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RESUMO

A biomassa lignocelulosica, fonte de carbono renovavel mais abundante no mundo, é
constituida majoritariamente por polimeros de lignina, hemicelulose e celulose. Esses
materiais sdo residuos de outros processos de producdo e sdo ricos em agucares. Por isso,
varios estudos sobre o reaproveitamento desses materiais em bioprocessos tém sido realizados
no mundo todo. O objetivo do presente estudo foi avaliar as melhores condicdes para
fracionar a poda da vide e a casca da castanha com o objetivo de permitir o acesso da celulose
a acdo de enzimas celulases. Os materiais tratados foram submetidos a hidrdlise enzimatica
com as enzimas Cellic® CTec2 e Novozyme 188 a fim de avaliar a eficacia dos processos. O
pré-tratamento da poda da vide foi realizado em duas etapas, a primeira com acido sulfarico
diluido e a segunda com NaOH. No tratamento com acido (1,5% de H,SO,) realizado a 120
°C, durante 30 minutos, a maior quantidade de hemicelulose foi solubilizada. Essa condicao
foi selecionada para a realizagdo da proxima etapa. Na deslignificacdo, dentre as condicGes
testadas, a maior remocdo de lignina (63,8%) ocorreu no tratamento com 3,0% de NaOH e
120 °C (sem agitacao durante 60 minutos). No entanto, o maior rendimento em glicose obtido
a partir da hidrélise enzimética (com as enzimas comerciais) ocorreu no material tratado com
2,0% de NaOH a 100 °C sem agitacdo. Sendo possivel concluir que nem sempre o material
com menor contetdo de lignina, resultara nos maiores rendimento na hidrélise enzimatica. O
outro residuo utilizado nesse estudo, a casca da castanha, foi submetido apenas a
deslignificacdo com NaOH em diferentes combinacdes de temperatura e concentracdo do
alcali. No ensaio realizado a temperatura de 100 °C com 2,0% de NaOH sob agitagdo, a
lignina foi quase completamente solubilizada (94,3%). O menor teor de lignina removida foi
75% e ocorreu quando o material foi tratado com 1,0% de NaOH, 60 °C durante 1 hora
(condicdo mais branda dentre aquelas que foram testadas). Por isso, 0s materiais obtidos em
todas as condi¢des de tratamento testadas foram submetidos a hidrélise enziméatica com
enzimas comerciais. Os valores dos rendimentos em glicose obtidos apds 72 horas de
hidrélise ndo apresentaram diferenca significativa entre si segundo o teste de Tukey. Deste
modo, o tratamento realizado com 1,0% de NaOH a 60 °C foi selecionado e nessas
condic@es foi possivel obter 86% de glicose. Com esses resultados foi possivel observar que
nem sempre as condi¢des de tratamento que removem mais hemicelulose e/ou lignina seréo as
mais interessantes para o fim que se deseja. Dependendo da mudanga ocorrida no material e

das enzimas empregadas, condicdes mais brandas de tratamento podem proporcionar



resultados satisfatorios. Portanto, ficou clara a importancia de avaliar em conjunto os dados da
hidrolise da celulose e do pré-tratamento na sele¢do das melhores condicGes de tratamento. Os
resultados obtidos pela analise classica recomendada pelo NREL para ambos 0s materiais
foram corroborados por MEV em que se mostrou claramente a remocgédo de lignina e a

exposicdo da estrutura celular interna na biomassa.

Palavras-chave: Pré-tratamento acido; deslignificacdo; Poda da vide; Casca da castanha
(Sativa Miller)



ABSTRACT

The lignocellulosic biomass represents the carbon source renewable most abundant in the
world, being constituted by polymers of lignin, hemicellulose and cellulose. In the last yeares,
these materials has received more attention because are rich in sugars and most part they are
residues from other production processes. For this reason, the numbers of researches with the
objective of fractionate them and apply their constituents in the production of products high
added value has grown in around the world. The sugars released from biomass can be
employed as carbon source, in the production of antibiotics, amino acids, enzymes and
biochemicals as biofuels.The fractionate of the biomass occurs through pretreatments that can
to be chemical, phisical, phisical-chemical and biological. Because of complexity these
materials there is no single pretreatment that are equally efficient for all them. Therefore,
studies to check which the treatment most indicated for the each material or for a specific
application must be performed. In this work, two residues, the vine pruning and chestnut shell
were selected. The objective was to define the best conditions for to remove hemicellulose
and lignin in these materials, and the residues treated were hydrolyze with commercial
enzymes Cellic® CTec2 e Novozyme 188 in order to assess the efficacy of the processes. In
the delignification, among conditions tested, the higher removal of lignin (63.8%) occurred in
the material treated with 3.0% of NaOH and 120 °C (without agitation during 60 minutes).
However, the most yield in glucose was obtained from enzymatic hydrolysis of the vine
pruning treated with 2.0% of NaOH and 100 °C (without agitation during 60 minutes). It
could be concluded that do not always the material with lower content of lignin result in
higher yields in glucose. The chestnut shell was the other residue utilized in this work. It was
subbmited only the delignification with NaOH in differents combinations of temperature and
concentration. In the assay performed at 100 °C with 2.0% of NaOH under agitation, the
lignin was almost completely removed (94.3%). The lower amount of lignin (75%) removal
with treatments occured when the material was subbmited at 1.0% NaOH, 60 °C during 1
hour. Therefore, the materials obtained in all conditions were subjected at enzymatic
hydrolysis with commercial enzymes. The yields quantified in glucose after 72 hours of
hydrolysis not showed difference significative in accordance Tukey’s test. For this reason, the
treatment performed with 1.0% of NaOH and 60 °C was chosen. With these results was to
possible that confirm the importance of the enzymatic hydrolysis data in the evaluation of

efficiency of lignocellulosic material pretreatment, because not always the conditions that



removed the highest quantify of lignin or hemicellulose are the most interesting. Depending
on the change occured in material and the enzymes employed, the mild conditions may
provide satisfactory performance. The results obtained by the classical analysis recommended
by NREL were corroborated by eletronic microscopy in which it is clearly shown the lignin

removal and the exposure of the internal vegetal cell structure in the biomass.

Keywords: Acid pretreatment; Alkaline pretreatment; Vine pruning; Chestnut shell (Sativa
Miller).
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1 INTRODUCAO

Os materiais lignoceluldsicos representam a fonte de carbono renovavel
mais abundante no mundo (BEHERA; RAY, 2016), sendo formados, basicamente por
lignina, hemicelulose e celulose que juntos formam uma estrutura complexa e resistente
a acdo de enzimas e micro-organismos (NARRA; JAMES; BALASUBRAMANIAN,
2015). A palha de trigo e milho, casca de amendoim, palha e bagaco de cana, bagaco de
caju, espiga de milho, podas de madeira, polpas de celulose, residuos de frutas e
vegetais sdo alguns exemplos desse tipo de material (ARORA; BEHERA; KUMAR,
2015; ROCHA et al., 2014).

Nos altimos anos, esses materiais tém recebido maior atencgdo, pois, além de
ser uma fonte de carbono renovavel, em sua maioria sdo residuos de outros processos e,
portanto, ndo apresentam custos diretos de producdo (CHIEH-LUN CHENG; JO-SHU
CHANG, 2011). Por isso cresce o numero de pesquisas no mundo todo com o objetivo
de fracionar esses materiais e aplicar seus constituintes na producdo de produtos de
valor agregado. Seu aproveitamento integral esta inserido no conceito de biorrefinaria,
que consiste em utilizar todas as fracdes da biomassa como matéria-prima em
bioprocessos (VAZ DE ARRUDA et al., 2017; VECINO et al., 2017). Atualmente,
algumas biorrefinarias estdo sendo instaladas com o objetivo de integrar 0s processos de
conversao da biomassa em diversos produtos e otimizar o uso dos recursos naturais,
diminuindo o desperdicio. Em paises como Estados Unidos, Brasil e Alemanha,
biorrefinarias baseadas na producdo de etanol e biodiesel a partir de milho, cana-de-
acucar e soja estdo consolidadas. O desafio agora consiste em utilizar matérias-primas
alternativas ndo comestiveis, como o0s residuos anteriormente mencionados (BRASIL;
SILVA; SIQUEIRA, 2017).

Inimeras sdo as aplicacBes possiveis para 0s constituintes dos materiais
lignoceluldsicos, por exemplo: a xilose, um dos principais agucares que compdem a
hemicelulose, pode ser empregada na producdo de xilitol, um adocante amplamente
comercializado e que apresenta também diversas outras aplicagdes nas industrias de
alimentos e farmacéutica (ROCHA et al., 2014; VAZ DE ARRUDA et al., 2017,
VECINO et al., 2017). A glicose, presente em sua maior parte na celulose, pode ser
empregada na producédo de biocombustiveis e outros produtos quimicos (DUTTA; PAL,

2014; YAN et al., 2015) e a lignina, na producédo de polimeros aromaticos, como fenol,
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vanilina, siringaldeido que sdo matérias-primas importantes para a industria de aromas e
fragrancias (MOTA et al., 2016).

Diversos paises na Europa, em particular Portugal, possuem uma longa
tradicdo na producdo de vinhos (BRITO; OLIVEIRA; RODRIGUES, 2014). Franga,
Italia, Espanha, Alemanha e Portugal sdo os principais produtores de vinho na Europa e
em 2016 foram responsaveis por 54% da producdo mundial dessa bebida (26 bilhGes de
litros). Dentre esses paises, Portugal ocupa a 5° posicdo no ranking e teve uma producéo
de 600 milhdes de litros em 2016 (IVVV, 2017). No Brasil, a producdo de uvas e vinhos
concentra-se especialmente no estado do Rio Grande do Sul, com grande destaque para
as regibes da Serra Gaucha e Campanha (BELMIRO; PEREIRA; PAIM, 2017). Em
2015, esse estado foi responsavel pela producdo de 250 milhdes de litros de vinho
(UVIBRA, 2017). Anualmente, a arvore produtora de uvas, a videira, precisa ser podada
apos a colheita, com o objetivo de aumentar sua produtividade e a qualidade dos seus
frutos na proxima safra (MILLER et al., 2001). Os residuos gerados nesse processo
normalmente sdo queimados no préprio campo causando problemas ambientais
especialmente relacionados a combustdo da lignina (BUSTOS et al., 2004). Numa
amostra de poda da vide, obtida do cultivo de uvas na regido do Minho, em Portugal, foi
quantificado 36% de celulose, 21,8% de hemicelulose e 29,6% de lignina (dados
obtidos no presente estudo).

A castanha-portuguesa ou castanheiro-bravo ou castiro ou pinhdo doce tem
0 nome cientifico de Castanea sativa Miller e € uma das 12 espécies diferentes de
castanha existentes em todo 0 mundo e na Europa € uma das principais cultivadas (LI et
al., 2016). Na Europa, cerca de 108.00 toneladas de castanha sdo produzidas por ano,
sendo a Italia o maior produtor (50.000 t/a), seguido de Portugal (31.051 t/a) e Espanha
(20.000 t/a) (VELOSO, 2008). A casca da castanha representa cerca de 10% do peso do
fruto (LEE et al., 2016), isso significa que cerca de 10 toneladas de casca de castanha
sdo liberadas por ano na Europa. Esse residuo é uma fonte natural de antioxidantes e
corantes (ZHAO; FENG; WANG, 2014) e sua composi¢do varia de acordo com a area
na qual o fruto foi cultivado. No presente estudo, uma amostra de casca de castanha da
regido de Tras-0s-Montes’s, em Portugal, apresentou 27,3% de celulose, 12,6% de
hemicelulose e 43,6% de lignina. Nesse contexto, a casca da castanha é um material
lignocelul6sico abundante que pode ser reaproveitado na producdo de produtos de

elevado valor agregado.
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Entretanto, a primeira limitacdo encontrada para a reutilizagdo desses
materiais é a dificuldade de transformar seus polissacarideos estruturais em acgucares
simples (MISHRA et al., 2017) e isso ocorre, principalmente, devido a sua natureza
recalcitrante, causada em grande parte pela lignina incorporada as fibrilas de celulose
(MISHRA et al., 2017; SARATALE et al., 2017). Por isso, normalmente, a primeira
etapa no processo de transformacdo desses materiais consiste num pré-tratamento para
abertura da estrutura do material e separacdo das fracdes: lignina, hemicelulose e
celulose (LIM et al., 2012; SARKAR et al., 2012).

Em relacdo ao objetivo deste trabalho, vale registrar que inicialmente era
estudar de forma detalhada a hidrolise enziméatica dos residuos com uma enzima
produzida por nosso grupo de pesquisa, e, portanto, ainda nao disponivel
comercialmente. Essa enzima é produzida a partir da fermentacdo em estados sélido do
bagacgo de cana utilizando o micro-organismo Melanoporia sp. CCT 7736 isolado por
nosso grupo de pesquisa. A otimizacdo do processo de producdo da mesma ocorreu
durante a realizacdo do meu mestrado (MACIEL, 2013). Entretanto, devido a inimeras
interrupgOes, ndo avisadas, no fornecimento de energia no Campus do Pici, diversas
fermentagdes foram perdidas, além da prdpria cepa do micro-organismo. Muito tempo
foi investido na tentativa de reativar estogues antigos para que 0 mesmo voltasse a
produzir a enzima de interesse, sempre sem sucesso. Por causa disso, se fez necessario
mudar o enfoque do trabalho que passou a ter como objetivos definir as melhores
condicBes de pré-tratamento da casca da castanha (Castanea sativa Miller) e da poda da
vide com o objetivo de remover a hemicelulose e a lignina presentes nos materiais,
possibilitando assim a hidrdlise enzimatica da celulose através de enzimas comerciais.

