina e chapas de MDF sdo abundantes no Rio
Grande do Sul e séo descartados sem nenhuma destinacdo adequada. Uma alternativa para o
aproveitamento desses residuos € a sua preparacao e utilizagdo como biochar, podendo ser
aplicados para diversos fins, onde se destaca o tratamento de efluentes coloridos. Assim
consegue—se sanar dois grandes problemas ambientais: a destinacdo incorreta de residuos

solidos e remocao de contaminantes presentes em efluentes.
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2 OBJETIVOS

2.1 OBJETIVO GERAL
O objetivo geral deste trabalho foi desenvolver biochars de baixo custo a partir de

materiais residuais alternativos e aplicar na remocéao de corantes.

2.2 OBJETIVOS ESPECIFICOS

e Obter e caracterizar trés tipos de materiais precursores (noz-pecan, quitina e MDF);

e Preparar 0 biochar a partir dos trés precursores (noz-pecan, quitina e MDF);

e Caracterizar os biochars utilizando técnicas de microscopia eletronica de varredura
(MEV), espectroscopia de infravermelho com transformada de Fourier (FTIR),
difracdo de raios-x (DRX) e anélise da area superficial (BET e BJH);

e Estudar a cinética, isoterma e termodindmica de adsorcdo no tratamento de efluentes

coloridos contendo corantes utilizando os biochars produzidos.
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3 REVISAO BIBLIOGRAFICA

3.1 CORANTES

Diferentes tipos de corantes sdo usados em muitas industrias, tais como, téxteis, de
tintas, alimenticias, plasticas, de cosméticos, gréfica, fotografica, como aditivos em derivados
de petroleo, etc. Os corantes sdo definidos como sendo substancias organicas que possuem a
caracteristica de serem coloridas ou fluorescentes, podendo ser de origem natural ou
sintéticos, tendo a propriedade de alterar a cor de diversos materiais pela adsorcao seletiva da
luz (BORTOLUZZI, 2015).

Os corantes sdo, em geral, moléculas constituidas por dois componentes principais: 0s
cromoforos, os quais sdo responsaveis por conferir a cor e, 0S auxocromos, responsaveis pela
solubilidade e interacdo com o produto a ser colorido (SALLEH et al., 2011). Segundo
Fernandes et al. (2010), os corantes podem ser classificados em relacdo a sua aplicacédo
(4cidos, basicos, dispersos, diretos, reativos e solventes), solubilidade (solaveis e insollveis),
classe quimica (trifenilmetanos, azdicos, antraquinonas, nitro, xantenos e outras) e estrutura
quimica (anibnicos, catidnicos e ndo ibnicos) e devem possuir elevada estabilidade quimica e
fotolitica, satisfazendo assim as propriedades de solidez exigidas.

Mais de 10 mil tipos de corantes sdo empregados anualmente pelas industrias,
equivalentes a cerca de 700.000 ton ano~*. No Brasil, este nimero é equivalente a 26,5 mil ton
ano. Muitos destes sdo visiveis em meio aquoso em concentragdes menoresque 1 mg Lt ea
maioria dos corantes sintéticos sdo altamente resistentes a degradacdo devido a sua estrutura
quimica complexa (KHAN et al., 2013). Estudos recentes afirmam que dos 3000 tipos de
corantes utilizados para o tingimento na inddstria, estima—se que 70% séo classificados como
do tipo azo (N=N). Corantes dessa classe merecem maior destaque, pois, possuem alto
potencial carcinogénico e mutagénico (AFTAB et al., 2011; MENDONCA, 2011).

O vermelho reativo 141 é um corante azoico, extensivamente empregado na industria
téxtil no processo de tingimento de fibras, pois possue uma alta estabilidade da cor. Os
corantes reativos representam cerca de 60% dos corantes utilizados no mundo (DAVILA,

2016). A estrutura quimica do corante € ilustrada na Figura 1.
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Figura 1 - Estrutura quimica do corante reativo vermelho 141.
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Fonte: ZAZYCKI et al., 2018.
O corante téxtil metil violeta, pertence ao grupo dos triarilmetanos, sendo amplamente

usado como corante roxo para téxteis tais como algoddo e seda, e em tintas de impressao
(BORTOLUZZI, 2015). A estrutura quimica do metil violeta € apresentada na Figura 2.

Figura 2 - Estrutura quimica do corante metil violeta.

Fonte: KUMAR, 2011.

O corante alimenticio vermelho n°® 40, também conhecido como Food Blue 17,

pertence & classe dos azocorantes, apresentando boa estabilidade & luz, calor e em acido. E
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muito utilizado em bebidas, devido sua estabilidade na presenga do acido ascorbico, um
agente redutor (VIANNA et al., 2008). A estrutura quimica do corante ¢ ilustrada na Figura
3.

Figura 3 - Estrutura quimica do corante vermelho n° 40.
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Fonte: Vianna et al., 2008.

Conforme Abbasian et al. (2017), corantes sdo poluentes do meio ambiente que tém
gerado grande preocupacdo, pois apresentam uma estrutura complexa e aromatica fazendo
com que sejam moléculas recalcitrantes e muito estaveis, dificultando sua degradacdo e
remocdo de efluentes. Devido seu grande potencial de poluigdo dos corpos d’agua, 0S corantes
sintéticos necessitam serem removidos, pois interferem na fotossintese e alteram os processos
biologicos da fauna e flora aquatica (GUPTA; SUHAS, 2009).

O desenvolvimento de novas tecnologias para a remocdo dos corantes é considerada
um desafio ambiental, impulsionado pela grande diversidade e complexidade desses
compostos (SALLEH et al, 2011). Um dos métodos mais eficientes para remocdo de corantes
sintéticos em efluentes liquidos € a técnica fisico—quimica de adsorcdo. A adsorcdo tem se
mostrado uma alternativa promissora no tratamento de efluentes coloridos comparada com
outras técnicas principalmente em termos de eficiéncia na remocdo de uma ampla gama de
moléculas poluentes (TAN et al., 2007), baixo custo, facilidade de implementacao e operacao,

alta eficiéncia de remocao e facilidade de regeneracdo (ALl et al., 2012).

3.2 PIROLISE

A pir6lise é um processo de conversdo termoquimica de um solido organico por meio
da quebra de ligacGes carbono—carbono que ocorre na auséncia total ou parcial de oxigénio,
resultando na formagdo de um grande nimero de compostos quimicos com diversas

aplicagdes (SHARUDDIN, et al. 2016). A pirolise transforma os diferentes tipos de biomassa
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em trés fases: uma solida (biochar), outra gasosa, ndo condensavel (biogas) e uma fase liquida
composta por duas fracbes, uma aquosa e outra oleosa (bio—06leo) (KIM et al., 2012), e
dependendo das condicbes no reator, um destes produtos pode ser maximizado (SANTOS,
2011).

Em funcdo das condicbes de operacdo, os processos de pirdlise sdo classificados em
pirolise lenta (convencional), pirdlise répida e pirolise flash que fornecem diferentes
porcentagens de rendimentos dos produtos solidos, liquidos e gasosos (KIMURA, 2009). As
caracteristicas dos principais tipos de pirdlise sdo destacadas na Tabela 1.

Tabela 1- Caracteristicas dos processos para diferentes tipos de pirélises.

Temperatura Taxa de Tempo de Produtos
(°C) Aquecimento Residéncia Caracteristicos
Pir6lise Lenta 300 - 600 Baixa 5a30 min Biochar
Pirlise Rapida 400 — 650 Alta 0,5a5s Bio—6leo
Pirolise Flash
- Liquidos 400 - 650 Muito Alta <ls Bio—0leo
- Gases > 400 Muito Alta <ls Biogas

Fonte: Adaptado de MOREIRA, 2015.

Conforme a Tabela 1, baixas temperaturas de processo e longos tempos de residéncia
favorecem a producdo de solidos. Altas temperaturas e longos tempos de residéncia
favorecem a conversdo da biomassa em gas, sendo que temperaturas moderadas e curtos
tempos de residéncia otimizam a producéo de liquidos (BRIDGWATER, 2012).

A pirdlise lenta é geralmente usada para a producdo de biochar, /pois maximiza a
quantidade de carvao produzido. Apds pirdlise lenta, a biomassa é convertida em biochar,
enquanto o bio—0Gleo, o gas e o vapor sdo gerados como subprodutos (CHEN et al., 2014;
UCHIMIYA et al., 2015). As caracteristicas dos biochars dependem das variaveis de controle
da pir6lise, tais como, temperatura, taxa de aquecimento, tempo de residéncia, fluxo do gas de
arraste, atmosfera (inerte) e matéria—prima (FIGUEIREDO et al., 2019; ZHAO et al., 2018;
LIANG et al., 2016; LU et al., 2015).

De acordo com o estudo de Tang et al. (2013) o aumento na temperatura de pirélise
pode conduzir ao aumento da area superficial do biochar facilitando o processo de adsorcao.

Apos o processo de pirdlise, cerca de 15 a 20% da matéria—prima é convertida em biochar,
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devido a composicdo das biomassas em geral que apresentam em torno de 30% de matéria
volatil (KIM et al., 2012).

3.3 ADSORCAO

Adsorcdo é uma operagdo unitaria que envolve preferencialmente transferéncia de
massa, na qual as moléculas contidas em um fluido (adsorbato) entram em contato com um
solido (adsorvente), a partir de forca de atracdo entre o solido e as moléculas do fluido causam
sua adesdo na superficie do sélido (GOMIDE, 1980). A adsorcdo é considerada um fen6meno
complexo, na qual a intensidade das forcas de atracdo depende da natureza e superficie do
adsorvente, tipo de adsorbato, de suas interacGes e das condigdes da operacdo (temperatura,
pH, agitacdo, relacdo adsorbato/adsorvente) (GOMIDE, 1980; HAGHSERESHT et al., 2002).
A atracdo do sélido por certos tipos de moléculas € tdo intensa que praticamente todas as
moléculas incidentes ficam retidas até saturar os sitios ativos ou até que as condigcdes da
superficie (pH, forcas i6nicas) sejam alteradas de modo a reduzir as forcas de atracdo
(GOMIDE, 1980).

As moléculas e os atomos podem aderir a superficie de um adsorvente por meio de
adsorcdo quimica ou adsorcao fisica. Na adsor¢ao quimica ou quimissorcao ocorrem ligacdes
quimicas entre o adsorbato e o adsorvente, envolvendo o rearranjo de elétrons do fluido que
interage com o solido ocasionando, geralmente (mas ndo tdo somente) as seguintes
caracteristicas: formacdo de uma Unica camada sobre a superficie solida, irreversibilidade e
liberacdo de uma quantidade consideravel de energia (RUTHVEN, 1997). Na adsorcéo fisica,
a interacdo molecular é causada geralmente por forcas de Van der Wals e/ou interacOes
eletrostaticas. As energias que sdo liberadas sdo baixas e atingem rapidamente o equilibrio.
Na fisissorcdo, normalmente ocorre a deposicdo de mais de uma camada de adsorbato sobre a
superficie do adsorvente (RUTHVEN, 1997). Apesar destes aspectos gerais, a principal
diferenca entre a adsorcao fisica e quimica € a troca ou ndo de elétrons entre 0 adsorvente e 0
adsorbato.

Dos métodos existentes para o tratamento de efluentes, a adsorcdo tem se mostrado
promissora em termos de eficiéncia para remover uma ampla gama de moléculas
contaminantes (TAN et al., 2007). E amplamente utilizada para fins de separacdo e
purificacdo, tendo como uma importante aplicacdo & remocdo de cor e contaminantes
organicos de efluentes industriais (AL—-QODAH, 2000). De acordo com Polaert et al. (2002)
pode ser considerada uma técnica eficiente para remogdo de contaminantes dos efluentes

téxteis.



21

3.3.1 Cinética de adsorc¢ao

A cinética fornece parametros importantes como taxa de adsorcao e velocidade em que
acontecem (DOTTO; PINTO, 2011). Os estudos cinéticos sdo fundamentais para determinar
as condicOes ideais para se alcancar a eficiéncia no sistema, o qual pode ser influenciado
diretamente pelas caracteristicas fisico—quimicas do adsorbato (natureza do adsorbato, massa
molar, solubilidade, etc.), do adsorvente (natureza, estrutura de poros) bem como da solugéo
(pH, temperatura e concentrac¢do) (SCHIMMEL, 2008).

Para um melhor estudo sobre o comportamento cinético de adsorcdo, as curvas
experimentais geralmente sdo ajustadas a modelos da literatura, tais como, o de
pseudoprimeira ordem (PPO), pseudossegunda ordem (PSO), ordem geral (OG) e Elovich.

O modelo cinético de pseudoprimeira ordem foi proposto inicialmente por Lagergren
no ano de 1898, baseado na lei de resfriamento de Newton. O modelo assume que a adsorcao
ocorre como consequéncia de um gradiente de concentracéo entre a superficie do adsorvente e

a solucéo, e pode ser expresso de acordo com a Equacdo 1 (QIU et al., 2009):
qc = q1(1 — exp(—k;t)) (1)

onde g1 é o valor tedrico da capacidade de adsorcdo (mg g2) e ki € a constante cinética de
pseudoprimeira ordem (min™t).

O modelo cinético de pseudossegunda ordem é geralmente adequado em processos de
adsorcdo quimica (SKODRAS et al., 2008). Este modelo pode ser representado de acordo
com a Equacéo 2 (QIU et al., 2009):

1
T (1/k02) + (/)

dt (2)

em que gz € o valor tedrico da capacidade de adsorcido (mg g2) e k2 € a constante cinética do
referido modelo (g mg~! min™).

Uma alternativa para os modelos de pseudoprimeira ordem (PPO) e pseudossegunda
ordem (PSO) é o modelo de ordem geral (OG). Para este modelo o processo de adsor¢do na
superficie do adsorvente é assumido como sendo a etapa que controla a velocidade,
representado pela Equacdo 3 (ALENCAR et al., 2012):
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_ In
9= 9 7 Ik (@) Tt — 1) + 1]V/@D

(3)

onde g é a capacidade teorica de adsorcdo (mg g4), kn é a constante cinética (min~t(g mg™)™
1Y e n é a ordem de reacéo.

Quando os processos de adsorcdo envolvem quimissor¢do em superficie sélida, e a
velocidade de adsorcdo decresce com o tempo devido a cobertura da camada superficial, o
modelo de Elovich é um dos mais usados, e € representado na Equacdo 4 (WU et al., 2009):

1
qi = gln(l + abt) 4)

onde ‘b’ é a taxa inicial de adsorcdo devido (dg/dt)=b, quando =0 (mg gt mint)e ‘a’ é a
constante de dessor¢do do modelo de Elovich (g mg?), que indica a extensdo da cobertura da

superficie.

3.3.2 Isoterma de adsorc¢ao

As isotermas de adsor¢do indicam o mecanismo da adsorcdo, possibilitando descrever
os estados de equilibrio de um sistema. De acordo com Geankoplis (1993), a isoterma de
adsorcdo é a relacdo do equilibrio entre a concentracdo na fase fluida e a concentracdo nas
particulas adsorventes a uma dada temperatura. Na adsorcdo, o pH, a temperatura e o tipo de
material adsorvente influenciam e definem a forma da isoterma (GEANKOPLIS, 1993). A
Figura 1 apresenta as formas mais comuns das isotermas de adsorcao em fase liquida.

A isoterma linear considera que a quantidade de soluto adsorvido € proporcional a
concentracdo no fluido. As isotermas convexas sao consideradas favoraveis, uma vez que
grandes quantidades de soluto podem ser obtidas a baixas concentra¢des no fluido. E
irreversivel quando a afinidade entre o adsorbato e o adsorvente é muito elevada e por isso ha
um aumento inicial rapido. As isotermas concavas sdo consideradas ndo favoraveis, uma vez
que quantidades relativamente baixas de soluto sdo adsorvidas e também sdo consideradas

raras, mas auxiliam na compreensdo do processo de dessorcdo (McCABE et al., 2005).
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Figura 4— Formas tipicas de isotermas.
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Fonte;: McCABE et al., 2005.

Diversos modelos foram propostos para descrever os dados de equilibrio de adsorcéo,
incluindo, Langmuir, Freundlich e multicamadas BET (WON et al., 2014).

O modelo de isoterma de Langmuir, conforme a Equacdo 5, considera uma adsor¢éo
em monocamada sobre superficie homogénea, onde os sitios de ligacdo possuem a mesma
afinidade e energia (LANGMUIR, 1918).

_ quLCe

1+k.Ce ®)

Qe

em que gm € a maxima capacidade de adsorcdo (mg g 1), k. é a constante de Langmuir (L mg~
1), ge é a capacidade de adsorgdo (mg g*) e Ce é a concentragéo de equilibrio (mg L ™).
Um aspecto importante do modelo de Langmuir € o fator de equilibrio, R (Equacéo

6). Os valores de R, indicam a natureza da isoterma.

