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Resumo Geral

Uma vez que a decantacdo é comumente usada na purificagdo do biodiesel, o
conhecimento da distribuicdo dos componentes entre as duas fases liquidas formadas,
dado pelo equilibrio liquido-liquido (ELL), faz-se necessario. O comportamento deste
biocombustivel em motores e o dimensionamento de equipamentos para sua produgao
sao dependentes de suas propriedades fisicas. As informacoes referentes ao ELL e as
propriedades fisicas dos biodieseis etilicos sédo insuficientes na literatura cientifica, a
despeito de sua importancia como combustivel completamente biorenovavel. Deste modo,
0s objetivos do presente trabalho foram obter dados experimentais e modelar o ELL de
sistemas contendo etanol + biodiesel etilico + agua ou glicerol; simular as etapas de
decantacdo na purificacdo dos biodieseis; obter dados experimentais e estudar o
comportamento da densidade, da viscosidade e do perfil térmico de biodieseis etilicos;
desenvolver um modelo para o célculo da viscosidade de ésteres etilicos e sistematizar
uma metodologia preditiva para o célculo das densidades de biodieseis. Os resultados
mostraram que a temperatura teve pouco efeito no ELL de sistemas contendo glicerol +
etanol + biodiesel etilico de 6leo de crambe. Os modelos NRTL e UNIQUAC descreveram
o ELL dos sistemas com desvios globais menores que 1,22% e 1,07% para os sistemas
contendo, respectivamente, agua e glicerol. UNIFAC e UNIFAC-Dortmund apresentaram
uma inadequada capacidade preditiva, com desvios globais maiores que 1,9% e 2,27%
para os sistemas contendo, respectivamente, agua e glicerol. A remocao parcial do etanol
de sistemas contendo etanol + biodiesel etilico + glicerol reduziu o teor de glicerol na fase
rica em biodiesel a concentracbes inferiores ao minimo requerido pelos padrdes de
qualidade do biodiesel. Usando um decantador para a separacao do glicerol e dois
conjuntos misturador/separador em contracorrente na lavagem do biodiesel, a quantidade
de agua requerida para a remogao de etanol e glicerol foi aproximadamente 1/4 da massa
do biodiesel a ser purificado, e 1/8 da quantidade de agua usada com um unico conjunto
misturador/separador. Os biodieseis de 6leo de crambe e de 6leo de coco tiveram,
respectivamente, as maiores e as menores viscosidades, e o biodiesel de 6leo de
macauba teve o maior ponto de fusdo entre os biodieseis analisados. A sistematizacao da
metodologia predita para o calculo de densidade resultou em desvios relativos menores
que 0,89% e o modelo desenvolvido para o célculo da viscosidade de ésteres etilicos
resultou em desvios relativos médios menores que 14,73%.

XXV



XXVi



Abstract

Since settling is commonly used in the biodiesel purification, the knowledge of the
component distribution between both liquid phases, given by the liquid-liquid equilibrium
(LLE), is required. The biodiesel behavior in engines and the equipment design for its
synthesis process are dependent on physical properties of this biofuel. Despite its
importance as a completely renewable biofuel, experimental data in the scientific literature
about LLE and physical properties of biodiesel produced by ethanolysis are scarce.
Because of this, the aims of the present work were to obtain and to model LLE
experimental data of systems containing ethanol + ethyl biodiesel + water or glycerol; to
simulate the settling in the biodiesel purification; to determine experimental data and to
evaluate the behavior of density, viscosity and thermal profile of ethyl biodiesels; to
develop a new model for calculation of ethyl ester viscosity and to present a systematized
methodology for biodiesel density calculation. The results showed little temperature effect
on the LLE of the systems containing glycerol + ethanol + ethyl biodiesel from crambe oil.
NRTL and UNIQUAC models described the LLE of the systems with overall deviations
lower than 1.22% and 1.07%, for the systems containing, respectively, water and glycerol.
UNIFAC and UNIFAC-Dortmund showed poor predictive capacity, with overall deviations
higher than 1.9% and 2.27% for the systems containing, respectively, water and glycerol.
Partial removal of ethanol from the systems containing ethanol + ethyl biodiesel + glycerol
decreases the glycerol content in the biodiesel-rich phase to lower content than that
required by biodiesel standard. Using a settler for glycerol separation and two sets
mixer/settler in countercurrent for biodiesel water washing, the water content required for
ethanol and glycerol removal was about 1/4 of the mass of biodiesel previous to settling,
and 1/8 of the water content required for the biodiesel purification using only a single set
mixer/settler. The biodiesels from crambe and coconut oil showed, respectively, the
highest and the lowest viscosities, and the biodiesel from macauba pulp oil showed the
highest melting point among the studied biodiesels. The systematized methodology
resulted in relative deviations lower than 0.89% for the densities, and the developed model
for the viscosity calculation showed relative deviations lower than 14.73%.
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Capitulo 1. Introducao e Objetivos






1.1. Introducao

Os Oleos vegetais sdao compostos predominantemente (em média 95%) por
diferentes moléculas de triacilgliceréis. Cada molécula de triacilglicerol é formada por trés
moléculas de acidos graxos ligadas a uma molécula de glicerol através de ligagdes

ésteres.

Os ésteres de acidos graxos, constituintes majoritarios do biodiesel, podem ser
comumente obtidos a partir da reacdo de transesterificagdo entre uma matriz de
triacilgliceréis e um é&lcool. Como resultado da alcodlise das moléculas de triacilglicerois,
tem-se também a formacéo de glicerol, um tri-&lcool com grande importancia tecnoldgica.
Além do glicerol, o excesso de élcool, adicionado no inicio da reagdo como forma de
favorecer a formacado dos ésteres, o catalisador e os sabdes formados durante a
transesterificagdo devem ser removidos para a obtencao do biodiesel.

As sementes de crambe (Crambe abyssinica) possuem elevado teor de 6leo rico
em acidos graxos monoinsaturados, sendo composto predominantemente por acido
erucico. Esta espécie apresenta um curto ciclo entre a semeadura e a colheita, podendo
ser cultivada entre dois plantios de soja (FALASCA et al., 2010; MANDAL et al., 2002). O
6leo de polpa de macauba (Acrocomia aculeata) contém majoritariamente acidos graxos
de cadeia média (16 — 18 atomos de carbono), com mais de 50 % de acidos graxos
monoinsaturados e aproximadamente 25% de acido palmitico (COIMBRA; JORGE, 2012).
O nabo forrageiro (Raphanus sativus) possui uma excelente capacidade de reciclar os
micronutrientes do solo, crescimento rapido, reduzida necessidade de nutrientes
agronGmicos e baixo custo de plantio. Seu 6leo possui cerca de cerca de 60% de acidos
graxos monoinsaturados, sendo composto predominantemente por acido oléico, acido
linoléico, acido linolénico, &acido gadoléico e acido erucico (CRUSCIOL et al., 2005;
DOMINGOS et al., 2008).

O equilibrio liquido-liquido (ELL) esta diretamente relacionado a duas etapas de
purificacdo do biodiesel. A primeira etapa consiste na decantagdo do glicerol formado
durante a reagédo. Nesta etapa sao formadas duas fases, uma rica em glicerol e uma rica
em biodiesel, com etanol distribuido em ambas as fases. Como esta primeira etapa é
insuficiente para atingir o teor de pureza em ésteres a niveis recomendados pelos
padrdes de qualidade, sdo realizadas etapas de lavagem com agua da fase rica em
ésteres seguida por decantagao e evaporagao.
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O estudo do ELL é essencial em processos que se fundamentam na diferenca de
particdo de componentes de uma solugédo entre duas diferentes fases no estado liquido,
notadamente na extracdo liquido-liquido. A aplicagdo de modelos termodinamicos
voltados a representacdo do ELL tem como principal vantagem a possibilidade de se
conhecer a distribuicdo dos componentes em duas fases imisciveis, ou parcialmente
misciveis, em equilibrio utilizando-se uma quantidade reduzida de dados experimentais.
Deste modo, a avaliagcdo da descricdo do ELL de diferentes sistemas por diferentes
modelos termodinamicos, bem como a comparagdo entre eles, adquire significativa

importancia no estudo das etapas de purificagdo do biodiesel regidas pelo ELL.

Os ésteres de acidos graxos tém suas propriedades fisicas e quimicas afetadas
pelo comprimento de cadeia e grau de insaturacdo dos acidos graxos. A viscosidade dos
ésteres alquilicos normalmente aumenta com o comprimento da cadeia carbbnica da
molécula de acido graxo presente e diminui com o niumero de duplas ligagées (KNOTHE;
STEIDLEY, 2005). A concentragao de ésteres saturados e insaturados no biodiesel tem
efeito significativo na termodindmica da nucleagdo e da cristalizacdo em baixas
temperaturas (DUNN, 2008).

O conhecimento do comportamento da densidade e da viscosidade do biodiesel
em fungdo da temperatura é importante na determinacao das condigdes operacionais e na
optimizacdo de seus processos de producdo e em seu uso direto no motor. O
dimensionamento de tubulagdes, reatores, misturadores, decantadores, e outros
equipamentos envolvidos nas etapas de producdo do biodiesel sdo dependentes do
conhecimento de um conjunto de propriedades fisicas, dentre elas a densidade e a
viscosidade. Em relacdo ao funcionamento do motor, combustiveis com elevada
viscosidade tendem a formar grandes gotas durante o processo de injecao, o que pode
resultar em pobre atomizagéao do combustivel. Por outro lado, viscosidades muito baixas
podem resultar em lubrificacdo insuficiente dos componentes de inje¢do. Por sua vez, a
quantidade de combustivel injetada no motor esta diretamente relacionada a densidade
(KNOTHE; STEIDLEY, 2005; REFAAT, 2009; BOUDY; SEERS, 2009). A formagao de
cristais e agregados cristalinos a baixas temperaturas podem provocar entupimento de
filtros de combustiveis com consequente falha do motor (DUNN, 2005).



1.2. Objetivos

Os objetivos gerais desta tese de doutorado foram estudar o ELL de sistemas

envolvidos nas etapas de purificacdo de biodieseis produzidos por etandlise; analisar, a

partir de modelos termodindmicos, as etapas de decantagdo e lavagem de biodieseis

etilicos usando um software de simulacdao comercial e estudar o comportamento da

densidade, da viscosidade e do perfil térmico durante a fusdo desses biocumbustiveis.