O trabalho apresenta-se dividido em trés capitulos. No Capitulo 1 é
apresentada uma revisdo bibliografica versando sobre a composicdo da biomassa
lignocelul6sica, possibilidades de reaproveitamento e 0s pré-tratamentos empregados no
presente trabalho. Os Capitulos 2 e 3 apresentam o estudo do pré-tratamento da poda da
vide e da casca da castanha, respectivamente, bem como a hidrdlise enzimética desses

materiais utilizando enzimas comerciais.
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2 REVISAO BIBLIOGRAFICA
2.1 Materiais lignocelulésicos

Os materiais lignoceluldsicos representam a fonte de carbono renovavel
mais abundante no mundo (BEHERA; RAY, 2016). Dentro desse grupo encontra-se a
biomassa vegetal que compreende cerca de 60% da biomassa total e inclui residuos de
madeira, gramineas, residuos da industrial do papel, residuos agroindustriais como
caules, palhas, cascas e sementes, residuos domésticos e residuos urbanos (BILAL et
al., 2017). Esses materiais sdo formados, basicamente por lignina, hemicelulose e
celulose em uma estrutura complexa e de dificil decomposicdo (Figura 1). A
composic¢do de cada uma dessas fracdes é variavel de acordo com o material (NARRA;
JAMES; BALASUBRAMANIAN, 2015).

Figura 1 — Componentes estruturais da biomassa lignocelul6sica
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Fonte: (Bilal et al., 2017)

2.1.1 Celulose

A celulose é o polissacarideo mais importante da parede celular das plantas
sendo produzido continuamente através do processo de fotossintese (BEHERA; RAY,
2016). Ela é um polimero linear com alto peso molecular e altamente ordenado, sendo
formada por moléculas de D-glicose unidas entre si através de ligagdes B-(1,4)-
glicosidicas com grau de polimerizagdo (DP) que pode chegar a 10.000 (LE FLOCH,;
JOURDES; TEISSEDRE, 2015). Moléculas de celulose associam-se formando
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microfibrilas de celulose (MOOD et al., 2013) que sdo feixes dessas moléculas
estabilizadas por pontes de hidrogénio entre seu grupo hidroxila e o oxigénio de
moléculas adjacentes (JONSSON; MARTIN, (2016)). Esse polissacarideo apresenta
regides de elevada organizagcdo molecular (celulose cristalina), intercaladas com regides
altamente desorganizadas (celulose amorfa) (NEVES; PITARELO; RAMOS, 2016)
sendo por isso, insolivel em agua e na maioria dos solventes organicos (MOOD et al.,
2013). A partir da glicose é possivel produzir diversos bioprodutos como bioetanol
(BILAL et al., 2017), biosurfactantes (VECINO et al., 2017), enzimas (IDRIS et al.,
2017) e outros.

2.1.2 Hemicelulose

A hemicelulose é um constituinte das paredes celulares secundarias das
plantas e pode representar de 20-30% da composicdo de biomassa de madeiras e pantas
herbaceas (VAZ DE ARRUDA et al., 2017). Ela € um heteropolissacarideo que pode
conter pentoses (xilose e arabinose), hexoses (glicose, manose e galactose) e residuos de
acidos urénicos (como por exemplo, glucurdnicos e 4-O-metil-glucurdnico) (NEVES;
PITARELO; RAMOS, 2016). Na biomassa lignocelul6sica, as fibrilas de hemicelulose
encontram-se recobrindo a celulose (MOOQOD et al., 2013).

A composic¢ao da hemicelulose depende do tipo de material, por exemplo,
em madeiras duras e herbaceas, ela é composta essencialmente por xilano (ZHUANG et
al., 2016). No bagaco de cana, poda da vide e casca da castanha, o xilano € o principal
componente estrutural e representa 25%, 22% e 13% da composic¢éo total dos materiais,
respectivamente. Ele é constituido por uma cadeia principal linear formada por unidades
de xilanopiranose unidas entre si através de ligac@es do tipo B-1-4, tais unidades, podem
ser substituidas por a-L-arabinofuranosil, grupos acetil ou glucuronopiranosil e 4-O-
metil-glucuronopiranosil. Devido a essa heterogeneidade, a hidrélise desse polimero
requer o efeito conjunto de diversas enzimas, como as endoxilanases (atuam sobre o
xilano e liberam xilo-oligossacarideos (XOS - xilobiose e xilotriose), glucoronidases,
arabinofuranosidases, acetil esterases e B-xilosidases (que hidrolisam os XOS a xilose)
(XIN et al., 2015). Por outro lado, em madeiras moles, 0s componentes majoritarios sao
galactomananos e glucomananos (ZHUANG et al., 2016).

A xilose liberada a partir da hidrélise da hemicelulose pode ser utilizada em

diversos bioprocessos, como por exemplo, na producdo de xilitol (VAZ DE ARRUDA
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et al., 2017), surfactantes (MARTINS et al., 2017) e &cido succinico (PATERAKI et al.,
2016), dentre outros.

2.1.3 Lignina

A lignina é um polimero heterogéneo formado por unidades
fenilpropandides (&lcool p-cumarico, alcool trans-coniferilico, alcool trans-sinafilico)
(Figura 2). Em madeiras moles, a lignina é formada principalmente por alcool
coniferilico. Por outro lado, em madeiras duras, os alcodis que estdo presentes sao
coniferilico e sinafilico, sendo a proporcdo dessas unidades variavel de acordo com a
espécie (CHEN; WAN, 2017).

Figura 2 - Unidades fenilpropandides (alcool p-cumarico, alcool trans-

coniferilico, alcool trans-sinafilico) presentes no polimero lignina

OH OH
> =
OMe MeO OMe
OH OH
Alcool p-cumarilico  Alcool trans- Aleool trars-
coniferilico sinafilico

Fonte: (FORSS; FREMER, 2006).

As unidades fenilpropandides presentes na lignina encontram-se ligadas
entre si através de uma complexa rede de ligacdes éter e carbono-carbono. Os &cidos
cumarilico, feralico e difertlico sdo compostos fendélicos que embora ndo fagam parte
da lignina estdo envolvidos em sua ligagido com a hemicelulose (JONSSON; MARTIN,
2016). Tanto a composi¢cdo desse polimero como suas ligagdes com os carboidratos
dificultam a hidrolise da celulose presente na biomassa lignocelulosica (CARVALHO
et al., 2015). Na Figura 3 encontra-se uma representacdo de como a hemicelulose e a

lignina estdo ligadas.
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Devido as suas propriedades quimicas e complexidade de sua estrutura esse
polimero é de grande interesse, especialmente, na producdo de polimeros aromaticos,
como fenol, vanilina, siringaldeido que sdo materias-primas importantes para a industria
de aromas e fragancias (MOTA et al., 2016). Por isso alguns estudos tem se
concentrado em desenvolver estratégias para uma conversdo eficiente da lignina em

produtos quimicos de elevado valor agregado (BILAL et al., 2017).

Figura 3 — Estrutura tridimensional de um fragmento de
lignina (estrutura em vermelho e branco) composto de
quatro unidades repetidas, sendo cada uma delas ligada a

uma cadeia de xilano (em amarelo)

Fonte: (FORSS; FREMER, 2006)

2.1.4 Extrativos

Os extrativos presentes na biomassa sdo um grupo heterogéneo de
componentes que podem ser extraidos através de solventes polares e apolares. Eles
englobam terpenos, gorduras, graxas e compostos fendlicos e seu conteudo e
composi¢do variam de acordo com a espécie. Estdo presentes em pequenas quantidades
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e sdo responsaveis pela cor, odor e protecdo da biomassa contra parasitas (JONSSON;
MARTIN, 2016).

2.2 Aproveitamento dos materiais lignoceluldsicos

Atualmente, cerca de 220 bilhdes de toneladas de biomassa sdo geradas
como residuo de operacgdes agricolas em todo o mundo (SARATALE et al., 2017). Os
elevados volumes de residuos e subprodutos inerentes a todos os setores produtivos
aliados ao aumento da consciéncia ecoldgica tem motivado a criacdo de projetos que
promovam a sustentabilidade dos sistemas de producdo (SANTOS DOS et al., 2011). O
que tem motivado o desenvolvimento de muitos estudos no ambito do desenvolvimento
de estratégias para tornar viavel o uso integral da biomassa na producdo de produtos
com elevado valor agregado (VAZ DE ARRUDA et al., 2017), tais como, produtos
quimicos, celulose e papel, ragbes animais, biocatalisadores e biocombustiveis (BILAL
etal., 2017).

Os residuos lignocelulésicos tém sido considerados uma fonte sustentavel
de energia ndo apenas para a producdo de eletricidade (principal emprego atualmente),
mas especialmente para aplicacdo em processos de biorrefinaria na producéo de biogas
e biocombustiveis de segunda geracdo (NYGAARD et al., 2016). Isso porque esses
materiais sdo ricos em acgucares e/ou proteinas (SALIM et al., 2017). Estima-se que até
2050, aproximadamente 38% do combustivel do mundo e 17% da eletricidade serdo
fornecidos por esses materiais (FENG; LIN, 2017).

Entretanto, a primeira limitagdo encontrada na biorrefinaria desses
materiais, se refere a dificuldade de transformar seus polissacarideos estruturais em
acucares simples (MISHRA et al., 2017). Por isso, no processo de transformacéao desses
materiais, a primeira etapa consiste num pré-tratamento para a abertura da estrutura do
material e separagédo das fragdes: lignina, hemicelulose e celulose (LIM et al. (2012);
SARKAR et al. (2012)).

2.3 Pré-tratamento dos materiais lignocelulésicos
O pre-tratamento da biomassa lignocelulésica tem como principais objetivos

a abertura da cadeia do material e a remogéo parcial ou completa da hemicelulose e da

lignina (XIN et al., 2015). Um pré-tratamento adequado deve ser capaz de desfazer as
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pontes de hidrogénio na estrutura cristalina da celulose, quebrar as liga¢cGes da matriz
hemicelulose-lignina e aumentar a porosidade e area superficial da celulose (MOOD et
al., 2013).

No contexto da producdo de enzimas e biocombustiveis, por exemplo,
diversos métodos de pré-tratamento de residuos lignocelulésicos tém sido estudados
(CHEN; TU; SHEEN, 2011), tais como, métodos fisicos (mecéanico e extrusdo),
quimicos (com acidos, alcalis, 0zonio, solventes organicos ou liquidos i6nicos) e fisico-
quimicos (explosdo a vapor, AFEX-ammonia fiber explosion, 4gua quente (LHW),
microondas e ultrasson) (ZHUANG et al.,, 2016). Nas plantas de demonstracéo,
atualmente em operacao, os pré-tratamentos mais frequentemente empregados tém sido
aqueles a base de acido diluido, alcali, por imersdo em aménia liquida e por explosdo a
vapor (ZHUANG et al., 2016).

E importante considerar que independentemente do método de pré-
tratamento utilizado, durante o processo, alguns inibidores podem ser formados, o0s
quais podem apresentar efeito negativo sobre enzimas e micro-organismos que Serdo
utilizados etapas subsequentes. Os trés principais grupos de inibidores sdo: acidos
fracos como o levulinico, acético e formico; derivados de furanos como furfural e
hidroximetil-furfural (HMF) e compostos fenélicos (MOOD et al., 2013).

Sabe-se que a eficiéncia do pré-tratamento de um residuo lignocelulésico
estd diretamente relacionada com a composi¢do do material, por exemplo, seu contetido
de lignina e grupos acetil, ou ainda, fatores como area superficial especifica, indice de
cristalinidade da celulose (Crl), grau de polimerizagdo (Dp), revestimento da fracéo
celuldsica pela hemicelulose, dentre outros (MOOD et al., 2013). A seguir encontram-se
descritos os pré-tratamentos que foram aplicados aos materiais lignoceluldsicos

utilizados nesse trabalho.

2.3.1 Acido diluido

O pré-tratamento da biomassa lignocelulésica com é&cido diluido €
considerado um dos mais promissores. Nele o material € submetido a uma combinacéo
de pH &cido calor e pressdo. O processo promove a despolimerizagdo da hemicelulose
(CARVALHO et al., 2015) com liberacdo de seus acUcares constituintes, tais como,

xilose, glucose, manose, galactose e arabinose (CHEN; TU; SHEEN, 2011).
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O processo que emprega acido sulfurico é o mais utilizado, podendo ser
realizado com alta concentracao de acido e baixa temperatura ou baixa concentracéo de
acido e alta temperatura. A utilizacdo de acido concentrado apresenta como
desvantagens: elevada toxicidade, corrosividade de equipamentos, dificuldade na
recuperacdo do &cido apos o processo e producdo de inibidores a partir da degradacéo
dos monossacarideos liberados. Industrialmente, o pré-tratamento que emprega acido
diluido € o mais utilizado, pois gera menor quantidade de inibidores (HAGHIGHI
MOOD et al., 2013).

A hemicelulose apresenta uma estrutura predominantemente amorfa (regido
com baixa organiza¢do macromolecular) o que a torna mais susceptivel a hidrolise acida
que a celulose (NEVES; PITARELO; RAMOS, 2016). Devido a elevada sensibilidade
da hemicelulose as condic¢des de tratamento, parametros como temperatura e tempo
precisam ser bem controlados a fim de minimizar a formagdo de furfural, HMF e
pseudo-lignina que sdo substancias com efeito inibidor nos processos subsequentes de
emprego da biomassa. Quando o tratamento € realizado em altas temperaturas, 0s
inibidores, como o furfural, podem se degradar formando o acido férmico e levulinico
(MOOD et al., 2013).

