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RESUMO

A produgdo biotecnologica de xilitol e etanol mediante o cultivo de leveduras em hidrolisados
hemicelul6sicos obtidos a partir de residuos agroindustriais ¢ de grande interesse econdmico.
Isso porque, esse processo pode agregar valor aos residuos lignoceluldsicos, substituir o
corrente € oneroso processo quimico de obtencdo de xilitol, além de promover um
aproveitamento completo dos materiais, utilizando as fragdes celuldsica e hemicelulosica,
para a obtencdo de etanol, biocombustivel de grande interesse econdmico e ambiental. O
presente trabalho teve como objetivo ampliar os conhecimentos da producdo biotecnoldgica
de xilitol e etanol mediante o cultivo de Candida guilliermondii NRRL Y-2075 a partir de
hidrolisado de casca de soja (SHH). A melhor condicdo de hidrolise testada (125 °C; 1,4 %
(v/v) H2SO4; 1 h; 1/10 relagdo sélido/liquido) promoveu hidrdlise de 76 % da hemicelulose da
casca de soja, liberando, 85 ¢ 62 % de manose e xilose, respectivamente. Dentre os
tratamentos de detoxificagdo testados no hidrolisado de casca de soja quatro vezes
concentrado (SHH-4C), o carvao ativado (10 % (p/v)) demonstrou os melhores resultados,
apresentando alto indice de remocao de contaminantes, 95 ¢ 76 % para furfural e compostos
fendlicos, respectivamente. Os parametros cinéticos obtidos a partir do cultivo em SHH-4C
demonstraram que a pressdo osmotica desse meio ¢ maior do que a suportada por leveduras
osmofilicas, revelando a caracteristica osmotolerante da C. guilliermondii NRRL Y-2075. Os
cultivos realizados em frascos agitados empregando SHH duas vezes concentrado (SHH-2C)
resultaram na producao de etanol com altos indices de rendimento, ndo havendo produgao de
xilitol, devido, provavelmente, a uma varia¢do na preferéncia do cofator da xilose redutase
nesta levedura. Os cultivos de SHH-2C em batelada, avaliando-se a influéncia do coeficiente
de transferéncia de oxigénio em trés diferentes niveis (kpa de 0, 8 ¢ 46 h', respectivamente,
anaerdbio, microeardbio e aerdbio), comprovaram a possibilidade de produgao de xilitol a
partir de hidrolisado de casca de soja desde que condigdes limitadas de oxigénio (kia de 8 h™")
sejam empregadas, bem como, a boa fermentabilidade do meio dado o alto rendimento de
formacdo de biomassa sob condi¢des aerdbias (kia de 46 h™'). Os resultados obtidos no
presente trabalho revelam o potencial do hidrolisado de casca de soja em aplicagdes
biotecnoldgicas.

Palavras-chave: casca de soja, Candida guilliermondii, hidrolisado, etanol, xilitol.



ABSTRACT

The biotechnology production of xylitol and ethanol by yeasts in hemicellulosic hydrolysates
from agro industrial residues has great economic interest. This process can add value to these
materials; replace the expensive chemical processes currently used for xylitol production, and
makes the bioconversion of lignocellulosic materials into ethanol using hemicellulose in
addition to cellulose to obtain this biofuel of important economical and environmental
interest. The aim of the present work was to improve the knowledge about the
biotechnological production of xylitol and ethanol employing the cultivation of Candida
guilliermondii NRRL Y-2075 in soybean hull hydrolysate (SHH). The best acid hydrolysis of
soybean hull (125 °C; 1.4 % (v/v) HaSOyg; 1 h; 1/10 solid/liquid ratio) produced a hydrolysis
of 76 % of hemicellulose from soybean hull, liberating approximately, 85 and 62 % of the
total xylose and manose, respectively. Four-fold soybean hull hydrolysate (SHH-4C) was
submitted to different detoxification treatments, of which activated charcoal 10 % (w/v)
showed the best results, removing 95 and 76 % of furfural and phenol, respectively. Kinetic
parameters obtained from the cultivation of C. guilliermondii NRRL Y-2075 on detoxified
SHH-4C have shown that the osmotic pressure of this medium is higher than that supported
by most osmophilic yeasts, revealing the osmotolerant characteristic of C. guilliermondii
NRRL Y-2075. When cultivations were carried out on two times concentrated SHH (SHH-
2C) in shake flasks, we obtained high yields of ethanol production. Although xylose was
present in high concentrations, no xylitol was produced, probably due to some varying
cofactor preference of xylose reductase in this yeast strain. Batch cultivation of SHH-2C
employing as variable parameter the oxygen volumetric mass transfer coefficient (kpa),
evaluating three different conditions of aeration (kra of 0, 8 ¢ 46 h', respectively, anaerobic,
microerobic and anaerobic) revealed that it is possible to produce xylitol from soybean hull
hydrolysate if conditions of oxygen limitation are applied. Furthermore, this hydrolysate
readily metabolized under aerobic conditions (kia of 46 h™') rendering a high biomass yield.
These results showed the prospect of SHH as a candidate for biotechnological process.

Keywords: soybean hull, Candida guilliermondii, hydrolysate, xylitol, ethanol.
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1 INTRODUCAO

Os materiais lignoceluldsicos representam a maior fonte de carbono e, portanto,
energia renovavel da terra. Entretanto, grandes quantidades de residuos lignoceluldsicos sao
acumulados, anualmente, decorrentes da producao agricola, beneficiamento de cereais, dentre
inimeras outras transformacoes operadas com esses recursos naturais.

O acumulo de tais residuos desencadeia uma sucessao de problemas. Primeiramente,
encontram-se os problemas de origem ambiental, decorrentes do desequilibrio do meio
ambiente gerado pela decomposi¢ao descontrolada desse material. Entretanto, ha ainda o
problema de cunho econémico, dado que a degradacao desses residuos representa a perda de
potenciais recursos energéticos. Deve-se ressaltar que o destino, normalmente aplicado a esses
materiais, de suplementagdo de ra¢do animal ou adubo ecologico, representa a subutilizacao
de recursos passiveis de biotransformacdo a compostos de elevado valor agregado como
combustiveis (etanol), enzimas, antibidticos, polissacarideos, entre outros produtos de
relevantes aplicacdes na area alimenticia e farmaceéutica.

A conversao de residuos agroindustriais mediante processos biotecnologicos permite,
também, o desenvolvimento de tecnologia e ciéncia em paises subdesenvolvidos, onde este
tipo de material ¢ mais abundante justamente pelo fato de esses paises apresentarem grandes
produgdes agricolas, matérias-primas, e baixas producdes de materiais manufaturados, cujo
valor agregado ¢ superior. Além disso, uma visdo geral das publicacdes envolvendo tais
residuos aponta um aproveitamento regional de produtos, verificando-se producdes cientificas
empregando subprodutos do processamento do arroz por grupos de pesquisadores da China;
do milho, por grupos norte-americanos; assim como aqui no Brasil, o bagaco de cana-de-
agucar.

Nesse ambito, vale lembrar que o Brasil é o segundo maior produtor mundial de soja,
produzindo 95 milhdes de toneladas do grao das 216 milhdes produzidas mundialmente. O
processamento de todo esse montante de soja gera, aproximadamente, 17 milhdes de
toneladas de casca de soja por ano, cuja subutilizagdo como ragdo animal ndo elimina essa
quantia, a qual passa a ser um problema na esfera ambiental para a industria processadora de
soja.

A utilizacdo de residuos lignoceluldsicos em processos biotecnoldgicos exige, na
maioria das vezes, etapas preliminares de preparagdo, mediante hidrolise quimica ou

enzimatica, para liberagdo das fracdes celulosica ou hemicelulésica, seja na forma de oligo ou
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monossacarideos. Raros, mas ndo menos importantes, sdo 0s processos que empregam
diretamente esses materiais em sua forma integra como ¢ caso dos cultivos em estado solido.

A hidrélise acida diluida consiste em uma técnica fundamentada e bastante difundida,
de baixo custo, que rende a liberacdo das pentoses (xilose e arabinose) e hexoses (manose,
galactose e outros) constituintes da hemicelulose. Sendo a xilose o segundo aglcar mais
abundante na biosfera, os hidrolisados obtidos por essa técnica caracterizam-se por apresentar
a xilose como componente majoritario. Portanto, a utiliza¢do de hidrolisados hemicelulosicos
em processos biotecnoldgicos torna-se ideal para a producdo de diversos produtos.

Dentre tais produtos, merece aten¢do o xilitol, o qual tem se destacado dado suas
propriedades fisico-quimicas, seu elevado poder adogante e propriedades anticariogénicas e
cariostaticas, sendo amplamente utilizado em alimentos e bebidas, além de formulagdes
farmacéuticas. Além disso, a producdo biotecnoldgica de xilitol a partir da xilose da
hemicelulose de residuos agroindustriais ndo representa, apenas, a agregagdo de valor aos
residuos, mas uma alternativa mais barata de producdo de xilitol, posto que, pelo método
quimico utilizado correntemente, sua producdo ¢ onerada pelos processos de purificacdo da
solugdo de xilose e de separagdo do catalisador empregado.

A produgdo de etanol a partir de xilose de hidrolisados hemicelulésicos tem sido tema
de inimeros trabalhos cientificos. Isso porque, a utilizagdo de hemicelulose, que atinge cerca
de 50 % da composicdo dos materiais lignoceluldsicos, juntamente com a celulose para a
producdo de etanol torna o processo muito mais econdmico, posto que dessa forma,
praticamente, todo o material ¢ bioconvertido a esse combustivel. Além disso, tecnologias
alternativas para a producao de combustiveis nao fosseis e, portanto, nao finitos, mais baratos
que o petroleo e que emitam menores quantidades de gas carbonico, de forma a desacelerar o
processo do efeito estufa, tém sido intensamente investigadas.

O presente trabalho teve por objetivo ampliar os conhecimentos sobre a producdo
biotecnoldgica de xilitol e etanol mediante o cultivo de leveduras sobre o hidrolisado de casca
de soja (SHH). Para tanto, em um primeiro momento, foi elaborado o hidrolisado de casca de
soja utilizando-se a hidrdlise acida diluida. A fermentabilidade e possibilidade de producao de
xilitol e etanol foram verificadas a partir de experimentos cultivando-se Candida
guilliermondii NRRL Y-2075 sobre SHH. Além disso, verificou-se a influéncia do coeficiente
volumétrico de transferéncia de oxigénio na formacao de xilitol, etanol e biomassa, mediante

o cultivo de Candida guilliermondii NRRL Y-2075 em SHH.
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1.1 Xilitol — propriedades e aplicacgdes

O xilitol € um polidlcool formado por cinco carbonos (CsH;20s), com poder adogante
similar ao da sacarose, encontrado na natureza em frutas e vegetais (PEPPER; OLINGER,
1988). A extracdo de xilitol dessas fontes, entretanto, ndo ¢ economicamente viavel, dado que
a concentracao de xilitol em plantas ¢ relativamente baixa quando comparada, por exemplo,
com a concentracdo de sacarose na cana-de-agiicar (EMODI, 1978). Além disso, o xilitol
configura-se como intermedidrio no metabolismo dos carboidratos dos mamiferos de tal
forma que humanos adultos produzem, em média, de cinco a quinze gramas de xilitol por dia
(RUSSO, 1976).

Esse poliol caracteriza-se por sua lenta absorcdo e participagdo das rotas metabolicas
independentemente de insulina, podendo, portanto, ser utilizado como substituto de glicose
para diabéticos (YLIKAHRI, 1979). Entretanto, similar a outros carboidratos completamente
metabolizados, o xilitol caracteriza-se por uma fonte viavel de calorias, posto que um grama
desse composto confere 4,06 kcal (HYVONEN; KOIVISTOINEN; VOIROL, 1982). Dessa
forma, o xilitol ¢ comparédvel a outros carboidratos de lenta absorcdo, sendo 2,5 vezes mais
doce que o manitol e 2,0 mais que o sorbitol, apresentando mesmo poder adogante da sacarose
em diversas condi¢cdes (WINKELHAUSEN; KUZMANOVA, 1998).