Dentre os objetivos especificos podem ser destacados:

>

obtencdo de dados experimentais e a modelagem do ELL de sistemas
constituidos por agua + etanol + biodieseis etilicos de 6leo de crambe, nabo
forrageiro e polpa de macauba a 298,2 K;

obtencdo de dados experimentais e a modelagem do ELL de sistemas
constituidos por glicerol + etanol + biodiesel etilico de éleo de crambe a 298,2,
318,2 € 338,2 K;

obtencdo de dados experimentais e a modelagem do ELL de sistemas
constituidos por glicerol + etanol + biodiesel etilico de 6leo de polpa de macauba
a 298,2 K e analise de sensibilidade aplicada a etapa de decantacdo desse

biocombustivel;

obtencdo de dados experimentais e a modelagem do ELL de sistemas
constituidos por glicerol + etanol + biodiesel etilico de 6leo de nabo forrageiro a
298,2 K e estudo das etapas de decantagdo e de lavagem com agua desse

biocombustivel;

sistematizar uma metodologia preditiva para o calculo da densidade de ésteres e
biodieseis metilicos e etilicos e desenvolver uma metodologia para calculo da
viscosidade de ésteres etilicos com dependéncia da temperatura utilizando
como dados de entrada apenas o nimero de carbonos e de insaturagdes destes
componentes, bem como avaliar diferentes modelos no que se refere ao célculo
destas propriedades fisicas a partir de dados experimentais de densidade e
viscosidade de biodieseis etilicos de soja, canola e palma em temperaturas de
até 363,2 K;

apresentar dados experimentais de comportamento térmico, densidade e
viscosidade de biodieseis etilicos de 6leo de crambe, nabo forrageiro, coco e
5



polpa de macauba a temperaturas de até 363,2 K, e avaliar a descricdo do
comportamento destas duas Ultimas propriedades fisicas por modelos da

literatura.

1.3. Apresentacao do Trabalho

O presente trabalho encontra-se dividido em capitulos. O Capitulo 2 apresenta
uma revisao bibliografica sobre os temas abordados na tese. Cada capitulo, a partir do
numero 3 até o numero 8, constitui-se de um artigo cientifico, publicado, submetido ou a
ser submetido, originados dos resultados obtidos ao longo do cumprimento dos objetivos
descritos para esta tese. A apresentacao destes foi organizada de modo a propiciar o
melhor encadeamento das etapas do trabalho, sem a preocupagcdo com a ordem
cronolégica de obtencao dos resultados. O capitulo 9 é uma concluséo dos resultados
apresentados nos capitulos precedentes. Na sequéncia deste capitulo, estao
apresentadas algumas sugestdes de projetos futuros que poderiam complementar os
resultados e colcusdes apresentadas na presente investigagéo. Ao final deste manuscrito,
estd presente um apéndice contendo o detalhamento da metodologia experimental
utilizada nas diversas etapas desta tese.

Deste modo, a estrutura dessa tese de doutorado esta ordenada do seguinte modo:

O Capitulo 1, “Introducéo”, posiciona o leitor quanto a importancia do trabalho em
relacdo ao contexto cientifico no qual esta inserido. Explicita os objetivos visados pelo
presente estudo, bem como descreve detalhadamente, os objetivos especificos propostos
e alcangados ao longo do delineamento do mesmo. Neste capitulo, cada objetivo
especifico € apresentado de maneira correlata a um capitulo, referente a apresentacao
dos resultados da presente pesquisa. Este ultimo tépico descreve a estrutura da tese bem

como justifica 0 modo como a mesma foi dividida.

O Capitulo 2, “Revisao Bibliogréafica”, situa o leitor em relagdo aos trabalhos
publicados na literatura cientifica sobre os temas abordados no presente estudo. Uma vez
que os capitulos referentes a apresentagao e discussao de resultados encontram-se na
forma de artigos cientificos, parte da literatura citada neste capitulo esta presente também
em alguns dos demais capitulos.

O Capitulo 3, “Liquid-Liquid Equilibrium Data and Thermodynamic Modeling, at
T/K = 298.2, in the Washing Step of Ethyl Biodiesel Production from Crambe, Fodder
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Radish and Macauba Pulp Oil”, apresenta-se como um artigo submetido ao periédico
“Fuel”. O mesmo é composto por dados experimentais de ELL referentes a trés sistemas
contendo agua + etanol + biodieseis etilicos de éleo de crambe, de nabo forrageiro e de
polpa de macauba, componentes estes envolvidos na etapa de lavagem dos citados
biodieseis. Os modelos termodindmicos NRTL e UNIQUAC tém seus parametros de
interacdo binaria ajustados aos dados experimentais desses sistemas. Os valores
calculados pelos modelos moleculares sdao comparados aos valores preditos pelos
modelos de contribui¢cdo de grupos UNIFAC-LLE e UNIFAC-Dortmund.

O Capitulo 4, “Liquid-Liquid Equilibrium of Pseudoternary Systems Containing
Glycerol + Ethanol + Ethylic Biodiesel from Crambe Oil (Crambe abyssinica) at T/K =
(298.2, 318.2 338.2) and Thermodynamic Modeling” refere-se a um artigo publicado em
periédico (Basso, R. C.; Meirelles, J. A. A.; Batista, E. A. C. Fluid Phase Equilibria,
v.333, p. 55-62, 2012). No presente capitulo estdo apresentados dados experimentais do
ELL de sistemas compostos por glicerol + etanol + biodiesel etilico de 6leo de crambe,
compostos envolvidos na etapa de decantacdo da producdo de biodiesel, em trés
diferentes temperaturas. A quantificagao individual dos ésteres etilicos desse biodiesel
nas duas fases formadas na etapa de decantacao, fase rica em glicerol e fase rica em
biodiesel, é apresentada, validando-se, desse modo, a suposicdo de considerar o
biodiesel, nesses sistemas, como um pseudo-componente. O modelo termodinamico
NRTL tem seus parametros de interacdo binaria ajustados aos dados experimentais, e
sua descricdo do ELL é comparada aos valores preditos pelo modelo de contribuicao de
grupos UNIFAC, utilizando dois conjuntos distintos de parametros.

O Capitulo 5, “LLE Experimental Data, Thermodynamic Modeling and Sensitivity
Analysis in the Ethyl Biodiesel from Macauba Pulp Oil Settling Step”, constitui-se de um
artigo publicado em periddico (Basso, R. C.; da Silva, C. A. S.; Sousa, C. O.; Meirelles, J.
A. A.; Batista, E. A. C., Bioresource Technology, v. 131, p. 468-475, 2013). O capitulo
apresenta dados experimentais do ELL, a 298,2 K, de um sistema contendo glicerol +
etanol + biodiesel de 6leo de polpa de macauba, quantificando-se a distribuicao individual
de cada éster que compdem este biodiesel nas duas fases formadas durante a etapa de
decantagdo. A partir dos dados de ELL os parametros dos modelos NRTL e UNIQUAC
sao ajustados, e sua capacidade descritiva € comparada com a capacidade preditiva dos
modelos de contribuicdo de grupo UNIFAC-LLE e UNIFAC-Dortmund. Os quatro modelos

sao empregados em uma analise de sensibilidade, utilizando-se o programa comercial de
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simulacdo ASPEN Plus (ASPEN Technology), na qual o teor de etanol é gradualmente
alterado no sistema de modo a se analisar o efeito de diferentes concentragdes desse
componente sobre o processo de decantacado do biodiesel. Os resultados desta andlise,
obtidos por meio de diferentes modelos, sdo comparados entre si de forma a se avaliar o
impacto de cada um deles em na simulagao desta etapa de purificagao.

O Capitulo 6 “Liquid-Liquid Equilibrium, Experimental Data, NRTL
Thermodynamic Modeling and Sensitivity Analysis in the Purification Steps of Ethyl
Biodiesel from Fodder Radish QOil Production” refere-se a um artigo a ser submetido para o
periddico Bioresource Technology. Neste capitulo sdo apresentados dados inéditos de
equilibrio liquido-liquido de um sistema constituido por glicerol + etanol + biodiesel de éleo
de nabo forrageiro, com a apresentagao da particao individualizada dos ésteres etilicos
constituintes desse sistema. Os parametros do modelo NRTL s&o ajustados a partir dos
dados experimentais apresentados neste capitulo, em associagcdo com os dados
apresentados no Capitulo 3. A partir dos parametros ajustados, as etapas de decantagéao
e lavagem da produgcdo deste biocombustivel sdo estudadas avaliando-se diferentes
arranjos de unidades de misturadores/separadores utilizando-se o simulador comercial
ASPEN Plus (ASPEN Technology).

O Capitulo 7, “Densities and Viscosities of Fatty Acid Ethyl Esters and Biodiesels
Produced by Ethanolysis from Palm, Canola and Soybean Oils: Experimental Data and
Calculation Methodologies”, compde-se de um artigo publicado em periédico (Basso, R.
C.; Meirelles, J. A. A.; Batista, E. A. C. Industrial & Engineering Chemistry Research, v.
52, p. 2985-2994, 2013). O capitulo apresenta dados experimentais de densidade e de
viscosidade dos biodieseis de éleo de palma, canola e soja a temperaturas de até 363,2
K; aborda a elaboracdo de um novo modelo para o célculo da viscosidade de ésteres
etilicos em funcdo da temperatura e dos niumeros de carbonos e de insaturagdes das
moléculas desses componentes; descreve a sistematizagdo de um modelo totalmente
preditivo para o calculo da densidade desses biodieseis; avalia e compara a diferentes
modelos utilizados no célculo destas propriedades fisicas.

O Capitulo 8, “Biodiesels Produced by Ethanolysis: Melting Profile, Densities and
Viscosities Correlated to Ester Composition and Calculations Methodologies” € constituido
por um artigo submetido ao periédico Energy & Fuels. O capitulo apresenta dados
experimentais originais de densidade e viscosidade, na faixa de temperatura de 283,2 até
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363,2 K, e de comportamento térmico durante a fusdo, obtidos por meio de calorimetria
exploratéria diferencial (DSC), dos biodieseis de éleo de crambe, de polpa de macauba,
de nabo forrageiro e de coco, produzidos por etandlise. O comportamento de cada
propriedade descrita é correlacionado a composicdo em ésteres etilicos de cada
biodiesel. Dois modelos desenvolvidos para o calculo da viscosidade, com dependéncia
de temperatura, e dois modelos para o calculo das densidades sédo avaliados quanto a
descrigcdo dos dados experimentais.