Vaérios estudos reportam que o conteddo de lignina (lignina de Klason)
presente no material apds o tratamento acido é maior que aquele presente na matéria-
prima, esse fendmeno é explicado, em parte, devido a formagdo de pseudo-lignina.
Grahi et al. (2011) acompanharam a formagéo dessa estrutura em diferentes condi¢des
de tratamento do Alamo (Populus trichocarpa x deltoides) e concluiram que a pseudo-
lignina é um material aromatico que pode ser quantificada como lignina de Klason, e
que inclusive assemelha-se a aparéncia fisica da lignina nativa, ndo sendo, contudo
derivada desta, podendo ser formada exclusivamente pela degradacéo dos carboidratos
presentes na biomassa. Portanto, em condig¢Oes de tratamento severas, a degradacdo dos
carboidratos além de gerar os inibidores anteriormente mencionados, produz também
pseudo-lignina que assim como a propria lignina pode formar ligages ndo produtivas
com enzimas utilizadas na hidrolise da celulose, por exemplo. Por isso, condicdes
severas de pré-tratamento acido devem sempre ser evitadas (CARVALHO et al., 2015).

Em madeiras duras, o xilano é o principal componente da hemicelulose e
juntamente com os grupos acetil nela presentes aumenta a recalcitrancia desses
materiais. Os grupos acetil e urénicos removidos durante esse pré-tratamento, catalisam

a hidrdlise da hemicelulose e dos oligossacarideos devido a liberagdo de ions hidronio
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para 0 meio reacional. A fragdo amorfa da celulose também pode ser hidrolisada nesse
processo, liberando glicose. A fracdo cristalina da celulose, entretanto, permanece no
material solido recuperado apds o tratamento, pois, para hidrolisa-la seriam necessarias
condicBes de tratamento mais severas (combinagdes de altas concentra¢Bes de acido e
temperatura elevada) (CARVALHO et al., 2015).

2.3.2 Alcalino (deslignificacéo)

A lignina presente nos materiais lignocelulésicos atua como uma barreira
fisica dificultando o acesso das enzimas e/ou microorganismos a celulose e a
hemicelulose (ALVIRA et al., 2010). Além disso, B-glucosidases e endoglucanases, por
exemplo, podem ter mais afinidade pela lignina do que pela prépria celulose, formando
ligagbes ndo-produtivas com esse polimero, o que reduz a eficiéncia do processo de
hidrélise enzimatica. Por isso, convém que esses materiais sejam primeiramente
submetidos a um processo de tratamento para remover parcialmente ou totalmente a
lignina (NARRA; JAMES; BALASUBRAMANIAN, 2015).

O tratamento que tem como finalidade remover a lignina dos materiais
lignoceluldsicos € denominado de deslignificacdo. Como resultado desse processo, a
acessibilidade e a digestibilidade dos polissacarideos presentes nesses materiais
aumenta, uma vez que os carboidratos ficardo mais disponiveis para a acdo de enzimas
e/ou microorganismos. Os acUcares liberados poderdo ser empregados em diversos
processos biotecnolégicos (RABEMANOLONTSOA; SAKA, 2015).

Os alcalis sdo os reagentes preferencialmente utilizados, e dentre eles os
principais sdo a amonia, o hidroxido de calcio e o hidréxido de sédio, sendo este 0 mais
estudado. Em comparacdo com o pré-tratamento acido, por exemplo, a deslignificacdo
apresenta como vantagem o fato de ocorrer em temperatura e pressao menores e,
consequentemente, provocar menor degradacdo dos agucares. Em contrapartida, nesse
tipo de pré-tratamento podem ser necessarios tempos de reacdo maiores (BALI et al.,
2015). Esse tipo de tratamento é muito eficaz para residuos agricolas e culturas
herbaceas (NARRA; JAMES; BALASUBRAMANIAN, 2015).

O élcali provoca o intumescimento da parede celular e 0 aumento na sua
superficie interna. Ocorre entdo a saponificacdo das ligacdes éster de acido 4-O-metil-
D-glucurdnico (acido urénico) ligados ao xilano. Um grupo carboxilico € produzido e

cliva as ligagOes entre a lignina e a hemicelulose. A matriz celulose-hemicelulose-
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lignina é desfeita e ocorre o rompimento das pontes de hidrogénio com a celulose
(RABEMANOLONTSOA; SAKA, 2015). Ocorre também a quebra das ligacOes
internas na molécula de lignina (ligacGes éter, fenil glicosidicas e acetil) (KOYAMA et
al., 2017).

A lignina nos materiais lignocelulésicos é formada basicamente por
unidades guaiacil e siringil. Ela esta ligada principalmente via carbono-carbono e
ligacbes carbono-oxigénio com a ligacdo aril-éter. A eficiéncia do processo de
deslignificacdo é diretamente influenciada por fatores como a concentracdo alcalina,
tempo e temperatura do processo e especialmente, pela composi¢do da lignina do
material, por exemplo, é sabido que a lignina do tipo siringil é mais facilmente clivada
que a do tipo guaiacil (SANTOS et al., 2011). Por isso, a relacdo entre os grupos
Siringil e Guaiacil (S/G) funciona como um indicador da reatividade desse polimero ao
tratamento quimico empregado. Por exemplo, para eucalipto a relacdo S/G é maior que
para bagaco e palha de cana, o que indica que a reatividade da lignina do eucalipto é
maior quando comparada com a dos demais residuos mencionados (CARVALHO et al.,
2015). Portanto, a escolha de um método de pré-tratamento adequado é importante para
a eficiéncia e competitividade do bioprocesso.

2.4 Hidrolise enzimatica da celulose

Apds a remogdo de hemicelulose e lignina do material lignocelulésico, a
celulose, presente na fracdo solida, precisa entdo ser hidrolisada (por &cidos ou enzimas)
até glicose, que conforme mencionado anterirormente, pode ser empregada em diversos
processos. Dentre as varias possibilidades de aplicacdo para esse agucar, no cenario
atual, aquela que mais tem se destacado, é a producdo de bioetanol. Nesse processo,
apos a etapa de deslignificacdo, o material solido € submetido a hidrdlise enzimética
com celulases, sendo essa etapa um dos principais gargalos nesse biorocesso,
especialmente devido ao custo elevado dos biocatalisadores (LI et al., 2017). Uma vez
que, o emprego dessas enzimas pode representar até 40% do custo total do processo é
necessario que processos de producdo menos dispendiosos sejam desenvolvidos
(BEHERA; RAY, 2016). A glicose liberada, podera entdo ser convertida em bioetanol
(Lletal., 2017).

Celulases sdo um grupo de enzimas (endoglucanases, exoglucanases e -

glucosidases) que atuam sinergisticamente na hidrolise completa da celulose, (IDRIS et
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al., 2017). Endoglucanases ou carboximetilcelulases sdo responsdveis por iniciar a
hidrolise enzimética da celulose. Elas atum clivando, de forma aleatéria, as ligacGes
intramoleculares na fibra, gerando oligossacarideos de varios tamanhos e
consequentemente novas cadeias terminais. Exoglucanases ou celobiohidrolases
hidrolisam as extremidades redutoras e ndo-redutoras da cadeia de celulose liberando
celobiose ou glucose (BANSAL et al.,, 2012). Esta enzima sofre inibicdo por seu
produto de hidrolise (CASTRO; DE; PEREIRA, 2010). Por fim, a B-glucosidase
também conhecida como celobiase € responsavel pela hidrélise da celobiose e dos
oligossacarideos sollveis em glicose (BANSAL et al., 2012), eliminando desta forma a
inibicdo pela celobiose (PERCIVAL ZHANG; HIMMEL; MIELENZ, 2006).

Essas enzimas agem em sinergia e, portanto, a presenca de todas é
necessaria para uma eficiente hidrolise da celulose em acucares soltveis, como pode ser
observado na Figura 4 (IDRIS et al., 2017). Basicamente, a diferenga entre essas
enzimas esta relacionada ao seu local de atuacdo na cadeia celulésica (CASTRO, DE E
PEREIRA, 2010).

Figura 4 — Representacdo esquematica do efeito sinérgico das enzimas

que compde o complexo celulolitico
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Fonte: MARTINS (2005).
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Esse grupo de biocatalisadores é empregado nas inddstrias de producdo de
medicamentos, perfumes, resinas, producéo de amido, fermento, tratamento de residuos
e producdo de etanol de segunda geracdo a partir de materiais lignocelulosicos
(BEHERA; RAY, 2016). Atualmente, a nivel comercial, elas sdo produzidas em sua
maior parte através de fermentacdo submersa empregando-se substratos puros (CERDA
et al., 2017). Os principais micro-organismos produtores de celulases sdo os fungos
filamentosos, com destaque para Trichoderma reesei (ZHENG et al.,, 2017). Os
processos industriais de producdo de enzimas sdo de alto custo, 0 que ainda constitui um
fator limitante a0 amplo emprego desses biocatalisadores em processos industriais, por
iss0, essa producdo precisa ser otimizada com o objetivo de reduzir tais custos (CERDA
etal., 2017).
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3.1 Abstract

The lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin,
forming a structure difficult for microbiological and enzymatic degradation. Due to the
complexity of the lignocellulosic materials, this biomass needs a pretreatment to remove the
lignin and the hemicellulose, exposing the cellulose to the enzyme action. For this reason,
this work aimed to study the vine pruning pretreatment (acid and alkali pretreatment)
followed by the enzymatic hydrolysis with commercial cellulases. The influence of acid
pretreatment of a residue was evaluated through a central composite design and the material
recovered from the best conditions was further used in an alkaline hydrolysis. The
commercial enzymes Cellic® CTec2 and Novozyme 188 were used to hydrolyze the
pretreated biomass. The vine pruning composition was: cellulose 36%, hemicellulose 22%
and lignin 30%. Regarding the acid pretreatment, the best condition was: 1.5% (v/w)
H,SO,4, 120 °C and 30 minutes, which removed 68.7% of hemicellulose recovering 95.8%
cellulose. This material was then submitted to an alkaline pretreatment using different
conditions, and the greatest removal of lignin occurred using 3.0% (w/v) of NaOH at 120 °C
without agitation for 60 minutes. Under this condition, it was possible to obtain a material
with 75.0% of cellulose and 25.0% of lignin. However, the highest glucose yield was
obtained with the enzymatic hydrolysis of the vine pruning delignified at 100 °C, without
agitation and 2.0% of NaOH, which confirms the importance of taking into account the
enzymatic hydrolysis results to select the pretreatment for a lignocellulosic residue.

Keywords: Cellulase; Enzymatic hydrolysis; chestnut shell; vine pruning.
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3.2 Introduction

Currently, the interest in lignocelulosic biomass has been growing because
of its potential to be used as raw material in the biofuels and biomaterials production
(YOO et al., 2017). According to the biorefinery concept, the lignocellulosic biomass
can be used as a raw material in different industrial processes. Thus, the use of all
fractions of these materials (sugars from hemicellulose, cellulose, and lignin) in the
production of value-added products would make the transformation of biomass viable
and of economical interest (VAZ DE ARRUDA et al., 2017).

The lignocellulosic materials are composed basically of an aromatic
polymer (lignin) and carbohydrates polymers such as cellulose and hemicellulose,
whose structural units are fermentable sugars (YANG et al., 2015). Due to its
composition, lignocellulosic materials are highly resistant to degradation (SU et al.,
2012). Therefore, the first step of the biomass transformation process is a pretreatment
of the residue that results in the chain opening and the lignin and hemicellulose release
(LIM et al., 2012). The pretreatment also reduces the cellulose crystallinity increasing
the amorphous cellulose fraction and making the cellulose available for enzymatic
attack (SARKAR et al.,, 2012). Because of the complexity of the lignocellulosic
materials, there is not a single pretreatment that is equally effective for all of them
(NARRA; JAMES; BALASUBRAMANIAN, 2015). Whenever selecting the
pretreatment methods, it is important to consider some factors, such as digestibility of
the treated material, sugars recovery, the presence of inhibitors and energy consumption
(SARATALE; JUNG; OH, 2016). The pretreatment step is crucial for the bioprocess
development, as it can comprise 20% of the total biofuels production coast
(BANERJEE et al., 2016). The acid hydrolysis removes the hemicellulose and can
solubilize a small fraction of lignin. Nonetheless, the majority of this polymer remains
in the solid fraction; therefore, another treatment step is necessary to remove the
remaining lignin (NARRA; JAMES; BALASUBRAMANIAN, 2015). Afterwards, the
resultant material is subjected to enzymatic hydrolysis to release the monomeric sugars,
which can be to use in fermentation processes (YANG et al., 2015).

Some European countries, in particular, Portugal, have a long tradition of
wine production (BRITO; OLIVEIRA; RODRIGUES, 2014). In 2015, France, Italy,
Spain, Germany, and Portugal were responsible for 70% of the World wine production

(26 billions of liters). Among these countries, Portugal is the fifth largest producer with
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a production of 705 millions of liters in 2015 (IVV, 2017). Annually, the vineyard trees
need to be pruned to increase the productivity and the grape quality in the next harvest
(MILLER et al., 2001). In the pruning process, the cut thin branches are often burned
(VECINO et al.,, 2017), causing environmental problems related to the lignin
combustion (BUSTOS et al., 2004). Therefore, the development of technologies that
can add value to this residue is industrially relevant (BIAGINI; BARONTINI;
TOGNOTTI, 2015). Some studies regarding the application of vine pruning has already
been done such as: the production of wood-based panels (NTALOS; GRIGORIOU,
2002), the vine pruning gasification (BIAGINI; BARONTINI; TOGNOTTI, 2015),
lactic acid production by fermentation of the hemicellulose sugars (BUSTOS et al.
(2005), MOLDES et al. (2007)), biosurfactants production by fermentation of the
cellulose sugars (VECINO et al., 2017). In this way, this work aimed to study two steps
of pretreatment to remove hemicellulose and lignin from the vine pruning. The resultant
cellulosic fraction in the solid material was submitted to enzymatic hydrolysis, and the
concentration of glucose released in this process was also taken into account in the

selection of the better pretreatment conditions.

