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RESUMO

As limitacdes geograficas e climaticas de Pernambuco impossibilitam a producéo de
cana-de-agUcar o ano inteiro e por toda a sua extensdo, sem a adi¢do de sistema de
irrigacdo adequado, ja que 48% da regido Nordeste estd inserida no clima
arido/semiarido. Dentro deste cenario, avaliou qual a melhor época do ano e periodo
do dia para a colheita da biomassa de palma forrageira, considerando-se o pH ideal
para a realizacdo da etapa de hidrélise enzimética. Além disso, determinou a melhor
temperatura e o tempo de secagem, desse vegetal, para a etapa de producédo de
carboidratos. Os resultados sugeriram que o inicio da manha e a estacao seca sao 0s
melhores periodos de colheita, enquanto que a melhor temperatura e tempo de
secagem da biomassa sdo 105°C e 12h, respectivamente. J4 0 segundo capitulo
objetivou a avaliacdo da fermentacdo dos hidrolisados acidos dos bagacos de cana-
de-acucar (HBC) e sorgo (HBS), além da biomassa de palma forrageira (HPF), por
Meyerozyma Caribbica. Além disso, realizou-se a fermentacdo de blends com
diferentes proporgbes de melagco e hidrolisado, avaliando-se a influéncia da
concentracéo de carboidratos na producao de etanol, por esta levedura. M. Caribbica
fermentou tais substratos, apresentando eficiéncias superiores a 75%, para a
producao de etanol 1G e, >80%, para a 2G. No meio M3, composto pela mistura de
25% de melago, 25% do HBC, 25% do HBS e 25% do HPF, obteve-se a melhor
concentracdo de etanol (50 g/L) e eficiéncia fermentativa (90,60%) com M. caribbica,
na comparacéo com S. cerevisiae (37 g/L, 66,48%). Esses dados sugerem que, em
condicbes de nao suplementacdo nutricional, M. caribbica apresenta-se mais
adaptada a meios estressantes que S. cerevisiae. Assim, a principio, a condicéo
proposta de utilizar 25% de cada um dos substratos parece ser a mais adequada, sob

a Otica de realizar um processo com producéo de etanol satisfatéria e baixo custo.

Palavras-chave: Biomassa; Hidrolise; Palma forrageira; Sorgo sacarino; Cana-de-

acucar.



ABSTRACT

The geographic and climatic limitations of Pernambuco make it impossible to produce
sugarcane throughout the year and throughout its extension, without the addition of an
adequate irrigation system, since 48% of the Northeast region is located in an
arid/semi-arid climate. Within this scenario, it evaluated the best time of year and time
of day for the harvesting of cactos pear biomass, considering the ideal pH for carrying
out the enzymatic hydrolysis step. In addition, it determined the best temperature and
drying time for this vegetable for the carbohydrate production stage. The results
suggested that the early morning and the dry season are the best harvest periods,
while the best temperature and biomass drying time are 105°C and 12h, respectively.
The second chapter aimed to evaluate the fermentation of acid hydrolyzates from
sugarcane bagasse (HBC) and sorghum (HBS), in addition to forage cactus biomass
(HPF), by Meyerozyma Caribbica. In addition, blends with different proportions of
molasses and hydrolyzate were fermented, evaluating the influence of carbohydrate
concentration on ethanol production by this yeast. M. Caribbica fermented such
substrates, showing efficiencies above 75% for the production of 15'G ethanol and
>80% for 2"G ethanol. In the M3 medium, composed of a mixture of 25% molasses,
25% SCH, 25% SSH and 25% CPH, the best concentration of ethanol (50 g/L) and
fermentative efficiency (90.60%) with M. caribbica, in comparison with S. cerevisiae
(37 g/L, 66.48%). These data suggest that, under conditions of no nutritional
supplementation, M. caribbica is more adapted to stressful environments than S.
cerevisiae. Thus, at first, the proposed condition of using 25% of each of the substrates
seems to be the most adequate, from the point of view of carrying out a process with

satisfactory ethanol production and low cost.

Keywords: Biomass; Hydrolysis; Cactus pear; Sweet sorghum; Sugarcane.
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INTRODUCAO

Solugbes para producédo de etanol, a partir de biomassas lignocelulésicas, sédo
vastamente estudadas pelo mundo, com base nas caracteristicas locais de cada
regido. Entender o comportamento da agricultura local e suas limitacbes faz-se
importante e necessario. Portanto, o Brasil, o qual € um pais majoritariamente agrario
e de dimensbes continentais, apresenta caracteristicas de clima e culturas
completamente diferentes, nas suas mais diversas regides. Deste modo, avaliacbes
regionais, e até mesmo estaduais, sdo necessarias.

O Estado de Pernambuco apresenta cerca de 8.000 km? de area plantada de
cana-de-acucar, uma regido que vai do litoral até a cidade de Vitéria de Santo Antéo.
Porém, a industria sucroalcooleira do estado sofre com o periodo de entressafra, no
gual se diminui consideravelmente a producao de etanol. Desta forma, faz-se
necessario aumentar e diversificar a area produtiva pernambucana, de modo a suprir
essa caréncia. Assim, fontes alternativas de biomassa lignoceluldsica, como sorgo
sacarino e palma forrageira, juntamente com residuos da producéo de agucar, como
0 bagaco da cana e melaco, podem contribuir para reduzir o efeito da entressafra na
producdo de etanol, gerando &lcool, por meio de hidrolisados &cidos, ricos em
carboidratos, e melaco. Ademais, utilizar vegetais oriundos de climas &aridos e
semiaridos pode alterar cenarios econdmico-sociais no sertdo pernambucano.

Utilizar fontes alternativas de carbono implica em usar micro-organismos
fermentadores ndo convencionais, ja que serao fornecidos ndo apenas a glicose, o
gual é o monossacarideo base do processo, mas também pentoses, como a xilose, a
gual ndo pode ser fermentada pela tradicional levedura Saccharomyces cerevisiae.
Por consequéncia, processos precisam ser reavaliados, de modo a tornar as etapas
da producéo de etanol de segunda geracdo, cada vez mais, vidveis economicamente,
principalmente no que se refere a produtos com maior valor agregado, como o xilitol.

As fontes de carbono supracitadas foram e séo largamente estudadas pelos
grupos de pesquisa “Energia da biomassa” (DEN/UFPE) e “Biologia Molecular e
Engenharia Metabdlica da UFPE” (DGEN/UFPE), no qual esta tese esta inserida.
Porém a atual proposta € ampliar estes estudos, tentando entender os modos como

biomassas/fontes de carbono ndo convencionais, além de micro-organismos nao
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tradicionais, podem contribuir no desenvolvimento e no aumento da producéo

energética do Estado.
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2 REVISAO DE LITERATURA

2.1 CANA-DE-ACUCAR, SORGO SACARINO E PALMA FORRAGEIRA:
COMPOSICAO, CULTIVO E PRODUTIVIDADE

2.1.1 Cana-de-acucar e melago

Originaria da Nova Guiné, localizado no continente Oceania, a cana-de-acgucar
(Figura 1) foi largamente difundida pelo mundo, durante do periodo das grandes
navegacoes. Esse vegetal apenas chegou ao Brasil no ano de 1532 e, desde entéo,
tem a finalidade de producédo de acucar e alcool, sendo este primariamente utilizado
para consumo humano, e, posteriormente, producao de energia (NOVACANA, 2018).

Pertencente a familia Poaceae, a cana-de-agUcar apresenta, em sua estrutura,
3 regides: a raiz, as folhas e o caule, do tipo colmo, cujo, ainda é subdividido em
“ponteiro” e o “colmo industrializavel” (Figura 2). Esta Gltima porcao é a principal fonte
energética da planta, por ser a regido central de reserva de carboidratos (MATSUOKA
et al., 2012), a partir da qual sera extraido o caldo da cana, para producdo,
principalmente, de agucar e alcool.

Figura 1 - Plantacdo de cana-de-acUcar e seu caule em destaque.
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Figura 2 - Estrutura da cana-de-agUcar, ressaltando-se as regides do colmo e ponteiro.
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Fonte: MATSUOKA et al., 2012.

O Brasil € o maior produtor de cana-de-acucar do mundo, tendo sua producao
aumentado em mais de 100% nas ultimas décadas, com a intencdo de atender as
demandas energéticas globais (BORDONAL et al., 2018; CONAB, 2019). Na safra de
2019/2020, a area plantada desta biomassa, no Brasil, correspondeu a 8.442 mil ha,
com uma produtividade média de 76.133 kg/ha. Ja no estado de Pernambuco, os
valores foram iguais a 237,3 mil ha de area cultivada, com produtividade de 52.768
kg/ha (CONAB, 2020). No sentido leste-oeste, a area possivel de ser utilizada para
plantacdo de cana-de-acucar segue do litoral até a altura da cidade de Vitéria de Santo
Antao.

Durante a producao de acgUcar e alcool, existe a geracdo de subprodutos, desde
a etapa de colheita, até o término do processo, como o0 melago, a torta de filtro,
palmitos e folhas, proteinas do caldo e o bagaco da cana-de-acucar, cujos podem ser
utilizados para as mais diversas finalidades (MATSUOKA et al., 2012) (Figura 3). Esta

revisdo sera centralizada apenas no bagaco e no melago.
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Figura 3 - Residuos da producédo de acucar e alcool, a partir da cana-de-acucar.
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O bagaco de cana-de-acucar € produto da extracdo do caldo produzido no
caule do vegetal. A sua composicdo quimica é caracterizada por teores de celulose e
hemicelulose relativamente elevados (Tabela 1), porém, neste caso, cerca de 50% da
estrutura do homopolimero esta na sua conformagdo cristalina, o que dificulta o
acesso a glicose ali existente (GUILHERME et al., 2015; ROCHA et al., 2015). Devido
a esta dificuldade, pesquisadores sempre relataram a necessidade do uso de pré-
tratamentos, sejam quimicos e/ou fisicos, para melhorar a obtencao do
monossacarideo em etapas subsequentes do processo (HOANG et al.,, 2020;
LADEIRA-AZAR et al., 2019; SAVOU et al., 2019). Porém, o uso de pré-tratamentos
acarreta um aumento de 16-30% dos custos de producdo do etanol de segunda
geracdo (também denominado de etanol celulésico), sendo este um dos fatores que
dificulta a sua viabilidade (HUMBIRD et al., 2011).

Por outro lado, a por¢cdo denominada de hemicelulose € amorfa e mais
facilmente removivel, em relacdo a celulose, quando o heteropolimero € hidrolisado,
principalmente na presenca de acidos fortes, como H2SO4 e HCI (KUMAR et al., 2015;
LAVARACK; GRIFFIN; RODMAN, 2002). Deste modo, sendo realizada em etapa
Unica, diminuindo assim os custos de producédo, a hidrolise acida da hemicelulose

pode fornecer, relativamente, altas concentracdes de xilose, a qual pode ser
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fermentada a etanol (PHAIBOONSILPA et al., 2020; RECH et al., 2016; TIZAZU,
MOHOLKAR, 2018). Assim, essas condicfes fornecem, ao bagaco da cana-de-
acucar, uma relevante funcdo na producéo de etanol de segunda geracao, fazendo
dele n&o o ator principal, mas, um importante coadjuvante neste cenario. Isso se deve,
principalmente, ao fato do mesmo, a principio, ja estar no local onde sera produzido o
etanol celuldsico, facilitando, portanto, a sua utilizacao.

O outro subproduto, denominado de melaco, é derivado da producéo do agucar
e é 0 seu ultimo estagio, a partir do qual ndo é possivel mais retirar a sacarose para a
producdo do alimento, através dos processos tradicionalmente realizados. Porém,
ainda é possivel encontrar carboidratos em sua composicdo, 0s quais podem ser
utilizados no processo fermentativo (PALMONARI et al., 2020; RASMEY et al., 2018;
WU et al., 2020). A Tabela 1 descreve a composi¢ao quimica e mineral do melaco de
cana-de-agUcar, a partir da qual é possivel identificar que cerca de 62% da matéria
seca, deste residuo, € composto por acucar. Destes, quase 50% ¢é sacarose, seguido
de frutose (8%), e glicose (5%), ndo sendo identificado xilose na sua composicao.
Porém, é identificada uma quantidade relativamente elevada de catios e anios, os
guais agem inibindo o metabolismo celular, através da pressdo osmoética gerada,
afetando negativamente o processo fermentativo (D’AMORE et al., 1988; NISHINO;
MIYAZAKI; TOHJO, 1985). Apesar disso, trabalhos recentes tém reportado o potencial
da producéo de etanol, a partir do uso do melagco, como meio de fermentagéo
(JAGTAP et al., 2019; MAYZUHROH; ARINDHANI; CAROENCHAI, 2016; SHARMA;
KUMAR; SHUKLA, 2018).
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Tabela 1 - Descricdo da composicdo quimica do melago de cana-de-acgucar (% de matéria seca, exceto

quando indicado o0 oposto).

Item Média (%) Desvio Padrao (%) Minimo (%) Maximo (%)
Matéria seca 76,80 1,00 75,70 79,60
Proteina bruta total 6,65 1,79 2,22 9,31
Carboidratos totais 62,30 4,70 57,00 71,00
Sacarose 48,80 6,40 39,20 67,30
Glicose 5,29 2,69 1,30 12,07
Frutose 8,07 2,83 2,30 14,28
Rafinose 0,03 0,00 0,02 0,03
Galactose 0,04 0,00 0,04 0,04
Arabinose 0,01 0,02 0,00 0,04
Xilose ND?! ND ND ND
Amido 0,33 0,25 0,06 1,07
Levanas 0,86 0,26 0,26 1,21
Dextranas 0,79 0,42 0,27 1,63
Arabinanas 0,20 0,05 0,06 0,28
Acido citrico 1,42 0,85 0,24 3,78
Acido lactico 6,10 2,82 1,62 12,75
Acido malico 0,10 0,05 0,03 0,21
Acido citrico 0,13 0,04 0,08 0,22
Acido pirocarbénico 0,34 0,13 0,18 0,62
Acido oxalico 0,06 0,02 0,04 0,09
Acido glicélico 0,00 0,00 0,00 0,00
Acido acético 0,44 0,28 0,16 1,04
Cinzas 13,10 1,50 10,20 16,30
Ca 1,39 0,55 0,82 3,13
Mg 0,43 0,14 0,19 0,63
Na 0,08 0,10 0,01 0,42
K 1,82 1,91 0,31 7,99
Sulfatos 2,09 0,88 0,81 4,09
Enxofre? 0,69 0,29 0,27 1,36
Fosfatos 2,03 0,77 0,70 2,97
Nitratos, mg/kg 464,00 337,00 17,00 999,00
Cloretos, mg/kg 60,00 86,00 1,00 340,00

IND: N&o detectado; ?Valor de enxofre obtido a partir de sulfatos, considerando seus respectivos pesos
moleculares.
Fonte: Adaptado de (PALMONARI et al., 2020).

2.1.2 Sorgo sacarino

A revisdo de sorgo sacarino sera apresentada através da revisao de literatura,
publicada pela autora na revista “Cadernos do semiarido — Riquezas e
Oportunidades”, no ano de 2020, a qual esta intitulada “Potencial de producdo de
etanol a partir da biomassa de sorgo sacarino”. Os autores deste capitulo de livro
foram Romulo Simdes Cezar Menezes, Barbara Ribeiro Alves Alencar, Emmanuel

Damilano Dutra e José Nildo Tabosa.
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O crescimento mundial da producdo de biocombustiveis € motivado pela
diminuicdo da disponibilidade de combustiveis fosseis, bem como pela acédo
destrutiva, proveniente da queima desses combustiveis, no meio ambiente (GAURAV
et al., 2017). A escolha da matéria-prima para a producao do biocombustivel depende
das condi¢cGes ambientais da regido. No Brasil, em relagdo ao etanol, predomina—se
o cultivo da cana-de-acucar. Porém, em algumas regides do pais a limitacdo hidrica
afeta diretamente a viabilidade dessa cultura. A limitacédo hidrica atual, bem como o
cenario de possiveis reducdes das precipitagcdes, como consequéncia de mudancas
climaticas, além da reducdo nas produtividades das culturas energéticas, exige
estudos com biomassas de elevada produtividade e menor exigéncia hidrica. Nesse
sentido, apresenta-se como alternativa o sorgo sacarino (ROONEY et al., 2007).

O sorgo sacarino € uma cultura tradicionalmente utilizada como forragem,
racdo e fibras (MURRAY et al., 2008; REDDY et al., 2005). Como principais
caracteristicas, destacam-se a eficiéncia no uso de agua (1/3 da cana-de-acucar e 1/2
do milho) e bom desenvolvimento em diferentes condicdes edafoclimaticas. Em geral,
0 sorgo sacarino produz 2 t ha* de gréos rico em amido e 50 t ha! de colmos rico em
acucares soluveis como sacarose, glicose e frutose (WU et al., 2010) no caldo e
carboidratos insoltveis (celulose e hemicelulose) no bagaco gerado ap0s extragdo do
caldo. Devido a essas caracteristicas, 0 sorgo sacarino é relatado como uma opc¢ao a
producéo de bioetanol (ALMODARES; HADI, 2009; VASILAKOGLOU et al., 2011).
De uma forma geral, essa producao, a partir do caldo, situa-se em aproximadamente
3.450 L.ha! (PRASAD et al., 2007), do amido em 800 L.ha* e da fracéo celulésica e
hemicelulésica do bagaco em 5400 L.ha* (ZHAO et al., 2009).

Dessa forma, € importante no contexto do semiarido brasileiro reunir
informac®es referentes a utilizacdo da biomassa do sorgo sacarino como matéria-
prima para a producdo de etanol, a partir das diferentes fracdes da biomassa. Além
disso, discutir as principais dificuldades da implantacdo desta cultura e as novas

perspectivas do em relagcéo as biorrefinarias.

2.1.2.1 Aspectos gerais da biomassa de sorgo sacarino
Na mesorregido semiarida, dados de cultivares sacarina apontam baixas
produtividades influenciadas por fatores edafoclimaticos. Mas, quando manejado

adequadamente, com adubacdo quimica e orgéanica, e sob regime de irrigacao,
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durante o ciclo de cultivo, a cultivar SF 15 pode atingir niveis de produtividade
experimental de 194 t.ha! sob excepcionais condicbes de fertilidade e de irrigacdo
(TABOSA et al., 2013a).

Apesar da grande variabilidade para a producdo de biomassa, o
aproveitamento da biomassa de sorgo sacarino para producao de etanol esta centrado
em trés tecnologias principais: 1) fermentacao direta dos acucares presentes no caldo
dos colmos; 2) hidrélise enzimatica do amido presente nas paniculas e fermentacao
dos hidrolisados e 3) aproveitamento do material lignoceluldsico presente no bagaco,
apos pré-tratamento, hidrélise e fermentagéo dos acucares liberados para a producgéo

de etanol.

2.1.2.2 Composicao quimica da biomassa de sorgo sacarino

As partes vegetais de sorgo sacarino, com potencial para a producdo de
biocombustiveis, sdo o colmo, cuja € a maior fracéo, as folhas, o caldo e os gréaos. O
caldo é rico em glicose, frutose e sacarose, 0s quais sao passiveis de fermentacao
pela principal levedura da industria alcooleira: a S. cerevisiae. Em algumas cultivares
de sorgo sacarino também é relatado pequenas fragbes de amido (BARCELOS,
2012). A composicdo dos acucares pode variar fortemente dependendo do tipo de
cultivar avaliada além do local de cultivo e a época de colheita dos colmos (TEETOR
et al., 2011).

O teor de carboidratos presente no caldo classifica a cultivar de sorgo para a
producdo de acucar ou exclusivamente para a producdo de biocombustiveis. Dessa
forma, é importante salientar a lacuna atual de informacgdes agroindustriais em relacéo
as cultivares, tais como grau de pureza e fibra, os quais séo parametros utilizados na
industria sucroalcooleira para determinar a qualidade da matéria-prima (COSTA et al.,
2011). Além dos teores de acUcares, o caldo possui macro e micronutrientes que sao
essenciais para a viabilidade do processo de bioconversdao dos acucares em
biocombustiveis. Além do caldo, o grao de sorgo é uma fracdo importante da planta.
Essa porcdo apresenta composi¢cdo quimica semelhante a do grdo de milho, com
teores de amido entre 60 a 80%. Além do amido, o grdo também possui lipideos e
proteinas. O percentual de cinzas é geralmente baixo, com valores entre 1-2%, assim

como os teores de fibra bruta (1,4%). Algumas cultivares de sorgo apresentam
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elevados teores de taninos, o que dificulta a conversdo enzimatica e,
consequentemente, a producéao de etanol.

Além do caldo e do gréo de sorgo sacarino, o bagaco e as folhas sdo materiais
lignoceluldsicos, com grande variacdo em sua composi¢cdo. O percentual de celulose
€ de 32 a 45%, o de hemicelulose entre 16 a 27% e o de lignina varia de 14 a 20%,

sendo os teores de lignina mais elevado nas folhas que no bagaco (KIM et al., 2012).

9.3. Producéo de etanol a partir do caldo do sorgo sacarino

A producao de etanol, a partir do caldo do sorgo sacarino, é realizada de forma
semelhante a producédo a partir do caldo da cana-de-acucar. Ap6s moagem dos
colmos, o caldo é purificado e submetido a fermentacdo com leveduras industriais. A
eficiéncia da etapa fermentativa apresenta valores entre 85 — 90 % de conversdes dos
acucares em etanol para caldos com 120 g.L-1 de acgUcares redutores total inicial
(LAOPAIBOON et al., 2007). Um importante parametro tecnolégico de producéo € a
eficiéncia de extracdo de caldo dos colmos, com valores aceitaveis entre 50 a 70% de
eficiéncia de extracdo (EGGLESTON, COLE; ANDRZEJEWSKI, 2013).

Estima-se que o sorgo sacarino possa produzir cerca de 2500 a 4000 litros de
etanol por hectare, a partir do caldo do colmo (ALMODARES; HADI, 2009). Por se
tratar de uma cultura de ciclo curto, pode-se ocorrer mais de um ciclo por ano,
dependendo das condi¢cdes ambientais, aumentando, dessa forma, a producdo de
etanol por unidade de area. O caldo € composto principalmente por acucares,
sacarose, glicose e frutose, prontamente fermentesciveis pelas leveduras industriais
(WU et al., 2010). Uma desvantagem em relacdo a cultura da cana-de-aclcar é a
rapida decomposicdo dos acguUcares presentes no caldo do sorgo sacarino. Esta
observacéo é critica quando se postula a introdu¢éo do sorgo sacarino como matéria-
prima na regido Nordeste do Brasil, uma vez que s&o observadas altas temperaturas
ambientais que podem maximizar a decomposi¢cao dos agucares presentes no caldo.
Grande parte dos estudos com a fracdo do caldo de sorgo sacarino busca novas
cultivares com potencial de producdo de etanol. Em recente estudo conduzido na
regido Nordeste do Brasil (DUTRA et al.,, 2013) avaliaram oito cultivares de sorgo
sacarino quanto a concentracdo de acucares redutores no caldo para a producgéo de
etanol. Os resultados indicaram diferencas significativas entre as cultivares avaliadas
(64 g.L ! a 164,8 g.LY), sendo as mais promissoras para a producdo de etanol a BR
506 (59,07 + 1,3 g.L 1), Willey (64,77 + 4,4 g.L'Y), Wray (59,07 + 1,3 g.L) e IPA 467-
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4-2 (52,10 + 0,7 g.LY). Para o conjunto dos dados experimentais, a eficiéncia de
conversao dos acucares presentes nos caldos para etanol foi, teoricamente, 88,4 %.
Os maiores potenciais de producdo de etanol por hectare foram observados nas
cultivares BR 506 e SF 15.

Objetivando formas de diminuir a decomposi¢ao dos carboidratos no caldo de
sorgo sacarino, Laopaiboon et al. (2007) investigaram a producdo de etanol a partir
do caldo da variedade keller, na Tailandia, em sistemas em batelada e batelada
alimentada com a levedura S. cerevisiae. No sistema operado em batelada, com
concentracdo inicial celular de 1x108 células mL™* e sélidos sollveis totais (SST) de
24 °Brix, a concentracao de etanol (P), rendimento (Yp/s) e produtividade (Qp) foram
100 g L%, 0,42 g gt e 1,67 g L hl, respectivamente. No sistema em batelada
alimentada, os autores sugeriram uma unica alimentacdo como a melhor estratégia,
com o teor de solidos solaveis inicial de 24 °Brix, com resultados para 0s parametros
cinéticos P, Yp/s e Qp de 120 g L%, 0,48 g g* e 1,11 g L hl, respectivamente.
Alternativas como fermentacdes com altas concentracdes de acgucares iniciais (>270
g.L-1) sdo avaliadas como modo de diminuir 0s custos energéticos do processo, ja
gue produzem, por conseguinte, altas concentracdes de etanol (LAOPAIBOON et al.,
2007). Porém, uma das limitac6es destas condi¢cdes sdo as baixas produtividades
volumétricas obtidas, devido ao elevado tempo de processo (40 - 120h), além de afetar
a viabilidade celular.

Na abordagem com altas concentracfes iniciais de acucares, esforcos sao
realizados para melhorar a eficiéncia de fermentacdo. Um estudo com fermentagéo
de caldo de sorgo sacarino, avaliando as influéncias de Zn, Mg, Mn e de extrato de
levedura como fonte de nitrogénio no processo, indicou que o extrato de levedura é o
gue mais influencia positivamente, seguido do Mn*?, Zn*? e Mg*? (DEESUTH et al.,
2012).

2.1.2.3 Producéo de etanol a partir dos graos do sorgo sacarino

O processo de producado de etanol, a partir dos grdos de sorgo sacarino esta
baseado na transformacg&o do amido em glicose, através de hidrolise enzimatica, com
a-amilase e glucoamilase e posterior fermentacéo dos hidrolisados com leveduras. No
entanto, ainda sdo escassas as publicacfes sobre o uso dos graos de sorgo para

producédo de etanol, principalmente devido ao aproveitamento alimenticio dos gréos.
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A producédo de grdos de sorgo granifero e sacarino situa-se entre 2 a 3 t hat. A
concentracdo média de amido nos graos de sorgo é bastante variavel e depende da
cultivar e do local de producdo. Em média, pode-se produzir aproximadamente 815 L
de etanol por hectare (ZHAO et al., 2009).

2.1.2.4 Producéo de etanol a partir do bagaco e das folhas do sorgo sacarino

Estudos com a fracdo lignocelulésica do bagaco do sorgo sacarino sao
fundamentais para aumentar a producdo de etanol por unidade de area plantada e
tornar o balanco energético mais positivo. Estima-se que a producao de etanol a partir
do bagaco seja de aproximadamente 2.423 litros de etanol por hectare (PRASAD et
al., 2007).

Para transformar os polissacarideos insollveis constituintes do bagaco e das
folhas, geralmente sédo necessérias etapas de pré-tratamento e hidrélise, enzimatica
ou acida. Em relacéo a producéo de etanol, a partir da palhada (colmos e folhas) de
sorgo forrageiro, avaliou-se a cultivar BRS 655, desenvolvida pela Embrapa, com trés
tipos de pré-tratamento (alcalino com NaOH, acido com H2SO4 e H2SO4 seguido de
NaOH) e dois tempos de reagao (15 e 30 min). Observou-se melhoras significativas
na etapa de hidrdlise enzimatica, com eficiéncias acima de 90% de conversao de
celulose em glicose (CARDOSO et al., 2013).

Otimiza¢Bes na etapa de hidrélise enzimatica sdo fundamentais para viabilizar
a tecnologia de conversao pela rota bioquimica. Neste cenario, os estudos com
hidrélise enzimatica da biomassa de sorgo, que inicialmente eram desenvolvidos para
baixas concentracdes de biomassa (20 a 100 g.Lt), (Shen et al., 2012), ja utilizam
cargas de sdlidos > 250 g.L1, obtendo, dessa forma, maiores concentra¢cdes de etanol
(WANG et al., 2013).

2.1.2.5 Biomassa de sorgo como matéria-prima para biorrefinarias

O conceito recente de biorrefinaria refere-se a um sistema integrado de
instalacbes e equipamentos desenvolvidos para conversdo da biomassa, por rota
termoquimica ou bioquimica, com o objetivo de produzir combustiveis, energia e
produtos quimicos (PATRICK et al., 2010). Neste cenario, o sorgo sacarino é avaliado
como matéria-prima para o desenvolvimento de biorrefinarias, em diversas rotas de

aproveitamento integral da biomassa, pois apresenta caracteristicas como elevada
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producdo de biomassa, com menor consumo de agua e insumos (XIN; WANG, 2011).
O balanco geral para a producédo de etanol a partir de 1 ton de biomassa de sorgo foi
de 59 kg de etanol (KIM et al., 2012).

Na regido Nordeste do Brasil, ainda n&o foi implantado estudos que integrem
as diferentes fases de produgcéo de biomassa (agrondmica) com processamento
(engenharias, quimica), desta biomassa, para a producao de biocombustiveis, energia

e produtos de alto valor agregado, o que indica um alto nicho de aproveitamento.

2.1.2.6 Consideracdes finais

A regido litoranea do Nordeste do Brasil € uma area de tradicdo no cultivo de
cana-de-acUcar para a producdo de aclUcar e etanol. Esta regido abrange uma
pequena fracdo da &rea total do Nordeste e, em algumas partes, o gradiente de
precipitacdo se reduz e inviabiliza o cultivo desta cultura energética. E neste contexto
gue o cultivo do sorgo sacarino pode ser inserido, atuando como matéria-prima
complementar a producdo de combustiveis, energia e produtos de alto valor agregado.
Como uso potencial, no semiarido brasileiro, apresenta-se as areas irrigaveis para
producao de energia e do subproduto (bagago) para a alimentacao animal.

Para o aproveitamento da biomassa de sorgo sacarino, ainda sdo necessarios
varios esforcos em diferentes areas de pesquisa: 1) Melhoramento vegetal de
cultivares de sorgo sacarino; 2) Melhora nas eficiéncias dos processos fermentativos,
a partir do caldo; 3) Viabilidade de producé&o de etanol, a partir dos graos de cultivares
de sorgo, sem interferir, ou interferindo minimamente, na oferta de alimentos; 4)
Design de processos de pré-tratamentos, hidrélise enzimatica ou acida, e fermentacao
de hidrolisados competitivos; 5) Integracdo das diferentes abordagens na producgao
de etanol, a partir da biomassa de sorgo sacarino e aproveitamento dos seus residuos
para geracdo de energia e outros produtos; e 6) Levantamento dos custos de

producao de etanol a partir da biomassa de sorgo sacarino.

2.1.3 Palma forrageira

Pertencente a familia Cactaceae, a palma forrageira é uma planta do tipo CAM
(processo fotossintético conhecido como metabolismo acido das crassulaceas), a qual
€ caracterizada por apresentar alta resisténcia aos longos periodos de estiagem e,

by

sendo assim bem adaptadas a ambientes aridos e semiaridos (PINHEIRO et al.,
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2014). Esse mecanismo de adaptacdo é caracterizado pelo uso eficiente da agua
devido a absorcéo de didxido de carbono a noite e sua conversao em biomassa pela
luz solar durante o dia. Essa adaptacédo, em seu metabolismo, confere a planta a
capacidade de crescer naquelas regiées onde a agua é um importante fator limitante
para o desenvolvimento agricola. (PINHEIRO et al., 2014; QUEIROZ et al., 2015).
Além disso, devido a essa propriedade, sdo 10 vezes mais eficientes no uso de agua
do que as plantas C4, que fixam carbono na forma de oxaloacetato, como a cana-de-
acucar. Para vegetais C3 (vegetais que fixam carbono na forma de 3-fosfoglicerato),
COMo a soja, essa capacidade pode chegar a 20 vezes. (SAMPAIO, 2005).

Entre as variedades resistentes a cochonilha, as variedades Orelha de Elephant
México e IPA-Sertania foram as mais eficientes na producdo de matéria fresca em
condicbes de sequeiro, com valores em torno de 112,1 e 101,1 kg/ha/mm,
respectivamente em relacdo a taxa de evaporacgao real das culturas (MOURA et al.,
2014). Por outro lado, a cana-de-acucar, sob 0 mesmo regime, possui uma eficiéncia
de 59,6 kg/ha/mm (OLIVEIRA et al, 2011).

