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RESUMO

Os problemas ambientais enfrentados pela exploracdo e uso intensivo de bens naturais e 0
aumento do preco dos combustiveis fosseis consolidam a busca por fontes alternativas de
energia, como o biodiesel, que no Brasil vem sendo um importante substituinte (direto ou
parcial) do diesel. A transesterificacdo tem sido considerada o melhor método para a producédo
do biodiesel, no entanto este processo exige a extracdo prévia do 6leo da oleaginosa utilizando
um solvente, sendo o hexano o mais comum. Processos simplificados, como o de
transesterificagcdo in situ, tém sido investigados visando a diminuigdo dos custos. Nesse
contexto, o presente trabalho buscou avaliar a viabilidade técnica de emprego do etanol como
solvente do processo de extracdo do 6leo de soja, possibilitando o emprego direto da mistura
para producdo de biodiesel. Primeiramente, foi realizado um estudo sobre o equilibrio da
extracdo sélido-liquido, em que foi validado um modelo de isoterma baseado no pressuposto
geral de que o material extraivel esta presente em duas camadas sobre a superficie da matriz
solida. O modelo foi validado para extracdo de dleo de soja por etanol em diferentes
temperaturas (30 a 70 °C) e purezas (95,0 a 99,5%). As constantes de equilibrio foram
descritas por meios termodindmicos e revelaram detalhes sobre o processo energética
envolvido na extracdo em ambas as camadas. A base fenomenoldgica empregada neste
trabalho sugere que o mecanismo de lavagem é responsavel por extrair a por¢do de 6leo na
segunda camada, enquanto o mecanismo de difusdo extrai o 6leo na primeira camada. Na
segunda parte do estudo desenvolvido, avaliou-se a viabilidade técnica do uso de etanol
aquoso como solvente para o processo de extracdo do Oleo de soja em coluna de fluxo
continuo. Foi desenvolvido e ajustado um modelo cinético baseado nos mecanismos de
lavagem e difusdo, ora supostos. O estudo foi realizado em uma coluna de extracdo liquido-
solido, utilizando etanol hidratado como solvente, e soja laminada como fase sélida extraivel.
Experimentos foram conduzidos em diferentes condicdes: (i) temperatura do solvente (30 —
70°C); (ii) altura do material solido na coluna (38 — 72cm); (iii) velocidade superficial do
solvente (1,68 — 11,78cm min™); e (iv) fragcdo massica absoluta do material extraivel A (soja
laminada) na fase fluida E (etanol) na entrada na coluna (0 — 0,0061g A/g E). Foram obtidas
eficiéncias medias finais na faixa de 74,3 e 99,8%. Os dados experimentais coletados foram
utilizados para obtencdo dos parametros do modelo (coeficientes de transferéncia de massa
para lavagem e para a difusdo). O modelo mostrou boa concordancia com os dados
experimentais. Em geral, foi observada uma forte influéncia positiva da velocidade superficial

e da temperatura nos coeficientes de transferéncia de massa. A altura da coluna e a



concentragédo de soluto na entrada da coluna, mostraram uma influéncia baixa nos parametros
cinéticos do processo de extracdo. Desta forma, o estudo contribui com base tedrica e
conhecimento dos mecanismos envolvidos no processo de extracdo, que permitem a aplicacédo
pratica e possivel escalonamento do processo.

Palavras-chave: Extracdo solido-liquido; equilibrio do sistema; modelo cinético; extracdo de
coluna; transferéncia de massa; 6leo de soja.



ABSTRACT

The environmental problems faced by the exploitation and intensive use of natural goods and
the increase in the price of fossil fuels consolidate the search for alternative sources of energy,
such as biodiesel, which in Brazil has been an important additive of diesel. Transesterification
has been considered the best method for its production, but the traditional process requires the
prior extraction of oil from the oil using a solvent, with hexane being the most common.
Simplified processes, such as in-situ transesterification, have been investigated to reduce
costs. In this context, the present work sought to evaluate the technical feasibility of using
ethanol as a solvent in the soybean oil extraction process, making it possible to use the blend
for the production of biodiesel. Firstly, a study was carried out on the equilibrium of the solid-
liquid extraction, in which an isotherm model was validated based on the general assumption
that the extractable material is present in two layers on the surface of the solid matrix. The
model was validated for the extraction of soybean oil by hydrated ethanol at different
temperatures (30 to 70°C) and ethanol (95.0 to 99.5%). The equilibrium constants were
described by thermodynamic means and revealed details about the energy involved in the
extraction in both layers. The phenomenological basis employed in this work suggests that the
washing mechanism is responsible for extracting the oil portion in the second layer, while the
diffusion mechanism extracts the oil in the first layer. In the second part of the study, the
technical feasibility of the use of aqueous ethanol as a solvent for the soybean oil extraction
process in a continuous flow column was evaluated. A kinetic model was developed and
adjusted based on the mechanisms of washing and diffusion, now assumed. The study was
performed on a liquid-solid extraction column, using hydrated ethanol as solvent, and soybean
laminated as an extractable solid phase. Experiments were conducted under different
conditions: (i) solvent temperature (30-70°C); (ii) height of the solid material in the column
(38-72cm); (iii) superficial velocity of the solvent (1.68-11.78cm min-1); and (iv) absolute
mass fraction of extractable material A in the fluid phase at the entrance to the column (O-
0.0061g A/g E). Mean final efficiencies were obtained in the range of 74.3 and 99.8%. The
experimental data collected were used to obtain the model parameters (mass transfer
coefficients for washing and for diffusion). The model showed good agreement with the
experimental data. The column height and solute concentration at the column entrance
showed poor influence on the kinetic parameters of the extraction process. Thus, the study
contributes to a theoretical basis and knowledge of the mechanisms involved in the process of

extraction, which allow the practical application and possible scheduling of the process.



Keywords: Solid-liquid extraction; system balance; kinetic model; column extraction; mass
transference; soybean oil.
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1. INTRODUCAO

A busca por materiais, insumos e fontes de energia renovaveis, motivada tanto pelo
crescimento populacional, quanto pelos problemas ambientais enfrentados pela exploracéo e
uso intensivo de bens naturais, tem aumentado ao longo dos anos. Estudos foram e vém sendo
conduzidos, a fim de encontrar substitutos, a longo prazo, para 0S recursos energéticos e
materiais derivados do petroleo, o qual, pela uso e destino que recebe, vem sendo apontado
como um dos responsaveis pelas mudancas climéticas e aquecimento global (GALLINA et
al., 2014; NORO et al., 2012; DIAS et al., 2009; POUSA, SANTOS e SUAREZ, 2007).

O uso de fontes alternativas de energia vem se consolidando em um cenério que
engloba o aumento do preco dos combustiveis fosseis (carvdo mineral, petroleo e gas natural),
0s impactos ambientais originarios da sua exploracdo e das suas aplicacdes e pelos conflitos
geopoliticos que essa exploracdo tem causado ao longo dos anos (NORO et al., 2012).
Compromissos relativos as questdes ambientais, como o Protocolo de Kyoto firmado em 1997
e, 0 mais recente, Acordo de Paris, assinado em 2015, durante a 212 Conferéncia das Partes
(COP21), reforcam a tomada de atitudes pelas liderangas mundiais, em relacdo a adocdo de
novas praticas energéticas que promovam o desenvolvimento sustentavel.

Dessa forma, o diferencial do biodiesel para os demais combustiveis derivados do
petroleo, ndo é a ndo producdo de CO> durante a queima, mas € o seu ciclo praticamente
fechado, ou seja, o que é produzido, € consumido pela biomassa, reduzindo cerca de 78% das
emissdes desse gas para a atmosfera a partir da reabsorcdo pelas plantas, diminuindo em 90%
a emissdo de fumaca e, praticamente anulando as emiss@es de éxidos de enxofre, podendo ser
usado em qualquer motor de ciclo diesel, com pouca ou nenhuma necessidade de adaptacédo
(NORO et al., 2012).

No Brasil, politicas de incentivo a introducdo progressiva de biocombustiveis
derivados de 6leos e gorduras na matriz energética, levaram ao cenario atual, em que o diesel
deve conter em sua composi¢do, um teor de 10% de biodiesel (B10), elevando
significativamente a producdo desse biocombustivel (ANP, 2018). E, justamente, pelo
crescimento da demanda de biodiesel, e pela soja ser a oleaginosa mais plantada no pais (Cruz
e Arns, 2004), segundo dados da Aprobio (2018), 80% da producdo de biodiesel ¢ realizada
com o0 uso do oleo de soja.

Para que o biodiesel seja produzido, é necessaria a extracdo prévia do dleo da
oleaginosa escolhida, geralmente com um solvente. Esse tipo de extracdo, pode ser definida

como a remocdo de um constituinte presente em um solido por meio de um solvente liquido,
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chamada também, de lixiviacdo. Existem muitos fatores que influenciam a taxa de extracgéo,
tais como o tamanho das particulas do sélido, o tipo de solvente, temperatura e condigdes
hidrodinamicas (GREEN e PERRY, 2008). O solvente mais utilizado industrialmente para
extracao do 0leo, hoje, é o hexano.

O hexano atende as principais exigéncias para extracdo, possui propriedades como a
elevada solubilizacdo do 6leo, elevada taxa de extracdo quando em situacdo de equilibrio,
imiscibilidade em agua e ndo oxida tubulagdes e equipamentos (ROTTA, 2015). A técnica de
extracdo com solventes, mais especificamente o hexano, permite elevados rendimentos de
6leo (99% de extracdo), sendo a mais utilizada no Brasil (VELOSO, 2003). Entretanto,
apresenta algumas desvantagens, como a alta inflamabilidade, toxicidade e volatilidade, além
de ser oriundo de uma fonte ndo-renovavel de matéria-prima, reforcando assim, a necessidade
de solventes alternativos no processo de extracdo (REGITANO-D'ARCE, SANGALETTI-
GERHARD e BUENO-BORGES, 2017; SANGALETTI-GERHARD et al., 2014; SAWADA
etal., 2014; ZACHI, 2007).

Micela é o termo usado pela industria, para se referir a mistura do 6leo vegetal
solubilizado e o solvente, e se o solvente for o hexano, a micela precisa ser destilada, a fim de
que o Oleo seja separado do solvente (SANGALETTI-GERHARD et al., 2014). Quando
analisada a cadeia de producéo de biodiesel, ainda se verifica a necessidade de um processo
de recuperacdo do solvente ao final da extragdo, bem como do melhoramento do dleo
extraido, para que suas propriedades se aproximem mais das do diesel de petroleo. Muitas
técnicas tém sido desenvolvidas para possibilitar sua utilizacao: pirolise do dleo, diluicdo com
hidrocarbonetos de petréleo, micro emulséo e transesterificacdo (LIN et al., 2011).

Devido ao seu baixo custo e simplicidade, a transesterificacdo tem sido considerada o
melhor método para a producédo de biodiesel, e pode ser descrita como uma rea¢do em que um
6leo vegetal ou gordura animal, combinado com algum tipo de &lcool, como o etilico ou o
metanol, na presenca de um catalizador, produz ésteres etilicos ou metilicos e glicerina
(PRADANA et al., 2017; KUCEK, 2004). Ao final do processo, a massa que sai do reator
contém os produtos da reacdo e 0 excesso dos reagentes, entdo SA0 necessarios um pProcesso
de separacdo de fases (biodiesel e glicerina) e a purificacdo dos produtos presentes nessas
fases. O alcool, presente em ambas as fases, € recuperado por um condensador e,
posteriormente, encaminhado para destilagdo, removendo percentuais de dgua presentes em
sua composic¢éo (SILVA FILHO, 2010).

Pequenas propriedades rurais poderiam produzir seu préprio biodiesel, pois advém da

biomassa, porém esse processo se torna muito complexo, pois envolve muitas etapas, desde o
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preparo até a sua purificagdo. Por esses motivos, numa planta de produgdo de biodiesel de
pequena escala, destaca-se a transesterificagdo in situ.

A diferenca do processo de transesterificagdo convencional para o processo in situ, se
da na preparacdo da matéria-prima, ja que para a transesterificacdo convencional o oOleo é
previamente extraido com solvente, depois separado, para entdo entrar em contato com o
alcool. Ja na transesterificacdo in situ, o alcool atua como solvente e reagente, em um
processo continuo (DOMINGUES, 2017; HINCAPIE, MONDRAGON e LOPEZ, 2011;
HAAS et al., 2007). Esse processo, pode simplificar as fases de producdo do biodiesel,
reduzindo o tempo de operacdo, eliminando custos do processo e dos produtos e aproveitando
o conteldo lipidico da casca do gréo escolhido (HARRINGTON ¢ D’ARCY-EVANS, 1985;
HINCAPIE, MONDRAGON e LOPEZ, 2011; HAAS et al., 2004).

Em relacdo ao tipo de alcool envolvido na producdo do biodiesel, mundialmente, o
biodiesel tem sido obtido via metanol, pois seu consumo é cerca de 45% menor na
transesterificacdo do que o necessario para fazer a mesma quantidade de biodiesel, s6 que
com etanol, o preco é menor, é mais reativo, a taxa de conversdo € mais rapida e ndo necessita
de tanto volume de equipamentos para a produtividade. No entanto, no Brasil, a rota etilica
tem vantagem sobre a metilica, pois a oferta desse tipo de alcool, que esta disseminada por
todo o territorio nacional, é alta, e seu preco, dado que o pais é o maior produtor mundial de
etanol, tem o menor custo de produ¢cdo mundial. Comparado ao metanol, a toxicidade é baixa,
gera mais ocupacdo e renda no meio rural, apresenta menor risco de incéndios e pode ser
100% renovavel se for gerado a partir da biomassa (PARENTE, 2003).

O etanol € um solvente biodegradavel, que em pequenas quantidades, é atéxico e
possui grande potencial como solvente no processo de extracdo de 6leo, podendo substituir o
hexano sem grandes perdas de rendimento no processo (TOMAZIN JR., 2008; REGITANO-
D'ARCE, SANGALETTI-GERHARD and BUENO-BORGES, 2017). Como desvantagem,
afeta a solubilidade dos lipidios quando utilizado como solvente, por ser menos seletivo que o
hexano a alguns compostos, podendo complicar o processo de refino do 6leo (BAUMLER,
CARRIN e CARELLI, 2017).

Porém, o etanol, quando utilizado no processo de extracdo, tem a capacidade de ser
separado a temperatura de 30°C, em duas fases, micela rica (rica em 6leo) e micela pobre (rica
em etanol), evitando as etapas de destilacdo e recuperagdo do solvente, permitindo a
transesterificacdo direta da micela rica em 6leo, sem refino (SANGALETTI-GERHARD et

al., 2014), viavel para ser usado na transesterificacdo in situ. Por fim, € considerado seguro a
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salde humana, nomeado como solvente GRAS (Geralmente Reconhecidos como Seguros),
pois é um aditivo alimentar (FDA, 2018).

Muitos modelos cinéticos ja foram desenvolvidos e testados para os processos de
extracdo. Porém, essas extracfes utilizam como solventes, principalmente, hidrocarbonetos
aromaticos (benzeno, tolueno, xileno, outros) e alifaticos (hexano, heptano, benzina, outros)
(ZACHI, 2007). Estes solventes possuem como caracteristica principal a elevada solubilidade
para os Oleos vegetais. Desta forma a concentracdo do soluto no equilibrio utilizada na
descricdo da cinética do processo pode ser aproximada pela concentracdo relativa ao limite de
solubilidade. Desta forma, o equilibrio passa a ndo depender da composic¢do do sistema. O
etanol, por sua vez, possui a solubilidade limitada, sendo necesséaria a obtencdo de modelos de
equilibrio que descrevam a cinética do processo de extracdo (WENZEL et al., 2018).

Nesse contexto, o presente trabalho apresenta uma nova abordagem do processo de
extragdo, utilizando etanol como solvente, investigado com base em dois estudos: um de
equilibrio e outro cinético, visando a obtencdo de dados e fundamentos tedricos que
possibilitem a aplicacdo pratica e possivel scale-up do processo. Por conseguinte, 0 estudo
cinético foi conduzido em uma coluna de extracdo solido-liquido, utilizando etanol hidratado
como solvente e soja laminada como fonte de dleo. E, tendo em vista a necessidade de
conhecimento das condi¢des de equilibrio para aplicacdo de um modelo cinético, o estudo de
equilibrio foi realizado com diferentes condicfes experimentais: (i) temperatura do solvente
(30 — 70°C); (ii) altura do material s6lido na coluna (38 — 72cm); (iii) velocidade superficial
do solvente (1,68 — 11,78cm min™); e (iv) fracdo massica absoluta do material extraivel A na
fase fluida na entrada na coluna (0 — 0,0061 g A/g E), em que A é o material extraivel e E 0
etanol usado como solvente.