3.3 Materials and methods

3.3.1 Vine pruning raw material

The vine pruning used in this work was kindly provided by a local farm in
the Minho’s province in Portugal. The residue was ground in a nife mill and dried in an

oven at 60 °C for 24 hours.

3.3.2 Acid pretreatment of the vine pruning residue

A pretreatment with diluted sulphuric acid (H,SO,4) was applied to the vine
pruning residue according to a central composite design (CCD) that enabled the
definition of the adequate experiments covering the relevant experimental domain. The
studied variables were temperature (100 °C to 120 °C), time (15 to 45 minutes) and acid
concentration (0.5% to 2.5% (v/v)). The biomass was impregnated with the alkali liquor

at a solid/liquor ratio of 1:20 (w/v). These values were selected based on the acid
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pretreatment of olive tree pruning (MATEO et al.,, 2014), almond tree pruning
(CUEVAS; GARCIA; SANCHEZ, 2014) and vine pruning (BUSTOS et al., 2004).
After each treatment, the solid and the liquid fractions were separated by
vacuum filtration, in a Buchner funnel with a soft cloth, and the solid fraction was
washed until neutral pH, weighted and represented as total mass recovery (TMR),
calculated according to Eq.(1). The calculations were performed considering the
humidity on dry basis. The wet material was stored at 10 °C until it was used in the

assays of enzymatic hydrolysis.

mass of the solid (insoluble) fraction (g)

TMR (%) =

x 100 1)

initial mass (g)

where the “mass of the solid (insoluble) fraction” corresponds to the mass recovered
after the filtration and successive washings, and the “initial mass” are the mass of the
residue before treatment.

The percentages of cellulose, hemicellulose and lignin which were
solubilized with the treatment were calculated on the basis in the fraction present in the
treated biomass and in the untreated biomass and TMR (%), according to the Equations
(2), (3) and (4).

TMR%+* CTB%

CS (%) =100 — — (2)

CS is the percentage of cellulose which was solubilized with treatment, CTB is the
percentage of cellulose in the treated biomass and CUB is the percentage of cellulose in

the untreated biomass.

TMR%* HTB%

HS (%) = 100 — ==

©)

HS is the percentage of hemicellulose which was solubilized with treatment, HTB is the
percentage of hemicellulose in the treated biomass and HUB is the percentage of

hemicellulose in the untreated biomass.

TMR%* LTB%

LS (%) = 100 — ===

(4)
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LS is the percentage of cellulose which was solubilized with treatment, LTB is the
percentage of lignin in the treated biomass and LUB is the percentage of lignin in the
untreated biomass.

The best conditions from the experimental design, the condition that
removed the higher percentage of hemicellulose with minimum solubilization of

cellulose, were selected for the alkaline pretreatment).

3.3.3 Alkaline pretreatment of the residue

A pretreatment with sodium hydroxide was carried out on the residue
obtained from the best acid pretreatment (determined in section 2.2) to promote the
residue delignification. Three NaOH concentrations (1.0%, 2.0% and 3.0% w/v) were
used at 120 °C without agitation (autoclave) and 100 °C with agitation in a stirred-
heating plate (MS7-H550-S LAB 1000). All the experiments were conducted with a
substrate to alkali solution ratio (w/v) of 1:20 during 60 minutes. After each treatment,
the solid and liquid fractions were separated by filtration in a fabric cloth under vacuum
and the solid fraction was washed until pH 7.0 and stored at 4 °C. The chemical
composition of the treated material (percentage of cellulose, hemicellulose, and lignin)
was determined as described in section 2.5 and the TMR (%) was calculated as
described in section 2.2. All samples obtained in this step were submitted to enzymatic
hydrolysis for the selection of the most appropriate condition.

3.3.4 Enzymatic hydrolysis

The enzymatic hydrolysis was performed with the commercial enzyme
Cellic® CTec2 (30 FPU/ g of biomass) and Novozyme 188 (15 CBU/ g of biomass).
The assays were performed in Erlenmeyers of 100 mL with a reaction volume of 40 mL
of a mixture containing sodium citrate (pH 5.0), sodium azide (0.1%, w/v), the enzyme
and 5% (w/v) of biomass. The assays were performed in triplicate and carried out in a
rotatory shaker (SOLAB) at 200 rpm, 50 °C for 96 hours (FERREIRA et al. (2009),
MAEDA et al. (2013)). The samples (1.0 mL of each Erlenmeyer) were collected every
24 hours and were kept in boiling water for 5 min to inactive the enzyme. Then, the
samples were centrifuged at 12000 g for 20 minutes to separate the insoluble fractions.

The soluble fraction was filtered through a 0.2 um membrane filter and stored frozen to
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further determine the hydrolysis products. The untreated vine pruning was also
submitted to the hydrolysis. The control experiments were carried out without adding
the enzyme. The hydrolysis was performed in triplicate. The enzymatic hydrolysis yield
(%) was calculated according to Eq. (2) (DOWE; NREL, 2008):

Enzymatic hydrolysis Yield (%) = ([glucose]+1.05 [Ceuomose]) * 100 (2)

1.11f [biomass]

where [glucose] is the glucose concentration (g/L), [cellobiose] is the cellobiose
concentration (g/L), [biomass] is the dry biomass concentration at the beginning of the
enzymatic hydrolysis (g/L), f is the cellulose fraction in dry biomass (g/g), 1.05 is the
factor that converts cellobiose to equivalent glucose and 1.11 is the factor that converts

cellulose to equivalent glucose.
3.3.5 Analytical methods

The untreated and treated vine pruning residue chemical composition of was
determined according to the analytical protocol described by the National Renewable
Energy Laboratory (NREL).

The sugars and lignin were determined through biomass fractionation
through of the acid hydrolysis. Firstly, the biomass was submitted to acid hydrolysis
with sulfuric acid at 72% (v/v) and 30 °C during 1 hour. Hereafter, the mixture was
diluted with water up to 4.0% (v/v) and autoclaved at 120 °C for 60 minutes.
Afterwards, the solid fraction containing the acid insoluble lignin (Klason lignin) was
separated from the liquid fraction containing sugars and the acid soluble lignin through
filtration in Buchner funnel with sintered glass porous plate n°® 2. The Klason lignin was
determined gravimetrically and the acid soluble lignin was determined using an UV-
Visible spectrophotometer at 215 nm and 280 nm (SLUITER et al., 2011). The
concentrations of cellobiose, glucose, xylose, arabinose, acetic acid, furfural and
hydroxymethylfurfural (HMF) were measured by high-performance liquid
chromatography (HPLC) in an Agilent 1260 infinity system, equipped with a refractive
index and UV-visible detector (Wilmington, Delaware, EUA). Separation was achieved
using an Aminex HPX-87H (Bio-Rad Laboratories Inc., America) column. The mobile

phase was 5 mmol/L sulfuric acid, the flow rate was 0.7 mL/min and the column
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temperature 60 °. Acid acetic, furfural and HMF were UV detected at 285 nm, and the
sugars were detected by refraction index.

The extractives content present in the biomass were extracted by the Sohxlet
method (Soxtec™ 8000), in a two-step extraction: the first with distilled water and the
second with ethanol 95% (v/v). Both extractions were carried out for 6 hours at 80 °C
without agitation. The extractives mass was quantified by gravimetry (SLUITER et al.,
2008a).

The ash content was determined through dry oxidation of the biomass in a
muffle at 575 °C during 4 hours. The ash was quantified by gravimetry (SLUITER et
al., 2008b).

The concentration of cellobiose, glucose, xylose arabinose released from the
enzymatic hydrolysis was measured by HPLC (Agilent 1260 infinity, Wilmington,
Delaware, EUA) using the same conditions as described in this section.

3.3.6 Structural changes in the biomass

To visualize the structural changes on the wine pruning surface due to the
treatments and the enzymatic hydrolysis, a morphological study by Scanning Electron
Microscope (SEM) (Quanta 450 FEG — FEI) was performed. The samples were freeze-
drying to remove humidity and fixed in a stub. Before analysis, the samples were coated
with a thin layer of gold in a metalizator (Quorum QT150ES). Afterwards, the samples

and raw material surface morphologies were analyzed.

3.3.7 Statistics analysis

All experiments were carried out in triplicate. Results were expressed as
mean + SD. Statistical analysis was carried out using the software Statistica 10.0
(Statsoft). F-test and ANOVA analysis were used as significant criteria for the fitted

models. The tukey's test was also done using the software Statistica 10.0 (Statsoft).
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3.4 Results and discussion

3.4.1 Vine pruning raw material

The composition of the vine pruning used herein was: 36.0% of cellulose,
29.6% of lignin, 21.8% of hemicellulose, which has xylose as structural monomer, 8.6%
of extractives and 3.6% of ash. These values were similar to the reported by BUSTOS et
al. (2005) for vine pruning from Galicia (Spain). The cellulose is the major component
in this residue, making it interesting for fermentation processing such as bioethanol

production because the cellulose hydrolysis product is glucose (a fermentable sugar)

3.4.2 Acid pretreatment of the vine pruning residue

The evaluation of the pretreatment with dilute sulfuric acid was performed
through a central composite design (CCD) with three independent variables and three
replicates at the central point. After the pretreatment, two fractions were obtained, a
liquid fraction which contains all the soluble components in the acid and a solid fraction
(Total mass recovery - TMR) containing the cellulose, lignin and some hemicellulose
not solubilized during the treatment. The TMR after the treatments ranged from 55.4 to
80.8% (Table 1). According to the results presented, high acid concentrations led to
smallest TMR values because in these assays, a greater amount of material was
solubilized, independently of the temperature and processing time. In the pretreatments
1 and 3 (both performed at 100° C and 15 min), the TMR decreased from 80.8% to
68.10% with the increase in the acid concentration from 0.5% to 2.5%, respectively.
The same behavior was observed in the assays 11 (0.5% H,SO,), 15 (1.5% H,SO,4) and
12 (2.5% H,SO,) that were done at 110 °C for 30 minutes, in TMR of 65.4%, 63.3%,
and 57.8%, respectively.

The percentages of each fraction in the treated material changed according
to the pretreatment conditions. In lignocellulosic material, it is well known that the
diluted acid acts particularly on the hemicellulose, due to its capacity of breaking
covalent bonds, hydrogen bonds and Van der Waals forces in the molecule (YANG et
al., 2015). Therefore, the content of hemicellulose solubilized with the acid pretreatment
was the response variable analyzed in the CCD experimental design. The linear effect of

the acid concentration on the solubilization of the hemicellulose was positive and
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exhibited the greatest influence in this response (Figure 5a). The positive sign of this
variable on the solubilized hemicellulose percentage means that when the acid
concentration increased the hemicellulose solubilization also increased. Therefore, this
type of treatment tends to increase the accessibility of the enzymes to cellulose as well
as to increase the pore size of the material (CARVALHO et al., 2015).

Table 1. Total mass recovery (TMR) and composition obtained for several acid pretreatment
conditions according to the CCD experimental design.

Assay  t(°C) H,SO, Time TMR Cellulose Hemicellulose Lignin
(Yoviv) (min) (%) (%) (%) (%)
1 100 0.5 15 80.8 44.6%0.3 25.4+0.2 305101
2 100 0.5 45 706 427104 25603 30.1+£0.0
3 100 2.5 15 68.1 48.0x0.3 175+1.0 36.5 +0.4
4 100 2.5 45 61.3 46.0%0.8 14.0+0.7 37.9+0.7
5 120 0.5 15 76.0 40.0%£0.6 18.3+0.3 36.4+0.9
6 120 0.5 45 713 422106 18.2+0.6 35.4+0.6
7 120 2.5 15 576 51.1%+05 10.4+0.2 39.3+14
8 120 2.5 45 554 49.8%0.7 9.8+0.6 43.1+0.6
9 100 1.5 30 69.0 52.0%05 21.4+£05 328+0.6
10 120 1.5 30 629 548%1.0 109+04 35.8+0.6
11 110 0.5 30 654 45.3%0.2 26.8+0.9 30.7+0.2
12 110 2.5 30 578 456%0.2 11.2+0.6 40.8+0.6
13 110 1.5 15 732 465%0.1 24.6+0.2 30.6+0.4
14 110 15 45 66.4 52.0x+0.2 11.1+0.1 36.7£0.3
15* 110 1.5 30 625 46.6+05 16.0+0.4 37.4+0.0
16* 110 1.5 30 65.1 45.0%0.2 16.4+0.2 37.1+1.0
17* 110 15 30 62.2 448103 16.2+0.0 39.1+£0.9

*Central points

The effect of temperature in hemicellulose solubilization was also positive

since the increase in the pretreatment temperature promoted a greater solubilization of
the hemicellulose (Figure 5a). The fitted model to predict the solubilized hemicellulose
in function of the independent variables is given by Eq. (3).

y = 65.5 — 3.7X; + 45.5 X, + 3.9X; ©)

where the “y” corresponds to the solubilized hemicellulose percentage and “Xj, X, and

X3 are the temperature, acid concentration and time of the pretreatment.
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The analysis of variance (ANOVA) revealed that the calculated F value
(6.35) was greater than the listed one (Fo; = 3.68) at 95% of confidence level and
therefore, the model was statistically significant. The determination coefficient (R?) was
0.89, which suggests that the experimental values are close to the ones estimated by the
regression equation. The response surface of this model using all the possible
combinations among the variables studied and the response variable is represented in
Figure 1.