A caracteristica mais importante do xilitol reside, entretanto, no fato de esse ser um
adocante anticariogénico, posto que nao ¢ metabolizado por microrganismos especificos
presentes na flora bucal, além de inibir a desmineralizacdo dos dentes e prevenir o
desenvolvimento de caries ja existentes (cariostatico) (MAEKINEN, 1979).

A dissolucdo endotérmica, ou calor negativo de dissolucdo (-36,6 cal/g) do xilitol ¢
uma importante caracteristica de aplicacdo tecnologica, pois confere excelente sabor e
sensacao de refrescancia nas cavidades bucal e nasal, similares a do mentol (EMODI, 1978).
Na tecnologia de alimentos isso significa que a utiliza¢dao de xilitol, em sua forma cristalina,
na formulag¢do de alimentos confere, no momento do consumo, a diminui¢cdo da temperatura
da saliva e, conseqlientemente, sensacdo de refrescancia. Tal caracteristica ¢ desejavel em
inimeros alimentos, tais como, gomas de mascar, balas, refrigerantes, sorvetes, entre outros
(NIGAM; SINGH, 1995). Gomas de mascar formuladas com xilitol sdo amplamente
comercializadas em paises como Finlandia, Alemanha e Suica (COUNSELL; ROBERTON,
1976).

Devido a suas propriedades fisico-quimicas, a utilizagdo do xilitol na industria de

alimentos tem sido ampla e crescente, principalmente, na producao de confeitos, gomas de
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mascar, produtos de panificagdo, geléias, chocolates entre outros (PEPPER; OLINGER,
1988). Outras importantes areas de aplicagdo tecnologica do xilitol sdo a farmacéutica e de
higiene oral, dadas suas propriedades.

Dentre as diversas vantagens de aplica¢do do xilitol como ingrediente de formulagdes,
destaca-se o fato de ndo participar de reagdo de Maillard responsavel pelo escurecimento, bem
como, a reducdo do valor nutricional das proteinas (PARAJO; DOMINGUEZ, H.;
DOMINGUEZ, J., 1998a), podendo ser utilizado em alimentos em que o escurecimento ndo ¢
desejavel e que necessitam serem processados em altas temperaturas.

Quanto as aplicacdes tecnoldgicas do xilitol, deve-se ressaltar ainda que o mesmo ¢
reconhecido como aditivo do tipo GRAS (Generally Regarded as Safe) pelo 6rgao Food and
Drug Administration e permitido para a dieta de diabéticos, segundo o Codex Alimentarius
(AGUIAR; OETTERES; MENEZES, 1999).

1.2 Produgcéo biotecnologica de xilitol

Correntemente, o xilitol é produzido pela reducdo quimica (hidrogena¢do) da xilose
pura obtida, principalmente, de hidrolisados hemicelulosicos de madeiras submetidos a
sucessivas etapas de purificagdo tais como cromatografias de troca idnica, exclusao molecular
e outras (HYVONEN; KOIVISTOINEN; VOIROL, 1982). Esse método, entretanto,
apresenta uma série de desvantagens, tais como, o requerimento de elevadas temperaturas (80
-140 °C) e pressoes (50 atm), bem como, as sucessivas etapas de purificacdo aplicadas ao
hidrolisado hemicelulosico e a solugdao de xilitol, para que o mesmo seja separado do
catalisador (Ni/Al,O;3) (SAHA, 2003). Dessa forma, a producdo de xilitol pelo método
quimico tem sido considerada muito onerosa e impactante ao meio ambiente, devido a
utilizagdo excessiva de fontes naturais de madeira, tornando a producdo biotecnologica de
xilitol um processo alternativo promissor (TADA et al., 2004).

A produgdo biotecnolodgica de xilitol consiste na redugdo da xilose a xilitol mediante a
utilizagdo de microrganismos e/ou enzimas. Embora os microrganismos assimilem e
fermentem mais prontamente glicose do que xilose, existem, em menor numero, bactérias,
fungos filamentosos e leveduras capazes de assimilar e fermentar xilose a xilitol e outros
metabolitos como etanol, dependendo, basicamente, do microrganismo e das condigdes de
cultivo empregadas (JEFFRIES, 1983). De forma geral, entre os microrganismos, as
leveduras s3o consideradas os melhores produtores de xilitol (WINKELHAUSEN;
KUZMANOVA, 1998). Barbosa et al. (1988) avaliaram 44 leveduras para a conversao de
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xilose em xilitol, concluindo que as espécies Candida guillermondii e Candida tropicalis sao
as melhores produtoras de xilitol. Nas leveduras, apds ser transportada para o interior da
célula, por difusdo facilitada ou processo ativo, a D-xilose ¢ convertida em D-xilulose,
mediante duas reagdes (Figura 1). A primeira consiste na reducdo de D-xilose a xilitol
mediante xilose redutase NADPH ou NADH-dependente e a segunda ¢ a oxidagao do xilitol a
D-xilulose mediante xilitol desidrogenase NAD" ou NADP -dependente. A D-xlilulose ¢
fosforilada a D-xilulose-5-fosfato pela D-xiluloquinase antes de participar do ciclo das

pentoses fosfato (GIRIO et al., 1994).

Xilose redutase Xilitol desidrogenase
Xilose m > Xilitol m »  Kilulose
NAD(P)H  NADP) NAD" NADH

Figura 1. Representacdo esquematica das primeiras etapas da metabolizagdo da D-xilose em
leveduras.

Em leveduras produtoras de xilitol, a atividade da xilose redutase €, preferencialmente,
NADPH-dependente e a xilitol desidrogenase, especificamente NAD-dependente
(YABLOCHKOVA et al., 2004). A regeneracao do cofator NADPH ocorre no ciclo das
pentoses fosfato enquanto a regeneragdo de NAD', a partir de NADH, ocorre na cadeia
respiratdria, tendo o oxigénio como aceptor final de elétrons. Assim, sob condi¢des limitadas
de oxigénio, ndo ha a completa re-oxidagdo de NADH a NAD", promovendo um desequilibrio
redox. A baixa concentragio de NAD" diminui a oxidacdo do xilitol a xilulose, induzindo a
excrecao de xilitol ao meio de cultura (DU PREEZ; VAN DRIESEL; PRIOR, 1989).

Assim, sob condicdes limitadas de oxigénio, a xilose ndo ¢ completamente
metabolizada nas leveduras, levando a producdo de xilitol e/ou etanol, dependendo,
basicamente, dos cofatores das enzimas envolvidas nas reagdes de metabolizacdo da xilose,
bem como, a regeneracdo de tais cofatores, de acordo com as condi¢des de oxigénio
empregadas ao longo do cultivo (BRUINENBERG et al., 1984; PANAGIOTOU et al., 2005).
De acordo com Furlan, Bouilloud e Castro (1994), a partir de xilose algumas leveduras sao
capazes de produzir predominante etanol (Pichia stipitis), ou predominante xilitol (Candida

parapsilosis), bem como, ambos os alcoois (Pachisolen tannophilus, Candida shehtatae).
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Segundo Yablochkova et al. (2004), as leveduras que produzem, predominantemente, xilitol
apresentam 97-98 % atividade de xilose redutase para NADPH, produzindo, portanto, xilitol
sob condi¢des microaerdbias de oxigénio de modo a impedir a oxidacdo do xilitol formado.
J4, as leveduras que produzem etanol como principal metabdlito demonstram atividades de
xilose redutase, principalmente, NADH-dependente. Nessas leveduras, a redug¢do da xilose
implica na obtencdo de NAD", recuperando, independentemente, da cadeia respiratoria, o
cofator da xilitol desidrogenase, permitindo assim a fermentacdo de xilose a etanol. As
leveduras que se caracterizam por produzirem etanol e xilitol em quantidades consideraveis,
apresentam atividades de xilose redutase NADPH e NADH similares, sendo a atividade
NADPH-dependente favorecida sob condigdes limitadas de oxigénio.

A bioconversdo de xilose a xilitol e/ou etanol ¢ um processo complexo influenciado
por diversos fatores, incluindo o tipo de levedura, a idade e concentracdo do inoculo, pH,
temperatura, concentragdo inicial de xilose, tipo de fonte de nitrogénio, aeragdo e tipo de meio
de cultura, segundo sua natureza como solucao sintética ou hidrolisado hemicelulésico, sendo
esse ultimo afetado pela presenca de outros aglicares e compostos inibidores (PARAJO;
DOMINGUEZ, H.; DOMINGUEZ, J., 1998b). Dentre todos os parametros citados, a variavel
de controle mais importante nesta bioconversdo ¢ o nivel de aeracdo, o qual afeta as rotas
bioquimicas envolvidas na metabolizagdo da xilose (ROBERTO; MANCILHA; SATO,
1999). Um pardmetro importante a ser utilizado € o coeficiente volumétrico de transferéncia
de oxigénio (kpa), o qual descreve muito bem a oxigenacdo de um sistema fermentativo. Este
parametro esta relacionado ao projeto do biorreator, suas caracteristicas geométricas, € as
propriedades do meio de cultura utilizado, além de proporcionar informagdes para processos

de escalonamento (WINKELHAUSEN; AMARTEY; KUZMANOVA, 2004).

1.3 Materiais lignoceluldsicos e seus hidrolisados

Os materiais lignoceluldsicos sdo os compostos organicos mais abundantes na biosfera
(LEE, 1997), correspondendo, aproximadamente, a 50 % da biomassa no mundo, a qual tem
sido estimada em uma producdo anual de 1,0 a 5,0 x 10" toneladas. Entretanto, sdo
acumuladas, a cada ano, grandes quantidades de residuos de biomassa gerados pela
interferéncia humana na natureza através da agricultura e outras praticas. O processamento
desse material cultivado gera uma quantidade descontrolada de residuos que causam a
deterioragdo do meio ambiente e a perda de potenciais recursos viaveis. Nesse ambito,

merecem destaque as significativas quantidades de residuos de plantas remanescentes e
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inutilizadas apds as colheitas de semente de oleaginosas, dentre essas a soja (KUHAD;
SINGH, 1993).

A soja consiste em uma das principais culturas do mundo, ocupando 96,2 milhdes de
hectares, resultando em 216,3 milhdes de toneladas de graos (USDA, 2006). O Brasil
configura como o segundo maior produtor mundial de soja, destinando 40,2 milhdes de
hectares a essa cultura, atingindo 95 milhdes de toneladas de graos (EMBRAPA, 2006). A
casca do grao de soja representa o maior subproduto das induastrias processadoras dessa
semente e constitui por volta de 8 % de todo o grao (GNANASAMBANDAN; PROCTOR,
1999). De acordo com esses dados, sdo gerados, anualmente, em todo o mundo,
aproximadamente, 17,3 milhdes de toneladas de casca de soja. A fragdo insoluvel dos
carboidratos de parede celular da casca de soja consiste em 30 % de pectina, 50 % de
hemicelulose ¢ 20 % de celulose (SNYDER; KWON, 1987).

Os materiais lignocelulosicos s3o matrizes complexas de lignina, celulose,
hemicelulose, varios extrativos € compostos inorganicos. A composi¢ao varia largamente
dependendo da espécie da planta, idade, tempo de colheita e condicdo ou estagio de
crescimento (JEFFRIES; JIN, 2000). A celulose ¢ um homopolimero de unidades de B-D-
glicose, enquanto a hemicelulose ¢ um polimero heterogéneo composto principalmente de
pentoses (xilose, arabinose) e hexoses (glicose, manose, galactose). Alguns tipos de
hemicelulose também apresentam acido urénico em sua composi¢do. Os principais tipos de
hemicelulose sdo as xilanas, arabinoxilanas, glicomanas e galacto-glicomananas (GOSH;
SINGH, 1993). O grau de polimerizag¢ao dos heteropolimeros de cadeia curta da hemicelulose
¢ usualmente menor que 200. Ja, a lignina ¢ uma macromolécula tridimensional de lcoois
aromaticos (SUN; CHENG, 2002). Os extrativos consistem de ceras, gorduras, resinas,
taninos, Oleos essenciais, compostos fendlicos, terpenos, acidos alifaticos, alcoois e
substancias inorganicas (KUHAD; SINGH, 1993).