O Nordeste do Brasil € a maior area de palma forrageira do mundo, com cerca
de 600.000 hectares. (JUNIOR et al. 2013). Nesta regido, sdo encontradas algumas
variedades. Dentre elas, as mais abundantemente encontradas sado a gigante, a
redonda (ambas das espécies Opuntia ficus-indica) e a miida (Nopalea cochenilifera)
(SILVA; SANTOS, 2006, VASCONCELOS et al., 2009). No Instituto Agronémico de
Pernambuco tem desenvolvido cultivares que sejam resistentes a cochonilha do
carmim (VASCONCELOS et al.,, 2009). O cultivo de variedades resistentes a
colchonilha é necessario, visto que essa praga dizima plantacbes da cactacea em
guestao. Assim, o cultivo dessas variedades garante a plantacdo dessa biomassa,
principalmente pelo fato dela ser usada como reserva forrageira, de grande valor e
impacto na pecuaria da regido (SILVA et al., 2014).

A palma forrageira se credencia como alternativa para a producdo de etanol
também devido algumas caracteristicas quimicas/bioquimicas. Dentre elas,
destacam-se a sua alta conversdo de carboidratos fermentesciveis e sua baixa
exigéncia nutricional, o que diminui os custos do seu cultivo (CUSHMAN et al., 2015),
Ademais, esse vegetal dispde de vasta disponibilidade, facil plantio, auséncia de
entressafra (pelo fato de ser um vegetal perene), baixa necessidade de tecnologia
para cultivo, baixo teor de lignina e alto contetdo de celulose amorfa (NETO, 2010;

YANG et al. 2015), o que diminui a necessidade de pré-tratamentos agressivos.
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A produtividade de etanol, a partir da palma pode atingir valores
correspondentes a 1490-1875 L/ha.ano* (Santos et al., 2016), em detrimento da cana-
de-aclcar (5300-9400 L/ha.ano™?) e a beterraba sacarina (5000-6000 L/ha.ano™). No
entanto, Alencar et al. (2018) fizeram apontamentos importantes, relacionados ao
processamento desta biomassa. Eles destacaram que, devido as variedades IPA-
Sertania e Orelha de elefante mexicana apresentarem valores de lignina <10%, e
cristalinidade <8%, a palma ndo necessita de pré-tratamentos quimicos. Isso se faz
relevante, visto que a etapa de pré-tratamento corresponde de 15-30% dos custos do
etanol de 2G. No entanto, o processo de secagem dessa biomassa requer muita
energia, visto que ela armazena grandes volumes de agua. Tratamentos bioldgicos,
através do uso de bactérias, para obtencéo de carboidratos para a producao de etanol
de palma forrageira também foram relatados. Nesse sentido, Pectobacterium
cacticida, dentre as eubactérias, demonstrou ser a mais promissora (BLAIR; YIM;
CUCHMAN, 2021).

2.2 HIDROLISE DE BIOMASSAS LIGNOCELULOSICAS

A hidrolise € uma das principais etapas da producdo de etanol de segunda
geracdo. E nela em que ocorre a quebra das cadeias de celulose e hemiceluloses,
com o objetivo de se obter os monossacarideos originarios dessas matrizes. Aqui,
destacamos a obtencdo de glicose, pelo homopolimero, e xilose através do
heteropolimero. A glicose e a xilose sdo os monossacarideos base para producéo de
etanol e xilitol, respectivamente, devido ao fato da hexose ser a molécula que iniciara
a via glicolitica, a qual, em anaerobiose, ira culminar na producao do alcool. Ja em
relacdo a pentose, na presenca de oxigénio, essa molécula sera convertida a xilitol.

A hidrolise poder ser realizada através do uso de duas classes de moléculas: os
acidos ou as enzimas. Ambos 0s processos apresentam vantagens e desvantagens.
No caso dos acidos, as vantagens estao relacionadas ao fato de serem mais baratos,
as reacdes serem realizadas com menos tempo, além de poderem agir sobre as
matrizes celulésicas e hemicelulésicas indiscriminadamente, devido a ag¢do nao
especifica de soluc¢des &cidas. Como exemplos mais comuns, estao os H2SO4 ou HCI.
Em contrapartida, existe a necessidade do uso de altas temperaturas (100-150°C),
formacéo de inibidores e correcao de pH, para que os hidrolisados possam ser usados
na etapa de fermentacdo (CHEUNG; ANDERSON, 1996; WINGREN; GALBE;
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ZACCHI, 2003). Os compostos obtidos, através da hidrélise acida da biomassa de

cana-de-aclcar, sdo descritos na Tabela 2. A facilidade de obtencdo desses

compostos, da matriz hemiceluldsica, se da pelo fato do heteropolimero ser amorfo.

Tabela 2 - Composicéo de hidrolisado hemicelulésico de bagaco de cana-de-agucar, em reator piloto.

pH 0,97
Propriedades fisicas °Brix 4,00
Condutibilidade (mS) 40,20
D-xilose 19,19
Carboidratos (g/L) D-glicose 0,98
L-arabinose 1,82
Produtos da degradagdo dos  FEyrfural 0,08
carboidratos (g/L)
(compostos furfurais) 5-hidroxumetilfurfural 0,07
Acido galico 0,04
Acido Vanilico nd*
Acido siringico nd*
» P-Acido coumarilico 0,15
Compostos fendlicos (g/L) Acido ferulico 0.12
Aldeido protocatecuico 0,07
Vanilina 0,08
Acido hidroxibenzoico nd*
;I;;T_a;l de compostos fendlicos Compostos fendlicos (g/L) 1,95
Acido Acético (g/L) Acido acético (g/L) 3,49
Cobre <0,10
Ferro 554,40
Cromo <0,10
Célcio 34,10
Magnésio 51,10
Compostos Inorgéanicos (mg/L) Sadio 41,00
Potassio 103,90
Manganés 8,20
Zinco 6,50
Niquel 27,80
Enxofre 3433,60

*nd = nao detectado.

Fonte: Adaptado de (RODRIGUES et al., 2010).

Tizazu e Moholkar (2018) avaliaram o perfil de formagdo de carboidratos e

compostos de degradacao, a partir da hidrélise acida do bagacgo de cana-de-acucar,
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em diferentes temperaturas. Eles observaram que as condicbes otimas, para a
producao de hidrolisados, ricos em xilose (concentracdo: 9,00 g/L; yps= 0.76 g/g), foi
120°C, durante o periodo de 30 minutos, usando 2% v/v de H2SOa4, com carga de
sélidos de 1:30 m/v. A partir da mesma biomassa, Sa et al. (2020) relataram a
formacgéao de 24,42 g/L de xilose, ao usar a proporgao de 1:4 m/v de biomassa, usando
0 mesmo tempo de hidrélise, porém, com a concentracao de 1,6% v/v de H2SOa.

Ja em relacdo a hidrélise enzimatica, as vantagens estdo relacionadas,
principalmente, & maior especificidade da reac¢éo, ndo formacgao de inibidores e maior
rendimento de produto. Por outro lado, essas reacbes sdo mais demoradas e, 0s
processos gue usam enzimas ainda sdo mais onerosos que aqueles que utilizam
compostos inorganicos (SUBHEDAR; BABU; GOGATE, 2015). Nesse tipo de
hidrélise, um coquetel enzimético atuara, principalmente na matriz celulésica. Nesse
liquor, haverdo enzimas da classe das exo-glucanases, as quais atuardo entre dois
mondmeros de celobiose. Em contrapartida, o outro grupo, denominado,
endoglucanases, agira na regido amorfa da cadeia de celulose. Existe ainda um
terceiro grupo, o qual é responsavel por quebrar o dissacarideo celobiose em dua
moléculas de glicose. A ele, damos o nome de [B-glucosidases (GALBE; ZACCHI,
2002). Na hidrdlise enzimatica da biomassa de palma forrageira, Alencar et al. (2018),
obtiveram, ao aplicar a carga de 30 m/v de sélidos, valores de glicose maiores que 80
g/L. Isso Ihes conferiu, no processo fermentativo, concentracdes de etanol >35 g/L e
eficiéncias de fermentagéo >85%.

No entanto, algumas estratégias tem sido utilizadas para para melhorar ainda
mais os rendimentos desse tipo de hidrélise. Uma alternativa é uso de proteinas
acessorias como as expansinas. Essas moléculas atuam com o objetivo de afrouxar
a estrutura rigida da celulose, e promover a hidrolise dessa fracdo da parede celular
(ZHANG et al., 2021). Sendo assim, a partir do uso da expansina BSEXLX1, de
Bacillus subtilis, num meio contendo endogluganases, a taxa de adsorcdo desse
grupo de enzimas, a matriz celulésica, pode aumentar em quase 5 vezes (ZHANG et
al., 2021).

Faz-se importante ressaltar que as enzimas celuloliticas podem ser inibidas
pelo seu préprio produto, conforme foi demonstrado por Xiao et al. (2004). Nesse
ensaio, eles observaram a inibicdo de 50% da atividade de B-glucosidase, ao adicionar

100 g/L de glicose, em uma carga de solidos celulosicos de 10%. No entanto,



30

alternativas como a fermentacao e sacarificacdo simultaneas (SSF) podem diminuir

esse efeito inibitorio.

2.3 FERMENTACAO

A producéao de etanol € dependente de uma etapa denominada fermentacéo.
Essa etapa inicia na fosforilacdo da glicose, no citoplasma celular, e culmina na
conversdo de acetaldeido a etanol. Essa reacao ocorre devido a uma necessidade
bioldgica da levedura, em equilibrar as concentracbes molares de NAD*/NADH,
disponiveis no citoplasma, com o objetivo de manter a via glicolitica em
funcionamento. Na reacdo de conversdao de gliceraldeido-3-fosfato a 1,3-
bifosfoglicerato, na glicélise, sdo reduzidos 2 NAD*, ja que as reacdes, a partir da
conversao de Frutose-1,6-bisfosfato a gliceraldeido-3-fosfato séo duplicadas. Como a
disponibilidade de oxigénio no meio € limitada, o direcionamento do piruvato para a
cadeia respiratéria é reduzido, e, por conseguinte, ndo haveria como restituir a
concentracdo de NAD* para manutencéo da via glicolitica, havendo, por conseguinte
0 acumulo de NADH no citoplasma.

Figura 4. Produgao de etanol, Saccharomyces cerevisiae, em condi¢Bes anaerobias.
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Fonte: GURDO (2016).
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Sendo assim, como modo de manter essa via, 0 piruvato, através de uma
descarboxilizacdo (1COz), é convertido a acetaldeido, o qual, pela oxidagdo de NADH,
na presenca da acetaldeido desidrogenase, é convertido a etanol. Nessa oxidacéo, o
NAD* é restituido e pode voltar a ser utilizado na converséo de gliceraldeido-3-fosfato
a 1,3-bifosfoglicerato. Por estas razdes, a metabolizagao da glicose produz 2 mols de
etanol e 2 mols de COz2, conferindo, a reacdo, um rendimento de 0,511 de etanol, para
cada mol de glicose.

Os organismos que conseguem fazer isso com maior eficiéncia sdo as
leveduras. Nao obstante, Saccharomyces cerevisiae é a levedura mais adaptada ao
processo, devido alta eficiéncia fermentativa, alta capacidade de competicdo e
sobrevivéncia no ambiente industrial (ANDRIETTA et al., 2007). Sendo assim, relatos
dessa levedura atestam sua capacidade de fermentar desde hidrolisados acidos,
guanto enziméticos, com altas eficiéncias e diversas biomassas. A variedade de
vegetais estudados, para essa finalidade, permeia desde os mais tradicionais, como
bagaco de cana-de-acucar, até mesmo outros menos comuns, COMo SOrgo sacarino,
palma forrageira, algodao e batata doce (WANDERLEY et al., 2013, DUTRA et al.,
2013, ALENCAR et al., 2018; MALIK et al., 2020; RIZZOLO et al., 2021).

No entanto, S. cerevisiae nao dispde da capacidade de metabolizar xilose a
produtos como etanol e xilitol. Essa consideracao se faz importante pois, hidrolisados
provenientes de biomassas lignoceluldésicas sdo compostos por uma riqueza de
carboidratos, dentre os mais abundantes sdo a glicose e a xilose. O néo
aproveitamento da pentose restringe o potencial energético da biomassa. Sendo
assim, pesquisadores identificaram uma levedura denominada Spathaspora
passalidarum, a qual apresenta a capacidade de co-fermentar carboidratos como
glicose, xilose e celobiose (NGUYEN et al., 2006; LONG et al., 2012).

Ja em relacdo a producédo de xilitol, leveduras do género Meyerozyma, como a
Meyerozyma guilliermondii e Meyerozyma caribbica, tem apresentado a capacidade
de produzir esse carboidrato, além de produzir etanol (NAGARAJAM et al., 2021,
TADIOTO et al., 2022). No entanto, a producdo do acucar de interesse industrial é
dependente da disponibilidade de oxigénio no meio, em contrapartida a fermentagéo
etandlica. Assim, a presenca de produtos com alto valor agregado, na rota de
producado de etanol de segunda geracao, principalmente quando realizado por uma
levedura que tenha a capacidade de gerar ambos, é recomendado para auxiliar na

viabilidade econémica do processo. Isso ocorre devido aos custos ainda relativamente
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elevados para a producdo de etanol 2G, exigindo, assim, que outros subprodutos

sejam sintetizados.
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3 OBJETIVOS

3.1.1 Objetivo geral
Avaliar aspectos da producdo de etanol, a partir de blends de hidrolisados
acidos de biomassas lignocelulésicas e melaco, como alternativa para o periodo de

entressafra da cana-de-acucar no estado de Pernambuco.

3.1.2 Objetivos especificos

a) Determinar o melhor horario, e época do ano, para colheita da biomassa de
palma forrageira,

b) Determinar o tempo e a temperatura necessarios para a secagem de palma
forrageira, para o processo de hidrélise;

C) Produzir etanol a partir de blends de hidrolisados acidos de bagaco de cana de
acucar, bagaco de sorgo sacarino e palma forrageira, usando M. caribbica;

d) Comparar a producao de etanol, nesses substratos, entre S. cerevisiae e M.
caribbica;

e) Avaliar a producéo de xilitol por M. caribbica.
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4 ARTIGO 1 - MEYEROZYMA CARIBBICA URM 8365 ISOLATED FROM
SUGARCANE PLANTATION SOILS AND ITS POTENTIAL FOR ETHANOL
AND XYLITOL PRODUCTION FROM ACID HYDROLYSATES OF
LIGNOCELLULOSIC BIOMASSES

INTRODUCAO

A area de producao de cana-de-acucar no Brasil € de cerca de 9.750 mil h4, com
a producéo total de 642.070 toneladas de cana e produtividade média de 76,4
toneladas ha'. O estado de S&o Paulo lidera ambos os parametros, enquanto que
Pernambuco € o segundo estado com maior area plantada e producdo no nordeste
brasileiro, com 251 mil ha de plantio e 11.500 mil toneladas de cana, e produtividade
média de 54,1 toneladas ha-1 (CONAB, 2020). Todos esses valores de producéo sdo
reduzidos na entressafra da cana, fazendo com que a producao de etanol diminua
nesse intervalo. Alternativas como o uso de melago e bagaco de cana sao sugeridas
e ja aplicadas, como forma de suprir essa demanda energética (LALUCE et al., 2016;
CRUZ et al., 2021). Além disso, ha o agravante de que cerca de 80% da area do
estado de Pernambuco apresenta déficit hidrico, o qual se torna ainda limitante, na
mesorregido do semiarido. Assim, sugere-se a ampliacao da area plantada, por meio
da utilizac&o de outras biomassas lignocelulosicas, mais adaptadas aos climas aridos
e semiaridos, como 0 sorgo sacarino e a palma forrageira. Essas plantas ja foram
relatadas como alternativas para esse processo, pois apresentam eficiéncias de
fermentacdo satisfatérias, sem a necessidade de suplementacdo nutricional dos
respectivos substratos, o que reduz os custos do processo (SANTOS et al, 2016;
ALENCAR et al, 2018; DUTRA et al., 2018). A partir dessas fontes de biomassa
lignoceluldsica, é possivel produzir hidrolisados acidos, ricos em carboidratos. Esses
licores acucarados podem, quando misturados ao melago, contribuir para reduzir o
efeito da entressafra na producado de etanol (PALMONARI et al., 2020; RASMEY et
al., 2018; WU et al., 2020). Assim, essa demanda poderia ser alcancada, a partir da
formulacdo de substratos mistos, utilizando uma levedura capaz de produzir etanol
nestas condi¢cdes. Nessas condi¢cOes, leveduras do género Meyerozyma tem
apresentado resultados associados tanto a producéo de etanol, quanto xilitol, a partir
de substrato como hidrolisados de biomassas lignoceluldlicas e melagco (SANTOS et

al., 2020; TADIOTO et al. 2022). A geracéo de produtos secundarios, no conceito de
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biorrefinaria, é importante para se tentar viabilizar, economicamente, os custos ainda
elevados, inerentes a producao de etanol 2°G.

Neste contexto, o presente trabalho objetiva avaliar o potencial de M. caribbica,
previamente isolada de canaviais pernambucanos, na fermentacdo de hidrolisados

acidos de biomassas lignocelulésicas e melago, para a producéo de etanol e xilitol.

MATERIAIS E METODOS
Biomassa vegetal e Melaco

A biomassa do bagaco de cana-de-acucar foi cedida gentilmente por pela usina
“Olho d’agua”, enquanto que o bagaco do sorgo sacarino foi doado pelo Instituto
Agron6émico de Pernambuco (IPA). Ja a palma forrageira foi coletada em uma estacao
do IPA, na cidade de Arcoverde - PE, e levada para o Laboratério de Energia da
Biomassa, em Recife. Ao chegar, os cladddios desta biomassa foram lavados com
agua destilada, cortado em cubos e transferidos para liquidificador industrial, no qual
foram convertidos a uma textura semelhante a um puré. Essa pasta foi disposta em
bandejas de aluminio, e mantidas em estufa de circulacéo de ar por 48h, a 105°C. Em
contrapartida, os bagacos foram lavados com 4gua destilada, sendo secos em estufa
de circulagéo de ar, a 65°C, durante 48h. ApGs o processo de secagem, as biomassas
foram trituradas, em moinho de facas, até atingir a granulometria de 20 mesh, e
armazenadas em bombonas de 200 L. O melaco foi gentilmente cedido pela Destilaria
Agroindustrial de Ipojuca, localizada no municipio de Ipojuca, Pernambuco, Brasil.

Producéo de hidrolisados acidos e formulagcéo dos blends com melaco

Os hidrolisados de bagacos de cana-de-agucar, sorgo sacarino e biomassa de
palma forrageira foram produzidos aplicando-se uma carga sélida de 10 m/v para o0s
bagacos e 15% m/v para palma forrageira. As hidrolises foram realizadas em
erlenmeyers de 500 mL, usando a solugdao de H2SO4, a 1,5 % v/v, com volume
reacional de 300 mL (CHEN et al., 2012). A reacdo ocorreu em autoclave, a 121°C,
durante 30 minutos. Posteriormente, os frascos foram resfriados em banho de gelo e
a suspensao foi transferida para tubos do tipo Falcon, de 50 mL, para centrifugacao.
Os parametros, para este processo, foram 3600 rpm e 5 minutos. Em seguida, a fracédo
liguida foi armazenada, a -20C, em frascos ambar de 1L. Este procedimento foi

repetido até obter-se o volume de cerca de 2L de cada tipo de hidrolisado.
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Ja os blends foram formulados conforme descrito na Tabela 2.1, tendo sido

preparados em volumes de 2L.

Tabela 2. 1. Blends formulados a partir de hidrolisados acidos de bagacos de cana-de-agUcar e sorgo

sacarino, biomassa de palma forrageira e melaco.

Composicao (%) Concentracéo inicial

Blends de carboidratos
Melago SCB SSB CPB o
fermentesciveis

M1 70,00 10,00 10,00 10,00 504,56
M2 50,00 16,67 16,67 16,67 306,97
M3 25,00 25,00 25,00 25,00 108,80
M4 10,00 30,00 30,00 30,00 36,63

Fonte: A autora (2022).

Crescimento microbioldgico e fermentacéo de hidrolisados acidos e blends

As fermentacdes, usando como substrato, 0 melaco, os hidrolisados acidos e
os blends foram realizados conforme descrito por Alencar et al., 2018. Primeiramente,
a levedura M. caribbica foi crescida em meio YPD, contendo 20 g/L de glicose, 20 g/L
de peptona e 10 g/L de extrato de levedura. O volume de 100 mL deste meio de
crescimento foi transferido para um erlenmeyer de 250mL, sendo, em seguida, o
conjunto, esterilizado, em autoclave, por 20 minutos, a 121°C. Ao frasco, foram
transferidas, a partir de colénias previamente crescidas em placas de petri, com
células de M. caribbica. Este pré-inéculo foi mantido em mesa incubadora rotativa, a
30°C e 250 rpm. Apb6s 24h, esta suspensao microbiolégica foi dividida e transferida
para 2 erlenmeyers de 2L, previamente esterilizados, os quais continham, cada um,
200 mL meio YPD. A cada 24h, o volume reacional de in6culo era dobrado, a partir da
adicdo do meio de crescimento. Esse procedimento foi repetido por 4 dias. Ao final,
as suspensodes foram distribuidas em tubos do tipo Falcon, de 50 mL cada. O conjunto
foi centrifugado, a 3600 rpm, durante 5 minutos. Esse procedimento foi repetido até
cada um dos tubos ter 2g de levedura. Ao final da dltima centrifugacéo, foi adicionado
10mL de solucao de NacCl, a 0,9% m/v, para a manutencgéao celular. Os tubos com as
células foram mantidos, até o dia seguinte, em geladeira, a 4°C. No dia seguinte,
ocorreu nova centrifugagdo e, apos o descarte do sobrenadante, foram transferidos
18 mL de cada um dos substratos para cada um dos tubos, a fim de se realizar as

primeiras fermentacdes. Nestas, avaliou-se a capacidade de M. caribbica produzir
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etanol, a partir dos hidrolisados acidos das biomassas lignocelulésicas e do melago,
diluido 6 vezes, previamente. As fermentacdes ocorreram no periodo de 72h, a 30°C,
em modo estatico, em duplicata. Houve coleta de amostras em 0, 6, 24, 48 e 72h.

O segundo conjunto de fermentagdes ocorreu, utilizando como substrato, 0s
blends apresentados na Tabela 2.1. Porém, nestes experimentos, cujo objetivo era
avaliar a possibilidade de producdo de etanol, em altas concentracdes de
carboidratos, utilizou-se, além da M. caribbica, S. cerevisiae como micro-organismo
referéncia. Os ensaios aconteceram sob as mesmas condi¢cdes que as fermentacdes
anteriores, ou seja, mesma capacidade do tubo Falcon, relagdo micro-
organismo:volume reacional, tempo, temperatura, modo estatico e intervalo de coleta
de amostras, as 0, 6, 24, 48 e 72h.

Para o ensaio da hierarquia de consumo, durante a fermentagdo, por M.
caribbica, foi produzida uma solucédo de sacarose, glicose e frutose, contendo 8g/L de
cada carboidrato. Desde modo, foi transferido, para o tubo Falcon, contendo a
levedura previamente crescida e centrifugada, 45 mL da solucdo de carboidratos.
Amostras foram coletadas a cada 1 hora, durante o periodo de 12h.

A relacgédo glicose/xilose adequada também foi avaliada, em ensaios utilizando
meio sintético, com a proporgdo de glicose e xilose de 1:5, 1:8, 1:10, 1:15 e 1:25 em
duas condicdes de cultivo: estatico (sem agitacdo) ou com agitacdo a 70 rpm. Os
experimentos foram realizados por 120 horas, a 30°C, com coletas de amostras a
cada 24 horas. A biomassa inicial 100 g/L, previamente preparada em meio YPD,

conforme descrito acima. Todos os ensaios foram realizados em duplicata biologica.

Métodos analiticos

Os metabdlitos (glicose, xilose, acido acético, glicerol, sacarose, frutose e etanol)
foram identificados por Cromatografia liquida de alta eficiéncia (CLAE), no dispositivo
Agilent Technologies 1200 Series, usando coluna HPX87H* (BioRad), a 35°C. Como

fase movel, foi utilizado o acido sulfurico, 5 mM, na vazao de 0,6 mL/min.
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A capacidade de M. caribbica URM8365 fermentar hidrolisados de biomassas
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lignoceluldsicas foi avaliada. A referéncia foi o0 melaco de cana-de-acgucar, o qual &

composto por uma mistura de sacarose, glicose e frutose (Figura la). A sacarose foi

completamente consumida, seguida pela glicose. A concentracdo de frutose

aumentou durante o consumo de sacarose, indicando que as células excretam

invertase e hidrolise de sacarose no meio. O etanol foi produzido para atingir o

rendimento final de 0,39 g/g (Figura 1a). Foram produzidos trés hidrolisados vegetais

diferentes.

Figura 2. 1. Producdo de etanol, por M. caribbica,

cana-de-agucar, sorgo sacarino e palma forrageira.
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Fonte: A autora (2022).

O bagaco da cana-de-acucar liberou mais xilose e menos glicose (Figura 1b) do

gue o bagaco do sorgo sacarino (Figura 1c). Os hidrolisados de palma forrageira

apresentaram uma enorme quantidade de glicose devido ao alto indice de celulose

amorfa, cerca de 70%, além de baixo teor de lignina (YANG et al, 2015). Em
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experimentos estaticos, toda a glicose foi consumida pelas células para produzir
etanol nos trés substratos, enquanto a xilose permaneceu intocada. Os rendimentos
de etanol foram calculados como 0,42 g/g para cana-de-agucar, 0,45 g/g para sorgo
e 0,49 g/g para palma forrageira.

Posteriormente, os testes realizados com os blends de hidrolisados e melago
foram fermentados por M. caribbica URM8365 e S. cerevisiae JP1. Os resultados
obtidos sugerem que M. caribbica pode se adaptar a ambientes com altas
concentragdes de carboidratos iniciais, além de detalhar sua preferéncia de consumo,
relacionada aos carboidratos glicose, sacarose e frutose (Figura 2). Nesses dados,
observa-se que a sacarose € metabolizada primeiramente a partir de uma invertase
extracelular, independentemente da concentracdo inicial de carboidratos. Isso é

suportado pelo acimulo de carboidratos glicose e frutose no meio (Figura 3).

Figura 2. 2. Hierarquida de consumo, na fermentacdo dos carboidratos sacarose, glicose e fructose,
por M. caribbica URM8365.
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Fonte: A autora (2022).

Nos ensaios M1 (Figuras 3a e 3b), para ambas as leveduras, mais de 73% da
sacarose disponivel foi metabolizada. Além disso, em M. caribbica, houve,
concomitantemente, a assimilagdo de glicose no meio. No entanto, em ambos os
testes, a producéao de etanol ndo foi observada. Entretanto, nos ensaios com substrato
M2 (Figuras 3c e 3d), o etanol foi produzido exclusivamente por M. caribbica, porém,
em baixas concentracdes (5 g/L) e somente apds 48 horas do processo. Isso indica
gue M. caribbica pode se adaptar e produzir etanol em meios cujas concentracdes
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sao superiores a 300 g/L de carboidratos fermentaveis. Deve-se notar também que
ISSO ocorreu, mesmo sem quaisquer suplementos nutricionais, que visam melhorar
essas assimilacoes.

Ja no M3 (Figuras 4e e 4f), a resposta parece ser a mais promissora. Ao utilizar
25% de cada um dos substratos testados, a producao de etanol chega a 50 g/L,
superando o minimo exigido, segundo Larsen et al. (2008). Os parametros de
fermentacéo para M3 foram Y = 0,46 g/g e Ef = 90,60%. Além disso, toda a sacarose
foi convertida em glicose e frutose, em 24h, e toda a glicose foi assimilada em 48h.
Ainda ha frutose residual, o que pode gerar ainda mais alcool ao longo do tempo. Isso
€ sugerido pela curva ascendente de producao de etanol, a partir de 48h, e pela curva
descendente de frutose, a partir de 24h. Nos ensaios com S. cerevisiae, para 0 mesmo
meio, a assimilacdo dos monossacarideos foi mais lenta, com concentra¢Bes ainda
elevadas de glicose e frutose ao final do tempo de 72h, quando comparadas com M.
caribbica. Esse comportamento indica certa dificuldade de S. cerevisiae em converter
esses carboidratos em etanol, nas condicdes de meio propostas.

Na ultima condicdo avaliada, M4 (Figuras 4g e 4h), glicose, frutose e sacarose
foram completamente consumidos em 48h. A producdo de etanol, para ambas as
leveduras, foi de aproximadamente 7 g/L. Ou seja, em baixas concentracbes de
carboidratos, as diferencas nas respostas, no que diz respeito a concentracao de
etanol produzido, na comparacao entre as duas leveduras, ndo sao significativas.

Em testes realizados com uma mistura de 40% v/v de melaco e 60% de
hidrolisado de palha de arroz pré-tratado, com suplementacdo de nitrogénio e fontes
minerais, obteve-se uma concentracado de etanol de 97 g/L e rendimento de 0,46 g/g
(PANDEY et al., 2022). Na mistura de xarope de acgucar celulosico (CCS) e melaco,
na proporc¢édo 20:80, suplementado com uréia, apos 48 horas de fermentacéo, obteve-
se 75 g/L, com 92% de eficiéncia (NETSOPA et al.,, 2022). Esses ensaios sao
semelhantes as condicdes de substrato propostas em M3, ou seja, com
concentracbes de carboidratos fermentaveis abaixo de 250 g/L. No entanto, em
ambos os estudos, as fermentacdes foram realizadas por cepas de S. cerevisiae. Em
comparacdo com os resultados obtidos no presente trabalho, observa-se que a
eficiéncia fermentativa de M caribbica, em M3, é semelhante a obtida por S.
cerevisiae, com suplementacao nutricional, relatada em outros trabalhos. Isso confere

uma vantagem econfmica ao uso de M caribbica, durante o processo, ja que nao
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haveria a necessidade desse tipo de adicdo nutricional, em detrimento de S.
cerevisiae.

Figura 2. 3. Fermentacédo de M. caribbica e S. cerevisiae, em blends de hidrolisados &cidos e melaco.
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Fonte: A autora (2022).

Por outro lado, as fermentacfes de alta gravidade (HGV), caracterizadas por
concentragdes de carboidratos >250 g/L, sdo normalmente realizadas com a adigao
gradual do substrato ao reator, a fim de ndo afetar substancialmente o metabolismo
celular. No entanto, neste trabalho os processos foram realizados em batelada, o que
confere uma situagdo de maior estresse e rearranjo metabdlico as leveduras. Isso
indica que M. caribbica parece se adaptar melhor a essas situacfes de estresse do
gue S. cerevisae JP1, conseguindo, mesmo assim, produzir etanol.

Outro fator que parece interferir substancialmente, para esse tipo de
fermentacdo, é a nutricdo e a carga inicial das células. Na fermentagédo da mistura de
caldo de cana, rico em minerais, e melaco, com 15% v/v de carga de S. cerevisiae,
em sistema continuo, obteve-se a producédo de 135 g/L de etanol, em 30h, (CRUZ et
al., 2021). A concentracao total de carboidratos foi de 300 g/L, gerando uma eficiéncia
fermentativa de 90%. Nos ensaios com caldo de sorgo sacarino, as concentracdes de

etanol podem chegar a 160 g/L, a partir de uma concentracao de carboidratos de 330
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g/L, em meio suplementado com 16 mM de uréia (APPIAH-NKANSAH et al. 2018).
Esses dados indicam, portanto, que de fato, fatores como nitrogénio e fontes de
nutrientes sao essenciais para obter melhores resultados, no que diz respeito as
fermentagdes de alta gravidade. Assim, 0 atraso e a baixa eficiéncia na produgao de
etanol nos testes M2 podem ser justificados.