Com base nos resultados obtidos e devido a espessura das laminas de soja (matéria-
prima escolhida) terem menos de 5 mm, a taxa de extracdo foi baseada no modelo proposto
por Patricelli et al. (1979). Segundo os autores, a extracdo ocorre com base em dois
mecanismos simultaneos, com diferentes coeficientes cinéticos: (i) uma etapa chamada
lavagem, na qual o 6leo é mais disponivel, disposto em uma segunda camada acima da
superficie da particula, lavado pelo solvente; e (ii) somado a um segundo mecanismo,
difusional, em que a taxa de transferéncia de 6leo € mais baixa, pois extrai o material ligado a
superficie do solido, primeira camada (PATRICELLI et al., 1979).

Para confirmar se o0 modelo proposto é condizente com a realidade, amostras foram
retiradas ao longo de todo procedimento experimental na fase liquida na base da coluna e

analisadas por meio fotometrico e gravimétrico, para cada experimento realizado. A soja,
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previamente caracterizada (dimensdes, teor de 6leo e umidade), ainda foi analisada em
relagdo ao teor de 6leo remanescente no sélido, ao final de cada corrida experimental. Assim,
com base nas teorias e dados apresentados nesse estudo, torna-se possivel o dimensionamento

racional do processo de extracao solido-liquido, para aplicacdo em uma escala maior.

1.1 OBJETIVOS

1.1.1 Objetivo Geral

Avaliar a viabilidade técnica de emprego do etanol como solvente no processo de

extracao do Oleo de soja, em uma coluna de fluxo continuo.

1.1.2 Objetivos Especificos

(i) Desenvolver um modelo matematico, a partir da determinacdo dos dados de
equilibrio da extragdo de dleo de soja com etanol hidratado sob diversas condi¢cdes de
temperatura, razdo alcool/triglicerideo, razéo alcool/agua e umidade dos graos;

(i) Estabelecer fundamentos tedricos fenomenologicos para o equilibrio do processo
de extracdo de 6leo de soja com etanol;

(iii) Obter dados experimentais em coluna de extragdo, em diferentes condigdes de
velocidade superficial do solvente, altura de soja na coluna, temperatura do solvente e fracéo
massica absoluta do material extraivel A na fase fluida na entrada na coluna, desenvolvendo
um modelo matematico que descreva as situacdes experimentais;

(iv) Com base no modelo matematico de equilibrio desenvolvido, modelar o processo
de extracdo solido-liquido e validar o modelo matematico com dados experimentais, de forma
a permitir validar a influéncia dos parametros experimentais nos coeficientes de transferéncia

de massa/cinéticos do processo.
1.2 ESTRUTURA DO TRABALHO
O trabalho esta divido em cinco capitulos, apresentados a seguir:

M O presente Capitulo 1 introduz a motivacéo para o desenvolvimento do trabalho,

bem como os objetivos e estrutura do mesmo;



(i)

(iii)

(iv)

v)
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No Capitulo 2, é apresentada uma revisdo bibliografica sobre os assuntos
envolvidos no presente trabalho, especialmente no que diz respeito a definigdo de
biodiesel, seu historico e pertinéncia (questdes ambientais, sociais e econémicas).
A partir desse ponto, o capitulo aprofunda-se na escolha da soja como oleaginosa e
no etanol como solvente, bem como os processos de producdo. O capitulo €
encerrado com estudos da cinética de extracdo (pardmetros, modelos matematicos,
outros), contextualizando a motivacéo e relevancia da pesquisa;

No Capitulo 3, é descrita a primeira parte dos resultados do trabalho, que
apresenta, de forma resumida, um trabalho tedrico-experimental acerca do
equilibrio do sistema estudado. Baseia-se em um manuscrito a ser submetido para
publicacdo, intitulado ‘“Phenomenological solid-liquid extraction equilibrium
model: application to soybean-oil-aqueous ethanol system”, escrito por Wenzel et
al. (2018), o qual foi desenvolvido, em parte, durante o periodo de
desenvolvimento desta dissertagéo.

No Capitulo 4, é apresentada a parte principal da presente dissertacdo: um estudo
cinético do processo de extracdo solido-liquido, utilizando etanol como solvente,
conduzido em coluna de extracdo. O capitulo foi escrito em formato de artigo
cientifico a ser submetido para publica¢ao, intitulado “Soybean oil extraction with
aqueous etanol: a column kinetic study”;

E, por fim, no Capitulo 5, aborda-se as consideracgdes finais obtidas e as sugestdes

para trabalhos futuros.
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2. REVISAO BIBLIOGRAFICA

2.1 BIODIESEL

Segundo a Resolugdo n° 42 de 24 de novembro de 2004 da Agéncia Nacional do
Petroleo, Gas Natural e Biocombustiveis (ANP), define-se o biodiesel como:

[...] um combustivel renovavel obtido a partir de um processo quimico denominado

transesterificagdo. Por meio desse processo, 0s lipideos presentes nos 6leos e

gordura animal reagem com um alcool primario, metanol ou etanol, gerando dois

produtos: o éster e a glicerina. O primeiro somente pode ser comercializado como

biodiesel, apds passar por processos de purificacdo para adequacdo a especificacao

da qualidade, sendo destinado principalmente a aplicagdo em motores de ignicao por
compressdo (ciclo Diesel) (ANP, 2018).

A Lei n® 11.097/2005, que dispde sobre a introducdo do biodiesel na matriz energética
brasileira, definiu biodiesel como sendo um “biocombustivel derivado de biomassa renovavel
para uso em motores a combustdo interna com ignicdo por compressao ou, conforme
regulamento, para geragédo de outro tipo de energia, que possa substituir parcial ou totalmente
combustivel de origem fossil”.

Mendes (2015) refere-se ao biodiesel como um combustivel renovavel e
biodegradavel, “formado por ésteres de &cidos graxos, ésteres metilicos, etilicos ou propilicos
de acidos carboxilicos de cadeia longa”. Ainda, diz que ¢ mais comumente obtido pela reacao
quimica de lipideos, 6leos ou gorduras de origem animal ou vegetal, “com um &lcool na
presenga de um catalisador” (transesterificacao).

A definicdo mais usualmente aplicada a palavra biodiesel, é a de um combustivel
biodegradavel, produzido a partir de fontes naturais e renovaveis, capaz de substituir,
diretamente ou em mistura, o diesel derivado de petrdleo, na operacdo de motores ciclo Diesel
(ENCARNACAO, 2008).

2.1.1 Histérico e Politica Nacional

De acordo com Encarnacdo (2008), em 1853, estudos de transesterificacdo de Oleos
vegetais ja eram conduzidos por E. Duffy e Patrick, mesmo antes do motor a diesel tornar-se
funcional. Posteriormente, registrou-se a utilizacdo de 6leos vegetais como combustivel em
motores de combustdo interna em 1900, por Rudolf Diesel. Ele usou 6leo de amendoim em

seus motores. Mas, devido ao baixo custo e grande disponibilidade de petroleo na época, ele
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era a principal fonte de energia e o diesel o principal combustivel. Porém, as quedas que
ocorreram de tempos em tempos na producdo e fornecimento do petroleo e seus derivados, fez
com que fontes alternativas fossem consideradas (POUSA, SANTOS e SUAREZ, 2007).

Nas décadas de 1930 e 1940, utilizou-se 6leo vegetal bruto em motores em situagdes
emergenciais. Na China, a pirdlise de diferentes triglicerideos forneceu combustiveis liquidos,
e 0 craqueamento do 6leo de tungue gerou hidrocarbonetos semelhantes ao diesel de petréleo.
No Brasil ndo foi diferente, ja que na década de 40 surgiram as primeiras tentativas de ocupar
oOleos e gorduras como fonte de energia. O primeiro programa governamental de incentivo ao
uso de biocombustiveis surgiu no Brasil durante a Segunda Guerra Mundial, quando a
exportacdo do 6leo de algodao foi proibida, forcando sua queda de preco, para que pudesse
ser utilizado como combustivel em trens (POUSA, SANTOS e SUAREZ, 2007).

Posteriormente, em 1970 e 1990, a crise do petréleo e o crescimento em relacdo a
preocupacdo ambiental fomentaram a busca por fontes alternativas de energia. Elaborado pela
Comisséo Nacional de Energia, 0 PRO-OLEO (Plano de Producdo de Oleos Vegetais para
Fins Energéticos - Resolugdo n® 007 de outubro de 1980) visou estabelecer uma mistura de
30% de 6leos vegetais ou derivados ao diesel de petréleo para que, no futuro, fosse totalmente
substituido. Entretanto, a queda no preco do petrdleo a nivel internacional encerrou o
programa (POUSA, SANTOS e SUAREZ, 2007).

Em 1988 foi publicado um artigo chinés, o primeiro da literatura que usou o termo
biodiesel. O préximo artigo usando o termo sé apareceu em 1991, mesmo ano em
que a primeira planta de escala industrial de biodiesel foi inaugurada em Aschach,
na Austria, com a capacidade de 10 mil m3 por ano. ApGs esse marco, 0 uso do
termo biodiesel cresceu exponencialmente nas publicages e diversas plantas foram
inauguradas em muitos paises europeus, incluindo Franca e Alemanha e em nagdes
em outras partes do mundo (ENCARNACAO, 2008).

Segundo Pousa, Santos e Suarez (2007), no fim do século XX, com o preco do
petrdleo estabilizado e alto no mercado internacional, o governo federal retornou a atencédo ao
uso do biodiesel, promovendo estudos realizados por comissfes interministeriais em parceria
com universidades e centros de pesquisa e em 2002, o PROBIODIESEL, apresentado pelo
Ministério da Ciéncia e Tecnologia (MCT) e pelo Decreto n° 702 de 30 de outubro de 2002,
substituiria 0 uso do diesel de petrdleo a partir da etandlise de 6leos vegetais como rota
principal. Inicialmente a proposta do governo era de que o diesel consumido no Brasil fosse
B5 (5% biodiesel e 95% diesel) e num periodo de 15 anos essa substituicdo seria B20 (20%
biodiesel e 80% diesel).
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Em 2003, foi criado um Grupo de Trabalho Interministerial (GTI), pelo Decreto
Presidencial de 02 de julho de 2003. Sua finalidade era de “apresentar estudos de viabilidade
do uso de 6leos e seus derivados como combustiveis e indicar acdes necessarias para sua
implanta¢dao” (POUSA, SANTOS e SUAREZ, 2007).

Como o Brasil fez opcéo por priorizar as rodovias para o transporte pesado, o perfil
do refino de petroleo brasileiro é determinado pelas necessidades de diesel para
impulsionar a economia. Por essas razdes, uma reflexdo sobre a oferta de biodiesel
deve ser feita no contexto de substituicdo parcial do 6leo diesel, onde devem ser
considerados os interesses de outro influente setor da economia, o agronegdcio,
sobre a formacdo do custo final do combustivel. Deve se considerar também a
regularidade da oferta, as implicacBes sobre as variaveis ambientais, sociais e
econdmicas, as possibilidades de regionalizagdo da oferta de combustivel e uma
possivel e desejavel independéncia estratégica (VIANNA, WEHRMANN e
DUARTE, 2004).

Constatada a necessidade da incorporacdo parcial e esporadica do biodiesel no diesel,
através das recomendacdes e diversas parcerias do GTI, foi lancado o Programa Nacional de
Producdo e Uso de Biodiesel (PNPB), tendo por principal objetivo garantir a produgdo do
biocombustivel através da inclusdo social e desenvolvimento regional.

O PNPB teve como principal acéo legal a introducdo de biocombustiveis derivados de
6leos e gorduras na matriz energética, pela Lei n°® 11097 de 13 de janeiro de 2005. Com essa
lei, 0 uso opcional da mistura B2 (2% de biodiesel e 98% de diesel de petrdleo) seria
permitido até o inicio do ano de 2008, quando passou a ser obrigatério. Entre 2008 e 2013 o
uso de B5 era opcional e passou a ser obrigatorio apos esse periodo (POUSA, SANTOS e
SUAREZ, 2007). A evolugdo do teor de biodiesel presente no diesel no Brasil é apresentada
na Tabela 1 (ANP, 2018):

Tabela 1. Evolucdo do teor de biodiesel presente no diesel no Brasil.

Periodo Porcentagem do teor de biodiesel
Até 2003 Facultativo

Janeiro de 2008 2%
Julho de 2008 3%
Julho de 2009 4%
Janeiro de 2010 5%
Agosto de 2014 6%
Novembro de 2014 7%
Marco de 2017 8%

Margo de 2018 10%
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Fonte: Adaptado de ANP (2018).

A Lei n® 13.263/2016 alterou a Lei n° 13.033/2014, determinando um cronograma de
aumento do teor de biodiesel a partir de 2017. Atualmente, por determinacdo do Ministério de
Minas e Energia, a partir de marco de 2018, o Conselho Nacional de Politica Energética
(CNPE) aprovou o aumento da mistura de biodiesel no diesel esperada somente para 2019,
que antes era de 8% de biodiesel (B8), e agora contém 10% (B10), estimando que sua
producdo seja algo em torno de 5,4 milhdes de litros de biodiesel para o0 ano de 2018 (ANP,
2018). A Figura 1 mostra o comportamento da producéo do biodiesel no Brasil, em funcéo do
aumento do seu teor na mistura com o diesel ao longo dos ultimos dez anos, bem como a

capacidade de producdo no pais e a ociosidade nas usinas.

BIODIESEL NO BRASIL

FONTE: APROBIO
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Figura 1. Produgéo de Biodiesel no Brasil nos Ultimos dez anos. Fonte: APROBIO (2018).

Através da analise do crescimento da demanda de biodiesel na Figura 1, observa-se a
importancia da adog¢do de uma politica de incentivo & producdo de biodiesel. Ao aumentar
sua porcentagem no diesel, nota-se o crescimento da demanda, bem como o crescimento das
usinas. Com isso, 0 meio ambiente passa a receber uma carga menor de poluentes, empregos

sdo gerados na industria e na agricultura (assim como outros empregos de origem indireta) e a



26

economia se expande, ndo sendo dependente de uma Unica ou predominante forma de energia

ndo renovavel e de alto impacto social.

2.1.2 Relevancia Ambiental, Social e Econdmica

Até pouco tempo crescimento econdmico era sindnimo de devastacdo ambiental ou
degradacéo social, onde se imaginava que os fins justificavam os meios. Torna-se
importante diferenciar crescimento econdmico de desenvolvimento, onde para que
ocorra este Ultimo de forma sustentavel é necessario que o processo esteja embasado
nos trés pilares de sustentacdo: econdmico, social e ambiental. Somente através da
equalizacdo de forma equilibrada desses trés vetores, dando a importancia merecida
a cada um deles, é que se torna possivel promover o desenvolvimento de forma
sustentivel (CRUZ e ARNS, 2004).

O uso de fontes alternativas de energia se consolida em um cenario que engloba o
aumento do preco dos combustiveis fosseis (carvdo mineral, petroleo e gas natural), os
impactos ambientais originarios da sua exploracdo e das suas aplicacdes e pelos conflitos
geopoliticos que essa exploracdo tem causado ao longo dos anos (NORO et al., 2012).
Compromissos relativos as questdes ambientais, como o Protocolo de Kyoto (1997) e, o mais
recente, Acordo de Paris (COP21, 2015), reforcam a tomada de atitudes pelas liderancas
mundiais na adoc¢do de novas praticas energéticas que promovam o desenvolvimento
sustentavel.

A preocupacdo com 0 meio ambiente, se deu atraves do entendimento de que a sua
exploracdo esta relacionada a emissao de gases de efeito estufa em funcdo do crescimento da
demanda mundial de energia. Esse é o caso do gas carbonico (CO), que é regulado por
inimeros processos que compde o chamado “ciclo do carbono”, mas que devido ao
crescimento do setor industrial, estima-se que das 6,3 bilhdes de toneladas que sdo langadas
na atmosfera, somente 2,9 bilhdes sdo reabsorvidos no ciclo. Dessa forma, 3,2 bilhdes de
toneladas sdo lancadas anualmente na atmosfera (DIAS et al., 2009).

Nesse contexto, o diferencial do biodiesel em relacdo aos demais combustiveis
derivados do petroleo, ndo é a ndo geragdo de CO2, mas sim o fato do CO; ser consumido pela
biomassa utilizada no cultivo da oleaginosa, reduzindo cerca de 78% das emissfes desse gas
para a atmosfera através da reabsor¢do pelas plantas, diminuindo em 90% a emissdo de
fumaga e praticamente anulando as emissdes de oxidos de enxofre, podendo ser usado em
qualquer motor de ciclo diesel, com pouca ou nenhuma necessidade de adaptacdo (NORO et

al., 2012). A Figura 2 representa o ciclo do carbono, na produgéo e consumo do biodiesel.
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Figura 2. Ciclo do carbono para a combustéo do biodiesel. Fonte: GALLINA et al. (2014).