O Capitulo 9, “Conclusbes”, apresenta as principais conclusées provenientes da
andlise dos resultados dos capitulos em relagdo as propriedades fisicas estudadas,
equilibrio liquido-liquido e ao estudo das etapas de decantagdo e lavagem na produgéao
do biodiesel etilico.
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Capitulo 2. Revisao Bibliografica
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2.1. Biodiesel

Biodiesel é uma mistura de ésteres monoalquilicos de acidos graxos derivado de
fontes renovaveis como 6leos vegetais e gorduras animais, para o uso em motores de
ignicdo por compressdo. A produgdo deste biocombustivel normalmente é feita por meio
da reacao de transesterifcacdo, sendo a catalise alcalina o processo mais empregado
industrialmente devido a elevada conversdo, condicbes operacionais amenas e baixa
acao corrosiva do catalisador em comparagdo com os &cidos fortes empregados na
catalise acida (MARCHETTI; MIGUEL; ERRAZU, 2007; MEHER; SAGAR; NAIK, 2006;
KNOTHE; VAN GERPEN; KRAHL, 2005).

Dentre as vantagens desse biocombustivel, em relacdo aos combustiveis fésseis,
estdo a sua origem parcial ou completamente renovavel, a sua maior biodegradabilidade,
maior ponto de fulgor, menor teor de enxofre e redugdo na emisséo de gases poluentes
durante a combustao (MOSER, 2009).

Conforme observado na Figura 1, a primeira etapa da transesterificagdo por
catalise basica (etapa 1) é a reagdo de uma base com um alcool, produzindo um alcoxido
e um catalisador protonado. O ataque nucleofilico do alcéxido ao grupo carbonila do
triacilglicerol gera um intermediario tetraédrico (etapa 2), a partir do qual o éster alquilico
e o correspondente anion de diacilglicerol sdo formados (etapa 3). Este ultimo desprotona
o catalisador, regenerando-o (etapa 4) e tornando-o capaz de reagir com uma segunda
molécula de alcool, iniciando outro ciclo catalitico. Diaciglicer6is e monoaciglicerdis sao
convertidos pelo mesmo mecanismo até a formag¢ao de uma mistura de ésteres alquilicos
e glicerol (TAFT; NEWMAN; VERHOEK, 1950; GUTHRIE, 1991; SCHUCHARDT;
SERCHELI; VARGAS,1998).

A razado estequiométrica na reacdo de transesterificacdo é de 1:3 de
triacilglicerol: &lcool, produzindo trés moles de ésteres e um mol de glicerina. No entanto,
alcool em excesso normalmente é usado para deslocar o equilibrio da reacdo de modo a
favorecer a formacao de ésteres de acidos graxos (MEHER; SAGAR; NAIK, 2006). Na
transesterificagdo com etanol, quantidades inferiores a 3 mol de etanol em excesso foram
consideradas insuficientes na otimizacéo da formacao de ésteres etilicos. Por outro lado,
grande quantidade de etanol em excesso, além de consumir uma quantidade
desnecessaéria de reagente, dificulta a etapa de decantagao na producao de biodiesel uma
vez que glicerol e ésteres etilicos sao soluveis no alcool (ENCINAR et al., 2002).
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Figura 1. Mecanismo de transesterificagéo por catélise basica.

A etandlise se processa de maneira mais lenta do que a metandlise devido a
maior reatividade do anion metéxido em comparagdo ao anion etdoxido. O aumento da
cadeia do anion alcoxido corresponde a uma diminuicdo em sua nucleofilicidade,
resultando na redugéo da reatividade do etéxido em comparagcao ao metoxido. Apesar de
mais lenta, a conversao global em ésteres etilicos € maior do que a conversdao em ésteres
metilicos devido a menor miscibilidade entre os triacilgliceréis e o metanol em
comparagdo com a miscibilidade entre o etanol e os triacilglicer6is (MOSER, 2009;
SRIDHARAN; MATHAI, 1974).

A producgao de ésteres etilicos € um processo mais complexo do que a produgao
de ésteres metilicos, especificamente na etapa de purificacdo, devido a maior
possibilidade de formacdo de emulsdes estaveis. A menor polaridade do etanol, em
comparagao ao metanol, associada a agitacao pode levar a formacao de emulsées mais
estaveis do que na transesterifcacdo com metanol, o que dificulta o processo de
separacdo e purificacdo (MOSER, 2009; KORUS et al, 1993; ZHOU; KONAR,;
BOOCOCK, 2003; ZHOU; BOOCOCK , 2006).
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Apesar de algumas desvantagens técnicas e econébmicas, como o elevado preco
do etanol em comparagdao com metanol, a producao de ésteres de acidos graxos a partir
do etanol apresenta uma série de vantagens. A maior solubilidade dos triacilglicerdis
neste alcool permite o contato mais intimo entre os reagentes. O etanol, em oposi¢do ao
metanol, apresenta toxidez bastante reduzida. O uso do etanol & sustentavelmente
vantajoso para a producdo de biodiesel etilico uma vez que é produzido de fontes
biorenovaveis, podendo ser considerado um combustivel proveniente exclusivamente de
fontes agricolas (ENCINAR et al., 2002; STAMENKOVIC; VELICKOVIC; VELJCKOVIC,
2011).

Apoés a reagao de transesterificagao, realizada a separacao entre da fase rica em
glicerol da fase rica em ésteres de acidos graxos. Este processo é baseado na diferenga
de densidades entre o biodiesel, em média 880 kg/m®, e o glicerol, em média 1050 kg/m?,
e na quase total imiscibilidade entre estes dois produtos. Deste modo, esta etapa pode
ser feita for simples decantacao ou centrifugacao (ATADASHI et al., 2011).

A lavagem do biodiesel com agua é um modo efetivo de remover um conjunto de
contaminantes da mistura de ésteres. Devido a elevada solubilidade dos residuos de
sabdes e glicerina na agua, bem como a elevada miscibilidade desta com o excesso de
alcool (metanol ou etanol) empregado no processo, a lavagem do biodiesel com agua
reduz o teor de impurezas aos requeridos pelos padrées de qualidade de biodiesel. Esse
processo pode ser feito a temperatura ambiente sem perda significativa de sua eficiéncia
como meio de purificagcdo da mistura de ésteres. (ATADASHI et al., 2011; BERRIOS;
SKELTON, 2008; RAHAYU; MINDARIANY, 2007).

Os ésteres provenientes de 6leos vegetais além de servirem como combustiveis
podem ser utilizados em diversas outras finalidades. Eles podem servir como
intermediarios na produgado de alcoois graxos para uso em surfactantes e produtos de
limpeza. Esteres ramificados sdo usados como lubrificantes, sendo interessantes devido a
questdes ambientais por sua elevada biodegradabilidade. Eles também possuem
propriedades desejaveis como solventes. Esteres de dleo de colza (rico em &cido erticico)
sdo indicados na produgao de plasticos e como absorventes de elevada temperatura de
ebulicdo na descontaminacdo de gases industriais (KNOTHE; VAN GERPEN; KRAHL,
2005; PETERS, 1999; WILLING, 1999; WEHLMAN, 1999; BAY; WANKO; ULRICH, 2004).
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As propriedades individuais dos varios ésteres graxos que compdem o biodiesel
determinam as propriedades globais do biocombustivel. Por sua vez, as propriedades dos
ésteres de acidos graxos sado determinadas pela estrutura das moléculas dos &acidos
graxos e dos alcodis que compdem os ésteres. As principais caracteristicas estruturais
das moléculas de ésteres graxos que afetam algumas das principais propriedades fisicas
do biodiesel sdo o comprimento da cadeia carbdnica, 0 nimero e posi¢cdo das duplas
ligacdes e a presenca de radicais na cadeia carbdnica (KNOTHE, 2005; KNOTHE; DUNN,
2009).

2.2. Viscosidades dos Esteres de Acidos Graxos e de Biodieseis

O efeito da influéncia do numero de carbonos e de duplas ligagbes sobre a
viscosidade dos ésteres metilicos foi avaliado por Ramirez-Verduzco (2013). Foi
observado que o aumento progressivo do numero de pares de carbonos, em até seis
atomos, na molécula do acido graxo constituinte dos ésteres metilicos saturados, levou a
incrementos de 23,63%, 50,20% e 79,80% em suas viscosidades enquanto um aumento
gradual de uma dupla ligacdo, em até trés ligagdes, provocou decrementos de 13,33%,
24,88% e 34,91% nessa propriedade.

Segundo observado por Knothe (2005), a viscosidade é um importante parametro
na escolha do 6leo para producdo de biodiesel, uma vez que afeta a atomizacao do
combustivel na injecdo dentro do cilindro de combustdo, bem como a formacgdo de
depédsitos nos motores. Normalmente, o valor dessa propriedade aumenta com o
aumento no comprimento da cadeia carbdnica e diminui com o grau de insaturacao dos

ésteres alquilicos.

A viscosidade dindmica dos ésteres metilicos dos acidos palmitoléico (C16:1),
gadoléico (C20:1) e erdcico (C22:1) foram estimadas por Yuan, Hansen e Zhang (2009) a
partir das viscosidades dos acidos palmitico (C16:0), araquidico (C20:0) e beénico
(C22:0) com bases nas diferengas entre as viscosidades dos ésteres metilicos de acido
oléico e linoléico (equagao 1). A hipotese considerada na abordagem aplicada foi a de
que as diferengas entre as viscosidades devido a dupla ligagdo seriam proporcionais entre
os ésteres metilicos com mesmo tamanho de cadeia carbbnica. A estimativa nao resultou
em aumento dos desvios entre os valores calculados e experimentais das misturas de

ésteres metilicos.

16



N18:1 — M1s:0
Ng=—""T—"— (1)
N18:0
onde n,; é a diferenca relativa entre as viscosidades dindmicas; 1nig.; € 7150 SA0 as
viscosidades dindmicas dos ésteres metilicos de acido oléico e &acido estearico,

respectivamente.

As viscosidades dinamicas dos ésteres puros, saturados e insaturados, metilicos
e etilicos dos éacidos caprilico, caproico, laurico, miristico, palmitico, estearico, oléico,
linoléico, linolénico, araquidico, e metilicos dos acidos palmitoléico, gadoléico, beénico,
erucico e lignocérico foram determinadas experimentalmente por Pratas et al. (2010) e
Pratas et al. (2011a) em temperaturas entre 278,15 K e 363,15 K. Foi observado que,
tanto em relagdo aos ésteres etilicos quanto metilicos, a viscosidade aumentou com o
aumento do tamanho da cadeia carbbnica e diminuiu com o aumento do numero de

duplas ligacdes dos acidos graxos presentes no grupo alquila dos ésteres.