Além dos ensaios com blends, também foram realizados testes envolvendo a
fermentacéao e xilose por M. caribbica. Deste modo, glicose e xilose foram misturadas
em diferentes proporcdes para definir a melhor composicdo de carboidratos nos
substratos (Figura 4). Em experimentos estaticos, no qual o sistema rapidamente se
torna anaerdbico, devido a alta densidade celular, a producdo de etanol ndo foi
observada quando a quantidade de glicose foi muito baixa (1 g/L), mesmo em excesso
de xilose. A pouca xilose consumida foi transformada em xilitol, apds 72 h de cultivo
(Figuras 4a a 4d). Nesses casos, a eficiéncia de produgao de xilitol se aproximou de
100%, embora quase toda a xilose tenha ficado no meio. Quando a quantidade de
glicose foi aumentada (3 g/L), o etanol foi inicialmente produzido até a exaustdo da
glicose e o rendimento de etanol foi de 0,16 g/g na proporcao de glicose para xilose
de 1:5 (Figura 5b) e 0,33 g/g a 1:8 (Figura 4e). O xilitol foi produzido apds 72h na
proporcao 1:5 (Figura 4b) e apos 48h na proporcédo 1:8 (Figura 4e).

Na proporcao glicose-xilose de 1:10, o maior rendimento de etanol (0,48 g/g)
foi observado simultaneamente com o maior rendimento de xilitol (0,46 g/g). Neste
caso, observou-se um consumo mais rapido de xilose (Figura 4c). Quando o sistema
foi submetido a baixa agitacdo (70 rpm), o minimo aporte de oxigénio fez com que a
xilose fosse assimilada mais rapidamente e transformada, em xilitol
independentemente da presenca de glicose (Figuras 5f a 5j). Neste caso, ficou claro
gue a menor quantidade de xilose (15 g/L) com a maior propor¢cao de glicose para
xilose (1:5) resultou na melhor eficiéncia geral de fermentagcdo, com um rendimento

de xilitol de 0,88 g/g e muito pouca xilose residual (Figura 4b).
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Figura 2. 4. Experimentos de fermentacdo utilizando Meyerozyma caribbica URM836,5 em meio
contendo diferentes proporcoes de glicose e xylose, em condigGes estaticas (a-e) e agitadas a 70 rpm
().
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Fonte: A autora (2022).

Quando a quantidade inicial de xilose foi aumentada para 25 g/L, o rendimento
de xilitol foi um pouco superior a 0,9 g/g com a penalidade de maior acucar residual,
independentemente da quantidade inicial de glicose (Figuras 4i e 4j). Curiosamente,
o menor rendimento de xilitol de 0,46 g/g foi calculado na concentracdo média de
xilose e proporcao intermediaria de acucar de 1:10 (Figuras 4h). Esta foi a melhor
condicao para a producéo de xilitol em experimentos estaticos (Figuras 4c). Assim,
necessario adequar as condi¢cdes de fermentacdo para produzir simultaneamente
etanol e xilitol pelas células da levedura. Este valor de rendimento de xilitol pareceu
muito atrativo do ponto de vista industrial quando comparado a relatérios recentes.
Tadioto et ai. (2022) obtiveram rendimento de xilitol de 0,32 g/g a partir de meio YNB
contendo xilose a 20 g/L, enquanto Nagarajan et al. (2021) relataram rendimento de
xilitol de 0,44 g/g em meio sintético de xilose apos suplementacédo com (NH4)2SOa,
Na2HPO4 e extrato de levedura. Embora a suplementacao de substrato com sais seja
acessivel, 0 uso de suplementos complexos como extrato de levedura e peptona é

proibitivo devido aos altos custos que pode impor ao processo industrial.
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CONCLUSAO

Os ensaios demonstraram que, na mistura de melaco e hidrolisados acidos dos
bagacos de sorgo sacarino e cana-de-agUcar e da biomassa de palma forrageira, com
as proporcdes de 25% para cada um dos substratos (condicdo M3), € possivel
produzir mais de 50 g/L de etanol, utilizando M. caribbica como levedura
fermentadora. A proposta do uso deste micro-organismo se faz devido a resposta
fermentativa de S. cerevisiae JP1 né&o ter sido promissora, para as condi¢cdes
avaliadas. Nesse sentido, considerando-se apenas as condi¢des testadas no presente
trabalho, sugere-se que a composicdo do meio de fermentacdo M3 € a ideal para
auxiliar a producédo de etanol, no periodo de entressafra da cana-de-acucar, desde

gue se utilize, na dorna de fermentacéo, a levedura M. caribbica.
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5 CONSIDERACOES FINAIS

A partir dos dados obtidos, tanto no artigo intitulado “Bioethanol production from
cactus cladode biomass: considerations of harvesting time, dry matter concentrations,
and enzymatic hydrolysis”, quanto no artigo submetido “Meyerozyma caribbica URM
8365 isolated from sugarcane plantation soils and its potential for ethanol and xylitol
production from acid hydrolysates of lignocellulosic biomasses” é possivel fazer as
seguintes consideracdes: (1) A biomassa de palma forrageira, visando sua hidrélise
enzimatica, deve ser coletada até as 4:00h da amanh@; (2) Para se atingir a carga de
30% m/v de sélidos, de modo que se tenha 0 menor gasto energético, deve-se secar
a palma forrageira durante 12h, a 105°C; (3) Que a partir do blend composto por 25%
de melaco, 25% de hidrolisado acido do bagaco de sorgo sacarino, 25% de hidrolisado
acido de cana-de-acucar e 25% do hidrolisado acido de palma forrageira (condi¢cao
M3), é possivel produzir mais de 50 g/L de etanol, utilizando M. caribbica como
levedura fermentadora. Nesse sentido, considerando-se apenas as condicdes
testadas no presente trabalho, sugere-se que a composicédo do meio de fermentacéo
M3 é a ideal para auxiliar a producéo de etanol, no periodo de entressafra da cana-
de-acucar, desde que se utilize, na dorna de fermentacao, a levedura M. caribbica.
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Abstract

Cactus pear biomass has the potential for bioethanol production in dry regions. However, its low solids concentration and
pH vanations may hinder the process of alcoholic fermentation, The objectives of this study were as follows: (1) to
evaluate the effects of harvest time and season on biomass pH and dry matter concentration of cladodes of two cactus
pear species commonly used as forage (Nopalea cochenillifera and Opunitia stricia); (2) to compare the hydrolysis of fresh
and dricd biomass (10% w v ' solids); (3) to compare increasing perinds of two temperatures (65 °C or 105 °C) to
concentrate the biomass to 10% and 30% solids: and (4) 10 perform enzymatic hydrolysis and fermentation of biomass
dried to 30% solids. Biomass pH ranged from 3.0 to 5.6, from carly moming to late afternoon, with higher diumal
variation during the dry season, when their solids concentrations were higher than in the rainy season (12 16% * 7
10%). Hydrolyzed fresh and dned biomass had similar glucose, xylose, and galacturonic acid concentrations, Drying at
105 °C for 12 h was the best temperature and period to reach 30% of solids. The enzymatic hydrolysis of the biomass dried
10 30% solids yielded 63.3 and 80.0 g of glucose L' After fermentations (33 °C: 8 h; Saccharomyces cerevisiae), ethanol
was produced to 29.4 and 37.5 g L' from N. cochenillifera and O. stricta biomasses, respectively. Therefore, carly
morning during the dry season is the best moment to harvest the cladodes, whose biomass can be partially dried at 105
°C for 12 h 1o 30% solids load before being hydrolyzed and fermented for bioethanol production. This procedure reduces
the time, energy, and inputs needed in the process.

Keywords Cactus forage - Opuntia - Bioenergy - Ethanol

1 Introduction extensively investigated [1-3]. These studics have as
common characteristics the use of chemical and’or phys-

In the last decades, the potential of lignocellulosic bio-  ical pretreatment of the biomasses and the use of C3 (3-
mass as an option for biofuel production has been  phosphoglycenic acid fixatives) or C4 (oxaloacetate fixa-
tives) photwsynthetic type plants, such as wheal or comn
stover and sugarcane or sorghum. as sources of ferment-
B Ermame! Dacsilacss Dota able cu‘rbahyflmtes.‘ Thes«. plants require a lantge amount of
ez dutr Fufpe.be water for their cultivation when compared with CAM me-
tabolism (Crassulaceae acid metabolism) species.
Currently, most of the biofuels and food produced in the
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Moreover, UNESCO [5] ake predicts an increase in the
land area under semiarid climates in the world, Such environ-
ments do not support intensive traditional agriculture, but they
are suitable for the growth of Cactaceae species, which have
the CAM metabolism type [6]. Some of the cactus species
with the highest biomass productions belong to the Opuntia
and Nopalea genera, the cladodes of both genera being largely
used as forage sources for ruminants, human food, and other
products [7, 8] In recent years, due to their high biomass
productivity, carbohydrate content, and water use efficiency,
cactus pear species have been studied as potential biofuel
sources [7.9-11].

However, the production of biofucls from cactus biomass
in semianid regions still faces several technological challenges
at all stages of production. Cultivation in the field requires
improvements in management practices and planting and har-
vesting systems. especially with the mechanization of the
cropping operations. Further, the conversion of the biomass
into biofuels still needs optimizations. One of the main chal-
lenges 1s related to the high-water content of the cactus bio-
mass. On average, the fresh biomass of cactus is around 104
of total solids, which, when subjected to enzymatic or acidic
hydrolysis, generates hydrolysates with low sugar contents
and, cansequently, low concentrations of bioethanol or other
broproducts 7).

An altemative to the use of the high-water content fresh
cladode biomass was proposed by Alencar et al.[12]. who
concluded that the enzymatic hydrolysis of cactus was better
when the biomass was at 30% wv ' solids loading. However.
that work did not estimate the time speat 1o dry the biomass.

In general, cactus species have a CAM metabolism that
evolved in response to water scarcity n terrestrial environ-
ments. These plants open their stomata during the night time,
accumulating malic acid. which is decarboxylated during the
light period to produce glucese [13]. This physiological pat-
tern results in pH variation of the cladode biomass along the
24-h day period. Finding the most suitable time to harvest the
cludodes helps in determining the most suitable buffer solu-
tion to control the acidity during the hydrolysis stage, which is
hest at pH 4 1o § [12]. Subsequently, it may improve the
feasibility of using this biomass for bivethanol production.

Considering the above arguments, the objectives of
this study were as follows: (1) to evaluate the effects
of harvest time (day-night) and season (dry-rainy) on
the pH and dry matter concentration of the cladodes
of two cactus pear species (Nopalea cochenillifera (L.)
Salm-Dyck and Opantia stricta (Haw.) Haw.) (2) to
compare the hydrolysis of fresh and dried biomass
(10% w v' solids); (3) to compare increasing periods
of two temperatures (65 °C or 105 °C) to concentrate
the biomass to 104% and 30% solids; and (4) to perform
enzymatic hydrolysis and fesmentation of biomass dried
to 30% solids,

@ Springer

2 Material and Methods
2.1 Biomass sampling and pH determination

Cladodes of two cactus pear species, Opunsia stricta (Haw.)
Haw. (variety “Orelha de elefante mexicana™ and Nopalea
cocheniliifera (L.} Salm-Dyck (variegy “IPA-Sertinia”), were
sampled &t the experimental station of the Agronomical
Institute of the State of Pernambuco, in Canvaru municipality,
Pemambuco state, Brazil (08°14'187S; 38°0000"W and 537
MSW). Two large fiekds of each species, which were planted |
year before, were selected for sampling. In each field, ten
cladodes were harvested from rendomly selected plants every
2 hin a ume course of 24 b in | day of the dry season
{December) and 1 day of the rainy season (July). The cladodes
belonged to different vertical orders in the plant structure (the
higher orders comesponding to younger cladodes), excluding
the basal, Lignified ones and the highest, still developing ones,
and any cladode with signs of disease, msect attack. or any
abnomality. Immedsately after harvest, in a laboratory close
to the cultivation ficld, the cladodes were washed and proc-
essed in an industrial blender. After that, the pH of 20 ml of
the pulp was measured using a portable pH meter (Model
Metter Toledo). Samples (500 g) of the pulps were taken to
the laboratory, placed in 5-L flasks, dried at 105 °C for 48 h
and their dry matter contents were caleulated according to the
methodology described by [14] and calculated by

Swht =

SI%) = “-b{g #100 (1)

where S/ was the solids load. whf was the mass of the dry
biomass of the cuctus plus the flask weight, wiwas the weight
of the flask. and wi was the initial biomass of cactus pear.

Cellulose, hemicellulose, lignin, ashes, and extractive con-
centrations of the cladode hiomasses were also determined
according to the methodology described by [14). These results
were already published elsewhere [12].

2.2 Hydrolysis of fresh and previously dried and re-
hydrated biomass

Basad on the pH results, another cladode sampling was con-
ducted in the same fields in the early morning of the dry
season, This time, 30 cladodes were collected from each field,
treated s described above, and the pulp was submitted to a
series of tests. The first test was to compare the effect of
hydrolysis using the fresh biomass and the biomass previously
dried and then re-hydrated since this is the usual procedure
when hydrolysis is performed. The biomass pulp was dried at
105 °C for 48 h, milled, sifted to 20-mesh (2 mm)
granulometry, and stored. Part of this biomass was then re-
hydrated with a 50-mM citrate buffer to 10% soluds, a similar
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concentration of the fresh biomass, Both this re-hydrated and
the fresh biomasses were submitted to hydrolysis.

Portions of 2 g of each biomass treatment were placed in
20-mL flasks, together with 10 FPU g ' of the enzyme
Celluclast 1.5 L Novozymes (with an initial activity of 6.39
FPU/mL} and distilled water. The kinetic profile of the forma-
tion of carbohydrates and organic acids was evaluated afier (),
6. 12, 24, and 48 h from the start of the hydrolysis, taking
samples of the suspension, centrifuging, and analyzing the
liquid fraction by high-performance liquid chromatography
(HPLC). The HPLC wsed H,S0, (5 mM) as a mobile phase
with a flow of 0.6 mL min’', the analyte being detected by
refractive index on an Aminex R column {HPX-87H. Bio-
Rad, USA) at 60 °C. All procedures were carried out in

duplicate,

2.3 Drying for increasing periods at different
temperatures

Based on the hydrolysis results of the tresh and previously
dried and re-hydrated biomasses, it was decided that it was
worthwhile to test hydrolysis with only partially dried bio-
masses. Before conducting this test, a third test was conducted
to characterize the curve of solids concentrations obtained
with increasing drying periods at two temperatures; 63 and
105 “C. Partial drying can save time, encrgy, and inputs need-
ed in the process of ethanol production,

Portions of 2 kg of the fresh cladode biomass, described in
Section 2.2, were placed in 5-L flasks and oven-dried at 65 °C
for, 12,24,48,72,96, 120 hand 105 °C for 0, 6, 12, 24, 36,
and 48 h. The solids content (% w v '} in the biomass was
determined as described in Section 2.1.

2.4 Hydrolysis and fermentation of partially dried
biomass

Based on the previous tests. it was decided to dry the cladode
biomasses of both cactus species to 30% solids, the most usual
solids load, and to complete the process of hydrolysis and
fermentation with these biomasses. Hydrolysis followed the
procedures described in the previous sections, The enzymatic
hydrolysates were mixed with Saccharomyces cerevisiae JP)
struin previously grown in YPD medium (glacose, 20 g L7';
peptone, 20 g L™': yeast extract, 10 g L ') in 1-L Erlenmeyer
flasks maintained at 33 °C and 150 rpm. for 24 h.

The volumes of the culture medium were doubled every
24 b for | wock, aiming to obtain 56 g of yeast biomass, At the
endd of this step, the cells were centrifuged (10,000 rpm, 5 m),
resuspended in NaCl solution (0.08%), and kept in a refriger-
ator for 24 h, The cells were then centrifuged aguin (10,000
rpm, 5 min), and 7 g of microbial biomass were resuspended
in 63 ml of the enzymatic hydrolysates. The fermentative
stage was statically incubated with 10% weight per volume

for 8 hat 33 °C and aliquots of 0.5 ml were withdrawn every
hour. Samples of the aliguots were filtered on 0.22-um mem-
branes, and the liquid fractions were analyzed for carbohy-
drate and ethanol concentrations by high-performance liquid
chromatography. as described in Section 2.2, The procedure
was performed in triplicate, Equations 2, 3, and 4 correspond
to the yield (g g '), efficiency (%), and volumetric productiv-
ity (gL " h ") of the alcoholic fermentation:

AEOH (gL™)
EWOH = ———=—~ (2)
10, AG(eL) 1<)
EiOH (gL' Pt
g;_—”-m— (3}
Ef = T i4)
0.511 o

Where EiOH is the ethanol concentration (g L I, G s the
ghicose concentration (g 1), ¥ is the yield of ethanol produc-
tion, and £ is the fermentation time (%),

2.5 Statistical analysis

The pH, dry matter, hydrolysis, and fermentation concentra-
tion data were submitted to the Kolmogorov-Smimov test to
check the assumption of normality, and fo the Levene test to
check for homoscedasticity, The data were then submitted 1o
analysis of variance, and the averages were compared by the
paired Student’s ¢ test or the Tukey test, both at the 0.05
probability level.

3 Results and Discussion

3.1 Effect of harvest time and season on pH and dry
matter concentration

The cladode biomass of O, stricta and N, cocheniliifera, har-
vested in dry and rainy seasons, had their highest pH values
from 2 to 6 pm (Fig. 1). During the night, the pH constantly
decreased until it reachod the Jowest values around 6 to 8 am
(Fig. 1), These variations in pH corroborate those reported in
Mexico [15), which also found that the higher acid content of
the cladodes was observed when they were harvested early in
the moming. The pH of both species was lower (3.7) in the dry
than in the rainy season. The lower pH values during the dry
season probably resulted from low water availability and
lowered hydration of the cladode tissues, which decrease pho-
tosynthesis and increase the relative H™ content, Therefore,
considering that pH values from 4 to § are preferable for
enzymatic hydrolysis and fermentation [12], early moming
is the best time to harvest the cladodes of both species,

&) springer
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The dry matter concentrations, in both species. were
higher in the dry than in the rainy season. and they were
similar along the day. Therefore, only the averages in cach
season are shown (Fig. 2). Dubeux et al. [16] also reported
that the water content of cactus cladodes is reduced during
the dry season, but without adversely affecting their chem-
ical composition. Assuming that a load above 30% w v lis
near to an optimum solid concentration for enzymatic hy-
drolysis, harvesting during the dry season may save energy

Fig.2 Dey matker content of 18 4
Opwntha siricta (Haw.) Haw, and
Napalea cockerillifera (L) Salm

Dyck clsdode biomssscs 16
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o 64
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and time for biomass dehydration [12]. From a social point
of view, this is an important result because this is the sea-
son when the rural workers are less occupied with agricul-
tural activities.

Regardless of the season. V. cochenillifera had, on average,
236 higher dry matter than O, stricta, This trait indicates that
N. cochenillifera has a higher potential as a feedstock for
biocthanol production, However, in rainfed cactus production
systems in Brazil [16], N. cochenillifera often roguires higher

| Oy &ER Rainy

XA %
Opuntia stricta Nopalea cochenillifera
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rainfall {> 600 mm year ') than Q. stricta (> 400 mm year ')
for maximum biomass production, For this reason. production
of N. cochenillifera in the Breazilian semiand region is limited
to a smaller land area compared with O. smicta, It 1s notewor-
thy that even . stricta 15 nol appropriated for cultivation in
drier areas, indicating that this ecosystem could be more suited
for the production of other cactus species, Therefore, the re-
scarch efforts for biomuss conversion into bioethanol must
mvestigate other Caclaceae species.

3.2 Enzymatic hydrolysis of fresh and dry biomass

The cladode biomass of V. cochenillifera had 25.85% cellu-
lose, 9.08% hemicellulose, 5.77% lignin, 30.73% extructives,
and 11.65% ashes, while the cladode biomass of 0. siricta had
28.51% cellulose, 10.59% hemicellulose, 6.40% lignin,
31.03% extractives, and 11.15% ashes. These chemical char-
acterizations were already published elsewhere [12]. Other
authors have also characterized these biomasses, Kuloyo
et al, [17] stated that the concentration of fibrous carbohy-
drates (cellulose and hemicellulose) is 42% in the genus
Opentia, while Souza-Filho ct al. [18] pointed that the cellu-
lose concentration is 31.6% in N cochenillifera. The lignin
and ashes concentrations were similar to those previously de-
scribed in the literature, ranging between 4 and 16% for lignin
and 6 and 20% for ashes [17, 19].

The enzymatic hydrolysis of the fresh biomass (105
w v ') of N. cochenifiifera released significantly (f =
16.28: p = 0.04) more glucose (26,72 g L', 93.1%
cellulose conversion) than that of the dry hiomass
(21.54 g L', 75.1% cellulose conversion) after 12 h
(Fig. 3). On the other hand, the glucose released from

the fresh and dry biomass of O. stricte showed no sig-
nificant differences, reaching 24.28 ¢ L' and 27.75 ¢
L', respectively (Fig. 3). Santos et al. [7] hydrolyzed
the fresh biomass (2% w v ') of Opuntia ficus-indica,
heat pretreated in un awtoclave, In this study, 1126 ¢
L'of glucose were obtained, while Kuloyo et al. [17]
obtained 45,5 g L', from the cladode biomass of
Opuntia ficus-indica (L.} Mill, pretreated with diluted
sulfuric acid (1.5% w w ') and using a 10% w v '
solids charge. The values observed in our study diverge
from those reported by Kulovo et al. [17], probably
because of the different species, cultivation systems,
and hydrolysis conditions. It is also important to men-
tion that hvdrolysis was performed by enzyme blend of
Pectinex Ultra SP-L, Celluclast 1.5 L, and Novozyme
188 (B-glucosidase) in high loads, and this may have
caused an increase in the final amount of carbohydrates
obtained [17]. However, the use of high enzyme loads
increases the cost of the process, which goes against the
aim of bioenergy producers.

The glucose released after the biomass hydrolysis of
the two species did not significantly differ (Figs. 3 a
and b), despite the tendency of more glucose being
released from N cochenillifera. The absence of a sig-
nificant difference indicates that there is no need to
distinguish the two species from an industrial point of
view. It eliminates the skilling labor of plant identifica-
tion and allows the simultancous processing of biomass
coming from fields of both species. 1t is worth noting
that both species are resistant to wild cochineal, which
is negatively affecting cactus ficlds in many parts of the
world, including Brazil [20]. Despite the advantages of
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Fig.3 Glucase, galacturonic acid and xylose concentrations in enzymatic
hydrolysates oblained with increasing hydrolyzation times of fresh
clsdode biomass (FB) and cladode bionass dried 1o 10% w v (DB of
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Fig. 4 Solids load of cladede
biomass obtained with increasing

drying times under 65 "Cand 105~ 1007
C of Nepalea cochendliifera (L)

Salm-Dyck (Nc) and Opiitia

strickr (Haw) Haw (Os) 80

® 0S-105°Cy = 1.6600x + 8.9976; R" = 0.9973
0 0S-65°C:y=04791x+ 10.1233; R* = 0.9850
® NC-105°C: y= 17542« + 9.6143; R® = 0.9861
O NC-85'C:y=04024x + 11.1838; R’ = 0.9672

using fresh cactus biomass, the glucose concentrations
obtained at the end of the enzymatic hydrolysis of fresh
biomasses are low. Based on the current bioprocess
technologies, these low glucose concentrations do not
allow sustainable ethanol production chains, The litera-
ture reported similar values of carbohydrates to those of
this study, with the use of 10% w v' of loaded solids
in hydrolysis [21]. Thus. it is necessary to concentrate
the solids of the cladode biomass to make the process

Fig. 5 Ghacose circle). xylase 100 -

(triangle), galacturonic acid [
{square), and ethano! (diamond) +“
cancentrations in clidode beo-

masses of Nopalee cochenillifera 80 -
(L) Sakn-Dyck, (complete sym- :
bols) and Opuntia wricta (Haw )
Huw, tempty symbals) submitted
1 increasing hvdrolysare fermen-
tation times

Concentration (g L)
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40 50 60 70 B0 90 100 110 120

Time (h)

more viable from an economic point of view, and the
solid load of 30% has been reported as adequate for
hydrolysis [12].

3.3 Solids concentration of fresh biomass

In order to concentrate solids, we tested conditions for water
evaporation from fresh cladodes, For both species, biomass
reached 307 w v load at 105 °C for 12 h, or at 65 °C for
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Table 1 Fermentation parmeters

of the cegymaric hydsolysates of  Parameters Nopaiea cochenillifera Opwntla sinesa

the concentrased hiomass | 30%

wv ') of Napalea cockentlifera Etbanol yield (g ¢7') a4 043

and Opuntia stricta cactus Volunetric productiviey (e L' b 67 469

cladodes Efficiency of fenentation () 7549 5.1
Etbanol (2L ') 2539 3756
Residual glucose (gL ') .00 192

" Means with the same keier in the line are not significantly different (Tukey, p < 0.05)

approximately 47 h for N. cochenillifera and 42 h for
O. stricta (Fig. 4). Kuloyo et al. [17] proposed to sundry the
biomass, eliminating the electnical cost of the process.
However, this drying altemative would require 10 to 15 days,
ALLOS °C, 48 h were required to completely dry the cladode
biomasses [12]. Partially drying the biomass at 105 °C, o
reach a load of 30% w v, results in a reduction of energy
costs and processing time in relation to complete drving. In
addition, a load of 30% w v ' promoted the increase of car-
bohydrate content in the hydrolysis step. uming it more fea-
sible to produce cthanol [12].

3.4 Enzymatic hydrolysis of the concentrated biomass
and fermentation of the enzymatic hydrolysate

The hydrolysis of N. cochenillifera biomass concentrated al
30%wv ' resultedin 65.30 g L™ of glucose (75.8% cellulose
conversion} and that of 0. sericra in 7997 g L' of glucose
(92.9% cellulose conversion). Subsequently, the fermentation
of the enzymatic hydrolysates generated 29.39 g L * of etha-
nol for N. cocheniflifera and 37,54 g L' for O, swicta (Fig, 5).
The xylose and galacturonic acid of the two species were
similar, obtaining 21.98 g L " and 2.39 g L * for
N. cochenillifera and 21.82 g L " and 2.35 g L ! for
O, stricta, respectively.

[tis irnportant to note that for an ethanol production process
to be considered profitable, its concentration at the end of the
process must be > 40 g L™ [22),

From the fermentation parameters (Table 1), the potential
for ethanol productivity was determined considering yields of
500 ton ha ' year ' of fresh mass [16]. With this productivity
and the average dry matter concentration observed in this
study, the estimated dry matter productivity would be 85 ton
ha ' year ', and that of ethanol would be more than 15 thou-
sand L per ha and year. Recent studies reported values of
fermentative parameters greater than those obtzined in the
present study (Table 1): Sousa Filho et al. [18]. Ef = 95.6%
and Ypis =049 g g "; and Kuloyo etal. 2014 [17),09 gL
h'and Ypi's = 046 g ¢ However, they supplemented the
enzymatic hydrolysate with yeast extract, peptone. and ele-
ments such as nitrogen, sulfur, magnesium, and phosphorus.
In addition, 1t has been reported that the suppkementation of
hydrolysates with magnesium increases ethanol production by

28.7% [17]. Adding such compounds to the cladode bio-
masses became dispensable under the conditions of the pres-
ent work since the fermentative parameters were satisfactory.
Besides, avoxding the use of such compounds represents huge
cost reductions in the process, axding (o the viahility of the use
of cactus biomass for ethanol production.

4 Conclusions

Farly morning during the dry scason is the best time to harvest
cactus pear cladodes of Nopalea cochenillifera and Opuntia
stricta 1o be used for enzymatic hydrolysis and bioethanol
production, [n addition, 12 h and 105 °C are the time and
temperature required to dry these biomasses to the 30%
w v ! load. These partially dried cactus biomasses can be
hydrolyzed and fermeated with high ethanol production effi-
ciency, which may lead to reductions in costs, time, energy,
and chemical inputs compared with the usual procedure of
complete drying and re-hydrating.
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ANEXO A — ARTIGOS PUBLICADOS SEM VINCULO COM A TESE

Os artigos adicionados a esta sesséo foram produzidos durante o periodo de
doutorado da aluna. Ao longo dos quatro anos de doutoramento, a aluna desenvolveu
pesquisas relacionadas a producao de etanol, a partir de biomassas lignoceluldsicas.
Os estudos abordaram desde probleméticas relacionadas as etapas de pré-
tratamento e hidrélise (acida e/ou enzimatica), quanto a fase fermentativa. No primeiro
artigo adicionado, a doutoranda foi responsavel por toda a parte experimental, bem
como escrita, relacionada as sessdes de ‘“resultados e discuss&o” e “materiais e
métodos”. No processo de revis No segundo artigo adicionado, “Production and
Application of Lignin-Based Chemicals and Materials in the Cellulosic Ethanol
Production: An Overview on Lignin Closed-Loop Biorefinery Approaches”, a autora
desta tese redigiu toda a sessao relacionada ao uso de lignina na etapa de hidrélise
enzimatica. No terceiro artigo, “Valorization of Sugar-Ethanol Industry Waste Vinasse
for Increased Second-Generation Ethanol Production Using Spathaspora
passalidarum Yeast Strains”, a autora da presente tese colaborou na organizagéo dos
dados e escrita da sessdo de ‘“resultados e discussdo”. No ultimo manuscrito,
“Chemical pretreatment of sugarcane bagasse with liquid fraction recycling” a
doutoranda colaborou no ensinamento da técnica de reciclo de pré-tratamento a
primeira autora do manuscrito, bem como escreveu sessdes relacionadas a pré-

tratamento e hidrélise.
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Abstract

Pre-ueatment is one of maio econome and technological challenges 1o reader feasible the production of bioluels and
chemical compounds from lignocellulogic binmass. Alkaline hydrogen peroxide (AHP) is the most used pre-mrearment
and recycling of its liquid fraction can help reduce production costs. The efeets of four AHP concentrations {1, 3.5, 5 and
7.5% vivi on the recycling perfurmance of the liquid fraction of pre-treated corn stover was evaluated for five consecutive
cycles, Delignification rates increased with increasing AHP concentrations in the fivst cycle: 15, 26, 43 and 76% with |,
3.5, Sand 7.5% viv H.O,, respectively. In the tollowing cycles, the rares decreased linearly reaching less than 4% in the
last two reeveles. These delignificaton rates and hemicellulose solubilization were corroborated by spectroscopic analyses
wilh Fourier transformation showing reductions in hignin and henucellulose absorbance and increases in erystallinity indi-
ces. Considering the Iow delignification rares in the last rwn eyeles. the pre-treated biomasses obtained until the third evele
were submitted to enzymatc hydrolysis at 1:10 solid-liquid ratio. The delignification rates aftected the efficiency of the
eneymatic hydrolysis at all AHP concenteations and all recyeles, The highest AHP concentration (7.5% viv) was requined
wn cfficiently remove lignin and solobilize hemicelinlose, maintaining cellulose conversion inen gluense grearer than 50%
up to three recycles, Theretore, the technology of recycling the liquid solution of AHP pre-treatment is recommended with
high initial concentrations (7.5% viv),
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Statement of Novelty

This work innovates in testing the possibility of recycling the
Tiguid fruction of the pre-treatment of comn stever with alka-
line hydrogen peroxide in onder W lower pre-treatient costs.

Introduction

Fossil tuels use has increased in many industrial sectors,
espetially the energy one |11, and the energy dermnand wall
rise fromits current 530 FJ 1o 860 EJ until 2040 [2]. The
transportation sector is one of the main consumers, using
liguidd tuels derived from tussil sources. The chermical
ingdusiry is aoother mportant sector that uses petroleumn
derivarives, Tn Brazil, the market for chemical substances
has grown annually berween 3 and 5%, in the lase years [3].

Lo replace fossil sources, gaseous, liguid and solid buo-
fucls and high value added chemical compounds derived
from lignocellulosic biomass have a great potential [2, 4].
Currently, approximately 2.8 billion wns ol lignocellu-
losic residucs are produced in the world [S], com stover
being the main one [6]. However, lignocellulosic biomass
conversion into bioluel and chemical compounds 1s still a
technological challenge, To praduce liquid biofuels from
lignoeellulasic hiomass three processing Sieps are usu-
ally needed [7]: (1) pre-treatment; (2) acid or enzymatic
fydrolysis; aod (3) (ennentatnon. Lach step sull presents
serions cconnmic and echnological difficaltics, but the
most challenging step is pre-treatment, thut may be per-
lormed by physical, chemical, biological and nuxed meth-
ods [8], and may represent up 1o 205 of preduction costs
.