A utilizacdo de hidrolisados hemicelulosicos para a bioconversdo a produtos e
combustiveis de elevado valor agregado tem atraido a atengdo de diversos pesquisadores,
principalmente, devido as leveduras capazes de fermentar xilose, produzindo poliois e etanol,
bem como a elevada concentracdo de xilose na fragdo hemiceluldsica, que no caso dos
produtos agricolas atinge 80 %, em média (JEFFRIES, 1983). A xilose consiste no segundo
acucar mais abundante em plantas e, portanto, o principal obtido apds os processos de
hidrolise da por¢ao hemiceluldsica (JEFFRIES; JIN, 2000). Diversos residuos agroindustriais
tém sido utilizados para a obtengdo de hidrolisados hemiceluldsicos, mediante diferentes

processos de hidrolise, entre esses destacam-se: bagago de cana-de-agticar (PARAJO;
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DOMINGUEZ, H.; DOMINGUEZ, J., 1998¢); palha e sabugo de milho (SAHA, 2003); palha
de trigo, palha de arroz, entre outros (WINKELHAUSEN; KUZMANOVA, 1998).

Os materiais lignoceluldsicos devem ser tratados por processos fisicos, quimicos ou
enzimaticos de forma a liberar os agucares fermentesciveis ou aumentar sua susceptibilidade a
hidrolise enzimatica (LEE, 1997). Dentre os diversos processos de hidrélise empregados a
hidrolise acida configura como o mais antigo € mais bem estabelecido processo (TORGET et
al., 1996), sendo a hidrolise 4cida diluida a mais empregada para a produgdo de xilitol
(SAHA; HAYASHI, 2004).

A hidrolise acida diluida € um processo que emprega condigdes menos severas
alcangando elevados rendimentos de conversao de xilana a xilose. Existem, basicamente, dois
tipos de tratamento acido diluido: elevadas temperaturas (superiores a 160 °C), processo de
fluxo continuo para baixa concentracdo de sélidos 5 — 10 % (peso de substrato/peso de
mistura de reagdo) e baixa temperatura (inferior a 160 °C), processo por batelada e alta teor de
solidos (10 — 40 %). Além disso, o emprego de hidrolise &cida diluida apresenta varias
vantagens quando comparada a utilizagdo dos acidos concentrados (SUN; CHENG, 2002).
Acidos concentrados sdo toxicos, perigosos, corrosivos, requerendo reatores resistentes a
corrosdo. Além disso, os acidos concentrados devem ser recuperados ap6s a hidrolise a fim de
tornar o processo economicamente viavel (SIVERS; ZACCHI, 1995).

A fase liquida obtida por tal reacdo de hidrdlise contém os aglcares constituintes da
hemicelulose (xilose, arabinose e outros), bem como outros compostos considerados
inibidores do processo fermentativo, ou seja, toxicos aos microrganismos empregados
(PARAJO; DOMINGUEZ, H.; DOMINGUEZ, J., 1998¢). Esses compostos incluem produtos
de degradagdo de pentoses e hexoses como furfural e hidroximetilfurfural (HMF)
respectivamente; acido formico oriundo da degradacdo do furfural e HMF; os 4cidos acético,
vanilico, siringico e palmitico e compostos fendlicos decorrentes da degradagdao da lignina
(SAHA, 2003; SAHA; HAYASHI, 2004). Assim, varios métodos de detoxificagdo de
hidrolisados tém sido desenvolvidos, dentre eles o emprego de resinas de troca idnica, carvao
ativado, enzimas lignoliticas, pré-fermentacdo com fungos filamentosos, tratamentos com
alcalis ou sulfitos (PALMQVIST; HAHN-HAGERDAL, 2000a; PALMQVIST; HAHN-
HAGERDAL, 2000b).
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1.4 Produgcéo biotecnologica de xilitol e etanol a partir de hidrolisados hemiceluldsicos

A utilizacdo de hidrolisados hemiceluldsicos como meio de cultivo para producio
biotecnoldgica de xilitol tem se demonstrado exeqiiivel, considerando-se os rendimentos
obtidos de producdo de xilitol, bem como, um instrumento para aprimorar ainda mais o
carater economico de sua producdo biotecnologica, além de agregar valor aos residuos
agroindustriais. Mussatto e Roberto (2004a) obtiveram 78,5 % do rendimento tedrico de
conversio de xilose a xilitol (rendimento tedrico consiste em 0,917 g de xilitol .g™' de xilose),
empregando C. guilliermondii FTI 20037 e hidrolisado hemiceluldsico de palha de arroz,
tratado e suplementado.

J&, a produgdo de etanol a partir de hidrolisados hemiceluldsicos configura como um
processo alternativo de obtencdo desse combustivel para o qual todas as atengdes tém se
voltado dadas as suas caracteristicas de combustivel ndo fossil, em substituicdo de petroleo
que representa uma fonte onerosa e finita de energia, bem como, os problemas relacionados
ao efeito estufa de emissdo de gés carbonico (JEFFRIES, 2006). Além disso, sendo a xilose o
segundo aglicar mais abundante na natureza, a conversdo de biomassa a energia util ndo ¢
economicamente vidvel, a menos que a hemicelulose (xilose) seja convertida juntamente com
a celulose (glicose).

Assim, a habilidade dos microrganismos de fermentar glicose e xilose a etanol ¢ a
chave para tornar o processo economicamente viavel. Cepas selvagens de Saccharomyces
cerevisiae nao sdo capazes de metabolizar xilose (LYND; WYMAN; GERNGROSS, 1999).
Ja, leveduras tais como Pichia stipitis, Candida shehatae, e Pachisolen tannophilus sio
capazes de fermentar glicose e xilose a etanol. Dentre as leveduras que fermentam xilose, P.
stipitis configura como a mais promissora para aplicagdo industrial, uma vez que fermenta
xilose a etanol com elevado rendimento (BOTHAST; SAHA, 1997). Entretanto, sua
produtividade especifica de etanol ¢ cinco vezes menor do que a obtida cultivando-se S.
cerevisiae em glicose (CHANDAKANT; BISARIA, 1998). Diversos trabalhos tém sido
realizados com o objetivo de tornar cepas de S. cerevisiae capazes de metabolizar pentoses.
Dentre esses se destaca a pesquisa realizada por Kotter et al. (1990) na qual uma cepa de S.
cerevisiae foi construida expressando os genes codificadores da xilose redutase ¢ xilitol
desidrogenase, enzimas responsaveis pelas etapas iniciais de assimilagcdo de xilose, derivadas
de Pichia stipitis. Outros trabalhos também foram realizados baseados no fato de que
bactérias empregam xilose isomerase para converter D-xilose em xilulose, enquanto a maioria

dos fungos, leveduras, plantas e animais utilizam xilose redutase e xilitol desidrogenase
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(JEFFIES, 1983). A descoberta de que leveduras podem fermentar xilulose promoveu uma
nova era no desenvolvimento de cepas de S. cerevisiae modificadas geneticamente pela
expressdo heterdloga de xilose isomerase, rendendo resultados de sucesso (JIN; LAPLAZA;
JEFFRIES, 2004).

Entretanto, leveduras que fermentam xilose requerem oxigénio para seu crescimento.
Um dos grandes desafios da viabilidade comercial de fermentacao de xilose € o alcance de
tanto crescimento celular quanto produ¢do de etanol sob condi¢des anaerobias (JEFFRIES;
JIN, 2000). Sob condicdes aerobias, grande parte da xilose metabolizada ¢ convertida a xilitol,
o principal co-produto formado nos cultivos de xilose sob condi¢des limitadas de oxigénio,
comprometendo, assim, a producdo de etanol. Iniimeras causas sao atribuidas para a
ineficiente incorporacdo das moléculas derivadas da metabolizagdo da xilose na rota
bioquimica central que culmina na formacdo de etanol. A causa mais importante consiste no
desequilibrio redox entre os cofatores das enzimas xilose redutase e xilitol desidrogenase, o
qual ocorre sob condi¢des limitadas de oxigénio, necessdrias para que o substrato seja
convertido em etanol e ndo biomassa. Outra causa consiste nas limitagdes metabodlicas que
ocorrem a partir da xilitol desidrogenase, incluindo a etapa de conversdo de xilulose a
xilulose-5-fosfato catalisada pela xiluloquinase (WALFRIDSSON et al., 1995).

Assim como a escolha ou a construgdo de um microrganismo geneticamente
modificado sdo preponderantes para os bons resultados do processo biotecnoldgico de
obtenc¢do desses alcoois, o hidrolisado hemiceluldsico deve ser adequado para servir de meio
de cultivo para esse sistema (PARAJO; DOMINGUEZ, H.; DOMINGUEZ, J., 1998c¢). Dessa
forma, de acordo com o exposto anteriormente, os materiais lignocelulosicos, apos serem
submetidos ao processo de hidrdlise, liberando actcares, principalmente xilose € manose, bem
como, 0s compostos toxicos, devem ser submetidos a tratamentos de detoxificagdo a fim de
que tais inibidores sejam removidos. Quando comparados com a fermentacdo de meios
sintéticos ou hidrolisados detoxificados, a fermentacdo de hidrolisados nao-detoxificados
caracteriza-se por cinéticas lentas, com rendimentos e produtividades limitados, devido a
presenga de compostos que atuam como inibidores do metabolismo microbiano
(PALMQVIST; HAHN-HAGERDAL, 2000a).

Além dos tratamentos de detoxificacao convencionais, diversas operagdes realizadas
ao longo do processo de obtencdo do hidrolisado configuram como métodos fisicos ou
quimicos de tratamento. A concentracdo por evaporacdo a vacuo, usada com o objetivo de
aumentar a concentragdo dos agucares, por exemplo, também ¢ considerado um método fisico

de detoxificacao, pois, dependendo das condigdes aplicadas (temperatura e pressdao) ocorre a
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redugdo de compostos volateis, tais como, acido acético e furfural (MUSSATTO; ROBERTO,
2004b). A precipitagdo de compostos toxicos mediante ajuste de pH para os valores ideais de
cultivo consiste em método quimico de detoxificacdo (MARTINEZ et al., 2001).

Segundo Mussatto e Roberto (2004b), o carvao ativado tem sido amplamente utilizado
para remover compostos toxicos de hidrolisados por adsor¢do, dado seu baixo custo e
facilidade de execucdo. Entretanto, a eficiéncia do tratamento de carvao ativado depende das
variaveis empregadas no processo de adsor¢do: pH, temperatura, tempo de contato e
concentragdo do carvao ativado utilizada. Deve-se ressaltar que a eficiéncia do método deve
ser avaliada ndo apenas baseando-se no grau de remogdo dos compostos inibidores, mas
também, no tocante a perda de agucar, sendo esses resultados especificos para cada
hidrolisado (PALMIQVIST, HAHN-HAGERDAL, 2000a).

De acordo com a literatura, concentragdes de furfural inferiores a 1 g.L”' tém sido
descritas como, praticamente, inofensivas aos microrganismos nos processos fermentativos.
Ja, o 4cido acético configura como tdéxico a0 microrganismo em concentragdes superiores a 3
gL, enquanto os produtos de degradacio da lignina (compostos fenolicos) sdo toxicos aos
microrganismos mesmo quando suas concentragdes sdo baixas (FELIPE et al., 1995;
PARAJO; DOMINGUEZ, H.; DOMINGUEZ, J., 1998b; ROBERTO et al., 1991). Caso o
hidrolisado nao-detoxificado apresente concentragdes de inibidores inferiores as apresentadas,
mesmo nessa condicdo o tratamento de detoxificagdo ¢ recomendado. Isso porque, devido a
efeitos sinérgicos, tais compostos podem inibir a fermentacdo mesmo quando seus niveis

individuais estejam abaixo do critico (PREZIOSI-BELLOY; NOLLEAU; NAVARRO, 1997).