Reforcando a explicacdo acima, Marchetti, Miguel e Errazu (2008) afirmam que:

Em termos de emissdo podem-se considerar resultados semelhantes quando se
queima combustiveis fosseis e o biodiesel, a diferencga esta relacionada ao ciclo do
carbono: para o diesel, por exemplo, como sua origem é fossil o carbono ndo é
reabsorvido, ao contrario do biodiesel, que num ciclo teérico, todo o carbono
liberado na queima € absorvido pelas oleaginosas no processo de fotossintese,
fechando o ciclo do carbono (MARCHETTI, MIGUEL e ERRAZU, 2008).

Pode-se dizer ainda, que o biodiesel é ambientalmente relevante por ser biodegradavel
e produzido a partir de matérias primas renovaveis, e socialmente importante por ndo conter
0s carcinogénicos existentes no diesel, ndo ser considerado um material perigoso e aumentar a
vida atil do motor gracas a sua capacidade superior de lubrificacdo (POUSA, SANTOS e
SUAREZ, 2007).

Em contrapartida, um cuidado que deve ser tomado em relacdo a producdo de
biodiesel em larga escala, é a perda da biodiversidade. Considerando a importancia da
sustentabilidade, uma producdo massiva de uma Unica cultura como a cana de agUcar, para
fabricar etanol, ou a soja, fonte de 6leo, por exemplo, podem levar a perda de fertilidade do
solo, 0 aumento de CO2 na natureza e a perda de habitat de diversos seres vivos (PINHEIRO,
GOUDARD e BARBOSA., 2009).

Sobre os aspectos sociais da producdo de biodiesel, Vianna, Wehrmann e Duarte

(2004) explanam:

[...] quando examinado sob a ética da inclusdo social, o setor petrolifero apresenta
desempenho questionavel: o setor de exploracdo, produgdo e transportes de
derivados do petrdleo absorvem pouca mdo de obra. No Brasil, tem-se um
contingente de 48.798 empregados no setor que gera um faturamento bruto de R$
95.743 bilhdes. Pelo acima exposto, a producao do 6leo diesel é responsavel, ndo so
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pela definicdo da estratégica de operacdo das refinarias do pais, como também tem
fortes efeitos sobre a economia e 0 meio ambiente, mas esta longe de ser um vetor
direto de inclusdo social. Por isto, a introdugdo de um combustivel renovavel na
matriz energética em substituicdo ao diesel mineral ndo pode ser vista unicamente
pela légica econdmica. Essa substituicdo tem dimensdes estratégicas, contribuindo
para amortecer os impactos dos aumentos de preco internacional do petréleo, devido
a causas estruturais e conjunturais do setor, bem como pode ser utilizado como um
instrumento de politicas publicas que resultam em melhor qualidade de vida nas
cidades e no campo, uma vez que pode representar alternativa de emprego e renda
para setores ainda hoje marginalizados dos processos econémico e produtivo, como
é o caso da agricultura familiar (VIANNA, WEHRMANN e DUARTE, 2004).

E preciso mencionar que, através da preservacio ambiental, muitos problemas de
salde oriundos da queima de combustiveis fosseis e da sua exploracdo, podem ser evitados.
Graves doencas respiratdrias, cardiacas e de pele (entre outras) deixariam de ocorrer |,
principalmente em locais proximos a polos industriais (RAMOS et al., 2015; GOMES, 2015),
0 que, por conseguinte, leva a economia de gastos no setor da salde, representando um dos
aspectos positivos econdémicos do biodiesel.

O diesel pode também ser utilizado para a geracdo e abastecimento de energia elétrica
em diversas comunidades isoladas em nosso pais, que dependem de geradores movidos a 6leo
diesel e que podem aproveitar os diversos tipos de oleaginosas locais para suprir suas
necessidades. O Brasil € um potencial exportador de biodiesel utilizado comercialmente nos
Estados Unidos e em paises da Unido Europeia, onde se destaca a Alemanha, atualmente o
maior consumidor mundial (PINHEIRO, GOUDARD e BARBOSA, 2009). As limita¢fes do
crescimento da produgcdo na Europa fazem com que o biodiesel brasileiro encontre
oportunidades para ingressar no mercado de combustiveis desse continente.

Outra forma de incentivo econémico, estad relacionada a compra do biodiesel via
leildes organizados pela ANP, nos quais a PETROBRAS adquire o biodiesel em uma
quantidade minima equivalente a uma mistura B2 (2% de biodiesel no diesel), de empresas

que apresentam selo social, por a matéria prima ser adquirida da agricultura familiar.

A anélise dos fatores econémicos mostra que a produgdo de biodiesel pode
contribuir positivamente para a sustentabilidade econdmica brasileira através da
reducdo da dependéncia de diesel, utilizacdo dos subprodutos para incremento dos
negécios, possibilidades de exportacdo, otimizacdo da capacidade ociosa das
empresas esmagadoras. Esta viabilidade esta relacionada, além do preco do petréleo,
a decisdo politica dos estados-nagdes de utilizarem tecnologias mais limpas. No
longo prazo, considerando-se que o0s custos ambientais passardo a serem
mensurados, a viabilidade econdmica sera inegavel (DIAS et al., 2009).
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2.2 PRODUCAO DE BIODIESEL

2.2.1 Matérias-primas

Existem diversas matérias-primas que podem ser utilizadas na producdo de
biocombustiveis. Oleos vegetais como o de girassol, algoddo, mamona, soja e canola, compde
maioritariamente a mistura de biodiesel. Entretanto, essa mistura (micela), ndo se assemelha
ao Oleo vegetal, pois é produzida através de um processo quimico que promove a quebra da
glicerina em moléculas de triglicerideos (BARTHOLOMEU e SILVEIRA, 2007).
Geralmente, o biodiesel é produzido a partir de uma reacdo de um Gleo vegetal ou gordura
animal com algum tipo de alcool, como o etilico ou 0 metanol, na presenca de um catalisador
que produz ésteres etilicos ou metilicos e glicerina, a qual é removida (PRADANA et al.,
2017).

A Tabela 2 apresenta as principais culturas utilizadas como fonte de 6leo e algumas
caracteristicas (MATHIARASI e PARTHA, 2016).

Tabela 2. Principais culturas utilizadas como fonte de éleo e algumas caracteristicas.

Producdo semente

Cultura (tha) Oleo (%) Oleo (t/ha)
Ricino (mamona) 1,2 50 0,60
Coco 4,17 36 1,5
Algodao 1,2 15-25 0,29
Linho 1,8 30-48 0,70
Céanhamo 0,5-2,0 28-35 0,14-0,7
Jojoba 2,1 48-56 1,01-1,18
Palma 30 26 7,8
Oliveira 1-12,5 40 0,4-5,0
Colza 2-3,5 40-50 1,26
Céartamo 1,8 18-50 0,63
Sésamo 0,5 50-60 0,25
Soja 2,1 18-24 0,38
Girassol 2,5-3,2 35-52 0,88-1,67

Fonte: Adaptado de EI Bassam (1998) apud Mathiarasi e Partha (2016).

A falta de planejamento ou de uma politica agricola que garanta o suprimento da
matéria-prima oleaginosa para a producdo do biodiesel, sdo problemas na sua producao, bem

como a degradacgéo do solo e o desmatamento, que tém feito com que o preco do dleo vegetal
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aumente, afetando a viabilidade econdmica da producéo de biodiesel (APROBIO, 2018). O
custo da oleaginosa, corresponde a 70% do custo da producdo do combustivel e, apesar de
Oleos ndo comestiveis (gorduras animais e Oleos reciclados), serem considerados como
matéria-prima (de segunda geragdo), sua producéo ndo supre a demanda (ENCARNACAO,
2008).

2.2.1.1 Soja

A soja é uma planta pertencente a familia Leguminosae, subfamilia Faboidae, género
Glycine e espécie Glycine Max. Apesar de ndo ser a cultura que mais contém 0leo na sua
composicao, é a oleaginosa mais plantada no pais, representando 90% da producéo brasileira.
O que, para a disponibilizacdo imediata de biodiesel, faz da soja a Unica cultura plantada em
quantidade suficiente para suprir a demanda (CRUZ e ARNS, 2004). Essa grande producéo,
justifica-se pela sazonalidade do grdo, bem como, por motivos técnicos e econémicos.

O Brasil é 0 segundo maior produtor mundial de soja, perdendo somente para 0s
Estados Unidos, entretanto, € o maior exportador do complexo grdo/farelo/6leo. Segundo
dados da CONAB, na safra de 2017/2018, o Brasil produziu cerca de 117 milhdes de
toneladas de soja, sendo o Rio Grande do Sul responsavel por 16.968 milhdes de toneladas, o
terceiro maior produtor brasileiro da cultura, atras somente dos estados Mato Grosso e Parana
(EMBRAPA, 2018).

Por se tratar de um grdo comestivel, matéria-prima de primeira geracdo (KNOTHE,
GERPEN e KRAHL, 2005), rico em proteinas, fibras e 6leos, além de ser uma importante
fonte de minerais e vitaminas, sua utilizacdo é voltada, principalmente, a obtencdo do farelo
de soja, importante fonte de proteina na producao de racdo para suinos e aves (MELO, 2018).
E importante mencionar que a fabricacio de farelo de soja ndo seria afetada pelo aumento da
producéo do biodiesel, pois o dleo seria extraido previamente da matriz solida, que poderia
ser utilizada posteriormente como farelo.

Porém, atualmente, com o incentivo, principalmente governamental, em outras formas
de uso do grao, através do aumento da quantidade de biodiesel no diesel por exemplo, praticas
menos comuns, como a utilizacdo para fins energéticos, mas com “resultados financeiros
significativos devido ao mercado promissor”, tem crescido (PEREIRA et al., 2017). De
acordo com a Aprobio (2018), 80% da producéao de biodiesel é realizada com o uso do 6leo de

soja. Com a mistura B10, 3,6 de toneladas serdo destinadas & producédo de biodiesel.
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Como existem inimeros gendétipos de soja utilizados no Brasil, faz se necessaria a
caracterizagdo quanto ao teor de 6leo e proteina. Outro fator importante € o indice de
acidez do 6leo produzido, a fim de auxiliar a indUstria na aquisicdo de materiais de
acordo com as finalidades de producgdo (6leo ou farelo de soja). O agricultor, ao
conhecer as caracteristicas da soja produzida, pode agregar valor a commodity no
momento da comercializagdo (MELO, 2018).

Em base seca, o teor de dleo em grdos de soja € de, aproximadamente, 20%, sendo
composto por 40% de proteinas, 35% de carboidratos e 5% de cinzas (HOFMANN, 2012). O
oleo de soja tem 95% da sua composicéo formada por cinco acidos graxos: (i) linoleico (49,7
—56,9%); (ii) oleico (17,7 — 26%); (iii) palmitico (9,9 — 12,2%); (iv) linolénico (5,5 — 9,5%);
e (V) estearico (3 — 5,4%). Esses compostos, mesmo apos a reacdo de transesterificacdo,
mantem-se constantes (NETO et al., 2000; THOMAS, 2003).

A identificacdo de fatores antinutricionais da soja, trouxe a necessidade de que a
mesma fosse submetida a tratamentos que desativassem tais compostos. Assim, a industria de
extracdo precisou investigar uma forma adequada para 0 uso dessa matéria-prima
(BRUMANO e GATTAS, 2004). Um dos processos que surgiram com essa busca, foi a
laminacdo, uma vez que 0 grdo passa por cozimento para ser laminado, inibindo alguns
compostos e facilitando a extracéo do 6leo contido no gréo de soja.

Na laminagéo, pedacos de soja passam por dois rolos pressionados um contra 0 ouro,
amassando esses pedacos, dessa maneira, 0 solvente devera atravessar somente uma fina
camada de material para penetrar totalmente a lamina (MANDARINO, 2001).
Industrialmente, este tipo de preparo busca proporcionar as melhores condi¢des para que a
extracdo ocorra em maxima eficiéncia, com o custo mais baixo de operacdo (BELLAVER e

SNIZEK JR., 1999).

2.2.1.2 Etanol

O alcool etilico (alcool de cerais ou etanol), férmula molecular C2HsOH, é usado
comumente como solvente na fabricacdo de tintas, lacas, vernizes e perfumes, como
combustivel, em produtos farmacéuticos e como desinfetante. Para a safra de 2018/2019,
estima-se que serdo produzidas 635,51 milhdes de toneladas de cana-de-aclcar e 30,41
bilhGes de litros de etanol, 11,6% a mais que na safra de 2017/2018. A regido Sul do pais,
devera ser responsavel por 36,7 milhGes de toneladas de cana-de-agticar (CONAB, 2018).

Tratando-se do tipo de alcool envolvido na producdo do biodiesel, no Brasil, a rota
etilica tem vantagem sobre a metilica, em relagdo a oferta desse tipo de alcool, que esta
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disseminada por todo o territério nacional (principalmente pela cana-de-agUcar), é alta, e seu
preco, dado que o pais € o maior produtor mundial de etanol, tem o menor custo de producdo
mundial. Contudo, o biodiesel também tem sido obtido com o uso do metanol.

Na industria de extracdo de 6leos, métodos diferentes sdo utilizados, devido a grande
variabilidade de fontes de matérias-primas oleaginosas. O método mais usual é a extracdo
com solvente, destacando-se 0 hexano. Apesar do hexano atender uma série de caracteristicas
determinantes na sua escolha como solvente no processo de extracdo sélido-liquido, como o
baixo custo e a alta solubilidade, provéem de uma fonte ndo-renovavel de matéria-prima, é
toxico, altamente inflamével e volatil, reforcando assim, a necessidade de solventes
alternativos no processo de extracdo (SAWADA et al., 2014). Segundo Tomazin Jr. (2008),
“o etanol ¢ um solvente biodegradavel e atéxico (em pequenas quantidades), que possui
grande potencial na extracdo de oOleo e, sendo assim, possivel de substituir 0 hexano sem
grandes perdas de rendimento”, além das vantagens econdmicas pela producdo em larga
escala no Brasil, podendo ser facilmente recuperado e reutilizado.

Vaérios estudos tém investigado o emprego do etanol como solvente na extracéo.
Segundo os autores Baiimler, Carrin e Carelli (2017), a solubidade de lipidios € afetada
guando usa-se 0 etanol como solvente e, por ser menos seletivo que o hexano para 0s
triglicerideos, compostos como fosfatideos, polifendis, pigmentos e agucares sollveis também
sdo extraidos no processo, o que pode causar complicacdes no processo de refino do 6leo.

Conhecer a composicdo do Oleo extraido pelo etanol, é necessaria para que as
proximas etapas de purificacdo e uso sejam definidas. Ainda, o etanol apresenta a
caracteristica de miscibilidade em &gua, possibilitando a ocorréncia de azeétropos, “uma
mistura de dois ou mais liquidos que agem como uma substancia pura e com ponto de
ebulicdo constante e fixo, dificultando a sua separacao” (MAIA, 2010). A melhor eficiéncia
de extracdo de Oleo com etanol, é na temperatura de ebulicdo do solvente e em sua
concentragdo anidra (MAIA, 2010).

Em relacdo a solubilidade, um parametro importante na escolha do etanol como
solvente, é que apresenta eficiéncia satisfatoria em temperaturas préximas ao seu
ponto de ebulicdo. [...] a temperatura em que o etanol é totalmente miscivel ao 6leo,
situacdo Otima para o processo, depende da hidratacdo do solvente, sendo 70°C para
o etanol absoluto, 80°C para o etanol hidratado 98% e 90°C para o etanol hidratado
95,4%, a pressao atmosférica. Temperaturas acima desses valores ndo apresentam
maior favorecimento para a extragdo (ROTTA, 2015).

2.2.2 Processos de producéo de biodiesel
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A producéo de biodiesel se d&, geralmente, por duas grandes etapas: extracdo do 6leo e
transesterificacdo dos triglicerideos. Na extracdo, o Oleo € retirado da matéria-prima
escolhida, atraves de técnicas de extracdo. Posteriormente, o 60leo é encaminhado a outra
unidade para que, entdo, o biodiesel seja produzido pela técnica de transesterificacdo

(usualmente), em que sdo adicionados reagentes ao dleo extraido.

2.2.2.1 Extracéo solido-liquido

A grande variedade de fontes de matérias-primas oleaginosas, com diversificados
teores de oOleos, implica em diferentes métodos de extracdo. Os mais conhecidos sdo a
extracdo por prensagem e com solventes, mas existem o0s meétodos de extracdo mista
(prensagem + solvente), por liquefacdo enzimatica, por micro-ondas e a extracdo supercritica
(PINTO, 2010). A extracdo mista é utilizada para culturas que possuem um teor elevado de
6leo. No geral, a extragdo com solvente é a técnica mais utilizada por ter um alto rendimento e
economizar energia, como no caso da extracao do grao de soja.

A extracdo por solvente, ou extracdo solido-liquido, é uma operacdo unitaria, que
envolve a transferéncia de um soluto presente em uma matriz sélida, para o solvente, pelo
contato com ele, em condic¢es nas quais haja solubilidade (BESSA et al., 2017; PINTO,
2010; GANDHI et al., 2003). O processo completo envolve trés etapas: a preparacdo da
matéria-prima, a extracdo e a recuperacdo do solvente. O processo é dito eficiente, quando o
material de onde o dleo foi extraido, sair do extrator com menos de 1% de teor de 6leo
(THOMAS, 2003).