1

AR ©)

para R. = 1, a isoterma € linear, 0 <R <1 indica um processo favoravel e, R = 0 indica um

processo irreversivel.
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A isoterma de Freundlich considera que a adsor¢do ocorre em superficie heterogénea e
que a quantidade de adsorbato adsorvido aumenta infinitesimalmente com um aumento da
concentragdo (FREUNDLICH, 1906) (Equagdo 7):

qe = kpCY/" (7)

em que kré a constante de Freundlich ((mg g )(L mg™)*™ e 1/n ¢ o fator de heterogeneidade.
O modelo de Sips é a combinacdo dos modelos de Langmuir e Freundlich e, pode ser

expresso na forma da Equacéao 8 (SIPS, 1948):

 AmksCY™

= (8)
1+ kgCL/™8

e

Qe

onde ks é a constante de equilibrio de adsor¢do de Sips (mg L), gms é a capacidade

méaxima de adsorcédo (mg g ) e ns é o expoente de Sips.

A isoterma adotada para descrever a adsorcdo em multicamadas é a de BET (LIU,
2009) (Equacéo 9). Essa isoterma considera a formacao de uma ou mais camadas de adsorcao,
sendo que a energia liberada na formacdo da primeira camada é tipica de cada sistema e as

energias liberadas na formacao das demais camadas séo iguais entre si.

_ qeeTk1Ce
e = (1= k;Co)(1 — kyCe + Ko Co)

€))

onde gger é a capacidade de adsor¢do em monocamada (mg g 1) e k2 e ki sdo constantes do
BET (L mg™).

3.3.3 Termodinamica de adsorc¢ao

Os parametros termodindmicos de adsor¢do, como, variacdo da energia livre de Gibbs
padrdo (AG®), variagdo da entalpia padrdo (AH®) e variacdo da entropia padrdo (AS°), sdo
importantes para determinar se 0 processo € espontaneo, exotérmico ou endotérmico e se 0
adsorvente tem alta afinidade com o adsorbato. Com estes parametros também € possivel
obter informacdes relativas & heterogeneidade da superficie do adsorvente e se 0 processo
envolve adsorc¢do fisica ou quimica (MILONJIC et al., 2007; ZHANG et al., 2012).

A variagéo de energia livre de Gibbs pode ser estimada de acordo com a equagéo 10:
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AG® = —RTIn(p,kp) (10)

onde Kp é a constante de equilibrio (L g%), pw é a densidade da solugdo (g L™), T é a
temperatura (K) e R é a constante universal dos gases (8.314 J mol ™t K™).

O conceito mais comum e conhecido sobre a termodindmica é de que a energia livre
de Gibbs corresponde a diferenca entre a entalpia e a entropia a uma temperatura constante.
Aplicando esse conceito a equagdo 10, os parametros termodindmicos AH? e AS® podem ser
determinados através do grafico de Van’t Hoff, ajustando os dados da Equacdo 11 (ZHANG
etal., 2012):

AS®  AHP

In(pwkp) = o=~ == (11)

3.4 UTILIZACAO DE BIOCHAR COMO MATERIAL ADSORVENTE

O carvéo ativado é o adsorvente mais utilizado, por ser um sélido com alta porosidade
e facil de ser produzido a partir de diversos materiais carbonaceos, ou seja, que possuem alto
teor de carbono, o carvdo ativado tem uma grande aplicacdo como adsorvente com
propriedades importantes se destacando como um adsorvente em potencial, diante da boa
resisténcia mecanica para suportar 0 manuseio e utilizacdo, e também mediante a sua natureza
fisico—quimica e seletividade (YANG; QIU, 2011).

Altenor et al. (2009) descrevem o carvao ativado como um importante material para
adsorcdo de moléculas, porém sua desvantagem € seu alto custo. Como alternativa ao carvédo
ativado, materiais carbonizados ndo ativados como o biochar vém ganhando destaque na
literatura como material alternativo e com bom custo beneficio para a adsorcdo. Biochar é o
produto rico em carbono obtido da biomassa na presenca de pouco ou nenhum oxigénio, ou
seja, produzido por decomposicdo térmica da matéria organica sob condicdes limitadas de
oxigénio (O2) e a temperaturas relativamente baixas (<700 °C) (TAN et al., 2016; WOO et al.,
2016).

O biochar pode ser usado no melhoramento dos solos, recuperacdo de areas
degradadas, remediacdo de éareas contaminadas, tratamento de aguas e efluentes e na
mitigacdo de gases de efeito estufa (GEE). Muitas pesquisas tém reportado o uso do biochar

como adsorvente alternativo no tratamento de efluentes devido sua natureza porosa, grande
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area superficial e abundantes grupos funcionais de superficie (TAN et al., 2015; MOHAN et
al., 2014).

Sewu et al. (2017) produziram biochar a partir de repolho coreano (RC), palha de
arroz (PA) e lascas de madeira (LM) e investigaram o uso como adsorvente alternativo ao
carvao ativado (CA) no tratamento de &guas residuais. O vermelho congo (VC) e o cristal
violeta (CV) foram utilizados como modelos de corante anionico e catibnico,
respectivamente. O pH da solucédo inicial teve pouco efeito na adsorcdo de VC e CV. Os
modelos isotérmicos e dados cinéticos mostraram que a adsorcédo de VC e CV em todos 0s
biochars foram predominantemente por quimissor¢do. Todos os biochars apresentaram menor
capacidade de adsorgéo para VC do que CA. RC apresentou maior capacidade de adsorcéo de
Langmuir (1304 mg g!) do que CA (271.0 mg g %), PA (620.3 mg g%) e LP (195.6 mg g )
para CV. RC pode ser uma boa alternativa a CA convencional como adsorvente
industrialmente viavel para remocéo de corantes catibnicos em aguas residuais.

Lonappan et al. (2016) avaliaram microparticulas de biochars preparadas a partir de
trés tipos de biochars derivados de residuos de madeira de pinheiro (BC-MP), estrume de
porco (BC-EP) e papeldo (BC-PA) sob varias condicGes de pirolise. A capacidade de
adsorcdo de cada biochar foi determinada por testes de adsorcdo em azul de metileno e
comparada com carvao ativado comercial. Os resultados experimentais mostraram que a
adsorcdo do corante aumentou com a concentracdo inicial da dosagem de adsorvente. As
microparticulas de biochars preparadas a partir de diferentes residuos apresentaram melhora
na capacidade de adsorcdo (7,8 + 0,5 mg g a 25 + 1,3 mg g!) em comparagdo com o
biochar bruto e o carvao ativado comercial. A capacidade de adsorcdo variou com o tipo de
residuo e o método de producdo do biochar. A capacidade maxima de adsorcao foi de 25 mg
g~* para microparticulas BC—EP a 25 °C para uma concentracéo de adsorvente de 500 mg L™
em comparagdo com 48,30 + 3,6 mg g para o carvdo ativado. Os dados de adsorgdo de
equilibrio foram melhores descritos pelo modelo de Langmuir para BC-EP e BC-PA e
modelo de Freundlich para BC-MP.

Nautiyal et al. (2016) estudaram a utilizacdo de biomassa residual (BR) de algas de
Spirulina platensis, deixada apds transesterificacdo in situ, para a preparacdo de biochar. O
biochar (BC) foi examinado quanto a sua capacidade de adsorver o corante vermelho congo
de solugdes aquosas. Os resultados foram comparados com outros adsorventes utilizados no
estudo, biomassa original de algas (BA) de Spirulina platensis, carvao ativado (CA) e BR. O
BC mostrou um aumento no teor de carbono fixo e diminuicdo da matéria volatil em

comparagdo com o0s outros adsorventes utilizados. Os adsorventes CA e BC mostraram
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melhor desempenho na remocéo de corante, 85,4% e 82,6% respectivamente, em comparagédo
com BA (76,6%) e BR (78,1%). Os resultados dos estudos de adsor¢cdo mostraram que a
absorcdo maxima para o BC foi observada em pH 2 com 0,2 g 100 ml™* de dosagem de
adsorvente e 90 mg It de concentrago inicial. A isoterma de Freundlich foi a que melhor se
ajustou aos dados com valor de coeficiente de correlagdo de 99,12%. A alta capacidade de
adsorcdo do biochar destaca sua utilizagdo como adsorvente efetivo para a remocdo de
corantes de aguas residuais.

Portanto, muitos pesquisadores tém se concentrado na producéo de biochar a partir de
diferentes precursores sustentaveis e de baixo custo, incluindo residuos agricolas (casca de
arroz, palha de milho, bagaco, etc.) e residuos sélidos (lodo, residuos de alimentos, residuos
de jardim, etc.) (CHEN et al., 2011; YAHYA et al., 2015).

3.5 MATERIAS-PRIMAS ALTERNATIVAS PARA PRODUCAO DE BIOCHARS

No sul do Brasil, existem extensas areas de plantacdo de arvore de Nogueira—pecan
(Carya illinoensis), nativas da América do Norte. O estado do Rio Grande do Sul € o maior
produtor do pais, seguido pelos estados do Parana e Santa Catarina (ORTIZ, 2000). A
longevidade da Nogueira—pecan pode superar 200 anos. Ela é uma arvore que pode atingir
grande porte, superando 40 metros de altura, 40 metros de didmetro de copa e 20 metros de
circunferéncia de tronco. O fruto é uma drupa, agrupando—se em cachos com normalmente
trés a sete unidades, com epicarpo que se separa do fruto na maturacdo, aproveitando—se
aproximadamente 40 a 60% do fruto (ORTIZ, 2000). A semente de noz—pecan € amplamente
consumida no Brasil (VAGHETTI et al., 2009), no entanto, a casca de noz é um subproduto
marrom de dificil biodegradacdo. As cascas de noz—pecan representam 49% da noz e tém
pouco ou nenhum valor econdmico. A sua disposicdo é dispendiosa e pode causar problemas
ambientais (BANSODE et al., 2003). Dessa forma estudos sobre aproveitamento deste
residuo sdo de extrema importancia. A figura 5 apresenta o fruto e cascas de noz-pecan.

A quitina (Figura 6) é o segundo biopolimero mais abundante na natureza e é extraida
de casca de crustaceos como camardes e caranguejos (WAN NGAH et al., 2011). E um
biopolimero biodegradavel e renovavel, possui um baixo custo, o que facilita seu uso. Possui
uma estrutura compacta contendo grupamentos hidroxilas e N-acetil (DOTTO et al., 2013;
DOTTO et al., 2015). As cascas e cabegas de camardes representam cerca de 50% do peso
total do camarédo e sdo compostas por 15 a 40 % de quitina (KHOR, 2002). Seu uso como
adsorvente para tratamento de efluentes apresenta um efeito positivo para a protecdo

ambiental, uma vez que a quitina é obtida a partir de residuos.
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Figura 5— Fruto e cascas de noz—pecan.

Fonte: A autora, 2019.

Figura 6— Quitina em po.

R ¥ -tﬁ'>“.

Fonte: A autora, 2019.

Placa de fibra de média densidade (MDF) é uma madeira compensada fabricada a
partir de laminas de pinus (Pinus elliottii), por meio da aglutinacdo de fibras de madeira,
resina sintética e aditivos, através da acdo de pressao e calor (PIEKARSKI et al. 2017). O
Brasil é o terceiro maior fabricante mundial de MDF (FAOSTAT, 2014). Segundo a
MOVERGS (Associacdo das Industrias de Mdveis do Estado do Rio Grande do Sul) o
faturamento no Brasil que era de 32,5 bilhGes de reais no ano de 2011, cresceu para 35,74
bilhdes no ano de 2015, o que implica invariavelmente no aumento do volume de residuos
gerados. O Rio Grande do Sul representa o segundo estado no pais em faturamento na
producio de moveis (ABIMOVEL, 2012). Boa parte dos residuos gerados no setor moveleiro
sdo subutilizados ou, descartados de forma incorreta. A utilizagdo de estratégias para reduzir e
reutilizar os residuos solidos gerados nas industrias moveleiras é pouco praticavel, sendo
geralmente destinados a aterros sanitarios e olarias (RIUL e RIBEIRO, 2012). A figura 7
ilustra a placa de fibra de média densidade (MDF).



Figura 7— Placa de fibra de média densidade (MDF).

Fonte: A autora, 2019.
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4 RESULTADOS

Os resultados obtidos neste estudo, juntamente com a discusséo, serdo apresentados na
forma de trés artigos cientificos, dois ja publicados e um submetido a publicagé&o.

O ARTIGO 1 est4 publicado no Journal of Cleaner Production (ISSN: 0959-6526)
com fator de impacto de 6.395; classificada com Qualis Al na area Engenharias Il. O
ARTIGO 2 esté publicado na Advanced Powder Technology (ISSN: 0921-8831) com fator de
impacto de 3.250, classificada com Qualis Al na &rea Engenharias Il. O ARTIGO 3 esta sob
avaliacdo na revista Chemosphere (ISSN: 0045-6535) com fator de impacto de 5.108;
classificada com Qualis A2 na area Engenharias I1.
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ABSTRACT

A new biochar derived from pecan nutshell was prepared, characterized, and applied as an
alternative and low—cost adsorbent for removing Reactive Red 141 (RR141) from aqueous
solutions. The yield from raw pecan nutshell to biochar was approx. 30%. The biochar
presented a micro/mesoporous structure with a surface area of 93 m? g%, which is considered
high for biomass derived materials. For both, raw pecan nutshell and its biochar, the RR141
adsorption was favored under acid conditions (pH of 2 and 3, respectively). The dye removal
percentage was 85% using the biochar as an adsorbent, and was only 23% when raw pecan
nutshell was used. The adsorption kinetics of RR141 on the biochar followed the pseudo—
second order model. The equilibrium isotherms were well represented by the Freundlich
model. The maximum adsorption capacity was approx. 130 mg gX. The adsorption was
spontaneous, favorable, and exothermic (AH® = —56.42 kJ mol™?). These findings indicated
that the new biochar prepared in this work is an alternative, low—cost, and eco—friendly

adsorbent that can be used to remove dyes from colored effluents.

Keywords: Adsorption. Biochar. Chemisorption. Mesoporous structure. Peanut shells.

Surface area.

1 INTRODUCTION

Textile wastes dumped into the environment, especially the synthetic dyes, represents
one of the main environmental problems currently, due to its great potential to pollute water
bodies (ABBASIAN et al., 2017). Synthetic dyes are potentially toxic, carcinogenic, and non—
biodegradable substances characterized by the presence of azo chromophores (-N=N-) or
phthalocyanine chromophores (containing copper, nickel, or other metals) and aromatic rings
(VANAAMUDAN AND SUDHAKAR, 2015). The removal of these dyes from wastewaters
is a major environmental challenge and, for this purpose, there is a constant search for
effective and economically viable processes (LEECHART et al., 2009).

Some chemical, physical, and biological treatment methods for dye removal from
wastewaters include coagulation—flocculation (SAITOH et al., 2014), filtration (KAJEKAR et
al., 2015), adsorption (AUSAVASUKHI et al.,, 2016), advanced oxidation processes
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(COLLAZZO et al., 2012), ion—exchange (WU et al., 2008), biological treatment
(RODRIGUES et al., 2014), and magnetic separation (PANKAJ AND JOY, 2009). Among
these methods, adsorption has been found to be promising compared with other techniques in
terms of efficiency (TANG et al., 2017), low cost, ease of implementation and operation, high
removal efficiency, and regeneration capacity. However, the high cost of preparation and
regeneration of activated carbon (the main used adsorbent) limits the application of this
technique (ALl et al., 2012).

New research has been conducted focusing on low—cost adsorbents. A low—cost
adsorbent should be abundant in nature or a by—product or waste material from any industry.
Then, adsorbents obtained from agricultural wastes are low—cost alternatives to activated
carbon. In the South Region of Brazil, there are extended plantation areas of pecan trees
(Carya illinoensis), native from North America. The kernel of the pecan nut is largely
consumed in Brazil (VAGHETTI et al., 2009). However, nutshell is a by—product with a
complicated management. Pecan nutshells represent 49% of the pecan nut and have little or
no economic value. Their disposal is costly and can cause environmental problems
(BANSODE et al., 2003). In this way, the reutilization of this waste, which is generated on a
large scale, can be an alternative to obtain a new adsorbent to remove water contaminants. In
this context, it is important to consider that pecan nutshells are vegetal wastes and it is
possible that they contain cationic compounds with a significant effect on dyes adsorption
(AGUAYO-VILLARREAL et al., 2013). On the other hand, several characteristics, such as
surface area, pore volume, and surface chemistry, can govern the adsorption capacity of an
adsorbent (LENG et al., 2015). Li et al. (2017) reported the production of biochars by the
pyrolysis of agricultural wastes for wastewater treatment. The biochar from pyrolysis aims to
improve the properties of the adsorbent in comparison with the respective raw material as
well as reduce the costs in comparison with the production of activated carbon, removing the
activation step from the process. According to Aldana et al. (2015), the thermal pyrolysis of
pecan nutshell occurs in two stages: The first stage is the hemicellulose decomposition and
the second stage is the celulose decomposition.