21

2 RESULTADOS

Os resultados deste trabalho estdo apresentados na forma de artigos cientificos. Os
artigos constituintes desse capitulo estdo apresentados nos itens Resultados I e II,
respectivamente, de acordo com as normas exigidas pelos periddicos aos quais serao

submetidos.

2.1 Resultados | — Production of ethanol from soybean hull hydrolysate by osmotolerant
Candida guilliermondii NRRL Y-2075

O primeiro artigo intitulado “Production of ethanol from soybean hull hydrolysate by
osmotolerant Candida guilliermondii NRRL Y-2075” consiste na elaboragdo do hidrolisado
de casca de soja, bem como, seu tratamento de detoxificagdo, empregando apenas hidroxido
de sodio e carvao ativado. Este artigo contemplou, também, a avaliagao da capacidade de
fermentacdo da levedura Candida guilliermondii NRRL Y-2075 em hidrolisado de casca de
soja duas e quatro vezes concentrado, detoxificado ou ndo, em termos de consumo de
substrato, produgdo de biomassa ¢ formag¢do de produtos. Este artigo sera submetido ao
periodico Bioresource Technology. Os resultados ndo apresentados neste artigo encontram-se

no Apéndice A.
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Production of ethanol from soybean hull hydrolysate by osmotolerant Candida
guilliermondii NRRL Y-2075

Angela Cristina Schirmer-Michel, Simone Hickmann Fléres, Plinho Francisco Hertz,

Gilvane Souza Matos, Marco Antonio Zachia Ayub”

Food Science & Technology Institute, Federal University of Rio Grande do Sul State,

Av. Bento Goncalves, 9500, PO Box 15090, ZC 91501-970, Porto Alegre, RS, Brazil.

Abstract

In this research, we studied the use of soybean hull hydrolysate (SHH) as substrate for
ethanol and xylitol production using an osmotolerant strain of Candida guilliermondii. The
best acid hydrolysis of soybean hull achieved a recovery of 85 and 62 % of xylose and
manose, respectively. Among detoxification treatments, activated charcoal 10 % (w/v)
showed the best results. Kinetic parameters obtained from the cultivation on four-fold
concentrated SHH have shown that the osmotic pressure of this medium is higher than that
supported by most osmophilic yeasts, revealing the osmotolerant characteristic of C.
guilliermondii NRRL Y-2075. When cultivations were carried out on two times concentrated
SHH, we obtained high yields of ethanol production, showing the prospect of SHH as a
candidate for this biofuel production. Although xylose was present in high concentrations, no
xylitol was produced, probably due to some varying cofactor preference of xylose reductase
in this yeast strain.
Keywords: Candida guilliermondii, soybean hull, hydrolysate, ethanol production, xylitol,

osmotic pressure.
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1. Introduction

Lignocellulosic biomass is the most abundant and renewable organic compound in the
biosphere; it comprises three major groups of polymers: cellulose, hemicellulose, and liginin
(Lee, 1997). Biomass in the form of agro-industrial wastes is produced in large quantities
generating environmental problems and loss of potentially valuable resources (Kuhad and
Singh, 1993).

Soybean (Glycine max) is the most cultivated plant worldwide, with its production
reaching 96.2 millions of hectares, resulting in 216.3 millions tons of grains per year (USDA,
2006). Soy hulls represent the major by-product of soybean processing industry and constitute
about 8 % of the whole seed (Gnanasambandan and Proctor, 1999). According to this data,
approximately 17.30 millions tons of soybean hull are produced every year. The insoluble
carbohydrate fraction of soy hull cell walls consists of 30 % pectin, 50 % hemicellulose and
20 % cellulose (Snyder and Kwon, 1987).

Hemicellulose is the second most common polysaccharide in nature (Saha, 2003).
Hemicelluloses are heterogeneous polymers composed of hexoses (glucose, manose, and
galactose), pentoses (xylose and arabinose) and uronic acid (Jeffries and Jin, 2000; Kuhad and
Singh, 1993). The utilization of hemicellulose for bioconversion to value-added fuels and
chemicals has attracted much attention, specially, due to xylose-fermenting yeasts ability to
produce polyols and ethanol from xylose (Jeffries, 2006). However, in order to use these
materials in bioprocesses, either chemical or enzymatic hydrolysis of them must be
performed, in order to render the sugars soluble and available to microorganisms. Diluted
sulphuric acid has been the most used so far for converting hemicellulose into fermentable
sugars with high reaction rates, especially because it is a low cost technology (Jeffries and Jin,

2000). The liquid phase from the hydrolysis reaction, containing xylose and other
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hemicelullosic monosaccharides, besides other compounds derived from lignin, can then be
utilized for bioconversion.

Xylitol is a five carbon sugar alcohol, which has attracted much attention due to its
high sweetening power, anticariogenic properties, and possible uses in diabetics diets and
products. These properties, together with its high negative heat of solution, make xylitol an
attractive sucrose substitute in the food industry (Emodi, 1978; Pepper and Olinger, 1988).
The chemical production of xylitol needs expensive refining treatments, granting, therefore,
biotechnological research for its production, being yeasts the most studied producers of this
poliol (Nigam and Singh, 1995).

Ethanol is a renewable energy source produced by cultivation of sugars and it is an
attractive alternative for the partial replacement of fossil fuel (Jeffries, 2006; Sun and Cheng,
2002). Traditionally, fermented sucrose from sugarcane has been the major source of ethanol.
However, the use of agro-industrial by-products, such as soybean hull, for the commercial
production of ethanol is a promising technology, which depends upon a list of factors, among
them the use of xylose-assimilating yeast strains; hydrolysate composition (monosaccharides
and inhibitors); and the control of oxygen supply during cultivation (Kuhad and Singh, 1993;
Sun and Cheng, 2002).

The aims of our work were to develop an acid hydrolysate of soybean hull to a
maximum yield of xylose and minimum formation of inhibitory compounds and to treat this
hydrolysate in order to reduce such inhibitory compounds with sodium hydroxide and activate
charcoal. We also studied the cultivation capabilities of Candida guilliermondii NRRL Y-
2075 in two and four fold concentrated SHH, detoxified or non-detoxified, in terms of

substrate consumption, biomass and alcohols production.
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2. Materials and methods
2.1. Microorganism, maintenance and inoculum

Candida guilliermondii NRRL Y-2075 used in this study was maintained on YM agar
slants containing (g.L"): yeast extract, 3; malt extract, 3; peptone, 5; glucose, 10; agar, 20.
The medium used for inoculum of synthetic media contained (g.L™"): yeast extract, 3; malt
extract, 3; peptone, 5; xylose, 30; glucose, 10; whereas the medium used for inoculum of
SHH contained (g.L™"): yeast extract, 3; malt extract, 3; peptone, 5; glucose, 30. Xylose and
glucose were autoclaved separately at 120 °C, 15 min. Inocula were prepared by cultivation of
the yeast in 1000 mL Erlenmeyer flasks containing 200 mL of the medium. Cells were
cultivated at 140 rpm, 30 °C for 24 h and were subsequently recovered by centrifugation

(1000 g, 10 min). The cell pellet was washed and suspend directly into the cultivation broth.

2.2. Soybean hull hydrolysate preparation

Soybean hulls were supplied by The Solaec Company (Esteio, Brazil). The hulls were
milled to a particle size less than 1 mm in diameter. The tested conditions for the hydrolysis
were temperature (100, 120, 125 °C) and sulphuric acid solutions (0.2; 0.8; 1.4 % (v/v)). The
solid/liquid ratio was kept at 1/10 and the reaction time was 1 h. After the hydrolysis, the
remaining solid material was separated by filtration and the filtrate was stored at 4 °C. The
optimal hydrolysis condition, which was defined as yields of liberated xylose, was used for
cultivation experiments. The liquid phase from the optimal hydrolysis was concentrated two

(SHH-2C) and four-folds (SHH-4C) under vacuum in an evaporator at 70 °C.

2.3. Detoxification of soybean hull hydrolysate
Detoxification assays were carried out over the SHH-4C to evaluate the effects of

activated charcoal that minimizes the concentration of the main cultivation inhibitors.
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Charcoal was mixed with SHH-4C, previously adjusted to pH 2.5, in different concentrations
(1; 2; 5; and 10 % (w/v)) and was stirred in an orbital shaker at 140 rpm, 30 °C, for 1 h. The

pH of treated SHH-4C was then correct to 5.5 with NaOH pellets.

2.4. Media and cultivation conditions

Experiments in synthetic medium were used to compare the cultivation kinetics with
those over hydrolysates. The synthetic medium consisted of (g.L™): yeast extract, 3; malt
extract, 3; peptone, 5; xylose, 30. The pH of nondetoxified hydrolysates was correct to 5.5
with NaOH pellets. No supplementation was added to the hydrolysates media SHH-2C,
whereas for some experiments with SHH-4C we supplemented this medium with yeast extract
(3 g.L™") or yeast extract (3 g.L") plus peptone (5 g.L"). The cultures were inoculated at an
initial cell concentration of 1-1.5 g.L"'. Cultivations were carried out in 125 mL Erlenmeyer
flasks with a total medium volume of 50 mL in an orbital shaker at 120 rpm, 30 °C, for 168 h
for synthetic media and 120 h for hydrolysates media. Samples were taken at 24 h time
intervals to determine the concentrations of cell mass, residual sugars, xylitol and ethanol in
the broth. All experiments were carried out in duplicates. The oxygen volumetric transfer rate
(kja), for both synthetic and SHH media, were measured in 2 L bioreactor (BBraun, Germany)

fitted with a polarographic oxygen probe, using the dynamic gassing-out method.

2.5. Analytical methods

Monosaccharides (glucose, manose, xylose, and arabinose), xylitol and glycerol
concentrations were determined by HPLC (Perkin Elmer Series 200, USA) with a refractive
index (RI) detector and a Phenomenex RHM-monosaccharide column (300 mm x 7.8 mm), at
70 °C, using ultra pure water as eluent, flow of 0.6 mL.min"' and sample volume of 20 pL.

Acetic acid and furfural content were measured using a gas chromatograph (CG-14B,
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Shimadzu, Japan) with a flame ionization detector (FID) and Carbowax column (60 m x 0.25
mm). Measures were carried out using nitrogen as gas carrier and n-propanol as the internal
standard, the temperature of the detector and injection was 250 °C, according to William and
Onwudili (2005). Ethanol concentration was determined by using a gas chromatograph with a
flame ionization detector (FID) and DB-1 column (30 m x 0.25 mm), n-propanol as internal
standard. Phenolic compounds were measured spectrophotometrically using the Folin-
Ciocalteau method according to Coseteng and Lee (1987). The osmotic pressure of
hydrolysates was determined using Vapor Pressure Osmometer (Vapro 5520, USA). Biomass
was quantified gravimetrically as dry weight of cells. Samples were centrifuged, washed
twice with cold distilled water, and dried in pre-weighed plastic tubes at 80 °C to a constant
weight in vacuum-oven. Determination of moisture, ash, crude protein, lipids and total fibre

content of soybean hull was done according to standard methods (AOAC, 1995).

3. Results and discussion
3.1. Composition of soybean hull and its acid hydrolysate

The main composition of soybean hull, determined on dry basis, was: proteins, 14.38
%; ashes, 4.94 %; lipids 3.97 %; and carbohydrates, 76.71 %. Carbohydrates content of
soybean hull represents 6.14 % of whole seed dry matter and was in agreement with those
reported by Stombaugh et al. (2000) who analysed the seed coat of five different soybean
genotypes.