According to Figure 5b, temperatures greater than 110 °C together with
pretreatments times higher than 30 minutes lead to an increased solubilization of
hemicellulose, confirming the estimated effects of these variables shown in Figure la.
The response surfaces of the acid concentration with the temperature (Figure 5c¢) and
time (Figure 5d) corroborate the same optimum region. In Figure 1, there is an optimum
region at which the solubilization of hemicellulose is maximum, within the combination
of the parameters studied. The higher hemicellulose solubilized occurred in the assays 7,
8 e 10 (Table 1). In this type of pretreatment, a primarily solubilization of hemicellulose
occurs, but the cellulose solubilization can also (YANG et al., 2015a), which is not
desirable in present study because the cellulose should remain in the solid fraction of
material, to be further hydrolized. Thus the pretreatment conditions chosen for the next
steps studies were 1.5% H,SO,4, 120 °C and 30 minutes (assay 10). At this condition, it
was possible to solubilize 68.7% of hemicellulose and only 4.3% of cellulose present in
the raw material (this was the less quantity of cellulose solubilized among all tested

conditions -Table 2).



45

Figure 5. Pareto chart illustrating the estimated effects of the variables studied on the
percentage of solubilized hemicellulose (response variable) (a); response surface
obtained from the relation between the different variables, namely time and temperature
(b); acid concentration and time (c); and acid concentration and temperature (d).
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The solubilization of the hemicellulose increases the cellulose digestibility.
However, the main constraints on acid treatment of lignocellulosic materials is the
formation of furfural, 5-hydroxymethyl-2-furaldenyde (HMF) and acetic acid that are
degradation products of the sugars released during the process as result of the conditions
employed as high temperatures and low pH values. The presence of these compounds in
the liquid fraction as a result from the pretreatment can compromise its utilization in
bioprocess (HAFID et al., 2017), because this liquid fraction can be used as a xylose
source in bioprocessing with microrganis able to ferment xylose. The xylose
concentration ranged from 0 to 13.6 g/L in the hydrolisate. The higher xylose
concentration was obtained in the pretreatment 8 (125 °C/ 2.5 % H,SO, and 45
minutes), which was the same condition where the greatest amount of hemicellulose
(75.1 %, Table 2) was solubilized.
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Table 2. Percentages of hemicellulose, cellulose and lignin which were
solubilized with acid treatment.

Assay Solubilized Solubilized Solubilized
Cellulose (%) hemicellulose Lignin
1 0.0+£0.0 58+0.2 16.7+0.1
2 16.3+0.4 17.1+0.5 28.2+0.3
3 9.2+0.3 45.3+0.8 16.0£0.4
4 21.6+0.8 60.6 £ 0.7 21.5+£0.7
5 155+0.4 36.2+05 6.5+0.9
6 16.5+0.6 40.5+0.6 14.8 +0.6
7 18.2+0.3 725+0.2 23.8+14
8 23.3+0.7 75.1+0.6 19.3+0.6
9 03105 323+£05 23609
10 43+0.9 68.6 £ 0.8 24.0+0.8
11 17.7+0.2 19.6+0.9 32.2+0.6
12 26.8+0.5 70.3+£0.6 20.4+£0.6
13 55+04 17.4+0.2 244 +04
14 41+0.3 66.2+0.1 17.6+£0.7
15 19.0+0.2 541+04 21.0+£0.5
16 18.7+0.6 51.0+0.2 18.4+0.9
17 226+ 1.0 53.8+0.0 17.9+0.6

*Percentages of cellulose, hemicellulose and lignin which were solubilized with acid
treatment. VValues were corrected multiplying each component percentage (Table 1)
by TMR and divided by percentage of each component of raw material.

Table 3 shows the concentrations of acetic acid and furfural quantified in
hydrolyzate resulting from acid pretreatment. For the same temperature of treatment
where the increase in sulphuric acid concentration resulted in higher acetic acid. The
higher acetic acid concentration was 3.6 g/L, released ate the more severe treatment
(120 °C and 2.5% H,SO, during 45 minutes). The furfural concentration was practically

the same in all treatments.
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Table 3. Acetic acid and furfural quantified in the liquid fraction from acid

pretreatment
Assays t H,SO, Time  Xylose  Acetic Furfural
(°C) (%, VIV) (min) (o/L) acid (g/L) (g/L)
1 100 0.5 15 0.0 0.3 0.3
2 100 0.5 45 0.0 0.4 0.3
3 100 2.5 15 4.4 2.3 0.3
4 100 2.5 45 7.5 2.9 0.3
5 120 0.5 15 1.8 0.5 0.3
6 120 0.5 45 2.5 1.0 0.3
7 120 2.5 15 9.4 2.9 0.3
8 120 2.5 45 13.6 3.6 0.4
9 100 15 30 3.0 1.8 0.2
10 120 15 30 10.0 3.0 0.2
11 110 0.5 30 1.9 0.5 0.3
12 110 2.5 30 8.0 3.0 0.3
13 110 15 15 1.7 0.9 0.3
14 110 15 45 7.5 2.6 0.3
15 110 15 30 1.4 3.1 0.3
16 110 15 30 5.8 2.5 0.3
17 110 1.5 30 6.0 2.6 0.3

3.4.3 Alkaline pretreatment of the residue

The acid pretreatment previously performed aimed to the hemicellulose
removal from the residue. It is known that the hemicellulose and lignin are strongly
linked to cellulose, and therefore, their removal is crucial to increase the accessibility of
the enzymes to the cellulose (SUN et al., 2015). Sodium hydroxide is extensively used
in this type of pretreatment because besides the benefits before mentioned, it increases
the internal surface of cellulose and decreases its crystallinity degree (ALVIRA et al.,
2010). Based on this discussion, the vine pruning treated with diluted acid was further
subjected to a pretreatment with NaOH at different concentrations. In all the tested
conditions, the residual hemicellulose (which was not previously solubilized with the
acid treatment) was now completely solubilized (Table 4). The TMR after the
treatments ranged from 49.9% to 74.9% and the smallest TMR values were obtained for
the higher NaOH concentrations.

The pretreatments performed at 120 °C removed more lignin than those
carried out at 100 °C. The percentages of lignin solubilized were 38.8%, 54.7% and
63.8% for the assays with 1.0, 2.0 and 3.0% of NaOH, respectively (Table 4). The
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greater percentage of lignin (63.8%) was solubilized when the pretreatment was
performed with 3.0% of NaOH at 120 °C without agitation. The higher amount of

cellulose solubilized also occurred in these conditions.

Table 4. Composition of the solid fraction obtained after alkaline pretreatment (g/ 100 g
of treatment solid, dry matter), total mass recovery (TMR) from the pretreated vine
pruning and percentages of cellulose and lignin which were solubilized with alkaline

treatment.

NaOH concentration; TMR  Cellulose  Solubilized  Lignin Solubilized
temperature (%) (%) Cellulose* (%) Lignin*

1.0%; 120°C 626 653+02 229+02 357+04 38804
1.0%; 100°C 749 671+08 49+08 324%01 323%0.1
2.0%; 120°C 544 69.7+04 282%+04 298%02 54702
2.0%; 100°C 675 681+12 97+12 31.9%£02 37.7x0.2
3.0%; 120°C 525 75.0+10 255%+10 247%+03 63.8%+0.3
3.0%, 100°C 499 693+18 97+18 30.8x0.1 40.8%0.1

The material which was submitted at pretreatment with NaOH contained the following
composition: 54.8% of cellulose, 10.9% of hemicellulose and 35.8% of lignin. The
hemicellulose that not was solubilized with the acid treatment was completely solubilized in
this step. All assays were performed during 60 minutes with a substrate to alkali ratio (w/v) of
1:20. The percentages of cellulose and lignin refer to grams of the each fraction per 100 g of
treated material. *Percentages of cellulose and lignin which were solubilized with alkaline
treatment. Values were corrected multiplying previous column (component percentage) by
TMR and divided by percentage of each component of material before delignification (material
submitted at acid treatment).

In all assays performed at 100 °C, the amount of solubilized cellulose did
not exceed 10% (Table 4). However, the condition that removed most lignin was 100 °C
and 3.0% of NaOH. The choice of the delignification pretreatment should be based on
the highest removal of lignin and the lowest or no solubilization of cellulose (YANG et
al., 2015) along with the maximal enzymatic hydrolysis yields. Therefore, all samples

obtained from the alkaline treatment were submitted to enzymatic hydrolysis.

3.4.5 Structural changes in the biomass

The main constituents of cell wall of plants are cellulose, hemicellulose and
lignin distributed in one primary wall and a secondary wall with three layers. Usually,
the primary wall has more lignin than the secondary wall. The plant tissues are
parenchyma, collenchyma, xylem, sclerenchyma. The parenchyma is rich in cellulose,
the collenchyma in hemicellulose and the xylem and sclerenchyma in lignin (FAHN,

1967; GIBSON, 2012a). To evaluate the changes promoted by the pretreaemtb, the
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structure of the vine pruning before and after the pretreatment was analyzed through a
SEM. The images of the untreated vine pruning (UNT) showed the complete and
compact parenchyma, sclerenchyma and xylem (Figure 6). The vine pruning pretreated
with diluted acid (120 °C, 1.5% and 30 minutes) showed a slight opening of the
parenchyma structure (structure composed mainly of cellulose and hemicellulose), but it
was still possible to observe the original cell contours. The sclerenchyma and the xylem
remained intact. In the PT1 (acid treatment followed by NaOH 1% (w/v) at 120 °C
without agitation), the parenchyma degradation started with unstruted areas and others
intact. The contours of the original cell were not observed anymore. The xylem
remained preserved and the sclerenchyma was slight modified. The parenchyma from
the sample of pretreatment two (PT2) was similar to the previous sample (PT1) and the
sclerenchyma exhibited some tiny holes at the surface.

The samples from the pretreatments 3 and 4 (both with 2.0% of NaOH, at
120 °C and 100 °C, respectively) (Figure 7) showed a more degraded parenchyma with
tiny holes at the surface. The cell structure is also disorganized due to the chemical
attack. Regarding the sample 3, the alkali started to act on the xylem structure and some
cracks are seen on the residue surface. In the samples 5 and 6, the lignocellulosic
structure of vine pruning has been significantly destroyed. The sclerenchyma seems to
have exploded and the xylem showed a lot of cracks. The results dearly suggest that the
NaOH concentration affects more the lignocellulosic structure than the temperature.
These results corroborated with the observed in the quantitative analysis previously
reported (Table 4).
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Figure 6. SEM images of vine pruning without and with pretreatment. Subtitle: UNT —
untreated vine pruning; PTO — vine pruning pretreated with diluted sulfuric acid (1.5%
H,S0O4, 120 °C and 30 minutes - assay 10); PT1 refer to pretreatment that used 1.0% of
NaOH at 120 °C without agitation and PT2 refer to pretreatment 100 °C with agitation.
Magnifications of parenchyma and sclerenchyma in all samples was equal at 1000x and
for xylem were different (UNT - 2000x; PTO — 1000X; PT1 — 2540x; PT2 — 1000x).

Parenchyma Sclerenchyma Xylem

UNT

PTO

PT1

PT 2




Figure 7. SEM images of vine pruning without and with pretreatment. Subtitle: UNT —
untreated vine pruning; PT3 and PT 5 refer to pretreatment that used 2.0% of NaOH at
120 °C without agitation and 100 °C with agitation, respectively. PT 4 and PT6 refer to
pretreatment that used 3.0% of NaOH at without agitation and 100 °C with agitation,
respectively. Magnifications of parenchyma and sclerenchyma in all samples was equal
at 1000x and for xylem were different (UNT - 2000x; PT 3 — 1000x; PT 4 — 1500x; PT5
— 692 x; PT6 — 1000x).
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3.4.6 Enzymatic hydrolysis of the treated vine pruning

Kumar et al.(2010) studied the combined pretreatment of wood chips. First,
they subjected the residue to steam explosion and then to the delignification. The
hydrolysis of the treated material led to 95.5% of glucose. Similar results were reported
for sugarcane bagasse that was submitted steam explosion and alkaline treatment
(ROCHA et al., 2015). On the other hand, when steam explosion was replaced by
pretreatment with dilute acid and alkaline treatment, the glucose yield was only 79% of
sugar cane bagasse (ROCHA et al., 2015). For the same residue, the association of the
acid treatment with ionic liquid resulted in a glucose yield of 95.5% (JIANG et al.,
2013). Cara et al. (2008) studied only the acid pretreatment of olive pruning (under
conditions completely different from those tested in this work) and obtained a glucose
yield of 76.5%. The enzymatic hydrolysis of barley straw, submitted only acid
treatment, resulted in 61.7% of glucose (YANG et al., 2015). On the other hand, Shao
et al. (2017) studied the pretreatment of the corn stover by steam explosion with
sulphuric acid and obtained an yield of glucose equal at 84.7% after enzymatic
hydrolysis. In the present work, the enzymes tested were not able to hydrolyze the
untreated vine pruning (Figure 8) and the hydrolysis of the vine pruning treated only
with dilute acid sulfuric released only 2.17 g/L of glucose (yield of 8.8%) (Table 5)
after 96 hours.This result showed that the pretreatment with acid was not enough to
make the cellulose present in this material available for the enzymes action. This result
suggests the need of the material delignification, thus, a step with this purpouse was

performed after acid treatment.
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Figure 8. Glucose concentration (g/L) released from of enzymatic
hydrolysis of vine pruning untreated and pretreated. Subtitle: UNT —
untreated vine pruning; PTO — vine pruning pretreated with diluted sulfuric
acid (1.5% H,SQO,4, 120 °C and 30 minutes - assay 10); PT1, PT3 and PT5
refer to a pretreatment with NaOH at 120 °C without agitation (the
concentrations of NaOH which were used 1.0%, 2.0% and 3.0%) and PT2,
PT4 and PT6 refer to a pretreatment with NaOH at 100 °C with agitation
(the concentrations of NaOH which were used 1.0%, 2.0% and 3.0%). All
these assays were performed during 96 hours and the samples were
collected every 24 hours and were kept in boiling water for 5 min to
inactive enzymatic activity, and centrifuged at 11975 g for 20 minutes for
separated insoluble fractions.
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The hydrolysis of all residues submitted to the alkaline pretreatment
(PT1 to PT6) present similar profiles. In all assays, the highest rate of glucose release
occurred in the first 24 hours of hydrolysis and with 72 hours of processing, the higher
glucose concentrations (30 g/L and 35 g/L) (Table 5) were obtained. The glucose
concentration from hydrolysis with the residue after the pretreatment 1 (1.0% of NaOH
at 120 °C without agitation) was 14.5 times higher than the amount released using the

material treated only with acid.
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Table 5. Glucose concentration and yield after 96 hours of enzymatic hydrolysis
of vine pruning. Subtitle: UNT — untreated vine pruning; PTO — vine pruning
pretreated with diluted sulfuric acid (1.5% H,SO,, 120 °C and 30 minutes - assay
10); PT1, PT3 and PT5 refer to pretreatment that was realized at 120 °C without
agitation and with 1.0%, 2.0% and 3.0% of NaOH, respectively and PT2, PT4
and PT6 refer to a pretreatment at 100 °C with agitation and with 1.0%, 2.0%
and 3.0% of NaOH, respectively).