Some works reported the development of biochars from alternative materials,
including sewage sludge (LENG et al., 2015), peanut shells (GEORGIN et al., 2016) and oil
distillation residue (LI et al., 2017). These biochars were used for the removal of
contaminants from aqueous media. Also, works reported the use of raw pecan nutshells as
alternative adsorbents to remove metals (VAGHETTI et al., 2009) and dyes (AGUAYO-
VILLARREAL et al., 2013) from aqueous media. From the best of our knowledge, there are
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no studies regarding to the preparation of a biochar from pecan nutshells and its application as
an alternative adsorbent for removing a large dye molecules such as Reactive Red 141 from
aqueous media. The development of a biochar from pecan nutshells and its application as
adsorbent has a synergistic effect from the cleaner production viewpoint, contributing for the
solid wastes management and for the treatment of liquid effluents.

Aiming to find a newand inexpensive adsorbent for dye removal as well as diminish
the large amount of pecan nutshells, a new biochar was prepared, characterized, and applied
for the removal of RR141 dye from aqueous solutions. First, the biochar was developed and
characterized in detail. Then, the potential of biochar to adsorb RR14 was compared with its
precursor (pecan nutshells). The adsorption of RR141 on the biochar was finally studied from

the Kkinetic, equilibrium, and thermodynamic viewpoints.
2 MATERIALS AND METHODS

2.1 OBTENTION AND PRETREATMENT OF PECAN NUTSHELL

Pecan nutshell (Carya Illinoinensis) samples were obtained from a pecan—producing
region in the South Region of Brazil. The samples were washed several times with deionized
water, oven dried at 60 °C for 8 h. Then, pecan nutshell samples were ground in a Wiley mill
and subsequently sieved. The fraction with diameter of particles

lower than 710 mm was stored in closed bottles to be used in the biochar preparation.

2.2 BIOCHAR PREPARATION

The biochar was prepared from pecan nutshell via pyrolysis process. The sample was
pyrolyzed in a bench reactor that operates in a batch system (Figure 1). The system has an
oven with a quartz reactor coupled internally. The reactor has the following dimensions: 981
mm length, 49 mm outside diameter, and 43 mm internal diameter. The useful length of the
oven is 516 mm. The reactor is heated electrically by two resistors, each one with 1900 W.
Two type K thermocouples are positioned inside the reactor. A cylindrical quartz reactor was
charged with approximately 50 g of pecan nutshell (previously dried at 105 °C) and the
system run under nitrogen gas (N) at 0.25 L mint. The heater temperature was increased at a
rate of 10 °C min~t until 800 °C, being held at 800 °C for 60 min and allowed to cool still
under N. flow to room temperature. The pyrolysis vapors condensation was conducted in
accordance with CEN BT/TF 143 standard (CEN COMITE EUROPEEN DE
NORMALISATION, 2004), and ten bubblers were used. In each experiment, 100 mL of
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isopropyl alcohol were added in each bubbler, except for the first and last (empty). All the
bubblers were kept in a cold box (ice bath, salt, and isopropyl alcohol). The bio—oil and
biochar were collected and their masses determined for yield computation. The biochars
produced were treated with H2SO4 to remove ash, washed in distilled water and dried at 105
°C. Subsequently, the biochars were ground with a mortar and pestle, sieved and stored in
plastic containers to be used for characterization and successive adsorption experiments. All
the conditions used in the biochar preparation were determined by preliminary experiments.

Figure 1— Scheme for the biochar preparation.

Flow controller

2.3 CHARACTERIZATION TECHNIQUES

The pecan nutshell and biochar characteristics were determined by scanning electron
microscopy (SEM) (JEOL, JSM-6060, JAPAN) (GOLDSTEIN et al., 1992), Fourier
transform infrared spectroscopy (FTIR) (SHIMADZU, PRESTIGE 21, JAPAN)
(SILVERSTEIN et al., 2007) the FTIR analysis was performed by ATR (total attenuate
reflectance) technique. The samples thicknesses were remained the same in order to compare
the transmittance values. The thicknesses were obtained from 10 measurements taken at
different locations on the sample by a digital micrometer (INSIZE, IP54, BRAZIL) with
0.0010 mm of resolution, X-ray diffraction (XRD) (RIGAKU, MINIFLEX 300, JAPAN)
(BRINDLEY AND BROWN, 1980), and surface area analysis (QUANTACHROME
INSTRUMENTS, NOVA 1200E, USA). The specific surface area was determined from the
Brunauer, Emmett, and Teller (BET) multipoint method and the pore size distribution was
obtained using Barret, Joyner, and Halenda (BJH) method (THOMMES et al., 2015).
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2.4 BATCH ADSORPTION EXPERIMENTS

The dye used as a model compound was Reactive Red 141 (RR141) (CAS number
61931-52-0, chemical formula is Cs2H26026SsCl2N14Nag, molecular weight = 1774.15 g mol~
1), extensively used in the textile industry. The optimized chemical structure of the dye is

shown in Figure. 2.

Figure 2— Chemical structure of reactive red 141.

Chemical Formula: Cs2H26Cl2N14NasO26Ss
Molecular Weight: 1774.150
Elemental Analysis: C, 35.20; H, 1.48; CI, 4.00; N, 11.05; Na, 10.37; O, 23.45; S, 14.46

The experiments were carried out in a thermostatted shaker (SOLAB, SL 222,
BRAZIL) at 250 rpm. The pH effect on the dye removal was examined for raw pecan nutshell
and its biochar. The studied pH was from 2.0 to 8.0, adjusted by the addition of HCI or
NaOH. 0.05 g of adsorbent was added to 50 mL of dye aqueous solutions with initial
concentration of 50 mg L™* and stirred at 25 °C for 4 h. For the kinetic studies, 0.05 g of
biochar was added to 50 mL of dye aqueous solutions at different initial concentrations (50,
100, 200, 300 and 500 mg L™1). The contact time was from 0 to 240 min. For the equilibrium

studies, 0.05 g of biochar was added to 50 mL of dye aqueous solutions with different initial
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concentrations (50, 100, 200, 300, and 500 mg L1) and different temperatures (298—-328 K),
being stirred until the equilibrium.

After all of the experiments, the solid phase was separated by filtration using a filter
paper (with negligible interaction with the dye) and, the dye concentration in liquid phase was
determined by spectrophotometry at the maximum wavelength of absorption (Amax = 538
nm) using a spectrophotometer (BIOSPECTRO, SP-22, BRAZIL). The experiments were
carried out in triplicate and blanks were performed. The dye removal percentage (R, %),
adsorption capacity at any time t (q,, mg g~!) and the equilibrium adsorption capacity (q., Mg

g 1), were determined by Equations. (1)—(3), respectively:

R= G =) 10, 1)
Co
V(C, — C
qc = % ©)
V(Cy — Cq
Je = % (3)

where, C, is the initial dye concentration in liquid phase (mg L), C, is the dye concentration
in liquid phase at any time (mg L), C, is the equilibrium dye concentration (mg L), m is

the amount of adsorbent (g) and V is the volume of solution (L).

2.5 KINETIC, EQUILIBRIUM, AND THERMODYNAMIC STUDIES

The Kinetic aspects involved in the adsorption of RR141 onto biochar was studied
using pseudo—first order (Equation (4)) (LAGERGREN, 1898), pseudo-second order
(Equation (5)) (HO AND MCKAY, 1998) and Elovich (Equation (6)) (ZELDOWITSCH,
1934) models.

qe = q1 (1 — exp(—k4t)) %)

1
T (/kdD + (t/qy)

dt (5)
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1
qc = gln(l + abt) (6)

where, k; and k, are the rate constants of pseudo—first order and pseudo—second order
models, respectively, in (min™t) and (g mg™ mint), q; and q, are the theoretical values for
the adsorption capacity (mg g), b is the initial velocity due to dg/dt with g, = 0 (mg g
min1), b is the desorption constant of the Elovich model (g mg ™) and t is the time (min).

The adsorption equilibrium isotherms were adjusted using the Freundlich (Equation
(7)) (FREUNDLICH, 1906) and Langmuir (Equation (8)) (LANGMUIR, 1918) models.

Qe = kpC/" 7)
quLCe

= — 8

Qe 1+ k. Ce ®)

where q,, is the maximum adsorption capacity (mg g2), k. is the Langmuir constant (L mg-
Y, kg is the Freundlich constant (mg g~)(mg L) and 1/n is the heterogeneity factor.

Experimental data obtained for the adsorption of RR141 onto biochar were used to
calculate the thermodynamic parameters. Standard Gibbs free energy change (AG°) (kJ mol
1), standard enthalpy change (AH®) (kJ mol?), and standard entropy change (AS®) (kJ mol
K1) were estimated, as follows (LI1U, 2009):

AG® = —RTIn(pykp) (9
In(pu k) = AS®  AH° 10

where, kp is the equilibrium constant (L g1), p,, is the solution density (g L), T is the
temperature (K), and R is the universal gas constant (8.314 J mol™* K1). The kp values were
estimated from the isotherm model that provided the best fit (LIU, 2009).

2.6 PARAMETERS ESTIMATION
The Kinetic, equilibrium, and thermodynamic parameters were determined by fitting
the models with the experimental data, using nonlinear regression. The quasi—Newton

estimation method was used and the calculations were performed using Statistica 9.1 software
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(STATSOFT, USA). The determination coefficient (R?), adjusted determination coefficient
(R%4j), and average relative error (ARE) were used to evaluate the fit quality (EL-KHAIARY
AND MALASH, 2011).

3 RESULTS AND DISCUSSION

3.1 CHARACTERIZATION OF PECAN NUTSHELL AND BIOCHAR

The physical and chemical properties of pecan nutshell and its biochar are shown in
Figures. 3 and 4. The X-ray diffraction patterns were measured to investigate the crystal
phase compositions of the pecan nutshell and its biochar. XRD diffraction patterns are shown
in Figure 3a and not the crystalline phase was observed in both materials. Therefore, it can be
stated that pecan nutshell and its biochar have an amorphous structure. The amorphous
structure is in general adequate for dye adsorption purposes. An amorphous adsorbent have a
more disorganized structure, with more empty spaces. This type of structure allows the
accommodation of the large dye molecules into the adsorbent surface (CRINI AND BADOT,
2008).

The biochar yield was around 30%, which is consistent with the ash and carbono
content for the biochars from pecan nutshell, according to Aldana et al. (2015). Moreover, the
biomasses generally have a volatile matter content of approx. 70%. The biochar yield shows
that the pyrolysis of the raw sample was complete, eliminating all volatile matter. Therefore,
producing a biochar composed of carbon and ash, with a high yield and probably high surface
area. This result will be corroborated in the FTIR and surface area analysis.

The FTIR vibrational spectra of raw pecan nutshell and its biochar are reported in
Figure 3c and d, respectively. The main intense bands in Figure 3c were found at 3400 cm?,
2943 cmt, 1620 cm?, and 1030 cm™. Most of the bands are similar in relation to the FTIR
spectrum of commercial cellulose (SUAREZ-GARCIA et al., 2002). The band at 3400 cm™
can be assigned to the O—H stretching vibrations of carboxylic acids, phenols, alcohols, or
water and the band at 2943 cm™ was assigned to C—H bond presented in the pecan nutshell
structure (TRAN et al., 2017). At 1620 cm™ the C=C stretching of aromatic rings can be
verified. Finally, at 1030 cm™ might represent the C—O—C of an ether group (JACQUES et
al., 2007). After the pyrolysis process (Figure 3d), the volatile matter was removed from the
pecan nutshell and only the bands at 3400, 1620, and 1030 cm™ remained, but at a lower
intensity. This trend confirms that the volatile matter was removed, corroborating the biochar

yield, and probably increasing the surface area.



40

As shown in Figure 3b, the N2 adsorption isotherm is a Type | according to the IUPAC
classification (THOMMES et al., 2015), which is a typical characteristic of microporous
materials. Furthermore, a wide knee (hysteresis loop not well defined) is present in the
adsorption/desorption isotherms, characterizing the presence of mesopores. From the pore
size distribution data, the presence of micropores and mesopores with dimensions below 25 A
as observed. Finally, the biochar presented a high BET surface area (93 m? g1), high total
pore volume (0.055 cm® g*), and an average pore size of 12 A. Usually, pyrolytic chars
prepared from waste at temperatures from 450 to 1000 °C exhibit specific surface areas in the
range of 78-90 m? gt (LI et al., 2005). Furthermore, the biochar presented surface area 40

times higher than its precursor (pecan nutshell, surface area 2.1 m? g2).

Figure 3— (a) XRD spectrum; (b) nitrogen adsorption—desorption isotherms and the Barrett—
Joyner—Halenda desorption pore size distribution (inset); (c) and (d) FTIR spectra of Pecan
nutshell and biochar.
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The biochar SEM images are shown in Figure 4. Cavities and some visible pores were
observed. These SEM images confirm that the pyrolysis process provided important
modifications in the pecan nutshell surface as well as the results of the other characterization
techniques. Protuberances, cavities, and grooves are favorable for adsorption purposes, since
they allow the penetration of the dyes into the adsorbent structure (SOLTANI et al., 2015).
The biochar prepared in this study can be compared with researches from Vaghetti et al.
(2009). They showed that pecan nutshell presented a compact surface with some fissures in its
structure, mainly in the cross section. In addition, Figure 4 illustrates that the biochar
presented an irregular and heterogeneous surface. The biochar particle diameter and the mean
size of the surface cavities were measured on the image and were approx. 60 and 5 mm,
respectively. These cavities are large, allowing for the penetration of dye molecules into the
lignocellulosic structure and then interaction with the surfasse groups (BRITO et al., 2010).

In general lines, Figures. 3 and 4 revealed that the biochar prepared from pecan
nutshell presented improvements in the physicochemical characteristics in relation to the raw
pecan nutshell. Characteristics such as, surface area, pore volume, and average pore radius

were increased and important modifications on the adsorbent surface were visualized.
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Figure 4— SEM images of the biochar showing (a) and (b) the particle and (c) and (d) the
cavities of the material.
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3.2 pH EFFECT

The adsorption of RR141 on raw pecan nutshell and its biochar was examined from
pH 2.0 to 8.0. The results are depicted in Figure 5. For both adsorbents, it was observed that
the dye removal percentage increased with the pH decrease, being the best results obtained at
pH 2-3. This occurred because under acid conditions (pH 2 or 3) the adsorbents are positively
charged. In parallel, the RR141 anionic dye (Figure 2) has several sulfonated groups (the pKa
of these groups are negative), which are negatively charged. Therefore, the negatively charged
dye molecules are attracted by the positively charged groups on the adsorbents surfaces,
increasing the dye removal percentage. In general, this behavior is common for anionic dyes,
as presented by Gomes et al. (2016) in the adsorption of tannery dyes (optimum pH was 2.3)
and Subramani and Thinakaran (2017) in the adsorption of RR198 (best pH was 4.0).

Figure 5 shows that the dye removal percentage was 85% using the biochar as an

adsorbent, and was only 23% when raw pecan nutshell was used. This confirms that the



44

biochar preparation is na excellent alternative to improve the adsorption characteristics of the
pecan nutshell biomass. This result can be explained on the basis of the changes of the pecan
nutshell physicochemical characteristics, which occurred as a result of the biochar
preparation. For example, the volatile matter was removed, pores and cavities were formed,
and the surface area increased from unities (2.1 m? g%) to 93 m? g%,

Figure 5- Influence of pH on the reactive red 141 removal percentage using pecan nutshell
and biochar as adsorbents.
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From the above results, it was demonstrated that the biochar was more efficient than
raw pecan nutshell at adsorbing RR141, and the more adequate pH was 2.0-3.0. In this way,
Kinetic, equilibrium, and thermodynamic studies (next sections) were performed at pH 3.0
using only the biochar.

3.3 ADSORPTION KINETICS

The adsorption Kinetic curves of RR141 onto the biochar were constructed at pH 3.0
and initial dye concentrations of 50, 100, 200, 300, and 500 mg L. The results are shown in
Figure 6.

Typical kinetic curves were obtained, where, an initial fast step was observed until 10
min. The adsorption rate gradually decreased until 50 min. For all initial dye concentrations,
the equilibrium was attained within 80 min. Moreover, it was found that the increase in initial
dye concentration provided an increase from 40 to 130 mg g* in the adsorption capacity.
These results are interesting from the practical viewpoint, since more than 80% of saturation

was reached within 10 min.
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To better understand the kinetic profile, pseudo—first order (Equation (4)), pseudo—
second order (Equation (5)), and Elovich (Equation (6)) models were fitted with the
experimental data. The kinetic parameters for the reactive red 141 adsorption onto biochar are
shown in Table 1.