O processo pode ser realizado em batelada, pela imersdo do grdo no solvente, ou pela
percolacdo do solvente através de uma coluna que contém o0s grdos, em processo continuo
(BESSA et al., 2017). Em unidades de extracdo em escala industrial, dados de cinética e
termodinamica sdo essenciais, pois podem prever o comportamento e a otimizagdo do
processo (LIAUW et al., 2008, apud SANTOS et al., 2015).

Por fim, apds completo o processo de extracdo, a recuperacdo do solvente é importante
para a sua viabilidade, tanto econdmica, quanto ambiental. Essa recuperacdo pode ser
realizada por processos de evaporacdo, destilacdo, dessolventizacdo e tostagem, sendo mais
comum a destilagdo e a dessolventizagdo (ROTTA, 2015).

A destilagdo ocorre na micela, que é a mistura entre o soluto e o solvente formada no
extrator. Sua separacdo, destilagdo da micela, ocorre com o0 agquecimento da mistura
(PARAISO, ANDRADE e ZEMP, 2003). J4 a operacdo de dessolventizacdo, tem como
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objetivo remover os residuais de solvente presentes na torta (o farelo da matéria-prima

utilizada), através de contato direto com vapor d’agua (SALINAS et al., 2016).

2.2.2.2 Transesterificacao

Existem diferentes processos de sintese de biodiesel, como o craqueamento térmico, a
hidroesterificacdo, a esterificacdo e a transesterificacdo, que pode ser em meio supercritico,
por catalisador quimico ou enzimatica. A transesterificacdo, consiste na reacdo quimica de
triglicerideos com &lcoois, na presenca de um catalisador (&cido, basico ou enzimaético), que
através de uma sequéncia de reagdes, resulta na substituicdo do grupo éster do glicerol pelo
grupo etanol ou metanol (ENCARNACAO, 2008; TOMAZIN JR., 2008). A Figura 3

apresenta as reacdes e etapas da transesterificacao:

O
Il Il
CHO —C—R R C—R CH,—OH
I | 2
CHO—C—R'  + 3RVOH ——2dsadr . pof g 4+ CH—OH
|9 7
CHO—C—R" RZC—R" CH,—OH
Triglicerideo Alcoois Esteres Glicerol
Etapas da reacao:
1 —triglicerideo (TG) + alcool —_— diglicerideo (DG) + éster
2 — diglicerideo (DG) + alcool — monoglicerideo (MG) + éster

3 —monoglicerideo (MG) + alcool =——— glicerol + éster

Figura 3. Reacéo e etapas da transesterificagdo. Fonte: TOMAZIN JR. (2008).

O produto da reacdo de transesterificagdo (Figura 3), tem duas fases, a mais pesada
(glicerina) e a mais leve (biodiesel), devendo entdo ser separados por decantacdo e/ou por
centrifugacdo. Ainda, ambas as fases tém excesso de alcool, que deve ser retirado das duas
fases por evaporacao e recuperado através de um condensador acoplado a fase de evaporacao,

necessitando ser desidratado por destilagdo, por conter &gua em sua composic¢ao. Por fim, o
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biodiesel deve ser lavado, para que tracos do catalisador, do glicerol e do &lcool sejam
retirados, sendo ent&o, desumidificado (ENCARNACAO, 2008).

Visando a utilizagdo do etanol como solvente no processo de extracdo, pode-se falar
sobre a transesterificacdo in situ. Segundo Domingues (2017), a diferenca do processo de
transesterificacdo convencional para o processo in situ se da na preparacdo da matéria-prima,
ja que para a transesterificacdo convencional o 6leo é previamente extraido, para entdo entrar
em contato com o alcool, e na transesterificacdo in situ a extracdo e a transesterificacdo
ocorrem simultaneamente. Esse processo pode simplificar as fases de producédo do biodiesel,
reduzindo o tempo de operacdo, eliminando custos do processo e dos produtos e aproveitando
0 conteudo lipidico da casca do grdo escolhido, produzindo um maior rendimento do que o
método convencional, em que ambos o0s processos produzem quantidades equivalentes de
ésteres de acidos graxos (HARRINGTON e D’ARCY-EVANS, 1985).

Assim, nota-se que a transesterificacdo in situ € uma aliada ao processo de extracéo
com etanol como solvente, pois o etanol ndo precisaria ser retirado do processo, que poderia
seguir normalmente as etapas seguintes da transesterificacdo. A natureza do etanol como
solvente, bem como da transesterificacdo in situ por sua eficiéncia, necessitam de

investigagdo para quando o processo ocorre de forma continua, em escala industrial.

2.3 ESTUDOS CINETICOS DE EXTRACAO COM ETANOL

Para modelar e projetar um sistema de extracao, faz-se necessario conhecer o processo
de transferéncia de massa no equilibrio, pois é através desses dados que a cinética poderéa ser
estabelecida, permitindo a aplicabilidade do sistema em maior escala. De acordo com Toda,
Sawada e Rodrigues (2016), na extracdo soélido-liquido, principalmente quando a matriz
solida é oleosa, é possivel visualizar uma série de estagios durante o periodo de contato entre

o solvente e o sdlido. Assim:

O principal objetivo da modelagem das curvas cinéticas é definir pardmetros para o
desenho do processo. Esses parametros sdo usados para prever a curva total de
extracdo e, dessa forma, estimar a viabilidade do processo em uma escala industrial.
Um modelo deve ser uma ferramenta matematica que reflita o comportamento fisico
da estrutura real e observacBes experimentais. Assim, pode ser usado como uma
ferramenta de simulagdo e em aplicacfes industriais deste processo (TODA,
SAWADA e RODRIGUES, 2006).

Muitos modelos cinéticos ja foram desenvolvidos e testados para os processos de

extracdo. Porém, essas extragdes utilizam como solventes, principalmente, hidrocarbonetos
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aromaticos (benzeno, tolueno, xileno, outros) e alifaticos (hexano, heptano, benzina, outros),
que apresentam elevada solubilidade para os 6leos vegetais em geral, porém representa custos
e problemas ambientais. A utilizacdo do etanol no processo de extragdo, surge como uma
forma de mitigacdo dos danos ambientais e perdas econdmicas causados pelos solventes ja
consolidados.

Na Tabela 3, estdo listados estudos encontrados na literatura, que utilizaram etanol
como solvente no processo de extracdo, as matérias-primas estudadas, o fluxo do processo,

bem como o modelo cinético aplicado e os parametros avaliados.

Tabela 3. Estudos de cinética de extracdo utilizando etanol como solvente.

Matéria-prima A (mo~d0 Modelo Cinético Parametros Referéncia
de operacao) avaliados
. So e Macdonald Batmler, Carrin e
Girassol Batelada (adaptado) Temperatura Carelli (2017)
Batelada
Farelo de arroz simulando So e Macdonald Temperatura € Bessa et al., (2017)
(1986) tempo de extracdo
contracorrente
Temperatura,
. Linear de Primeira razéo
Soja Batelada Ordem sélido/solvente e Rotta et al. (2017)
pureza do etanol
Kamimura,
Farelo de arroz Batelada S;aeul\r:?:rdgtn:: cie u-lr—gzrgp deorfglr\jlei e Aracava e
' P Rodrigues (2017)
Temperatura,
Girassol Batelada So e Macdonald razao Balimler, Carrine
(adaptado) solido/solvente, Carelli (2016)
tipo de solvente
Soia expandida Batelada So e Macdonald e Temperatura e Toda, Sawada e
Ja exp Perezetal. (2011)  pureza do etanol Rodrigues (2016)
Primeira ordem, Temperatura,
Flocos de soia Batelada Segunda ordem e razéo Dagostin, Carpiné e
) Lei de Fick’s etanol/biodiesel e Corazza (2015)
(adaptado) tempo de extracédo
Transferéncia d Temperatura, teor
Jatropha curcas ransterencia de de umidade e
o Batelada massa por tamanho das Santos et al. (2015)
(pinhdo manso) convecgao )
particulas
- Hiperbodlico, Temperatura, Menkiti, Agu e
Terminalia Batelada Elovich’s e tempo, tipo de Udeigwe (2015)
catappa
Pseudo-segunda solvente e
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Matéria-prima

Fluxo (modo
de operacao)

Modelo Cinético

Parametros
avaliados

Referéncia

(amendoeiro)

Mamona

Soja expandida

Algodao

Azadirachta
indica A. Juss
(nim)

Farelo de arroz

Soja

Soja expandida

Soja e farelo de
arroz

Soja

Batelada

Batelada

Batelada

Batelada

Batelada

Batelada

Batelada e

Contracorrente

Continuo

Batelada

Ordem

So e Macdonald,
Lei de Fick’s e
Peleg

So e Macdonald

Segunda ordem

Transferéncia de
massa

tamanho das
particulas

Temperatura

Temperatura e
pureza do solvente

Temperatura,
razao
solido/solvente,
tempo e tamanho
das particulas

Temperatura, tipo
de solvente e
tamanho das

particulas

Tipos de solventes
alcoolicos, pureza
dos solventes e
temperatura

Tipos de solventes
alcodlicos,
temperatura

Temperatura e
pureza do solvente

Temperatura e
tempo de extracdo

Reciclo da micela

Amarante et al.
(2014)

Sawada (2012)

Saxena, Sharma e
Sambi (2011)

Liauw et al. (2008)

Capellini et al.
(2017)

Tuntiwiwattanapun,

Tongcumpou e

Wiesenborn (2016)

Sawada et al.
(2014)

Terigar et al.
(20112)

Tomazin Jr. (2008)

*Modelo de So e Macdonald adaptado.

Através da leitura da Tabela 3, percebe-se a auséncia de estudos que avaliem o

processo de extracdo em fluxo continuo (coluna de extracdo). Alguns estudos nao

apresentaram a aplicacdo de um estudo cinético, o que dificulta o conhecimento dos

pardmetros do processo para posterior aplicacdo em escala real. Por fim, nota-se que ha um

predominio da aplicacdo do Modelo de So e Macdonald (1986) nos trabalhos relacionados.

No seu modelo, So e Macdonald (1986) estudaram a extracdo do 6leo de canola com o

solvente hexano. Os autores propuseram a utilizacdo de um modelo ja criado por Patricelli et

al. (1979) e de outro modelo adaptado por eles, a fim de verificar a cinética da extrag&o.
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Patricelli et al. (1979), acreditava que a extragdo ocorria em duas fases simultédneas na
semente, com diferentes coeficientes cinéticos, uma chamada lavagem, em que o 6leo era
muito disponivel e lavado pelo solvente quase que simultaneamente ao tempo em que
entravam em contato, e outra fase difusional, em que a taxa de transferéncia do 6leo para o
solvente era muito baixa.

Para 0 modelo de So e Macdonald (1986), além da fase de lavagem, a fase de difusdo
ainda se subdivide em duas fases: (i) difusdo sem restricdes, uma fase intermediaria entre a
lavagem e a difusdo lenta; (ii) e a difuséo lenta, que envolve a retirada do 6leo de células com
membranas intactas. Os autores concluem que o seu modelo possui um ajuste melhor, mas
que para espessuras de sementes menores (< 5 mm), em que a taxa de extracdo é mais rapida,

0 modelo de Patricelli et al. (1979) é adequado e mais simples de aplicar.
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3. RESULTADOS PARTE 1 - PHENOMENOLOGICAL SOLID-LIQUID
EXTRACTION EQUILIBRIUM MODEL: APPLICATION TO SOYBEAN-OIL-
AQUEOUS ETHANOL SYSTEM

NOTA: Nesta secdo é apresentada uma sintese de artigo cientifico a ser submetido para
publicacéo.

3.1 INTRODUCTION

The knowledge of equilibrium in a mass transfer process is essential to establish a
rational design of these operations since it is commonly involved in the Kinetic expressions.
However, for the solid-liquid extraction, an examination of equilibrium by a
phenomenological point of view is scarce. Thus, in this work was developed a several
isothermal model, based on the general assumption that the extractable material being in
layers above the surface of the solid matrix. The model were applied to soybean-oil extraction
by aqueous ethanol due to the interest on using an alcoholic solvent to develop a simplified
process for biodiesel production.

In Table 4 is presented a summary of the extraction isotherm equilibrium model
chosen and developed, and the parameters which must be obtained to adjust the experimental
results. The isotherm model is expressed as the absolute mass fraction of extractable material

in solid matrix at equilibrium (X.,) as a function of model parameters (the hypothesis for
obtainment) and characteristics of the system, as well as the absolute mass fraction of

extractable material in the liquid phase (Y,).

Table 4. Extraction isotherm equilibrium model: hypothesis, relationships and parameters.

Types of surface

X Isotherm model* Parameters
sites
D.1 - Two layers X FE. (K +F
(n = 2); single Xog = ";{ = <KL Feq> a Xm, K, K,
type of surface site L s+ feq

*In the model, the liquid factor is obtained by F,, =Y,

¢ (1-7 Yeq)
** The stoichiometric factor is obtained by y = yslat =P 1:::”: Vsat = % foryeo < 1;

T, = —561.59 + 2.3850 X 103 P — 1.4794 x 103 P2,
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Were performed equilibrium experiments at different temperatures (30 to 70°C) and
ethanol purities (95.0 to 99.5wt%), for oil/ethanol mass ratio from 1/100 to 1/5.

The alternative biodiesel production technology uses alcohol as the solvent to oil
extraction from seeds, followed by the employment of the mixture to direct biodiesel
production. This technology is classified as an intermediary process between the traditional
route (hexane extraction and oil purification followed by transesterification) and the in-situ
transesterification (one step production from seeds (BEBAR et al., 2005; HAAS et al., 2004,
2007; HAAS and FOGLIA, 2002; HAAS and SCOTT, 2007; HAAS and WAGNER, 2011;
HARRINGTON and D’ARCY-EVANS, 1985; HINCAPIE, MONDRAGON and LOPEZ,
2011; TUNTIWIWATTANAPUN, TONGCUMPOU and WIESENBORN, 2016). This
process avoids some steps of the traditional and enables the insert of intermediary separation
process (REGITANO-D'ARCE, SANGALETTI-GERHARD and BUENO-BORGES, 2017)
to improve the quality of transesterification raw material. Employing an energy analysis of
some biodiesel production routes, Sangaletti-Gerhard et al. (SANGALETTI-GERHARD et
al., 2014) shows that the direct rich-in-oil micelle process presents potential to produce

biodiesel competitively.

3.2 MATERIALS AND METHODS

3.2.1 Materials

Soybean grain particles with size in the range of 0.71 to 1.41 mm were used as
samples. The sample was characterized by the content of moisture and volatile material
(AOCS Official Method Ac 2-41 (AOCS, 2009a)), and oil content (AOCS Official Method
Ac 3-44 (AOCS, 2009b)). It was obtained 5.27+0.21wt% of moisture and volatile material,
and 18.31+0.98wt% oil in the Soybean (meanztstandar deviation, quadruplicate). These results
are in agreement with the characteristic of soybean seeds and with the moisture content used
industrially (ALBRECHT et al., 2008; CERUTTI, SOUZA and SOUZA, 2012; THOMAS,
2003; TOMAZIN JUNIOR, 2008; ZACHI, 2007). In the present investigation is not expected
that the seed particle size has any influence on the equilibrium condition. In fact, So and
Macdonald (SO and MACDONALD, 1986) showed that the seed thickness does not change
the equilibrium of rapeseed oil extraction.

The experiments employed ethanol in different purities (95.0, 97.5 and 99.5wt%)

prepared by dilution with distilled water from absolute grade ethanol (99.5wt%).
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3.2.2 Experiments

In this study, was investigated the influence of the temperature (T), ethanol purity (P),
and the ratio between oil and ethanol (R) on the equilibrium of soybean oil extraction by
aqueous ethanol (X, and Y,). The experiments were conducted at different temperatures
(30°C, 50°C, and 70°C) and ethanol purities (95.0, 97.5, and 99.5wt%,). At each T and P
conditions, eight different oil/ethanol ratio were used: 1/5, 1/10, 1/15, 1/20, 1/25, 1/50, 1/75
and 1/100 g oil/g ethanol, resulting in 72 experiments. This R values for the different
conditions observed in an extraction process in a column or various equilibrium stages of the
industrial process. The experiments at 30, 50 and 70°C, with ethanol 99.5wt% were performed
in triplicate.

The different experimental conditions employed is presented in Table 5. In the last

column are the values of the stoichiometric factor (y) obtained for each pair of T and P.

Table 5. Conditions of the set of experiments executed and the calculated value of the

stoichiometric factor (y).