The cell wall polysaccharides (CWP) of soy hull consist of 30 % pectin, which
presents in its composition arabinose (side chain), galactose, rhamnose, fucose and uronic
acids; 50 % hemicellulose, composed mainly of manose and xylose; and 20 % cellulose,

mainly glucose (Huisman et al., 1998; Stombaugh et al., 2000; Snyder and Kwon, 1987).
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Table 1 shows the results obtained from the acid hydrolysis applying different
conditions, showing the direct association between recoverable monosaccharides
concentration and the temperature and acidity conditions employed. Similar results were
observed by Grohmann and Bothast (1997) for the hydrolysis of corn fibre. Arabinose was
released first from the lignocellulosic structure, probably due to the high susceptibility of the
arabinosyl linkages to hydrolysis with hot dilute acids (BeMiller, 1967). According to
Aspinall et al. (1966), the non-cellulosic polysaccharides from soybean hull hydrolyzes
mainly to manose and xylose. In this research, the pentoses xylose and arabinose, and the
hexose manose, were the main compounds formed, indicating that the hemicellulose and also
pectin were hydrololyzed. In our work, the hydrolysis under 125 °C and 1.4 % (v/v) sulphuric
acid recovered, in the form of monossaccharides, 7.8 g.L”' xylose and 3.9 g.L"' manose.
According to Stombaugh et al. (2000), these values represent that about 76 % of
hemicellulose from soybean hull have been hydrolyzed, liberating approximately, 85 and 62
% of the total xylose and manose, respectively. Glucose concentration was very low, showing
that cellulose was practically not hydrolysed. However, the hydrolysis produced toxic
compounds identified as acetic acid, furfural, hydroxymethylfurfural (HMF), and soluble
lignin derivates. As reported by Felipe et al. (1995), acetic acid at concentrations higher than
3 g.L™" are toxic for C. guilliermondii, so the acetic acid concentration of 1.04 g.L”' should not
affect the microorganism metabolism during cultivations. Therefore, the conditions of
hydrolysis did not promote the degradation of pentose sugars, since furfural concentration was
very low, whereas xylose and arabinose were almost completely recovered, rendering this
procedure as suitable for the hydrolysis of soybean hull to be used as cultivation medium for

C. guilliermondii.
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3.2. Detoxification of soybean hull hemicellulose hydrolysate

In order to increase the concentration of carbon sources, which is a critical factor
affecting the fermentative process to produce either xylitol or ethanol, the hydrolysates were
concentrated four-fold (SHH-4C) for making cultivation media with approximately 30 g.L’
of xylose. In this process, inhibitory products are also concentrated and it is, therefore,
necessary to run a detoxification procedure before media can be suited for cultivation. Table 2
shows the composition of SHH and SHH-4C before and after detoxification. The
concentration by vacuum evaporation produced a small increase in the concentration of acetic
acid, whereas furfural and phenolic compounds were four-fold concentrated. Sugars
degradation was not significant in the concentration process. The adjustment of pH to 5.5
(result not shown) promoted a reduction of 89.28 and 28.85 % in the concentrations of
furfural and phenol, respectively, leading to the precipitation of toxic compounds. Martinez et
al. (2001), by adjusting the pH of sugar cane bagasse hemicellulose hydrolysate to 9.0, at 60
°C, removed about of 51 % of total furans and 41 % of phenolic compounds.

The results of detoxification with activated charcoal at 10 % (w/v) concentration
(Table 2) were the best of all the treatments tested and promoted a reduction of 94.64 % in the
furfural content, 75.74 % in phenolic compounds, and 36.78 % in acetic acid, producing a
hydrolysate in which inhibitory compounds concentration were lower than that causing
negative effects on microorganisms cultivation (Felipe et al., 1995; Mussatto and Roberto,

2004).

3.3. Cultivation of C. guilliermondii on synthetic media and soybean hull hydrolysate
Figure 1 shows the xylose consumption, cell growth, and xylitol and glycerol
formation in synthetic medium, which we used as comparison with cultivations on SHH. C.

guilliermondii NRRL Y-2075 utilized the xylitol and glycerol formed when the xylose
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concentration reached approximately 13 gL' and xylitol 0.38 gL, respectively.
Consequently, cell growth and xylitol yields and productivities were determined at the
maximum xylitol concentration (48 h of cultivation) and not at the end of run. The maximum
xylitol production was 5.09 g.L”', corresponding an yield (Yps) of 0.34 g.¢” and a volumetric
productivity (Qp) of 0.11 g(L.h)". Our results are in agreement with those for C.
guiliiermondii strain (17-07), but somewhat lower when compared with C. guiliiermondii
strain FTI 20037 that presented Y 0.53 g.g”', both cultivated in synthetic media containing
30 g.L"! xylose (Barbosa et al., 1988). The initial glycerol production coincided with the
maximum xylitol production (48 h). According to Yablochkova et al. (2004), who studied the
interactions of culture volume and agitation speed in shaker flasks and measured the oxygen
transfer rates in these systems, the conditions used in our experiments could be classified as
microaerobic (125 mL Erlenmeyer flasks containing 50 mL of medium, under agitation of
120 rpm), i.e, there were oxygen limitations during the cultivations, resulting in NADH
accumulation, liberating glycerol as a redox sink for excess NADH (Granstrom et al., 2001).
The xylose and xylitol were completely exhausted in 144 h cultivation. At the end of run,
glycerol was also totally exhausted. Cell mass yield on xylose (Yys), measured at 48 h of
cultivation, was 0.39 g.g”, corresponding a concentration of 6.87 g cells.L"'. The biomass
concentration at the end of the run was 13.68 g cells.L!, with total Yy of 0.30 g cells.g'1
substrate.

Figure 2 shows the cell growth kinetics of four types of SHH-4C tested (detoxified;
nondetoxified; detoxified supplemented with yeast extract; and detoxified supplemented with
yeast extract and peptone) comparing to the synthetic media. Results show that, independent
of the treatment, cell growth was the same for all hydrolysates and inferior compared to the
synthetic medium. No xylose was metabolized in these experiments. Since inhibitory

compounds concentrations were low, these results could only be explained by the osmotic
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pressure of the medium. Results on table 3 show that SHH-4C presented an osmotic pressure
11 times higher (2948 mOsm.kg™") than that of the synthetic media. According to Liu et al
(2006), an osmotic pressure of 2108 mOsm.kg™' was enough to stop the cell growth of yeasts,
even for osmophilic strains such as C. krusei. The fact that C. guilliermondii NRRL Y-2075
was able to grow a little and showed high viability (> 95 %; results not shown) in SHH-4C,
suggests that this strain is osmotolerant yeast. Some other few strains of the genus Candida,
such as C. guilliermondii BR182, were also characterized as an osmotolerant yeasts since they
are capable of high trehalose cell accumulation (Ribeiro et al., 1999).

In order to reduce the osmotic pressure, two-fold concentrated soybean hull
hydrolysate (SHH-2C) were used for cultivations. Figure 3 shows glucose, manose, xylose,
and arabinose consumption, cell growth and ethanol formation for cultivations employing
nondetoxified and detoxified SHH-2C. The cell growth was lower in the nondetoxified SHH-
2C, 6.39 g cells.L™", with Yy of 0.17 g.g”', compared with 9.30 g cells.L™ (Yys = 0.29 g.g™)
for detoxified hydrolysate. Although these differences, the volumetric total sugar
consumption (Qs) for nondetoxified and detoxified hydrolysates were very close: 0.24 and
0.22 g.(L.h)" respectively.

For nondetoxified SHH-2C, ethanol accumulated to a final volumetric concentration
of 5.66 g.L"! and a product yield (Yps) of 0.46 g ethanol.g” of sugar in 48 h. For detoxified
hydrolysate, the maximum ethanol concentration was 5.78 g.L”" with Ypis = 0.53 g ethanol. g’
of sugar after 24 h of cultivation. Results show that in the first 24 h cultivation, the hexoses
(glucose and manose) were completely depleted. After that, the xylose started to be
consumed, followed by arabinose. This preferential order for monosaccharides consumption
has been showed by Parajé et al. (1998). The cultivations showed diauxic kinetics, with
ethanol and xylose consumption in the second phase. This phenomenon was observed by Guo

et al. (2006) employing a wild type C. maltosa Xu316 cultured in a YSC-xylose (50 g.L™")
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medium and by Toivari et al. (2001) using a genetically modified S. cerevisiae strain
presenting genes coding for xylose reductase and xylitol dehydrogenase in a synthetic
complete media (YSC). According to these authors, xylose conversion to ethanol continues
until the residual xylose concentration is around 10 g.L”', when cells began consuming the
ethanol formed in the first phase. The inability of the yeast to convert xylose to ethanol at
residual xylose levels (10 g.L' = 65 mM) is likely to be due to a limitation in xylose transport
(Toivari et al, 2001).

The ability of the strain used in this work in producing xylitol was verified in the
synthetic medium but not on SHH. Although the same cultivation conditions, such as flask
volume, medium volume, agitation speed, temperature and pH, were employed for the
experiments utilizing both synthetic medium and SHH-2C, the physic-chemical properties of
the liquid (viscosity, and density) were altered due to the high medium concentration of
sugars and salts, which, in turn, altered the medium osmotic pressure. Indeed, the dissolved
oxygen concentration in SHH medium was much lower than that measured in the synthetic
medium: the volumetric oxygen transfer rate, kja, measured for these media were,
respectively, 27 h™ and 61 h™' . This means that the SHH cultivations were carried out under
oxygen limitations more strictly than the microaerobic condition in the synthetic medium
cultivations. The production of ethanol but not xylitol in the present work could be explained
by the fact that, according to Granstrom et al. (2001), under very limited oxygen conditions, it
is possible that increased NADH accumulation may act as an inhibitor for NADPH-dependent
xylose reductase, decreasing its activity, therefore affecting the cofactor preference of xylose
reductase from NADPH to NADH. The change in the cofactor preference from NADPH to
NADH for the xylose reductase implies that NAD" is obtained with xylose reduction,
recovering the xylitol dehydrogenase cofactor and promoting the ethanol fermentation of

xylose (Yablochkova et al., 2004) and no xylitol accumulation.
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4. Conclusion

The present study demonstrates that C. guilliermondii NRRL Y-2075 is able to grow
in concentrated soybean hull hydrolysate, which presented a very high osmotic pressure,
higher than that supported by other osmophilic yeasts. Under the conditions used in our work,
ethanol was produced with very high yields by C. guilliermondii NRRL Y-2075 from no
supplemented and concentrated soybean hull hydrolysate, employing xylose as one of its
substrates. These results show the prospect for the use of soybean hull, an important agro-
industrial waste, as a potential substrate to generate acid hydrolysates for biofuel production.
Further studies are granted for scaling-up the process of ethanol production on SHH and to
determine whether other conditions of oxygen supply could render this medium as suitable for

xylitol production.
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Table 1. Composition of soybean hull hydrolysates

Compound (g.L™")

Condition* Acel]
Xylose Arabinose = Manose Glucose Furfural a(z:eizllc
100; 0.2 0.00 0.00 0.00 0.00 0.04 0.29
100; 0.8 0.99 5.32 0.00 0.00 0,04 0.78
100; 1.4 2.17 5.41 0.83 0.10 0.07 1.10
120; 0.2 0.19 0.86 0.00 0.00 0.02 0.38
120; 0.8 5.06 6.64 2.97 0.24 0.04 0.96
120; 1.4 6.61 5.81 3.48 0.32 0.19 1.05
125;0.2 1.15 2.72 0.00 0.00 0.02 0.37
125;0.8 5.15 6.14 291 0.25 0.19 0.88
125;1.4 7.78 6.46 3.88 0.38 0.28 1.04

37

* Condition expressed as temperature (°C); HaSO4 (% (v/v)), solid/liquid rate and residence

reaction time were kept constant, 1/10 and 1 h, respectively.
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Table 2. Composition of SHH, nondetoxified SHH-4C, and detoxified SHH-4C with activated

charcoal 10 % (w/v)

1 Nondetoxified Detoxified
Compound (g.L™) SHH SHH-4C SHH-4C
Xylose 7.78 30.93 28.57
Arabinose 6.46 29.98 27.30
Manose 3.88 17.89 16.47
Glucose 0.38 1.65 1.52
Furfural 0.28 1.12 0.06
Acetic acid 1.04 1.74 1.10
Phenol compounds 0.75 3.05 0.74




Table 3. Osmotic pressure of soybean hull hydrolysates and synthetic medium

Media Osmotic Pressure (mOsm.kg™)
SHH-4C; nondetoxified 2948
SHH-4C; detoxified 2911
SHH-2C; nondetoxified 1584
SHH-2C; detoxified 1413

Synthetic medium 263
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2.2 Resultados 11 — Effect of oxygen transfer rate on alcohols production from soybean

hull hydrolysate

O segundo artigo intitulado “Effect of the oxygen transfer rate on alcohols production
from soybean hull hydrolysate” avalia a utilizacdo da xilose pela Candida guilliermondii
NRRL Y-2075 para formacdo de biomassa, etanol, xilitol e glicerol sob diferentes taxas de
transferéncia de oxigénio. Este artigo serd submetido ao peridodico Biochemical Engineering

Journal.