The higher values of R? (R? > 0.994) and R%gj (R%gj > 0.993) and the lower values of
ARE (ARE < 2.00%) shown in Table 1 revealed that the pseudo—second order model was the
more suitable to represent the adsorption kinetics. This model was also adequate to represent
the adsorption kinetics of anionic dyes on chitosan/polyamide nanofibers (DOTTO et al.,
2017). As expected, the q, parameter increased with the initial dye concentration, indicating
that the adsorption capacity was higher at 500 mg L1, Similar trend was found for the h,
parameter (Table 1), indicating that at the initial stages, the adsorption was faster at 500 mg
L. Furthermore, it was verified that, for all initial concentrations, q, closed very well with
the experimental value (q. (exp)) (Table 1). This confirms the good fit of the pseudo—second

order model.

Figure 6- Effect of the contact time on the adsorption capacity of reactive red 141on the
biochar at different initial concentrations (pH = 3.0 and 298 K).
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Table 1- Kinetic parameters for the adsorption of reactive red 141 on the biochar.

Biochar sample

Kinetic model 50 100 200 300 500
Pseudo—first order

q (Mg gd) 42.18 59.37 77.63 107.77  127.80
ki (minY) 04651  0.4697 0.2499 0.2890  0.3436

ARE (%) 1.95 1.62 4.71 2.36 2.08
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Table 1- Kinetic parameters for the adsorption of reactive red 141 on the biochar.
(Continuation)

Biochar sample

Kinetic model 50 100 200 300 500

R? 0.9919 0.9945 0.9659 0.9900 0.9885
R%q 0.9912 0.9940 0.9628 0.9890 0.9875
Pseudo—second order

g2 (mgg?) 42.98 60.38 81.08 111.19  131.15
k2x10% (g mgt min!)  0.0343 0.0268 0.0060 0.0061 0.0069

ho (mg g~* min?) 63.36 97.70 39.69 76.47 119.50
ARE (%) 0.99 0.85 1.86 0.62 0.99

R? 0.9981 0.9985 0.9943 0.9990 0.9973
R%dj 0.9979 0.9984 0.9938 0.9989 0.9971
Elovich

a(mg g min?) 0.6347  0.4440 0.1904 0.2013  0.1791

b (g mg?) 1.11E+10 1.0612E+10 1.83E+05 1.62E+08 6.676906E+08
ab (mint) 7.07E+09 4.71E+09 3.48E+04 3.27E+07 1.20E+08
ARE (%) 1.12 1.45 2.07 2.78 2.65

R? 0.9977 0.9959 0.9932 0.9853 0.9881
R%d 0.9975 0.9955 0.9926 0.9840 0.9870

e (exp) (mg g?) 43.95 61.48 81.22 109.49 129.68

3.4 ADSORPTION ISOTHERMS

The adsorption isotherms were obtained at 298, 308, 318, and 328 K. The curves are
shown in Figure 7. It was found that the isotherms presented a curved portion at lower C,
values and after, the adsorption capacity tends to increase progressively. The curved portion
was more pronounced at 298 K. This is a typical L1 type isotherm (GILES et al., 1960) and
suggests that all the adsorption sites were not completely occupied. In addition, it was verified
that the adsorption was favored by the temperature decrease, being the maximum values
reached at 298 K. This behavior can be related with the RR141 solubility, which is higher at
higher temperatures. As a consequence, at higher temperatures, the RR141 has a greater
attraction for the water molecules, decreasing the adsorption capacity. A similar trend was
found by Dotto et al. (2016) in the adsorption of amaranth and methylene blue dyes using
chitosan hybrid films as adsorbent.

Freundlich and Langmuir models were used to interpret the adsorption equilibrium.
The equilibrium parameters for the adsorption of reactive red 141 onto the biochar are
presented in Table 2. From the statistical indicators (R?, R%gj, ARE), it was verified that for
the temperatures of 308, 318, and 328 K, both models were suitable to represent the
isotherms. However, it is clear that at 298, only the Freundlich model can represent the

experimental data. Therefore, the Freundlich model was selected as the more adequate to
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represent the adsorption of reactive red 141 on the biochar. The kg constant (Table 2)
increased with the temperature decrease, confirming that the adsorption was favored at 298 K.
Otherwise, the heterogeneity factor (1/n) increased with the temperature (Table 2).

Figure 7— Equilibrium curves for adsorption of reactive red 141 onto the biochar.
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Table 2— Equilibrium parameters for the adsorption of reactive red 141 onto the biochar.

Temperature (K)

Isotherm model

298 308 318 328
Freundlich model
ke(mg gt) (mg L) e 21.49 4.95 1.89 1.93
1/ne 0.3012 0.5376 0.6356 0.6191
R? 0.9838 0.9928 0.9915 0.9899
R%q 0.9798 0.9910 0.9894 0.9874
ARE (%) 6.44 5.03 2.69 7.85
Langmuir model
gm(mg g?) 129.47 173.00 151.76 135.48
ke (L mg™) 0.0269 0.0055 0.0031 0.0033
R? 0.8958 0.9966 0.9990 0.9985
RZadj 0.8698 0.9958 0.9988 0.9981
ARE (%) 16.28 4.62 1.98 2.09

Table 3— Comparison between the new biochar and other adsorbents used for the adsorption
of reactive red 141.

Adsorbent pH T (°C) gmax (Mg g 1) Reference

Biochar 3.0 35 130.0 This work

Chitosan 5.0 — 442.6 VANAAMUDAN (2015)
nano clay composite

Wood-shaving — 30 24.3 LEECHART et al. (2009)
bottom ash/H,O

Activated carbon — 30 41.5 LEECHART et al. (2009)
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Table 3— Comparison between the new biochar and other adsorbents used for the adsorption of reactive

red 141.

(Continuation)
Adsorbent pH T (°C) gmax (Mg g 1) Reference
Wood-shaving — 30 29.9 LEECHART et al. (2009)
bottom ash/H2SO04
Hydrotalcite 2.0 — 320.5 VANAAMUDAN (2015)
Modified chitin 11.0 30 124.0 DOLPHEN et al. (2007)
Chitin 11.0 30 133.0 DOLPHEN et al. (2007)
Peanut shell 2.5 25 284.5 GEORGIN et al. (2016)
[C8MIM]-Fes04 2.5 S 714 KAMRAN et al. (2014)
particles
Ecological adsorbent 5.0 25 78.74 VASQUES et al. (2009)
Metal hydroxide 8.0-9.0 30 56.18 NETPRADIt et al. (2003)
sludge
Papaya seeds 2.5 25 73.26 FOLETTO et al. (2013)
Treated palm shell 2.0-9.0 50 13.95 SREELATHA et al. (2011)
Chitosan 4.0 50 22.48 SREELATHA et al. (2011)
Banana peel — — 0.76 SREELATHA et al. (2012)
Treated banana peel — — 0.95 SREELATHA et al. (2012)
Sawdust — — 2.12 SREELATHA et al. (2012)
Sonicated sawdust e S 2.39 SREELATHA et al. (2012)
Orange peel e S 5.12 SREELATHA et al. (2012)
Treated orange peel —— S 5.40 SREELATHA et al. (2012)
TiO> — — 5.14 SREELATHA et al. (2012)
Sonicated TiO; — — 5.46 SREELATHA et al. (2012)

2 Maximum adsorption capacity.

In order to verify the suitability of the new biochar as adsorbent, a comparison with

other adsorbents was performed. The results are presented in Table 3. Among the 24

adsorbents used to remove RR141 (Table 3), the new biochar produced in this work presented

the fifth maximum adsorption capacity. Furthermore, the new biochar was superior in relation

to the activated carbon (the most common used adsorbent). This indicates the biochar from

pecan nutshell is a promising adsorbent that can be used to remove RR141 from aqueous

media. In addition, this adsorbent presents the following advantages: low-cost, since it is

derived from a zero cost waste material by a simple processing; eco—friendly, since its

preparation helps the management of pecan nutshell wastes; efficiency, since the removal

percentage was approx. 85% and fast kinetics, since more than 80% of saturation was reached

within 10 min.
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3.5 ADSORPTION THERMODYNAMICS
The adsorption thermodynamics was evaluated according to the values of standard
Gibbs free energy change (AG®), standard enthalpy change (AH?), and standard entropy

change (AS°). These values are shown in Table 4.

Table 4— Thermodynamic parameters for the adsorption of reactive red 141 onto the biochar.

Temperature (K) AG? (kImolh?  AHO (kI mol)?  ASP (kJ mol?t K12

298 —20.18+0.05
308 ~17.52+0.12

318 ~16.21+0.03 ~56.42+0.10 ~0.12+0.01
328 ~16.62+0.01

2 meanzstandard error (n=3).

The negative AG® values indicated that the RR141 adsorption onto the biochar was a
spontaneous and favorable process. The AG® values were more negative at 298 K, confirming
that the adsorption was favored by the temperature decrease. The negative AS® values
indicated that the disorder in solid/liquid interface decreased after the adsorption process. The
negative AH® corroborated the RR141 adsorption onto the biochar was exothermic in nature.
From the magnitude of AH® is possible to infer about the adsorbent/adsorbate interactions.
Bonding forces lower than 40 kJ mol refer to physisorption while forces higher than 40 kJ
mol? refer to chemisorption. In this sense, we can infer that chemisorption occurred in the
RR141 adsorption onto the biochar. To support this statement, desorption tests were made
with NaOH and HCL (from 0.1 to 10 mol L), NaCl, and acetone. No desorption was
observed independente of the used eluent, confirming the strong interaction between the dye

and the biochar.

4 CONCLUSION

In this research, a new biochar was produced from pecan nutshells and used as
alternative adsorbent to remove RR141 dye from aqueous solutions. The biochar yield was
approx. 30% and its characteristics were superior in relation to the precursor (pecan
nutshells). The biochar presented an amorphous and micro/mesoporous structure, with surface
area of 93 m? g2, total pore volume of 0.055 cm® g* and particle diameter around 60 mm.
Cavities and protuberances were observed on the surface. The adsorption was favored at pH
of 3.0. A comparison between the biochar and its precursor revealed that the dye removal

percentage was 85% using the biochar, and was only 23% when raw pecan nutshell was used.
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The adsorption kinetics followed the pseudo—second order model and 80% of saturation was
attained within 10 min. The Freundlich model was the best to represent the adsorption
equilibrium. The maximum adsorption capacity was around 130 mg g. The adsorption of
RR141 onto the biochar was a spontaneous, favorable, and exothermic process, being that
chemical bonds occurred between the dye and the adsorbent. From the cleaner production
viewpoint, the development of a biochar from pecan nutshells and its application as adsorbent,
presented a synergistic effect: It was possible aggregate value to the pecan nutshells thought
the biochar preparation, contributing to the solid wastes management; and, the biochar was an
efficient, low—cost, and eco—friendly adsorbent to be used in the removal of RR141 from

aqueous media, contributing with the treatment of liquid effluents.
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ABSTRACT

Chitin was used to prepare an alternative, eco—friendly and low—cost adsorbent by a simple
pyrolysis process. The adsorbent, named chitin derived biochar, was characterized and
applied to treat colored effluents containing methyl violet dye (MV). Pyrolysis using N2 flow
rate of 0.25 L min™%, heating rate of 10 °C min~* until 800 °C was suitable to prepare a chitin
derived biochar with good characteristics. Chitin derived biochar presented surface area of
275.0 m?> g1. The MV adsorption on the chitin derived biochar was favored in alkaline
conditions and ambient temperature. The adsorption process presented fast kinetics and, the
maximum adsorption capacity was higher than 1000 mg g*. Chitin derived biochar can be
used for 7 consecutive adsorption/desorption cycles maintaining the same adsorption capacity.
Also, the material was suitable to treat colored effluents, reaching color removal percentage of
95%. In brief, it was demonstrated that chitin derived biochar is a low—cost and efficient

material to treat colored effluents.

Keywords: Adsorption. Biochar. Chitin. Dyes. Pyrolysis.

1 INTRODUCTION

The inadequate disposal of colored effluents is a well know environmental problem.
These effluents contain dissolved organic dyes which can cause several damages to the
aquatic biota [1]. Organic dyes are characterized by a complex structure, presenting aromatic
rings, and for this reason, its degradation is difficult [2]. Specifically, methyl violet (MV) is a
cationic dye of the triarylmethane class, widely utilized in the textile industry for coloring
natural fibers [3]. The indiscriminate use of dyes has caused the generation of large volumes
of colored effluents, which in turn, are an environmental concern [4]. Then, many physical,
chemical, biological and hybrid techniques have been developed and extensively used to treat
colored effluents [5]. Among these techniques, adsorption is normally highlighted, since is
efficient, has low cost and is of easy operation [6].

In the field of dyes adsorption, activated carbon is the most common used adsorbent
[7], but, its activation process and regeneration are costly [8]. Several alternative adsorbents
are being tested in the last years to remove dyes from aqueous media [9-11]. ‘‘Biochars” are a

class of alternative adsorbents, which are normally produced by heating crop wastes, wood or
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other biomasses in oxygen—limited conditions [12]. ‘‘Biochars” are competitive adsorbents
because possesses interesting textural characteristics and also functional groups, even without
additional steps of activation in the preparation process [13]. In this context, several biochars
have been produced from different precursors and applied for dye removal from aqueous
solutions [14-18]. Until now, the potential of chitin as precursor for the biochar production
and its application to treat colored effluents is little investigated.

Chitin is a natural and abundant material, which can be found as waste of fishery
industries [19]. Considering the high amount of carbon and inherent functional groups,
recently, some studies reported the use of chitin as precursor to produce carbon derived
materials, including biochar [20-22]. The chitin pyrolysis was studied by Wanjun et al. [20]
and the thermal degradation occurred from ambient temperature to 600 °C under N
atmosphere. Yuan et al. [21] developed an activated carbon sheet from chitin, which was an
interesting material for electrocatalytic applications. Magnacca et al. [22] prepared biochar
from chitin for energetic and environmental applications. They found biochars with surface
area around 330 m? g*. Good efforts have been made in this context, as demonstrated in the
cited literature [20-22]. In spite of the above mentioned investigations, studies regarding the
preparation of chitin derived biochar and its application as adsorbent to treat colored effluents,
taking into account, equilibrium, Kinetic, thermodynamic and reusability are still scarce.

This work aimed to evaluate the potential of chitin to produce a biochar, using a
simple pyrolysis process, and apply the chitin derived biochar to treat colored effluents
containing methyl violet dye. Chitin derived biochar was produced and characterized by
several techniques. For comparison, chitin was also characterized. The potential of chitin
derived biochar as adsorbent to treat colored effluents containing methyl violet dye was
extensively evaluated. For this purpose, the factors affecting adsorption of methyl violet on
chitin derived biochar were evaluated by response surfasse methodology (RSM), Kinetic,
equilibrium and thermodynamic ways. The reusability of the adsorbent was tested using
consecutive adsorption/desorption tests. Chitin derived biochar was also used to treat

simulated dye house effluents.
2 MATERIAL AND METHODS
2.1 MATERIALS AND REAGENTS

Chitin with deacetylation degree of 45% was obtained from shrimp (Penaeus

brasiliensis) wastes according previous work [23]. Samples were washed with deionized
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water, dried at 60 °C for 8 h, ground and sieved. Particles lower than 710 mm were used for
the biochar preparation. N2 was from White Martins. All inorganic salts, acids and alkalis
were from VETEC (Brazil). The target dye molecule used in the adsorption experiments was
methyl violet 10B (MV) (purity of 99%, color index 42555, molecular weight of 407.98 g
mol™; Amax = 590 nm) from INLAB (Brazil). A MV stock solution of 1.00 g L™* was prepared
and all the adsorption experiments were realized by diluting this solution. Distilled water was
used for the adsorption experiments.

2.2 PREPARATION AND CHARACTERIZATION OF CHITIN DERIVED BIOCHAR

The shortened scheme for preparation and characterization of the materials is depicted
in Figure 1. Chitin derived biochar was prepared from chitin via pyrolysis process. A quartz
reactor was charged with approximately 50 g of chitin and the system was run under nitrogen
gas (N2) at 0.25 L min~t. The heater temperature was increased at a rate of 10 °C min! until
800 °C, being held at 800 °C for 60 min and allowed to cool still under N> flow until room
temperature. The biochar was collected and its weight was determined to calculate the yield.
The pyrolysis conditions were based in preliminary tests and literature [14, 15]. The complete
pyrolysis apparatus is presented in our previous work [14].