Pretreatments Glucose Yield (%)
Conditions concentration (g/L)
Untreated (UNT) 0.56 +0.10
Acid pretreatment 217+0.1 88104
PT1 31.46 £ 0.7ab 90.78 + 1.9ab
PT2 30.80 £ 0.0a 86.31 + 0.0ac
PT3 33.22 £+ 0.6bcd 90.96 + 1.6ab
PT4 35.06 = 1.2d 98.72 + 3.4d
PT5 32.26 + 0.4abc 80.86 + 1.2¢c
PT6 34.35 + 0.4cd 93.35+ 1.1hd

Different letters in the same column indicate significant differences in the values of
averages (p < 0.05) in accordance with Tukey's test.

The increase in the temperature from 100 °C to 120 °C led to a higher level
of lignin removal in all samples pretreated with alkali. In these same conditions, the
content of cellulose solubilized increased (Table 4). For the same NaOH concentration,
the results were not significantly different (after 96 hours of assay). These data reinforce
the need to of combining the amount of lignin removed with the pretmeant, and the
cellulose solubilized after the enzyme hydrolysis to choose the best treatment
conditions of a given material. The complete removal of the lignin may not be required
for an enzyme hydrolysis of cellulose. The greater yield in glucose was obtained from
the hydrolysis of the residue obtained with the pretreatment 4 (2.0% of NaOH, at 100 °C
without agitation). As shown in Figure 9, the material treated in these conditions
showed 29 g of cellulose and 14 g lignin and after enzymatic hydrolysis practically the

whole cellulose was hydrolyzed in glucose (99% of yield).
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Figure 9. Mass Balance of the selected pretreatment (1.5% H,SO,, 120 °C and
30 minutes and delignification with 2.0% NaOH, 100 °C without agitation)
and the enzymatic hydrolysis of vine pruning.

100g of material
) 36 g cellulose
Raw material 22 ghemicellulose

30glignin

Acid pretreatment
(120°C/1.5%H,S0O,/

30 min)
. . 63 g of material
Hemicellulose Solid 3399 cellulose
sugars fraction 7 ghemicellulose
I 23 glignin

| Delignification |
I
I |

| Lignin | Solid Fraction 43 g of material
29 g cellulose
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Enzymatic 99% of Yield in fglucose
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The structure of the vine pruning after enzymatic hydrolysis was also analyzed

through a SEM (Figure 10). The enzymatic hydrolysis was performed at the same conditions
for all assays because the aim was to evaluate the effect of the pretreatment on the enzymes
action. The material obtained from the enzymatic hydrolysis became porous breaking up by
manual maceration. In figure 10, it was possible to observe which structure of vine pruning
was damaged. The parenchyma was partially destroyed with small fissures (or cracks) at the
surface as shown by the arrows. However, it was still possible to observe the original cell
contours. The images of the samples 2, 3, 5 and 6 showed a parenchyma destroyed and the
contours of the original cell were not observed anymore. The sample 4 structure
(pretreatment with 2.0% of NaOH at 100 °C with agitation) exhibited the most destroyed
kneaded aspect. This result was fully aligned with the quantitative results obtained for this
sample (glucose yield equal to 98.7%).
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Figure 10. SEM images of vine pruning after enzymatic hydrolysis with the commercial
enzyme Cellic® CTec2 and Novozyme 188. Subtitle: PT1, PT3 and PT5 refer to
pretreatment that used 1.0%, 2.0% and 3.0% of NaOH, respectively and it was realized
at 120 °C without agitation) and PT2, PT4 and PT6 refer to a pretreatment 100 °C with
agitation and in the same concentrations of NaOH (1.0%, 2.0% and 3.0% of NaOH,
respectively).
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3.5 Conclusions

The combination of the acid and alkali pretreatments that resulted in the best
hydrolysis of the cellulose of vine pruning was 1.5% of H,SO, at 120 °C during 30 minutes
(in autoclave) followed by delignification with 2.0% of NaOH at 100 °C during 60 minutes.
The material pretreated at these conditions was then submitted to an enzymatic hydrolysis
and released 98.7% of glucose. It was also possible to obtain visual information on the
structural modification caused by the pretreatments on the vine pruning. The SEM results
were fully aligned with the quantitative ones, showing that the pretreatment really removed
the loginifn and opened the fiber structure allowing the enzyme attack and the material
sacchrification. The low levels of acetic acid, furfural and HMF obtained in the liquid
fraction of the acid preteament allows its use after neutralization in processing where xylose

is fermented.
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4.1 Abstract

An increased interest in the production of renewable energy from lignocellulosic
biomass has been registered in the recent years. These materials are mainly composed of
lignin, hemicellulose and cellulose. In the present study, the chestnut shell, a residue
obtained from the chestnut fruits processing (Castanea sativa Mill.), was evaluated as a
potential material to be used in a biorefinery context. The chesnut shell herein used is
composed of 27.3% of cellulose, 12.6% of hemicellulose and 43.6% of lignin. The chemical
composition of the untreated and pretreated Chestnut shell residue was determined
according to the analytical protocols described by National Renewable Energy Laboratory
(NREL) (U.S Department of Energy). Thus, for the saccharification of this residue, it is
necessary first to include a pretreatment able to remove the lignin. The parameters evaluated
in this pretreatment were the temperature and NaOH concentration. The treated residues
were then submitted to an enzymatic hydrolysis with commercial cellulases (Cellic® CTec2
and Novozyme 188). The condition that led to the greatest reduction of the lignin content
was 2.0% of NaOH and 100 °C. However, a good lignin removal was also obtained with
1.0% of NaOH at 60 °C for 1 hour. Under this condition it was possible to obtain a material
containing 49.1% (w/w) of cellulose, 20.6% (w/w) of hemicellulose and 27.8% (w/w) of
lignin. The highest saccharification yield obtained was 86% and the glucose concentration
was 22.8 g/L in the treatment at 60 °C with 1.0% of NaOH. The results obtained by the
classical analysis recommended by NREL were corroborated by eletronic microscopy in
which it is clearly shown the lignin removal and the exposure of the internal vegetal cell

structure in the biomass.
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4.2 Introduction

Chesnut fruits (Castanea sativa Mill.) are important food products not only

due to their nutritional value (LI et al.,, 2016) but also because they contain
carbohydrates with low glycemic index, high amounts of fiber and are gluten free
(SERVILLO et al., 2016). Worldwide there are about 12 different species of chestnut.
In Europe, the Castanea sativa Miller is the only species found. About 108.000 tons of
chestnuts are produced per year in Europe (LI et al., 2016) and in the Galicia (Spain),
around 8000 tons per year are used in the food industry (VAZQUEZ et al., 2012). The
chestnut shell is a lignocellulosic material that represents about 10% of the total weight
of the fruit (LEE et al., 2016). Different biotechnological applications of the chestnut
residues have been reported, such as its use for the absorption of heavy metals (COBAS
et al., 2016) and as a source of antioxidants and natural colorants (ZHAO; FENG;
WANG, 2014).

The chestnut shell is a lignocellulosic material formed basically by cellulose,
hemicellulose and lignin. Its composition varies according to the cultivation area. In the
chestnut shell (Chestnut fruits from Tras-os-Montes, Portugal) used in the present study
were quantified 27.3% (w/w) of cellulose, 12.6% (w/w) of hemicellulose and 43.6% (w/w)
of lignin. A similar composition (28.4% of cellulose, 7.9% of hemicellulose and 41.7% of
lignin) was reported by Maurelli et al. (2013) for the chestnut shell originating from Liuan
city (China).

In the last years, the concept of biorrefinery of the lignocellulosic biomass has
received great attention due to the various products that can be manufactured in this process
(VECINO et al.,, 2017; YOO et al., 2017). The lignocellulosic materials are mainly
composed of lignin, hemicellulose and cellulose. The lignin can be used in the production of
aromat(ic polymers of value-added, as phenols, vanillin, syringaldehyde that are interesting
raw materials for the industries of flavor and fragance (MOTA et al., 2016). Moreover,
Lactic lactic acid can be produced from hemicellulose sugars and biofuels can be produced
from cellulose (YAN et al., 2015). In this context, the chestnut shell being an abundant low-

cost lignocellulosic material exhibits a great potential to be used as a renewable sugars
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source.

The lignocellulosic materials are highly resistant to enzymatic and microbial
degradation due to their structure that presents cross-linkages between the cellulose and
hemicellulose, ester bonds between ester and lignin and crystalline cellulose(LIU et al.,
2016). Therefore, for its reuse an appropriate pretreatment that can guarantee the release of
its fermentable sugar constituents its necessary (YOO et al., 2017). Some examples of
pretreatments applied to lignocellulosic biomass are: steam explosion, dilute acid and
alkaline (HE et al., 2016). The alkaline pretreatment breaking the ester bonds between
lignin, hemicellulose and cellulose, promoting the saponification of ester bonds. The
delignification occurs due to the disruption of the crosslinks between hemicellulose and
lignin (YOO et al., 2017). In this way, the access to the internal cellulose increases and its
crystallinity degree decreases (CANILHA et al., 2012). When compared with other
pretreatments, this process uses low temperatures, solubilizes less hemicellulose and
generates less carbohydrate degradation products (JONSSON: MARTIN, 2016). This
pretreatment is appropriate for agricultural residues and its efficiency greatly depends on the
lignin content of the biomass (TALEBNIA; KARAKASHEV; ANGELIDAKI, 2010),
besides factors as alkali concentration, time and temperature of process (YOO et al., 2017).
Therefore, the choice of an adequate pretreatment method is important for the bioprocess
efficiency and competitiveness. In summary, the aim of this work was to study the
pretreatment of the chestnut shell and to evaluate its enzymatic hydrolysis towards the
production of fermentable sugars.

4.3 Materials and methods
4.3.1 Raw material

The chestnut shell (Castanea sativa Miller) used in this work was kindly
provided by a local farm in the Tras-os-Montes (Portugal). The residue (outer brown

peel with the inner pellicle) was used as it came from the industry (Figure 11), being

only washed and dried in an oven at 60 °C for 24 hours.
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Figure 11. Chestnut fruits hell from a local farm in Tras-os-Montes (Portugal).
Subtitle: chestnut fruits inside of the urchin, chestnut fruits, chestnut shell after
removal of fruit.

4.3.2 Alkaline pretreatment

A pretreatment with sodium hydroxide in two concentrations (1.0% and
2.0% wi/v) was carried out at 60 °C, 80 °C and 100 °C under agitation in a stirred-
heating plate. All experiments were done with the biomass to alkali ratio (w/v) of 1:20
during 60 minutes. After each treatment, the solid and the liquid fractions were
separated by vacuum filtration (in a Buchner funnel with a soft cloth), and the solid
fraction was washed until neutral pH. The recovered solid fraction was dried in an oven
at 60 °C for 24 hours, weighted and represented as total mass recovery (TMR)
according to the Equation (1). The chemical composition was determined as described
in section 3.2.5

mass of insoluble fraction in pretreatment (g) « 100 Q)

0 =
TMR (%) initial mass (g)

The mass of insoluble fraction in the pretreatment is the mass recovered after the
filtration and successive washings of the treated material; and the initial mass is the

mass of the residue before treatment.

The lignin solubilized with the treatment was calculated as the percentage of
delignification (D) according to the Equation (2).

TMR%—-LBT%

D (%) = 100 — — = )



66

LBT is the percentage of lignin in the pretreated biomass and LBU is the percentage of

lignin in the untreated biomass.

The percentage of cellulose and hemicellulose, which was not solubilized due tothe
treatment, was calculated based the ratio between the fraction present in the treated
biomass and the onre presented in the untreated biomass according to the Equations (3)
and (4).

TMR%—-CBT%

CNS (%) = —pooe 3

CNS is the percentages of cellulose which not solubilized with treatment, CBT is the
percentage of cellulose in the treated biomass and CBU is the percentage of cellulose in
the untreated biomass.

TMR%—-HBT%

HNS (%) = — o 4)

HNS is the percentage of hemicellulose which not solubilized with treatment, HBT is
the percentage of hemicellulose in the treated biomass and HBU is the percentage of

hemicellulose in the untreated biomass.
4.3.3 Enzymatic hydrolysis

The enzymatic hydrolysis of the treated chestnut shell was performed with a
blend of commercial enzymes: Cellic® CTec2 (30 FPU/ g of biomass) and Novozyme
188 (15 CBU/ g of biomass). The enzymatic activities of filter paper cellulase (
FPcellulase), carboxymethyl cellulase (CMCase), cellobiase (cellobiose) and xylanase
(which acts on the xylan from the hemicellulose) were determined for the enzymes
used.