: Mass ratio of the oil and _ .
Ethanol purity, P Temperature, Stoichiometric factor,
ethanol on the system, R

0, 0 .
(Wt%) T (°C) (g oilig ethanol) v (g ethanol/g oil)
99.5 30 13.0
99.5 50 6.16
99.5 70 0.0906
97.5 50 1/5, 1/10, 1/15, 1/20, 10.6
97.5 70 1/25, 1/50, 1/75, 1/100 3.58
95.0 30 25.7
95.0 50 16.5
95.0 70 8.33

For each experimental condition (P, T, and R) the extraction efficiency at equilibrium
was obtained. The data were written as a function of the composition of soybean oil in the
liquid and solid phases at equilibrium. From a material balance, we can write the absolute
fraction of soybean oil in both phases as a function of the oil/ethanol mass ratio, extraction
efficiency and with the knowledge of the initial oil content in the seeds, as presented in Eq
(3.1).

Xeg = Xo (1 —E); Y,q=ER; (3.1)
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In the Eq. (3.1): X,4 is the absolute fraction of oil in the solid phase at equilibrium (g
oil/g solids); Y., is the absolute fraction of oil in the liquid phase at equilibrium (g oil/g

ethanol); E is the extraction efficiency at equilibrium (dimensionless); R is the oil/ethanol
mass ratio in the system, that is based on the oil content in the seed and the purity/amount of
the ethanol used (g oil/g ethanol); X, is the initial absolute oil mass fraction in soybean seeds.
Based on the content of 18.31%, X, = 0.1831/(1 — 0.1831) = 0.2241 g oil/g solids.

3.2.3 Procedure

The experiments were carried out sealed Erlenmeyer flasks in a reciprocally stirred
thermostatic bath. The mass of absolute grade ethanol (99.5 wt%) and water required for the
experiment was calculated based on the mass of soybean sample used, in the oil/ethanol mass
ratio selected (R), and the purity of aqueous ethanol (P). The aqueous solution was added to
the flasks in the thermostatic bath at the selected temperature (T). In each experiment,
approximately 10 g of soybean sample was used. The time for the extraction to reach
equilibrium was determined in preliminary experiments in different temperatures: 120h for
the runs conducted at 30°C, 72h for 50°C and 16h for 70°C.

After the time required to reach equilibrium had elapsed, the samples were removed
from the bath and was filtered by vacuum. The filter cake and the Erlenmeyer were washed
with ethanol to remove oil remnants. The micelles obtained with this procedure were
submitted to a procedure to determine the extraction efficiency, as reported below (FREITAS
and LAGO, 2007; LUIZ et al., 2015) (KAMIMURA; ARACAVA; RODRIGUES, 2017).

3.2.4 Determination of the yield extraction

The extraction efficiencies were evaluated by gravimetry, based on the difference
between the amount of oil present in the sample (10g) and the amount extracted. The
extracted quantities, in turn, were obtained from the micelle from the experiments. For this,
the micelle was subjected to a rotary evaporator at 60°C operating under vacuum (600-720
mmHg) for about 3h, until complete evaporation of the ethanol. For this purpose, two
centrifugal pumps were used in series.

As pointed out by Dagostin et al. (DAGOSTIN, CARPINE and CORAZZA., 2015)

(using ethanol and mixtures of alkyl esters as co-solvent) and Baiimler et al. (BAUMLER,
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CRAPISTE and CARELLI, 2010), using ethanol as a solvent for the extraction of sunflower
oil, the ethanol has the ability to extract other compounds present in the grain, besides lipids,
such as non-polar compounds (polyphenols, pigments and soluble sugars).

By this characteristic, it was necessary to carry out a subsequent washing of the
product of the evaporation. The washing employ approximately 100mL of petroleum ether (at
a temperature of about 37°C). The mixture was subjected to a second filtration step and a
second evaporation step.

At the end of the process, the flask containing the oil is kiln-dried during 1h at 60°C to
evaporate any traces of solvent. From the mass contained in the flask, the amount extracted
(and therefore the extraction efficiency) was determined.

3.2.5 Model adjustment and selection

The experimental data obtained by the procedure reported above (X, VS. Yeq, for
various T and P pairs) was used to adjust the model presented in Table 4. Theoretically, the
establishment of a specific model for the extraction process validates the hypothesis applied to
obtaining it, improving understanding of the nature of the soybean-oil extraction with aqueous
ethanol.

The procedure used to select the isotherm model developed, it was based on the

primary assumption that the data of X, vs. Y., should exhibit a good adjustment. Also, the

equilibrium constants (K and K;) must satisfy the thermodynamics principles.

3.3 RESULTS

3.3.1 Extraction isotherm

The model that considers the extraction in two layers and the first layer with one type
of surface site (model D.1), and the extraction order @« = 5, was determined as the best to
describe the equilibrium of soybean-oil-aqueous ethanol system. The Figure 4 presents the
adjusted model and the experimental results. In turn, Table 6 lists the estimated values of the

parameters as well as the determination coefficient of the non-linear regression.
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Figure 4. Extraction equilibrium in soybean-oil-aqueous ethanol system — experimental and
model: 30°C (4, ---), 50°C (4, — =) and 70°C (o, —). (a) ethanol 99.5wt%*; (b) ethanol
97.5wt%; (c) ethanol 95.0wt%. * Experimental data was presented with 95% confidence

interval.
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Theoretically, the hypothesis applied to obtaining the model is validated by this
procedure, improving the understand of the nature of the extraction process. As previously
commented, this model suggested that the extraction occurs in two steps: washing and
diffusion. The washing mechanism is responsible for extract the oil portion at the second
layer, whereas the diffusion extracts the oil at the first layer. As the model D.1 considers that
the oil at monolayer linked to a single type of surface site, can suggest that the diffusion step
is performed by a single mechanism, as the kinetic model proposed by Patricelli et al.
(PATRICELLI et al., 1979).

On the other hand, the So-MacDonald model (SO and MACDONALD, 1986) has
been proved adequate for kinetic extraction in several systems (AMARANTE et al., 2014;
DUTTA, SARKAR and MUKHERJEE, 2016; KAMIMURA, ARACAVA and
RODRIGUES, 2017; KIM and KIM, 2016; KOSTIC et al., 2014; DAGOSTIN, CARPINE
and CORAZZA., 2015; MEZIANE and KADI, 2008; SO and MACDONALD, 1986; TODA,
SAWADA and RODRIGUES, 2016; XI, YAN and HE, 2014). This model proposes that the
diffusion step occurring as unhindered diffusion (for oil contained in ruptured cells) and as
hindered diffusion process (for oil restrained in unruptured cells), as confirmed by Yap et al.
(YAP et al., 2014) for lipid recovery from algae. This difference with our results can be
explained if considering the soybean seed preparation for the equilibrium experiments. In this
work, we employ a simple fragmentation, if some studies used cooking or pressing step.
Despite the fact that the equilibrium not presents a dependency of particle thickness (SO and
MACDONALD, 1986), the preparation of seeds grains alters the surface characteristics. It
may suggest that these steps are responsible for disruption of cells, releasing a portion of oil
to the second type of diffusion — unhindered diffusion.



46

Table 6. Experimental conditions, estimated parameters, determination coefficient for the model D.1 (¢ = 5) and estimation of oil fraction at the
first layer in the initial state.

Monolayer Multil
Ul equilibrium u_l_lba_yer Determinatio  Fraction of oil in
Temperature Ethanol purity, P monolayer constant, equitibrium . )
C) [0E/g (E+ H:0)]  capacity, Xm Ke constant, K. n coefficient, the first Iaye_r, X,
(0 Alg ’S) A ) D45 URRET) R? (g A/g solid)
[g Ef /g (A+E+H20)]5 [g Efree/g (A+E+H20)]
30 0.995 0.1535 0.5216 48.17 0.7531 0.685
50 0.995 0.2006 0.3743 1.960%10* 0.9436 0.895
70 0.995 0.0007 0.0182 4.570x10* 0.9389 0.0029
50 0.975 0.1422 0.1004 1.997x10* 0.9466 0.635
70 0.975 0.1455 0.0182 621.1 0.9379 0.649
30 0.950 0.1713 0.0748 1.994x10* 0.9349 0.765
50 0.950 0.1002 0.0573 16.77 0.9310 0.447

70 0.950 0.1287 0.0789 26.39 0.9878 0.574
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Still, another consequence of the phenomenological equilibrium model is the
possibility to prospect an estimation of oil available at different layers at initial state
[915t(Xeq = Xo)]. This information permits the obtainment of the available quantity of oil for
extraction by different mechanisms. Lastly, T and P conditions demonstrated to have an
influence on the oil distribution at the initial state, suggesting an alteration on the equilibrium

between layers.
3.3.2 Thermodynamic: influence of temperature on the equilibrium constants

The temperature has a significant influence on the extraction of the system
investigated. Based on the implications of the hypothesis applied to obtain the isotherm
model, the equilibrium constants can be related to the standard free Gibbs energy change
(AG°) by Eq. (3.2).

A= ) wlwe— ) vl i =—RTIn(K') (32)
k=products k=reactants
a
In the Eq (21), K' = K(%) refer to the equilibrium constant in molar basis;
MM 4 MM

K (= Ks, K;) is the mass basis equilibrium constant for the monolayer and multilayer. MM is
the average molar mass of liquid phase. By using different equilibrium constant (Ks, K;), we
can determine the thermodynamic parameters for mono and multilayer.

For the equilibrium constants, the dependence of temperature is given by Eq (3.3).

AG® = AH®° — AS°T (3.3)

Were: AH® is the standard enthalpy change of the process (kJ/mol A), and AS® is the
standard state entropy change (kJ/(K mol A)); T is the temperature.

The adjustment of this equation to each layer considered in the model D.1, and for the
different ethanol purities are shown in the Figure 5. Table 7 presents the thermodynamic
proprieties (AH;° and AS;°, i=S or L) and the determination coefficients of regression.

In general, the AG,° values (for the second layer) presents a negative value (except to
70°C, ethanol 99.5wt%), with minimum value -19.1kJ/mol (Figure 5). The negative values of
AG° shows that the extraction at multilayer is spontaneous and energetically favorable. On the

other hand, the extraction at the first layer (AGs®°) is non-spontaneous and unfavorable,
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needing an energy input for the process to occurs (between 9.0 to 19.4kJ/mol). For both

extractions, the increase of temperature leads to a less energetically favorable process.
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Figure 5. Free Gibbs energy for monolayer extraction: monolayer (x, —), multilayer (x,— —).
(a) ethanol 99.5wt%:; (b) ethanol 97.5wt%); (c) ethanol 95.0wt%.

By analysis of AH,° (Table 7), the extraction process occurring in the second layer is
highly exothermic, releasing > 140.0kJ/mol. It can be suggested as the combined effect of the
oil substitution in the multilayer and mixing energy of oil in the liquid system. For monolayer
(AH®) the energetics level is less pronounced, evidencing of a less energy liberation by the
extraction process.

The standard entropy change (AS®) behavior shows negative values for both layers. By
this can be stated that the system tends to more organized state. l.e., the system consumes

energy to the dissolution of oil in the solvent.

Table 7. Thermodynamic parameters of the extraction in each layer for different ethanol
purity.

Ethanol ourit Standard Standard
Layer (i) [q E/ ?E+y enthalpy entropy Determination
y g =19 change, AH;°  change, AS;° coefficient, R?
H.0)]
0 0
0.950 1.428 -0.0397 0.7509
Monolayer 0.975 -78.70 -0.2860 -
0.995 -73.78 -0.2688 0.8512
0.950 -140.0 -0.4122 0.6902
Multilayer
(2nd layer) 0.975 -159.8 -0.4357 -

0.995 -260.7 -0.8165 0.4291
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3.3.3 Thermodynamic parameters as a function of ethanol purity

The purity of aqueous ethanol employed for the extraction also plays an important role
in the equilibrium of soybean oil extraction. The dependence of thermodynamic parameters
can be stated by the use of molar proprieties of water in the system, as presented in the Eqgs.
(3.4) and (3.5).

AH® = AH®gyer +p EOHZO (3.4)

AS® = AS®gxtr + P S°ny0 (3.5)
Where: AH®g,. and AS°g,.., are the standard enthalpy change and the standard
entropy change for the extraction process in the absence of water; §°H20 =

as°
5(”1120/ nE)

0H°

—_— are the partial molar entropy and
a(nHzo/nE)

> and HOHZO = )
T,presmang T,presngng
enthalpy of water in the system.

The adjustment of the standard enthalpy and entropy change data is presented in

Figure 6 (a) and (b), respectively. The parameters obtained by the regression is presented in
Table 8. For each layer were obtained the partial molar proprieties (EﬁHZO and §i°H20) and
the standard proprieties considering the system in the absence of water (AH; g, and
AS;®Extr)-
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Figure 6. Effect of ethanol purity on thermodynamic parameters: monolayer (o, —),
multilayer (+, — —). (a) Enthalpy change; (b) Entropy change.

It can be noted in Table 8 that in the absence of water the extraction is an exothermic
process (AH;°g.:r). But more energetically favorable in the second layer as previously
pointed. The presence of water in the system decreases the energy release for extraction in
both layers. In second layer this effect is more pronounced.

On the other hand, the negative values of AS;°g. Show that in the absence of water
the system consumes energy to the dissolution of the oil in the solvent. However, an

energetically contrary effect of the presence of water in the system was noted by analysis of

Si°n,0- The positive values obtained indicate that the increase of water content tends to
decrease the energy requirements of the dissolution of oil in the system. According to Table 6,
this effect is more intense for the extraction of oil in the second layer.

The different values of §i°H20 in the extraction in the different layers suggest the
leaching of others compounds beyond the oil. The literature reports that the ethanol does not
extract solely lipid, but also other compounds present in the grain, such as non-polar
compounds (polyphenols, pigments, and soluble sugars) (BAUMLER, CRAPISTE and
CARELLI, 2010; DAGOSTIN, CARPINE and CORAZZA, 2015). This fact explains the

different energy requirements.
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Table 8. Standard enthalpy and entropy change in the absence of water and partial molar
proprieties of water for the soybean-oil extraction in the first and the second layers.

Layer (i)
Parameter S — Monolayer (1st L — Multilayer (2nd
layer) layer)
Enthalpy
Standard enthalpy changes in the i i
absence of water, AH; gyt () %.15 254.1
Partial molar enthalpy of water
=5 645.5 956.9
Hi°n,0
Determination coefficient, R? 0.7691 0.8132
Entropy
Standard entropy changoes in the -0.3378 -0.7800
absence of water, AS; gt ()
Partial molar entropy of water
= 1.968 3.174
Si°H,0
Determination coefficient, R? 0.7627 0.7278

3.3.4 Monolayer maximum capacity as a function of temperature and ethanol purity

In this work was observes that the monolayer maximum capacity parameter is strongly
dependent on the temperature (T) and ethanol purity (P). Was identified a tendency of the
maximum monolayer capacity to be represented as a saturation behavior as a function of the
stoichiometric factor y (g E/g A). The Eq. (3.6) and Figure 7 presents the adjusted model.

Xm =

Xmmax ¥ _ {Xm,max =0.1685 + 0.1620 p (36)

Ky+y ' Ky = 4.035 —27.28p

In Eq. (3.6), Xiumax (9 A/g S) and K, (g E/g A) represent the parameters of the
empirical equation. These parameters, in turn, were dependent on the molar ratio of water and
solvent p (mol H2O/mol E), presents in the Eq. (3.7).

MM (1 - P)

P = MM, \ P

(3.7)
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Figure 7. Monolayer maximum capacity as a function of the stoichiometric factor, y, for
different ethanol purities.

The Figure 7 shows, for ethanol 95,0% and 97,5%, that the increase of y represents a
decrease of the capacity of the liquid phase to maintain the extractable material in a
homogeneous phase. The solubility and the stoichiometric factor, in its turn, are a function of
temperature and purity of aqueous solvent used. However, authors as So and Macdonald
(1986) showed that the liquid-to-solid ratio (in the canola oil extraction with hexane) to
influence the equilibrium conditions, but not presented a dependency of temperature and
particle thickness. This effect can be explained as the influence of the high solubility of oil in
hexane compared to the aqueous ethanol.

3.4 CONCLUSION

Because of the interest in an alternative extraction solvent to develop a simplified
process for biodiesel production, a model was applied to soybean-oil-aqueous ethanol system,
considering the extraction of two layers and the first layer with one type of surface site (with
5ft-order extraction).

Thermodynamic analysis of the equilibrium constants reveals that the extraction in the
second layer is spontaneous and energetically favorable process and the first layer extraction
IS a non-spontaneous and unfavorable. The extraction process in both layers is exothermic, but
in a less level in the first layer. The entropy shows that the process tends to a more organized
state, suggested as the effect of energy consume for oil dissolution.
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Analyzing the effect of the increase of water in the system was noted an opposite
effect in both layers: the system is less exothermic (energetically unfavorable) but consumes
less energy to oil dissolution (energetically favorable). For different ethanol purities, the
parameter maximum capacity at first layer shows a dependency of the saturation state of the
system. The phenomenological basis employed to develop the equilibrium models of this
work permits the suggestion about the mechanisms involved in the extraction process.