Chitin and chitin derived biochar were characterized by several techniques. The
structure and morphology was verified by scanning electron microscopy (Jeol, JSM-6610LV,
Japan). The functional groups were verified by Fourier transform infrared spectroscopy (FT—
IR) (Prestige, 21210045, Japan). X-ray diffraction (XRD) (Rigaku, Miniflex 300, Japan) was
used to verify the materials structure. N. adsorption/desorption isotherms were performed to
obtain the surface area, pore volume and pore diameter of the materials (QUANTACHROME
INSTRUMENTS, NOVA 1200E, USA). The carbon, hydrogen, and nitrogen contents were
determined using na elemental analyzer (ELEMENTAR, VARIO MACRO CUBE,
GERMANY) [24]. Also, the point of zero charge of both materials was determined by the

eleven point’s experiment.
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Figure 1— Scheme of pyrolysis process and materials characterization.
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2.3 ADSORPTION TESTS

The potential of chitin derived biochar to adsorb MV dye was evaluated by adsorption
tests, which were carried out in batch mode (MARCONI, MA 093, BRAZIL) at 260 rpm
using 50 mL of dye solutions. These assays were performed in three steps: (I) the effects of
pH (3.0, 6.0 and 9.0) and adsorbent dosage (0.50, 0.75 and 1.00 g L) were first evaluated.

Dye solutions (50 mg L) were placed in Erlenmeyer flasks and the pH was adjusted to the

desired conditions using NaOH or HCI. Pre—determined amounts of chitin derived biochar
were put in the flasks, which were stirred at 298 K for 2 h; (I1) kinetic curves were obtained
using the best pH and adsorbent dosage above determined. In this case, the initial dye
concentrations were 30, 50, 100, 200 and 300 mg L. Solutions were agitated at 298 K and
the contact time ranged from 0 to 120 min; (1I1) finally, equilibrium isotherms were
constructed at 298, 308, 318 and 328 K with initial dye concentration range from 0 to 500 mg
Lt Solutions were stirred until the equilibrium, which was considered after three equal
measurements of dye concentration in liquid phase.

The quality of the experimental data was ensured by blank tests and triplicates. Also,
all adequate procedures like storage and cleaning of the adsorbent, solutions and recipients
were performed [25]. The measurements of MV concentration in liquid phase were carried
out in a spectrophotometer at 590 nm (SHIMADZU, UV MINI 1240, JAPAN). The
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adsorption of MV on chitin derived biochar was evaluated in terms of dye removal percentage
(R, %), equilibrium adsorption capacity (q., mg gt) and adsorption capacity at any time (q,

mg g1). These values were obtained by simple global mass balance [26].

2.4 OPTIMIZATION BY RESPONSE SURFACE METHODOLOGY

A 32 factorial design was performed to optimize the MV adsorption. The independent
variables were pH (3.0, 6.0 and 9.0) and adsorbent dosage (0.50, 0.75 and 1.00 g L™1). The
response variables were dye removal percentage (R, %) and equilibrium adsorption capacity
(9e, Mg g1). The response variables were represented according to a quadratic model. The
quality of this model was evaluated by analysis of variance (ANOVA), F-test and coefficient
of determination (R?). The representation of the results was performed using Pareto charts and
response surfaces [26].

2.5 KINETIC, EQUILIBRIUM AND THERMODYNAMIC EVALUATION

MV adsorption on chitin derived biochar was evaluated according to the Kinetic,
equilibrium and thermodynamic aspects. For this purpose, some conventional models
presented in literature were employed, as presented in Table 1 [27-32]. The parameters in
Table 1 were estimated through nonlinear regression, minimizing the least squares function.
Statistic 9.1 software (Statsoft, USA) was used for the calculations. Coefficient of

determination (R?) and average relative error (ARE) were used to verify the fit quality [33].

Table 1- Kinetic, equilibrium and thermodynamic equations used to study the MV adsorption
on chitin derived biochar.

Equation Parameters* Reference
Kinetic
] ki (min™)
Pseudo—first order =q1(L—exp (—kgt K 26
qt =q2(l—exp (—k1t)) 0z (mg oY) [26]
t 1 min-1
= ko (g mg™ min™)
Pseudo—second order Yt 27
Ukad)+Wa2)  Ga(mgg?) 271
Isotherm
: _9dmkLCe gm (Mg g7%)
Langmuir Je = 1+K Co ke (L mg™1) [28]
: ke (Mg g~ *)(mg L) *
_ 1/n F
Freundlich Qe = KECe n [29]
g, (kgqCe )9 Qo (Mg g™)
Liu de —M ke (L Mg™) [30]

) 1+(kgce)g g
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Table 1- Kinetic, equilibrium and thermodynamic equations used to study the MV
adsorption on chitin derived biochar.
(Continuation)

Equation Parameters* Reference

Thermodynamic

AG® = —RTIn(K,)
AG® = AH? — TAS®  AG® (kI mol™)
KM MV AHP (kJ molfl) [31]
Ke=-9- W AS° (kJ molt K1)
Y

*01, g2=theoretical adsorption capacities. ki, ko=rate constants. gm, gg=maximum adsorption
capacities. ki, kr, kg=isotherm constants. g, 1/n=exponents. T=temperature (K). R=universal
gas constant (8.314x10° kJ mol? K). Ke=thermodynamic equilibrium constant.
Mw=molecular weight of MV dye (mg mol?), yMV=activity coefficient of MV dye in solution
(dimensionless) and vy the unitary activity coefficient of MV (1 mol L™1). It was assumed that
the solution is sufficiently diluted in order to consider yMV=1. AG®, AH® and AS°=standard
values of Gibbs free energy, enthalpy and entropy, respectively.

2.6 ADSORPTION/DESORPTION CYCLES

The reusability of chitin derived biochar was evaluated performing several
adsorption/desorption cycles [25, 26]. Firstly, the more adequate eluent was selected as
follows: the MV loaded adsorbent (from the best adsorption condition) was inserted in 50 mL
of different eluents (CH3COOH, H,S04) at different concentrations (0.1, 0.5 and 1.0 mol L™%).
The mixture was stirred at 260 rpm for 30 min and the dye concentration in liquid phase was
measured (SHIMADZU, UV MINI 1240, JAPAN). Secondly, using the best eluent in the
more adequate concentration, this procedure of adsorption/desorption was carried out 10

times. The results were presented in terms of desorption percentage (D, %) and adsorption

capacity (g, mg g ?).

2.7 TREATMENT OF COLORED EFFLUENT

Chitin derived biochar was tested to treat a simulated colored effluent, containing
some dyes and inorganic compounds. The effluent was synthetized in laboratory with the
composition based on the literature as follows [34]: 100 mg L™ of MV dye, 50 mg L of
methylene blue, 50 mg L of malachite green, 50 mg L™* of NaCl, 50 mg L of Na,COs and
20 mg Lt of NaHCOs;. Chitin derived biochar (5.0 g L) was inserted in 100 mL of the
simulated effluent and, the mixture was stirred for 2 h at 260 rpm and 298 K. Then, the
solid/liquid separation was carried out by centrifugation for 5 min at 3000 rpm. The effluents
before and after the treatment were submitted to spectrophotometric scanning in the visible
light region (SHIMADZU, UV MINI 1240, JAPAN). The efficiency of the treatment (E, %)
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was measured comparing the areas below to the spectrophotometric curves, before and after
the treatment. The areas below to the curves were estimated by integration using the origin
software (ORIGIN PRO 2016) [34].

3 RESULTS AND DISCUSSION

3.1 CHARACTERISTICS OF CHITIN AND CHITIN DERIVED BIOCHAR

Firstly, the yield of biochar from chitin was calculated and it was approximately
27.3%. Subsequently, the material produced was characterized by FT-IR, XRD, SEM and N>
adsorption/desorption isotherms. A comparison between the precursor material (chitin) and
the adsorbent produced (chitin derived biochar) was carried out to verify if the production
process (pyrolysis) is adequate for the production of adsorbents from chitin.

Before the discussion it is important to explain why the process occurred at 800 °C.
According the literature, the chitin termal decomposition occurred in two steps [35, 36]. First
weight loss was due to the evaporation of water from hydrophilic groups in chitin chains [37].
The second weight loss corresponds to the degradation of polymeric structure, between 350
and 400 °C, i.e., saccharide ring dehydration and deterioration of acetylated chitin units [38,
39]. Furthermore, according to Agrafioti et al. [40], biochar produced at low temperatures is
suitable for agricultural uses, while higher temperatures can improve its porosity and thus
enhance its effectiveness in adsorbing. Based in previous studies for adsorbent production
from pyrolysis process [14, 15], it was selected a temperature of 800 °C for this study, aiming
the production of a material with surface area and porosity competitive with other adsorbents.

The FT-IR vibrational spectra of chitin and chitin derived biochar were showed in
Figure 2 and the relevant bands were presented in Table 2. The FT-IR spectrum of chitin
before pyrolysis displays the narrow peaks assigned to the crystalline polysaccharide
structure. The sample obtained after pyrolysis evidence the loss of all the main relevant bands
associated to chitin functional groups. After pyrolysis process maintain the bands at 3439 cm™
12843 cm, 1667 cm™, 1032 cm™, which could be associated with the presence of O—H and
N-H, C-H, C=0 (acetamido moietie — amide 1), C-O-C, respectively [41, 42]. This fact
occurred because during the pyrolysis process, the volatile matter is removed and probably
increases the surface area and the porosity of the material.

According to the literature [43], the degradation mechanism of chitin favored the
formation of H.O, CO2, CO, and CH3COOH. The elemental composition changes during the

pyrolysis process were reported in Table 3. The carbon content increased from 41.05% to
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81.30%. Looking at some previous studies, the N% value has been recorded as 6.24% for
shrimp shell chitin, 6.45% for beetle [44], 6.20% for the purified crab chitin [45] and
commercial chitin from Sigma Aldrich 6.13% [46]. In this study it was determined a similar
value for chitin nitrogen content and, due to thermal degradation this value decreases after the
pyrolysis as occurred with hydrogen and oxygen.

Figure 2— FT—IR vibrational spectra of chitin and chitin derived biochar.
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Table 2— The relevant bands from FT—IR spectra of chitin and chitin derived biochar.

Functional group and vibration Classification Chitin Chitin derived

modes [41,42] biochar

O-H stretching - 3479 3439

N-H stretchings - 3105-3260 —

CHs sym. stretch and Aliphatic 2945 2940

CHoasym. stretch compounds

CHs sym. Stretch Aliphatic compound 2886 2843

C=0 secondary amide stretch ~ Amide | 1663 1743

N—H bend, C—N stretch Amide Il 1562 1627

CH2 ending and CHs - 1426 1455

deformation

CH bend, CHs sym. - 1389 1365

Deformation

CH. wagging Amide I, 1307 —
components of

protein
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Table 2— The relevant bands from FT—IR spectra of chitin and chitin derived biochar.

(Continuation)

Functional group and vibration Classification Chitin Chitin derived
modes [41,42] biochar
Asymmetric bridge oxygen - 1161 -
stretching

Asymmetric in—phase ring - 1115 -
stretching mode

C-O-C asym. stretch in phase Saccharide rings 1069 1032
ring

C-O asym. stretch in phase - 1005 -

ring

CHs wagging Along chain 941 -

CH ring stretchings Saccharide rings 887 873

Table 3— Elemental analysis of chitin and chitin derived biochar.

Material C (%) H (%) N (%) O* (%)
Chitin 41.05 5.35 6.15 47.45
Chitin derived biochar 81.30 2.15 3.45 13.10

*By difference.

The XRD were measured to investigate the crystalline degree of the samples (see
Figure 3). From the chitin diffractogram, it was possible to observe peaks at 26 = 9.6°, 20 =
19.15° and 26 = 26°. Cardenas et al. [47] characterized chitin from different sources and they
found similar peaks for shrimp chitin (9.22°, 19.18°, 26.18°) with plane (0 2 0), (1 1 0) and (0
1 3), respectively. In the chitin derived biochar diffractogram, these peaks were not observed,
because during pyrolysis, occur the elimination of volatile compounds, due to the breakage of
the weak bonds, which means that there were changes in the structure of the material.

The SEM images are shown in Figure 4. Chitin (Figure 4a), even at magnification of
5000 times, presented no visible cavities. According to Cardenas et al. [47], which studied the
scanning electron microscopy of different parts of the exoskeleton, independent of the part of
the shrimp exoskeleton, the isolated chitin retains its fiber character and in both cases (o—
chitin and B—chitin) a rough surface without porosity is observed, which might be related to
their high molecular packing, with inter or intramolecular hydrogen bonds. It can be noticed
that chitin derived biochar (Figure 4b) presented a porous structure with cavities and
protuberances evidencing an increase of surface area and porosity in the adsorbent material
produced by pyrolysis. Then, from the SEM images, it is possible affirm that the pyrolysis
process was an efficient method to change the structure of chitin giving suitable properties for

application as an adsorbent.
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Figure 3— X—ray diffraction patterns of chitin and chitin derived biochar.
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Figure 4— SEM images of chitin (a) and chitin derived biochar (b).
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SEI  15kV WD10mm  SS45 S5pm

b)

In order to quantify the change in the structure of the material, the surface area is an
important factor that controls the adsorption performance. Osada et al. [41] studied the
physicochemical properties of different chitins (untreated, treated with supercritical water and
mechanochemical grinded). For untreated chitin the BET surfasse areas were approximately
33 m? g~L. Therefore, there is a need to process a chitin because it has no surface area that is
competitive. N2 adsorption—desorption isotherms and pore size distribution curves of the
chitin derived biochar are shown in Figure 5. According to the IUPAC, the N2 adsorption
isotherm showed a Type IV (a) with hysteresis H4 [48]. The hysteresis H4 is often found for
micro—mesoporous materials. This fact is according with the pore size distribution (BJH
method) that evidenced the presence of micropores and mesopores. Chitin derived biochar
presented high BET surface area of (275 m? g1), total pore volume (0.178 cm® g™%) and a
mean pore size of 13 A. Zazycki et al. [14] reported a BET surface area (93 m? g %), total pore
volume (0.055 cm® g') and a mean pore size of 12 A for biochar derived from pecan
nutshells using similar method.

It is then concluded that the pyrolysis process used in this study is suitable to promote
changes in the chitin structure, providing developed porosity and surface area values suitable

for use as na adsorbent.
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Figure 5— N> adsorption—desorption isotherms and pore size distribution curves of the chitin
derived biochar.
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3.2 RSM RESULTS

RSM was used to verify the effects of pH (denoted as A) (3.0, 6.0 and 9.0) and
adsorbent dosage (denoted as B) (0.50, 0.75 and 1.00 g L) on the dye removal percentage
(R, %) and equilibrium adsorption capacity (q., mg g). The experimental and predicted
values of R and ge are provided in Table 4. The observed q. values ranged between 45 and 97
mg gt and the predicted values ranged between 46 and 96 mg g, demonstrating good
agreement. Removal percentage was 90-97% for predicted and observed values, presenting a

high efficiency for all experiments.

Table 4— Experimental and predicted values of dye removal percentage (R, %) and
equilibrium adsorption capacity (qe, mg gt) for the MV adsorption on the chitin derived
biochar according to the RSM.

Coded Dependent Variable
Runs  Variables de (Mg g%) R (%)
A B Observed Predicted Observed Predicted
1 -1 -1 91.8 91.6 91.8 91.2
2 0 -1 95.0 95.2 95.0 95.6

3 1 -1 95.2 96.3 95.2 96.3
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Table 4— Experimental and predicted values of dye removal percentage (R, %) and
equilibrium adsorption capacity (qe, mg g*) for the MV adsorption on the chitin
derived biochar according to the RSM.