The total cellulase (FPcellulase) was assayed by measuring the release of
reducing sugars from Whatman N°. 1 filter paper (1.0 x 6.0 cm) hydrolysis in 50 mM
sodium citrate buffer (pH 5.0) at 50 °C during 60 minutes [18]. Carboxymethylcellulase
CMCase) was assayed by measuring the reducing sugars released from the reaction
mixture containing 0.5 mL of enzyme and 0.5 mL of 1.0% (w/v) of CMC solution in 50
mM sodium citrate buffer (pH 5.0) at 50 °C during 60 minutes [18]. Reducing sugars
were assayed by the dinitrosalicylic acid (DNS) method. One unit of enzymatic activity
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was defined as the amount of enzyme that released 1 umol of the hydrolysis product
from the respective substrate, per minute per mL under the assay conditions [18].
Cellobiase activity was assayed by measuring the glucose released from the reaction
mixture containing 0.5 mL of enzyme and 0.5 mL of a cellobiose solution (1% w/v) in
50 mM sodium citrate buffer (pH 5.0) at 50 °C during 60 min. The mixture was boiled
for 15 minutes to stop the reaction by the enzyme denaturation [18]. For the cellobiase
assay, the glucose concentration was quantified by High Performance Liquid
Chromatography (HPLC) as described in the section 2.4. The DNS method is not
suitable to quantify cellobiase activity because celobiose is a reducing sugar.

The assays of enzymatic hydrolysis were performed with a blend of
commercial enzymes: Cellic® CTec2 (30 FPU/ g of biomass) and Novozyme 188 (15
CBU/ g of biomass). The assays were performed in 100 mL Erlenmeyer’s flasks with
caps. The reaction medium (40 mL) was composed of sodium citrate buffer (50 mM,
pH 5.0 containg sodium azide 0.1% w/v)), the enzymes and 5% (w/v) of biomass. The
assays were done in triplicate and carried out in a rotatory shaker (Model SL-223/
SOLAB®) at 200 rpm, 50 °C for 96 hours [19]. The samples (1.0 mL of each
Erlenmeyer) were collected every 24 hours and were kept in boiling water for 5 min to
inactivate the enzymes. Then, the samples were centrifuged at 12000 g for 20 minutes to
separate the insoluble fractions. The soluble fraction was filtered through a 0.45 pm
filter (cellulose acetate ester) and the concentrations of cellobiose, glucose, xylose,
arabinose present in the samples were measured by HPLC as described in section 3.2.4

The enzymatic hydrolysis yield (%) was calculated according to the Equation. (5):

[glucose]+1.05 [cellobiose]

1.11 f [biomass] ) *100 (5)

Enzymatic hydrolysis Yield (%) = (

where [glucose] is the glucose concentration (g/L), [cellobiose] is the cellobiose
concentration (g/L), [biomass] is the dry biomass concentration at the beginning of the
enzymatic hydrolysis (g/L), f is the cellulose fraction in dry biomass (g/g), 1.05 is the
factor that converts cellobiose to equivalent glucose and 1.11 is the factor that converts
cellulose to equivalent glucose. An assay of enzymatic hydrolysis with the untreated

chestnut shell was also conducted.
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4.3.4 Analytical methods

The chemical composition of the untreated and pretreated chestnut shell
residue was determined according to the analytical protocols described by National
Renewable Energy Laboratory (NREL) (U.S Department of Energy).

The content of lignin and sugars was determined quantifying the acid
hydrolysis products carried out in a two-step biomass fractionation. The first step
consisted of the sulfuric acid (72% v/v) hydrolysis at 30 °C during 1 hour. In the second
step, the mixture was diluted with water to an acid concentration of 4.0% (v/v), and it
was autoclaved at 120 °C for 60 minutes. Afterwards, the solid fraction containing the
insoluble acid lignin (Klason lignin) was separated from the liquid fraction containing
sugars and the soluble acid lignin through vacuum filtration (using a Buchner funnel
with a sintered glass porous plate n® 2). The Klason lignin was determined
gravimetrically, and the soluble acid lignin was determined using a UV-Visible
spectrophotometer at 215 nm and 280 nm. The concentrations of cellobiose, glucose,
xylose, arabinose were measured by HPLC (SLUITER et al., 2011) using an Agilent
1260 infinity system (Wilmington, Delaware, EUA) equipped with a Refractive Index
(IR) at 35°C and a UV-visible detector (285 nm). Separation was achieved using an
Aminex HPX-87H (Bio-Rad Laboratories Inc., America) column at 60 °C. The mobile
phase was 5 mmol/L sulfuric acid, and the flow rate was 0.7 mL/min.

The extractives, which represents the compounds that can be extracted from
the treated solid, were determined through a two-step extraction. The first extraction
was done with distilled water and the second with ethanol 95% (v/v), both during 6
hours at 80 °C without agitation using an automated Soxhlet extractor (Soxtec™ 8000).
The extractives mass was quantified by gravimetry. The extractives include the
inorganic materials (e.g. soil or fertilizers associated with the biomass), nonstructural
sugars, nitrogenous material, chlorophyll and waxes (SLUITER et al., 2008a). The ash
content was determined through dry oxidation of the biomass in a muffle at 575 °C for 4
hours. The ash mass was quantified by gravimetry (SLUITER et al., 2008b).

The concentration of cellobiose, glucose, xylose, arabinose released from
the enzymatic hydrolysis was measured by HPLC (Agilent 1260 infinity, Wilmington,

Delaware, EUA) using the conditions previously described.
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4.3.5 The morphology of biomass

The morphology of the untreated and treated chestnut shell were visualized
using a Scanning Electron Microscope - SEM (Quanta 450 FEG — FEI equipment).
Prior to analysis, the samples were freeze-dried and fixed in a stub. Then, the samples

were coated with a thin layer of gold by vacuum metallization (Quorum QT150ES).

4.3.6 Statistics analysis

All experiments were carried out in triplicate. Results were expressed as
Mean £ SD. The Tukey's test was applied using the software Statistica 13.0 (StatSoft) at
95% of confidence level.

4.4 Results and Discussion

4.4.1 Raw material composition

The composition of chestnut shell determined by acid hydrolysis (NREL
methodology) was 27.3% (w/w) of cellulose, 43.6% (w/w) of lignin, 12.6% (w/w) of
hemicellulose, 16.3% (w/w) of extractives and 0.9% (w/w) of ash. The lignocellulosic
materials can be used as raw material in various bioprocesses (WANG et al., 2017), the
lignin, for example, is the most abundant fraction in these materials and can be used for
the production of chemicals such as aromatic polymers (YOO et al., 2017). On the other
hand, the cellulose, after acid or enzymatic hydrolysis can be used in the production of
biofuels or to produce several chemicals (LEE et al., 2016). Aside from the high content
of lignin, chestnut shell showed a higher amount of water soluble pigments compared to
other residues such as sugarcane with 1.5% (w/w) of extractives (SLUITER et al.,
2008a). Thus, the extractives can be used for instance as natural colorants in the textile
industry (FANG; ZHAO; SONG, 2010). Zhao; Feng; Wang, (2014) developed a flax
fabric colored with a colorant extracted from the chestnut shell.
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4.4.2 Alkaline pretreatment of the chestnut shell

The composition of untreated and pretreated chestnut shell is summarized in
Table 6. The total mass recovery (TMR) after the alkaline pretreatment (different NaOH
concentrations and temperature) ranged from 15.3% to 34.3% (Table 6). The smallest
TMR values were observed when at temperature and alkali concentration were larger,
because, in these conditions more lignin was removed from the material. At 60 °, the
effect of NaOH concentration about the removal of lignin was more evident than the
effect of temperature. This because, the alkali acts mainly on the esters bonds between
the polysaccharides and lignin (YOUNG et al., 2017).

According to the results presented in Table 6, all samples after the
treatments showed an increased content of cellulose and hemicellulose. This occurred
due to the removal of lignin and extractives during the treatment. About 80% of the
composition of the treated material was found to be cellulose and hemicellulose because
of the dissolution of a high amount of lignin in all assays and the high content of natural
extractives in the raw material. The treatment that results in the best cellulose and
hemicellulose recovery is the desired one. The lignin solubilized in the treatment
remained in the liquid fraction (liquor) and can be separated from the solution
(hydrolysate) by several methods as acidification (pH adjustment with acid), filtration
with membranes and electrocoagulation (WANG et al., 2017) and used for other
purposes. Gogoi and Hazarika (GOGOI; HAZARIKA, 2017) studied the pretreatment
of rice straw with ionic liquids. To recover the lignin solubilized in the ionic liquids, the
authors used 0.1 N H,SO, to reduce the solubility of lignin in the medium. Wang et al.
(WANG et al., 2017) studied the fermentation of alkaline hydrolysate of sugarcane
bagasse, and acetic acid (the amount required quantity reach pH 4.8) was used for the

lignin recovery.



Table 6. Composition of the solid fraction of the pretreated chestnut shell (g/100 g of pretreated solid, dry matter) and
total mass recovery (TMR, %). The results correspond to the average of triplicate experiments + S.D.

NaOH (%, w/v)/ Cellulose (%) Hemicellulose (%) Lignin (%)
Temp. (°C)/TMR (%) Content Recovery Content Recovery Content Solubilization
Untreated 27.3+0.1a 100 12.6 +0.7a 100 43.6 £ 3.9a 0

1 (1.0, 60, 38.3) 49.1+0.9b 68.9 20.6 £ 0.8bc 62.6 27.8+1.0b 75.6
2 (2.0, 60, 34.7) 545+ 0.1c 69.3 24.2+0.2d 66.6 18.8 + 0.1cd 85.0
3(1.0, 80, 32.8) 57.2+0.7c 68.7 21.1+£0.5b 54.9 21.4+0.2c 83.9
4 (2.0, 80, 29.5) 55.5+0.9¢c 60.0 22.2 £ 0.1bd 52.0 19.3+0.1cd 87.0
5 (1.0, 100, 24.3) 62.7 £ 1.6f 55.8 21.4+£0.9b 41.3 155+ 0.0d 91.4
6 (2.0, 100, 15.3) 63.6 £ 2.4f 42.9 18.4+1.2c 22.3 16.2+0.1d 94.3

All the pretreatments were conducted for 60 minutes with agitation in a stirred-heating plate. The percentages of cellulose,
hemicellulose, and lignin in the treated material were expressed as g of each per 100 g of treated material. The percentages of
cellulose and hemicellulose recovered after the treatment and the percentage of solubilized lignin in each treatment were
expressed as a percentage of the untreated biomass, as described in section 2.5. Different letters in the same column indicate
significant differences in the values of averages (p<0.05) by Tukey’s test.
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Table 6 also shows the percentages of cellulose and hemicellulose recovered
in the solid fraction after the treatments, as well as the solubilized lignin (all based on
the raw material weight). At 80 °C and 100 °C, the increase in NaOH concentration
resulted in a slight increase on the solubilized lignin (3.1% and 1.9%, respectively). At
60 °C, this effect was more pronounced with an increase of 10% on the solubilized
lignin. Thus, the temperature imparted a higher effect on the lignin solubilization than
the NaOH concentration, as can be observed in the assays carried out with 1.0% (w/v)
of NaOH.

The most aggressive treatment condition among the tested ones (2.0% of
NaOH and 100 °C) was able to provide a material with 63.6% of cellulose (w/w, grams
of cellulose by 100 grams of pretreated biomass), 18.4% (w/w) of hemicellulose and
16.2% (w/w) of lignin. Nonetheless, in this condition, a great loss of cellulose (58.8%)
in relation of cellulose content in the untreated biomass was also observed. On the other
hand, for the treatment carried out at 100 °C and 1.0% of NaOH, the cellulose loss was
36.2% with 91.4 % of lignin solubilization. An ideal delignification treatment should be
able to remove the largest content of lignin preserving the cellulose in the solid fraction.
Thus, the best conditions are the treatments 1 to 3, where high amounts of lignin were
solubilized with a good preservation of the cellulose and hemicellulose. Those
conditions are also the ones exhibiting the higher biomass recovery.

Maurelli et al. (2013) studied the pretreatment of the chestnut shell from the
Avelino region in lItaly (untreated chestnut shell with 28.4% of cellulose, 7.9% of
hemicellulose and 41.7% of lignin). In the treatment with 10% of NaOH at 70 °C for 22
hours, 75.5% of lignin was removed from the raw material. The chestnut shell used in
the present work and the reported by Maurelli et al. (2013), present a similar
composition regarding the cellulose and lignin content. In the present work, when the
delignification was performed at 100 °C, the lignin removal was similar to the one
reported by those authors (MAURELLI et al., 2013), but using a NaOH concentration
ten times lower (1 % wi/v) and with only one hour of processing. The use of less alkali
in shorter processing time clearly affects the total processing costs. He et al. (2016)
studied the pretreatment of the chestnut shell from Liuan (China) (Untreated chestnut
shell with 28.1% of cellulose, 16.7% of hemicellulose and 23.2% of) with ethylene
glycol-HCIQO, followed by delignification with NaOH (1.0 % of NaOH at 90 °C during
1 hour). After the combined treatment, the authors achieved a delignification of 77.5%

of the raw material, a similar value to the one obtained in our work using a single step
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treatment. Carvalho et al., 2015) studied the pretreatment of eucalyptus at 175 °C with
15% of NaOH. Under these conditions, 51% of lignin was removed. Several authors
studied the delignification of sugarcane bagasse with solubilization of 63.9%, 86.7%
and 90.0% of lignin at the following pretreatment conditions: 0.5% of NaOH, 121 °C
and 60 minutes (NARRA; JAMES; BALASUBRAMANIAN, 2015); 1.5% of NaOH,
100 °C and 60 minutes (OLIVEIRA et al., 2013); and 15% of NaOH, 175 °C and 90
minutes (CARVALHO et al., 2015). Liu et al. (LIU et al., 2016) studied the
pretreatment of corn stover and reported that 78.7% of lignin was solubilized with 12%
of NaOH at 140 °C during 30 minutes. The same amount of lignin was removed with
only 0.5% NaOH at 120°C in rice straw (NARRA; JAMES; BALASUBRAMANIAN,
2015). Based on the abovementioned results, it is possible to conclude that there is not a
single pretreatment condition that is equally interesting for all residues. The
combination of temperature, time and alkali concentration greatly depends on the type
and the composition of the lignocellulosic material under study. It is well known, for
example, that syringyl lignin is easier to break than guaiacyl lignin (SANTOS et al.,
2011). Comparing the delignification of chestnut shell with others residues, the lignin of
this material could be easily removed at mild temperature, and using a low alkali
concentration enabled to remove up to 91% of the lignin of the original material.