The system investigated may be related to the extraction occurring in two steps:
washing and diffusion. The washing mechanism is responsible for extract the oil portion at
the second layer, whereas the diffusion extracts the oil at the first layer. The establishment of
the isothermal model also permits the evaluation of the equilibrium in a transient process,

which can improve the Kinetic investigations of the extraction process.
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4. RESULTADOS PARTE Il - SOYBEAN OIL EXTRACTION WITH AQUEOUS
ETHANOL: A COLUMN KINETIC STUDY

4.1 ABSTRACT

This work presents the studies on the technical viability of using aqueous ethanol as a
solvent for the soybean oil extraction in a continuous flow column. A mathematical model
was developed and adjusted, based in the supposition that the extraction is performed by
washing and diffusion mechanisms. The study was conducted in a solid-liquid extraction
column, using aqueous ethanol as the solvent, and laminated soybean as a source of oil.
Experimental runs were carried out at different conditions: (i) temperature of the solvent (30,
50, 60 and 70°C); (ii) bed lenght (38 - 72cm); (iii) superficial solvent velocity (1,68 —
11,78cm/min); and (iv) mass fraction of solute ethanol (0 — 0,0061g A/g E). The experimental
runs were performed at different times, where they were obtained on average efficiencies in
the range of 74.3 and 99.8%. The laminated soybean seeds present 19.34wt% of oil, and the
particles bed had the porosity of 0.6990 and specific surface area of 14.33 cm?/cm®. The
experimental data collected (transient behavior of the solute concentration in the liquid phase,
and solute in the solid at the initial and the end of the process) was used to obtain the model
parameter (mass transfer coefficients for washing and diffusion). The equilibrium data used
for evaluating the extraction rates were calculated by a two layers isotherm model that
inferred the washing mechanism as responsible for extract the portion of an oil of the second
layer, while the diffusion extracts the oil of the first layer. The model has shown a good
agreement with the experimental data. Generally, was observed a strong positive influence of
superficial velocity and temperature on the mass transfer coefficients. The column height and
solute concentration at the column inlet generally showed weak influence in the kinetic
parameter of the extraction process. In this way, the study contributes by theoretical basis and
knowledge of the mechanisms involved in the extraction process, that allow the practical
application and possible scale-up of the process.

Keywords: Solid-liquid extraction; kinetic model; column extraction; mass transfer; soybean

oil.

4.2 INTRODUCTION
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Over years, has an increase in the demand and research for materials, inputs, and
renewable energy sources, mainly motivated by the population growth and environmental
problems induced by intensive use of natural resources. The use of alternative fuel sources has
been consolidated in a scenario that includes the increase in the price of fossil fuels, the
environmental effects of its exploitation and use, as well as, the geopolitical conflicts related
with its exploitation.

In the transport sector, among other energies sources, ethanol and biodiesel stand
out. These biofuels are well known as environmentally friendly options to replace the
petroleum-based fuels (ATABANI et al., 2012). In Brazil, the policies for the progressive
introduction of biofuels recently approve the obligation of replacement of 10% of diesel by
biodiesel (B10). Because soybeans are the most planted oilseed crop in the country, with an
established market for by-products of manufacture, it makes sense that it is the most widely
used raw material for biodiesel production (CREMONEZ et al., 2015).

The biodiesel production chain, normally, involves a previous oil extraction from an
oilseed using a solvent. The most commonly used solvent is hexane. The hexane meets the
main requirements for extraction, since present high solubility of oil, exhibit a high rate of
extraction, immiscibility in water, low boiling point, and selectivity to triglycerides. In Brazil,
hexane is the most solvent used, since allows high oil extraction yield (about 99%)
(VELOSO, KRIOUKOV and VIELMO, 2005). However, it presents some disadvantages,
such as the high flammability, toxicity and volatility, its being from a non-renewable raw
material source. These aspects reinforcing the need for alternative solvents in the extraction
process (REGITANO-D'ARCE, SANGALETTI-GERHARD and BUENO-BORGES, 2017,
ANGALETTI-GERHARD et al., 2014; SAWADA et al., 2014; SCHARLACK, ARACAVA
and RODRIGUES, 2017).

On the other hand, for biodiesel production, usually the transesterification reaction,
employ an alcohol, such as ethanol or methanol, in the presence of a catalyst. In this context,
the in-situ transesterification, or reactive extraction, has been developed (HAAS et al., 2004,
2007; HAAS and FOGLIA, 2003; HAAS and SCOTT, 2007; HAAS and WAGNER, 2011;
HARRINGTON and D’ARCY-EVANS, 1985; HINCAPIE, MONDRAGON and LOPEZ,
2011; QIAN et al, 2008; TUNTIWIWATTANAPUN, TONGCUMPOU and
WIESENBORN, 2016; ZAKARIA and HARVEY, 2014). In this process, the production of
fatty acid methyl/ethyl esters was made in a single step from oilseed, when the alcohol was
used as extraction solvent and reactant. An alternative process is known as rich-in-oil micelle
process (REGITANO-D'ARCE, SANGALETTI-GERHARD and BUENO-BORGES, 2017),
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that employ the first step of extraction followed by transesterification in the micelle. Thus, is
possible to adopt an intermediate purification step to generate a rich-in-oil alcoholic micelle
phase. Both of the processes presents advantages in relation to the traditional biodiesel
production chain, since some separation and/or purification steps, as solvent recycling,
degumming and refining of oil, are not performed. This can reduce the production cost, as
reported by Sangaletti-Gerhard et al. (SANGALETTI-GERHARD et al., 2014), and enables
the implementation of small-scale biodiesel production plant (TUNTIWIWATTANAPUN,
TONGCUMPOU and WIESENBORN, 2016).

Regarding the type of alcohol involved, the methanol is the more used worldwide.
However the ethanol can be an advantageous route, since the toxicity is low compared with
methanol, is a renewable raw-material, biodegradable, considered safe for human health
(Generally Recognized as Safe — GRAS solvent), and have showed potential as a solvent in
the oil extraction processes (BAUMLER, CARRIN and CARELLI, 2015; BESSA et al.,
2017; BUENO-BORGES et al., 2017; FREITAS and LAGO, 2007; KAMIMURA,
ARACAVA and RODRIGUES, 2017; KWIATKOWSKI and CHERYAN, 2002; MORIN et
al., 2007; SANTOS et al., 2015; SCHARLACK, ARACAVA and RODRIGUES, 2017
TOMAZIN JUNIOR, 2008). As a disadvantage can be cited the relatively low solubility of
the lipids, and less selective for triglycerides than hexane (BAUMLER; CARRIN; CARELLI,
2015).

In this context, the objective of this work was to investigate the kinetics of the soybean
oil extraction using hydrated ethanol as a solvent in a solid-liquid column. A kinetic model
was developed based in the washing/diffusion mechanism (PATRICELLI et al., 1979; SO and
MACDONALD, 1986), interconnected with a phenomenological equilibrium model
previously developed (WENZEL et al., 2018). The model was validated column experimental
results carried out at different conditions: (i) superficial velocity (1.68 to 11.78cm min™); (ii)
column height (38 to 72cm); (iii) temperature (30 to 70°C); and (iv) oil fraction at inlet of
column (0 to 0.0061g/g ethanol).

4.3 MATHEMATICAL MODELING

4.3.1. Continuity equation and process kinetic

In a industrial solid-liquid unit operation for continuous extraction of an extractable

material (A) from a solid matrix, as soybean oil-solvent system, industrially the extractors
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employ sequential steps. In each of steps, there is solvent percolation through the stationary
bed composed by the solid material, characterizing a column operation.

Based on this, the material conservation principle can be stated as the Eq. (4.1). In the
supercritical fluid extraction, this type of balance was already used by Sovova (SOVOVA,
2017 - 2014), in the broken-and-intact cell model. The equation was obtained by a differential
mass balance along the section of the extraction column and allows us to identify a kinetic
expression based on the solid phase extraction rate. The model assumes the following: (i) plug
flow and constant percolation flow rate; (ii) constant porosity of the bed; (iii) solute is
considered a single component; (iv) solute transport in an axial direction by advection
(neglected diffusion); and (v) isothermal process.

Y Y Psol

EE-FMS%: pP

oX
(1-e)5- (4.1)

In the Eq. (1): Y(t, h) is the absolute mass fraction of the extractable material A in the
fluid phase — solvent mass (mass A/mass E); X(t, h) is the absolute mass fraction of the
extractable material A in the solid phase (mass A/mass Solid); P is the purity of aqueous
solvent of the fluid phase [mass E/mass (E+H20)]; h is the axial dimension (lenght) of the
extraction column from the top to the bottom (cm); u, is the superficial velocity of fluid in the
column (cm/min), obtained by the ratio of the volumetric flow rate and the area of the
transversal section of the column; ¢ is the porosity (void volume fraction) of the bed packaged

with the solid particles (dimensionless); t is the corrected time (min), that can be obtained for

different heights and times as t = ¢, — Z—h at were t, is the real time; p is the density of the
S

fluid phase (g/cm?®); and ps,,; is the density of the solid phase (g/cm?).

For solid-liquid extraction, kinetic models have already been developed and tested for
the extraction processes. Between them, can be highlighted the two-stage washing/diffusion
model. The model was firstly proposed by Patricelli et al. (PATRICELLI et al., 1979) and
afterward modified by So and MacDonald (SO and MACDONALD, 1986). This model
considers a first-order rate law for the kinetic extraction by each mechanism — washing and
diffusion. The So and MacDonald (SO and MACDONALD, 1986) modification was based in
the consideration that the diffusion is composed by an unhindered and hindered process (that
extract the oil portion contained in ruptured cells and unruptured cells).

The washing-diffusion model has been used in batch studies for kinetic extraction in
several systems (AMARANTE et al., 2014; DAGOSTIN, CARPINE and CORAZZA, 2015;
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DUTTA, SARKAR and MUKHERJEE, 2016; KAMIMURA, ARACAVA and
RODRIGUES, 2017; KIM and KIM, 2016; KOSTIC et al., 2014; MEZIANE and KADI,
2008; SO and MACDONALD, 1986; TODA, SAWADA and RODRIGUES, 2016; XI, YAN
and HE, 2014). In this model, the driving force for mass transfer is the difference between
solute concentration at equilibrium and the transient value in the liquid phase. In the classical
solution of the model, the equilibrium concentration is considered that not change over time,
is obtained as a parameter of the model. This consideration is successfully applied to the
systems in which the solvent presents high solubility (solid-liquid extraction that employs
aromatic and aliphatic hydrocarbon, and in supercritical fluid extraction system) and/or in
situations that employ high solvent/solute ratio.

In fact, several authors have been used the equilibrium results to evaluate the partition
coefficient as a function of thermodynamic intensive state properties (AMARANTE et al.,
2014; KIM and KIM, 2016; SAYYAR et al., 2009), including the composition of the system
(CASTILLO-SANTOS et al., 2017; DAGOSTIN, CARPINE and CORAZZA, 2015;
KOSTIC et al., 2014; PEREZ, CARELLI and CRAPISTE, 2011; SAXENA, SHARMA and
SAMBI, 2011, 2012).

The application of the washing/diffusion model, in other words, supposes that the
extractable material is present liked to the solid matrix by different ways, with different
energetic effects, which have different rates of extraction. For application of this model in a
continuous extraction system, the strategy used is the establishment of the equilibrium by a
linear relationship (ALMEIDA, RAVAGNANI and MODENES, 2010; CASTILLO-
SANTOS et al., 2017; CERUTTI, SOUZA and SOUZA, 2012; RODRIGUEZ-JIMENES et
al., 2012; SIMEONOV, TSIBRANSKA and MINCHEV, 1999; VELOSO, KRIOUKOQV and
VIELMO, 2005) or Langmuir-type equation (BESSA et al., 2017). However, the use of
models that considers different extraction rates, for washing and for diffusion mechanism, is
scarce in the literature. The reason is associated with the difficult to establish the distribution
(fraction) of the solute that is extracted by washing and by diffusion mechanism in the initial
conditions, as well as in equilibrium.

In recent work, Wenzel et al. (WENZEL et al, 2018) develop several
equilibrium/isotherm models based on a phenomenological approach. From the theoretical
basis of this work, is possible to obtain the initial conditions as well as the equilibrium
conditions for the solute subjected to the different mechanisms. l.e., is possible the use of
different rates, to washing and to diffusion mechanism. For soybean-oil-aqueous ethanol

system, the authors’ (WENZEL et al., 2018) shows that the extraction takes place in two
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layers, with different energetic effects. The results suggest that in the less energetic layer
(second layer) the solute is more available to extraction, compatible with the washing
extraction mechanism. On the other hand, the solute in the first layer is subjected to extraction
by the diffusion mechanism. This situation is compatible with the Patricelli's model
(PATRICELLI et al., 1979), since was identified only two types of mechanism of extraction.
In view of the foregoing, in this work was considered that the oil present in soybean
can be divided into two installments: (i) part attached to the surface of the material (first layer
or monolayer), Xs (g A/ g Solid), subjected to extraction by diffusion mechanism; and (ii)

another part in a second layer, X; (g A/ g Solid), subjected to washing mechanism. Therefore:

0X 0Xs 0X,

0X _ 94s 0%, 4.2
ot~ ot ot (42)

X:XS+XL

Based on the assumption of two types of mechanisms involved, the rate of the

extraction in each layer can be formulated as:

0Xs
5 —Kxs (Xs — Xseq) (4.3)
0X
a_tL = _KX,L (XL - XL,eq) (4.4)

Where: Ky s and Ky ; are the mass transfer coefficient (min™) for extraction in the first
and second layer, respectively; Xs., and X, ., are the absolute mass fraction of solute in the

solid matrix (inert solid) in equilibrium (g A/g Solid). For the soybean-oil-aqueous ethanol
system, the behavior of equilibrium amounts should be available by the two layers model
(WENZEL et al., 2018), detailed in the subsequent section.

The initial and boundary conditions for the solution of the problem are follow:

e Ath =0, the solvent is feed to the column with solute mass fraction of Y, o (g A/g E),

according to Eq. (4.5).

Y(t,h=0) =Y, (4.5)

e Att = 0, the fraction of the solute in the solid matrix at the first and second layers are
Xso and X o (9 A/g Solid) (see Egs. (4.6) and (4.7)). The initial conditions should be
obtained from the initial solute content in solid (X,) and the distribution of a solute

between layers (from the equilibrium model — see subsequent section).
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Xs(t = 0, h) = XS,O (46)
XL(t = O, h) = XL,O (47)

For describes the initial conditions for the liquid phase along the height of the column,

we assume the percolation of a liquid phase in plug flow, according to the Eq. (4.8).

ay _ _psol(l_g)
ﬁ(t_o’h) =P

[KX,S (Xs,o - XS,eq) + Kx |, (XL,O - XL,eq)] (4.8)

S

4.3.2. Equilibrium model for soybean-oil-aqueous ethanol system

In this work was used the phenomenological equilibrium model for the soybean-oil-
aqueous ethanol system developed by Wenzel et al. (WENZEL et al., 2018). The model
considers that the extraction of oil occurs in two layers (S and L), with different energetic
effects. The model is presented by the Eq. (4.9).

_XmF(KL+F)

‘0" K, \Ks+F (4.9)

Where: X,, is the maximum quantity of extractable material (A) in the first layer,

expressed as an absolute mass fraction (g A/g Solid); K and K, are the equilibrium constants

gA/g (A+E+H,0)

at first and second layers, respectively ([ Er /g (ATE+H,0)
g Efree/d 2

]a); F is the liquid phase factor,

described by Eq. (4.10).

a—-1

(Y'*%) (4.10)

F=Y
1-yY)e

Where: « is the extraction order; and y is the stoichiometric coefficient (g E/g A),
based on solubility data.

Based in the Rao et al. (RAO et al., 1955) data, Wenzel et al. (WENZEL et al., 2018)
adjusted the following empirical model for describe the influence of temperature (T, in K) and
ethanol purity [P, in mass fraction, g E/ g(E+H20)]:

1_

y=p—2a (4.12)
Ysat

K., T

= for yse < 1 (4.12)

ySCI.t - Tm_Ti
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T, = —561.59 + 2.3850 x 103 P — 1.4794 x 103 P? (4.13)
Koo = 0.23624 — 0.52340 P + 0.29778 P2 (4.14)

The influence of temperature and ethanol purity on the X,, was described by an
empirical saturation type equation, as a function of the stoichiometric coefficient y [Eq.
(4.11)]. The parameters X, nqx and K, depend on ethanol purity, according to Eqgs. (4.16)
and (4.17).

Xm max y
Xp=—F—— 4.15
Xm,max = aXm,max + me,max p (416)
KM = aKM + bKM P (417)
Where: p =ﬂ(£) is the molar ratio between water and ethanol (E) (mol
MMpg,o \ P

H20/mol E); MMg and MMy, is the molar mass of ethanol (46 g/mol) and water (18 g/mol),
respectively.