(Continuation)

Coded Dependent Variable
Runs Variables 9 (Mg g o) R (%)

A B Observed Predicted Observed Predicted
40 -1 0 61.2 61.0 91.8 91.8
5 0 0 64.4 64.0 96.6 96.0
6 1 0 64.1 64.4 96.2 96.3
7 -1 1 45.6 46.4 91.2 93.0
8 0 1 48.3 48.7 96.6 96.9
9 1 1 48.1 48.4 96.3 97.1
10 -1 -1 91.7 91.6 91.7 91.2
11 0 -1 95.3 95.2 95.3 95.6
12 1 -1 97.3 96.3 97.3 96.3
13 1 0 60.3 61.0 90.4 91.8
14 0 0 63.9 64.0 95.9 96.0
15 1 0 64.9 64.4 97.4 96.3
16 -1 1 475 46.4 95.0 93.0
17 0 1 48.9 48.7 97.8 96.9
18 1 1 48.5 48.4 97.0 97.1

The Pareto chart demonstrated in Figure 6a, for adsorption capacity (q.), shows that
all variables (linear, quadratic and interaction) were significant for the process (p < 0.05). The
estimated values for the isolated effects show the strong linear influence of adsorbent dosage
(2) in relation to the pH (1) linear influence. The negative signal of adsorbent dosage (L)
represents that the increase of this factor caused a decrease in adsorption capacity. In relation
to pH, the positive values of linear and quadratic effects indicated that at pH above 6, the
adsorption of MV dye was favored. This occurred because at low values of pH there is a
competition between the H* ions in solution with the MV cationic dye to occupy the
adsorption sites (main adsorption sites are presented in Table 2). This strong dependence of
adsorption in relation to the pH is an indicative that electrostatic interactions were involved in
the mechanism. Considering the response removal percentage (Figure 6b), Pareto chart
demonstrated that only the variable pH was significant (p < 0.05). The positive signal of pH

(linear and quadratic) represent that MV is better adsorbed at higher pH values.
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Figure 6— Pareto charts for the responses adsorption capacity (a) and removal percentage (b).
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Considering only the significant variables, quadratic models were generated to
represent equilibrium adsorption capacity (q., mg g) and dye removal percentage (R, %).
These models are presented, respectively, in Equations (1) and (2):

de = 63.98 + 1.67A — 1.28A? — 23.27B + 7.97B? — 0.68AB (D)

R =96.18 + 2.29A + 1.92A? (2)
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In these equations, A and B are the coded values of pH and adsorbent dosage,
respectively. To evaluate the potential of these models to predict the experimental values,
ANOVA was performed (table not shown). The coefficient of determination (R?) and the F
value were also calculated. Regarding to the Equation (1), R? was 0.999 and F was 7260,
while the standard F was 3.105. This shows that this model can be used to predict the
adsorption capacity as a function of pH and adsorbent dosage. For the removal percentage
(Equation (2)), R? was 0.789 and F was 25.28, while the standard F was 3.68. For Equation
(2), R? was relatively low, since the non-significant terms were discarded. However, the F
value for the model was around 7 times higher than the standard F, demonstrating that
Equation (2) can be used to predict the MV removal percentage as a function of pH and
adsorbent dosage.

Since the models (Equations (1) and (2)) were predictive, response surfaces were
constructed to represent ge and R as a function of independent variables. These response
surfaces are depicted in Figure 7. It is clear in Figure 7a that the optimal values of adsorption
capacity were found using 0.5 g L™! of chitin derived biochar at pH higher than 6.0. In Figure
7b, it can be verified that the removal percentage was favored at pH values from 6.8 to 9.0
and, was independent of adsorbent dosage. Considering both responses, pH values from 6.8 to
9.0 presented no significant effect. So, pH of 6.8 was considered an optimal value for MV
adsorption onto chitin derived biochar, since is near to the natural pH of the MV solution.
This pH is within the range of textile effluents [49]. The good results in alkaline conditions
can be explained by the cationic character of the MV dye. At higher pH values, the cationic
dye MV has less competition with the H* ions for the available sites of chitin derived biochar.

In relation to the adsorbent dosage, lower values (0.5 g L) provided higher
adsorption capacities (Figure 7a) due to the more effective occupation of the adsorption sites.
Furthermore, the removal percentage (Figure 7b) was not affected by this variable. In this
sense it is reasonable the uses of 0.5 g L™* as an optimal value. Finally, the optimal conditions
for MV adsorption on chitin derived biochar were pH of 6.8 and adsorbent dosage of 0.5 g L~
1. These conditions furnished adsorption capacity of 95.74 mg g* and removal percentage of
96.90%. For comparison, MV adsorption was tested in these conditions, but using chitin. In
this case, adsorption capacity was only 14.88 mg g*. These results justify the preparation of

chitin derived biochar.



Figure 7— Response surfaces for adsorption capacity (a) and removal percentage (b).
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3.3 ADSORPTION KINETIC RESULTS

Figure 8 shows the kinetic curves for the MV adsorption on chitin derived biochar
under different initial dye concentrations. These curves were obtained using adsorbent dosage
of 0.5 g L™t and Ph of 6.8. It can be seen that the adsorption presented a very fast kinetics,
being the equilibriumattained at around 10 min, independente of the initial concentration. This
is interesting for wastewater treatment plants, considering that a high amount of dye is
removed from the liquid in short time intervals.

To better interpret the kinetic curves, the adsorption reaction models of Pseudo—first
order (PFO) and Pseudo—second order (PSO) were fitted to the experimental curves of Figure
8. Table 5 shows that both models were suitable to predict the kinetic curves, taking into
account the R? values near to 1 and, the low values of average relative error (ARE). However,
a detailed analysis of the R? and ARE values shows that PSO model is most suitable to
represent the MV adsorption kinetic on the biochar derived from chitin. Based on the
parameter g, (Table 5), it can be seen that the adsorption capacity was favored at higher
initial dye concentrations. This occurred because at higher concentrations, more available
sites were occupied with the MV molecule. Furthermore, the q, was very close with the
experimental value (q. (exp)) of equilibrium adsorption capacity, confirming the good
prediction of the PSO model. Finally, concerning the rate parameter, it is reasonable the use
of h, instead k, [25]. The initial adsorption rate is given by h,=k,q3 [25]. It was found that
this parameter increased with the initial concentration. This shows that, at the begin of the
process, adsorption was faster at higher MV concentrations. This is due to a higher
concentration gradient between the bulk solution and the adsorbent surface that exist using

higher values of C,.
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Figure 8- Kinetic curves for the MV adsorption on chitin derived biochar under different
initial dye concentrations (adsorbent dosage of 0.5 g L™t and pH of 6.8).
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Table 5- Kinetic parameters for the MV adsorption on the chitin derived biochar.

Initial dye concentration (mg L™)

Kinetic model

30 50 100 200 300
Pseudo—first order
a1 (mg g?) 58.1 95.7 191.3 377.3 554.5
ki (min™1) 0.960 1.000 0.890 0.691 0.592
R? 0.9999 0.9998 0.9998 0.9992 0.9972
ARE (%) 0.17 0.22 0.24 0.62 1.02
Pseudo—second order
qz (mg g?) 58.3 95.9 191.9 380.2 562.0
k2x10® (g mg~t mint)  0.2898 0.1957 0.0637 0.0122 0.0046
ho (mg g min?) 983.6 1800.2 2345.9 1763.3 1453.1
R? 0.9999 0.9999 0.9999 0.9998 0.9994
ARE (%) 0.08 0.14 0.10 0.28 0.47
Oe(exp) (MY g71) 58.2 95.9 191.8 379.5 560.3

3.4 EQUILIBRIUM AND THERMODYNAMIC RESULTS

Figure 9 shows the isotherm curves for the MV adsorption on chitin derived biochar
under different temperatures. These curves were obtained using adsorbent dosage of 0.5 g L™
and pH of 6.8. The curves presented a favorable profile, where, the equilibrium adsorption
capacity increases with the remaining concentration in liquid phase. This indicates that chitin

derived biochar has several available sites to uptake the MV dye. Under the concentration
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range used, a saturation plateau was not observed. This indicates that the adsorbent contains
unoccupied sites and its potential is high. Concerning now the temperature effect, the MV
adsorption was favored at 298 K. The temperature increase from 298 to 328 K, provoked a
decrease in adsorption capacity. This can be related with the MV solubility, which is higher at
higher temperatures. As consequence, at higher temperatures, MV has greater affinity with
water molecules than with the adsorbent.

Figure 9— Equilibrium curves for the MV adsorption on chitin derived biochar under different
temperatures (adsorbent dosage of 0.5 g L™ and pH of 6.8).
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Freundlich, Langmuir and Liu models were used to better interpret the equilibrium
data. The fitting results are presented in Table 6. The Liu model was the most adequate to
represent the adsorption isotherms, considering the lower values of ARE, and the higher
values of R? and R?%;. The parameter related to the adsorption capacity of the Liu model (qg)
increased with the temperature decrease. The higher g, value was 1120.8 mg g, found at
298 K. This is a good value compared with several adsorbents presented in literature reviews
[50, 51]. Thus, the biochar prepared in this work has excellent adsorption capacity. Other
advantages are that the biochar is produced from a low cost and available material (chitin), by

a simple process (pyrolysis).
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Table 6— Isotherm parameters for the MV adsorption on the chitin derived biochar.

Temperature (K)

Isotherm model

298 308 318 328
Freundlich
ke(mgg ™) (mg LY M 72.0 55.8 45.3 33.6
1/n 0.73 0.79 0.80 0.81
R? 0.9945 0.9828 0.9536 0.9563
R%dj 0.9931 0.9785 0.9420 0.9454
ARE (%) 6.70 15.08 24.48 24.36
Langmuir
am(mg g ) 1240.2 1469.4 1463.3 1497.1
k. (L mg?) 0.048 0.033 0.026 0.018
R? 0.9989 0.992 0.9677 0.9692
R 0.9986 0.9900 0.9596 0.9615
ARE (%) 4.80 11.55 22.81 22.99
Liu
qg (mg g™ 1120.8 761.6 618.8 614.4
kg(L mg™) 0.059 0.103 0.114 0.082
g 1.0 1.5 2.1 2.0
R? 0.9999 0.9998 0.9977 0.9967
R 0.9988 0.9998 0.9971 0.9959
ARE (%) 4.98 2.18 6.20 5.69

Standard Gibbs free energy change (AG,), standard enthalpy change (AH,), and
standard entropy change (AS,) were estimated aiming to verify the thermodynamic behavior
of the adsorption process. The values of AG, ranged from —3.08 to —12 kJ mol?. The
negative sign indicated that the MV adsorption onto the chitin derived biochar was a
spontaneous and favorable process. The AS, value was —032 kJ molt K. The negative sign
indicated that the disorder in solid/liquid interface decreased after the adsorption process. The
AH, value was —2.61 kJ mol. The negative sign indicated the exothermic nature of the MV
adsorption on the biochar. The magnitude of AH, indicated physical interactions between MV

molecules and biochar, which are probably hydrogen bonds [52].

3.5 DESORPTION, MECHANISM AND REUSABILITY

Desorption was tested using CH3COOH and H2SOs as eluents, at concentrations of
0.1, 0.5 and 1.0 mol L. Results revealed that CH3COOH was a better eluent than H2SOa.
This is an interesting result from the environmental viewpoint, since CH3COOH is na organic
weak acid, which causes less impact than H.SO.. It was found that 0.5 mol L™ of CH;COOH
was able to remove practically all dye from the biochar within 30 min (desorption percentage

of 98.9%). In this sense, adsorption/desorption cycles were performed using this desorption
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condition. Desorption in acid conditions is in agreement with the influence of pH (section
RSM). This suggests that electrostatic forces are involved in the adsorption. In this sense, two
main forces were involved in MV adsorption on the chitin derived biochar, hydrogen bonds
(see thermodynamics) and electrostatic interactions.

The potential of reusability of chitin derived biochar was verified by performing 10
adsorption/desorption cycles. The results are presented in Figure 10. It can be verified that
chitin derived biochar can be used 7 (seven) times without any loss of adsorption capacity.
The adsorption capacity remained around 95 mg g for seven consecutive cycles. After,
adsorption capacity strongly decreased. These results show that chitin derived biochar has
great potential to be used in several adsorption/desorption cycles, impacting directly in the

operational costs.

Figure 10— Reusability of chitin derived biochar.
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3.6. EFFICIENCY IN THE TREATMENT OF COLORED EFFLUENT

Chitin derived biochar was tested to treat a simulated colored effluent, containing
some dyes and inorganic compounds. The visible spectra of the effluents before and after the
treatment are presented in Figure 11. Comparing both spectra, it is clear that the spectrum of

the effluent after the treatment was strongly amortized, demonstrating the excellent
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performance of chitin derived biochar. The color removal percentage was 95.2%. These
results shows that chitin derived biochar is an efficient adsorbent to be used in the treatment

of colored effluents containing diferente kinds of dyes and also, inorganic compounds.

Figure 11— Visible spectra of the untreated and treated with chitin derived biochar effluents.
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4 CONCLUSION

An alternative, eco—friendly and low-cost adsorbent was developed from chitin by a
simple pyrolysis process, and the material was applied to treat colored effluents containing
methyl violet dye (MV). Based on several characterization techniques, it was verified that
chitin derived biochar presented suitable features for adsorption, including developed porosity
and surface area. The optimal conditions for MV adsorption on chitin derived biochar were
pH of 6.8 and adsorbent dosage of 0.5 g L™, providing adsorption capacity of 95.74 mg g*
and removal percentage of 96.90%. Adsorption kinetics was fast, being the equilibrium
attained at around 10 min and the curves were well represented by the PSO model.
Equilibrium curves followed the Liu model, with maximum adsorption capacity of 1120.8 mg
g1, attained at 298 K. Chitin derived biochar presented excellent reusability potential, being
that, 7 consecutive adsorption/desorption cycles were possible maintaining the same
adsorption capacity. Furthermore, chitin derived biochar was efficient to treat a colored

effluent, with color removal percentage of 95%. The findings demonstrated that chitin derived
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biochar can be prepared from an available and renewable biomass using a simple process,

being a low- cost and eficiente adsorbent to treat colored effluents.
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ABSTRACT

Medium density fiberboard (MDF) wastes were converted into an efficient biochar able to
uptake Food Red 17 dye (FR17) from colored effluents. The yield of the pyrolysis process, in
terms of biochar, was 29%. The produced biochar presented micro and mesoporous, with
surface area of 218.8 m? g~! and total pore volume of 0.122 cm® g*. Regarding to the FR17
adsorption, removal percentages of 90% were found at pH 2 and using 0.5 g L~* of biochar.
Pseudo—first and pseudo—second order models were adequate to represent the adsorption
kinetic profile, being the equilibrium reached within 20 min. Freundlich model was selected
to represent the equilibrium data. The maximum adsorption capacity was 210 mg g*. The
adsorption of FR17 on the biochar was endothermic and physical in nature. The biochar was
efficient for 8 adsorption—desorption cycles, maintaining the same adsorption capacity. In
brief, this work demonstrated a useful practice in terms of cleaner production. It was possible
add value to MDF wastes, generating an efficient and reusable adsorbent to treat colored

effluents containing FR 17 dye.

Keywords: Adsorption. Biochar. MDF. Pyrolysis. Reusable adsorbent.

1 INTRODUCTION

Medium density fiberboard (MDF) is a lignocellulosic material composed by fresh
wood, which is employed mainly in the furniture industry (GARCIA AND FREIRE, 2014).
The worldwide production of MDF was 93.18 Mm? only in 2017. The largest MDF producers
are Europa, accounting f-or 46.5% and Asia, responsible for 39%. Brazil is the third largest
MDF producer (FAOSTAT, 2017). During the furniture processing MDF wastes are
generated. For example, in Rio Grande do Sul state (BRAZIL), 5160 m® of MDF are
produced by month, generating 332 tons of MDF wastes (FERREIRA et al., 2015). These
MDF wastes are frequently discarded in landfills, burned in potteries, used in aviaries, or,
incinerated for energy generation (MAYER et al., 2018). Alternatively, a sustainable way to
add value for the MDF wastes is the thermochemical conversion by pyrolysis, generating a
biochar (FERREIRA et al., 2015).

Pyrolysis is a thermochemical process where the volatile matter of a determined

precursor is eliminated, generating a rich carbon product named biochar (ISAHAK et al.,
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2012). Normally, this thermochemical conversion is performed at relatively low temperatures
(WQOQO et al., 2016) and under a limited O2 atmosphere (TAN et al., 2016). In this scenario,
some studies reported the pyrolysis of MDF wastes. Ferreira et al. (2015) studied the
pyrolysis of MDF in a screw reactor, under different conditions of temperature and time. They
found biochar yields from 17.3 and 39.7%, and a surface area in the order of 500 m? g=*. The
pyrolysis of MDF wastes was also evaluated by Han et al. (2015). They have found char yield
around 22%. In the study of Haeldermans and co—workers (2019), it was evaluated the
conventional and microwave assisted pyrolysis of MDF. They concluded that both techniques
were viable options to convert MDF in biochars. Aslan et al. (2018) evaluated the
thermokinetic profile and the products during the pyrolysis of MDF. They concluded
pyrolysis can prevent the environmental problems caused by the MDF disposal. The above
referenced works presented significant contributions in the MDF pyrolysis, concerning the
process and product characteristics. However, no data were presented in relation the
application of the biochar. Here, MDF wastes were converted into an efficient biochar, which
in turn, can be applied for the treatment of colored effluents.

The treatment of colored effluents is a global challenge. These effluents are generated
mainly by the textile, paints and food sectors. If incorrectly treated, colored effluents can be
environmentally dangerous (HASSAN AND CARR, 2018). In this context, the literature
shows a series of treatment technologies (KATHERESAN et al., 2018), being that, adsorption
stands out due its efficiency, ease of operation and possibility to use several adsorbent
materials (ZHOU et al., 2019). Adsorption for environmental applications is preferred mainly
when low cost materials derived from wastes are used as adsorbents (TRAN et al., 2019). The
biochar from MDF wastes fits very well in this context, being possible add value to a largely
available waste, and, at the same time, treat a colored effluent.