Uma metodologia para o célculo da viscosidade de biodieseis metilicos, baseada
no principio dos estados correspondentes, foi apresentada por do Carmo et al. (2012).
Segundo esse principio, se pressao, volume e temperatura sdo relacionados com as
correspondentes propriedades criticas, a fungdo que relaciona pressao reduzida a volume
reduzido torna-se a mesma para todas as substancias (REID; PRAUSNITZ; POLING,
1987). Os desvios relativos entre os valores calculados por meio dessa metodologia e o0s
obtidos experimentalmente foram de 9,4% e 8,3% usando a densidade de um e de dois

fluidos de referéncia, respectivamente.

Algumas modificagcbes em um modelo de contribuicdo de grupos, originalmente
desenvolvido por Sastri e Rao (1992) para o célculo de viscosidade de liquidos organicos
a partir da pressao de vapor dos mesmos, foram propostas por Anand, Ranjan e Mehta
(2010a) para a predi¢ao da viscosidade de ésteres metilicos (equacdes 2 — 4). Quando
aplicado ao calculo da viscosidade de catorze diferentes biodieseis metilicos, o desvio
relativo médio entre os valores experimentais e calculados foi de 4,2%, enquanto o desvio

relativo maximo ficou abaixo de 10%.

N = 2 Angp,,~ 025+ (2)
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a= z AN —0,01n4 — 0,005 (4)

Inp,, = (4,5398 + 1,0309(nTy,) {1 -

onde 7; € a viscosidade dinamica; p,, € a presséo de vapor do componente (atm); Ang e
AN sao os parametros de contribuicdo de grupo; T, € a temperatura normal de ebulicdo
(K); T é a temperatura de interesse (K); B = 0,155 (ajustado para ésteres metilicos); a é
uma funcdo do numero de duplas ligagbes; n; € 0 numero de dupla ligagdes nos ésteres

metilico insaturados.

Um modelo, constituido por dois conjuntos de equagdes, foi desenvolvido por
Krisnangkura, Yimsuwan e Pairintra (2006) para calculo da viscosidade cinematica de
ésteres metilicos saturados (equagdes 5-6) e insaturados (equagdes 7-10). Essa
metodologia utiliza dois conjuntos de parametros para o calculo da viscosidade de ésteres
metilicos saturados de cadeia curta, até 12 a&tomos de carbono (equacédo 5) e de cadeia
média, até 18 atomos de carbono (equacgéo 6) e quatro conjuntos de parametros para o
calculo da viscosidade de ésteres metilicos provenientes de quatro acidos graxos
insaturados, acido oléico (equagado 7), acido linoléico (equacdo 8), acido linolénico
(equagao 9) e acido erucico (equagado 10). Segundo os autores, o modelo permite
refinamentos adicionais e a possivel extensao para o célculo das viscosidades de outras
séries funcionais homologas. Os desvios minimos e maximos, obtidos a partir desse
modelo, para os biodieseis metilicos de 6leo de coco e de 6leo de algodao foram,
respectivamente, de 5,53% até 9,20% e de 2,06% até 4,48%.

492,12 108,35z

Iny =-2,915- 10,158 +
nu z+ T T

403,66 109,77z

Ing = —2,177 — 0,202z + +
nH 2T T
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2051,5

Inu=-5,03+ (7)
T
1822,5
Inu=-451+ (8)
T
1685,5
Inu=—4,18 + (9)
T
2326,2
Inu=-542+ T (10)

onde 1 é a viscosidade cinematica (mm?s); z é o nimero de carbonos da série homéloga;
e T é a temperatura absoluta.

O desenvolvimento de um modelo empirico para o calculo da viscosidade
dindmica de ésteres metilicos foi elaborado por Ramirez-Verduzco (2013) a partir da
observacdo do efeito da massa molecular, do nimero de duplas ligacdes e da
temperatura sobre essa propriedade fisica. O uso desse modelo no célculo da
viscosidade de dezenove biodieseis metilicos e vinte e quatro de suas misturas
pseudobinarias, resultou em um desvio absoluto global de 6,39%, e um desvio maximo de
17,04%.

A proposicdo de um modelo (equagdes 11-15) baseado no conceito de
contribuicao de grupos para a predigao da viscosidade dinamica de alcoois graxos, acidos
graxos, acilglicerois parciais, triacilgliceréis e ésteres de acidos graxos, com dependéncia
de temperatura, contendo seis termos de perturbagdo relacionados a cada grupo
funcional da molécula do composto em estudo, calculados a partir da regressao de
valores de viscosidade de um banco de dados, foi feita por Ceriani, Gongalvez e Coutinho
(2011). Os desvios relativos entre os valores calculados e os dados experimentais foram,
de 0,02% a 15,17%, 0,0004% a 16,43%, 0,02% a 16,86%, 0,03% a 32,79% e 0,21% a
10,73% para acidos graxos, ésteres de acidos graxos, alcodis graxos, triacilgliceréis e
diacilgliceréis, respectivamente.
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(T + X Ny * C1x)

N, B
ZNk'A1k+ Yk Ni - Big ]
k

2k Ni - Boye (11)
T Zk:Nk.AZk+(T+Zka'CZk) *e
Q=%4q+¢&; (12)
_ B
q—a+T—+y (13)
$1=fo+ NS (14)
§2 = So + Nessq (15)

onde n; € a viscosidade dinamica (mPas); k representa os diferentes grupos da molécula;
Aik> Biks Cik, Azk, Bar € Cy s@0 0s termos de perturbacdo; M; € a massa molar do
componente; N, € o numero de grupos na molécula i; T é a temperatura absoluta; Q € o
termo de correcdo, q € uma fungcdo da temperatura absoluta, a, §, € y sdo parametros
otimizados; N, € o numero de atomos de carbono na molécula; f, e f; sdo constantes
otimizadas; & € uma funcédo de N.; N, € o numero de atomos de carbono no grupo
alcoolico; s, e s; sdo constantes otimizadas; ¢, € o termo que descreve as diferengas

entre as viscosidades dos isbmeros ésteres na mesma temperatura.

Trés metodologias propostas por Ceriani et al. (2007), por Krisnangkura,
Yimsuwan e Pairintra (2006) e por Yuan, Hansen e Zhang (2009) e um grupo de
parametros reajustados da metodologia proposta por estes ultimos autores, para o célculo
das viscosidades de 24 biodieseis metilicos ou misturas desses, foram avaliados por
Freitas et al. (2011), resultando em desvios relativos globais entre os valores calculados e
experimentais, respectivamente, de 8,07%, 7,25%, 5,34% e 4,65%.

A nao associatividade entre os ésteres de acidos graxos nos biodieseis foi
considerada por Allen et al. (1999), a partir da observacdo de que estes compostos
possuem estruturas quimicas similares e, devido a essa similaridade, provavelmente nao
interajam entre si nas misturas, apresentando comportamento similar a um componente

individual. Deste modo, o calculo da viscosidade dos biodieseis a partir da viscosidade
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dos ésteres de acidos graxos puros, pode ser feito a partir da consideracdo de nulidade
do termo de interacédo da equacao proposta por Grunberg e Nissan (1949) (equacao 16).

ln(nmix)=ZxL In(n;) + %zn:zn: XX Gij (16)
i=1j=1

i

onde n € a viscosidade; x é a fragdo molar; i e j denotam os componentes da mistura; G
€ 0 parametro de interacdo entre os componentes da mistura; mix denota a mistura de

ésteres alquilicos.

2.3. Densidade dos Esteres de Acidos Graxos e de Biodieseis

A densidade dos ésteres puros, saturados e insaturados, metilicos e etilicos dos
acidos caprilico, caproico, laurico, miristico, palmitico, estearico, oléico, linoléico,
linolénico, araquidico, e metilicos dos acidos palmitoléico, gadoléico, beénico, erucico e
lignocérico, foi determinada experimentalmente por Pratas et al. (2010) e Pratas et al.
(2011a) em temperaturas entre 278,15 K e 363,15 K. Os dados obtidos mostraram que a
densidade dos ésteres metilicos e etilicos diminui com o aumento no comprimento da
cadeia carbdnica do grupo alquila e aumenta com o grau de insaturagdo. Foi observado
que as densidades dos ésteres etilicos, em relacdo as dos ésteres metilicos, foram muito
abaixo do esperado pela adigdo de um grupo metileno (CHy) a molécula. Esse

comportamento foi relacionado a possiveis mudangas no ordenamento das molécula.

O efeito da influéncia do grau de insaturagao e do niumero de carbonos na cadeia
alquilica sobre a densidade dos ésteres metilicos foi quantificado por Ramirez-Verduzco
(2013). Foi verificado que o aumento, em pares de atomos carbono, na cadeia do acido
graxo constituinte dos ésteres metilicos saturados, em até seis atmos, levou a
decrementos de 0,12%, 0,22% e 0,31% na densidadade desses componentes, enquanto
um aumento gradual de uma dupla ligacdo, em até trés ligagdes, levou a incrementos de
1,33%, 2,66% € 3,99% nessa propriedade.

A equacdo proposta por Rackett (1970), para o calculo de volume molar de
liquidos saturados, foi primeiramente alterada por Spencer e Danner (1973), com a
inclusdo do parametro de Rackett (Zra). Apartir dessas lteragdes, Halvorsen, Mammel Jr e
Clements (1993), formularam uma metodologia (equacdes 17-20) para o calculo da
densidade de 6leos vegetais, a partir das propriedades dos acidos graxos constituintes de
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seus triacilglicerdis, dependente de uma densidade experimental de referéncia para o
célculo do parametro de Rackett.

Doon = X x;MW;)
6leo — T 2 c 17
R(257) (5, 2y )40 e

14—t
g [Muipe (18)
RALT | pRT,

MW,,,, = 3 2 x; MW, + 38,0488 (19)
Fe = 0,0236 + a|875 — MWy, | (20)

onde x; € a fracdo molar do acido graxo no éleo; T, € a temperatura critica do acido
graxo; P, é a pressao critica do acido graxo; T, € a temperatura reduzida em relacdo a
temperatura critica da mistura; MW; é a massa molar do acido graxo; a é uma constante
igual a 0,000082 e 0,000098 para triacilglicerdis com massas molares, respectivamente,

maiores e menores que 875 g mol~1; i denota o acido graxo em consideragao.