44

Effect of oxygen transfer rate on alcohols production from soybean hull hydrolysate

Angela Cristina Schirmer-Michel, Simone Hickmann Fléres, Plinho Francisco Hertz,

Gilvane Souza Matos, Marco Antdnio Zachia Ayub”

Food Science & Technology Institute, Federal University of Rio Grande do Sul State,

Av. Bento Goncalves, 9500, PO Box 15090, ZC 91501-970, Porto Alegre, RS, Brazil.

Abstract

In this research, we studied the use of soybean hull hydrolysate (SHH) as substrate for
xylitol production using an osmotolerant strain of Candida guilliermondii NRRL Y-2075. The
production of xylitol was investigated in batch cultivations employing as variable parameter
the oxygen volumetric mass transfer coefficient (kia), evaluating three different conditions of
aeration: anaerobic (150 rpm, no aeration); microaerobic (300 rpm, 1 vvm), and aerobic (600
rpm, 2 vvm), corresponding to kra values of 0, 8 and 46 h™', respectively. SHH, although
presenting a very high osmotic pressure (1,413 mOsm.kg™), was readily fermented under the
aerobic condition with a biomass productivity of 0.23 g cells.(L.h)", with little formation of
ethanol. Xylitol was produced under microaeration, with Y, of 0.2 g. ¢! and the formation of
glycerol as by-product. Under anaerobic condition no xylose was metabolized. However,
ethanol was produced from SHH hexoses with high yields of Y, = 0.5 g.g”". These results
suggest that the hydrolysis of soybean hull could be a useful technological prospect for this
abundant agro-industrial waste of which hydrolysate could be directed for biofuel, xylitol or

biomass production.

" Corresponding author. Phone: +55 51 3308 6685; Fax +55 51 3308 7048;
e-mail mazayub@ufrgs.br
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oxygen transfer rate.

1. Introduction

Xylitol is a naturally pentahydric sugar alcohol [1,2] which has attracted attention in
the food and pharmaceutical industries due to its advantageous natural properties, such as
natural sweetener of higher sweetening power, as sugar substitute in clinical diabetic foods,
and as anticariogenic sweetener, which has been used for oral health and caries prevention.
These properties make xylitol an important sugar substitute in wide variety of food and
beverages [1-4].

Xylitol is currently produced in an industrial scale by a catalytic reduction
(hydrogenation) of xylose derived mainly from wood hydrolysates [2]. However, drawbacks
of this chemical process are the requirements of high pressure and temperature; the use of an
expensive catalyst, and, specially, the use of extensive separation steps to remove the by-
products from the hemicellulose fraction [4,5]. Therefore, the biotechnological production of
xylitol using yeasts as biological models, growing on agro-industrial substrates such as sugar
cane, has been explored as an effective alternative process [6]. Among the microorganisms,
the yeasts are considered to be the best xylitol producers [7].

Lignocelluloses are the most abundant natural materials present on the earth and,
regardless of source, lignocelluloses contain cellulose, hemicellulose and lignin as major
components [8]. These materials, in the form of wastes, accumulate every year in large
quantities, causing deterioration of the environment and loss of potentially valuable resources
[9]. Hemicelluloses are heterogeneous polymers mainly composed of pentoses (xylose,

arabinose) and hexoses (glucose, manose, galactose), from which xylose is the major
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component [9,10], and their hydrolysates are been studied as culture media for xylitol and
ethanol production [11].

Soybean (Glycine max) is the most cultivated plant worldwide, reaching 96.2 millions
of hectares, resulting in 216.3 millions tons of grains per year [12]. Soy hulls represent the
major by-product of soybean processing industry and constitute about 8 % of the whole seed
[13]. According to these data, approximately 17.30 millions tons of soybean hull are produced
every year. The insoluble carbohydrate fraction of soy hull cell walls consists of 30 % pectin,
50 % hemicellulose and 20 % cellulose [14]. This information reveals that soybean hulls are a
great material to undergo hydrolysis and subsequent bioconversion to value added chemicals.

Biotechnological xylitol production is regulated by culture process parameters, such as
pH, temperature, initial xylose concentration, presence of inhibitor compounds in the
hydrolysate, and aeration [4,7,11]. Oxygen supply has the strongest effect on xylitol
production because it interferes in the activities of xylose reductase and xylitol dehydrogenase
enzymes involved in the xylose metabolism, determining whether biomass or xylitol will be
accumulated [15,16]. Thus, the control of aeration, expressed as the oxygen volumetric mass
transfer coefficient (kpa), is an important factor, which supplies vital information for the
process scale-up [17,18].

The aim of this work was to study the xylose utilization for cell growth and alcohols
(xylitol, ethanol, and glycerol) production on a high osmotic pressure soybean hull
hydrolysate by Candida guilliermondii NRRL Y-2075. Different k;a were evaluated in order

to know whether xylitol could be produced from such complex hydrolysate medium.



a7

2. Material and methods
2.1. Microorganism, maintenance and inoculum

Candida guilliermondii NRRL Y-2075 used in this study was maintained on YM agar
slants containing (g.L"): yeast extract, 3; malt extract, 3; peptone, 5; glucose, 10; agar, 20.
The medium used for inoculum contained (g.L™"): yeast extract, 3; malt extract, 3; peptone, 5;
glucose, 30. Glucose was autoclaved separately at 120 °C, 15 min. Inocula were prepared by
cultivation of the yeast in 1000 mL Erlenmeyer flasks containing 200 mL of the medium.
Cells were cultivated at 140 rpm, 30 °C for 24 h and were subsequently recovered by
centrifugation (1,000 g, 10 min). The cell pellet was washed and suspend directly into the

fermentation broth to reach an initial concentration of 1.5 g cells.L™.

2.2. Soybean hull hydrolysate preparation

Soybean hulls were supplied by The Solaec Company (Esteio, Brazil). The hulls were
milled to a particle size less than 1 mm in diameter. Acid hydrolysis of soybean hulls were
carried out under optimized conditions (results not shown): temperature, 125 °C; sulphuric
acid concentration, 1.4 % (v/v); solid/liquid ratio, 1/10; and reaction time, 1 h. After the
hydrolysis, the remaining solid material was separated by filtration and the filtrate was stored
at 4 °C. In order to increase the sugar content, the soybean hull hemicellulose hydrolysate
(SHH) was concentrated under vacuum in a laboratory scale evaporator at 70 °C. The two-
fold concentrated hydrolysate (SHH-2C) was treated prior to the fermentation for removing
toxic compounds formed during hydrolysis. The SHH-2C was detoxified by adjustment of pH
to 2.5 and subsequent addition of activated charcoal at a concentration of 10 % (w/v). The
mixture was stirred in an orbital shaker at 140 rpm, 30 °C, for 1 h. The pH of treated SHH-2C

was then correct to 5.5 with NaOH pellets. The precipitate formed in each step was removed



48

by filtration. The treated hydrolysate was sterilized under 100 °C for 30 min. No

supplementation was added to the hydrolysate.

2.3. Fermentation conditions

Fermentation runs were performed in a 2 L stirred-tank bioreactor (Biostat B model,
B. Braun Biotech International, Germany) containing 1.3 L of hydrolysate. The fermenter was
equipped with temperature, agitation, aeration and pH controllers and one Rushton turbine
with six flat-blades. Dissolved oxygen level in the broth was measured using a polarographic
electrode and was expressed as percentage of O, saturation. The temperature was maintained
at 30 °C and the agitation and aeration rates were set at different values, characterizing three
different oxygen transfer conditions: anaerobic (150 rpm, no aeration); microaerobic (300
rpm, 1 vvm); and aerobic (600 rpm, 2 vvm). The oxygen volumetric transfer coefficient,
(kpa), was determined for the last two conditions. Samples were taken at 24 h time intervals to
determine the concentrations of cell mass, residual sugars, xylitol, glycerol and ethanol in the

broth. All experiments were carried out in duplicates.

2.4. Analytical methods

Monosaccharides (glucose, manose, xylose, and arabinose), xylitol and glycerol
concentrations were determined by HPLC (Perkin Elmer Series 200, USA) with a refractive
index (RI) detector and a Phenomenex RHM-monosaccharide column (300 mm x 7.8 mm), at
70 °C, using ultra pure water as eluent, flow of 0.6 mL/min and sample volume of 20 pL.
Acetic acid and furfural content were measured using a gas chromatograph (CG-14B,
Shimadzu, Japan) with a flame ionization detector (FID) and Carbowax column (60 m x 0.25
mm). Measures were carried out using nitrogen as gas carrier and n-propanol as the internal

standard, the temperature of the detector and injection was 250 °C [19]. Ethanol concentration
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was determined by gas chromatograph with a flame ionization detector (FID) and DB-1
column (30 m x 0.25 mm), n-propanol as internal standard. Phenolic compounds were
measured spectrophotometrically using the Folin-Ciocalteau method according to Coseteng
and Lee [20]. The osmotic pressure of hydrolysates was determined using Vapor Pressure
Osmometer (Vapro 5520, USA). Biomass was quantified gravimetrically as dry weight of
cells. Samples were centrifuged, washed twice with cold distilled water, and dried in pre-
weighed plastic tubes at 80 °C to a constant weigh in vacuum-oven. The initial ka was
determined for each pair of conditions (aeration and stirring rates) using the dynamic gassing-
out method [18]. kra was estimated, according to Doran [21], in terms of oxygen solubility,
using Equation 1, where ki a is the oxygen volumetric mass transfer coefficient (h™); Cy is the
dissolved oxygen concentration in the bulk liquid phase (mg.L™"); Cs is the dissolved oxygen

saturation concentration (mg.L™); and t is time (h).

h{gs _gu J
ka=——5s "2/ (1)
tz _tl

3. Results and discussion
3.1. Soybean hull hydrolysate composition

The basic composition of SHH employed in this work is shown on Table 1. The
hydrolysis conditions used recovered, in the form of monosaccharides, 7.8 g.L"' xylose and
3.9 gL' manose. According to Stombaugh et al. [22], these values show that 76 % of
hemicellulose from soybean hull have been hydrolyzed, liberating approximately, 85 and 62
% of the total xylose and manose, respectively. Xylose is the major component present in this

hydrolysate, followed by another pentose, arabinose, which, according to Huisman et al. [23]
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and Stombaugh et al. [22] is released from the side chain of pectin fraction of soybean hull
cell wall polysaccharides.

According to Horitsu et al. [24], in batch process, both xylitol yield and production are
favoured by high initial xylose concentrations. The concentration of hydrolysates by vacuum
evaporation is a possible technology for sugar concentration. In preliminary assays, we tested
four-fold concentrated soybean hull hydrolysate, containing 30 g.L”' xylose (results not
shown). However, this medium was unsuitable for fermentation due to its very high osmotic
pressure (2,948 mOsm.kg™), which impaired cell metabolism. According to Liu et al [25], an
osmotic pressure of 2,108 mOsm.kg™' would stop cell growth of yeasts, even for osmophilic
strains such as C. krusei. Thus, in the present work, the hydrolysate was two-fold
concentrated (Table 1), for which the osmotic pressure was 1,413 mOsm.kg™, still high when
compared with the synthetic medium (263 mOsm.kg™), but that could be readily used by the
strain C. guilliermondii NRRL Y-2075. Results show that there was no sugar degradation and
only a small increase in the content of acetic acid, whereas furfural and phenolic compounds
were two-fold concentrated. Although the inhibitors content of the SHH-2C were below the
critical values [26], the detoxification procedure was required before the hydrolysate could be
employed as a fermentation medium to avoid possible synergistic effects of the toxic
compounds [27]. The detoxification treatment with activated charcoal at 10 % (w/v)
concentration eliminated furfural and promoted a reduction of 85 % of phenolic compounds,

and 65 % of acetic acid (Table 1).