In order to simultaneously add value for medium density fiberboard (MDF) and
produce and alternative adsorbent, MDF was pyrolyzed using N2 to obtain a biochar able to
treat colored effluents containing FR17 dye. The precursor MDF and the generated biochar
were characterized by different techniques in order to verify the modifications caused by the
thermochemical conversion. Both, MDF and biochar were used to treat synthetic solutions
containing the FR17 dye, being investigated several factors affecting the batch adsorption.
Standard studies of adsorption kinetics, isotherms and thermodynamics were performed. The

recyclability of the biochar was also analyzed.
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2 MATERIALS AND METHODS

2.1 MDF SAMPLES AND DYE AND REAGENTS

The MDF wastes were collected at a laser cutting company, localized in Santa Maria—
RS, Brazil. The samples were washed with deionized water, oven dried at 60 °C for 8 h,
ground in a Wiley mill and subsequently sieved. Particles with diameter lower than 710 mm
were used for the study.

The industrial grade Food Red 17 dye (FR17) (color index 16035, molecular weight of
496.38 g mol™?) (Figure 1S, Supplementary file) was used to prepare the colored effluents.
This dye is commonly used in pharmaceutical and food industries (PICCIN et al., 2011). The
synthetic effluents were prepared with FR17 and distilled water considering the dye purity of
85%. The pH of each solution was adjusted with NaOH and HCI. For all tests, blanks and

triplicates were performed.

2.2 CONVERSION OF MDF WASTES INTO A BIOCHAR

The conversion of MDF into a biochar was performed by pyrolysis. The pyrolysis
apparatus and conditions were based in preliminary tests and literature (FRANCISKI et al.,
2018; ZAZYCKI et al., 2018). In the preliminary tests, the effects of temperature, heating rate
and isotherm time were evaluated. A MDF sample of approximately 50 g was put in a tubular
quartz reactor, which in turn was inserted in a furnace. The system was then heated at 10 °C
min-! until 800 °C under N flux of 250 mL min-1. The system remained at 800 °C under N
flux of 250 mL mint for 60 min. Subsequently, the system was cooled to room temperature
(the nitrogen flow was maintained). The biochar produced was treated with H.SO4 to remove
ashes, washed using distilled water and dried at 105 °C. The solid product was collected and

the yield was computed.

2.3 CHARACTERIZATION OF MDF WASTES AND BIOCHAR

MDF wastes and biochar were characterized by SEM, FTIR, BET, BJH and pHz:
techniques. Images of the biochar were acquired in a Jeol JSM-6010LV scanning electron
microscope. FTIR vibrational spectra were obtained in a Shimadzu Prestige 21 infrared
spectrophotometer. N. adsorption/desorption isotherms were obtained in a Micromeritcs,
ASAP 2020 equipment. Brunauer, Emmet and Teller (BET) method was used to calculate the
surface area. Pore size distribution was obtained by the BJH (Barret, Joyner and Halenda)
method (THOMMES et al., 2015). pHzpc was determined according to Drumm et al. (2019).
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2.4 POTENTIAL OF MDF BIOCHAR FOR FR17 ADSORPTION

The potential of MDF biochar to uptake the FR17 dye from synthetic aqueous
effluents was evaluated by batch tests. These experiments were divided in four groups:
evaluation of the pH effect; analysis of the adsorbent dosage effect; construction of the kinetic
curves and construction of the equilibrium isotherms. All these tests were carried out in
triplicate, using a Solab SL 222 thermostated shaker at 250 rpm. After the assays, the
solid/liquid separation was performed by centrifugation and, the FR17 concentration in liquid
phase was determined in a Shimadzu UV—mini spectrophotometer at 500 nm.

To evaluate the pH effect on the FR17 adsorption, several solutions of this dye, with
volume of 50 mL and initial concentration of 50 mg L™ were prepared. The pH of these
solutions was adjusted from 1.0 to 10.0. Then, 0.025 g of MDF or MDF biochar was put in
contact with these solutions. The mixtures were agitated at 298 K for 2 h.

To analyze the adsorbent dosage effect on the FR17 adsorption, several solutions of
this dye, with volume of 50 mL and initial concentration of 50 mg L~* were prepared. The pH
of these solutions was set to 2.0. Then, different dosages of the MDF biochar (0.50, 0.75,
1.00, 1.20 and 1.50 g L) were put in contact with these solutions. The mixtures were
agitated at 298 K for 2 h.

The kinetic curves were constructed using pH of 2.0, adsorbent dosage of 0.50 g L™
and temperature of 298 K. The MDF biochar was contacted with the dye solutions, and the
samples were collected at different time intervals, from 0 to 120 min. Five curves were
constructed, varying the initial FR17 concentration (30, 50, 100, 200 and 300 mg L™1).

The isotherm curves were constructed using pH of 2.0 and adsorbent dosage of 0.50 g
L1, The MDF biochar was contacted with the dye solutions, and the mixture was stirred until
the equilibrium. Isotherms were obtained at 298, 308, 318 and 328 K, in a FR17 concentration
range from 0 to 300 mg L 2.

The adsorption of FR17 on the MDF biochar was quantified according to the FR17
removal percentage (Rrr17, %) (Equation 1), equilibrium adsorption capacity (e, Mgrri7 g%)

(Equation 2) and adsorption capacity at any time (g, mgrri7 g*) (Equation 3).

(C FR - CfFR )
Rppiy = — o 2 100 (1)

COFR17
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Qo = (COFR17 ; CeFR17)V (2)

_ (Corr17 — Cipriv)
m

\ 3)

dt

where, m (g) is the adsorbent mass, V (L) is the volume of the mixture, Corr17, Ctrr17, Cerr17
and Ciri7 (Mg L) denote the FR17 concentrations in liquid phase at the initial, final (2 h),

equilibrium and any time stages, respectively.

2.5 MATHEMATICAL ANALYSIS OF THE FR17 ADSORPTION ON THE MDF
BIOCHAR

FR17 adsorption on MDF biochar was evaluated as a unit operation using
mathematical approaches to represent the Kkinetic and equilibrium profiles. Also,
thermodynamic parameters were estimated. Kinetic evaluation was based on Lagergren
(1898) and Ho and McKay (1998) models. Isotherms were analyzed according to Freundlich
(1906), Langmuir (1918) and Sips (1948) equations. Thermodynamic parameters were
obtained as suggested by Lima et al. (2019). The parameters estimation and fit quality were

evaluated according to Dotto et al. (2013). All details are depicted in supplementary material.

2.6 ADSORPTION/DESORPTION TESTS IN THE SYSTEM MDF BIOCHAR/FR17

To evaluate the potential reuse of the MDF biochar, consecutive adsorption/desorption
cycles were carried out. Adsorption was performed in the following conditions: temperature
of 298 K, volume of solution of 1 L, pH of 2.0, stirring rate of 250 rpm, initial FR17
concentration of 300 mg L2, adsorbent dosage of 0.50 g L™*. After adsorption, the solid was
dried for 1h at 60 °C and used in desorption tests. Desorption tests were performed with
NaOH (0.1, 0.3, 0.5, 0.7 or 1.0 mol L) as eluent. 0.50 g L ! of the FR17 loaded adsorbent
was put in the eluent solution, which in turn was stirred for 1 h. The FR17 concentration in
liquid phase was then measured by spectrophotometry. This cycles of adsorption/desorption

were repeated 10 times.

3 RESULTS AND DISCUSSION

3.1 PYROLYSIS EVALUATION
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After the pyrolysis process, the biochar yield was calculated and the value was around
29 %. Haeldermans et al. (2019) found a MDF biochar yield of 28.4 and 27.0% with pyrolysis
temperatures of 350 °C and 450 °C, respectively. Ferreira et al. (2015) observed that with
increasing biomass residence time increased MDF biochar yield from 24.9 to 39.7% at the
pyrolysis temperature of 450 °C. At 600 °C, the opposite was true, with the increase in the
biomass residence time, the biochar yield decreased from 25.5% to 17.3%. According to
Haeldermans et al. (2019) the lower yield at higher temperatures is due to the higher amount
of volatiles produced. Biomass generally has a volatile matter content of approximately 70%
(ZAZYCKI et al., 2018), which is confirmed by biochar yield.

3.2 CHARACTERISTICS OF MDF AND MDF BIOCHAR

The techniques of SEM, FTIR, BET/BHJ and point of zero charge (pHzrc) were used
to characterize the MDF residues and its biochar.

The biochar SEM images are shown in Figure 1. The biochar has an irregular surface,
with several cavities and cracks. Also, it can be observed the fibrous character, typical of the
MDF. Ferreira et al. (2018) observed similar characteristics in the products of MDF pyrolysis,
i.e., a broken fiber structure, with pores on the external surface. These features are favorable
for accommodating dye molecules, giving properties suitable for application as an adsorbent
(ZAZYCKI et al., 2018).

Figure 1- SEM images of the MDF biochar showing (a) and (b) the particle and (c) and (d)
the cavities of the material.
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The FTIR spectra of MDF residues and its biochar are shown in Figure 2. The main
bands of MDF waste are in 3396 cm™, 2916 cm™*, 1728 cm!, 1658cm ™, 1259 cm* and 1032
cmt. The band 3396 cm™ is assigned to the stretching O—H, corresponding to the adsorbed
moisture to cellulose and also to the urea—formaldehyde resin which is one of the constituents
of MDF. In 2916 cm™ it is observed the stretching C—H, 1728 cm™ the vibration
corresponding to the carbonyl group (C=0), belonging to carboxylic acid or ester group
bonds. The band 1658 cm™ is related to the absorption of O—H and C-O conjugate (ether).
During the pressing process, the MDF surface can reach up to 200 °C, which can lead to the
opening of the furfural ring present in the MDF, resulting in polyioses residues (MULLER,
2009). The band 1259 cm™ shows the C-O stretching of the acetyl group present in lignin,
hemicellulose and the methoxy groups of the guaiacil aromatic ring. Softwood lignins are
mainly composed of guaiacil lignin. In contrast, hardwood-derived lignins are composed of
guaiacil and syringyl units (1235 cm™). This result confirms the presence of softwood pine in
the composition of the analyzed MDF (OBST, 1982). Finally, at 1035 cm™, the vibrations of
C-O and O-H relative to polysaccharides present in cellulose (FERREIRA et al., 2015) are
observed. In the black spectrum (after pyrolysis), only the bands at 3396 and 1032 cm™
remained, but with lower intensity. This confirms that the volatile matter was removed from
the MDF residues.
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Figure 2— FTIR vibrational spectra of MDF residues and MDF biochar.
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Figure 3 shows the N2 adsorption—desorption isotherms and the pore size distribution
(inside) curves of the MDF derived biochar. The adsorption isotherm were of Type IV (a)
(Figure 3) (THOMMES et al., 2015), with hysteresis loop H4. This is relative to capillary
condensation in mesopores (Ferreira et al., 2015). According to Thommes et al. (2015), the
H4 loops are found in some mesoporous zeolites, and micro—mesoporous carbons. This is
confirmed by the pore size distribution, which showed the presence of micro and mesopores.
The biochar presented BET surface area of 218.8 m? g%, total pore volume of 0.122 cm® g!
and a mean pore size of 11.16 A. For comparison, in our recent papers (ZAZYCKI et al.
2018, 2019), biochars were developed from pecan nutshells and chitin, presenting surface
areas of 93 m? gt and 275 m? g%, respectively. These biochars were efficient to remove
textile dyes from effluents. Chen et al. (2019) prepared a biochar from sludge—rice husk and
found surface area around 30 m? g~*. The biochar was efficient to adsorb four different dyes.
Considering the results presented in this work, in comparison with other published papers, it

can be stated that the MDF biochar has interesting characteristics for dye adsorption.
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Figure 3— Nitrogen adsorption—desorption isotherms and the Barrett—Joyner—Halenda
desorption pore size distribution (inside).
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Concerning the point of zero charge (pHzrc), MDF presented pHzpc of 5.5 while MDF
biochar presented pHzrc equal to 7.0. This shows that the MDF precursor has positive charge
in a narrow pH range (from 1 to 5.4) and has a negative charged surface at pH values higher
than 5.5. This facility to be negatively charged can be attributed to the surface oxygenated
groups present in the surface, as presented in FTIR spectrum (Figure 2). In the case of MDF
biochar, the surface is positively charged in a larger range of pH (until 6.9), while is
negatively charged at pH values higher than 7.0. This can be explained by the volatilization of
the functional groups present in the MDF surface, generating a biochar with better textural
characteristics. These findings indicate that the MDF biochar is attractive to adsorb FR17, an
anionic dye (Figure 1S), than its precursor. This supposition will be discussed in the section

3.3 (evaluation of pH and adsorbent dosage on the FR17 adsorption).

3.3 EVALUATION OF PH AND ADSORBENT DOSAGE ON THE FR17 ADSORPTION
The adsorption of FR17 on MDF and MDF biochar was evaluated at different pH
values, from 1 to 10. The results are presented in Figure 4(a). Two important behaviors can be
highlighted in Figure 4(a): the first is that MDF biochar presented a far better performance
than MDF for FR17 removal. While biochar was able to remove from 45 to 85% of the dye,
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the maximum removal attained using MDF was around 25%; the second is that, for both

materials, the adsorption was favored by the pH decrease.

Figure 4— Effects of pH (a) and adsorbent dosage (b) on the adsorption of FR17 dye by MDF
and MDF biochar.
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The first trend (Figure 4(a)) can be attributed to the better textural characteristics of
the biochar, which were obtained by the thermochemical conversion. MDF biochar has
surface area higher than 200 m? g while the precursor has surface are in the order of units
(FERREIRA et al., 2015). In addition, the oxygenated groups of the precursor, which can
repeal the anionic dye, were removed during the pyrolysis process. Concerning the second
trend, at high pH values (higher than 7), for both materials, the adsorption was poor and
independent of pH. This is result of an electrostatic repulsion between FR17 anionic dye and
the negatively charged surface of the adsorbent materials. On the contrary, higher removal
percentages were found at lower pH, due to the electrostatic attraction between FR17 and the
MDF biochar. These results are in accordance with the literature, where, FR17 is normally
better adsorbed under acid conditions (PICCIN et al., 2011; SCHIO et al., 2019). Based in
Figure 4(a), the subsequent tests were carried out at pH of 2.0 using MDF biochar.

Figure 4(b) depicts the effect of biochar dosage on the FR17 removal percentage and
adsorption capacity. It can be verified in Figure 4(b) that the increase in biochar dosage
presented no effect on the FR17 removal, being the values around 80 to 85%. On the other
hand, adsorption capacity was strongly affected by the MDF biochar dosage. Adsorption
capacity increased from 25 to 73 mg g when the dosage decreased from 1.5 to 0.50 g L.
This trend in normally related with the superposition of adsorption sites (TRAN et al., 2019).
Based on Figure 6, it was selected 0.50 g L as the best biochar dosage, to find higher values

of adsorption capacity and satisfactory values of removal percentage.

3.4 ADSORPTION KINETIC PROFILES

Five Kinetic curves, at different initial dye concentrations, were obtained for the
system MDF biochar/FR17. The profiles are shown in Figure 5.

The profiles indicate fast adsorption Kinetics regardless the initial dye concentration.
The curves were characterized by an initial step, from 0 to 5 min, where a greater increase in
adsorption capacity occurred, indicating a fast adsorption rate. From 5 to 20 min, the
adsorption rate decreased. The equilibrium was achieved within 20 min for all studied
concentrations. This is extremely useful for effluents treatment plants, since the total
operation time is considerably reduced. As expected, adsorption capacity increased with
initial dye concentration. This trend is attributed to the better occupation of the adsorption

sites.
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Figure 5— Adsorption kinetic profiles for the system MDF biochar/FR17.
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The profiles of Figure 5 were represented by the adsorption reaction models (Pseudo—
first order, PFO and pseudo—second order, PSO). The results are in Table 1S. It can be seen
that both models presented excellent statistical indicators, i.e. R%gj and R? were higher than
0.99 for all cases. In addition, the average relative error (ARE) was lower than 1.5%
independent of the model or experimental condition. Thus PFO and PSO models can be used
to represent the kinetic profile of FR17 adsorption on MDF biochar. Comparing the values of
g1 and g2 with the experimental value, ge, it can stated that the parameter g2 (PSO) is closer
with the experimental value than the parameter q: (PFO). In this sense, PSO model was
slightly better to predict the adsorption system. Concerning now the initial adsorption rate
(represented by the parameter ho, ho=k2q2?), it was found that, in general, ho increased with the
initial concentration. This indicates a faster adsorption in the initial stages, when higher FR17

concentrations are used.