O uso da temperatura normal de ebulicdo, obtida a partir de uma metodologia
preditiva, no calculo do parametro Zga, na estimativa das densidades de ésteres metilicos
proposta por Anand, Ranjan e Mehta (2010b), resultou em desvios de 0,1% a 2,3%, em

relagéo aos valores experimentais.

As densidades, de 15 a 90 °C, de biodieseis etilicos de 6leo de soja, canola,
palma, milho e arroz foi determinada experimentalmente por Baroutian et al. (2008). O
calculo das densidades desses biodieseis a partir da metodologia proposta por Halvorsen,
Mammel e Clements. (1993), utilizando valores experimentais como densidade de
referéncia e calculando o parametro de Rackett para a mistura de ésteres dos biodieseis,

resultou em desvios médios menores que 0,2%.

Um modelo de contribuicdo de grupos nomeado de GCVOL (equacgdes 21-22) foi
desenvolvido por Elbro, Fredenslund, Rasmussen (1991) para o calculo dos volumes
molares de solventes, oligbmeros e polimeros, incluindo compostos fortemente polares. A

partir de uma nova estimativa dos parametros relativos ao grupo CH=, Freitas et al. (2011)
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calcularam as densidades de dezoito biodieseis por meio dessa metodologia, obtendo
desvios relativos de 0,04 a 0,79%, em rela¢do aos valores experimentais .

V= z TliAUi (21)
i
AUL' = Ai + BlT + CL'TZ (22)

onde n;, € o numero de grupos i na molécula; Av; € a dependéncia molar de temperatura
do grupo; A;, B;e C; sao os parametros de cada grupo; T é a temperatura na qual a

viscosidade é calculda.

2.4. Comportamento Térmico dos Esteres de Acidos Graxos e de Biodieseis

Um dos principais problemas associados ao uso de biodiesel é a alteragédo de suas
propriedades fisicas devido a baixas temperaturas. O ponto de névoa é a temperatura na
qual um material liquido graxo torna-se turvo devido a formagéo de cristais originados da
solidificacao de moléculas de maior ponto de fusdo. Devido a diminuigdo da temperatura,
maior quantidade de material sélido é formada, dificultando seu escoamento. Moléculas
saturadas tém ponto de fusao significativamente maior e em uma mistura cristalizam-se a
temperaturas maiores do que as insaturadas (KNOTHE; VAN-GERPEN; KRAHL, 2005).

A calorimetria exploratéria diferencial (DSC) é uma poderosa técnica de
investigacdo do ponto de fusdo de ésteres, saturados e insaturados, de acidos graxos.
Apartir do uso dessa técnica analitica foi observado que ésteres insaturados com
nuameros impares de atomos de carbono na molécula tém ponto de fusdo maior do que os
ésteres pares, com uma unidade de carbono a mais. A presenca de mais de um pico de
fusd@o, que ocorre frequentemente nesse tipo de composto, evidencia um comportamento
metaestavel. Propriedades como ponto de névoa, ponto de escoamento, ponto de
entupimento de filtro e teste de escoamento a frio podem ser correlacionadas aos
resultados obtidos por DSC (KNOTHE; DUNN, 2009; DUNN ,1999).

A partir do estudo do comportamento térmico de biodieseis metilicos e etilicos de
6leo de babagu por DSC, a taxas de 1 °C/min, foi relatada a indugdo da solidificagéo de
ésteres insaturados promovida pela cristalizacdo dos ésteres saturados, tendo sido
observadas duas diferentes transi¢des, para os ésteres saturados e insaturados, no perfil
térmico de cristalizacao (SANTOS et al., 2011).
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2.5. Equilibrio Liquido-Liquido

No ELL, moléculas ou ions de soluto interagem com as moléculas de solvente e,
qguando em concentragdes suficientemente elevadas de soluto, com outras moléculas de
soluto. Essas interagdes exercem importante fungdo na distribuicdo do soluto entre as
duas fases liquidas (MARCUS, 2004).

Quando uma particula de soluto é introduzida em um liquido, interage com as
particulas de solvente em sua vizinhanga. A totalidade dessas interagbes € conhecida
como solvatacdo. Esse processo pode ocorrer em diversos estagios, embora apenas a
soma dos efeitos das contribuigdes totais dos estagios possa ser medida. Em um primeiro
momento, um espago deve ser criado de modo que o solvente possa acomodar o soluto.
O soluto se encaixa nesse espago e interage com as moléculas em sua vizinhanga,
eventualmente formando ligacées coordenadas com as mesmas, dando origem a um
intermediario, o soluto-solvatado. Finalmente, esse intermediario formado pode interagir
com as moléculas vizinhas, ordenando as moléculas de solvente através de forgas de
atracao (MARCUS, 2004).

A regra das fases de Gibbs (equagdo 23) demonstra que, em um sistema
constituido por duas fases e dois componentes, existem dois graus de liberdade.

F=C+2-P (23)

onde F & o numero de graus de liberdade; C é o numero de componentes; P € o nUmero
de fases do sistema.

Nessa situacdo, duas condicbes externas como pressdo e temperatura,
determinam completamente a composicao de um sistema em equilibrio. Desse modo, a
composicao do sistema é Unica ao se especificar a pressdo e temperatura do mesmo.
Cada componente adicional permite um grau de liberdade a mais, representado pela
concentragdo do mesmo em uma das fases. A temperatura e pressdo constantes, quando
a concentracdo em uma das fases € especificada, sua concentragdo na outra fase nao
pode ser alterada livremente (MARCUS, 2004).

~

A pressdo e temperatura constantes, as condigbes de ELL sdo dadas pela
igualdade:
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I, xI _ I, xII
Xy =xvi (24)
onde x; é a fragdo molar de cada componente i; I e II representam as duas fases liquidas

do sistema; y; o coeficiente de atividade de cada componente.

A equacao (24) assume que, para cada componente, a fugacidade no estado de
referéncia é a mesma em ambas as fases (ABBOTT; PRAUSNITZ,1994).

De acordo com Treybal (1963), o efeito da pressdo sobre o ELL pode ser
considerado relativamente insignificante. Esta constatacao limita a discussao a sistemas
condensados e considera como variaveis a serem analisadas apenas a temperatura e a

concentracao dos componentes nas fases liquidas.

A partir da definicdo de uma solugéo ideal, na determinacao de fugacidades em
misturas liquidas deve-se calcular os desvios em termos das fungdes em excesso, que
sdo os termos que relacionam as propriedades da solucdo real a ideal. Essas fungdes
levam a expressodes para o célculo de fugacidades através dos coeficientes de atividade,
que sao definidos em fungao da energia de Gibbs em excesso parcial molar.

Através do célculo das fungdes de excesso a partir de um modelo termodinamico
determinado pode-se obter o coeficiente de atividade por:

gt
RTIny; = g{ = <W> (25)
L/ T.pn;

onde R é a constante dos gases ideais; T é a temperatura do sistema; n; € o numero de
moles de cada componente i; g, é a energia de Gibbs em excesso; y; é o coeficiente de
atividade de cada componente i (SMITH; VAN-NESS; ABBOTT, 2000).

Apds a obtengdo do coeficiente de atividade pode ser aplicado o critério de
isoatividade (equacao 24), para o equilibrio liquido-liquido, em um sistema com N

componentes a pressao e temperatura uniformes.

Quando as massas molares dos componentes na mistura sdo muito diferentes,
torna-se preferivel usar a abordagem descrita por Oishi e Prauznitz (1978), na qual a
fracdo massica (w;) é adotada como unidade de composicdo. As equacdes (26 - 28)
apresentam a relagcdo entre o coeficiente de atividade expresso em unidade molar e
expresso em unidade massica:
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X =g (26)
2y,
vi'wi=y{x; (27)
vi’ = e o8
| W
Miz ]/Mj ( )

onde y{ € o coeficiente de atividade expresso segundo a fragdo molar do componente i;

7Y € o coeficiente de atividade expresso segundo a fragdo massica do componente; w; € a

fracdo massica do componente; M; é a massa molar média do componente.

Segundo Tedder (2009), o coeficiente de distribuicdo k € a base para o uso de
modelos termodinamicos, permitindo estimar o comportamento do equilibrio de cada
componente nas distintas fases. Esse coeficiente, em relacdo a fragdo massica dos
componentes, é dado por:

onde w; é a fragcdo massica de cada componente iem cada fase liquida /e /7.

2.5.1. Modelagem Termodinamica do ELL

A consideracdo de um comportamento molecular aleatério em misturas de
diferentes componentes, nas quais as moléculas de uma espécie quimica ndo mostram
preferéncia na interagdo com as de outras espécies em sua vizinhanga, nao é valida
quando as forgcas moleculares entre duas moléculas da espécie 1 sdo muito diferentes
das forgas moleculares entre duas moléculas da espécie 2. Neste caso, com o objetivo de
levar essas interagées em conta, foram introduzidas corregbes para esse comportamento
nao aleatério. Essas correges sdo aplicadas em duas das principais equagdes para o
calculo do coeficiente de atividade; NRTL (non random two-liquid) e UNIQUAC (universal
quasi-chemical), desenvolvidas por Renon e Prausnitz (1968) e Abrams e Prausnitz

(1975), respectivamente (ABBOTT; PRAUSNITZ, 1994).
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As duas equagdes normalmente representam de maneira adequada, para
misturas de nao eletrélitos, propriedades de misturas fortemente nao ideais. A principal
vantagem dessas equacoes € o fato de poderem ser facilmente aplicadas para misturas
ternarias (e multicomponentes) usando apenas parametros de componentes puros e
binarios (ABBOTT; PRAUSNITZ, 1994).

A equagéo NRTL possui um parametro a; (= @), caracteristico dos componentes
em cada binario, que estd relacionado com a nao aleatoriedade da mistura.
Adicionalmente a este parametro, a equagédo NRTL possui dois parametros (A(0); e A(0);)
relacionados a interagdo molecular de cada binario. Ainda podem ser adicionados dois
parametros (A(1); e A(1);) para cada interacdo bindria para representar o efeito da
temperatura sobre as propriedades do sistema. Através dos parametros binarios, podem
ser estimados o0s coeficientes de atividade relativos a cada componente. Estes
coeficientes sdo usados para estimar o coeficiente de atividades para cada ternario, e
assim sucessivamente para as misturas multicomponentes (SANDLER, 1999; KHOURY,
2005).