Bural aod Shah et al. |10} made a wechno-economic
cvitluarion of four rypes of lignoccllulosic biomass pre
treatments: steam explosion, diluted sulfuric acid, explo-
sion with ammoma and a biological method. Steam explo-
sion and diluted sullunc acid were more atteactive from an
ceonomic pnint of view, hat they concluded thar all four
pre-treatments still needed technological improvements.
The ellicient use of chemical reagents that work under
mild conditinns of temperature and pressure is 8 major
objectve |11, 12], together with reduction of inputs, like
water and chemical reagents, and oblainiog some prolit
from the generated wasee [13], The use of alkiline hydro-
gen peroxide (AHP) to pretreat lignocellulosic biomass
hus increased in the last years 114, 151 mainly hecause
it satisfies the conditions of mild reaction, lemperatures
between 25 and 70 °C and noemal atmospheric pression,
and because 1t provides high delignification and hemicel-
lulose vates |16, 17]. However, its large-scale use is sull
challenged by the cost of reagents (H.(), and NaOH),

& Springer

indicaring the need 1o scarch ways 1o reduee these inputs
[15]. Inpur reduction can be achieved by recyeling the lig-
uid solutiens used in the pre-treaunent, which certanly
reduces the cost of binfucl production [18],

Several studies have demonstrated the potential of reos-
g the liyuid ruction lor different types of hgnocellulosic
biomass pre-uweatment, with signilicant reductions i the
use of chemical inputs and water. Wang cr al. [3] evalu-
ated the effect of recyeling the liquid fraction of the pre-
treatment ol sugarcane bagasse with sodiun hydroxade Lo
reduce the water consumption and Rocha et al. [19] dem-
onstrated the possibility of reusing the liguid fraction of
the sare process up o 11 wmes, with Lour cycles reducing
warter consumprion hy 3%, Yao et al. [20] obtained good
results recycling the liguid fraction of the pre-treatment of
the wheat straw with phospherie aeid added with bydrogen
peroxide,

Previous work hy our group [ 18] demonsirated signihi-
cunt reductions of input consumption recycling the alka-
hine hydrogen peroxide solution {7.5% viv) used in the
pre-treatment of corn stover. Three recyeles of the liquid
solution could be made, obtaining cellulose converstons into
glucose above 60%, wnd reducing water, hydiogen peroxade
and sedinm hydroxide consumption up o 60%. However,
this recyeling certainly depends on the initial concentration
of the alkaline hydrogen peroxide concealration and maybe
mnre than three eyeles could he rried [197 or concenrrations
Jower than 7.5% could still allow cfficient recycling. Besides,
more informuton on how the H,O, concentration medibes
the physical-chemical structure of com siraw biomass is still
needed. Therefore, the aims of this work were to cvaluate the
nfluence of different ulkaline hydrogen peroxide concentra-
tiens on successive recycling of the higuid fraction of the
pretreatment and enzymatic hydmlysis of corn stover and 1o
determing the effect of these concentrations and recyeling on
delignification, hemicellulose removal and physical-chemi-
cal structure change.

Experimental Section
Raw Material

Cornt [ Zea mavy L.J slover was harvested in 2012 and 2013 at
Ricwedees ey Pogrergener Farm, San Todo municipality (8°52°' S,
36"22° W), Pernambuco state, Brazil, The stover (here called
lignocellulosic biomass) was dried 1 a lorced air circula-
rinn oven ar 63 °C for 48 h, groand in a Willey mill {MA
630, Marconi, S&0 Paulo) and stored at room temperature.
Subsmoples, which were homogemzed, were sieved through
a 10 mesh foe chemical characterization and 1o be submiled
10 pre-treatment.
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Corn Stover Pre-treatment

The pre-treatment ol the bivinass was perlormed according
10 Nencar o al. [18], evaloating the influcnce of four alka-
line hydrogen peroxide (AHP) concentrations: 1%, 3.5'%,
5% and 7.5'% wiv. The ligud fraction resulting from the
pre-treatment of each concentration was eyeled five times
(four recycles). Stover samples (25 2) were submitted to
the AHP pre-treutment, for [ h, at 25 “C, mantaining the
1140 proportion of biomass to THO, (25 2 of biomass and
250 ml. ef H.04 solution) and adjusting the pH to 1155,
using NaOH § M. The volume recovered in the first cycle
(~200 L) was subjected (0 a new cycle, mainlaining
the 110 rario and this precess was repeated 1o @ ol of
five cyeles, with volumes of approximately 140, 110 and
90 ol in the turd, fourth and Bitth cyele, respectvely, The
lignoeclinlosic biomasses in the second 1o fifth eyele were
20, 14, 11 and Y g as determined by the volumes recovered
in the previous cycle. The biomasses were kept inside pro-
pylene bags (0,17 % 0,06 cm) during the whole process,
Subsequently, the bags were dried ac 65 °C for 24 hto
determine the hiemass they contained, according to Eqg. 1:

Wab — Woag

1 )
e ™

Biamass recovery|%) =

Where Wb corresponds to the mass of polypropylene
bags with the carn stover, Woag corresponds 1o the mass
of the empry polvpropylenc bags and Wi to the lignocel-
lulosic biomuss.

The percentages of deligmfication or hemicellulose
soluhilization efficiency for the pre-treated biomass were
determined using Eq. 2:

E(5) = 100 — [(”,’T’n) . mn] )
where £ correspoands 1o the percentages of delignification
or hemicellulose solubilization efficiency, Pe 1o the percent-
age of hignin or hemicellulose remanmng in the pre-treated
sample of the corresponding cycle, and Fen 1o the lignin or
hemicellulose cantent present in the initial dried biomass
befure pre-treatment.

Enzymatic Hydrolysis of the Pre-treated Corn Stover

Two g of pre-treated corn stover, dried a1 65 °C for 24 h,
were transterred o Erlenmeyver flask (50 mL), to which
were added citrate buller (50 mM, pH 4.8} and Cellu-
clast 1,531 Novozymes enzyme complex (6,39 FPU/mI.;
3.20 FPU/g), wtalizing a reaction volume of 20 mL,
equivalent to 10% suhd loud. The flasks were heated
(S0 7C) and shaked (150 cpia for 48 I, withoul addition

ol fglucosidase, The enzymatic hydrelysate was then ]
rered on qualitative paper by gravity and samples of liquid
fraction were collected and stored 10 a freezer at — 20 °C
for future analysis, Ensymanc hydrolyses were performed
i triplicate. Cellulose conversion of all assays was deter-
mined hy Eq. 3.

ciin 8)
[+ (55) +s1(3))

where % Ce corresponds to cellulose conversion, G to 2lu-
cose concentration, %C w percentage of celluluse m the
biomass and 5/ 1o solids load in the sysiem,

(3

Analytical Methods
Chemical Analysis

Cellulase, hemicellulose, lignin, and ash were determined in
hiamass sumples, according o fiber analysis method of Van
Suvest et al. [21]. Carbohydrate and orgame acids contents
of pre-treatment liquid fractions and enzymatic hydrolysis
were determined using High-Performance Liguid Chroma-
tography (HPLC) on an Agileat 1P 1100 chromatograph.
with a refractive index detector (RED), Sumples were diluted
in milli-q warer, filtered through a 0.22 pm cellulose acerare
membrane and analvzed at a flow rate of 0.6 mL min ', at
60 °C, using 5 mM H,S80y sulution as the mobile phase
in an Aminex HPX-37-H column (Bin-Rad, Hercules, CA,
USA). Sigma-Aldrich” standard solutions (St Louis, MO)
were used 1o construct cahbration curves,

Structural Analyses

Untreated and pre-treated corn stover samples were dried
at 65 “C for 24 h and submitted to physical unalysis to ver-
ify changes in the biomass crystallinity index, The dried
samples were analyzed by X-ray diffraction using a Bruker
Advanced X-ray daffructometer moxdel DE with scun angle
from 107 10 50° (Brage- angle 201, 0.027 increments and
count time of 1 5. The crystallinity index was calculaied
according o Eq. 4:

Lnatye = IM‘MI\\“‘[
T 4

vt

Crii) =

where Crl eorresponds 1o the crystallinity indes, [, 10
the intensiry value atangle 217 and [, 10 the intensiny
value at angle 188"

Foarier Transform Infrared Spectroscopy (FTIR} anilysis
were conducted in a Verex® 70 specrrometer device (Broker
Optics, Germany 3, with u resolution of 4 cm . performing
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64 seans per sample at a wave number range from 300 10
4500 em~', in absorbance made, and at total refiectance
attenuation mode {TRAY [22], In this mode, there 15 no need
1w prepare KBr pellets and, at each measurement, the sofl-
ware automatically subtracts from the obtained spectrum
the spectrum nf dioxide carbon previously obtained. which
15 taken as the back ground measurement,

Statistical Analysis

Al experiments were perfarmed in a completely randomized
design in riphicate. Data on efficiency of delignification and
cellufose conversion were analyzed by regression as a func-
tion of the number of recycles using the Origin® Sulware,

Results and Discussion

Effect of Hydrogen Peroxide Concentration
on the Corn Stover Chemical Composition

Table | shows the cellulose, hemicellulose, acid detergent
hgnin (AL and extractives contents for the iminal corn
stover hiomass and alter this biomass was submiued 1o pre-
weatment with the four initizl H,O, concentrarions and after
four recycles of the Iiguid traction of these pre-treatments.

The chemical composition of the “in natora™ com stover
was 31.7£0.59 cellulose, 34.94 1,15 hemicellulose,
24.46+0.18'% detergent acid lignin and 8.22+0.15% extrac-
tves. The hghest pruportions of celluluse were cbiained in
the first cycle, for all peroxide coacentrations, with signifi-
cunt reductons in further recycles (Table 1) The percent-
ages of cellulose from the first t the last cycles decreased
from about 39 10 33% for the 1% and 3.5% /v AHP, and
from 47 to 34% tor the tan higher coneentrations (3% and
T.5% wiv),

The hemicellulose and acid detergent lignin LADL)
contents were highest tor stover pre-oeated with the low-
est hydrogen peroxide concentrations (1% and 2.5% viv),
indicating that the pre-treatment was not effective at these
concentrations, Similar results were observed in the pre-
treatment of bambon chips with alkaline hydrogen peroxide
al low 1,0, concentrations (155 viv), without using the
recvele technology [23]. The hemicellylose was lowered
at 5% (vv) concentration, demoenstrating its solubilizution,
which was even more evident al 7.5% (v/v) concentraton,
when lignin and hemicellulose decreased 1o 77% and 52% of
their iniaal values, respectively, after the first cyele. In sub-
sequent cycles, lignin decreased consecutively 10 56%, S0%,
335 and 12%. These results indicate that the delignification
and hemicellulose solubilizarion capacities arc limired at low
H,0, concentrations, due to decrewsed action of hydroxyls

Table 1 Chewieal comgosation (evatent %) of cons stover =i catoen” sand preteesned wirh alkslive hycoogen peooside an duleest cooacmntions.

wblyined b Bve oycles reaction

Compounds In raturn Leywele 2eyele 3eyele 4 cycle 5 cycle

1%
Cellmlase A M=04AF 200011.29 ARAG 245 6841192 A0 D80 SR
Temicellukse  3495=1.07 4053329 38124396 1765 £3.00 36022006 3538= 001
ADL AR LERIRE] RN RESTE] RELESLN (1] 4024042 4374028 AAR40I3
Fxtractives PSR IR EY NI Nh ND ND ND

I5%
Cellulose ANM-04A5 ISV 4180 Ml ASET 4kt 31264254 3264141
Hemwellulase  3493=1.07 4081 £5.32 a9z 42 RS20 G178 IhS24+ 180
ADL 4462008 231 x0461 154=002 4.00=0.20 4322038 4.39+0.05
Estractives RI24015 ND ND ND ND ND

3%
Cellulose JLM=04E d610=05) 207 =163 8T =039 3529+0.49 333z
Hemueellplose 3495107 2903 -0,12 30,14 =0.91 3150+ 284 32674244 384197
AL I46100018 RS IR Ee 21322028 A4 =050 Af=i44 n=z02?
Exlructives R22£1.15  ND ND ND ND ND

75%
Cellulose LA E04Y 4 A6= 206 45.06=204 WS 208 EREE S R ER AT Y
Hemicellukire 3495+ 0L.07  16K9= 173 2:97=1.31 28632214 34222067 3483058
ADL 446+ 018 L03+023 LUG+0M 223+0.20 289+0.20 3834057
Extuciives 8222010 NI N ND N NID

AL acnl detergent hgnin, N nit determined
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and super axides of the AHP radicals in removing heter
opolymer contents. The differences in percentages from firse
1w Lifth cycles can also be caused by the decreasing capacity
of the Hy(h whose decompuosition generates radicals that
preferentially act on lignin resulting in the solubilization of
hemicellulose [ 18], In the present stdy, the lower H,0), con-
centrations in the system produced lower concentrations of
reactive radicals, Therefore, concentrations lower than 7.5%
viv do noc have the capacity to remaove considerahle propor-
vons of acid detergent lignin and hemicelluluse from corn
stover, and more HyO, needs 10 be added 1o the recycled
Tiguid selution in order o tacilitate the enzymatic action
during the hydrolyss step.

The delignification eficiencies were caleulated knowing
the acid detergent lignin concentrations (Fig, |1 Maximum
delignification was observed for the 7.5% (v/v) peroxide
concenlration m the first reacton cycles, Signilicant negative
lingar regression model fit the data for all concentrations,
Delignification efliciencies higher than 50°% untl the third
cycle were only obtained using the 7.5% w/v concentration,
Delignification values vary considerahly in the literature,
depending on the peroxide concentration, solid load of the
reactor, reaction temperature and pre-treatment ime length
| 1], With a single eyele and similar conditions 10 our 7,55
wreatment (AHP, 7.36% viv; 45 wiw solid load and one
hour) but treatng sugarcane bugasse (24, delignitication
of 86% wis oblamed, Also in a single cycle but with even
lower AHP concentration (2% v/v), delignification reached
T4% 125] becuuse corncod was pre-treated with higher tem-
perature (50 °Chand a slightly longer tme pened (1.5 b,

FT-IR and DRX

FT-IR spectra of the initizl and pre-treated corn stover sam-
ples are shown in Fig. 2. The assignments of characreristics

& TRy e-SH2S ¢ 12.003; 1€ = 0.26205
@ 34% ye-8909x + SL7AY I « 0598701

. A 5%y e GADME 4 42306 R = 00057
® TNy = 15277 4 01450 IC « 0.00754

58
rapas
-

>

]

Designification EMickncy (%)
s 2 8 2

.

.

L]
|
-

Cyclas

Fig.1 Lincar regression beoween officizncy of delipnification and
cambear of eycles far four concersrations of alkaline hycogen parax-
W sulutivg tacwle

bands Tound in the spectrum of untreated corm slover are
shown in Takle 2. Significant differences in the character-
1suc bands of both untreated and pre-treated spectra were
not observed using H,O at 1% vy concentration (hig, 2a),
indicating that this concenteation is not efficient as a corn
stover pre-treatment.

On the other hand, the broad band around 3300 ¢m™,
which represenis the streiching vibratien of the —OH bands
of cellulose [26] in the unereated corn stover, was shifted
o around 3500 cmv™". After pre-treatment, for all cycles
(Fig. 2o d), showing thal part of the cellulose molecules was
hroken. The bands had lower intensities after pre-treatment
with 11,0, al 7.5% wiv (lig. 2d), more so after the first cycle,
meaning thal not only the hydrogen bonds were disrupted
but also part of the erystalling cellulose,

Other changes in FT-1R spectry reinforce thut H,(), at
T.5% iy qeycle 1) was the best pre-treatment for com slover.
The change in the band position around 2900 em™', which
15 attributed to C-H stretching within the methylene of cel-
lulose | 27, indicate a slight decrease in its relabve absorb-
ance after pre-treatment that can be atributed 10 rupture
of methyl and methylene portions of cellulase. The weak
band at 1730 ¢m ' of the untreated com stove practically
disappears afler pre-treatment, due 1o removal of hemicel-
Inloses [28]. The intensity of the band ar 1650 ¢cm ', which
15 attributed to C=C stretch of Bgnin, was reduced atter pre-
treatment, suggesting that sume linkages between lignin and
carhohydrates were cleaved [29], leading to some lignin
fractions with low melecular weight. Reduction inintensity
of the band at 1160 cov™ also oceurred, being atributed 1o
the cleavage andlor alterations of acetyl groups [30], indicat-
ing the removal of hemicellulose by the H.O. (at 706 viv)
pre-lreatment,

Therefore, the analysis of FTIR spectra showed the
removal of hemicellulose and lignin by all pre-trearments
with H,0, alkaline solution, with best results in the hrst
cyele at 7.5% wiv, The increases of peak intensities al
3500 ¢m ' and 1160 cm ' were evidences that pre-treatment
elliciencies were reduced in cycles 2 und 3. most likely due
the reduction of 1.0, in the alkaling solution,

Removal of amorphous components like lignin and hemi-
celluluses increased the crvstallinity index (CL) of the corn
staver biomass after pre-treatment in all cycles (Table 33, the
highest value being obeained in the frss eycle of the 7.5% wiv
concentration. Thas result ggrees with the FTIR analysis and
1 wats @ vonseqguence of ligiin removal (Table 1; g, 2d) and
pessible relocation of lignin dee 1o the oxidation reaction of
H,(, [31]. Increases of the eryseallinity index from 39.2 to
55% were also observed alter pre-Lreating o stover with
hydregen alkaline peroxide and ammonia iber expansion
[32).
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Table 2 FTIR ahsorprinn peak

’ Wave numbes (em™ 'y
Jovalion and sssipnmenl of com

Ahsarpeice peak asslpnment

sver INucoponen 2006} 3340
2520
1731
1680=1630
1509 1513
1460
1325
1240
1160
TH0=112%
sU0

Parameters of Pre-treatment Evaluated
in the Recycling Technology

Rapid declines in pH over the cycles at 1% and 2.5%

viv cuncentrations were observed, whereas at 5% and
7.5% viv the pIl remained close to 115 until ¢ycle 3

& Springer

O=H suetckang

C-H symmetsical und asymmetrical stretching m - CH, and - CH, proups
C=0 stretels ol wster wwelsl proups i boaiocklukoses

U=C swemehing vibentan of Lgnin arematlc ring

Cwd skeletal stretch of lignin arematic ring

C-H defonzutzons (asym. w -CIHL-) in Jiznio ww cabonhydrates
C=H vibeaton i eellulose

C 0 C sretching of acety] group

C-0-C vibzutzon i celulose and hemavellose

=0 streach in ocllalese and bemicellnlase

C=H deformaton i cellulose und snscharide

(Fig. 3). At lower hydrogen peroxide concentration, the
hydroxyls tormed Lrom the degradation of the bydro per-
oxide radical arc consumed by the superoxide radical
{OH™+ 0™ 4+ H* — 0, +H,0), in a shorter time interval
[33]. Banerjee et al. |34] also observed this pH decrease
when a low peroxade concentratuon (0,125 g/g) was used
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Table 3 Crysallinity indax of corn staver binmass abtzined by differ
ent concentratans of slkaline hydoogen parovice solution as pretrsin-
et

Cycles Conoairaion (% vy

75 3 s |
1 52 RSN RV KR
2 38.59 a3.57 33.62 3297
3 3574 200594 sl 3z
“In ramien” b il

with corn stover so they corrected the pll throughout
the pre-treatment. With 5% and 7.5% vfv of H.0,, the
pH was even increased in relation to the finst teo cveles.
This mcrease can be explained by the chemical reacuon
H,0.+HOO™ — OH™ + 0% + H,0, where the anion
hydroperoxide reacts with another molecule of hydrogen
peroxide, forming hydmxylates |33, 35].

The percentage of solids recovered at concentrations of
15, 3.5% and 3% v/v were similar 1o ¢ach other aver the
cveles, hut were lower thun those at 7.5'% concentration
(Fig. 3), indicaung that the AP content in the medium
does not imerfere with the hemicellulese solubilization
and delignification capacity of svstem at concentrations
equal 1o or below 5%, This impligs in a smaller portuon
of the biomass being solubilized in the liguid fraction,
providing a higher recovery of solids. In the recyeling
prucess, the recovered solids content increased due w the
decreased capacity of the system (o solubilize lignin and

hemicellulose in the pre-treatment stage. On the other
hand. the recovered volumes with the four AHP concen-
trations were similar, around 70-85%. implying in reduc-
tions uf the use of water and hydrogen peroxide in the
pre-treaiment.

In 4 non-recyeled system, under the conditions of the
present work, 0.75 mL of 1,0, per g of biomass at 32%
wiv of solids laading (considering the biomass vsed in the
five eyeles) would be necessary. This contrasts with only
024 mi of 11,0, per g of biomass reusing the AP selution
and maimaining the same solids loading [ 18], Martins e1 al.
[36] used 025 mL of H,(), per g of sugar cane hagasse, pre-
treating with a high solids loading 20 wiw at 90 C. 'There-
fore, the recyching of the alkalime hydrogen peroxide selution
may significantly reduce the costs of the pre-treatment step
andd muy be & more feasible stnategy than high solids kading.

Effect of AHP Concentration on the Enzymatic
Hydrolysis of Corn Stover

In order 1o evaluate the efficiency of the pre-treatments with
the difterent AHP concentrations and along the reeveles, enzy-
matic hydrolysis of the pre-treated bomass was carried out
using an enzymatic kad of Celluclast 151 Novosymes com-
plex (639 FPUmIL "} ar 3,20 FPU ¢ ' of pre-treated hinmass
(g 4). For all AHP concentrations, linear negaiive Regressin
models were adjusted for the first three cycles £15 R =096,
3.5% R*=0.9; 3% R*=0.98; 7.5% R*=0.99). The maxima
succharification conversions in the firs cycle were 89.6% when
using the concentration of 7.5% (v/v), 58,3% with 5% (vivy,

Fig.3 Relution between recov

ery valume and piT for foar con

centrations of alkaline hydrapen 100
perusade solumion reeyele

Solids Racovery (%)

ag

20

412
19
=
{6
1%
I 3 50%
o 5%

3 UL T 50%
—— 1%
——3.50%
i B

g = g 0 — N
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Cycle 3 Cycle 4 Cycle 5
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Fig. 4 Collulose coonversiva of the curn stover enzyontic hydrobysale
pretreated, foe 3 cyeles. under diflerent concentrations of the AHP
solution

54.9% wath 3.5% (v 11O, and 23,85 using 15 (viv) 1,05,
The enzymatic hydralysis efficiency was highly dependent on
the initial hydrogen peroxide concentration due toits effect on
hemacellulose solubilization and debignificabon | 17]. Saha and
Couta [37], pre-treating rice husk with 7.5% H,0-. (v/v) AHP
(pH 11.5, 35 “CCin 24 h) obtined a high yield of succhurifica-
ton (96%) in caly one cycle, but they used a combination of
three enzymes (eellulase, [i-glucosidase, and sylarase), which
probably fuvored saccharification. Using a lower AHP (35, o
pre-tredt bagasse of cashew fruits the efficiencies weee lower,
65-85% [ 161,

The saccharification value was less than S0% in the first
cyvele of the 1'% peroxide concentration and became less
than 50%, from the second cycle on for concentrations of
3.5% and 5% v/v. Therefore, they were considered as not
feasible tor the reeyele technolugy. Therefore, even using
commercizl enzyme preparations supplemented with b-glu-
cnsidases and other hydrolases capahle of digesting hemi-
cellulose oligomers, the recyele technology is not feasible
at low peroxide concentrations. The concentraton vf 7.5%
vy is adeal for these reeyele sysiems, since up 1o the third
cycle, the cellulose conversion was greater than S0%. 1t is
important to highlight thut the alkaline hydrogen peroxide
concentrations were not corrected along the eyeles; thus,
the cffects were based on the residual concentrarions, Under
these reeveling conditions, enzymatic hydrolysis above 5065
are only obtained with nitial ALP concentrations above
7.5%. Otherwise, the concentration in subsequent cycles
has to be cornected with new additions of H,O, at pH 115,
as was proposed by Rocha el al, [19] when recycling the
liquid solution of pre-treatment of segarcane bagasse with
sodium hydroxide.

& Springer

H, (3, is mare indicated than lower concentrations m he used
1n the recycling of the liquid solution in the pre-treatment
of com stover, The resulls of hemicellulose solubilization
and delignificarion, as well as FT-TR and XRD analyzes,
andicated that lower H,0, conceatrations are insutlicient for
an elficient pre treatment of corn stover for 1 h et ambient
remperamre and pressure. Using the 7.5% wiv eoncentration,
three cycles could be done, based on the residual concen-
tration, with cellulose conversions greater than 30%. The
resulting input reduction can be transtated inlo lower cosis
and higher viahility of alcohel praduction from lignocel-
lulusic biomass,
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Abstract In this study, sugarcane bagasse hydrolvsate
supplemented wath dillerent proportions ol sugar-#ibaoct
industrial waste (vinasse) was used 1o optimize fermenta-
tive ethanol production using two Sparhaspora passali-
darwm yeast sirnns asolaled  from decaying wood in
Amazonian biome. The hagasse samples were pretreated
chemically and enzymatically before using a binary fac-
wrial experimental design. The factoial design was caried
out in two stages: in the fisst. a 2° factorial design was donc
woassess the effects of pretreated sugorcane bagusse
hydeolysate and vinasse, ammoninm sulfate concentration,
yeast biomass concentration, and two different strains of
yeust, 8. passalidarson; in the second stage, o 2 factorial
design wis done 1o provide @ more detailed analysis of the
cffects of vinasse supplementation on the fermentation
provess—this tme, by modilying the ratio of sugarcane
hagasse hydrolyvsate and vinasse and, more significantly,
the sume factor—biomuss concentration. The results
showed that the most sigmificant Tactors for increasing
biocthanol production in the 27 factorial design proved to
be the tollowing: noculum und hydrolyzed bagasse sup-
plementation with vinasse (the optimal being  75:25),
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followed by yeast concentration (optimal at 145 wiv cell
wel weight) and then the Lype of strain used (8, pasyali-
dearame UFMG-HMD-14.1). The use of only hydrolyzed
bagasse without vinasse (2" factorial design) had no sig-
wificant infivence on lhe results, nor did varying he coo-
centration of nitregen. This increase in ethanol production,
which allows the same amount of ethanol productivity
through a redoction in the carbon sonrce, suggests it can
lcad to an improved final wse for vinasse.

Keywords Factonal dessgn - Lignocellulosic material -
Agro-industrial waste - Cellulosic yeast -
Alcoholic fermentation

Introduction

Owing w the need to satisfy the increased global demand
for energy and the trend toward more costeffective and
ecalngically-fricadly encrgy stratcgies. rencwable fuels are
currently emerging us leasible alternutives to fossil fucls
and beginning 10 be incorporated i the energy market
(Sevensen 2008). Socicty is driving initiarives aimed ar
sustwinable biotechnologicul strutegics with u less harmiul
environmental impact, and thas leading 10 reduced green-
heuse gas emissions and helping maintain a balanced car-
bon cycle, und these technigues are even proving to have
financial benefits (Zhao et al. 20015; Qureshi e al. 2006).
Sugarcane bagasse has been cited as a potential source
ol vellulose and henucelluluse beciuse of 1ls widkespread
use in ethanol industrial plants (Seccol et al. 2010,
Ballesteros et al. 2004; Wanderley et al. 2013). Assuming a
yield uf 0.25 Mg ol bagasse/Mg ol sugarcane, Brazl wall
have generared 171 million Mg of hagasse, hy the end of
the 2016-2017 harvest alone (Petrini et al. 2016).
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Cuorrently, bagasse is a hy-product obtained in hioethannl
plants and re-used for steam gencration o for clectric co-
eneration. resulting in un energy industry that s self-
sufficient {Basse et al. 2008), Ar the same time, the amount
of bagassc is sufficient w be redistributed for sccond-
generation (2G) bioethanol production.

Annther by-product from the sugar-ethanol indusiry is o
liguid stream culled stillage or distillery vinasse, which is
the residue from the distullaton of fermented sugarcane
Juice. Appeoximately [0-15 1 of vinasse is generated for
cuch liter of aleohol produced (Basso et al. 2008). This
meant that in the case of the 2016 2017 harvest in Brazil,
there was a vinasse production of approx. 412.5 million
tons (Petrind ¢4 ul 2016). This residue is rich in phosphorus
and potassium salts content and B-comples vitanuns and is
used in soil fertilization (de Oliveira et al. 2013). The
problem of disposing of vioasse n this wiy s that il gives
rise o changes in the physicochemical soil propertics. and
causes groundwater contaminaton (Swlomon and Lora
2009), Because of 1ts polental nulnent vonlent, vipasse las
arcused interest among esearchers as a yeast nutritional
supplement. resulting in a noticeable increase n its use for
prolein bivinass produchon CLauk 1982; Salvaet al. 2011},
Previons studies investigating the use of vinasse have
already shown an enhanced biomass production. which
coukd be linked w o sigmlicunt presence ol sudiom {Na,
petassiom (Kj and calcium (Ca) (internal report, White
Biotechnology Group. Bioprocess Laberatory, CETENE).
The reason for investigating this potential vinasse reuse 1§
that it could be intcgrated inte the cthunol production
provess and, hence, be u way of reducing its detnmental
elfect on the environment.

Another important fuctor o consider in 2G ethanol
production is the selection of veast. The yeusts employed in
thes bivindustnial process must have a series of physio-
logical features requived for high-scale fermentation: high
fermentation rates; pood carbon  scurce  assimilation:
increased esmatic, acid and aleohol tolerance: high yiclds
and good sduptability. Saccliaremyees cerevisiae 1s the
peincipal yeast species used in the fisst generation (1G] of
ethanol production beeause it efficiently ferments sucrose
and glucese (Beato et al. 2016). However, its inebility to
use compounds that are manly found in bagasse hyideo-
lvsate cellulose, such as xylose, arabinese or the disac-
churide cellobiose s carbon sources in 2G ethanol
production, results in incomplete carhon source consump-
tion and very low yields (Jojima et al. 2010). With this in
oo, research his fecused en wsolatiog yeast frum hgno-
celiulosic material that is capahle of assimilating xvlose,
arabinose, or cellobiose, and thereby improving the ethanol
yield (Twumura 0 al. 2012; Cassa-Borbusa el al, 2015;
Reis et al. 2006). This ahility is made possible hy the
presence of enzymes such as xylose reductase and xylitol

dehydrogenase, which enable sylose o be merabolized so
that it can produce cthanol (Hou and Yao 20121 To this
end, yeust from the genus Spathaspora wos recently iso-
lated from ronten wood in the Brazil Amazon Rainforest.
This newly isolated yeast has demonstrated a capacity o
ferment xylose us the only carbon source and achieved un
ethanol yield of (L34 gfp (Cadete e al. 2000, 2012}

In light of the above, the purpose of this study was to
evaluate wnd optimize the preduction of second generation
cthanal using sugarcane hagasse and vinasse as a aowi-
tional supplement in two stages ol factonal design. At the
sieme lime, changes in the concentrations of both nitrogen
and veast cells in the inncalum were evaluared. together
with the eflect of two promissory Spathaspora passaii-
daroor strons, wsing laboratory-scale metheds 10 emulae
induserial 2G ethanol production.

Materials and Methods
Yeast Strains

The yveasts vsed 1o this study were two struins ol 8. pay-
solfidorom UFMG-HMD- 14,1 (S.pa- 14,00 and S, passali-
darum UFMG-HMD-1.3 (S.pa-1.3), isolated from roding
wood collected i the Amazonian ranlorest in the stale of
Rarzima, Brazil (Cadete et al. 2012). The strains helong to
the Collection of Microorganisms, DNA and Cells of the
Federal University of Minas Gerais (OM-UFMG), kindly
provided by Dr. Carlos A. Rosa. from the Microbiology
Department of the Institute of Biological Sciences (1CB/
LIFMG, Belo Horveonte, Brasil).