The influence of temperature and ethanol concentration on the equilibrium constant
(Ks and K;) was made by means of thermodynamic principles. For a generic equilibrium

constant K, the Van’t Hoff equation can be expressed as:

—_a—-1
MM, MM AG°
K= (W) exp (~77) (4.18)

Where: MM, is the molar mass of extractable material (873 g/mol); MM =

—11+(121P_)P/)’;P is the mean molar mass of liquid phase; R = 8.314 x 1073 kJ/mol is the ideal
+

MMEg " MMy, 0

gas constant.
The definition of standard state free Gibbs energy change (AG®) was used to predict

the effect of temperature, according to Eq. (4.19).

AG® = AH® — AS° T (4.19)
The standard state enthalpy change (AH®) and standard state entropy change (AS®) in

its turn are obtained by a chemical potential analysis, resulting in the following expressions:

AH® = AH®gyr +p EOHZO (4.20)
AS® = AS®pxtr + 0 S0 (4.21)



63

Where: AH°g,. and AS°g,.., are the standard enthalpy change and the standard

entropy change for the extraction process in the absence of water; §°H20=

as° - OH® .
—) and H°y,o = —) are the partial molar entropy and
0(ni20/mE)) 1 presnpmp 0(nu20/m8)) 1 e, m g

enthalpy of water in the system.

Based in these expressions, considering two equilibrium constants (Ks and K;),
Wenzel et al. (WENZEL et al., 2018) obtained for the soybean-oil-aqueous ethanol system,
the model parameters presented in Table 9.

Table 9. Parameters of the two layers equilibrium model to predict the effect of oil content in

a liquid phase, temperature and ethanol purity. Font: (WENZEL et al., 2018)

Description Symbol Parameters values
Order of extraction a 5
Empirical parameters for evaluate X,,, To evaluate X, max To evaluate Ky,
n n g A ‘g E
Empirical constants a 0.1685 g Solid 4.03 gA
of Egs. (4.16) and
(4.17) "p 0.1620 —24_ molH0 -27.08 4£ motH:0
) g Solid molE """ gA molE

Thermodynamic parameters for

evaluating equilibrium constants P e () SOOI I (G

Standard enthalpy
changes in the
absence of water AH®pyer -96.15 -254.74

()
mol A
Partial molar

enthalpy of water Tro
( k] /mol A ) Hy,0 645.51 956.94

mol Hy0/mol E

Standard entropy

changes in the
absence of water AS®pxer -0.3378 -0.7800

(i)
K mol A

Partial molar entropy

of water So
/K mol ) | Sz 1.968 3.174

mol H0/mol E
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Based on the two layers equilibrium model and the parameters of Table 9, is possible
note the absolute fraction of oil in inert solid at different conditions of T, P, and Y. However,
for use in the kinetic expression, was introduced the fraction of oil in the first layer (g,4:), that
is defined as the fraction of the oil in the solid matrix that it is linked to the first layer. By this

way, the fraction of solute at equilibrium in each layer can be obtained by:

XS,eq = Y1st Xeq (4-22)
XL,eq =1- glst) Xeq (4.23)
Based on the fundamentals presented in work (WENZEL et al., 2018), we can prove
that:

K, (4.24)

I1st = m

Another application of the phenomenological basis of the equilibrium model is the
estimation of the initial conditions. l.e. the distribution of oil between layers of the start

soybean material, g;5; When X,, = X,. For this determination we proceed as follow: (a) If
Y < Y4 for obtaining X., = X,, so enough use the Y value in which X, = X, to evaluate
the g15: by Eqg. (4.24); (b) In other situations, we suppose that the initial solid material is

added to a saturated liquid phase. In this case, Y =Y,,, then F — oo, and oil at first layer is

q’

maximum, X, = X,,,. Like this, g1t 0 = X;n/Xo.
4.4 MATERIAL AND METHODS
4.4.1 Materials and characterization

Laminated soybeans (Glycine max) obtained from an industrial plant of Giovelli —
Vegetable Oil Company (Guarani das Missdes — RS, Brazil) was used as raw-material. In the
process, the soybean seeds were prepared for extraction by roasting, seed-cracking, cooking,
and lamination. Prior to the experimentation, the collected sample was sieved and only
particles larger than 4mm were used, in order to avoid packing the bed. The samples were

maintained at about 4°C and stored in sealed containers to avoid degradation.
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The solvent used in all the extraction experiments was 95wt% hydrated ethanol,
obtained from the company COOPERCANA (Cane Producers Cooperative, Porto Xavier —
RS, Brazil).

The laminated soybean was characterized by its shape, bed proprieties, oil content, and
moisture. The determination of the oil content in laminated soybean samples was performed
by Soxhlet extractor (model MA 491/6 - Marconi), and petroleum ether as an extraction
solvent, according to with method Ac 3-44 (AOCS, 2009a). The moisture content was
determined using the method Ac 2-41 (AOCS, 2009b). Three replicates of each analysis were
performed.

The particles shape was approximately by a sheet, in which the length (D), width (D)
and the thickness (E) dimensions were determined by use of pachymeter for a sample of 500
particles. In order to determine the average external surface area of the particles, it has been

assumed that their general shape is elliptical, and the total surface area for mass transfer was
considered the two sides of the sheet (S, = (r/2) D, D,). The average volume of a particle

was determined as the product of the area of the ellipse and the particle thickness (}, =
(r/4) 51 52 E)

The bed proprieties — the density of solid (ps,;), porosity () and density of the bed
(Ppea), Were determined by the filling technique. The measurement was made in a graduated
flask with an internal diameter close to the column and by use ethanol as a fill fluid. The
porosity of the bed was measured by the ratio between empty (calculated from the mass of
ethanol added and its density) and a total volume of the flask. The density of the bed was
obtained from a ratio of the mass of the solid and total volume of a flask. The solid density
was determined by the ratio between the mass laminated soybean and volume occupied by the
solid.

Also, based in these measurements, the specific mass transfer surface area, a,

expressed in cm? (cm?® bed) ™ was determined by use of Eq. (4.25).

S
=(1-¢2= 4.25
a=( S)Vp (4.25)

4.4.2 Experimental apparatus: extraction column

The experimental apparatus for column extraction (see Figure 1) was developed and

used in the runs tests. This was composed by the following main parts: 1) Two polyethylene
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reservoirs of 50L, one to store the solvent for feed the extraction column, and one to collect
the micelle; 2) A pump to promote the solvent feed into the column; 3) Pressure gauge; 4)
Rotameters panel, with flow ranges of: 10 to 120 cm® min; 40 to 400 cm® min%; and 100 to
1500 cm® min; 5) Heating bath of solvent by means of serpentine; 6) Extraction column:
cylindrical borosilicate glass with internal diameter of 55mm (5mm wall), height of 1m. The
system operates in a downward flow. In the basis, the solid material is supported by a
perforated stainless-steel plate. The liquid outlet is equipped with a sample collector valve.
The top and the bottom junction has made by stainless steel flanges with apertures to
thermocouples for temperature monitoring. 7) Monitor of the thermocouples in inlet and
outlet of the column; 8) Heating mantle provided with thermocouple and temperature
controller, in order to maintain the temperature along the column.

The system includes the use of rigid PVC pipes and flexible HDPE hoses to connect
the main parts. The solvent flow followed: Solvent reservoir; pump; flowmeter; heating bath;

column; micelle reservoir.
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Figure 8. Experimental apparatus: isotherm column extraction.

4.4.3 Experimental conditions

Experiments were performed at isotherm conditions to investigate the influence of
temperature (T), axial dimension (height) of the extraction column (H), superficial velocity of
the fluid in the column (ug), and inlet absolute mass fraction of the extractable material A in
the fluid phase (Yy,). Eight experimental runs were performed, subjected to temperatures
between 30 and 70°C, total column height of 38 to 72cm, superficial velocity (ratio of the
volumetric flow rate by the area transversal section of the column) of 1,68 - 11,78cm/min, and
one experiment was conducted feeding alcoholic micelle with 0.0061 g A/g E. The
experimental conditions are presented in Table 10.
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Table 10. Experimental conditions of runs performed in the extraction column.

Column Superficial Inlet absolute
. Temperature, . : :
Experiments T (C) height, h  velocity, ug fraction of solute,
(cm) (cm/min) Yo0 (9 A/gE)
1 50 38 11.78 0
2 50 71 11.78 0
3 50 67 1.68 0
4 50 70 11.78 0.0061
5 50 72 6.31 0
6 70 70 11.78 0
7 30 72 11.78 0
8 60 72 11.78 0

4.4.4 Experimental procedure

Before the start of an experimental run, the experimental apparatus was prepared. The
column was loaded with the laminated soybean seeds and the solvent reservoir was completed
with ethanol 95wt%. The heating bath temperature was selected according to the experimental
condition employed, and the heating started. The column was wrapped with the heating
mantle, a thermocouple to control was inserted between the mantle and glass column wall,
and the controller was turned on. The pump was turned on in order to fill the pipes of the
system. The volumetric flow rate was adjusted in the flowmeter, according to the superficial
velocity of the experimental run, and the liquid phase was continuously fed in the column,
from top to bottom. When the solid was immersed in the liquid phase, a timer was started.
During an experimental time, samples of the liquid phase were collected based on the column.
The micelle samples were subjected to determination of oil concentration by two methods:
absorbance measurements the range of 190 - 500nm; and gravimetric determinations,

according to describe below.
4.4.5 Analytical determinations
For the gravimetric measurements of absolute mass fraction of oil in the liquid phase

was performed from samples of about 250mL. The sample was weighed and then subjected to

the following procedure, to determine the oil content: the micelle passes through a first rotary
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evaporator at 60°C and under vacuum (between 600 and 720mmHg) for about 3 hours, until
complete evaporation of the ethanol. After evaporation, it was observed the presence of
crystals substances. As pointed out by Dagostin et al. (DAGOSTIN, CARPINE and
CORAZZA, 2015) (using ethanol and mixtures of alkyl esters as co-solvent) and Balimler et
al. (BAUMLER, CARRIN and CARELLI, 2015, 2017) (using ethanol as a solvent for the
extraction of sunflower oil), ethanol has the ability to extract other compounds present in the
grain, such as polyphenols, phospholipids, tocopherols, pigments and soluble sugars.
Considering this characteristic of non-selectivity of ethanol, it was necessary to carry out a
subsequent washing of the product of the evaporation, in order to solubilize only the lipids.
For this purpose, approximately 100mL of heated petroleum ether (at a temperature of about
37°C) were used. The mixture was subjected to a filtration step and a second rotary vacuum
evaporation step. The flask containing the oil extracted remained for about one hour in a
drying oven at 60°C to remove any traces of solvent. From the mass contained in the flask,
was possible the evaluation of absolute oil mass fraction in the liquid phase. A similar method
was employed by Dagostin et al. (DAGOSTIN, CARPINE and CORAZZA, 2015),
Kamimura et al. (KAMIMURA, ARACAVA and RODRIGUES, 2017) and Zachi (ZACHI,
2007).

Also, along the extraction time, little samples were collected and quickly analyzed by
a UV-Vis spectrophotometer, in which the absorbances were measured in a wavelength range
of 190 and 500nm. In each experimental run were identified the wavelength peak of the
samples. The data of gravimetric analysis vs. absorbance at this point were used for a linear
calibration curve adjustment. By this mean, were estimated the absolute oil mass fraction in
the liquid phase or for the other samples.

The experimental results for the liquid phase oil amount along the time were expressed
according to the analytical evaluation as: Y., for gravimetric determination, and Y. for
spectrophotometric results, in g (g ethanol)™.

The solid phase in each experiment was subjected to measurement of oil amount at the
end of the process, the porosity and density of the bed, and the density of solid. The oil
amount was determined by petroleum ether Soxhlet extraction, as described above (AOCS,
2009a). For this purpose, three samples were collected from the previously dried and

homogenized solid material. The result can be interpreted as the average oil amount in the

solid phase and was denoted by Yexp (g (g solid)™2).
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The particle density, porosity and density of the bed were determined for a solid phase
in the initial and the end of experimental runs. These proprieties were determined by bed
filling, according to describe in the previous section.

In each experimental run, by means of computation of solid mass added and height of

the column, it was observed bed densities very close to the analytical ones.
4.4.6 Model solution and adjustment

For simulating the behavior of the solid-liquid extraction, Y(t,h) and X(t, h), the
model proposed in section 4.3 “Mathematical modeling”, was solved as a system of
differential equations. The partial differential equation (PDE) of Eq. (4.1) was transformed
into a system of ordinary differential equation (ODE) by the finite difference formula, where
the discretized variable was the height of the column. The system was merged with Eqs. (4.3)
and (4.4), one for each height. Using the convenient initial conditions, the ODE system was
solved by the method described by Shampine and Reichelt (SHAMPINE and REICHELT,
1997). The initial condition for liquid phase ODEs was obtained from the solution of the Eq.
(4.8).

For each evaluation of the differential equations, i.e. time and height pair, the
equilibrium concentration (X,,) and oil mass fraction in the first layer (g,5) was calculated
from the two-layer equilibrium model (WENZEL et al., 2018) (see section 3) as a function of
temperature (T), ethanol purity (P), and the fraction oil in the liquid phase (Y). Also, the
equilibrium model was employed to an evaluation of the oil distribution in the initial
conditions, g;5¢0. Thus, the initial conditions for solid phase, X5, and X; o, as well as, the
equilibrium amount along the time and height, Xs ., and X; 4.

For purposes of model adjustment, the solution was compared with experimental
results. For liquid phase comparison, the absolute mass fraction along in the column basis
Y, (t) correspond to a model solution for h = H. For comparison of the solid phase,

experimental results were used the average value along the height at the final time of

experimentation (X). Thus:

_ 1 (H
Y,(t)=Y({t,h=H);, X-= —f (Xs + X,) dh (4.26)
H 0
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The model adjustment was made by a non-linear optimization algorithm, in order to
estimate the kinetic constants ky ¢ and ky; (model parameters). Was used the trust-region-
reflective optimization algorithm, described by Coleman and Li (COLEMAN and LI, 1996).
The objective function (F,;,;) minimized takes into account the experimental responses in the
solid and liquid phases, according to Eq. (4.27). From an initial estimation, the algorithm
performs an iterative procedure for evaluations of F,,; in different values of parameters. In

each interaction, the system of ODE was solved.

— — 2 2 2
X—X 1 Y, —Y 1 Y, —Y.
Fobj _ ( _ exp> n Z( b grav) n Z( b spec) (4.27)
X Ngrav Yorav Nspec Yopec

exp

For determination of the quality of adjustment, the determination coefficient (R?) for

each set of experimental results was available.

4.5 RESULTS AND DISCUSSION

4.5.1 Characterization of the laminated soybean raw material

The results of the characterization of the laminated soybean raw material, include the
determination of the moisture, oil content, solid density, and proprieties of the bed are
summarized in Table 11. The oil content was expressed in wt% and absolute oil mass fraction
(Xo). The values were expressed as the mean and standard deviation of three samples.
Concerning the oil content, the value obtained in this work was close to related in the
literature about the Brazilians cultivars (CERUTTI, SOUZA and SOUZA, 2012; VELOSO,
KRIOUKOV and VIELMO, 2005).

Table 11. Moisture, oil content, a density of solid matrix and bed properties (porosity and
apparent density) of the laminated soybean: mean and standard deviation.

Value
Mean Std

Moisture content (wt%) 4.26 0.32

Oil content (wt%, dry basis, and expressed
as absolute mass fraction (in parenthesis))

Initial bed porosity, ¢, 0.6990 0.0143
Initial bed apparent density, ppeq (9 cm™) 0.3081 0.0121
Particle density, pso; (g cm™®) 1.077 0.058

Parameter

19.34 (0.2398)  0.20 (0.0031)
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The dimensions of the laminated soybean particles are length (D,), width, (D,), and

thickness (E) were evaluated for a sample of 500 statistically determined particles. Typical

shapes of the particles can be seen in Figure 9. The statistics are in Table 12. From these

results, also the calculated values of particle external superficial area (S,), particle volume

(), and specific surface area for mass transfer (a) are presented.

Table 12. Statistics for particles dimensions (length, width and thickness) and calculated

shape parameters.

Value
Parameter Y- 3;3?3?;?] e
Measured
Length, D; (cm) 0.90 0.22 1.00
Width, D, (cm) 0.68 0.23 0.70
Thickness, E (mm) 0.42 0.04 0.36
Calculated
Average particle external
superficial area, S, (cm?) 3.845
Average particle volume, 1V, (cm?®) 0.08075
Specific surface area for mass 14.33

transfer, a (cm? (cm® bed)™)

The average thickness result consolidate the use of the two-layer kinetic model, since
according with So and Macdonald (SO and MACDONALD, 1986), the two rate

washing/diffusion kinetic can be used for particles less than 5mm, simplifying the So-

MacDonald model to the Patricelli et al. (PATRICELLI et al., 1979) model.
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Figure 9. Typical shapes of the laminates soybean seeds.