3.2. Batch cultivations on soybean hull hydrolysate
In Table 2 we present the results of the oxygen transfer rate (kpa) for different
conditions of aeration and agitation speed in SHH-2C medium. The oxygen volumetric mass

transfer coefficient of bioreactors is markedly dependent on media composition employed
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[28]. Under the conditions of this research, 300 rpm and 1 vvm produced a k;a of 8 h”', while
600 rpm and 2 vvm resulted in kra of 46 h'l. These values are somewhat lower than those
assigned to other hydrolysates of agro-industrial residues. For instance, Roberto et al. [28],
found a kya of 15 h™' for concentrated rice straw hydrolysate containing 120 g.L™' of xylose
under aeration of 1.3 vvm and 300 rpm agitation speed in a bench bioreactor. Furlan et al.
[15], working with synthetic medium containing 50 g.L"' xylose, measured a ki a of 99.6 h™'
under 0.6 vvm and 500 rpm. These results suggest that oxygen transfer rates in soybean hull
hydrolysate are lower than those observed for other hydrolysates. As can be seen in Table 2,
the oxygen supply considerably affected cell growth, substrate consumption, and product
formation.

Figure 1 shows that, under anaerobic conditions, C. guilliermondii grew poorly, until
24 h of cultivation, reaching 2.37 g cellL.L™". The same growth kinetic was observed for C.
boidini under anaerobiosis in synthetic medium [16]. Only the hexoses - manose and glucose
- were assimilated, very slowly, to a consumption rate of 0.1 g sugars.(L.h)". The biomass
productivity achieved under this condition was 0.04 g cells.(L.h)" compared with 0.23 g
cells.(L.h)" reached with kia of 46 h"' (Table 2). No xylose was metabolized by C.
guilliermondii under anaerobic conditions. The same behaviour was observed by Furlan et al.
[15], cultivating C. parapsilosis in a synthetic media (50 gL' xylose) under anaerobic
conditions. According to Barnett [29], most yeasts are not able to metabolize D-xylose
anaerobically due to the Kluyver effect. But most important of our results, is that ethanol was
produced from hexoses (manose and glucose) achieving a high Yy, of 0.5 g ethanol.g™!
substrate (hexoses), during the first 12 h cultivation.

Under the microaerobic conditions tested (kia of 8 h™"), C. guilliermondii was able to
produced xylitol from a SHH-2C without any supplementation. Kinetic profiles of cell

growth, monosaccharides consumption, and product formation by C. guilliermondii, at k;a of
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8 h™', are depicted in Figure 2. The hexoses were consumed first, followed by xylose. This
preferential order for monosaccharides consumption has been showed by Paraj6 et al. [30].
Arabinose was not consumed during the cultivation run. The cultivation showed a diauxic
kinetic, with the different monosaccharides and ethanol consumption. During the first 12 h,
the hexoses were completely depleted and the maximum ethanol concentration was achieved
with a relatively high yield (Y, 0.4 g ethanol. ¢! sugar). After that, ethanol and xylose were
metabolized. This phenomenon was also observed by Guo et al. [31] employing a wild type
C. maltosa Xu316 cultured in YSC-xylose (50 g.L"") medium. According to these authors,
xylose conversion to ethanol continues until the residual xylose concentration is around 10
gL', when cells began consuming the ethanol formed in the first phase. The inability of the
yeast to convert xylose to ethanol at residual xylose levels (10 g.L"' = 65 mM) is likely to be
due to a limitation in xylose transport [32]. As can be seen in Figure 2, the xylitol production
occurred under oxygen limitation (pO; = 0 %). This can be explained by the fact that, under
oxygen limitations, the electron transfer system of yeasts becomes unable to completely
regenerate NAD" from NADH produced from the first step of xylose metabolism. The
increase in NADH concentration blocks the subsequent metabolism reactions and allows
xylitol excretion to culture medium [7]. The yields for xylitol production (Y,/) obtained in the
present work, for kia of 8 h', was 0.2 g xylitol.g™" xylose, whereas Winkelhausen et al. [16],
using C. boidini achieved, for the same kya value, 0.16 g.g”' employing synthetic medium,
which is free from inhibitor compounds, and with xylose concentration four times higher than
that used in our work. However, the ka value of 8 h™ employed in the present work as well
the xylitol yield appear to be low when compared with that published in other works
employing hydrolysates and C. guilliermondii, where higher concentrations of xylose were
metabolized under higher coefficients of oxygen mass transfer [28,33,34]. According to

Horitsu et al. [24], there is a relation between the oxygen transfer coefficient and substrate
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concentration as well as the positive influence of the amount of xylose on xylitol yield and
productivity. Besides, the presence of hexoses, glucose and manose, in SHH-2C, can affect
the xylose metabolism and, subsequent xylitol yield, by a partial inhibition of transport
systems or catabolic enzymes [35]. Figure 2 shows the glycerol production coupled with the
pO; drop, since glycerol production acts as a redox sink for excess NADH [36].

Figure 3 shows the kinetics of C. guilliermondii NRRL Y-2075 growing in SHH-2C
under fully aerobic conditions (600 rpm, 2 vvm, ki a of 46 h™"). Monosaccharides were almost
completely exhausted in 48 h, presenting the same sugar order consumption that the
microaerobic condition except for arabinose, which was completely depleted under the
aerobic condition. Higher amounts of biomass (28.8 g cell.L™") were obtained, whereas all
product yields decreased, when compared to the cultivation under microerobic conditions (kia
of 8 h™") (Table 2). However, no xylitol was produced. These might be explained by the fact
that the oxygen supply was higher than the cell demand during cultivation. The high oxygen
supply promotes the complete oxidization of NADH through the respiratory chain, employing
the oxygen as the final electron acceptor, recovering NAD'[37]. The high NAD/NADH
relation obtained under this aeration level favours xylitol oxidation to xylulose, promoting

cell growth and no xylitol accumulation [38].

4. Conclusions

The present study is the first report on the biotechnological potential of soybean hull
hydrolysates, especially for the production of ethanol. We also showed a particularly
important feature of C. guilliermondii NRRL Y-2075 that is its ability to grow and to ferment
sugars to ethanol, and possibly xylitol, in highly osmotic media. Under anaerobic conditions,
ethanol was produced with high yield (Yys of 0.5 g ethanol. g'hexoses). Our results also

suggest that oxygen supply was a key factor controlling the bioconversion of xylose to xylitol
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or biomass. In aerobic conditions cell growth is high, whereas in limited oxygen conditions a
large part of xylose utilized is converted into xylitol. Therefore, SHH-2C might be used as
culture medium, without supplementation and detoxified by simple and inexpensive
treatment, for xylitol production under limited oxygen conditions. However, further studies
are granted to better define the ideal conditions of aeration and its relation with xylose
concentration in order to improve xylitol production, which was low in our work. These
results show the great prospect for the use of soybean hull, an important world agro-industrial

waste, for xylitol, biomass or biofuel production.
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Table 1. Composition of SHH, nondetoxified and detoxified SHH-2C with activated charcoal

10 % (w/v) and pH adjusted to 5.5.

Nondetoxified Detoxified
Compound (g.L™") SHH
SHH-2C SHH-2C

Xylose 7.8 14.5 13.3
Arabinose 6.5 12.0 11.1
Manose 3.9 7.2 6.7
Glucose 0.8 1.4 1.3
Furfural 0.3 0.6 0
Acetic acid 1.0 1.1 0.4

Phenol compounds 0.8 1.5 0.2
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Table 2. kra values determined for each pair of aeration and stirring rates and the kinetic

parameters for Candida guilliermondii tested under these oxygen conditions.

Stirring Aeration kra Biomass Ethanol Xylitol
rate (pm)  rate (vvm)  (h™) te Qs t Yot te Yo
Anaerobic* 0 24 0.04 12 0.5 Not detected
300 1 8 120 0.07 24 0.4 120 0.2
600 2 46 48 0.23 12 0.2 Not detected

tf, time required for the maximum product concentration to be reached; Q,, biomass
productivity (g.(L.h)™); Y, product yield (g.g7); s, substrate (xylose); st, total substrate
(glucose, manose, xylose, arabinose); p, product (ethanol or xylitol).

*In anaerobic condition medium was stirred at 150 rpm for homogeneity.
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Fig. 1. Cultivation of C. guilliermondii in detoxified SHH-2C under anaerobic conditions.
Plot of cell mass (H); ethanol (O); glucose (O); manose (A); xylose (®); arabinose (V).

Results are the mean of two experiments.
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Fig. 2. Cultivation of C. guilliermondii in detoxified SHH-2C under microaerobic conditions
(kLa value of 8 h-1): (a) Plot of cell mass (M); ethanol (OJ); glucose (O); manose (A ); xylose
(@); arabinose (V); (b) Plot of xylose (®); xylitol (®); glycerol (V); pO; (x). Results are the

mean of two experiments.
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Fig. 3. Cultivation of C. guilliermondii in detoxified SHH-2C under aerobic conditions (kLa
value of 46 h-1): Plot of cell mass (H); ethanol (OJ); glucose (O); manose (A); xylose (®);

arabinose (V). Results are the mean of two experiments.
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3 DISCUSSAO GERAL

Neste trabalho foi abordado o potencial biotecnologico da utilizagdo do hidrolisado de
casca de soja para producdo de combustivel (etanol), biomassa, ou xilitol, conhecimento este
até entdo inédito na literatura. Além de ampliar os conhecimentos no tocante a produgdo
biotecnoldgica de alcoois mediante o cultivo de C. guilliermondii sobre hidrolisado de casca
de soja, o presente trabalho abordou a influéncia decisiva do coeficiente volumétrico de
transferéncia de oxigénio na produgdo de etanol, xilitol ou biomassa.

Em um primeiro momento, o presente trabalho restringiu-se a elaboracdo do
hidrolisado de casca de soja, mediante hidrélise acida diluida. De acordo com os dados
apresentados no primeiro artigo “Production of ethanol from soybean hull hydrolysate by
osmotolerant Candida guilliermondii NRRL Y-2075”, a hidrolise de casca de soja
empregando 125 °C, acido sulfurico 1,4 % (v/v), relagdao solido liquido 1/10, durante 1 h,
condicao mais drastica testada, foi eficiente, hidrolisando cerca de 76 % da hemicelulose
desse residuo, liberando na forma de monossacarideos 85 % da xilose e 62 % da manose.
Nesse caso, a otimiza¢do do processo de hidrélise empregando ferramentas estatisticas torna-
se desnecessaria devido a uma série de fatores. Primeiro, o presente experimento indica que
quanto maior a temperatura € a concentracao acida empregadas maior sera a recuperagcao dos
actcares em sua forma monomérica. Entretanto, esses parametros, temperatura e concentragao
do 4cido, ndo podem ser aumentados posto que, para concentracdes maiores de acido
sulfurico utilizada, o processo perde seu carater de hidrolise acida diluida, requerendo
equipamentos especiais e tornando o processo mais oneroso. Quanto a temperatura, o fator
limitante consiste na capacidade do equipamento utilizado, neste caso autoclave. Além disso,
a recuperagdo em forma de monossacarideos da xilose, agucar de interesse para bioconversao
a xilitol e etanol, foi elevada, de forma que o aumento da temperatura e concentragao do acido
implicaria em maior degradacdo de pentoses € hexoses e conseqiiente formagao de furfural e
hidroximetilfurfural.