Sugarcanc Buagasse and Yinasse

The sugarcance bagasse and vinasse were kindly provided
from spgar-ethancl compamies from Pernambuco State.
Brazil. The bagasse was obtained fram sugarcane [fiber]
crushed in un industrial press und then dried at room
temperatire, The bagasse was then oven-dried for 48 h and
ground in a knife mill using mesh number 20. The char-
acterization of the bugusse, both betore und wlter the pre-
reatment for the cellulose, hemicellulose, hgnin (acid
detergent lignind ADL), extractives and ash contents. was
curried out in accordance with the methodology of Van
Soest (193). Before pretreatment, the hagasse  hid
39.21 & L10% of cellulose, 37.9%6 &+ 0.10% of hemicel-
Julose, 1182 L 1.50% ol ADL, 6,300 £ 0,05% ol eatrac-
tives and 2.22 + 0.14% of ash. Afier pretreatment, it had
56.13 & 0.3% of cellulose, 30.20 £ 2.40¢% of hemicellu-
Juse, 6.58 £ 070 of ADL, 2.52 £ 0.08% ol ash ax
nen-determined extractives.
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The vinasse was defrosted from stormge ar — 200 °C and
then claritied by cenwifugation av 10,000 rpm for 5 min.
The resulting vinasse in suspension wis submitted to an
elemental compnsition analysis using flame photometry ar
the Nwelcar Encrgy Department of the Federal University
of Pernambuco (UFPE), Bruzil, The analysis showed the
presence of sodinm (Na) at 44.50 F 00 mgfl, potassim
(KI M547 = 1607 mg1  and  caleium  (Ca)
196,80 = 00 mg/, in values simular w those deseribed by
Prada et al.(1998). When analyzed in HPLC, the concen-
tration of sugars in vinasse was 2.24 @/l of glucose and
041 ¢/l of xylose,

Chemical Delignification and Enzymatic Hydrolysis

The delignification of sugarcane hagasse was conducted by
employing the alkaline hydrogen peroxade method (Rabelo
et al. 2001 15 Reis et al. 2006, Alencar et al. 2017). To 20 g
of milled dry bagasse were added 160 ml of 7.5% hydro-
sen peroxide and 40 ml of sedium hydroxide (5 M), A 14
Erenmeyer flask was placed in an orbital shaker at
150 rpm, ac 23 °C for | h. The contents were then washed
with 1.5 1 of distilled water al approximately 70 °C. e
washed, solid material was put in a Perri dish and placed to
dry in an oven at 60 “C for 48 h (Rabelo et al. 2011).

The eneymatic hydrolysis was cwmied oul using e
commercial enzyvme FyhreZyme (Dyadic. Florida, FUA)
with cellulolytic activity of 9 FPU/ml. Into a 250-ml
Frlenmeyer flask were placed 5 g of delignifed hagasse,
cnough cnzyme to reach g fingl of 10 FPU/g of delignificd
bagusse (using the standard measurement for cellulise
(Ghose 1987), and citrate baffer 10 o conventration of
50 mM (pH L&) in a final volume of 50 ml. The Erlen-
meyer flusks were placed on the shaking table at 150 rpm
al SO°C for 48 ho Aler this period, the matenal was
centrifuged at 12.000 tpm for 5 min at 20 °C. The hydro-
Iyzed supernatant was frozen for subsequent sugar gquan-
tification and fenmentation assays.

Yeast Preparation

The struins were subcultured from 0.1 ml of glycerol stock
by incculation in 10 ml of YPD liquid medium containing
1% (wiv) veast extract, 2% (wiv) peptone and 2% (wiv)
Hucose. The yeusts were grown in this medium for 1 day at
200 rpen. After this, the valume of the medium was doa-
bled every 24 h. to a final volume of approximately
800 ml. Aller § days, lhe biomasses were delenuined o
grams of wet weight cells per 100 ml of medium (% wiv
WOW).

Belore yeast pvculation, o mweasured  voluoke  for
achieving 6 or 14% wiv WOW of rthe culre was cen-
wituged ac 4500 rpm for 5 min, the supernatant discarded,

£ Springer

and the yeast cells resuspended in the stipulared fennen-
tation medivm. which had been prepared according to the
factorial design,

Optimized Bioethanol Fermentation Production
by Factorial Design

The optimization of the variables atfecting the cthanol
production was achieved by means of two factonal dessgns.
Tn the first. a 2* factorial design was carried our to assess
the etfects of 25% of pretreated sugarcane bagasse
hydrolysate (SBH) 10 755 of vinasse (V), and the recip
rocal ISBH:V 75:25 and 25:75). ammonium sulfare con-
centration  [(NH,,80,]. veast biomuss concentration
(YBC), and two different strains of veast, S, pecsalidarim
UFMG-HMD- 1411 and §. pacselidenes UFMG-HMD-113
(S.pay (Table 1),

In this factorial design, 16 experimentz] runs were car-
ried out, which gave 16 factorial points. All the factors
were assiyed al two levels, and the ethanol concentration
was measured as the response. Fenmentations were con-
ducted in 250-ml Erlenmeyer flasks using a volume of
S50 ml reactve medivm avcording o the specifications foe
Factor | (Table 1). The assay conditions were as follows:
temperature 32 “C, stirring at 120 rpm, pH 4.5 for 72 h.
Siurnples were cullected periodicully and analyzed for
consumption of carbohydrates, ethanol and hy-product
formation, and other components to determine the yield
and efficiency of the piocess. The veast Diomass was
quantificd  spectrophotometrically by absorbance  at
60U nm.

Subsequently, a second 27 Factorial design was per-
formed to analyze further the effeet of vinasse supple-
mentation on the fermentation process. this tume. by
modifying the ratio of 75% of sugarcane bagasse hydro-
Iysate (SBH): 25% vinassc, 175:25) as the low-level (that
showed the best results in a previous experiment). and
1004 of SBH without vinasse (SBH:V 100:00) as the high-
level variant. The others fuctors were the veust biomass
concentration (YBC) and yeast strain (Spal. The experi-
ments were carried our using eight experimental nns,
which gave cight fectorial pomts. All the factors were
assaved a1 two levels (Table 2),

The feementative procedures and conditions were the
sumce us those in the first fectorial design. In baocth experi-
mental designs, the statistical analysis wass conducted with
the assistance of Statistica 7.0 software from Statsoft Inc.
(2325 Last 15th Street, Tulsa, OK. 72104, USA),

Sugar and Ethanol Quantification

Concenrrations of ethanol, acetic acid, glycernl. xvlose,
cellobiose, xylitol and glucose were determined by o high-
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Table 1 Combinatica ol variables, code levels, neal values (in g s

designs

w1 and comesponding elhamol producton {2 foe the first 2 Gl

Rus  Varables

Formentative peaamelers

SRHE:V (%) INH 80, YRC (%) S Erhanol  Sngas Y p' H' (%) Grow
e 1/l coosumption” (5 (efey (el D) ale® (%)

1 -1 2875) =1 (I =1 @6 =1 (Spel3 TH6 el 03y e T6.11 15.57
2 1 -1 1 =1 W ~1 [(Spld} 621 5504 0zlr o nis 4174 2893
3 -1 o =1 o =1 (Spa-l3) R (] Wt n2e  n S147 0 339w
4 1 1 =1 4 =1 (Spe-ldp 6 434 D21 1A 4138 162
b I (25:7% 1 (3 [ ] I 1Spa-1.3; am 0,25 03 012 5877 855
6 I (7525 [ 1] 1 {13 IoiSpa-l3 160 89.29 @33 A% 6392 1323
7 | (2575 [ ] 114 I 1Spa-1.3) sl wd 035 0 69.24 7.47
X [T 1 o [ B o 1Spa-1.3) 14.09 RUEEY 028 029 A5.44 1609
9 I (2575 [ R 1) L (Spa-13 ) 604 9555 032 03 6274 3379
n 1L (75825 -1 ) -1 & I (Spalal)y 1LA2 0,29 0 24 3854 138
1 -1 (25:75) I 2 -1 (& I (Spalddy 4R 93.65 25 0l 4920 3945
12 I {75:25) LM -1 & I (Spaldly 1205 64,62 033 1S 6449 3248
13 =1 4{2575) -1 Q) 1 {14) L (Spaldaly 49% ™55 ¢26 01 5174 s
4 I {(75:25) -1 () 1 {13 I (Spa 141} 2054 942 038 043 7365 108
15 -1 ({25:75) [ I 4 I (Spa-14ly 426 Wl 22 4332 1522
16 1 ({75:25) I M 1 <4) I (Spald.ly 1867 93.71 03 03 6743 1208

Proportion of moing proteesied svzmcane bogasse hydoalysaie and vicesse (SBHV L asmponion sulfate concentigdion [(NH);:S0,). yeast

cencenlntion (YBC) und vest srain (S.pa)

*Sugars consumptivn (7 p—pereentage ol initiad glucose and xylose consumed

"y (el —tbanol sield comelation between cthanol producad o sugars (elucose and sylose) consumed
“Op (2 br—cibaol productvaly: rdiv of cthuno) concentation (200 o 48 L ol fenocalbon U

UL G —Lermenkation ellicieney: pervertage of the meaimuan baoretical el yvield 10,51 2 elunolis sugars)

o rale (B —pereentage of cell grow

performance liqud chromatography (HPLC) system com-
peising an Alliance 2695 Separations Module (Waters,
Milford, MA. USA). a 2414 refractive index detector
(Walers, Miltord, MA. USA). and a size exclusion column
RHM-Monosacehande H' (8%) (Rezex™, LC Column
300 x 78 mm x & pm, PhenomenexIne, Torrunce, Cali-
formia, EUA) firted with 2 pre-column (SecurityGuard™,
Phenomenex Inc, Torrance, Califomia, EUA). The mobile
phase (ultra-pure water) wus pumped at u How rate of
0.6 mlfmin, The column temperature was regulated
35 °C, and the sample volume injected was 20 pl, The
compounds were identified by their relative retention times
and guantified with external sandard calibrabon curves.
The lincar range of the calibration curve was determined
lor xylose, vellobiose, xylitol, and glucose, und this was
0.3-10 /1 with a significance at the 0.05 level {p = 0.035).
The carrelation coefticients (R%) of the standard curves for
all the compounds were supersor 1o 0999, and the relative
standard deviation was less than 3%, The quantificarion

and detection limits were approximately 0.2 and 0.3 mg/l.
respectively.
Results and Discussion

The factorial design 2* showed that 1he best conditions foe
cthanol production, using vinasse, were of #14, because it

was the one thut produced the highest concentrution of

ethanol and obtained the best yields {Table 13, The sig-
nificant factors in the Parcto chart were SBH., YBC, Sopa,
us well us the interuwetion between SBH/YBC and SBHIS pa
(Fig, Ta), In fact, the response surface indicated tha the
increase in ethanol production is dependent on the fact that
the SBILY, YBC and Spa levels ocrease i the system
(Fig. th-d). The data from the first facrovial design were
cmployed to design a mathematical model for describing
the lermentaticn of sugarcane bagusse hydrolysate (sup-
plemenred with vinasse hy S, pvassolidarond) over a 48-h
period. with a 95%: conlidence interval. The variables were
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Table 2 Combinative of vimzbles, code levels, neal values fin panentheses) and comesponding ethanol production (g7 for the second 2°
fuctonial designs

Run Viaiables Feruentative paGuocicns
SEHV %) YRC (%) Spa (%) Frhanal (1} Suzers cansemption” (% Yva" ipfer Qp (e by HY %) Grow rane” {51

1 1825 [ 1 1Spa-1.3) 6.2) BRI 21 013 4104 288
2 OO0y — 1 e — | aSpa-l3 103 4720 R = n24 G129 19SE
K} 1 {75:25) 1 {13) 1 1Spo-L31 1601 89.29 ®a3 a3 a393 1323
4 Loy 1 (18 I (Spa-1.31 20102 95.17 "2 n44 aLI6 1487
3 s (Y] I oaSpa-14.13 1a2 029 1R n24 S804 138
0 Loy L6 I (Spa-14.13 534 1756 0.2 nil W56 1436
7 - 1 {75:25) I {14) | (Spa-14.13 2054 99.42 s n43 TIAS 149
s R LX) I (14) I (Spa-14.1) 18.32 7219 34 N8 TLIT 2571

Proportion af mixing peetreated sugarcune bagasse hydmolysate 2l vinasse (SH1EY), yeass concentrution (YHC) and yeust strain {S.pa)
“Sugars consumpeion () percentage of initial plucase and xylese consumed

Py (gl ethanol yizld: comelation between ethunol producad and sugirs (gluvose and xylose) consumed

“Op (21 hy—ettenal productivity: ratio of ethanol concentration (e} and 48 k of fermentaton tme

H R lermenkation ellivioney: peoventage ol U meaimu baontical eenel viekd (0.51 g ehonolie sugars)

‘Grow rate (%) perventage of vell grow

5%
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Fig. I Pareto’s charl ané respease surfaces displaying the offect on of sugarcane bagasse bydrolysatetvinasse [SBILV) and veast strain
ethanoel prodoction at 28 hin 2" factonial design; & Pareto’s chart with 1Spay facrors: d influence of yeast concererition {YBC) and yeost
all the etleets ehtaiosd; boanfuence of suzarcane bagesse Bydoolysane! s (S pal

vnasse (SBHIV) amd yeast coneenttuion (YBCY factors; ¢ mbuenee
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fined w a firstoeder model equation and examined for
goodness of fit (Eg. 1),

Ethanol produchion {g/1) = 9.420 « 3.763X, (0.419X

I 1L.969X, | V960X,
+ 0.010X, X, +2.171X, X,
+ L3T3X X, —0.015X:X;
=09 N, —0.238X5 X,
i

where X is the proportion of sugarcane hagasse hydro-
Tvsate/vinasse (SBH:V): X5 is the ammonivm sulfate con-
centration [(NH,),50,]: X5 is veast concentration (YBC):
and Xy is the yeast strin (S,pa)

Equation | can be employed 1o further maximize the
cthunol production, by increasing the number of levels of
determinative variables and analyzing how the model
responds. On an industrial scale. itis difficule for biomass
concentration (o surpass 145 (wiv WOW)L and thus, it1s
only practicable to make the carbon sowrce more availahle,
i.c., by raising the propottion of hydrolvsate to vinasse to,
say, 30:20, Y10 or even 100200, Hence, by substituting
values into Fq. | for ccefficient X (1.2, 1.6, and 2), rep-
resenting increasing proportions of hydrolyzed sugarcanc
bagusse to vinasse (30:20, 90:10, and 100:00, respectively ),
the X, coefficient was substitured foe the level — | variam
[3 21 (NH);80.]: and X5 and X, for the level + 1 (14%
wiv. WWC and Spa-14.1 strain, respectively): the model
predicts that the level in ethannl production rises from
21.56 10 27.56 g/1. with the increased proportion of hagasse
hydrolysate, This could be a direct consequence of the
increase in the carbon source that is available in the
hydrolysate, The ANOVA test indicated a good level of
relability between the expenmmental valves and those pre
dicted by the madel, from which it can he concluded thar
the medel is indeed predicave. The cocfhcient of deter-
mination (K oblained was close 1o unity at 0,99, indi-
cating that 99% of the variability in the dara can he
expluined by the empirical cquation that wus estublished.

Some authoes obtained cthanol production of 24,14 21
in 72 h, using only bagasse hydrolysate without vinssse
anid strn S.pa-14,1, which represents a productivily off
0.34 @1 h (de Souza et al. 2018) Toweer than that presented
in this study (0.43 @/l h). In a similar study using S.pa-1.3
and S.pa- 14,1 simon in o eexylose synthetic wediom, 17.2
and 16.4 g/l ethanol were obtained, with yields of 0.35 and
0.37 gfa. respectively, for the two stmins (Cadete et al.
2012), When laken together, these resulls suggest an
improved fermentation performance by the Spw- 1401
stram, under the conditions optimized for this study, when
compared with previous studies related 102G ethannl
production.

The significance of the above mathematical prediction
was validated by conducting, a second 27 factorial design.
This mvolved modifying the ratio of 75% of sugarcane
hagasse hydrolysate (SRH): 23% vinasse, (75:25) as the
low-level (that showed the best results in g previous
experiment), and 100% of SBH without vinasse {(SBH:V
10000 as the high-level vanant (Tahle 2). However, only
an increase in yeast cell biomass was significant for the
prodeciion of ethanol (Fig, 23, The coellicient of determi
nation (%) obtained, from ANOVA, was again clnse to
unity. at £ = U.99. Since the organic matter contained in
vinasse 15 nol fermentable, it was found that the vinasse
supplementation was effeetively diluting the carhon source.
Thus, we would expect to see a decrewse in ethanol pro-
daction if the supplement were not beneficial 1o 11, How-
ever, the parity of the results obrained in the second
expeniment strongly udicales thal vinasse supplernentation
his 4 positive effect on ethanal production. Furthermore,
this result demonstrates that vinasse supplementation ben-
elits [rom a fugher degree of (emoenation elficiency.
Vinasse is a residue rich in proteins; minerals such as
nitrogen. phosphorus, potassium. calcium, and magnesium:
vrgame matler (mannly sugurs) wxd Boomplex vilamins
(de Oliveira er al. 2013). Some stdies have shown the
potential and viable use of vinasse as a supplement for
Condida sp. biomass production (Tauk 1982; Silva et al.
2011). s it is reasonable to suggest that it has a positive
nutritional influence on yeast metabolism, as well as upon
the fermentation process,

In this second experiment, the increase in the carbon
source 1o 100% SBH did not produce a significantly daf-
ferent amount of ethanol from the 75:25 ratio (Table 2). As

LTt

oo vEe

o
FNRRARIS W S L ke
Fig. 2 Purewo’s chart displaying the effect on ethunn? praduction 2t
4% hin 27 facworial design [proportion of mixing pretreated sugurcans
bagasse hwdrolyeate and vinasse 1ISBH:V), yeass coecereration (Y BC)Y
und yeast stran 1S.pay)
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explained above, this songly suggests that fermentarion
medium supplementation with vinasse ¢an inercase the
yield und productivity of ethanol through a positive nuin-
wonal influence that can overcome the problem of 1he
dilution of the carbon source. In view of this. it should be
possible o deterrmine the exact optimal proportien of the
carbon source-vinasse, o that 11 can maximize ethanol
peoduction. We intend to analyze other proportions of
sugarcane  bagasse hydrolysate/vinnse e.g, S0:20 and
90:10) in a furure faceorial design. Anather feasible oprion
could be to complement the SBH solution with ditferent
amounts of dehydrted vinasse powder, 10 reduce the vol

ume of warer. This would mean that the derrimeatal effeer.
of the curbon source dilution would be lessenced. In this
approach, it would be necessary o evaluate any possible
adverse effects of the dehydration process on the viabiliry
of the vinasse, eg, by heal damage 10 themno-sensilive
constituents such as B-comples vitamins. This is unlikely,
however, since vinasse is already a by-product of a high-
temperalure distillation process,

Techno-cconomic studics are required 10 assess the
feasibility and cost-benefits of introducing vinasse sup-
plementation nle the Lage-scake ethanol preduction pro-
cess. Since there already exists a common practice of
diluting high-gravity sugarcane juice with water in 1G
elhunol pruduction, 1t coukl be pussible (o use appropnule
peoportions of vinasse to supplement this water, or o
supplement the SBH in the 2G cthanol production.

Annther significant variable that determined was the cell
biomass concentration in the inoculum. However. it is not
feasible to increase this in pructice, because, as mentioned
earlier, it is difficalt 1o reach levels above 14% w/v cell wer
weight on an industrigl seale (Basso ct gl 2008). Finally,
the yeast struin 8. passalidorom UEMG-HMD-14.1 dis-

played a promising fermentative perfonmance.

Conclusion

The results of this study demonsirte that supplementation
duaring the fermentation process with vinasse benefits the
consumption of the curbon source und hence mereases the
yield amd ethanol production,

As expected, the results help to confirm 4% wiv cell
wet weight us un optimal incculum biomuss concentration
for boosting  ethanol  producton while  simultanenusly
advocating the use of veast strain 8 passalidarum UFMG-
HMD-14.1,

The novel reuse strategy outlined here for increasing
cthanol production by means of vinasse, an agro-industrial
restdue, could thus be consklered (0 be the meuns of
achieving a similar productivity rate to the aditional

£ Springer

process, as well as having the added henefir of enconraging
a more correct treatment of industrial wasee.
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Abstract

Lignocclhtlosic biomass is the most abundant hinlogical resouree on the planer and has been extensively rescarched o pro-
duce cellulnsic ethanol. However, there 18 a consensus that the presence of lignin hinders the hiomass conversion. Lignin is
often considered a villan in cellulosic ethanol production studies due to its adverse effects on cellulases and yeasts, Despite
1his, recent studies indicate thal lignins can be transformed into uselul inputs to produce cellulesic ethanol, These approaches
aim to cstahlish closed-loop hiorefineries to improve cconomic metrics &nd reduce the environmental impact duce to the suh-
sttution of pruducts based on fossil sources. The present review addresses the successtul cases in transtorming lignin into
chemicals and materials 1o increase cellulosic ethanol titers, A contextualization was first carvied out, considering aspects
of hiomass characteristics and lignin valorization. The impace of lignin-hised chemicals and marerials in the pretreatment,
detoxification, and enzymatc hydrolysis steps was discussed in detail. Economic aspects and future perspectives were also
ncluded in this review. These reports open a new point of view on lignin valorization and i1s integravoen with the cellulosic
cthanol production chain.
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Abbreviations
AC
A-LMS

[p- AnisEL,NH|HPO,)

BSG
CELF

ChCl
CHPTAC

DES
|EMIMJ|OAc)

EHL
[TurEGNH HLPO, |

FPL
GCF
GVL
HED
HHV
HIMI
HRCA

Al Springer

Activated cartbon
Amino-maodificd lignin
nucrospheres

P anisaldehyde 2-ylmethyl
cthanamine, H;PO, salr
Brewer's spent grain
Co-solvent enhanced lignocel-
lulosic fractionation

Choline Chlaride
2-Chloro-2-hydroxypropyl
rimethylammenium chlonde
Deep curcetic solvent
1-Lithyl-3-meshyimidazolium
acelile

Enzymatic hydrolysis lignin
Luran-2-ylmethylethananune,
HLPOy, salt

Filter paper unit

Green coconut fiber
y-Valerolactone

Hydrogen bond donor

Higher heating value
Hydroxymethyfurfural

Herb residues of Cortex albiziae

1L lonic liguid
KL PEG Kralt ligain polyethylene glycol
LPMO Lytic polysaccharide
MONOOKY FEOESES
MESP Mimmurn ethanol selling price
TB ~Hydroxyhenzoic acid
PCA p-Coumaryl alcohol ether
PEG Polyethylene glycol
PHA 4-Hydraxybenzaldehyde
SEM Scanning clectron micrascopy
SS¢eF Simultaneous saccharification

and ¢o-[eementation

[VanEr,NHI[H,PO, ] Vanillin-2-yImezthyliethanamine,

H,PO, salt
VoC Volatile organic compounds
u Tnit of enzyme actviry
Statement of Novelty

Ihe replacement of fossil fuels with cellulosic ethanol s
in ling with the perspective of a more sustainable future,
hut this technology still suffers from difficulties for its con-
solidation. Lignin limits cellulosic ethanol titers due to
the eflects of non-productive adseepiion of cellulases and
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lermentation inhibition, and, therefore, it is efien removed
through physicochemical prerreatments. Despite this, recent
studies have shown that lignin-based chemicals and materi-
als could improve cellulusic ethanol preduction. Although
these studies propose an unusual closed-loop biorefinery, the
use of lignin as input for cellulosic ethanol production ofters
an opportumty o miligate commercial chemicals’ acguisi-
tion and increase the profits rom the process.

Introduction

Fossil fuels are sull fundamental for maintaining hurman
activities, but there 1s a search Tor more sustamiable and less
aggressive alternatives ta the environment [ 1, 2], Since the
last decade of the twenueth century, extensive studies have
been carred out o consohdate the production of plant-based
fuels, such as cellulosic ethanol [3]. Cellulosic ethanol, or
second-gencration binethanol, is 4 liguid fuel obtwined from
the trarsformation of carbohydrates from the bgnocellulosic
maltrix (cellulase and hemicellulosey into monosaccharides,
which are subsequently fermented by microonzunisms [2,4].
In the production of cellulosic ethanol, pretreatment steps
are ¢rucial 10 redecing the biomass recalcitrance and, con-
sequently, increase its enzymaric digesribility [3, 6], The
use of pretreatments focusing on delignitication has become
popular in cellulosic ethanal schemes sinee the high lignin
content limirs accessibility to cellulose fihers and can lead
w non-peoductive adsorpaon of cellulases [7-11]. Atter the
delignification, the pretreated hgnocellulosic biomasses are
directed to the enzymatic hydrolysis followed by fermenta-
tion, while the ligmin from the liguid frecton is considered
a cheap source of energy [12], Solid resiudues from enzy-
matic hydralysis, which are lignin-rich materials, are also
directed towards the cogencration of heat and clecwiciry
|13]. However, economic viability remains 2 bottleneck for
the cellnlosic ethanoel schemes sinee it is a low value-added
product [13, 14].

The improvement of lignin processing has been identi-
fied a8 @ eritical factor o gearanice the economic viability
of biorefinerics of lignoceliulosic biomasses since it will
be pussible tw convert this biopolvmer into value-added
products [13, 15, 16], Lignin-based products can be applied
in different ficlds of science, including the cellulosic etha-
nol scheme asell. This idew s at hrst contradictory due to
the known adverse ellects of hgmn on the performance ol
enzymes and yeasts, The enzymatic digestibility of hiomass
is generally an inverse function of the lignin content since
the concentration of free enzymes is redueed by the phepom-
cnon of non-productive adsorption [17, 18], Phenolic com
pounds derived from lignin ¢an inhibir the catalytic activiry
ol cellulases as well us cause cell disruption of ethanovl-
producing steains [8, 9, 19, 207, Despite this, recent studics

have shown that lignin can be converted inte ipats with a
fundamental role in pmducing cellulosic ethunol. They sug-
gest establishing a closed-loop biceefinery concept, in which
ssolated higmns become raw matenals (or the preparation of
chemicals and marerials to be included in the pretreatment,
detoxification, or enzymatic hydrolysis steps. The addition
of ligmin-based inputs 2ims not only to increase ethanol ters
hut also 10 reduce the generation of waste and minimize the
acquisition of externzl products.

Thus, the present study addresses lignin valorization
questions and the wse of lignin-based chemicals and mareri-
als to produce cellulosic ethanol. Scetion 2 will deal with
the structure and recalcitrance of the lignocellulosic biomass
and the need for pretreatments, Section 2 wiall address the
conventional and alternative ways to add value o lignin in
different industrial sectors. Section 4 will deal with studies
that propose cellulosic ethanol production in the presence
of lignin-based chemicals and materials. Sub-sections were
defined to delimit the success cases and sconomic gspects
of the use of fignin in the pretreatment, detoxification, and
enzymatic hydralysis steps (in order), Also, insights and
future perspectaves were commented on in Scet. 5.

Lignocellulosic Biomass

Lignocellulosic biomass is formed mainly by cellulose,
hemicellulose, and lignin, assembled in a recalcimant strue-
ture with mulaple layers [14-20]. Cellulose ((CH Q530
18 a linear polysaccharide formed by glucose units linked
together by [i-1.4 glycosidic bonds. Cellulose molecules are
associated with others by intermoleculur forees (hydrogen
bonds and Van der Waals forces) in cellulese fibers, which
explains the fact that cellulose is insoluble in water and
conventional organic solvents [21] (see Fig. 1). Hemicel-
Tuluse ({CH.0O,),) 15 4 branched polysaccharide formed by
penteses (xylose, arabinosch, hexoses (glucose, mannose,
and rhamnose), and uronic groups {2hicuronic acid and
methyl-glucuronic acid) [9). The composition of hemicel-
lulose is random, being strongly dependent on the source
of lignocellulosic biomass, Hemicelluloss from hardwoods
and agro-industrial residues 1s made up ol xylun, while
glucomannans make up the most considerable fraction of
softwood hemicellulose [22]. Unlike cellulose, hemicellu-
Jose 1s mostly amorphows und generally has & low molecular
welghl, making tos polysaccharide susceptible w acidienzy-
matic hydrolysis [3, 21]. According to Tsikgor and Beeer
[23], hemicellulose can also be considered a crosslinking
agent between cellulose and lignin, Lignin is an aromatic
hiopelymer formed by the ceupling of monolignol radi

cils and phenolic radicals [24]. Lignin consists of syrin-
vl {S-umt), guaiucyl (G-unit), and hydroxyphenyl (H-unit)
units, which are linked by C-C and C-O bonds, including
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Fig. 1 Simplited descoiption of e hgnoceflukase marrnix

B-0-4, p-p, p-5, p-1, 5-5 and 4-0-5 bonds |25]. The lignin
content is commanly attrihuted 1o the hiomass recaleitrance
since it provides rigidity and protection against biotic and
abiotic stresses |25, 26).

Conventional strategres for cellulosic ethanol production
aim to depelymerize cellulose into glucose, an casily metab-
olizable molecule, by enzymatic route or chemical route
(using norganic or acid salis) [27, 28] Ttis noteworthy that
several engineered strains can effectively convert pentoses
inte ethanol [29]. Do to Jess specificity for cellulose. more
sigmilicant environmental impact, and the eccurrence of cor-
rosion in reactors, processes hased on the acid route have
been replaced by enzyme technology T3], Cellulases, xylu-

nases, f-glucosidases, and accessory enzymes are some of

the enzymes used t digest the lignecellulosic marrix [2, 6]
however, the presence of lignin is an obstacle to the success
of the prucess. According (o Bimesson et al. (21, lignin can
ciuse nen-productive adsorption of cellulases, mainly due
10 the hydrophobic interaction berween the arematic lignin
structures carbohydrate-binding module (CBM). CBM iy
respansible for adhering, guiding, and increasing the con-
centration of cellulases on cellulose, and it is a hydrophobic
protein porten of endoglucanases and cellubiohydrulases.
Lignin ¢an limit the free movement of cellulases on cel-
lnlose fibers during enzymatic hydrolysis of lignocellulosic
biomass, as shown in Fig. 2. Xylanases and [i-glycosidases
are less susoeptible w non-productive adsorpton o lignin
[32, 33]. Rahikainen ot al. [34] and Silva cual, [357 suggest
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that electrostatc interactions and hydrogen bonds may also
contribute o the non-productive adsorption of cellulase
onte lignin due to the phenolic hydroxyl groups. This phe-
nomenon limits the concentration of free enzymes within
the liquid phase, which leads 10 a lower amount of sugars
after enzymatic hydrolysis, According o Tejirian and Xu
[36]. phenolic compounds derived from lignin can form
complexes with cellulases, nhibiting the enzyme catalytic
activity. Therefore, methods to solve lignin problems must
he implemented. and one of the mast classic options s the
pretreatment of lignocellylosic biomass.