96

3.5 ADSORPTION ISOTHERM CURVES

Four isotherm curves, at different temperatures, were obtained for the system MDF
biochar/FR17. The profiles are shown in Figure 6. The equilibrium curves of Figure 6
presented a convex shape in relation to the Y axis, with a progressive increase in adsorption
capacity. The values of adsorption capacity not attained a constant value (plateau). This is a
typical behavior of an L1 type isotherm (GILES et al., 1974). Based on this, it is possible
infer that FR17 molecules progressively occupied the adsorption sites on the biochar surface,
but, some sites remained empty. In relation to the temperature effect, it was verified an
exothermic behavior, since an inversely proportional behavior was verified between the
temperature and adsorption capacity. According to Ruthven (1984) this is typical of physical

adsorption processes.

Figure 6— Adsorption isotherm profiles for the system MDF biochar/FR17.
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The isotherm curves were represented by the Freundlich, Langmuir and Sips models.
The fitting results are depicted in Table 2S. The statistical indicators were better for the
Freundlich and Sips models than the Langmuir model (ARE values were lower and R2.qj and

R? were higher). In spite of the Sips model presents better fit than the Freundlich model in
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some cases, its parameters (qm, ks and m) presented no physical trend in relation to the
temperature. In addition, this model has 3 parameters. On the other hand, the Freundlich
parameters presented a physical behavior in relation to the temperature. Because this, the
Freundlich model was selected to represent the FR17 adsorption onto the MDF biochar. The
parameter kr (Table 2S) increased with the temperature decrease. The same was observed for
the 1/nr. These findings corroborate that the adsorption capacity and the affinity between
MDF biochar and FR17 are higher at 298 K.

The quality of an adsorbent is normally measured by its maximum adsorption
capacity. Table 1 shows the maximum adsorption capacities attained for FR17 of different
adsorbents. Among the adsorbents, it can be seen that MDF biochar has a competitive
adsorption capacity. In addition to this, MDF biochar is derived from a residual material, and
presented fast kinetics. Because this, MDF biochar can be considered an alternative adsorbent
to treat colored effluents containing FR17 dye.

Table 1- Maximum adsorption capacities of different adsorbents for FR17 dye.

Adsorbent T(K),pH dm(mgg?) Reference

Vine-trimming waste 298, 6 135.1 SUTCU, 2014

Sludge derived activated carbon 328, 2 287 STREIT etal., 2019
Activated carbon 303, 6 137 SO%SAN_JIMENEZ et al,
Chitosan/AC hydrogel 298, 3 133.9 GONCALVES et al., 2017
Chitosan hydrogel 298, 3 92.9 GONCALVES et al., 2017
Polyurethane/chitosan foam 328, 2 267.2 SCHIO et al., 2019

MDF biochar 298, 2 210.0 This study

3.6 THERMODYNAMIC RESULTS

Thermodynamic information’s regarding the FR17 adsorption on the MDF biochar
were assessed according to the values of AG?, AH® and AS®. These values are presented in
Table 3S. At first, it was confirmed the spontaneity of the FR17 adsorption onto the MDF
biochar, due to the negative values of AG®. Also, it was found that the disorder in the
solid/liquid interface has increased after FR17 adsorption onto the MDF biochar, since the
AS® value was positive. The negative AH® value confirms the exothermic nature of this
adsorption process. Its magnitude is in agreement with physical adsorption (LIMA et al,,
2019; TRAN et al., 2019).
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3.7 RECYCLABILITY OF MDF BIOCHAR

The recyclability of the MDF biochar was tested performing ten adsorption—desorption
cycles. NaOH at different concentrations (0.1, 0.3, 0.5, 0.7 or 1.0 mol L) was evaluated as
eluent. It was verified that 0.5 mol L™ NaOH was the best eluent. Using this eluent, all the
FR17 dye was transferred from the MDF biochar to the solution within 15 min. The results of
adsorption capacity found in all adsorption—desorption cycles are depicted in Figure 7. It is
possible verify that the MDF biochar maintained its maximum adsorption capacity even after
8 adsorption—desorption cycles. The adsorption capacity was reduced in the reuses 9 and 10,
probably, because the sites were damaged by the alkali used in desorption. The possibility to
use MDF biochar for eight times is excellent for practical applications, reducing the

operational costs.

Figure 7— Adsorption capacities found in the consecutive adsorption—desorption cycles for the
system MDF biochar/FR17.
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4 CONCLUSION

Medium density fiberboard (MDF) wastes, a typical residue generated in large
amounts for the furniture industry, was successfully converted in an efficient biochar, which
in turn, was able to treat colored effluents containing FR17 dye. The pyrolysis process used

for this conversion presented 29% of biochar yield. This biochar was a mesoporous material,
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with surface area of 218.8 m? g and total pore volume of 0.122 ¢cm® g1. Concerning the
FR17 adsorption onto the biochar, the process was favored at pH of 2.0. The adsorption of
FR17 on the MDF biochar was a fast process, reaching the equilibrium within 20 min. PSO
and Freundlich models were the best models to represent, respectively, the adsorption Kinetics
and isotherms. The process was exothermic and physical in nature. The maximum adsorption
capacity was 210 mg g2, and, this capacity was maintained for eight adsorption—desorption
cycles. In summary, it was demonstrated that MDF wastes can be converted in an effective
and reusable adsorbent with potential to treat colored effluents containing the FR17 dye.
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SUPPLEMENTARY MATERIAL

S.1. KINETICS, ISOTHERMS AND THERMODYNAMICS

Kinetic behavior was verified through the Pseudo—first order (PFO) (Equation (1S)) (
Lagergren, 1898) and Pseudo—second order (PSO) (Equation (2S)) (Ho and McKay, 1998)
models. The models are mathematically simple and allow the comparison of the adsorption

capacities, although they consider adsorption as a chemical reaction.

qt = q1(1 — exp(—k,t) 15)

1
T (/K03 + (/)

dt (25)

where, ki (min~t) and k2 (g mg™ mint) are the rate constants of the models and gz and g2 (mg
g 1) are the predicted adsorption capacities.

To represent the FR17 adsorption on the biochar, the models of Freundlich (Equation
(3S)) (Freundlich, 1906), Langmuir (Equation (4S)) (Langmuir, 1918) and Sips (Equation
(5S)) (Sips, 1948) were adjusted to the experimental data. The models, chosen according to
the shape of the isotherm, provide mathematical relation between the amount of FR17 in the

solid phase (ge) and the amount of FR17 in liquid phase (Ce) at equilibrium.
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qe = kpCe/™ (39)
quLCe
— _m7L%e 4
Qe =7 + k1.Ce (45)
_ dm (kSCe)m

Qe = m (595)

being, kr the Freundlich constant (mg g *)(mg L) "Y"F, 1/nF the heterogeneity factor, qm the
maximum adsorption capacity (mg g!), k. the Langmuir constant (L mg™), ks the Sips

constant (L mg™?t) and m, the Sips exponent.

S.2. ADSORPTION THERMODYNAMICS

The FR17 adsorption on the biochar was also analyzed from the thermodynamic
parameters. The values of AG® (kJ mol?), AH® (kJ mol?) and AS® (kJ mol* K1), which
represent, respectively, the variations of Gibbs free energy, enthalpy and entropy were
calculated using Equations (6S—7S) (Lima et al., 2019).

AG® = —RTIn(K®) (6S)
AS®  AH®
0y —
In(K®) = = T (795)

where K° is the thermodynamic constant (dimensionless), R is the gases constant (kJ moltK"
1y and T is temperature (K). K° was estimated as described by Lima et al. (2019) (Lima et al.,
2019).

S.3. PARAMETERS ESTIMATION

The kinetic and isotherm parameters were estimated using the Statistic 9.1 software
(Statsoft, USA) by nonlinear regression with the original form of the models. The
minimization of the least squares function based on the Quasi—-Newton method was used to
estimate the parameters. The quality of the adjust was measured through determination
coefficient (R?), adjusted determination coefficient (R%g) and average relative error (ARE)
(Dotto et al., 2013).



S.4. SUPPLEMENTARY FIGURES AND TABLES

Figure 1S— Chemical structure of Food Red 17 dye.

Table 1S— Kinetic parameters for FR17 adsorption onto the MDF biochar.

OH CHs0

ats

N303S

SO3Na

CHa

Initial FR17 concentration (mg L?)

Kinetic model =~ 35 50 100 200 300
Pseudo—first order
qi (mg gh) 45.11 70.22 101.54 162.37  197.37
ki (min1) 0.5762 0.3612 0.4592 0.4450 0.5531
ARE (%) 1.32 0.59 0.50 1.42 0.24
R? 0.9964 0.9988 0.9989 0.9957 0.9999
Rzadj 0.9961 0.9987 0.9988 0.9953 0.9999
Pseudo-second order
92 (mg g h) 45.74 72.07 102.05 166.08  199.03
kox10° (gmg?* mint) 0.0545 0.0147 0.0173 0.0084 0.0153
ho (mg g ! min%) 11403  76.35 184.42 231.69  607.88
ARE (%) 0.84 1.15 0.63 0.36 0.42
R? 0.9985 0.9969 0.9991 0.9996 0.9995
Rzadj 0.9984 0.9966 0.9990 0.9996 0.9995
ge (Mg gY) 46.47 71.91 101.86 165.33  197.86
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Table 25— Equilibrium parameters for the adsorption of FR17onto the MDF biochar.

105

Isotherm model

Temperature (K)

298 308 318 328
Freundlich model
ke (Mg g 1)(mg L) Ve 27.08 21.80 18.69 21.38
1/ng 0.3925  0.3548 0.3533 0.2934
R? 0.9700  0.9848 0.9933 0.9967
R 0.9625  0.9810 0.9916 0.9959
ARE (%) 8.62 4.74 3.59 2.29
Langmuir model
am(mg g™) 241.08  152.14 139.05 110.75
ke (L mg™) 0.0288  0.0319 0.0291 0.0425
R? 0.9892  0.9560 0.9617 0.9808
R%dj 0.9865  0.9450 0.9521 0.9760
ARE (%) 6.17 10.72 9.68 6.79
Sips model
gm (Mg g™Y) 261.21  381.63 382.07 210.62
ks (L mg™) 0.0232  0.0013 0.0009 0.0041
m 0.8781 0.4584 0.4550 0.4576
R? 0.9903  0.9849 0.9924 0.9985
R%q 0.9879 0.9811 0.9905 0.9981
ARE (%) 4.40 5.58 4.24 1.76

Table 3S— Thermodynamic parameters for the FR17 adsorption onto the MDF biochar.

Temperature (K)

AG? (kJ molt)*

AHC (kJ mol)*

AS? (kJ molt K1)*

298
308
318
328

—21.90+0.03
-21.71+0.10
—21.92+0.02
—23.01+0.04

-11.52+0.12

0.03+0.01

*mean + standard error.
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5 DISCUSSAO DOS RESULTADOS

Os trés artigos apresentados na secdo 4 tém como foco a preparacdo de biochars a
partir de residuos sem valor econémico e, abundantes no Rio Grande do Sul, e a aplicacdo
como adsorventes alternativos na remocdo de corantes de solugfes aquosas. No artigo 1, o
biochar derivado de residuos de cascas de noz—pecan, foi utilizado para remover o corante
RR141. No artigo 2, o biochar derivado da quitina foi empregado na remocao do corante MV.
E, no artigo 3, foi preparado um biochar derivado de residuos de chapas de MDF para
aplicacdo na remocéo do corante FR17.

Os trés materiais comprovaram que S80 promissores para 0 processo de pirdlise e
consequentemente para a producdo de biochar. As condicbes de pirdlise utilizadas neste
estudo, temperatura de operacéo, taxa de aquecimento e tempo de isoterma, mostraram-se
eficazes uma vez que as amostras estudadas compreendiam: cascas de noz-pecan, quitina e
lascas de MDF. A temperatura de 800°C com baixa taxa de aquecimento e tempo de isoterma
elevada garantiram a eliminagédo de toda matéria volatil presentes nas amostras, comprovadas
nas analises de FTIR antes e depois do processo de pirGlise. Apds 0 processo pirolitico, 0s
rendimentos dos trés biochars foram cerca de 30%, o que pode-se considerar um bom
rendimento uma vez que a quantidade de material volatil presentes nestas amostras é alta. Por
fim, pode-se concluir que os biochars produzidos sdo formados de uma estrutura carbonosa,
com alta area de superficie e estruturas microporosas e mesoporosas evidenciados nas
técnicas de caracterizacéo.

Em relagcdo ao desempenho como adsorventes, cada um dos biochars foi utilizado para
remover moléculas diferentes, e os resultados foram satisfatorios. O biochar derivado dos
residuos de cascas de noz—pecan teve uma porcentagem de remoc¢do do corante RR141 de
85% e uma maxima capacidade de adsor¢do de cerca de 130 mg g%, o biochar derivado da
quitina removeu 95% do corante MV e capacidade maxima de adsorgdo de 1120,8 mg g e
para o biochar derivado de residuos de chapas de MDF uma remocdo em torno de 70% do
FR17 com uma capacidade maxima de adsorcéo de de 210 mg g .

Do ponto de vista ambiental, o tratamento térmico por pirdlise, tem recebido grande
destaque, por reduzir os residuos em até 90%, além de gerar trés produtos (biochar, bio—6leo
e biogas), todos com potencial valor econémico. Neste trabalho, o foco foi o desenvolvimento
e aplicacdo da fracdo solida da pir6lise como adsorvente no tratamento de efluentes coloridos.
O desenvolvimento de biochars a partir de matérias primas alternativas e abundantes e sua

aplicacdo como adsorventes reduz os custos dos processos de tratamento de efluentes,
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tornando—0s economicamente viaveis, e, além disso, contribui para o gerencimaneto dos
residuos solidos. A valorizacdo das outras fracbes obtidas na pirdlise, para a geracao
simultanea de mais produtos com valor agregado, € uma boa alternativa para trabalhos

futuros.
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6 CONCLUSOES

Neste trabalho, biochars foram preparados a partir de residuos solidos problematicos
encontrados no Rio Grande do Sul (cascas de noz—pecan, quitina e chapas de MDF) e
aplicados como adsorventes alternativos para a remoc¢éo dos corantes RR141, MV e FR17 de
solugdes aquousas. Os resultados demonstraram que os biochars podem ser preparados a
partir de residuos, usando um processo simples na sua preparacdo, sendo uma alternativa
viavel para adsor¢do de corantes em solugfes aquosas.

Com base nas técnicas de caracterizagdo, verificou-se que os trés biochars
apresentaram caracteristicas adequadas para adsorcao, incluindo porosidade desenvolvida e
alta area de superficie. Os biochars apresentaram estruturas microporosas € mesoporosas.
Também foram observadas cavidades e protuberancias na superficie dos biochars. O biochar
derivado de residuos de cascas de noz—pecan apresentou uma area de superficie de 93 m? g2,
volume total de poros de 0,055 cm® g* e tamanho médio de poros de 12 A. O biochar
derivado da quitina apresentou uma area de superficie de 275 m? g%, volume total de poros de
0,178 cm® g* e tamanho médio de poros de 13 A. O biochar derivado de residuos de chapas
de MDF apresentou area de superficie de 218,8 m? g %, volume total de poros de 0,122 cm® g
-1 e tamanho médio de poros de 11 A.

O biochar derivado de cascas de noz—pecan foi um excelente adsorvente para remover
0 corante RR141 de solugdes aquosas quando comparado com seu precursor. A remocao do
corante foi de 85% usando o biochar e apenas 23% usando o material precursor. A adsor¢édo
foi favorecida no pH de 3,0. A cinética de adsorcdo seguiu 0 modelo de PSO e 80% da
saturacéo foi atingida em 10 min. A capacidade maxima de adsorcdo foi de 130 mg g* a 298
K. Por fim a adsor¢éo foi um processo espontaneo, favoravel e exotérmico.

No biochar derivado da quitina, o pH ideal foi de 6,8 e dosagem de adsorvente de 0,5
g L. A cinética teve uma alta taxa de adsorgdo, sendo o equilibrio atingido em torno de 10
min e as curvas foram bem representadas pelo modelo PSO. A capacidade maxima de
adsorcao, estimada pelo modelo de Liu, foi de 1120,8 mg g%, a 298 K. O biochar apresentou
excelente potencial de reutilizacdo, sendo possiveis 7 ciclos consecutivos de
adsorcao/dessorcdo, mantendo a mesma capacidade de adsorcao.

Em relacdo a adsorcdo do corante FR17 no biochar, o processo foi favorecido em pH
de 2,0. A cinética de adsorcdo foi répida, sendo o equilibrio alcancado em 20 min. Os

modelos PSO e Freundlich foram os melhores modelos para representar, respectivamente, a
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cinética e as isotermas de adsorcdo. A capacidade maxima de adsorcdo foi de 210 mgg e

essa capacidade foi mantida por oito ciclos de adsorgédo—dessorgao.
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