Segundo Rodrigues, Pessoa-Filho e Meirelles (2004), o modelo NRTL para
misturas multicomponentes utilizando fragcdo méassica como unidade de concentragao se

apresenta como (equacdes 30-34):

_ K _
ny, = )y TjiGjin/_Mj N 2[ w;Gij <r-- B Y, leGlel/_Ml>] (30)
' Zﬁ'(:l G]LW]/M] = M El 1Gl]Wl/Ml Y Z{{=1 Glel/Ml
Gji = exp (—a;ty) (31)
g.. — g..
i~ 9j _ 33
= = )+ AT (33)
a,-j = aj,- (34)

onde g; e tj representam a energia de interagdo molecular entre os componentes i e j; a;

€ o parametro de nao aleatoriedade referente a cada binario da mistura; T é a
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temperatura absoluta; A(0);e A(1); sd@o os parametros de energia, caracteristico das

interagdes entre os componentes i e J.

A equacao UNIQUAC é baseada no modelo “two-liquid” no qual a energia livre de
Gibbs em excesso é considerada como sendo o resultado de diferencas nos tamanhos e
estruturas moleculares (contribuigao entrépica), dada pela parte combinatorial do modelo
e da energia de interagdo entre as moléculas (contribuicdo entdlpica), dada pela parte
residual do modelo. A equagdo requer dados de componentes puros, obtidos de
informacdes da estrutura molecular, para os parametros de area e volume,
respectivamente q; e ri. O modelo contém apenas dois parametros ajustaveis, 7; e 7;; para
cada par de binario, podendo ser adicionados dois parametros adicionais na
representagao da dependéncia de temperatura. Os parametros de volume (r) e area (q)
sao obtidos por métodos de contribuicdo de grupo. Este conceito baseia-se no fato de que
uma molécula pode ser considerada uma coleg¢éo de grupos funcionais, e que o volume R;
e a area superficial Q; do grupo i serdo aproximadamente os mesmos em todas as
moléculas (Sandler, 1999; Khoury, 2005).

De acordo com Rodrigues, Pessoa-Filho e Meirelles (2004), o modelo UNIQUAC,
aplicado a misturas multicomponentes utilizando fragdo méssica como unidade é

representado por (equagdes 35-41):

Iny; = Iny£o™ + InyRes (35)
Ing; IM9; i z b
InyComb — l 1— M "mt —Zma' (1 =2
nyl ln (WL/(ML) + Wl + 2 lql 9! 2 qu gll (36)
K=1
Wi
(=) — (37)
=1
, qiw; ,Tiwg
0 =vk—r— bivk—r— (38)
j=14;Wj j=1Tj Wj
=Sk v Ri; @i = Tivg Q (39)
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l Res_M Il_l 9! B _ L 40
ny; — = Miq; n i Tji Zf—l 9;'chj (40)

1y = exp(~22) (41)

onde w é a fragdo massica do componente; M é a massa molecular do componente; v,El) é
o numero de grupos funcionais do tipo k na molécula i; R, e Qk sao, respectivamente,

parametros de area superficial e volume; 7;; € o parametro de interagéo.

UNIFAC (uniquac functional group activity coefficient) € um método de
contribuicdo de grupos que combina o conceito de solugcdo por grupos funcionais com
modelos para célculo de coeficiente de atividades, contendo dois parametros ajustaveis
por par de grupos funcionais, para a predi¢cdo de coeficiente de atividade em misturas de
liquidos nao eletrolitos, apresentado por Fredenslund, Jones e Prauznitz (1975). Uma
revisdo dos parametros do modelo UNIFAC para a predicdo do comportamento de
misturas em equilibrio liquido-liquido foi apresentada por Magnussen, Rasmussen e
Fredenslund (1981).

Iny; = Inyf°™ + Iny[®s (42)
(o) o z (03 (o)
comb — a1 - A, —_ —_— (43)
Iny; lnXi +1 % 2 l<ln19i +1 191_)
_ _TiXi ,q _ _4i%i
2= S T Sa (44)
iy = v @l — ) (45)
k
OmPim 46
Inl,, =Qx|1—In ZO‘P - ) v o0 (46)
k k [ < m mk) Zn @n[lynm
m m
XQO
9. — _mxm_ (47)
m ZTL XnQn
®
X, = 2itm% (48)
m Ty (v(j)x-)
j&an\Yn 4
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Yun = €xp (— a;r,m) (49)

Amn = Upn — Upp (50)

onde X,, é a fragdo molar do grupo m na mistura; I}, € o coeficiente de atividade residual
do grupo k; Fk(i) € o coeficiente de atividade residual do grupo k em uma solu¢do apenas

com moléculas do tipo i; a,,,€ 0 parametro de interagcao dos grupos m e n.

Modificagdes no modelo UNIFAC foram apresentadas por Weidlich e Gmehling
(1987), resultando no modelo UNIFAC-DORTMUND. As alteragcdes propostas foram
referentes ao calculo da parte combinatorial e a introdugao de parametros de interagéao de
grupos com dependéncia da temperatura, para ser utilizado na predicdo do
comportamento de misturas em equilibrio. Segundo Gmehling et al. (2002), os parametros
desse modelo tém sido revisados de acordo com o surgimento de novos dados de
equilibrio, o que possibilita seu uso na predicdo de diferentes propriedades
termodinamicas de misturas, entre elas o equilibrio liquido-vapor, liquido-liquido e sélido-
liquido, entalpia em excesso e coeficiente de atividade a dilui¢ao infinita.

Uma metodologia para o ajuste de parametros dos modelos NRTL e UNIQUAC,
usando um algoritimo desenvolvido em linguagem de programagdo FORTRAN, foi
formulada por Stragevitch e d’Avila (1997). Esse algoritimo usa o método simplex
modificado aplicado na minimizagéao da fungéo objetivo da composicao (equacdo 51) para
estimar os parametros termodindmicos. O procedimento para o calculo dos parametros
envolve calculos flash para o ponto médio de composi¢coes das linhas de amarragdes

experimentais.

D N K-1 Iex Lcalc 2 I1,ex II,calc 2
Wi,n,nrlj ~Winm Wi,n,mp “Winm
OF, = + (51)
. Pl
m n i

P!
Winm in,m

onde D é o numero total de conjuntos de dados; N é o numero total de linhas de
amarragao; K € o numero total de componentes (ou pseudocomponentes) no conjunto de
dados m; w € a fragdo massica dos componentes; i,n e m referem-se a cada componente
(ou pseudocomponente), a cada linha de amarragdo e a cada conjunto de dados,

respectivamente; I e Il sdo as fases em equilibrio; exp e calc referem-se a valores
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experimentais e calculados, respectivamente; p,1 € p,u sa0 os desvios padroes da
Lnm nm

composicao nas duas fases em equilibrio.

2.5.2. Comportamento no ELL de Sistemas Contendo Esteres Alquilicos de
Acidos Graxos

Com base na analise do ELL em sistemas constituidos por etanol + 6leo de soja
+ ésteres etilicos de 6leo soja a 300,2 K, Liu et al. (2008) concluiram que os ésteres
etilicos apresentaram consideravel solubilidade em ambas as fase formadas, na fase rica
em etanol e na fase rica em 6leo de soja, com os coeficientes de distribuicdo, para os
ésteres etilicos, variando de 1,46 a 2,92. Nos sistemas constituidos por glicerol + etanol +
ésteres etilicos, ocorreu acentuada miscibilidade dos ésteres etilicos e do glicerol no
etanol, enquanto a miscibilidade entre glicerol e ésteres etilicos foi bastante reduzida.

A partir do estudo do ELL em misturas ternarias constituidas por metanol +
glicerol + oleato de metila, Andreatta et al. (2008) observaram imiscibilidade quase
completa entre o glicerol e os ésteres metilico. A temperatura de 60 °C (333 K), a maior
fracdo massica de oleato metila na fase rica em glicerol foi de 0,011, enquanto a maior
fracdo massica de glicerol na fase rica em éster foi de 0,021.

Pesquisando a distribuicdo do metanol e de catalisador (KOH) entre as fases
ricas em ésteres metilicos e em glicerina, Chiu, Goff e Suppes (2005) destacaram que a
solubilidade do catalisador alcalino na fase rica em ésteres € muito menor do que na fase
rica em glicerol. Os coeficientes de distribuicao do KOH situaram-se entre 34,7 e 97,6 da
fase rica em glicerol em relacdo a fase rica em ésteres metilicos, nas duas diferentes

temperaturas analisadas.

A investigacao do ELL de sistemas compostos por metanol + glicerol + ésteres
metilicos de pinhdo manso (Jatropha curcas) por Zhou, Lu e Liang (2006), demostrou
haver uma baixa solubilidade muatua entre os éteres metilicos e o glicerol. O efeito da
temperatura sobre o comportamento do equilibrio liquido-liqui desses sistemas foi pouco

pronunciado.

Analises do ELL de sistemas compostos por metanol ou etanol + glicerol +
ésteres metilicos de 6leo de mamona feitas por Franca et al. (2009) constataram um
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pequeno aumento na regido de separacao de fases quando da utilizagdo do metanol, ao

invés de o etanol, como o alcool constituinte do sistema.

2.5.3. Modelagem do Equilibrio Liquido Liquido em Sistemas Contendo Esteres
de Acidos Graxos

Os modelos NRTL e UNIFAC, quando usados por Lee, Lo e Lin. (2010) na
descri¢cdo do ELL de sistemas contendo glicerol + metanol + oleato de metil ou linoleato
de metila resultaram em desvios médios, respectivamente, de 0,0075 até 0,0196 e de
0,0049 até 0,0071. A predicdo do ELL de sistemas compostos por dgua + metanol +
ésteres metilicos por meio dos modelos UNIFAC e UNIFAC-Dortmund implicou em
desvios cerca de cinco vezes maiores para 0s sistemas contendo oleato de metila em

comparagao com os sistemas contendo linoleato de metila.

GC-PPC-SAFT é um método de contribuicdo de grupos combinado com uma
equacao de estado baseada em teoria estatistica associativa de fluido. A equacéo
apresenta dois parametros que consideram interagdes dispersivas, um parametro que
considera a formacdo das cadeias moleculares dos componentes, um parametro que
contabiliza interagbes associativas e um parametro que considera a polaridade da
molécula. Esse método foi utilizado por Barreau et al. (2010). na predicdo do ELL de um
sistema modelo composto por metanol + glicerol + oleato de metila. Esses autores
utiizaram nove parédmetros para cada componente puro, obtendo uma descrigao
satisfatéria do comportamento do sistema, embora a mesma tenha subestimado a
solubilidade do éster na fase rica em glicerol, principalmente em regides proximas ao
ponto critico.