Pretreatments consist of processes that disorganize the
lignocellulosic matnix through the solubilization of hemicel-
Tulose and lignin, cellulose depolymerization. und comminu-
ton [38]. Physical (milling, microwive, amd sonification),
chemical (dilure acid, alkaline, oxidation, and organosalv),
physical-chemicul {steam explosion, supercritical technolo-
gies, ammonia fiber expansion), and biclogical (fungi and
hacterial) pretrearments can he used in cellulosic ethanol
production [3Y]. However, some fuctors must be tuken into
account before choosing a pretreatment, The fingl desting-
tion of the lignocellulosic matrix components is decisive
for the choice of pretrentment; however, vther factors are
also important, such as the cost of pretreatment, the for-
mation of fermentation inhibitors, and the eavironmental
impact [39]. For example, fermentation inhibitors accu-
mulate in the pretreatment liguid [raction and can become
impregnated with pecrrcared biomass. Therefore, o improve
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the fermentaton performance. detoxification methods are
recommended, such as the addition of adsaecbent (or other
chemical agentsy und the washing of pretreated biomass.
Studies of cellulosic ethanol production conventionally seck
1o enrich the cellukose content in the pretreated hgnocellu-
losic biomass [10, 17]. Hydrothermal pretreatments are used
w solubilize hernicellulose from lignocellulosic biomass and
cin be found in the form of liquid hot water pretreatments,
thermolysis, subcritical water ireatment, steam explosion,
or autohydrolysis. They are commonly operated under high
temperatures (> 150 °C) 10 allow the autoionization of water
and, consequently, the release of acetale groups from hemi-
cellulose [40]. The glycosidic bonds of hemicellulose are
eusily broken in the hydrothermal pretreatroent, which leads
1o the formation of oligomers and monomers (such as xylose
and arabinose). As a result, the pretreated biomass shows a
proportionyl incrense m celluluse and lignin. Lignins are
also fragmented during hydeothermal pretreatment, but they
repolymerize and reorganize onto pretreated biomass (see
details in Sect. 4.1.2). In sddition o changing the chemical
composition, hydrathermal pretreatments lead 10 mcreased
crystallinity {due to the removal of amorphous components),
imncreased porosity, and increased wettability [40]. All of
these factors contribute o the increase in enzymalic digesl-
ihility, and, therefore, hydrothermal pretrcamment shonld be
considered 2 potential candidate for inclusion in biorcfiner-
ies ol hgnuecellulosic biomass,

On the other band, cellutose ennchment can be achreved
hy using pretreaiments focusing on lignin removal. Masarin
et al. [41] und Siqueira et ul. [42] reported thut the gen-
cration of fermentable sugars in enzymatic hydrolysis is
inversely proportional 1o the lignin content. Due 1o ther
simplicity and effectiveness, alkaline and alkaline oxidative
pretreatments are commonly used te delignity the lignocel-
lulosic matnx and increase its enzymatic digestbility [43].
The delignification promoted by the use of sadium hydrox-
e or ather bases ovcurs due to the cleavagre of ester homdy
between lignin and polysaccharides and the cleavage of
internal lignin ether honds. The addition of hydrogen peros-
ide 35 commenly performed in alkaline pretreatments since
reaclive oxygen species generated can cleave C-C bonds
of the biomass components [£4], Tn addition 1o removing
amorphous compenents, oxidative alkaline pretreatments
also reduce the degree of cellulose polymerization und
improve the water retention capacity [45], Recent stedies
have shown areat interest in processes involving organic
selvents w remove lignin from biomass, which are called
organosolyv pretreaiments, Crganosoly pretreatments can
use as different types of solvents, such as alcohels, short-
chuin orgame acids, organic peracids, tetrahydrofuran (in
the method entitled ¢o-solvent enhanced lignocellulosic
fractionation, CELF} and y valcrolactone (GVT.) [1§, 46].
Alse, delignification methods can involve ionic liguids (IL)
and deep eutectic solvents (DES). Acidic wonic liquids can
promote biomiss fractiongtion, allowing high lignin vicld
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in the hquid feacticon [47 49]. Monituzeaman and Onoe [50]
proposed the use of 1-cthyl-3-methylimidazolium acetate
(EMIM | OAC]» to maximize the deligmfication of lignocel-
lulosic biomass vsing laccases, Kumar etal. [51] and Lim
el al, |52] reported the success of acidic and alkaline DES
in delignitying agro-industrial residue under mild tempera-
twre conditions. Proposals for combining hydrothermal pre-
weatments and delignilicant pretreatments have also shown
remarkable results in fractionation and enzymatic hydrnly-
318. Rz et al, [40] highlighted that the sequence of hydro-
thermalialialine or hydothermallorganosoly pretreatments
allows the generation of multiple proclucts, including sug-
ars, broactive compounds, phenols, and lignin. In Gongalves
elal. [53], biomisses obtamed from the sequenced pretreat-
ments sodium chlorite-acetic acid/antnhydrolysis showed a
higher initia) hydrolysis rate (up to 405 higher) and a higher
sugar release {up 0 6.5% higher) than pretreated biomasses
only by sodium chlorite-acetic acid. Matsakas et al. [54]
proposed a hybrid pretreatment strategy based on the com-
Binatien of the steam explosion pretreatment and organo-
selv pretreatment with ethanol, The avthors reported that
this pretreatment increased the yield of sugars in enzymatic
hydrolysis up o 61% (wiw) i an environment with high
solid loadings. More data about delignification and enzyme
digesribility can be found in the specialized literarure, hor
this is not the tocus of the present study.

Tt is undeniable that the consolidation of cellulosic ethi-
nel production can bring many advanrages (o society and the
environment in a future low-carbon economy [ 141, However,
it is essential to highlight that this scheme still faces serious
challenges to ensure competitive prices with the first gen-
cration technology 155, 56]. The costs tor enzyme produc-
tionfconcentration have a considerable impact on economic
viahility metrics. Despite this, Liv et al. [37] reported that
the minimum etharol selling price (MESP) values remained
high even though the enzyme cost was zero. Other strate-
gics (such as energy integration between first wmd sceond
technelogy) have also been investigated e improve the
cconomic indicators tur cellulosic ethunol schemes |56,
SE-60]; however, the results obtained were unsatisfactory
or inconclusive, A potential way to get extra income in
the cellulosic ethunol scheme comes [rom lignin process-
ing, Knowledge of lignin's historical use and the effects of
pretreatments on the biopolymer structure is necessary to
improve the lignin valonzaton paths. 1t is noeeworthy that
the tsolation of ligoios from the lquid fractuon 1s a simple
procedure. Lignins obtained from alkaline pretreaiments can
be recovered from acidification of the mediom to pH 2.0-3.0
due 1o the protonaaon of pherolic bydroxyl groups [ 10]. 1o
the eeganosoly, TE, and DES pretrcatments, the solvents are
responsible for the lignin solubilization, being subsoquently
evaporated from the liguid phase or diluted with walter
recover the biopolymer [46],
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Lignin Valorization

Two technical lignins stand oul i the lignmin production
seenario, hoth from the pulp and paper industry: lignosul-
fonate and Kraft lignin, Lignosulfonate 15 obained by the
reactions of sulfonation and hydrolysis during the sullite
process. Lignosultfonate has a negative charge densiry, high
water solubility, high molecular weight, and high sulfur
content Garound 2.5 805 wiw) [61]. The lignosullonate
applications include dye dispersant, meeal chelating agent,
and water reducer in cement |61, 62). Kraft pulping is the
primary method for obtaining high-quality pulp in indos-
wries and represents 85%: af the to1al lignin. Kralt pulping
consists of treating wond fecdstock using socdium hydroxide
and sodium sulfide solutions at high temperatures {~ 170
AC), promoting the cleavage off B-O-4 bonds and intreducing
hydrophilic groups [63]. Like lignosulfonate, Kraft lignin is
burned in a recovery boiler to produce energy and recover
cooking chemicals [25]. Kralt lignins alse have a specific
commercial appenl and can be used in fertilizers, binders,
and resins |64, 65]. Due 1o the greater volume generated
incomparison with lignosulfonate, the authors also suggest
changes in Kraft lignin structure via sulfonztion and sulfo-
methylation reacdons to use it as a dispersane |61].

"I'he structural complexity of lignins is even muore evident
when we deal with lignins from cellulosic ethanol schemes
due to the variety of precreatments and lignin seurces, which
can be obtwined frem hardwood, softwood, and agro-indus-
wial residue [25]. Despite this, it is evident that these lignins
have characteristics closer o Kraft lignins than lignosul-
fonates, Lignins iselated from alkaline and alkaline oxi-
dative pretreaiments not only have low molecular weight
(= 1-3 kDu) but are alsn highly condensed (high conrent of
C—C bonds) and have a high content of phenolic hydroxyl
groups [66]. Gongalves el al. [67] studied the ssolation of
lignins from the liquid fraction of the mature coconut alka-
Tine pretreutment and ubserved the presence of hydroxyein-
namates (such as p<coumarate and ferulae) in the hgnin
samples. Alkaline oxidative pretreaiments can cause addi-
tional effects, such as aromatic rings’ cleavage w form car-
boxylate groups [ 181 In the lierature, it is possible w find
several menticns about arganosoly pretreatment (o obiain
high-guality lignins; however, this statement is not necessar-
ily correct, Organcsoly pretreatments catalyzed with mineral
wcids and pretreaiments involving a low concentration of
organic solvents and high temperarures lead to the 2enera-
tion of highly condensed lignin fractions compared to native
lignins [15, 18], Evenually, arganosoly pretreaiments under
high concentrations of low molecular weight aleohols or
high concentrativns of urganic acids ensure the mantenance
of B-0-4 bonds due 10 atkoxylation and esterification in
-carhon, respectively [25], This characteristic was obhserved
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by Remani et al, [68], They reporied that organoselv lignins
isalared from pretreatment of Fuealvpros wood had lower
content of hydroxy! groups than lignins extracted from alka-
hine pretreatment; this probably occurred due 1o the stabili-
zation of f-O-4 motifs, The effects caused by pretreatments
with ionic Tiguids are similar to organosoly pretreatments.
For example, George el al, |69 observed the lignin depo-
Iymerization during pretreaiments with ionic liguids and
determined that this phenomenen is dependent on the tpe
of anion (sulfates = lactates > acetates = chlorides > phos-
phates)y, which acis as a nucleophile, Inwrn, Kim et al, [ 70]
reported that iselated poplar lignin via pretreatment hased
on 1-gthyl-3-methylimidazolum acetate (| LMIM|IOAC])
has stmilar content of [1-0-4 bonds o milled wood lignin
(lignin without commercial interest, but with a high content
ol [+0-4 bonds). Pretreatments with DES bused on organic
acids Gacetic gond, levabme aend, and factie acd) are effec-
tive in isolating lignins but lead wo partal or total degra-
dation of {-0-4 bonds, as reported by Alvarez-Vasco et al.
1711, Lyu eval, [72], and Chen e al. | 73], [tis important 1o
highlight an interest in applying useful biorefinery concepls
w convert plant biomass, including multipke outlet systems.
Despite this, the exssting industrial plants mamly focus on
cellulosic ethanol peoduction, while the extracted lignin is
underurilized [13]. Like sulfur-containing technical lignins,
lignins obtuined from cellulosic ethane] schemes are gener-
ally used as an energy source for the cogeneration of steam,
heat, and elecricity [640]. This application is also valid for
post-enzymatic hydrolysis residues since 1t is & hgnin-rich
product but has polysaccharide contamination, Ligmns can
have higher heating values (HHV ) berween 200.0-30.0 M)/
kg, while cellulose and hemicellulose have HHY of only
18.6 MJfkg [74, 75]. The burning of ligninsfenzymatic
hydrolysis residues enables the energy self-sufficicney of
cellulosic ethanol plants, which is achicved by processing
approximately 34—=H1'F of the amount generated of dry lignn
[13]. Aceording o Hoddsovd et al. [76], the commercialize-
tion of lignin docs nor allow a substantial financial remrn
since Lhe price of lignins can reach up to ST50.00T for high-
quality organosoly lignins. Enzymatic hydrolysis residues
have low-purity lignin and, therefore, the price range of
these pruducts varies between SSU.0 and S2Z80.07T. The sale
of surplus electricity o the local grid also does net solve
biorefinerics’ economic viability producing cellulosic ctha-
nol. The structural cornplexity ot lignins has always been
considered a sigmlicant challenge for its wide use, but recent
cffoets o enhance this bicpolymer are notoricus.

A series of studies show thae lignins are potential raw
aaterials for te manulucture of bealthicare prodects. 1o vito
studics show that lignins have remarkable antioxidant activ
itw, as reporied by Amizanzadeh et al. [77], Gordobil et al.
78], and Nogueira et al. |8]. The avlability ol phenolic
hydroxyl groups in the lignin structure has been linked o

free radicals’ scavenging, Gordebil e1 al. [78] reporied that
Kraft und organnsoly lignins obrained from sproce and
Lucalyprus wood have high antimicrobial activity against
pathogenic microorgamisms Escherichia celi, Salmonelia
svpirimaeriaos, and Aspergeluy neger. The addition of lignins
in cosmetics can provide sdditional protection against ultra-
viclel radiation, as can be seen in Zhang et al. |79]. Padilha
el al, [ 18], and Widsien et al. (80], The authors indicate
that this fizct can be attributed to the excellent availzbility
of aromatic groups in lignin; however, they highhight the
need (o attenuvate the color of Lgnin-based blends by cleayv-
ing guinone groups or blocking phenolic hydroxyl groups
via acelylation. Due to the low solubility 10 water, lignins
fexeept hgnosulfonatel can be transformed nto nanuparti-
cles by diluting lignin solutions or adjusting pH (changing
from ulkaline to acidic pH). The preparation of nanopar-
tcles ceeurs due 10 the sell-assembly of hgnin molecules
due 10 aromatic moieties [81], Lignin nanoparticles have
high ahsorption retention, high biodegradability, and low
wxicity and, therefore, are considered successful carriers
of hinactive substances [82], Lignin nanoparticles are capa-
ble of causing the controlled release of biouctive substances
retained mside the nanoparucle or via the Pickering emul-
sion [B1 847, Dai et al, |85] reported that magnetic resvera-
ol loaded lignin nanoparticies showed efficient controlled
release of the bivactive and reduced tumer size in mice.

The manufacture of materials of industrial importance
fram lignins has been extensively studied in the literanure,
Lignin is a thermoplustc material, and it has compatible
functional groups (hydroxyl and carboxylate} with other
polymers. Changes in the lignin structure are sometimes
recommended by polymer grufung, alkylation, phenolu-
tion, esterification, among others (86, 87 The incorporation
of lignin in polymeric matrices has resulted in significant
mechanical and thermal properrics [88]. Gordohil et al, [89]
and Luzzari et al. |90) reported that the addition of lignins
inereased Young's modulus values in polymeric composiics
hased on pely(lactic acid) and polyethyiene terephrhalate,
respectively. The use of hgmns ws a filler improved the vis-
coclastic properties of rubbers, as reported by Bahl et al.
[91], Barana et al, [92], and Mohamad Aini ¢t al. [93]. In
addition t the untoxidant wetvaty and protection from ultra-
vielet radiation, lignins' addition reduces the Aammability
of polymeric matrices, as reported by Zhang o1 al. [94] and
Chen et al. [95]. Due o thear high carbon content, lignins
cin be used 10 prepare carbon-based matesials, such as acu-
vated carbon and carbon fibers [BR],

Lignins are also considered a prominent source of ro-
matic wonomers |25, The choice of lignin isolation meth-
ods is @ critical faetor in this route of lignin valorization, The
accurrence of lignin condensarion reactions during severe
pretreatments leads to a higher C-C boads content, which
A MO resistant o catalysis 196, 971, According o Feghali
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el al. [98], the theoretical yield of menemers is proportional
ey the sguare of the content of ether bonds (C-O). In the
cuse of Kraft ligoin, the situation 15 more complcated since
the presence of sulfur poisuns noble metal catalysts and,
consequently, limits the process of lignin depelymeriza-
ton [99]. There are seversl ways to depolymerize isolated
lignins, including reductive processes, oxidabve processes,
acidbase-catalyced processes, and thermal and solvolytic
processes. In addition wo the different operating conditions
used, each methed involves different results of oil yield,
meaomer vield, and selectivity [25], Particularly, advances
have heen reported regarding the conversion of isolated
hignins 1o water-soluble monomers using hydrogenolysis
[100-104], oxidation [105-109], and supercritical technol-
ogy [110-113]. The production of lignin monomers can
also he carried out throwgh reductive catalytic fracionation
(RCF), Unlhike conventional hgnocellulosic biomass pro-
cessing approaches, RCF prioritizes lignin valorization over
the wse of cellulose und hemicellulose, which is commonly
cilled the hgmn-first biorefinesy approach | 114]. RCF s the
combinaticen of delignification, stabilization, and depolym-
erization by active redox catalysts (such as PAC), whose
final product 1s a stable oil rich in monomers, dimers, and
Tow molecular weight oligomers, It is preferably operated
in hatch reactors under high pressures and temperarores in
the range of I8U-250"C | 114). but researchers have already
pointed out that other conditions can also be used, Quu et al,
[115] suggest thar the addition of catalysts should be carried
out before the reactor temperature reaches 200 °C o avoid
lignin repolymerization problems, To simplify the execution
of the RCF and mitigate its capital costs, Ren et al, proposed
the operation of the RCF under ambient pressure, which
was called aimospherse RCF{ARCE) [116]. Despite the peo-
posed approach achieving a 25% lower yield than conven-
tional RCF, ARCF obrained bio-oil rich in propylguaiacol
and propylsyringyl (more than Y5'% of lignin monomers)
using ethylene glyeol as a solvent and n the abscoce of
external hydrogen souree.

Lignin-Based Chemicals and Materials
to Increase Cellulosic Ethanol Production

The apphication held for lignin-based products is vast. The
versatility of ignin is such that it can return o the cellu-
losic ethanol scheme as an input. The number of publica-
tions on cellulosic ethanol invelving lignin-based mareri-
als und chermculs bas iocreased 1w recent years due w e
strengthening of rescarch on lignocellnlosic biomasses and
a better understanding of the lignin structure. These reports
are unuswil because lignins wre vflen seen as an obstacle W
cnzymatic digestibility and sugar fermentarion, Trerestingly,

& Springer

the approach of inserting lignin-based products inte the cel

Tulosic ethanol scheme is somewhar similar to the producrion
of cellulolytic enzymes, which can oceur in a planot inte-
grated with the biofuel plant. Thus, ths approach contributes
1o 1he consolidation of cellulesic ethanal biorefineries by
converting lignin into valoe-added prosducts and improving
cellulosic ethanol tters. Advances in the approach will be
discussed in more detail in the fallowing topics

Application of Lignin-Based Chemicals
on the Pretreatment of Lignocellulose

Lignin-Based lonic Liquid and DES

Although deligmification has been extensively reported as
a lavorable event for the enzymatic hydmlysis of lignocel-
lulnsic biomasses, the recovered lignin can retumn 1o the cel-
Tulusic ethunel scherne us chemicals for pretreatments. The
monomers that make up this macromolecule can be reused
for formulations of hin-ionic liquids (hie-ILs) and DES.

ILs represent u class of organic sults with a melting
point below the boiling point of waler, which are formed
hy organic cations and inorganic/organic anions [ 117]. 1L
properties can be easily modulated from changes in can-
ons and amons, including melling point, viscosity, density,
solubility, hydrophobicity, among others, T1Ls are atractive
choices in different zpplications such as catalysis, bioca-
talysis, synthete chemistry, und electrochenustry | 118]. In
pretreaiments, 11 based on imidazelium cation has received
much attention due to its ability to remove lignin and hemi-
cellulose T11Y, 1200 but ity synthesis 15 sull linked to rea-
sents denved from fossil sources [121], In this scenario,
studies have developed varicties of ILs with improved com-
panbility, which have been called bio-1Ls. Bio-1Ls ure biode-
gradable substances and composed only of reagents chiained
in nature [122]; in our case, using phenolic compounds as
cation substitutes (after chemiczl modification). Figure 3
shows sume examples ol bio-1Ls prepured from phenulic
campounds obrained from lignin,

DES are also solvents with modulating propertics but
have some advantuges compared t ILs, e, low loxicity,
moee eco-friendly, and lower preparation cost [123]. DESs
are formed by mixing a hydrogen bond acceptor (urea, cho-
ling chlonde, and betaine) und a hydrogen bond donor {aleo-
hels, acids, amines, carbohydrates, among others) sa thar the
cutectic point of the mixwre is lower than the eutectic point
of the isolated substances [ 124]. This tacr cccurs due to the
strong hydrogen booding and Vi der Waals forees estab-
lished berween the aecepror’s halogen anion and the acid
hydrogens of the hydroxyl groups of the hydrogen donor
compuound [125]. The propertes of DES wre dependent on
the selection of the aceepror: donor pair and the proportion
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Fig.3 Synrhesis of lignin-hased bio 11, and DES

of them, which strongly impact the pretreatment perlor-
mance. According to Xia et al. [126] and Xu ec al. [127],
DES cun tractionate lignocellulosic biomass trom the dis-
seciation of C-C bonds and constituent aryl ether bonds,
Figure 3 illustrates the displacement of charges during the
preparatdon of DES from phenclic compounds ws a hydrogen
donaor,

It is essential 1o point out that phenclic compounds are
inhibitory to enzymate hydrolysis and fermentation pro-
cesses, so the matenal must be washed 10 remave bio-11, or
DES. The use of these substances is an alicrnative 1o achicve
a ¢lesed-loop biorefinery. A summary of studies involving
prewreatments with bio-1Ls und ligmn-bused DES is shown
in Table |

Socha et al. [121] proposed an innovarive method of
preparing ILs from lignin and hemicellulose denvatives
for use in the pretreatment of lignocellulasic biomass, The
reagents used hy the authors include furfural {derived from
hemicellulose) and vanillin, and p-anisaldehyde (derived
from lignin. Through reductive amination, tertiary ammne-
based ILs were produced (| FurELNH|[H.PO,|, [VanEt,NH]
|H.PO,|, und |p-AmsECNH[H, PO, T, which were used
in the pretreatment of switchgrass under 160 °C for 3 h.
Although cellulose erystallinity was not affeeted, the use
of hio-IL has shown promising results. Pretreatments with
|p-AnisLLNH| [H PO, ) Jed w the deligniticution ol 51.4%
of xylan and 43,05 of switchgrass lignin, being similar 10 the

results of pretreatment with [EMIMI[OAc], a commercial
IL. The materials precreated with [FurEt, NH|[H.PO, | and
| p-AnisELNH][HLPO, | showed good enzymutic digestibility
alter 24 h of the process, being possible 10 achieve > 80%
alucose recovery and = 60% xylose recovery,

Dicz et ul. | 128] proposed switchgrass pretreatments
using quaternary ammonium bio-1Ls frem phenalic com-
peands derived from lignin: benzaldehyde, p-anisaldehyde,
vanillin, und syringaldehyde. The authors used pretreut-
ments with [EMIM]|OAc], a commercial 11, 10 compare
hi-1L. pretreatments’ performance. As reported by Socha
etul. [121], this pretreatment promaotes a severe deligmibca-
tion, but the dissoluton of cellulose is not signilicant. The
cellulose dissolution varcd between 3 and 105 (wiw) with
the pretreatments involving bie-1Ls. The bio-IL prepared
from vamillin reached 70% delignification, being comparuble
with the resulis obtained from the pretreatment of [EMIM]
[OAc] (T1%). Except bio-IL prepared from syringaldehyde,
the other proposed bio-1Ls achieved high sugar recovery
(70% for glucose and 60% for xylose), Cellulosic conversion
value greater than 90% was obtained in enzymatic hydrolysis
experiments using vamilin-based 1L pretreated swatchgrass
after 48 h of process,

Lignin derived aldehydes and phenels have been used as
hydrogen bond donors (HBD) in smdies of the manufacrure
ol ligmin-based DES. Kim et al. |129] proposed diflerent
DESs from choline ¢hloride (ChCH as an aceeptor, while
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lignin subunits (4-hydmosybenzyl alcohol, catechol, vanil
lin, and g-coumaryl alcohal ether (PCA)) were used with
HBD. The authors justify that the availability of the phenolic
hydroxyl group 3s essential for the DES synthesis, Under a
temperature of 30 °°C for 3 b, the pretreatments of Arobi-
dopsis thaliana using ChC1-PCA and ChOl-vanillin reached
defigmfication of 60.8% and 52.5%, respectively. The per-
formance ef the pretreatment with ChCl-<4-hydroaybenry]
alcohol was disappointing, reaching a delignification of
only 0L4%. Although the pretreatment stands out for requir-
ing mild temperature conditions, a severe xylan loss was
recorded after pretreatments. Glucose release increased hy
34.3% (equivalent w 102 mgfe) afler pretreaument assisted
by ChCl-vanillin compared o untreated A, thatiana. In
2019, the same authars produced another paper involving
a bioretinery approuch using A. thafiana as a substrate and
hgnin-based DES [130]. Here, pretreatments with ChCl-
HBA showed hetier delignification perfarmances than ChCl-
vanillin, cither fur the wild type (1% vs. 3% or the mutant
type (32% vs. 28%). Using only cellulases in the eneymatic
cockiail, the cellulose conversion values from wild A, dradi-
ana were 66% and TO¥ in the biomasses preaeated with
ChCE: vanillin and ChCL HBA, respectively,

Chen et al. [131] investigated the increased enzymatic
digestibility of herb residues of Coner albizioe (HRCA)
after pretreatnent with lignin-based DES. DES was prepared
from the mixture between ChCl and PCA at a temperature
of 160 "C using molar ratios of 1:1, 2:1, and 4:1. High tem-
peratures {higher thun 160 “C) and longer exposure tmes
¢higher than § hy were notindicated in pretreatments due o
cellulose loss. The follewing operatienal conditions were
defined as the vpumal pretreacment condition: temperature
of 160 °C, 10% (wiv) solid loadings, DES prepared with a
1:1 molar ratin {CHCI-PCA), and exposure time of 5 h, The
precrcated HRCA reached 84.6% digesribility after 72 h of
the process, which was almost double the performance of
the untreated material. The authors also suggested reducing
the viseosity or altering the polarity of the reaction medinm
as @ way o merease enzymatic digestibility. After adding
waler {30% viv), the enzymatic digestibility of the pretreated
HRCA increased to 99.4%. Scanning clectron microscopy
(SLEM) images showed that the pretreatment increased the
roughness of the lignocellulosic biomass, which may have
explained the better enzymartic digestibility results. This
effect wus maximized in the pretreatments with the high-
est waler content in the pretreaunsnt. Lnally, the authoss
proposed the direet reuse of ChClPCA 1o reduce the todal
costs of the process. They sugaested that the procedure be
perfurmed withuut compromising eneymatic digestibility
(from 84.6% in the process without recyeling to 78,15 in
the process with rwo liguid fraction recycles). To assess the
role ol water and DLES in HRCA polysacchunide depoly -
crization, the same rescarch group published another paper

in 2020, They performed HRCA pretreatments by adding
water and ChCIPCA ae different times (one-step and two-
stepd and testng the substitution of water for ethanol, They
vbserved that hemicelluluse hydrolysis is imuated by water,
and the generated sylooligosaccharides are finally cleaved
to xylose hy DES. The xylose yickl in DES-water premeat-
ments was fourfold higher than pretreatment with waler-free
DES (7255 vs, 19,150 [ 132]

Wang et al. [133] proposed a pretreatment with lignin-
based DS, more specifically using p-hydroxybenzoic acid
(PB), PCA, and 4-hydroxybenzaldehyde (PHA) The use of
ChCI-PB in pretreatments wis more etfective when com-
pared Lo other DES. ‘The delignification of poplar using
ChCI-PB oblained 69%, and the enzymatic digestibil-
iy reached 90.8% for glucose and 88,95 for xylose, The
lignin obtained from the Iiquor was recovered, and analyses
showed that it bas high-purity, low molecular weight, and
uniform size,

Some of the studies cited also evaluated how pretreat-
ments with hgnin-based DES would affect the chemical
structure of the biomass constituent lignins through 2D
'H—"*C heteronuclear single-quantum coherence (HSQC)
analyzes. Kim et al. [129] reported no differences between
the signals from the representative lignin units and the signs
of the internal lignin honds inthe pretreated switchgrass sac-
charitication residues. These results indicated that the main
internal bgnin bonds remaned intact alter pretreatments
with DES. In particular, Wang et al. [133] studied the impact
of the pretreatment Incubstion time on the structural char-
actersstics of ligninsolated via NSQC and using ensymalic
hydrolysis lignin (EHL} &5 a standard, The authors noticed
the cleavage of fi-ury] ether bonds and differences in the
amount of bonds between monomers, Using shorier incu-
hation times (3 h), the authors ohserved that the recovered
lignin has high purity. On the ather hand. the pretreatment
ncubation tur Y h proved to be inudequate for the Luture
vitlorization of the macromolecule duc o the occurenee of
condensarion reactions. In this lignin sample, the contenr of
aliphatic hydroxyl groups was Bvelold lower thun in EHL,
while an increase in the content of substituted Ce hydroxyl
was obscrved {5.5-fold increase).

The use of lignin as a raw material for bio-IL and DES
cin lead o advantages ever conventional peeparation meth-
ods. [n a preliminary economic analysis, Socha et al. [121]
reported that the cost of | VunEGUNH | H, PO, | and [p-Am-
SEGNH | HLPO, | s estumuted to be between $12.0 10 S15.0¢
kg, while the current price of a traditional tonic hiquid is
herween S17.00 e S25.06kz, The authors also cited that the
reductive wunation ol phenolic compounds bas a substan-
tial impact on the final cost of TLs and that the substito
tion of reagents such as dicthylamine and sodium triace-
txyborohydride with ammoma and hydrogen may allow
the final cost of s 1o deerease o up 1o $4.06kg. Due o the
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simplicity of preparation, the linal cosis ol the DES are oaly
linked to the costs of the precursor compounds. In facr, che
depolymenzation of lignins t obtain phenolic compounds
(which function as HBD of the hgnin-based DEST s not
yet ecanomically competitive due 1o the difficulties encoun-
tered in separating the praducts. The use of petroleum as a
raw matenal for the synthesis of phenohe compounds has
been improved over decades so that the price of vanillin and
4-hydroxybenzaldehyde has been severely reduced and can
be purchased in the range of $15.0-8100.0kg. For exam-
ple, the price of vanillin obtained rom lignin is estimated
w he $1000-S200.1Nkg, and vanillin extracted from vanil-
lin pods 15 estimated o be between S1200-540000%g | 134,
135]. Despate this, the production uf phenolic compounds
from lignin is still atfractive, as it 2ives a destination ro solid
waste from the cellulose recovery stages. and the products
severated have o lower carbon footprnt than thuse based on
petroleum [136, 137],

In addition to the costs of raw materials, other charac-
teristics such as the easy recovery and maintenance of the
pretreatment performance are fundamental for the com-
mercial use of pretreatments based on 1L and DES. Itis
essential 1o hughlight that the recyelabilivy of IL and DES 15
also an issue reganding the disposal of the substance, envi-
ronmental impact, and toxiciry [1 28], In both pretreanments,
the addition of volatile organic compounds (VOC) and their
agueous mixtures are required for successful pretreatment,
In 1L prerreatments based on imidazaliom salts, cellulose
and hemicellulose are solubilized in the post-pretreatment
liquid phase and must be regenerated from the addition
of VO {such as cthanol and acetone), which act as anti-
solvents, VOC and its agueous mixtures ure glso wsed to
wash pretreated biomass 10 remove excess impregnated 11
or DES, Therefore, 11 and DES can be recovered from the
evaporarion of VOC and then recyeled to a new batch of
precreatment. Unfortunately, to the authors’ knowledge, the
studies referenced on hignin-based 11, did not investigate
this issuc. and we found data only for lignin-hased DES.
Kim et al. [129] repurted that 953% of ChCLPCA was recov-
cred from the liguid fraction resulting from the pretreat-
ment after evaporation of ethanol and warer in the roary
evuporator. They also recorded a slight decrease in sugur
release with the increase in the number of recycles, The use
of fresh ChCLEPCA reached a sugar vield of 87%, while the
pretreaunent with one recycle and two recyeles reached a
sugar yield of 78% and 70'%, respectively. Wang et al, [108]
reparted that gnin based DESs were successfully recovered
after ethanol addition und evaporation in the wash step. The
delignilication results repurted were 69'%, 49%, and 46%
in the pretreatment with fresh ChCEPB, pretrearment with
one lkquid fracrion recycle, and pretreatment with two lig-
uid [racton recyeles, HSQU spectra showed disturbunces in
the ChCLPE spectra and the authors suggest meee in-deprh

& Springer

studies on recyeling sheald be performed wo minimize DES
losses.