4.5.2 General results of the experimental runs

The Table 13 shows some general data for the experimental runs whose conditions are
specified in Table 10. The data correspond to measurements at the end of the process: the
average absolute mass fraction of oil in the solid phase, the average extraction efficiency, the
total time of experimentation, as well as, the porosity and bed densities. The table also shows

the initial conditions.



Table 13. General data for the execution of the column extraction experiments.

74

Absolute
. Inlet absolut . A t mass Average
Column Superficial ne a' SOIUe Porosity of pparer.1 - g Total
Temperature : . fraction of bed density ~ fraction of  extraction )
Run height velocity the bed . . experiment
T (°C) D i) . (@ solute Pbed oil efficiency time (min)
y Yo,0 (9 A/gE) (g/cmB) KXexp (E) (%)
(gA/gS)
1 50 38 11.78 0 0.7921 0.2289 0.0022 98.86 80
2 50 71 11.78 0 0.8016 0.2127 0.0045 97.67 126
3 50 67 1.68 0 0.8192 0.2133 0.0039 98.01 675
4 50 70 11.78 0.0061 0.7888 0.2202 0.0262 86.81 125
5 50 72 6.31 0 0.7960 0.2310 0.0028 98.54 393
6 70 70 11.78 0 0.8025 0.1984 0.0028 98.54 75
7 30 72 11.78 0 0.7544 0.2531 0.0514 74.73 65
8 60 72 11.78 0 0.7907 0.2307 0.0014 99.28 85
Initial
- - - - 0.6990 0.3080 0.2398 - -

condition
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By analyzing the porosity, it was observed an increase between the initial and the end
of the column extraction. The porosities have an increase between 7.9 and 17.2% and shows a
tendency to increase by an increase of extraction efficiency. Despite this, for the numerical
solution of the model, in this work was considered a constant porosity (of the initial
condition), since was not observed a clear relationship with the oil amount in the solid phase.
The apparent density of the bed, p,.q, because of the oil extraction, it was observed decreases
between 17.8 and 35.6%. On the other hand, the density of solid (not shown in the Table)
presents results around the measurement of the initial conditions.

All experiments operate with total extraction efficiency above 74.3%. However, the
efficiency depends on the time of extraction, a height of column, and conditions, as
temperature, superficial velocity, and solvent composition. The lower extraction efficiency
was obtained in the run 7, in which the temperature was selected to 30°C, being the others
conditions similar to others experimental runs. The efficiency of 86.1% in run 4, it is related
to the use of the micelle from experiment 2 as the solvent in the extraction process. In this
manner, the composition of the liquid phase shows an effect on efficiency. Its parameter
investigation is fundamental in view of the industrial extractors operation, that uses a series of

steps, in which the countercurrent recirculation of the micelle was employed.
4.5.3 Extraction kinetics: model adjustment and results

The kinetic model adjusted in this work describes the extraction as a process that
occurs by dual rate: (i) washing mechanism, that extracts the oil more available, in a second
layer above the solid surface; and (ii) diffusion mechanism, in which the oil attached to the
surface was extracted. The adjustment was made by a non-linear optimization algorithm, for
experiments using hydrous ethanol in a continuous flow column, investigating the effect of
several process conditions (T, h, ug and Y, o). The model parameters, Ky ¢ and Ky, for each
experimental run can be seen in Table 14. The experimental data used in the model
adjustment correspond the absolute mass fraction of the extractable material A in the fluid

phase determined by means of gravimetry and spectrophotometric methods (Y, and Ygp,ec),

and the average oil content in the solid at the end of an experimental run (Yexp). Based on
these experimental data, Table 14 also shows the determination coefficient for each

adjustment.
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Figures 10 to 17 shows the model results for each set of experimental conditions. In
these figures, was presented the transient behavior, in various column heights, of the oil
content in the solid at first layer (Xs), at the second layer (X;), and the oil content in the liquid

phase (Y). Also, in order to compare with experimental results, the average oil content in the

solid phase (X), and in the liquid phase (Y;) were presented.
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Table 14. Mass transfer coefficients of washing (Ky ;) and diffusion (Ky s) mechanisms (parameters of the model), and correlation coefficient
(R?) for each experimental run.

Run T(C) :e(lcgr:; Us solute (min') (min) Ropecrun R s
(cm/min) Yy, (9 A/QE)
1 50 38 11.78 0 0,0376 0,0352 0,8772 0,8790 0,9930
2 50 71 11.78 0 0,0457 0,0175 0,9721 0,9710 0,9995
3 50 67 1.68 0 0,0117 0,0060 0,3434 0,1067 0,9999
4 50 70 11.78 0.0061 0,0918 0,0244 0,9372 0,5912 0,9979
5 50 72 6.31 0 0,0133 0,0118 0,7019 0,7371 1,0000
6 70 70 11.78 0 0,0557 0,0507 0,7040 0,9890 0,9980
7 30 72 11.78 0 0,0400 0,0101 0,8544 0,9791 0,9999
8 60 72 11.78 0 0,0645 0,0538 0,9384 0,9583 0,9996
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In general, the gravimetric data shows the best reliability than spectrophotometric
ones. However, for the most experimental conditions, the model fit the data satisfactorily,
except for experimental run 3, in which technical problems were reported.

The variables of the model for all experimental runs adjusted showed a similar

behavior, as seen in Figures 10 to 17 and commented below:

(@) Absolute mass fraction of solute in the liquid phase - ethanol (Y):

Through the analysis of the absolute mass fraction of the extractable material A in the
fluid phase (Y), it can be noted that all experiments showed similar behavior in relation to the
transfer of oil from the solid matrix to the solvent, increasing as the solvent flow through the
column, from the top to the bottom, but decreasing during the operating time.

For the experiments performed with the low (1.68cm/min) and medium (6.31cm/min)
superficial velocity (experiments 3 and 5 — Figures 12 (a) and 14 (a)), the process takes more
time to get close to equilibrium, compared with use of superficial velocity of 11,7854cm/min.
This confirms the influence of the solvent superficial velocity in the extraction process, as
presented in the kinetic model. It is also noted that the model can consider the amount of
laminated soybean in the column (height), as well as, the solvent composition, since the
experimental run 4, that employs a solvent with the presence of solute, is well adjusted.

The temperatures evaluated, in turn, influenced the curve of the kinetic model,
especially in relation to the lower temperature (30°C) in comparison with the others. The

process occurs more quickly at high temperatures.

(b) Solute mass fraction at first layer on the solid (Xs):

The mass fraction of oil in the first layer (Xs) is extracted by the mechanism
denominated diffusion, according to the kinetic model tested. The first layer behaves in a
manner analogous to the variable Y, according to with height. This mechanism is related as
slower than washing (SO; MACDONALD, 1986) since involves the extraction of oil portion
inside of solid. Thus, along with the column height, different quantities of oil are remained to
be extracted by his mechanism. The material in the top of a column is more quickie extracted,
since the solvent is less loaded with solute, resulting in a higher rate of extraction.

The experimental parameters, especially surface velocity and temperature, have

similar effects to those observed for the liquid phase.
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In addition, it is noticed that in the first layer is obtained the highest amounts of
extractable material in a solid phase, evidencing the importance of knowing the parameters

that influence the diffusion mechanism.

(c) Solute mass fraction at the second layer on the solid (X}):

The extraction of solute in the second layer is related to the washing mechanism. For
the oil present in this layer is observed a homogeneous behavior along the height of the
column. The Figures shows overlapping curves for the heights considered in the simulation.

The transient behavior, in turn, is similar to the oil fraction in the first layer.

(d) Average oil content in the solid phase (X)

The average oil content in the laminated soybean was described as a function of a sum
of oil in the first and second layer along the height of the column. The experimental data (oil
ant initial conditions and at the end of the process) was presented to comparison with model

results.

(e) Solute content in the liquid phase at the basis of the column (Y})

The results for comparison with experimental results are presented in a separate graph.
The gravimetric and spectrophotometric experimental results obtained during each
experimental run were compared to the kinetic model studied.

In general, the model presented a good adjustment for both gravimetric and
spectrophotometric data. Except the run 3, in which there were technical problems during its

execution.
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Figure 10. Model adjustment results for exp(er)imental run 1 (50°C, column height of 38cm,
superficial velocity of 11,78cm/min, using clean aqueous ethanol solution): (a) absolute mass
fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second layer oil
mass fraction (X;); (d) average oil mass fraction in the solid phase: model (X) and
experimental ()_(exp); (e) liquid phase oil mass fraction at column basis: model (Y;) and
experimental (X: Yy, and 0: Y,e().
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Figure 11. Model adjustment results for experimental run 2 (50°C, column height of 71cm,
superficial velocity of 11,78cm/min, using clean aqueous ethanol solution): (a) absolute mass
fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second layer oil
mass fraction (X;); (d) average oil mass fraction in the solid phase: model (X) and
experimental (Yexp); (e) liquid phase oil mass fraction at column basis: model (Y,) and
experimental (X: Yy, and 0: Y,e).
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Figure 12. Model adjustment results for exp(er)imental run 3 (50°C, column height of 67cm,
superficial velocity of 1,6836cm/min, using clean agueous ethanol solution): (a) absolute
mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second
layer oil mass fraction (X,); (d) average oil mass fraction in the solid phase: model (X) and
experimental ()_(exp); (e) liquid phase oil mass fraction at column basis: model (Y;) and
experimental (X: Yy, and 0: Y,e().
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Figure 13. Model adjustment results for experimental run 4 (50°C, column height of 70cm,
superficial velocity of 11,7854cm/min, using aqueous ethanol with oil solution, 0,0061 g A/g
E): (a) absolute mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction
(Xs); (c) second layer oil mass fraction (X, ); (d) average oil mass fraction in the solid phase:
model (X) and experimental (Yexp); (e) liquid phase oil mass fraction at column basis: model
(Yp) and experimental (X: Yg,.q,, and 0: Ygpec).
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Figure 14. Model adjustment results for experimental run 5 (50°C, column height of 72cm,
superficial velocity of 6,3136cm/min, using clean agueous ethanol solution): (a) absolute
mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second
layer oil mass fraction (X,); (d) average oil mass fraction in the solid phase: model (X) and
experimental ()_(exp); (e) liquid phase oil mass fraction at column basis: model (Y;) and
experimental (X: Yy, and 0: Y,e().
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Figure 15. Model adjustment results for experimental run 6 (70°C, column height of 70cm,
superficial velocity of 11,7854cm/min, using clean aqueous ethanol solution): (a) absolute
mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second
layer oil mass fraction (X,); (d) average oil mass fraction in the solid phase: model (X) and
experimental (Yexp); (e) liquid phase oil mass fraction at column basis: model (Y,) and
experimental (X: Yy, and 0: Y,e).
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Figure 16. Model adjustment results for exp(er)imental run 7 (30°C, column height of 72cm,
superficial velocity of 11,7854cm/min, using clean aqueous ethanol solution): (a) absolute
mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second
layer oil mass fraction (X,); (d) average oil mass fraction in the solid phase: model (X) and
experimental ()_(exp); (e) liquid phase oil mass fraction at column basis: model (Y;) and
experimental (X: Yy, and 0: Y,e().
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Figure 17. Model adjustment results for experimental run 8 (60°C, column height of 72cm,
superficial velocity of 11,7854cm/min, using clean aqueous ethanol solution): (a) absolute
mass fraction of oil in the fluid phase (Y); (b) first layer oil mass fraction (Xs); (c) second
layer oil mass fraction (X,); (d) average oil mass fraction in the solid phase: model (X) and
experimental (Yexp); (e) liquid phase oil mass fraction at column basis: model (Y,) and
experimental (X: Yy, and 0: Y,e).
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4.5.4 Influence of operational parameters on the kinetic constants

In order to evaluate the influence of the process conditions on the kinetic constants of
the model, the Spearman correlation coefficient (r5) was used. The results are in Table 15.
The temperature has a strong influence on the increase of mass transfer coefficient of the
washing mechanism and moderate effect on the diffusion. Also, is observed a strong positive
influence of the superficial velocity on the both, washing and diffusion mechanisms.

The bed lenght exhibits weak and very weak influences in the diffusion and washing
mechanisms, respectively. This is an expected result since the kinetic theory supposes no
influence of the composition (that changes for different column heights). By this manner, has
not been expected an influence of the solute concentration at the column inlet (Y, ,) on the

kinetic constants. However, was observed a moderate effect in diffusion mechanism.

Table 15. Spearman’s correlation coefficient to measure the influence of the operational

conditions on the mass transfer coefficients (parameters of the model).

Spearman correlation coefficient (rs)

Parameter : Superficial Solute at column
Temperature, T Column height, h velocity, 1, inlet, Y o
0,4091 0,5773
Ky, (moderate) 0,1964 (weak) 0,7638 (strong) (moderate)
Kx, 0,7638 (strong) -O’Ovzviilgl ery 0,6546 (strong) O’Oéa\,z;l((\)lery

4.6 CONCLUSIONS

Efficiencies in the range of 74.3 and 99.8% were obtained in the column extraction
experiments with hydrated ethanol as solvent. The experiments were conducted at different
times and conditions (temperature, superficial velocity of liquid, column height, and solute
concentration in the liquid phase inlet). The laminated soybean used presented 19.34wt% of
oil and specific surface area of 14.33 cm? (cm?® bed)™. The particles bed have a porosity of
0.6990. The mathematical model adjusted shown a good agreement with the experimental
data. In general, the mass transfer coefficients have the strong positive influence of superficial
velocity and temperature, and the weak influence of the column height and solute
concentration at the column inlet. Based on these results, the applicability of the mathematical

model developed was proved, showing that the extraction is performed by two mechanisms:
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washing and diffusion. Also, it suggests that the phenomenological basis of the two layers
isotherm model is useful in evaluating the equilibrium of the soybean-oil-aqueous ethanol

system. Finally, the results of the work can be used for process scale-up purposes.
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5. CONSIDERACOES FINAIS

A primeira parte do trabalho desenvolvido, mostrou que o modelo de isoterma que
possui duas etapas de extracdo (lavagem e difusdo), descreveu os mecanismos envolvidos no
processo de extragdo. A base fenomenoldgica empregada, sugere que o mecanismo de
lavagem é responsavel por extrair a por¢do de Oleo na segunda camada, enquanto o
mecanismo de difusdo extrai o 6leo na primeira camada. Assim, o modelo de isoterma
permite a avaliacdo do equilibrio em um processo transiente, melhorando as investigacoes
cinéticas de extracdo, aplicado na segunta etapa do estudo.

Na segunda parte do trabalho, que investigou a cinética de extracdo em coluna, as
analises de dimensdes do solido (soja laminada), corroboraram na escolha do modelo cinético.
As caracteristicas de umidade e teor de 6leo do solido, também estavam de acordo com o0s
padrdes da literatura. Em relacdo aos experimentos realizados na coluna de extracdo variando
0S parametros do processo, em sua maioria, obtiveram resultados de extracdo com alta
eficiéncia, indicando o potencial do etanol hidratado como solvente. Foi desenvolvido e
ajustado um modelo para a cinética do processo de extracdo sélido-liquido utilizando a
isoterma de equilibrio para obtencdo da forca motriz para a transferéncia de massa. As
variaveis do modelo avaliado (Y, X5 e X,), apresentaram 0 mesmo padrdo de decaimento na
concentracdo de dleo ao longo do tempo. Também, a primeira camada variou com a altura de
soja na coluna, aumentando a concentracdo de dleo do topo a base, enquanto a segunda
camada, ndo se alterou com a altura da coluna.

As amostras retiradas ao longo de todo procedimento experimental na fase liquida na
base da coluna, para cada experimento, e analisadas por meio fotométrico e gravimétrico,
apresentaram boa correlagéo entre si e com o modelo, indicando a aplicabilidade do modelo
em escala industrial.

Em relacdo ao ajuste e comportamento das constantes cinéticas obtidas, verificou-se a
influéncia da temperatura e da vazéo do solvente em ambos mecanismos de extragdo, difuséo
e lavagem, para as duas camadas.

Com base nesses resultados, comprovou-se a aplicabilidade dos modelos cinéticos e de
equilibrio desenvolvido, mostrando que a extracdo € realizada por dois mecanismos: lavagem
e difusdo. A base tedrica e pardmetros cinéticos e termodindmicos obtidos, podem ser
utilizados para o dimensionamento racional de um processo de extragdo solido-liquido em

maior escala.
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Finalmente, a partir da execugdo da presente pesquisa, sugere-se que, em trabalhos
futuros, a micela resultante dos experimentos de extragdo na coluna seja caracterizada e
testada na producéo de biodiesel, via transesterificacdo, a fim de que a qualidade do biodiesel
obtido seja avaliada. E, ainda, que o solvente investigado nesse estudo, etanol hidratado, seja
misturado com hexano e liquido idnico, testando a eficiéncia da extragdo com a combinagdo

desses solventes.
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