A modelagem do ELL de sistemas contendo glicerol + oleato de metila + metanol
ou etanol, realizada por Andreatta et al. (2008) e Andreatta (2012) resultou em desvios
médios e maximos, por componente, respectivamente, de 0,004 a 0,006 e de 0,012 a
0,047 (sistemas com metanol) e de 0,001 a 0,004 e de 0,009 a 0,012 (sistemas com
etanol) usando um método de contribuicdo de grupos associativo com equagao de estado
(GCA-EQOS). Nestes dois trabalhos, o ELL dos mesmos sistemas foi predito usando um
modelo UNIFAC associativo (A-UNIFAC), implicando em desvios médios e maximos, por
componentes, respectivamente de 0,005 a 0,007 e de 0,011 a 0,065 (sistema com
metanol) e de 0,002 a 0,0013 e de 0,002 a 0,036 (sistema com etanol).
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O modelo NRTL, quando usado na descricdo do ELL de sistemas constituidos
por etanol + glicerol + biodiesel etilico de éleo de soja e de 6leo de girassol nas
temperaturas de 298,15 e 313,15 K, resultou desvios médios de 1,8 a 2,5% para o
sistema contendo biodiesel de soja e de 1,4 a 1,6% para os sistemas contendo biodiesel
de girassol.

Utilizando a equacgado de estado cubica associativa (CPA-EOS), na modelagem
de sistemas contendo glicerol, etanol, biodiesel etilico de éleo de canola ou diferentes
ésteres etilicos por, respectivamente, Oliveira et al. (2011) e Follegatti-Romero et al.
(2012), os desvios médios foram de 2,6%, para o primeiro sistema, e de 2,7 a 12,5% para

os demais.

O modelo UNIQUAC quando utilizado por Mazutti et al. (2013) e por Silva et al.
(2012) na descricgao do ELL de sistemas binarios, ternarios e quaternario contendo
componentes envolvidos na produgéo de biodieseis metilicos e etilicos, respectivamente
de 6leo de soja e de pinhdo manso a diferentes temperaturas, implicou em desvio médios
globais entre 1,17% e 2,28%.

Os desvios entre os valores experimentais e calculados, nessa segao, estéo
apresentados conforme citados na literatura. Como diversas formas para esse calculo

foram utilizadas, néo foi possivel a comparacéo direta entre os varios valores reportados.

2.5.4. Andlise de Sensibilidade na Simulacao de Processos

A andlise de sensibilidade pode ser definida como o estudo da maneira como a
incerteza (ou variabilidade) de uma variavel de entrada se propaga por meio de um
modelo computacional até a variavel de saida (KING; PERERA, 2013).

Em um estudo do efeito das incertezas em propriedades fisicas estimadas para
simulacdo de um processo de destilagdo extrativa, Hukkerikar et al. (2012) destacaram a
analise de sensibilidade como uma importante ferramenta na correlacdo entre as
propriedades calculadas e as varidaveis de processo e na avaliagdo do impacto da
incerteza das propriedades estimadas sob a operacdo em andlise e na determinacao da

propriedade de maior impacto no dimensionamento da mesma.

A andlise de sensibilidade foi utilizada por Zhang et al. (2003) em um estudo das
etapas de catalise acida e alcalina, na producao de biodiesel a partir de 6leo de fritura, de
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maneira a descrever a relacdo entre as varidveis de entrada do processo, preco de
matérias primas e produtos, capacidade de producao, pureza do produto, entre outras, e

as variaveis de saida.

2.5.5. Aspen Plus na Modelagem de Dados Experimentais e Simulacao de
Processos

Apesar de algumas diferengas esperadas entre os resultados obtidos por
simulacdo e os econtrados em situagdes reais, os programas de simulagdo, dentre os
quais o Aspen Plus (Aspen Technology), sdo comumente usados na obtencdo de
informacgdes referentes a diferentes processos em operagdes industriais, uma vez que
contam com um vasto banco de dados de substancias quimicas, um conjunto abrangente
de modelos termodindmicos e avancados métodos computacionais de célculo (WEST;
POSARAC; ELLIS, 2008).

O uso do simulador Aspen Plus na analise de processos de producao de
biodiesel requer a definicdo dos componentes quimicos em estudo, a selecdo de modelos
termodindmicos, a escolha correta das operagdes unitdrias bem como de seus
parametros de processo e caracteristicas das correntes de alimentacdo (VARANDA,;
PINTO; MARTINS, 2011).

Nem todos os componentes dos sistemas em andlise estdo presentes nos
bancos de dados dos simuladores. Nesta situagdo, o simulador Aspen Plus pode ser
empregado na predicdo de uma série de propriedades de componentes puros, ou de
misturas, a partir da estrutura molecular dos mesmos. Dentre essas propriedades estdo a
densidade, a viscosidade, a temperatura normal de ebuli¢gdo, as propriedades criticas, o
calor especifico e as referentes ao equilibrio liquido-liquido e liquido-vapor (GARCIA et
al., 2010).

O ajuste de paradmetros de modelos termodindmicos para a representacédo do
ELL usando o simulador Aspen Plus pode ser realizado por meio de diferentes funcbes
objetivo. Podem ser minimizadas as funcdes objetivo formadas pelos coeficientes de
atividade, pelos coeficientes de distribuicdo e pelas principais varidveis mensuraveis,
sendo essa Ultima a funcdo objetivo da verossimilhanca (SCHEFFLAN, 2011).

Na regressao de dados de ELL de sistems ternarios no simulador Aspen Plus,

duas principais possibilidades sdo recomendadas. Uma delas consiste em primeiramente
34



ajustar parametros referentes a uma mistura binaria, na qual o solvente esteja presente, a
partir de dados experimentais de solubilidade mutua, e, em seguida, mantendo os valores
desses parametros constantes, a partir de dados experimentais do sistema ternario,
ajustar os demais parametros. A outra possibilidade seria realizar o ajuste de todos os
parametros simultaneamente, a partir dos dados experimentais ternarios (SCHEFFLAN,
2011).
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Abstract

In this work, pseudo-ternary liquid-liquid equilibrium data were obtained for three systems
composed for water + ethanol + ethyl biodiesel from crambe, fodder radish and macauba
pulp oil, at T/K = 298.2. Ethanol, which distributes in both phases, had greater affinity for
the water phase. Biodiesels and water showed almost complete immiscibility. Modeling
with the NRTL and UNIQUAC thermodynamic models was performed, resulting in average
deviations ranging from 0.49% to 1.29%. UNIFAC-LLE and UNIFAC-Dortmund were used
in prediction of the liquid-liquid equilibrium of these systems, resulting in average
deviations ranging from 1.91% to 2.27% for the systems containing biodiesel from crambe
and fodder radish oil, and ranging from 3.17% to 3.28% for biodiesel from macauba oil.

Keywords

Biodiesel; Liquid-liquid equilibrium; Thermodynamic model; UNIFAC; NRTL; UNIQUAC

1. Introduction

Biodiesel, defined as mono-alkyl esters of fatty acid from vegetable oil or animal
fats, is an environmentally attractive alternative to conventional petroleum diesel fuel. In
transesterification, the reaction by which biodiesel is produced, the stoichiometric
relationship between alcohol and oil is 3:1, however an excess of alcohol is typically
employed to improve conversion towards the desired product. Biodiesel presents many
important technical advantages over petroleum diesel including low toxicity, derivation
from renewable feedstocks, superior biodegradability, negligible sulfur content, higher
flash point and fewer exhaust emissions [1].

The crambe (Crambe abyssinica) seed presents high oil content (23-38%), rich in
mono-unsaturated fatty acids with an erucic acid content of 57.8% on average, which
makes it inadequate for human consumption. This specie presents a very short cycle of 83
to 105 days from sowing to maturation, and it can be sowed between two soy cultivations
[2,3]. Macauba (Acrocomia aculeata) pulp oil is composed mainly of triacylglycerols with
intermediate fatty acid chains (16-18 carbon atoms), with more than fifty percent
monounsaturated fatty acids and about twenty five percent palmitic acid esters [4]. Fodder
radish (Raphanus sativus) has excellent ability to recycle soil micronutrients, rapid plant
growth (150 — 200 days), low needs of agronomic nutrients and low cultivation cost per
hectare. Its oil has an heterogeneous fatty acid profile, containing about 60% of
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monounsaturated fatty acid, (mainly oleic acid, gadoleic acid and, erucic acid), 18% of
linoleic acid and 12.5% of linolenic acid as its main fatty acid components [5,6]. The
chemical composition of these oils, their agricultural characteristics and physical properties
of their esters make them interesting alternatives for biodiesel production [2,6,7,8].

Despite of its elevated price in relation to methanol, the advantages of using
ethanol in biodiesel production include higher miscibility with vegetable oils that allows
better contact in the reaction step. Although commercial processes use vegetable oils and
methanol in the transesterification reaction, the use of ethanol in biodiesel synthesis is
appealing because it is produced from biorenewable sources, resulting in a completely
agricultural-based fuel obtained by ethanolysis [9,10]. In the reaction of vegetable oils and
ethanol in the presence of a catalyst, completely agricultural-based fuels consisted of fatty
acid ethyl esters (FAEE) are obtained with physico-chemical properties similar to those of
the appropriate methyl esters and diesel fuel [10].

After the transesterification reaction, glycerol is separated by settling or
centrifuging to form two distinct phases, an ester-rich phase and a glycerol-rich phase.
Considering a typical alkaline catalysis where 3 moles in excess of ethanol are used in the
reaction, and an ideal settling, the ester-rich phase has a very low glycerol content, about
0.7 % [8,11], due to the low solubility between glycerol and ethyl esters. Following this
separation step, the ester-rich phase is purified before being used as a biofuel [12,13].

Water washing is very effective in removing contaminants from biodiesel in
purification steps due to the high solubility of a set of compounds in this solvent. This
process can reduce methanol and residual free glycerol levels down to biodiesel standard
quality requirements and can be efficiently carried out at ambient temperature, because
this is the most economical condition for biodiesel purification [12,13]. In this step of the
biodiesel production process, two immiscible phases are formed, one rich in esters and
one rich in water, where ethanol distributes in both phases.