Addition of Lignosulfonate and Lignin Derivatives

Lignin derivatives can be usetul for wning hydrothermal
and acidic pregreatments. 1t is widely known that these pre-
wreatments are helpful for removing hemicellulose but have
limited performance tor delignification. Under acidic con-
ditons, the p-aryl ether bonds of lignin are easily broken,
which leads 1o the formation of carbocations, intermediates
highly susceptible to nucleophilic attack [25]). Condensa-
tion reactions also occur through the Michael addition, in
which quinone methide act as an acceptor and phenolates
as nucleophiles [139]. The origin of lignin condensed by
the presence of formaldehyde has already been described
by Grerer and Lindberg [ 120]. In ths condensation reac-
tion, formaldehyde derived from the lignin depelymerization
auts as an seeeptor and reacts with two phenolates w form a
drarylmethane structure | 139], In practice, hgnin fragments
generated in the liquid phase are repolymerized and depos-
itedd on the surfaces of the pretreated materials (see Fig, 4
Phis phepomenon was confirmed through SEM images in
the studies of Selig et al [ 141, Donohoe et al. [ 142], and
Hu er al. [143]. According to Kumar ct al. [144], lignin
repolymenzation causes mivense etfects on the substrate,
such as reduced enzyme accessibility and increased non-
productive adsorption of cellulases, Eimiting the enzymatic
digestibility. It is important to note that this phenomenon is
generally reported in softwoods, a material rich in guaiaeyl
units [145],

Carbocation scavengens can be added at pretreatments o
solve this problem. Carbocation scavengess prevent lignin
repolymerization via competition foe carbocation [ 146, 147].
Tn particular, repolymerization problems cansed by formal-
dehyde cun be solved using ethanol es a pretreatment solvent
[148], The use of carboration scavengers 15 not innevalive
for treating lignecellulosic biomasses, especially when con-
sidenng the consolidation of the Kratt and sullite processes.
Tn cellulosic ethanol prodeciion, aromatic compounds with
high electron density have heen used as carbocation scaven-
zers. Wayman and Loru linst propuosed the use of 2-nuphithol,
& potent carbocation seavenger, to increase the delignifica-
tion of aspen woad after autohydrolysis pretreacment [ 149].
Li et al. [150] repurted the suppression of lignin repolym-
erization [rom aspen woud meal after adding 2-paphchol
in the steam explosion prerreatment. The authors achicved
delignification of up to 91'%% using 2-naphthol-ussisted pre-
treatment and reported that the pretreated material contained
only 4% (w/w) Klason lignin, Piclhop ¢t al, [146] used &
loading of (.02 ¢ of naphthol per ¢ of biomass in the steam
explosion pretreatnxent of spruce wood and repoerted an
nerease in enzymatie digestibiliny of S3% compared 10 the
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control experiments. Using wond sawdust as a substrate, Laj
et al. [151] ohserved that 2-nuphthal-7-sulfonate reduced
the adsorption of celluluses by 30'% and increased the sugar
yield from 36,4 1w S38%,

The use of aromatic compounds from lignocellulosic
biomass as carbovation scavengers has only recently been
tested, Pielthop et al, [145] proposed the addition of carechol
and resorcinol as carhocation scavengers for the autohydrol-
yats precreatment of spruce wosd, but sutistactory results of
enzymalic digestibility were not achieved, In wm, Zhai et al,
|152] observed that syringic acid, a phennlic acid derived
fram lignin, showed high potential us an additive for acid
pretreatnent of lodgepole pine. Pretreated materials with
syringic acid showed a significant increase in cellulosic
accessibility and an increase in the cellulosic conversion
from 18 w 70%. This fuct may represent un advance for
seplacing 2-naphtho! with gromatic compounds derived from
lignocellulosic biomass as carbocation scavengers.

The production ol carbucarbun scavengers, such us
L-naphihol, s still dependent on the petroleym mdustry,
2-paphthel is commaonly synthesized from the caustic fusion
of sodium [-naphthulenesulfonate with sodium hydroxide or
osadation followed by tewralin aromatization [153], While 1he
price of il derived 2 naphthol is estimated at approximately
$210.06%2 (on Sigma-Aldrich platforms), the costs involved
in producing naphthalenes (rom bgomn are pol yet well estab-
lished, Advances in the production of naphthalenes from

hydrodeaxygenation of lignin have recently been reported in
Kim et al. [154], Kong et al. [1535]. and Zhang et al. [156],
but the purification of products is a gap for more consist-
ent techno-economic assessments, In a way, this aspect
is also valid for the preduction of syringic acid (a poten-
tial carbocation scavenger) from lignin. In 2015, a patent
(ONT04693022A) establishes syringic acad production with
high parity and yicld from syringaldehyde [ 157]; the latier is
cormmaonly obtuined from lignin via oxidation methods and
s price is estimated at $22.00kg [ 158, 159],

Unlike carbocatinn scavengers, it is possible (o selve
problems of lignin repolymerization using surtuctants. Sur-
factunts wre wmphipathic melecules with two parts ol the
oppasite nature, one hydrophilic termination, and the other
hydrophobic termination, Surfactants are specialized mol-
ceules to reduce intertucial tensions, und they are applied in
differentindustrial sectors as emulsifiers, dispersants, foam
agents, among other functions [160, 161]. In prereatments
of hignecellulusic biomass, surfactunts can stubilize uny
lignin fragmenis in the liguid phase 10 prevent the deposi-
tion of lignin in the preweated material. Also, surfactants
cun amprove reagents’ penetration into lignocellulosic bio-
mass during pretreatments, leading 10 beter xylan solu-
bilization and delignification [162]. Several studics have
already reported the success of nonionic surfaceants for this
purpose, will erophiasis on polyethylene glycol |162-165],
Twcen 20 [162, 165, 166], and Tween 80 [162-165, 167].
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However, these surfactants can rase the 1olal costs and are
usnally ebtained from petroleum, so researchers have looked
for greener alternatives. Lignosulfonates are inexpensive,
renewible, bodegradable, and environmentally benign sur-
factanis compared 1© nonionic surfactants commonly used
in preaeatments [168]. According to Hoddsova et al. [76],
the price of lignosulfonates varies between 50,18 and 050/
kg, while the price of PEG is around S1.4%g. There is lit-
tle data on pretreamments assisted by lignosulfonates, and
they were found only in the studies by Xu et al. [ 168] and
Chandraeral, [169),

Xu et al. [168] evaluared lignosulfonate™s role in alka-
line pretreatments of corn stover 1n lerms ol final chemi-
cal compusition and enzymatic digestibafity ol pretreated
biomass, Pretreatments with only 2% (w/w) lignosulfonate
did not Jead to better delignification values but increased
glucuse yields from B0.5 w 83% using corn stover without
mechanical refining, According 10 the authors, more intense

effects of lignosultonate were vhserved in the presence of

anthraguinone due 10 the surfactant’s ability 1o promote the
penetration and distribution of anthraquinane, The values
of xylan recovery and delignification increased signiticandy
by 3% (p<0.05) and 6% ip <0.01) compared 0 the con-
trol experiments, They alse proposed to prepare lignosul-
fonare from the lignin removed after pretreatment, obtaining
a lignosulfonate in Joco. The prodoct was used for a new
Batch, oblamng results similar w the commiercial additve

Chandra ct al. [169] proposed a way to improve hemi-
cellulose recovery and enzymatic digestibility using two-
step pretreatment of goplar and hgnosulfonzle as additive,
Initially, a pretreatment used acid caralysts 1o increase the
recovery of hemicelluloses, und then a hydrothermal pre-
reatment was applied under severe conditions (200 °C and
5 min) 1o obtain a cellulose-rich marerial for enzymatic
hydrolysis, The authors reported thar the addition of 65
lignosullonate increased the bemicellulose solubilization
in sulfuric acid preweeatments, The additon of hignosul-
fonate did nor affecr the composition of pretreated poplar
(either celluluse content or Klasen lignin content); how-
ever, it improved enzymatic hydrolysis performance, Using
cellulases ar 10 FPU/2 of cellulose, cellulosic conversion
increused from 75% (control) o R0 (o 3% hgnesulfonute)
and 92% (10 6% lignosulfonate), respectively. This behavior
was artributed ro the adsorption of surfactant onto the sub-
strate, being confirmed 1n adsorption unalyses with Direct
Orange dyve.

In addinen 1o the improvements in enzymatic hydiolysis
already menrioned. the presence of additives (scavengers and
surfactants} can benelit bgnin valurization. Since the lignin
repolymerization in the liquid fraction is avoided, the lignin
recovered atter prerrearments assisted by additives has a
lugher content of B-O=4 bunds and Jess size distnbution than
condensed lignins, which makes lignin more valuable [146].

& Springer

This fact occurs mainly in pretreatments with lignin-based
carbocarion scavengers sa that lignin is not enly seabilized
but also the content of aromatic groups is incredsed | 146].

Detoxification of Hydrolysates via Lignin-Based
Activated Carbon

The vse of severe conditions 1n pretreatmenis guaraniees
the disruption of the lignocellulosic matrix, which increases
the accessibality of enzymes 1o cellulose fibers in pretreated
marenials [170], However, this procedure ¢an lead 1o the gen-
cration of fermentation inhibitors such as hydroxymethyl-
furfural (LML), furfural, aliphats acids (acetic acad, tornic
acid, Jevuline acid), and phenche compounds derived from
lignin [10, 20], Fermentation inhibitors accumulate in the
hydrolvzate, so it is recommended that pretrested materi-
als be washed after the pretreatment slep [6]. However, this
procedure cannet be performed in the hydrolyzate to avoid
sugar dilution, and another process must be included for the
treatment of fermentation inkhibitors [171, 1721,

Detoxification refers 1o the processes that eliminate or
mitigate the etfects of fermentation inhibitors. In the context
of cellulesic ethanol production, adsorption stands out as
a potential detoxilication method due 1aits high effective-
ness in removing furan alkichydes and phenolic componnds
and its casy implementation | 173, 174]. Adsorbents can
also be used for long penods of operation after regeneration
via heating or cluents [175]. Despite the undeniable per-
formunce of polymeric adsorbents in treating hemicellulose
hydrolysates, activated carbon has generally been used for
this purpose on the lahoratory scale,

Activated curhon is 4 carbonacecus materinl manutuce-
wred from (he carbonation or pyrelysis of organic raw
materials at high temperatures (500900 °C) followed by an
acrivarion step via the physical ronte (e.g., SO0-900C in the
presence of air, OO0, uxidizing agents, and steam) or chem-
sty {e.g, use of ZnCly, HiPOy, FeCl,, .80y, and K.CO,)
[176, 177]. AC has & porous structure with a high sorface
aren (SUC-SD00 m*/g) und a broud spectrum of functivnal
groups on its surface, which explains its high adsorption
capacity [178, 179]. Due to these advantageous character-
astics, AC 18 a uselul and consolidated adsorbent for several
industrial sectoes o treat bauid and gas streams [180]. Tow-
cver, the industrial use of AC in hemicellulose eatment
represents additional pressure on cellulosie ethunol's peofits.
One of the strategies Lo make (s application of AC feasible
1s to reduce the costs of preparing the adsarbent, being pos
sible throngh cheaper raw materials to the detriment of hard-
wuod and ol products | 180]. Authors bave wlready shown
suceess in the use of agro-industrial residuc as procursors
of AC, such as coconut fiber [181, 182], palm sced [133],
and sugarcane bagasse | 184, Revent studies bave proposed
solared lignin and lignin-rich fractions as precursoes of AC
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for detoxification applications to fully value lignocellulosic
hiomass.

Mussatto et al. |176] reported the lignn conversicn into
AC w detoxify hydrolysates vbtaned from brewer’s spent
grain (BSG). 1t is important 10 note that lignin was also
recovered from the liquor after alkaline prewreatment of
BSG. The operational conditions for the carbonation/chemi-
cal activation of lignin were optimized via an experimental
design, which lad to obtaining values of surface area up to
692 m’fg and micropore size up 10 0.433 cm'fe . 1he authors
observed that the use of lower lemperatures (300 °C) and an
avid: lignin ratio (gfg) equal m 1.0 were more appropriste in
termos of yield. n detoxficaten expenments, AC from BSG
hgnin reduced the levels of phenolic compounds without
compromising the sugar content of the hydrelyzate, These
results imply that AC from lignin can be competitive com-
pared 1o commercial AC,

Similar repons were observed in Yoshioka et al. [185].
They developed an in site detoxificadon with AC from
ligmin for ethanol production from £ globuins woud. ‘The
lignin used in this process was obtained from the enzymatic
hyelrolysis of pretreatest £ globwdus wood, and the carhoni-
zation was carried oul at 250-350°C for 2 h {see Fig. 5). The
lignin AC reached a surface area of 525 m¥/g and significant
remaval of inhibirars (- 85%), including furfural, HMF, van-
illin, und syringaldehyde. The authors also extollad lignin
AC's role in reducing the inhibition of Zvmemonas mobilis

3

and increasing ethanol production in simultancous sacchar
fication and co-fermentation (SScF) straregy. The authors
observed that the hydrolyzate environment obtained from
the microwave pretreatment of £, globalus led to complete
nactivation of the microorganism 1~0 g/1. ethanol), while
experiments with the presence of the adsorbent showed etha-
nol production equal to 54 /1.,

These studies make it clear that lignia residues are
attractive options for the producton of AC even becanse
the biopolymer has a high carbon content (arcund 50-60% )
[76] and the polysaccharide fraction is converied into prod-
ucts. The integration of the currents gencrates g scenario of
self-sufficiency, 10 which the purchase of commercial adser-
bents is dispensable, reduces the waste generation, and takes
advantage of the energy of the soluble inhibitors (since the
saturuted getivated carbon can be bumed) | L85]. Comparing
prices between commercnal AC (~S0.5-S1.5% g and the AC
obtained from lignin residues is complicated, The chemical
structure and lignin content vary accomding to lignocellulosic
biomass valonzation strategies, which strongly impacts AC
yield. Hoddsovd et al, | 76] also reported that the AC proper-
ties, such as the available surface area, affect the final price.

[ Cellulases { Yeast

€3

8 o

Lignocellulosic biomass Pretreatment

Lignin-rich residuns

S/ hydrolysis

; Fermentation

Activated carbon

Pyrolysis

Fig.5 Acbivated carbon synthesis from enzymatic hycralysis residues and its use in the in sitn decoxsfication appevach. | 184] Adupted from

Yisdioks =tal.
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Use of Lignin-Based Inputs to Improve Enzymatic
Digestibility

Enzymatic Hydrolysis Assisted by Lignin-Based Surfactants

The previvus sectiuns (especially Sect. 2) were devoted
10 showing the purpese of delignification, but this is not
the only selution to mitigate the eficcts of non-productive
adsorption ol enzymes onlo lignn. Studies on the use of
surfactants o improve enzymatic hydrolysis of lignocelly-
Tosic hiomass have heen carried our for some time. Small
dosnges of surfactants are added at the start of enzymatic
Iydrolyses and can ateract with the hydrophobic portions
of lignin, which blocks the nen-pmductive adsorption of
cnzymes [186]. Surfactants can also stabilize enzymes’
confurmution and even crease B catalyue sctvities |9,
1607, Orher possible mechanisms of sarfactants include pro
tection from thermal denaturarion, protection from denatura-
twon at the air-hguid interfece, und minmmzing the adverse
cffects of lignin and hemicellnlose inhibitory compounds
[1641]. Glimpsing the closed-loop biorefinery scenario, some
authors have investigured the use of lignin-based surfactants
as additives for enzymatic hydrolysis.

The cffeets of lignosulfonae an enzymatic hydraly-
sis were firse assessed in Liu and Zhu [187]. The authors
reported that complexes fonmed between lignosul(onates

and metals could increase the yields of enzy matic hydrolysis
of aspen woad afrer sulfite pretreanment, alse called sulfite
pretreatment, to overcome recalcitrance of lignocelluloses
(SPORL). Itis essential w highhght that this pretreaument
is similar 1o the sulfite process of the paper and cellulose
industry and that lignosulfonates are also generated in the
liguid phase. This behavier was proven after the authors reg-
stered that the results of ency matic hydrolysis of unwashed
aspen wooxd with the addition of | mmaolig Mg were equiv-
alent 10 washed aspen woud performance. In 2013, cther
studies also reporied that cellulolytic conversion of lignocel-
Tulnsic hiomass increused in the presence of lignosultonares.
Zhou et al. [138] discussed the wfluence of the lignosul-
fonate chain size on enzymatic hydrolysis, They observed
that the saccharification yield is inversely proportional 10
the molecular weight of the lignosultonate used. Wang et al.
[189] observed that the addition of lignosulfonate n the
enzymatic hydrolysis of pretreated lodgepole was beneficial
in an environment with pH 5.5, Zheng et al. [ 190] suggest
that hignesulfonates occupy the lignin binding sites of the
lignocellulosic biomass and establish electrostatic repulsion
forces hetween cellulases and lignin.

Modified lignins are also used as additives for enzy-
malic hydrolysis of ligneeellulosic biomass. Table 2 pre-
sents a compilation of stadics on the prepararion of lignin-
based surluctants and their use in enzymatic hydrolysis of

Table 2 Roveot pablcdions on enzymatie hycrolysis of anocellokos s blonsss assistal by lizni-bised sidsctants

Type ol surlactant Lignocellulosse biomass  Operational condston Hydrolysis pecfocmunce Relerence
ENL PEG Core slever 2% {wiv) pretrcated cora stoves 16.7F (eontrol) 1181
ecllulise lowding at 5 FPLYg: 50 70.1% 2 oL EHL-PEG)
A 200 rpen: 3 T2k
pH-respoesive lignin carner Carncod residoe 2% {wiv ) substrate; ool lulise TRIS (controly 1143]
loading a1 10 FPLYg: 50°C; 93.0% (3 2L pH-LC)y
120 rpen:z 4K b
Acnptuipiibic-ligne dervare St bagasss soeghin 1S (W) swodt songhum, 0-10% 455745 sugar vield (oontrol) [146]
{wsw ) PEGyluted hgnan: wel- SLI3% sugar vivld (10% wiw
luluse loading at 10 FPUE: 30 ALY
AC; 150 pm: T2k
KL-PEG Ewcalypvas wood 2% (w7 avid pretrested £ owoods WS (0 2 o'l KL-PEG) 1146]
5 10 FPLVg; 30°C; 200 rpm:
372k
Lignin ampholeric surfaciunt Corneod residue 2-15% (wiv | 59 FPUYg: 50°C,  32% {conbrol wsing 2% solid lowd-  [154]
200 rpen: 720 5
TN () 2l BS12 a using 2%
solic Inading and 5 FRIp)
A9 (contmol arasing 1549 salid
leading and & FPUge)
TOX {5 wL BS12 ut using 15%
solid Juuding azx) & FPU/E)
pH-respoesive lignin-nesed Huealypras wood T (wivi subsiate, S=10 FPLYR,  355% (conuoly [1495]

surtoeeont

PECGylated liznin Lucaliprus wood

SONC 150 rpim; SO

20 (o acid preteated
sybstzate; 10 FPUSE, 50°C;
200 rpa: 48 b

SUTE (10 oL additwes)
AR.2% ghicose yield (sanrral) [192)
B4 5% plovess yick) (3 2L

L-PEG)
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lignocellulosic biomass. Medilications of the EHL via PEG
1060 graft resulted in EHL-PEG, a polymer with surfactant
properties, as reported by Lin et al. |191]. The additen of
EHL-PEG led w a 705 increase n corn stuver digestibil-
ity, while PEG 1000 increased digestibility by only 52,3%,
Using dynamic light scacering analyses, it was possible
1o observe that BIL-PEG reduced the aggregation of cel-
lulases, which may have contributed 10 the reduction ol
non-productive adsorption onto lignin. Cai et al. [192] also
investigated the beneficial effects of ENL-PEG on enzy-
matic hydrolysis, In addition 1o reducing the non-produc-
tive wisorpaon of cellulases. EHL-PEG made it possible
10 recycle the epzymes by lowering the pll o 3.0, making
it possible 1o reduce the wtal costs. In other papers n the
same group, reducing rotal costs remained a concern, and
pH-responsive surfactants based on lignin were prepured
from moditication with 3-chloro-2-hydroxypropyl trimeth-
ylammaonivm chloride (CHPTAC) [ 193 195], The addition
of these surfactants reduced the non-productive adsorption
of cellulases and improved the sugar release compared w
control experiments (surfactant-free experiments). In Cai
ctal. [ 193], the guthoes observed that the surfuctant obtained
from the CHPIAC grafung could successfully recycle
enzymes [rom the Cellic Ciee? cocktail, mainly endoglu-
canascs I, endoglucanascs TV, f-glucosidascs, and xyla-
nases. Fatriasard et al. [ 196] reported that the hydrolysis of
kraft pulp from sorgham bagasse increased after the addioon
of PEGylated lignin from Acocia mongivor. The vicld of
enzymatic hydrolysis reached up to 76% in the presence of
105 (wiw ) PEGylated lignin, while the contrel experiments
reached only 453.57%. Lin et al. [197] reported the success
of the addition of polvmer kratt lignin-polyethylene glycol
(KL-PEG) in the enzymatic hydrolysis of dilute acid pre-
weated £ wood, KL-PEG showed high solubility and good
surface activity, which increased the sugar vields by up o
9. Also, KL-PLG increased enzyme longevity by 44%
and its stability, faeilitating s recovery and deercasing the
amount of enzymes applicd to the system. PEG grafting on
in-situ lignin can also be an aitractive way, as shown in Lai
ot al, [198],

Although surfactants are used extensively in converting
lignucellulosic biomuss into ethunol on the laboratory scale,
there is no extensive literature on the techno-economic eval-
uation of these approaches. Tu and Saddler [199] evaluated
the economic viability of ethunol production schemes from
precreated Judgepole pine usiog different concentrations of
Tween 80 (0.2 0.005%, wiv), The authors noted that the
use of L.2% (wiv) Tweea 80 conld reduce the costs associ-
ated with eneymes by 6% and the tolal production costs
by 8%. Tn 2018, Kadhum ct al, [200] claborated a wechno
economic evaluation of the conversion of Banagrass to etha-
10l via g separate sacchanfication and lecmentation strategy
using PEG and Tween B0 as additives. They observed that

surfactant concentrations greater than 2% (whw) compro
mise the ethanol profitzhility even though ir incresses the
ethanol titers generated. Based on these results, there is
& guod scenario for using bgnosulfonate as an enzymatic
hydrolysis additive considering its low cost compared 1o
nen-ionic surfactanes {see Seet. 4.1.2) that there are no sub-
stantial differences in performance. Pussibly, this s not the
same siluation as the surfactants oblained from the chemical
lignin mexdification. The use of expensive reagents for the
grafling of chemical groups and the purification of products
are required, which raises the prices of these surlactants,
Despite this, the ability w recyele cellulases 35 an asses for
lignin-based surfactants and, therefore, more econenuc data
should be evaluated in future studies.

Enzyme Recyding from Liquid and Solid Phase After
Saccharlfication

Other aspects must be discussed considening the phenom-
enon of non-productive adsorption of cellulases, Nakagame
et al, [201] investigated the influence ol protease-treated
lignin and fractions of cellulolytic enzymatic lignin on
the enzymatic hydrolysis of microcrystaliing cellulose. It
was observed that both isolated lignins increased the sugar
release and that this effect is direetly proportional o the con-
tent of carboxylic acid in the lignins. The authors sugeested
that carboxyhe acids partially alleviate the non-productive
binding of cellulases to lignin. Non-productive adsorp-
tion onto lignin &8 an undesiruble phenemenon for enzy-
matic hydrolysis performance, but it is useful for enzyme
reeyeling. The conventional strateay of recyeling enzymes
from the liguid phase is described in Fig, 3 and involves the
contact of the post-enzymatic hydrolysis liquid phase with
fresh lignocellulosic hiomass, while the sugars are dirceted
o ethanol fermentation. Examples of this enzvme recyeling
strategy were curried vut in the studies of Steele et al. [202),
Tu et al, [203], Du et al, [204], Wacnukul et al, [205], and
Kim et al. [206]. The recycling of enzymes from the post-
enzymutic hydrolysis residue is also possible since 115 a
lignin-rich matersal, Different reselts can be oblained with
the variation of the enzyme cocktail, type of biomass, and
uperational conditions: however, it is often reported that the
enzymes rerdined in the enzymatic hydrolysis residue are not
necessarily disabled even if this adsorption is irreversible,
Thus, surfactant solutions or pH adjustments can be cusily
pertormed (o desorb the eneyvimes retained vnto the solid res-
sdue (see Fig, 61, Yoan et al, [207] proposed the addition of
PEG to desorb 55% and 40% of the enzymes ohtained from
the acid preteeated com stover wixd alkaline pretreated corn
stover, respectively, Due o the greater adsorption capac

ity of acid pretreated lignin compared to alkaline pretreaced
lignin, & more sigralicant amount of enzymes coukd be recy-
cled. Shang et al. [208] reported thar a drastic change in pH
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Fig.6 Cellulase racycling via
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value from 4.8 1o 10,0 could desarb up 1o 85% of Spesyme
CP cellulases and achieve u glucose yield of TU.3%. This
resull was similar o the performance of the Grst run. Itis
essential 1o highlight that the ensyme recyeling using solid
phase in & single vessel can leud o mass transfer problems
due 10 solid matenial accumulation.

Lignins as an Electron Donor for LPMO
Recently, evidence has shown that lignin in enzymatic

hydrolysis goes further than celiulose adsorption and
may contribute to the activity of lvtic pelysaccharide
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monoonygenases (LPMOs). LPMOs are copper-dependent
enzymes thae catalyze the cellulose chain's breakdown and
other polysaccharides (such as xylan, chitin, xyloglucan)
and are currently included in commercial ensyme cock-
tails [204]. Unlike cellulose hydroalases, the mechunism of
action of LPMOs involves an oxadation reaction using the
presence of molecular oxygen or hydrogen peroxide as a
co-substrate and in the presence of a redueing agent [210).
1t is neceworthy that they can act in the most recalcitrant
strongholds of polysaccharides, the crystalling portions,
which leads to the disruption of the structure and greater
accessiblity of hydrolytic enzymes [211], Diterent reducing
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agents can trigger the action of LPMOs, including enzymes
[212, 213]. photosynthetic pigments [214], and phenolic
compounds [215-215]. As previously mentioned, hgnin has
a gh electron density and, therefore, it is considered an
excellent reducing agent for LPMOs via direct inleraction or
Tong-range clectron tmansfer [219]. Lignin can perform long-
range electron transfer by mediatng phenolic compounds,
which serve as electron transponers for LPMOs. Afier oxi-
clation, phenalic compounds are redoced again by donating
electrons from ligmn and can restart the mechanism (see
Fig. 73 [209, 219},

Dimarogona et al. [220] reporeed that the addition of
enzymes of thermophilic fungus Sperorrichum thermophiie
mereased the sugar release inexperiments with lignocel-
lulosic binmasses. The authors sugacst a syneraistic effect
between lignin and the hydrolyzed substrute since enzymatic
hydrolysis performance increased lnearly with the hgnin
content, Rodriguez-Zufiga ¢1 al. [216] investigated the role
of oxidative enzymes, such &5 LPMC), in the enzymatic
hydrolysis of agro-industrial residues (sugarcane bagisse,
wheat straw, and corn stover). When compared (o the ather
pretreguments. it was observed that the hydrothermal pre-
treatment increased the lignin contenlin the pretreated mate-
rial and, therefore, provided higher values of LPMO activity.
Nier al, [221] observed that lignin deposited on celinlose
coukd reduce LPMO tor cellulose oxidation and incresse the
cellulose-based film yield by 26,0%. The authors reported
that the results of the in-sitn reduction by lignin exceed the
performance of ascorbic acid. a recognized LPMO-reducing
agent, in erms of exadation efMciency and lower production
of hydrogen peroxide.

Lignins as an Enzyme Immobilization Support

The improvement of the enzymatic hydrolysis of lignocel-
Julosic blomass can also be achieved through the enzyme
immobilization onte lignin-based supports, The enzyme
immobilization consists of a procedure thar restricts the
mobility of the enzyme, which allows the reuse of enzymes
in new batches and facilitates product recovery [222].
According to Marschbicher ee al. [223], the immaobiliza-
ton of enzymes also guaruntees better vperationul stability
and enables 1he enzymatic operation in a continyous flow
regime. It is worth considering that the success of cnzyme
immobilization s strongly hnked to the immoebilization
method (such as adsorption, covalent bonding. entrapment,
and combinations) and the choice of immobilization support.

Natural polymers {such as cellulose, chitosan, collagen,
k-varrugeenan, among others) are olten used as immo-
bilization supports since they are abundant and are cco
friendly [224]. Enzyme immobilization studies involving
lignin-based supports emerged alter lignin valorizalion
beeame a hot topie, Lignin offers low cost, low oxicity, and

bincompatibility, Also, lignin has a high availability of fune-
rional groups susceptible o chemical madifications, being a
desirable charactenistic for the immobilization of enzymes
by covalent bonding [225]. 1tis worth considering that the
phenamenon of cellulases” adsorption is somewhat a method
of enzyme immohilization, but it his already been discussed
n the previvus sections and does not require efforts 1o make
the immobilization support, Here, successiul cases ol pre-
paring lignin-hased supports for enzyme immobilization
were discussed,

The hirst studies of enzyme immobilization with lignin-
hased suppores involved enzymes distinet from the cel-
Julosic ethanol scheme, such as lipases [226], q-amylase
[227], B-galacrosidase [225], and laccase [225]. Although
these studies do net follow the main direction of the paper,
they did provide indications of the performunce of lignin as
an enzyme immobihzation support, Zdarta et al, [226] pro-
pesed using a chitin-lignin composite to immobilize lipases
from Aspergillies nigee. o hydroluse capable of degrading
fats, The authors mentoned that 1he composite achieved a
catalvtic activity of 5.72 mU and more excellent siability
to temperature and pH stresses than free Tipase. The cata-
Ivtie acuvity decreased shightly with the number of recy-
cles, and BOA of the cellulolytic activity was maintained
after 20 cycles. Gong e al, [227] evalnared the feasibility of
o-amylase getivaton und immobilization using lignin trom
bamboo shoots, The eneyme immobilizaton mechanism is
based on the adsorption of a-amylase, and it was observed
that the catalytic activity increzsed by two tmes. Immuobi-
lized -amylase also improved its catalytic efficiency and
storage stability. Unexpectedly the immebilized enzyme
showed Iess operational stability thun the free enzyme;
however, the resudual activity remaned above 50% afler
14 reeycles of the immaobilized enzyme. Amino-modified
lignin microspheres (A-LMS). derived from materials such
as krufl Lignin, can also be used to support the immobiliza-
tion of P-galactosidase and laccase as deseribed by Bebid
ct al. [191]. Different immaohilization conditions were tested,
ncluding various wlginate concentrations (A-LMS_5 und
A-EMS_103 and pIT values. Electrostatic interaction is pre-
dominantly between [i-galacrosidase and A-LMS 5, while
clectrostutic und hydrophobic interactions are nvolved in
lzccase immobilization, Tt was also cbhserved that immobi-
lized [i-zalactosidase demonstrated reasonable specificity for
the synthesis of galuctooligosaccharides trom lactose.

In the context of cellulusic ¢thanol production, Padilha
ct al. [33] proposed magnetic immohilization support
with lignin coating for P-glucosidase immaobilization.
f-glucosidase plays o lundamental role in the course of enzy-
matie digestibility of lignocellnlosic biomass, Green cocenut
fiber (GCF) was used as 4 lignin source after organosoly
pretreatment, which was extructed Irom sodium hydroxade
pretrctment, and vas precipitated in the peesenee of R0,
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nanopartcies o oblain a nanomeiric composite hignind
Fe,0, (see Fig. 8). The immabilization of [i-glucosidase
by the addition of epichlorohydrin, 2 covalentierosslinking
agent, showed better catalytic actvity and stability than the
enzyme immobihized by adserption, In companson with
the free enzyme, fi-glucosidase immobilized on lignin/
Fe, O, nunoparticles obtuined a good digestibility perfor-
mance of crystalline cellulose and organosoly pretreated
GCF, presenting approximately 22 and 7 2/L reducing sug-
ars, respectively. Since the immobilization support has a
magnetic core, Lthe recycling step was simplified by using
a magnel, and the immaobilized enzyme was reused three
times without strongly altering the results of reducing sug-
ans. Magnelic separation can be an attructive lechnology o
simplify the recovery of immobilized enzymes, but some
difficultics should be considered for larger scales, as noted
by Jorgensen and Pinelo [227). The need for high cthanol
titers in the industrial seale forces the operation with high
selid loadings: this fact can be a complicating factor since
there is u decling 1n separation efficiency due o increased
viscosity and mass loss by penetration info the biemass {in
the case of nanometric enzyme immobilization supports).

g Springer

Insights and Future Perspectives

The integration of lignin recovery with cellulosic ethanol
technology gives hope not only for solving economic prob-
lemis bur also can promace environmental henefits. Looking
al the consolidation of biorefinery concepts., the approaches
shewn in this paper should partially solve the contraversial
use of chemicals obtained from petroleum in the pretreat-
ment and enzymatic hydrolysis, The approaches represent
progress in reducing wasie generation and reducing the
curhon fooeprine of the whole process. The economic and
eovironmental aspects raised trovghout the papers must
be mvestigated more deeply n future studies, We point out
that mast of the studies with cellulosic ethanol production
assisted by ligmin-bused inputs have been camried out in the
last five years, and there was a greater concern in extolling
the eriginality brought hy the strategy.