The cell wall of plants is composed of cellulose, hemicellulose and lignin in
various layers that overlap one another. It contains a primary wall and three layers of the
secondary cell wall (outer layer - S1, middle layer - S2, inner layer - S3). The content of
each one of the components in cell wall of wood was showed in Figure 12. The greatest
content of lignin is present in the primary layer, and the secondary layers show more
cellulose and hemicellulose (GIBSON, 2012b). Normaly, the plants are divided in
several tissues as parenchyma, collenchyma, xylem, sclerenchyma. The parenchyma
shows higher content of cellulose and collenchyma, higher content of pectin and
hemicellulose. However, the proportions are variables in accordance with specie
(FAHN, 1967). The sclerenchyma and xylem are tissues with the primary and secondary
wall almost always lignified (GIBSON, 2012b).
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Figure 12. The cell wall of plants with the primary and the three secondary layers
(outer layer - S1, middle layer - S2, inner layer - S3). The average content of
Cellulose (C), Hemicellulose and Lignin (L) in each layer was described in figure
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The structure of the chestnut shell prior and after the alkali pretreatment was
visualized by electronic microscopy SEM (Figure 13). Since most of the lignin is found
in sclerenchyma and xylem, these tissues were observed through MEV in order to
identify possible changes occurred in its structure due to pretreatment. The
sclerenchyma of the untreated chestnut shell exhibited long smooth and cylindrical
filaments (Figure 13- UNTa). After the treatment with NaOH, the bundles of
Sclerenchyma lost their cylindrical structure highly compact (Figure 13-1a, 2a, 3a, 4a,
5a, and 6a). It is possible to see the occurrence of significant damages in their structure
that seems to have exploded in some areas. The damages in the structure increase with
the increase of the treatment temperature as indicated by the arrows (Figure 13- PT 2a,
PT 4a and PT 6a). The xylem in the untreated biomass showed walls with intact helical
thickening. After the pretreatment with NaOH it was possible to observe the occurrence
of damages in the xylem structure, which intensified as the temperature treatment
increased (arrows in Figure 13- PT 2b, PT 4b and PT 6b). These results suggest that the
temperature of the treatment had more impact than the alkali concentration on the
biomass structure. These results corroborate the quantitative chemical analysis
previously discussed (Table 1).
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Figure 13. SEM images of chestnut shell before and after the pretreatments.
Magnification of Sclerenchyma and xylem 5000X. Subtitle: UNT -
untreated chestnut shell; 1, 3 and 5 — pretreatments with 1.0% of NaOH and
60 °C, 80°C and 100 °C, respectively; 2, 4 and 6 — pretreatments with 2.0%
of NaOH and 60 °C, 80 °C and 100 °C, respectively.
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4.4.3 Characterization of enzymes

The enzyme activiy (FPase, Carboxymethylcellulase, cellobiase and xylanase)
quantified for the enzymes Cellic® CTec2 and Novozyme 188 are presented in Table 7. The
FPase and xylanase activities were found in Cellic® CTec2. On the other hand, the
Novozyme 188 practically did not present FPase activity but it was found to be rich in
cellobiase, the enzyme responsible for the cellobiose breakdown in two glucose molecules.

Therefore, the enzymes complemented each other and have to be used together.

Table 7. Characterization of the enzymes Cellic® CTec2 and Novozyme 188
regarding their activity when exposed to different substrates. The results correspond to
the average of triplicate experiments + S.D.

Enzymes FPase Cellobiase CMCase Xylanase
(FPU/ mL) (Ul/ mL) (Ul/ mL) (Ul/ mL)
Cellic® CTec2 362.1+9.1a 14+04a 38.9+0.9a 137.9+5.6
Novozyme 188 3.8+£0.2b 28.2+0.9b 2.6 £0.0b Not activity

Different letters in the same column indicate significant differences in the values of averages
(p<0.05) by Tukey’s test.

4.4.4 Enzymatic hydrolysis

The commercial enzymes used in this work were not able to hydrolyze the
cellulose from the untreated chestnut shell, as the demonstrated by the small amount of
glucose quantified after 72 hours of enzymatic hydrolysis (2.3 g/L) (Table 8). This
result was expected given the high amount of lignin present in this material (43.6%).
The lignin acts as a physical barrier in the biomass limiting the enzymes access to the
cellulose. The decrease of lignin content, in addition to the improvement of cellulose
accessibility, also reduces the occurrence of nonspecific enzyme bindings with the
lignin (TANG et al., 2017), thus favoring the hydrolysis as seen in the results obtained
with the treated material. The hydrolysis of the untreated biomass released only 1.3 g/L
of xylose, while 11.4 g/L of this sugar was obtained from the hydrolysis of biomass
treated with 2.0% of NaOH at 60 °C. Cellic® CTec2 showed the highest activity of
xylanase (Table 7). Thus, xylose was also found in all hydrolysates.

The low values of cellobiose after 72 hours of hydrolysis (Table 8) are due
to the presence of the enzyme Novozyme 188, which has a high cellobiase activity.

Because, the accumulation of cellobiose would cause action inhibition of the Cellic®
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CTec2. The hydrolysis results emphasize the importance of taking into account the
saccharification yield along with the pretreatment as a criterion to choose the best
processing conditions. The enzymatic hydrolysis of the chestnut shell samples
pretreated with alkali released between 22.8 to 27.6g/L of glucose after 72 hours (Table
8). No significant differences were observed on the glucose yield obtained within the
saccharification of treated samples (Tukey test at 95% of confidence). The results
showed that the conditions tested in PT1 (smoothest condition) and PT6 (more
aggressive treatment condition) led to similar hydrolysis outcomes. The glucose content
and the saccharification yield in the hydroslysates showed that the enzymatic hydrolysis
is not only influenced by the lignin content of the biomass. The acetyl groups of the
hemicellulose can inhibit the hydrogen bridges between the cellulose and the catalytic
domain of cellulases, consequently affecting negatively the action of the enzymes (YAN
et al., 2015). As presented in Table 3, the treatment that removes more lignin (PT6)
does not necessarily leads to the best enzymatic biomass saccharification.

Although, the conditions of the treatments PT5 and PT6 (both carried out at
100 °C) led to higher glucose concentrations, according to the Tukey’s test the glucose
yields of these treatments are not statistically (p<0.05) different from the one obtained
in the treatment PT1. The temperature in PT1 was 60 °C, therefore the energy
requirements is lower when compared to the assays conducted at 100 °C. Hence, based
on the saccharification yield and in the energy requirements, the condition selected to
treat chestnut shell was 1.0% of NaOH at 60 °C for 1 hour (pretreatment PT1), which

leads to the highest saccharification yield.

Table 8. Glucose concentration and saccharification yield after 72 hours of enzymatic
hydrolysis of chestnut shell. The results correspond to the average of triplicate
experiments = S.D.

Pretreatments Concentration (g/L) Glucose
Conditions Xylose Cellobiose Glucose yield (%)

(Temp./ Alkali conc.)

Untreated (UNT) 1.3+0.4a 0.4 +0.1ac 2.3+0.8a 17.9+0.3a
1 (60°C/ 1.0%) 8.3+£0.1b 0.6 £ 0.1ab 22.8+0.2b 86.0£0.7b
2 (60°C/ 2.0%) 114+ 1.1c 0.6 +0.1ab 23.7+0.9b 80.3+4.1b
3 (80°C/ 1.0%) 8.0+ 0.4b 0.1+0.0c 26.7 £ 0.6¢ 84.0 £ 2.6b
4 (80°C/ 2.0%) 8.7+ 0.9b 0.4+0.2abc  24.6 £0.5b 81.1+2.3b
5 (100°C/ 1.0%) 6.6 +0.3b 0.7 £0.3ab 276 £0.7c 81.5+1.6b
6 (100°C/ 2.0%) 6.8 + 0.6b 0.8+0.1b 27.6 £1.0c 80.6 + 3.8b

Different letters in the same column indicate significant differences in the values of averages
(p<0.05) by Tukey’s test.
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Liu et al. (2016) studied the delignification of corn stover with 12% of
NaOH (140 °C, 20 min) and submitted the treated material to an enzymatic hydrolysis
with a mixture of Celluclast 1.5 L and Novozyme 188 reporting a glucose yield of
71.9%. Oliveira et al. (2013) assessed the combination of the sugarcane straw
pretreatment by steam explosion followed by delignification with NaOH (1.5%, 100 °C,
60 minutes). The treated material was submitted to enzymatic hydrolysis with the same
enzymes previous mentioned and the glucose yield obtained was 85.1%. YOO et al.
(2017) studied the pretreatment of canola straw with NaOH through the experimental
design. The higher glucose yield (93.9%) from enzymatic hydrolysis with Celluclast e
cellobiase occured with treated canola straw with 15% NaOH, 80 °C during 24 hours. In
this work, with NaOH concentration 14 times less than that and only 1 hour of process
was possible get 86% of glucose in the enzymatic hydrolysis. Maurelli et al. (2013)
studied several pretreatments of the chestnut shell and the treated samples were also
submitted to enzymatic hydrolysis. The hydrolysis yields of the chestnut shell treated
with NaOH (10% of NaOH at 70 °C and 22 hours) were 67.8% and 53.6% for the
cocktail 1 (Accellerase®1500, 6.7; Accellerase®XY, 196; Accellerase®BG, 358) and
cocktail 2 (Cellic®CTec, 6.7; Cellic®HTec, 196; Accellerase BG, 358), respectively.
These yields were lower than those found in our work, in which the treatment was faster
(60 minutes), it was carried out at lower temperature (60 °C) and it is less aggressive
regarding the alkali concentration (1%). Although the enzymes used in the previous
work may differ from the ones herein used, it is important to note that the glucose yields
obtained in our work were higher. The enzymatic hydrolysis of the material pretreated
with an alkali concentration ten times lower (1.0%) at 60 °C led to a glucose yield of
86.0%.

As shown in Figure 14, 18.8 g of cellulose, 7.9 g of hemicellulose and 10.6
g of lignin were obtained after the chestnut shell treatment (1.0% of NaOH, 60 °C, 1
hour). After enzymatic hydrolysis, 15.7 g of cellulose was hydrolyzed in glucose, which

represents a glucose yield of 86.0%.
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Figure 14. Mass Balance of the selected pretreatment (condition 1 — 1.0% NaOH
and 60 °C) and the enzymatic hydrolysis of chestnut shell.

100 g de Chestnut Shell
Cellulose 273 g
Hemicellulose 12.6 g
Lignin43.6 g

'A hP i ;'..‘1«;_;;")
v
Pretreatment
Solid fraction — treated b4 Liquid fraction (liquor)
Cellulose 188 g Separation of Cellulose 85 ¢
Hemicellulose 79 g € fractions > Hemicellulose 4.7 g
Lignin 10.6 g Lignin33 g
. Hyc—h'olysate hydiolyzed
Enzymatic 15.7 g cellulose 3 glucose
hydrolysis >1228 g/L glucose —
Yield = 86.0% of glucose

4.5 Conclusions

The alkaline pretreatment of the chestnut shell was efficient in the all conditions
tested, even for the mildest condition (60 °C and 1.0% NaOH) it was possible to remove
75.0% of lignin. The treatments carried out at 100 °C with 1.0% and 2.0% of NaOH were the
ones that removed the higher amounts of lignin 91.4% and 94.3%. Under these conditions, it
was possible to obtain a material with 62.7% and 63.6% of cellulose, respectively. The
increase of temperature was more effective on the lignin removal compared to the increase
of NaOH concentration. The results obtained by the traditional methodology recommended
by the NREL were corroborated by the microscopy analysis, i.e. the changes on the biomass
structure due to the pretreatments were clearly visualized by SEM. The results of enzymatic
hydrolysis showed that not necessarily the condition that promotes the highest lignin
removal results in the best hydrolysis yield. Regarding the energy requirements and the
saccharification yield, the pretreatment carried out with 1.0% of NaOH at 60 °C for 1 hour

was found to be the best one exhibiting the highest yield (86.0%). In the present work, a
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mild pretreatment carried out with ten time less alkali at lower temperature for only one

hour, was found to be effective for the chesnut shell saccharification.
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5 CONCLUSOES FINAIS

Neste trabalho foi otimizar os pré-tratamentos de dois residuos abundantes
em Portugal, a poda da vide e a casca da castanha, de forma a obter rendimentos
elevados em glicose apds a hidrdlise enzimatica da celulose dos materiais. O que coloca
esses residuos como promissoras matérias-primas para diversos bioprocessos de

producdo de produtos de alto valor agragado.