Embora a hidrélise tenha sido eficiente, do ponto de vista de recuperacdo da xilose, a
concentragdo dessa pentose no hidrolisado €, relativamente, baixa quando comparada a outros
hidrolisados. Carvalheiro et al. (2005) obtiveram 14,9 gL' de xilose em hidrolisado de
residuo de malte de cervejaria; Silva et al. (1997) atingiram 26,39 gL' em hidrolisado de
bagaco de cana-de-agucar; e mediante a hidrolise de palha de arroz, Roberto, Mancilha e Sato

(1999), obtiveram um hidrolisado com 16,44 g.L"' de xilose. Esses resultados foram obtidos
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empregando-se equipamentos especificos, tais como, reator de hidrolise, o qual atinge
elevadas temperaturas.

Além disso, no tocante a utilizacdo de residuos agroindustriais, 0os quais representam
muitas vezes problemas de cunho ambiental as industrias processadoras, deve-se levar em
conta, ndo apenas a quantidade de xilose liberada pelo substrato mediante a hidrolise, mas
também, a quantidade desse residuo gerado diariamente, bem como, o destino comumente
dado aos mesmos. Assim, a utilizacdo de bagaco de cana-de-actcar nas caldeiras pelas
proprias induastrias sucro-alcooleiras representam um destino mais nobre ao que ¢ dado as
cascas de soja, normalmente empregadas como suplemento de ragdo animal. Deve-se também
ressaltar que, a alta concentragdo de agucares nos referidos meios promove maior formagao de
compostos inibidores o que exige eficientes tratamentos de detoxificagdo tornando o processo
mais oneroso e complexo.

Nesse sentido, o tratamento de detoxificagdo desenvolvido nesse trabalho, utilizando
apenas ajuste de pH mediante adi¢do de NaOH e carvao ativado demonstrou ser suficiente
para remocao significativa dos contaminantes do hidrolisado de casca de soja. O tratamento
desenvolvido, entre outros itens, minimiza a perda de hidrolisado e o tempo de processo, além
de diminuir os gastos, substituindo Ca(OH),, correntemente utilizado, por NaOH. Segundo
Gurgel et al. (1998), a baixa solubilidade do Ca(OH), aumenta a torta de filtragdo, retendo
mais hidrolisado por capilaridade, aumentando significativamente o tempo de processo e
reduzindo a quantidade de filtrado recuperado. O tratamento de detoxificagdo desenvolvido
no presente trabalho diferencia-se dos demais pela reducdo do niimero de etapas de correcao
de pH, filtragdo a vacuo e centrifugagdes, garantindo, mesmo assim, elevado grau de remogao
dos inibidores.

Deve-se ressaltar que os indices de remoc¢dao de compostos inibidores mediante
tratamento com carvao ativado 10 % (p/v), apresentados no artigo primeiro artigo cientifico
(item 2.1), empregando-se hidrolisado de casca de soja quatro vezes concentrado (SHH-4C)
sdo menores do que aqueles apresentados no segundo artigo (item 2.2), empregando-se
hidrolisado de casca de soja duas vezes concentrado (SHH-2C). Esse resultado era esperado,
pois para ambos os hidrolisados foi empregado a mesma concentragao de carvao ativado (10
% (p/v)) mas a concentracdo inicial dos inibidores no SHH-2C ¢ inferior a do SHH-4C e
existe uma relacdo entre a quantidade de carvao e a quantidade de inibidores removida. Isso
porque as superficies das particulas do carvdo sdo progressivamente bloqueadas pelos

compostos inibidores, tornando-se totalmente cobertas (MUSSATTO; ROBERTO, 2004b).
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Entdo, mantendo-se a quantidade de carvao ativado e diminuindo-se a concentracao inicial de
inibidores aumenta-se o indice (expresso em percentual) de remog¢ao dos mesmos.

Os cultivos realizados em SHH-4C e SHH-2C, apresentados no artigo “Production of
ethanol from soybean hull hydrolysate by osmotolerant Candida guilliermondii NRRL Y-
2075 levaram a descoberta de que a levedura empregada, C. guilliermondii NRRL Y-2075, é
osmotolerante, dada sua elevada viabilidade celular frente a alta pressio osmotica do
hidrolisado. A elevada pressdo osmotica implicou em baixa solubilidade de oxigénio, dado
esse verificado por medidas de coeficiente de transferéncia de oxigénio em meio sintético e
hidrolisado, promovendo uma condi¢do de aeragdo muito restrita para os cultivos realizados
em SHH. Dadas essas condi¢des, o cultivo de C. guilliermondii em hidrolisado resultou na
producdo de etanol, sem formagao de xilitol. Entretanto, segundo Granstrom, Ojamo e Leisola
(2001) a levedura C. guilliermondii apresenta predominantemente xilose redutase NADPH-
dependente o que indica tendéncia a formagao de xilitol pela metabolizacao da xilose, exceto
sob condi¢des de grande aeracdo. Mas, esses mesmos pesquisadores indicam a possibilidade
de que o aumento no acimulo de NADH, devido a condigdes muito restritas de oxigénio,
pode inibir a atividade da xilose redutase NADPH-dependente, além de modificar a
preferéncia da dependéncia do cofator de NADPH para NADH. Essa modifica¢ao resulta na
formagdo de NAD' mediante a reducdo da xilose, recuperando o cofator da xilitol
desidrogenase, permitindo a fermentagdo da xilose a etanol. As enzimas xilose redutases
NADPH-dependente de leveduras, como C. guilliermondii, ou NADH-dependente, como P.
stipitis, apresentam idéntico niimero de residuos de cisteina, em mesmas localizagdes,
entretanto, a xilose redutase da C. guilliermondii apresenta um residuo de histidina adicional
(HANDUMRONGKUL et al., 1998). Esse fator pode contribuir para a preferéncia de
NADPH como cofator da enzima xilose redutase da C. guilliermondii (GRANSTROM;
OJAMO; LEISOLA, 2001).

Os resultados referentes aos cultivos em SHH-2C detoxificado e ndo-detoxificado
revelaram que, embora os niveis dos compostos toxicos estivessem abaixo dos limites criticos
apresentados pela bibliografia, o hidrolisado detoxificado apresentou formagdao de biomassa
30 % superior ao ndo detoxificado, ¢ maior rendimento na produg¢do de etanol. Com base
nesses resultados os demais experimentos foram todos realizados com SHH-2C detoxificado.

A possibilidade de formacdo de xilitol a partir de hidrolisado de casca de soja foi
verificada através dos ensaios apresentados no artigo “Effect of the oxygen transfer rate on
alcohols production from soybean hull hydrolysate”. Os resultados desse trabalho confirmam

a baixa transferéncia de oxigénio do SHH, corroborando ainda mais aos resultados descritos
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anteriormente. Além disso, esses resultados ratificam a possibilidade de produgao de xilitol a
partir desse hidrolisado, desde que condigdes limitadas de oxigénio sejam empregadas sob o
controle do coeficiente de transferéncia de oxigénio (kpa de 8 h™"). Diferentemente dos
resultados obtidos em meio sintético, o cultivo da C. guilliermondii em SHH-2C néo
apresentou consumo do xilitol formado, mesmo que a concentragdo de xilose tenha atingido
valores criticos. Segundo Carvalheiro et al. (2005), isso se deve a presenga de arabinose. Essa
pentose foi metabolizada dentro do tempo de cultivo estipulado (120 h) apenas quando
condi¢des aeradas foram aplicadas, revelando a capacidade da levedura em metabolizar essa
pentose, raramente consumida por outros microrganismos. Além disso, os resultados obtidos
através dos ensaios realizados em condi¢des aerobias (kia de 46 h), revelaram a 6tima
fermentabilidade desse meio, dado o elevado indice de rendimento de biomassa,
comprovando, assim, a baixa concentragdo de inibidores.

A producdo de etanol sob as trés condi¢des de aeracdo testadas no segundo artigo
(anaerobia, microerdbia e aerdbia) ocorreu com base no consumo das hexoses, confirmando
que a produgdo de etanol a partir de xilose pela C. guilliermomdii nao ocorre em condi¢des
anodxicas e, sim, em condi¢des de oxigénio muito estritas de forma a acumular NADH.

Enfim, os resultados apresentados indicam que hidrolisado de casca de soja pode ser
empregado como meio de cultura sem nenhuma suplementacdo e detoxificado por um
tratamento simples e de baixo custo, podendo ser o mesmo concentrado a fim de aumentar as
concentragdes iniciais dos agucares.

Em conclusdo, ¢ importante se ressaltar o grande potencial energético desse residuo
agroindustrial, gerado diariamente em grandes quantidades em todo mundo, que ¢ a casca de
soja, mediante a obtenc¢do de seu hidrolisado acido cuja bioconversao pode ser direcionada a

produgdo de etanol, xilitol, ou biomassa, dependendo do grau de aeracdo empregado.
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PERSPECTIVAS

O presente trabalho demonstrou a possibilidade da utilizacao biotecnologica de casca
de soja, mediante processos de hidrolise e detoxificagdo simplificados e de baixo custo, para
produgdo de etanol, xilitol e biomassa, abrindo possibilidades de novos projetos e linhas de
pesquisa.

Os resultados obtidos no presente trabalho podem ser otimizados, determinando-se as
condicdes de aeracdo e agitacdo adequadas para se atingir um coeficiente volumétrico de
transferéncia de oxigénio 6timo para uma maior bioconversao de xilose a xilitol, com base na
concentragdo inicial de xilose do hidrolisado de casca de soja. O aumento no rendimento de
xilose a xilitol ainda pode ser testado aumentando-se a concentracdo inicial de células e
promovendo-se a adaptacdo da levedura ao hidrolisado, diminuindo, assim, os efeitos
relativos aos inibidores e pressao osmdtica.

No tocante a produgdo de etanol, o melhoramento no aproveitamento da xilose do
SHH na conversdo a etanol também configura como perspectiva, possibilitando a utilizagao
de leveduras reconhecidamente produtoras de etanol a partir de xilose como P. stipis ou S.
cerevisiae geneticamente modificada.

Outra perspectiva aberta por esse trabalho consiste na avaliacdo de consorcio de
leveduras para a produgdo de xilitol tanto em meio sintético como SHH, assim, como a
utilizacdo de mistura de hidrolisados de diferentes substratos de forma a aumentar a
concentra¢do inicial dos aglicares, especialmente, xilose, sem aumentar a pressdo osmotica do
meio. Deve-se ressaltar ainda, a possibilidade do melhoramento do processo de detoxificacao
do SHH, avaliando-se outras técnicas e buscando mecanismos para diminui¢ao de sua pressao
osmdtica.

Este trabalho ainda alga perspectivas da utilizagdo do hidrolisado de casca de soja
como meio de cultivo para producdo de outros metabdlitos de elevado valor agregado dado
sua excelente fermentabilidade e baixo custo de producao, além de propiciar destino a um

residuo de grandes proporcdes atuais.
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APENDICE

Apéndice A - Efeito dos tratamentos de detoxificacdo na composi¢cdo dos compostos
toxicos do hidrolisado de casca de soja

Compostos toxicos (g.L)

%
Tratamentos Fenol Furfural Acido Acético
Original 0,79 0,28 1,04
Original, concentracao 3,05 1,12 1,74
Concentragdo, pH 5.5 2,17 0,08 1,89
Concentracdao, CA 1 % (p/v) 1,85 0,12 1,53
Concentracdo, CA 2 % ((p/v) 1,75 0,08 1,47
Concentracdao, CA 5 % ((p/v) 1,27 0,07 1,32
Concentracdo, CA 10 % (p/v) 0,74 0,06 1,10

* O tratamento de detoxificacdo de concentra¢do por evaporagdo a vacuo foi realizado a 70
°C, concentrando-se o hidrolisado original quatro vezes (SHH-4C). CA significa carvao

ativado adicionado em diferentes concentragdes ao SHH-4C: 1; 2; 5 e 10 % (p/v).