For example, lignin-hasesdt bio-ILs and DES are prepared
from phenolic compounds, such as vamlhn, p-coumaryl
alcohnl, syringic acid, or 4-hydroayhenzaldehyde, which
are considered to be high-priced products. According to
Hoddsovd el al. | 76], the prices of phenolic compounds are
cstimated at$10.0 § 110.0/kg and exceed the prices of car-
hen fibers ($18,0-526.0vkg) and primal substances such as
benzene (S1.0-32.0/kg). toluene ($1.0-52.7/ke) and xylene
($0,5-82. 2% ), In this sense, the use of bio-11s and hignin-
based DES in pre-freatments may he problematic since the
scheme wims to obtain cellulosic ethanol, whose price is
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estimated at only $0,95/kg, The sale of most of the produc
tion of phenolic compaounds derived from lignin is prohahly
a more assertive decision, considering that a small fraction
18 destined for the preparation of bio-1Ls and DES, Investiga-
tions on 1he recycling yield of lignin-hased bio-11.s and DES
and their effects are also recommended.

Among the proposals shown, we believe that there
is a greater chance ol success with the approaches using
lignin-hased actvated carbon, lignin-hased surtuctants, and
ligrmins s enzyme immobilizaton support. The addition of
lignin-hased activated carbon can eliminate the presence of
furans and hydrolyzed phenolic compounds and can trig-
ger Lthe scheme to finally reach attractive ethanol tlers (see

‘ushuka et al, [1857). The preparation of lignin-based sur-
factants based and enzymes immobilized on lignin supports
involves simple reactions so that steps of lignin depolym-
erization and separation of monumers are discarded; alse,
these approaches lead 10 reduced enzyme consumption, as
mentioned in Seets. 4.3.1 and 4.3.4. Considering surfactants
and enzyme immaobilization supports, we still see gaps 1o
be eaplored. Lignin-based surfactants showed goed resulis
in enzymatic hydrolysis, but there are no daty about their
effects on ethanol fermentaton performance, bxcept Lou
et al. [ 19), there is no study of the eytotoxicity of lignin-
based surfacrants on fermentation-producing yeasts or even
investigations on the 8Scl” performance. \ith the discov-
ery that lignins can contribute 1o the cellulose breakdown
by LPMO action (see Scer. 4.2.3), there is also the doubr
whether lignin-based surfactunts’ benehits can be attnbuted
only 1o the minimizaten of non-productive adsorption of
cellulases or if there is any contribution from lignin-LPMO
interuction. In Paciltha et al. |33, lignin was used s o cheap
matrix (o immobilize B-glucosidases, a key enzyme for enzy-
matic synergism, but ne auempt was made to immobilize
nmultiple enzymes. Like fi-glocosikdases, xylanases have dif-
heulties being recycled alter enzymatic hydrolysis or S8l
and, thercfong, it would be interesting e check how effective
the immobilization of -glucosidases and xylanases in lignin
cutnposites would be. Alse, it is interesting to mvestigate
whether this enzyme immobilization support limits the avail-
ability of cellulases by noa-productive adsorpeion.

Ancther insight obtained from the wlorementioned swud-
ies comes from the fact that the synthesis of hignin-based
chemicals and materials was carricd cut mainly with lignins
avquired on the market, amony them Kraft hgmns, lignosul-
Tonates, and LHL. Understandably. the authors have chosen
these technical lignins since there is & berer knowledge of
their chemical structures and physicochemical properties.
Studies mvolving Kralt lignins, lignosulfonates, and LHLS
provide valuable information and validae the ides of ine
arating lignin recovery and cellulosic ethanol production,
bul we cunoot pecessarily consider them as closed-cyele
bacecfinerics, Kraft ignins and lignosulforares are produced

in the paper and cellulose industries and, therefore, must be
purchased for the cellulosic ethunol scheme. There is also
no coincidence between the sources of biomass {substrate
for ethunol) and the hgmn source cbtained from enzymatic
hydralysis (raw material foe lignin-based additives), the lat-
ter wsually comes trom cornenhs. As reported in Sect. 3,
lignin 18 a heterogeneous polymer whose chemical com-
position is strangly dependent on 1he biopolymer source,
This tact raises the question of whether the lignins from the
cellulosic ethanol scheme will have reactivity comparable
10 the technical lignins mentioned, This sitwation is more
complicated for the preparation of lignin-hused hio-[Ls, and
DLS since the vields of lignin depolymerization and muono-
mer separation are difficult 1o predict.

Conclusions

The establishment of sustainable schemes with lignocel-
lulosic biomass invariably involves the enhancement of
lignin, Lignin-based products can increase gains in cellu-
losic ethanal production and reduce dependence on petro-
leum products in a clesed-loop biorefinery approach. Recent
studies indicate that lignin derivatives can act as pretreat-
ment agents rhat offer lower cost, less roxicity, and biodeg-
radability. Residual enzymatic hydrolysis lignins can be cas-
iy converted 1 acovated carbon o detoxity hydrolysates
from lignocellulosic biomass, In addition 1o lignosulfonate,
ligmin-rich fractions cun be transformed into surfactants in
the presence of PEG to mimmize non-produc iive adsoeption
of cellulases. The improvement in the catalytic activity of
LPMO and the possibility of anchoring auxiliury enzymes
should also be extolled as positive effects of lignin, Techno-
cconomic assessment and life cycle analysis studies should
he carried onc in fumre studics w0 strengthen the proposed
approaches. The results of approaches assisted by lignin
inpats, which were observed on i laboratory scale, should
also be validared on larger scales. In summary, old concep-
tions ubout hgmn sheuld be left out in the fuce of new evi-
dence that appears in the leratare, whether inis the fact tat
lignin cannoe generate moncy or that it s just a villain in the
production of cellulosic ethanul.
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Pre-treating Hgnoceltulosic biomass 1s 3 majer echnalogical challenge, Recycling the liguid Iracton may
reduce chemical inpurs and water use but may have lower efficiency, Seven chemical pre-treatments af
sugarcane bagasse were compared: four acids (sulfuric, ame, phasphoric. and axalicl. two alkaline
(sodimm ad calvium hydroxides) ad an oxidative (alkaline bydrogen peroxidel The ligud fections
Tesnmng fram these pre-Ieatmenrs were seused up m fee times. After cach pre-trearment cyele, the
sold fractiva was hydrolyzed with Celluclast 150 enzyme ma 1210 sobd- bgued rasio. Sulfunc and exalic
acids solubilized 30% ol the hemicelluluse over the ccles Sodivum and calcivm hydroxides and hydrogen
peroxide removed Bgnin until the fousth ¢ycle. Abaue TOX of lignin wene comovwed with dkaline hydrogen
pernxide, This pre-treatment kead ta the highest gluonse release afrer the enzymatic bydroivsis, ahowe
S0 n the three oycles analyzed. The best efficiency in enzymatic hydralyss followed the order H0;
alkalinze = KaOIl = uxalic acid = phosphivesc acd = 15504 = cittic acid = Ca (081, Wil the recycling.
more than B2 in reagents used In the are-treatment af sugarcane hagasse were saved, enabling an
ecenumy in the costs at this stage of the process
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1. Introduction

The search for more sustainable technological solutions has
driven an energy revolution o replace fossil fuels and their de-
vatives, This reglacement is necessary in views ol the envinon-
mental impacts on the hydrosphere. lichosphere, and atmosphere
associated with the use of fossil fuels |11 Biomass plays a funda-
mental role in this revolution. It is able to offer large quantities of
liguid. gascous, and solid biofucls. in addition to high valuc-added
chemicals and can supply up to 302 af the energy demand of the
humanicy by 2050 [2].

* Cocrespending aurhoe, Departame oo & Encogla Nudlear, Universidade Fedesad
de Pernpmmioco, A, Pre€ Moraes Rego, 1235 Ukade Universiiana. 50790-540,
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‘The worldwide Lignocellulosic biomass production. excluding
woad, is estimated 1o reach 28 hillion tons [3], being 520 million
tons in Brazil [4]. Sugarcane bagasse stands ourt for its expressive
production associated with the cultivation of sugarcane to produce
sugar and ethanol The 20092020 Brazalian sugarcane harvesl s
estimated at 622 milllon tons. generating approximately 180
million tons of bagasse | 5].

Currently, biomass is used mainly by direct buming to praduce
thermal and electric energy (6], with less preduction of consoli-
dated bioluels, whether liguid or gaseows, sich o ethanol, bio
dlesel, and blogas |2 It Is estimated that the annual production of
these biofucls reaches 120 billion liters of cthanol and biodiesel [ /]
and 25 billion m? af biegas [21 In addition w thenmal, electical
energy and consolidated biofuels, bxomass has been used to pro-
duce advanved fuels and chemical compounds with high added
valve through the ochemical biomass processing  pathweay.
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Examples are the production of the ABE muxture (acetone, butanol.
and  ethanad)  [8], sugarcane  ciesel,  13-propanediol,  poly-
hydrealkonates, and aviation biafuel [9,10].

The use of this lignocellulosic biomass to produce second-
generation bioluels by the biochemical pathway generally re.
quires several process steps: [1) pre-treatment, (2] hydrolysis, (3)
fermentation, and (4] prodoct recovery, Each stage presents tech-
nictl and economic challenges, the greaest of which is pre
treatment. Pre-treatment mechods aim to solubilize and scparate
one or mare companents of the plant cell wall and release them far
subsequent steps af enzymatic o acid hydrolysis and fermentation
or biodigestion [11]. Fre-treacment is essential doe to the crystal-
line natnre ol celinlose, the physical haerer fonmed by Jignin and
the presence of complex interactions between hemicellulose and
celulose, Pre-treatmens must achieve four basic objectives: (1)
separate the matrix from lignin; (2) reduce cellubose crystallinity,
73} increase the amorphous fraction of cellulose; and [4) solubilize
hemicellulose. These objectives aim to make cellulose more
accessible to chemical and blological hydrolysis [12].

Pre-treating can be physical, chemical, biological. or combined
methds [17] Fach methad has advaniages and disadvantages,
such as the high energy consumption of the physical methods [ 141
the high input consumption of the themical methods [ 15], and the
long time required by the biological metheds |16}

Chemical pre-treatments have characteristics that allow their
widespread use in the pre-treatment of different types of ligno-
cellulosic bomass [17), such as solubilization of hemicellulose in
acid pre-wreatments, removal of lignin in allcaline/oxidaove pre-
treatments, and separation af polysaccharides by ionic liquid pre-
treatments [15]. Examples are the use of diluted acid {19], sedium
hydroxide [20], peroxide alkaline hydrogen [21]. ozone [22], and
jonic liguids [23], for the pre-treatment of sugarcane bagasse.

After pre-treatment, the liquid and the solid fractons are
separated, the solid fraction being the pre-treated Domass which is
used in the continuation of the process and the liquid fraction may
be discarded or ve-used Re-use of the liquid fraction can take
advantage of the chemical reagents still available but their effi-
ciency tend to decrease after cach re-use cycle [24]. Several studies
have already highlighted the impartance of recyeling the liquic
fraction during the chemical pre-treatment of different types of
lignocellulosic biomass, and have addressed bowe this technology
can contribule ta the reduction of inputs axd energy in the pra-
cesses |25).

Thus, the abjective of this work is to compare seven types of
sugarcane hagasse pre-treatments and o evaliale the use ol suc-
cessve recycles of the liguid fraction after each chemical pre-
treatment cycle without adding or correcting the reagents, and to
measure the efficiency ol the enzymatic hydrolysis after each cycle.

2 Material and methods
2.1, Riomoss sounce and processing

Sugarcane bagasse was cbrained from the "Olho d'Agua” sugar
and alcohol plant in Pernambuce, Brazil, It was washed under
runoing water, dried in an oven at €5 °C lor 48 I, crushed with a
knife mill, sieved to a 20-mesh particle size. and stored at —-20 °C
for later analysis of chemical composition and use,

2.2, Pre-mreatments af sugarcane bagasse

221 Acids

Solutions of sulfuric {1,5%) |26], citric {5,0%), oxalic (5.0%) [27]
and phosphoric aclds (1.0%) | 28] were used separately in the pre-
treatment of sugarcane bagasse at a ratio of 10% wiv. in autoclave.

Amewndiz Loevgy 174 (2021 blu-4e2
at 121 °C and 1 atm for 30 min, with a reaccion volume of 250 mL

222, Aikaline

A 32 (wiv) sodium hydeoxide solution was added to the sugar-
canc bagasse [10% wv) and autoclaved at 121 °C and 1 amm for
30 min | 24). Galcum hydraxide veas 1sed at a ratio ol 055 g of Ca
(OH)z g " of dry blomass for a final volume of 250 ml of solution on
A shaking table at 150 rpm and GO °C for 24 h |25,

223, Oxidative

Hydrogen peroxide solution 7.5:% viv, with acidity adjusted to pH.
11.5 with 5M NaDH solution [29)], was added at the same ratio to
bagasse blomass as already described (108 w)v) and the mixture
was transferred to Erlenmever flasks placed on a shaking table at
IS0 pm and 25 °Clar 1

2.3, Recycling flquid fractions

All reactions, except for that with hydrogen peroxide, were
carried out in 100% semipermeable polypropylene bags, which are
inert [20], to recover biomass in the most efficient way possible, As
the reaction with hydragen peroxide and lignecelivlosic biomass
releases a great volume of oxygen, the polypropylene bag would
prevented s expansion, making this pre-treatment inellicient.
Thus, the reaction was carried out in 2-L Erlenmeyer flasks. and
then Rltered through polypropylene fabrc. The processes were
carsied out in triplicate.

A the end of che reaction, the mixtures were removed from the
autoclave oo fram the stirving table, cooled and squeezed by hand
(manual pressure] o recover the largest possible velume of solu-
tion, separating che liquad and the solid fractions. The solid fractions
were washed until reaching pH 7 and placed inan oven ot 655 °Clo
dry. After drying, the solid fractions viere welghed to determine the
propoction of recovery, The Jiquid fractions were used for a new
pre-treatment cycle. The recovered volumes were measured (o
calculate the amount of new bagasse biomass w be mixed to
maintain the 1:10 ratio of bicmassivolume already used in the first
pre-treatiment cycle.

In the newr cycle, the liquid fractions obeained from the previous
cyrle were used ta react with the new amounts of bagasse without
any addinon of chemical reagents and follovang all procedures
alreacy described abowve, Since the volumes of the Jiquid fractions
decrease alter each ceele, after some eyeles the remaming solution
volumes would be too small to be worthwhile to run & new ccle.
Based on a previous work [25] five cycles (four repetitions of the
pre-treatment) were expected o be run, Howeser, in the cases of
the citric and phosphonic acids and the calcium hydroxide, only
laur cycles were perlormed because the volume of liguid fraction
resulting from the previous cvcle was too small. Since the number
of passible cyrles is an inherent characteristic of the pre-treatment
salutions, they were compared cansidening their tolal cpces. To
analyze the rtechnical feasibility of using the applied pre-
treatments, three recycling parameters were measensd along the
cycles: pH, volume of solution recovered, and biomass recovered, as
established by Alencar eral. [20].

To caleulate biomass recovery, bags containing the biomass
were dried at 65 “C for 24 h te determine the recovered biomass
content, according, to Fouation [7):

Whag

Biomass recopery (% — =100 iy 1

Where Wob is the mass of polypropylene hags containing the
sugarcane bagasse. Wbag Is the mass of the empty polypropylene
bags, and Whio is the biomass mass.
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24, Characterizanon of blomass

The vaw bagasse and the pre-treated sugarcane hagasse were
used to determine the levels of extracts, polysaccharides {cellulose
and hemicellulosel, lignin, and ash using the methad proposest by
Van Seest [31]. Neutral and acid detergents were wsed 1o quantify
the parameters of NDF (neutral detergent fiber; and ADF (acid
detergent fiber ), and digestion with sulluric acid 72% vlv was used
to quantify the ADL (acid detergent lignin)

The percentages of delignification or hemivellulose salubiliza-

tion efficiency tor pre-treated Meomass were determined wsing
Equation [ 2}
E (%1~ 100 .(g')'l()ﬂ] Eq. 2
Where £ is the pereentages of delignification or hemicellulose
salullization ellicency, Peis the pecentage ol Tigein or hemicel-
lulose remaining in the pre-treated sample of the corresponding
vycle, andd Pin is the lignin or hemcellulose content present in the
Tresh Biomass.

25 Colevletion of inpul rediectinn

The reduction in the vse of chemical reactors was estimared by
recyeling the liguied fraction for each type ol pre-treatment, This
reduction was calculated based on the conditions of the initial pre-
treatment reaction and is described in Equation (2):

N
*
Mﬂ_) 100

Where Br is the percentage of reagents reduction, Nis the HxO or
reagent volume or total NaOH mass used in the tests with recycling,
and Nw is the K0 or reagent volume or mass used only in firsc
cycle tests, The reagent wolume used in the pre-treatment was also
detenmined in relation to the pre-treated biomass mass, accarding
to Equation (1)

i) (l Eq. 3

Vhp (mL)
V== .4
mig) E
Where Viig Is the reagent volume used for tests with or without
solution recycling, and mois the pre-treated hiomass in this solution.

2.6, Enzymaric hydrolysis

The pre-wreated biomass was subjected to enzvmatic hvdrolysis
in 125-ml Erlenmeyer Aasks containing 2 i of pre-treated hiomass,
with an sazymatic lawd ol 10 FPUg of hagasse al the enzyime Cel
luclast 1.5L Novozymes, and citrate buffer 50 mmol/L pH 4.8, for a
reaction valume of 20 ml. The Edenmeyer lasks were incubated on
arotating shaker at 150 cpm and 50 °C for 48 T Alter this period,
the matenial was centrifuged ac 12,000 rpm for 5 min at 20 °C. The
supematant was Frozen for subsequent gquantibication of carbohy
drates. The conversion of cellulose and hemicellulose was deter-
mined by Equation (5

C=

= = Tet00 Eq. 3

5”‘ ﬁ:u) oo
Where C is the pereentages of efficiency conversion of cellulose ar
hemicellulose into glucose o xvlose, 3! s the solid load of blomass
(gL, " is the percentage of cellulose or hemicellulose in the in

Aemzwnbiz Lragy 174 {202 bb-Ge2

nacura bagasse blomass. and Cf is the converslon facror of cellulose
or hemivellulose inta glscase [1,11) or xykose [(0,83)

2.7, Anaiytical methods

The contents of carbohydrates and ethanal were deternmined by
high performance liquid chromatography (HPLC: Shimadzu Cor-
poration - Kyota, Japan} in an AMINEX-IRON HPX-B7H exclusion
column (Bio-Rad, Hercules, ©N, USA), and detectoe by index of
refraction (RIT; Shimadzu, R 10, The mohile phase was HzS04
(5 mMjat a flow of 0.6 mL min ™" and kept in an oven a1 60 -C.

3. Results and discussion
3.1, Pre-preatment liguid froction recycding varfables

In general, there was a tendency to increase the pH in pre-
treatments with sulfuric, citric, oxalic, and phospharic acids
(Fg. 1A The greatest varlation over the cycles occurred with sul-
furic acid (4,4 = 1.0} Sulfuric and oxalic acids acted within the pH
range nf 0.4 142 while the niganic acids (cilrie and oxalic] acted
wichin a broader range (20-2.8).

The alkaline {sodium and calcium hydroxides) and the axidative
solutions (hydrogen peraxide corrected with NaOH) had different
behaviors in relation to pH (Fiz. 1B). Those with NaOH varied by up
to four points on the logarithmic scale (pH 145 10.5) and that of
Ca{OH}» varied only 0.5, a vaciation similar to that of the organic
acids. The two solutions with NaDH [Hz0; with NaOH and NaOH
alane), ac the end of cycle 5, had almost the same pH value (about
10,7 The pH reduction during the pre-treatment occurs due to the
consumption of hydrexyl radicals resuling from the decomposition
of the hydroperoxide anion [32] in the pre-weannent with
hydrogen peroxide and in the consumption of hydroxyls that react
wille Liganin i the alkaline pre-treatment [29].

The volumes of pre-treatment solutions recovered over the cy-
cles gradually decreased, especially those of the ctric and phos-
phoric acids, with which only lour ceeles were run, since al the end
of the fourth cycle only 40 mL remained, a volume too lows to justify
afiftheyele (TFig. 1€ This reduction is due ta the propecty of organic
materials o absorb agueows solutions [33). The recovered volume
is an important parameter, since it imits the amount of biomass
that can be pre-treated by meeyeling, since the Biomassivolame
ratio must be constant to maintain the load of solids in the pre-
treatment [20],

The patterns of hagasse iomass recovery varisd both among
pre-treatments and along the cycles (Fig. 100 Even pre-treatments
with the same group of solutions, acidic or alkaline. differed, The
biomass recoveries with axalic acid were around 708 in the lirst
four cwcles and those with NaOH varied from GO to 82% being
greater in the intermediate cycdes, Therefore, the cation ol the sa-
lution incerferes wath the recovery patterns of the pre-treatments.
This is the most important parameter. as it indicates whether the
prectreatment was elfective or nol in remaving the Iradions ol
interest, which are hemicellulose for acids and limnin for alkali and
oxidative solutions,

Bagasse {n natura (without pre-treatment) had 41% cellulose,
30% hemicellulose, and 15% lignin {Table 1), values similar as those
found in the literature; Rocha e al, | 74} found 17465 for cedlulose,
26—-30% for hemicellulose, and 19—26% for lignin. The lower value
of lignin in the present work may have been due to the difference
between the characterization methods This work llowed the
methodology of Van Secst [4/] and Rocha et al. [4u0] developed their
own methodology.

Sulfuric and axalic aclds removed mare hemicellulose than the
other solutions. Both removed more than 75% over the cycles,
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Table 1
Suparvan: biomess charaderization alter dremical gee-treatments of an inrial bagasse portion anc of new portions pre-ireated ne-astme U liguid fraction of the previoos
e
Poetreatmenis Contenls (%) Cydde 1 Cyse 2 Oxcle 3 Qxke Cwle 5
Sutherk acld Ceidulase 55.50 = 187 G668 = 282 5752 £ 190 55864136 6804 137
Hemcellulose 5573 102 4.0 5 U354 531 - 044 A5 ¢ 02 AT L0353
Lignin ANl JRAR = 2FR 2RAS = 325 2431 £150 2A50NR £ 253 Bira LA
Ashes 4R3. 080 447 . 100 300 - 102 3654+ .03 2135 L 047
Citric acid. Ceidose - 4852 = 1895 4754+ U8 ALY 4 105
Heacellulos: N9 =00 2363 =070 260 =053
Lignin ADI 1745 =235 1547 £ 1LRD 1560 ¢ 105
Ashes AT L0 232 . 068 306 + 017
Oxalic ackl Celluduse 571 =020 5527 £2.20 5610+ 20 283+ 1M
Hemwellulos T =032 635 144 F2T =034 A55£0.23
Lignin ADL 2359124 2333 L 407 2125 4 255 2422, 156
Astes 381+ 143 2350 00 413 - 15 3506 v OLS 407 + 054
Thosphoric ackd Celluduse 30,25 = NR0 4336 = 131 4646 « 187 SR £ 055
Heoncellulase BEO-6M 1957 = 529 26845 £ 521 2161 £ 030
ugnin ADL 17570 1w 1829 - 188 1751 5 226 1848 246
Al LRR = NA4 1382081 G453 2 152 AR =065
Sodium hydroxide Coilulose 67.35 = 187 B6AL - 131 5291 + 553 5427 £ 245 20334128
Heocellulase M7 - 028 1132 = 1.65 17048 » 238 1939 4 151 W35, 08
Lgnin AUL nas LN ) 1484 + 148 TRIZE s DAy
Ashes 457 2 NA2 291 = QRR IR0 £ 035 RIS 007
Cakcium hydroxide Ceildose 3065 = 170 4557 122 Rt ]
Hemucellulose "7tz 2m 2930 ¢ 173 4Bl LS
Lignin ADIL 1055 = 180 1257 = 086 1203 =057 1585 2097
Ashes 2622 052 2384030 167 2034 23R & 045
Hydrogen peroxide Ceoulose 0.0 - 132 G402 - 239 5781 10 9998 + 175 L0500
Hezmoeellulose AW =2 W2y = 252 2511 = 160 JAUL 1006 RNEE2 100
Lignin ADL 4612 104 1106 = 83 1Haa 017 1327 £ 158 12852 1.4
Aehes 282309 250003 218 £ a6l 245 1 048 258 069
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reaching more than 80 in the first cycle (Fig. 21 Phosphoric acid
removed Jess han 3050 Therefore, regarding bemicellulose remonval
the st two are indicated far the pre-treatment of sugarcane
bagasse biomass. The similarity of removal with the inorganic
Ssulluric) or arganic [oxalic) avids shows that the nature of the acicd
does not duectly affece pre-treatment efficiency. Rocha et al. [35]
obained a removal of more than 90% in a single cycle pre-treating
bagasse with 1% wlv sulluric acd at 1% viv acetic acid and
applving a 10% w/v solid load. Although the combined action of
bath acids led to a greater efficiency in remaving hemicellulose
than thatof the present study, the increxse was relatively small and
the process costs were higher. especially without recyding the
salutions. Chandel #t al, [36] alsa ehtained the reminval of more
than 9% of bagasse hemicellulose pre-treating it with 3.5% wiv
oxalic acid ar 160 “C, for 20 min and 10% solids load. The higher
concentrations of the acid and the highes temperature may justify
the greater removal compared to that of the present study. How-
ever, Avei et al. [13] obrained a greater removal of corn straw
hemicellulose with phosphoric acid (682) using 0.78% vv of acld at
16181 °C, for 973 min, This removal contrasts with that of 30%
olained I Amnuaycherwa et al, | 32] [rom rice strav using 12,215
vlv acid at 126,19 °C for 1 h. This comparison and che work of
Chandel et al. [<2) empbasize the importance of high temperatures
in increasing hemicellulose remaval efficiency.

The removal of lignin by the cxidative-alkaline pre-treatment
{Hz0y, corrected with NaOH) was more efficient than that with the
alkaline pre-treatment, mainly in the first cvele (70%), decreasing to
around 35% in the second cycle (Fig. 21 This decrease indicates that
the radical products of the decampuosition ol FH0g, in the presence
of NaOH. are moce effective in removing lignin especially in the firse
cycle than the radicals resulting from the ionization of hases
However, the oxidative-alkaline solution was the mast unstable
over the five cycles. The removals with NaOH and Ca (OH): were
similar J30%) and both Jower han that with the axidative pre.
treatment since the first cycle. Delignification between 50 and
0% has been reported [37] and the variation can be attributed to
the type of pre-treatsd Biomass and the conditions ol pre-
treatment, Le. different temperatures, perexide concentrations
and applied salids loads | 23],
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3.2, Saving inpuzs during reqycling

The gquantites of reagents used in the pre-treatments during the
fve awles were relatively small, reaching 137 g per gram of
biomss with ydragen pemxide (Table 2), Recyding resulied in
reductions of mare than 50% of reagents and water in all pre-
treatments, corroborating previous works, which obtained re-
ductions of 60% of reagents and water by recyeling the allcaling
hydrogen peraxide solution in the pre-treatment of corn seravy | 30,
In contrast, Cheng et al. [ 28] reported reductions of 26% in water
and 40% in rexgents after three pre-treatment cycles of sugarcane
bagasse with alkaline solution (NaOH) supplemented at low con-
centrations (OG5 af HaO. These lovaer <avings can be athibated 1o
the low concentration of sedium hydroxide used (0.092 glg of
biomass), By comparing with pre-treatments without recycling
(Talile 23, there is greater reagent savings Hhat can be oblained with
recyecling, which proves to be a promising alternative to reduce
expenses with the pre-treatment stage,

1.3, Quendificution o corbubyvdnoes in the net froction of pre-
peatmients

AL the end ol each pee-treatment cycle, glucose and xylose were
detected onty in the Jiquid fractions of pre-treanments with sulfuric
and oxalic acid (Fig. 4], The concentrations increased throughout
the cycles due to the indirect removal of amorphous cellulose
during the process and its accumulation in the liquid fraction with
each new cyele, This avcurred because aew portians ol fresh
biomass were twreated with cach new ovcle. At the end of che cycles,
approximately 10 g L' of glucose accumulated in the pre-
teatments will oxalic acid and 8 2 L 7 in those with sulluric acid.

The accumulations of xylose after the fifth cycle were 68 and
61 gL |, respectively (Fig. 51 Aguilar et al, [49] obtained 107 gL '
of xylose in experiments at the same temperature as the present
study. but using 2% v)v sulfuric acid and 20 min of pre-treatment,
and 204 g 1. when the reaction time was increased 1o 40 min,
Comparing only the first cycle. the lower xylose concentration in
the present study (12,3 g 1Y) than that obained by Aguilar et al,
|39] probably resulted frem the Intermediate pre-treatment time
(30 min} and the lower aad concentration (155 vivl
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Table 2
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The accumulations of glucose and xylose throughout the cycles
are important o increase the productivity of ethanal in the
lenmentation [90) or in other industrial processes that use these
sugars, malnly xylese for the production of xylitol [41), succinic acid

42, gloconic amd xylonic acids (43,

14, Efficiency of erzymatic fydrolysis

‘The greatest efficiency of enzymatike hydrolysis occurred after
the pre-treatment with hydmgen peraxide, resulting in 2 cellulose
conversion of 97% In the first cycle, and greater than 5% In the
following two cycles (Fig. b), Alencar et al, [ 30] reported the same
behavior using concitions similar to those in this stody bat treating
corn straw. The pre-treatment with sedium hydroxide reached 63%
cellulose conversion in the first cycle and above 50% in the two
subsequent cueles, as oblained by Rabela et al. [25), using the same
conditions as the present study. In contrast, the pre-treatment with
calcium hyd roxide proved ta be inefficient asit resulted in less than
10% conversion. [n the literature, better efficiencies with this pre-
treatment have been obtained in experiments carried out at
higher temperatures [44).

Among the acd pre-treatments, the greatest conversion of cel-
Inlase accurred with phosphoric acid, reaching 715 in the firs
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oo opcle.

126



LL W L or Kooho Liss, KA Abees Aoy v ol

cycle, but with convecsions below 50% in the subsequent cycles.
Conversions with sulfuric and axalic acids were arox! 205 and
S0% The result af the fist cycle with phospharic acd contrases with
the greater removal of hemicellulose obtained with sulfuric and
oxalic adds, This indicates that chemical characterization alone is
not sufficient to predict the efficency of a pre-treatment, and that it
is necessary to confirm the effectiveness of the process with hy-
drolysis Despite the lower efficency in the lirst cycle, pre

treatments with sulfuric and oxalic acids deserve  attention
becauss they maintained constant conversions in all five cypcles
This shows a great patential of these pre-treatments with te reuse
technique, which can result in savings on reagents. Amnuaycheevaa
L al [52] compared several acid prectrsatiments of rice straw and
obcained becter results using oxalic and sulfuric acids. However.
they did not tested phosphoric acid.

The best hemscellulose inte xylose conversions were ebtained
by pre-treatments with sodium hydroxide and hydrogen peroxide.
reaching mare than 90% conversion in the frst cycle and remaining
above 50 in the first three cycles [P 7L

The best conversions with the acid pre-treatments were ob-
Tained] using sulluric (63%] and axalic acids (36%), anc it mast he
highlizhted chat chis conversion was maintained throughout the
five cyeles analyzed, In the reviews by Dutra et al [28), hemicellu-
lose conversions (S4—B1%) were Jower than those of the present
study. However, they were carried out with other biomasses, such
as rice husks [45] and microalgae [46],

4. Conclusions

The recycling of the liguid fractions in chemical pre-treatments
was ellicent with all pre-treatments, excepl that with calcium
hydroxide. The greatest efficiency in the first cycle was ebtained
with hydrogen peroxide added with NaOH, folloveed by NaOH
alane, Amaong the acid pre-weatments, the greatest efficiency was
obcained in the pre-treatment with phosphoric acd. Sulfuric and
oxalic avids also resulted in adequate #fidencies because they
maintained constant corversions througheut the flve cycles
allowing the reuse of the same solution for more cycles, The order
of pre-treatments aoccarding 1o their elliciences ol enzymatic hy.
drolysis were HO;-alkaline = NaOH = oxalic acld = phasphoric
acid > HzS50, = citric acid = Ca (OH ), With the reayeling, more than
B2% in reagents amd water usedd in the pre-treatment ol sugarcane

® Sulfurcadgd e Cidc acd
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bagasse were saved, enabling an economy in cthe costs at this stage

of the process
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