The study of liquid-liquid equilibrium (LLE) for washing water in ethyl biodiesel
production is important because this step determine the final biodiesel purity according to
the biodiesel standard quality requirements and allows for evaluating possible ester losses
to the water-rich phase. In addition, knowledge on the LLE of systems containing biodiesel
+ water + ethanol is crucial for optimization of this purification step, which can allow reduce
the large amount of water used in this process.
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Despite of the relevance of this knowledge, there is little experimental data related
to the LLE behavior of systems composed of water + alcohol + pure methyl esters [14],
pure ethyl esters [15] and methyl and ethyl biodiesels [16,17]. Additionally, only one of
these works [14] compared different g¥ and activity coefficient thermodynamic models
when describing the LLE of these systems with similar components. None of these studies
compared LLE behavior of these systems as a function of different fatty ester profiles of
the biodiesels.

The objectives of this work are to present LLE data, at 298.2 K, for three systems
containing water + ethanol + ethyl biodiesel from crambe, macauba pulp and fodder radish
oil, whose ester profiles are significantly different; adjust parameters of the NRTL and
UNIQUAC models and compare these molecular models with two group contribution
activity coefficient models, UNIFAC-LLE and UNIFAC-Dortmund (UNIFAC-DRTM), in
relation to prediction of LLE in these systems.

2. Experimental Procedure

2.1. Material

Crude crambe oil and crude macauba pulp oil were respectively supplied by the
Foundation MS (Maracaju, MS, Brazi) and Paradigma Oleos Vegetais Ltda
(Jaboticatubas, MG, Brazil).

Fodder radish seeds were supplied by Sementes Pirai (Piracicaba, SP, Brazil).
Crude fodder radish oil was extracted, using a pilot expeller, and filtered for removal of the
fibers from the seeds.

Crude oils were neutralized with a sodium hydroxide solution prior to biodiesel
production.

Anhydrous ethanol (Merck, > 0.9999), anhydrous sodium hydroxide (Carlo Erba,
> 0.9700), glacial acetic acid (Ecibra, > 0.9970) Hydranal Composite 5 (Fluka Analytical),
Hydranal Coulumat CG (Fluka Analytical) and deionized water were used in several steps
of this work, without further purification.

Crambe, fodder radish and macauba pulp oil were used for ethyl biodiesel
production. The biodiesel ethyl ester profiles were obtained as described in Basso et al.

[11]. Ethyl ester biodiesel compositions are presented in mass percentage in Table 1.
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2.2. Production of Distilled Biodiesels

Ethyl biodiesels were obtained by alkaline catalysis for 1 h at room temperature
(approximately T/K = 298), with sodium hydroxide and reagent molar ratio of 1:6
oil:ethanol. After the washing step, biodiesels were dried under agitation, heating
(approximately T/K = 333.15) and vacuum (P/mmHg < 5). Distilled biodiesels were
obtained by distillation under vacuum (approximately P/mmHg = 2.25) and heating
(approximately T/K = 533.15). All steps in the biodiesel production were described in detail
by Basso et al. [11].

2.3. LLE Experiments

LLE data of the systems were determined using sealed headspace glass tubes
(20 mL) (Perkin Elmer). Each component was weighted on an analytical balance Adam
Equipment, model AAA160L (+/- 0.0001 g). The headspace tubes were vigorously stirred
using a vortex Phoenix, model AP56 and then centrifuged in a Centrifuge Jouan, model
BR4i for 300 s at 4000 rpm. All systems were left at rest for a minimum of 36 h at constant
temperature in a thermostatic bath Paar Physica, model Physica VT2 (T/K +/- 0.2). Two
clear layers and a well defined interface were formed when the systems reached the
equilibrium state, where the upper layer is the ester-rich phase (EP), and the lower layer
the water-rich phase (WP).

2.4. Analytical Methodology

The fatty acid ethyl ester content of each biodiesel was determined in triplicate by
a Perkin Elmer gas chromatography system, Clarus 600, FID detector, with a Perkin Elmer
Elite-225 capillary column (crossbond, 50% cyanopropylmethyl — 50% phenylmethyl
polysiloxane), length of 30 m, internal diameter of 0.25 mm and film thickness of 0.25 ym,
according to the methodology presented by Basso et al. [11].

Weighing of the analysis was performed on an analytical balance Precisa, model
XT 220 A (+/- 0.0001 g).

Water content in WP was determined using a Karl Fisher Titration system (701 KF
Titrino, Metrohm) at least triplicate. Since the Karl Fisher Coulometer has high precision
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for low water content, the water in EP was quantified using a Karl Fisher Coulometer (831
KF Coulometer, Metrohm).

Samples of each phase were weighted and transferred, in triplicate, to previously
weighed Petri plates. The plates were then taken to an oven with forced air circulation
where they were maintained for at least 20 h, at T/K = 353.2 and atmospheric pressure,
until complete evaporation of ethanol and water from the samples. The biodiesel mass
fraction was determined by plate weighing after complete evaporation of water and
ethanol. A similar procedure was performed by Ansolin et al. [18] when studying the LLE of
fatty systems with an emphasis on the distribution of tocopherols and tocotrienols in
vegetable oils.

With the intention of testing the experimental methodology used for these
systems, three synthetic systems containing known contents of water, ethanol and
biodiesel were analyzed. Three different levels of water and FAEE from fodder radish were
tested. The system containing low water content (0.66 /71.33/ 28.01; water/ ethanol /FAEE
in mass percentage) was analyzed using the Karl Fisher coulometer; the system
containing high water content (17.33 /81.72/ 0.95; water/ ethanol /FAEE in mass
percentage) was analyzed using the Karl Fisher titration and, the system with intermediate
water content (5.43 /89.33/ 5.24; water/ ethanol /FAEE in mass percentage) was analyzed
using both equipment. The biodiesel from fodder radish oil was used to represent the three
biodiesels because it has significant contents of the main ethyl esters (ethyl ester from
palmitic acid, oleic acid, linoleic acid, linolenic acid, eicosenoic acid and erucic acid)
present in the studied biodiesels.

3. Calculation Approach

3.1. Combined Uncertainty in Experimental Methodology

The combined absolute uncertainty of the analytical methodology was obtained
from the difference between true values, by weighting of components used for synthetic
systems and analyzed values obtained from analytical methodology, calculated according
to equation (1).
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1/2
ue(%) = (Z(m? —m$)2> (1)

where m is the mass of the component, a is the analyzed value using the described
methodology, t is the true value obtained by weighting and i is the component of the
systems.

3.2. Calculation of Deviations in Mass Balance of the Phases

Validity of the LLE experimental data was evaluated according to the procedure
developed by Marcilla et al.[19] and applied by Rodrigues et al. [20]. In this procedure, the
sum of the calculated mass in both phases is compared with the actual value for total
mass used in the experiment. According to Marcilla et al. [19], overall mass balance
deviations less than 0.5% ensure good quality of experimental data. The mass balance of
each component can be calculated according to equation (2).

MOCWiOC — MWPWL]/VP + MEPWL_EP (2)

where i represents each component of the system; M9 is the mass of the overall
composition; MWP and MEPare the total masses of the WP and EP phases, respectively;
wPC is the mass fraction of component i in the initial mixture; and, wi'* and wEP are the

mass fractions of component i, respectively, in the WP and EP.

When applying K equations related to K balances, the values of MWF and MEP can
be calculated from the experimental mass fraction of component i in both phases w}'* and

wEP by least square fitting. Considering M as the matrix formed by the values of w2, B as

the transformation matrix formed by w'* and wEP, and P as the matrix formed by the

masses of the phases MWP and MEP| the system can be mathematically described as:
M=B-P 3)

Equation (3) can be transformed into the expression below:

P =(BTB)"'B™M (4)
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where B' is the transposed matrix of B and (B'B)is the inverse matrix of (B'B).

Thus, values of MW? and MEP for the systems can be obtained, and the sum of

M"YP and MEP can be compared to M°C to calculate the overall mass balance deviation by:

|(MWP + MEP) _ M0C|

— (5)

5(%) = 100 -

The relative average deviation for mass balance of each component i in each

system is given by:

N
1 |(WEEMEP + wiE MEP) — wiEmOC|
5:(%) = — E [100* ' ' ' (6)
l N £ wiMoc

where n is the tie line number and N is the total number of tie lines for each system.

The maximum combined uncertainty of experimental data for each system was
calculated considering the maximum deviation in mass balance among all tie lines of each

system using equation (7):

1/2
tcea (%) = (Z 63) ™

i

3.3. NRTL and UNIQUAC thermodynamic modeling

The experimental data measured for the systems were used to adjust the binary
interaction parameters for the NRTL and UNIQUAC models. Mixtures of fatty acid ethyl
esters which comprise the three biodiesels were treated as a single ethyl ester with the
average molar mass of the ester mixture, denoted as FAEE. This approach assumes that
the mixture of different fatty acid ethyl esters behaves similarly in the systems under study.
Therefore, the mixture of ethyl esters was replaced by a pseudo-component with the
corresponding average physical-chemical properties. Basso et al. [11] validated this
approach when studying the LLE of systems containing glycerol + ethanol + ethyl biodiesel
from crambe oil at different temperatures. Thus, adjustments to the NRTL and UNIQUAC
parameters were made, considering the systems as pseudo-ternary. All parameters were

adjusted to the experimental data.
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The mass fraction was used as composition unit due the difference in molar
masses of the components in the systems; this same approach was presented by Oishi
and Prausnitz [21] and used by other authors studying the LLE of systems containing
vegetable oils + ethanol + water [22], and studying the LLE of systems containing glycerol
+ ethanol + ethyl biodiesel [11]. Thus, the isoactivity criterion of LLE developed on a molar
fraction basis can be expressed on a mass fraction basis as:

ix)"" = (rix)®? (8)
a'w)"? = (ri'w)®* (9)
where:
U S
oMz (Wj/Mj) (10)

Estimation of the NRTL and UNIQUAC parameters was obtained using an
algorithm developed in the FORTRAN programming language. This algorithm uses the
modified simplex method to estimate thermodynamic parameters by minimizing the
objective function of the composition (equation 11). The procedure for calculation of the
parameters involves flash calculations for the midpoint composition of the experimental tie
lines, according to the procedure developed by Stragevitch and d’Avila [23].

2
D N K-1 WPexp WP,calc 2 WBP.exp_WBP,calc
an lnm inm inm 11
+ (11)
- o,wpP 0. BP
m n

Winm Winm

where D is the is the total number of data groups; N is the total number of tie lines; K is the
total number of components in the data group; w is the mass fraction; subscripts i, n and m
are the component, tie line and group number, respectively; expt and calc represent,
respectively, the experimental and calculated compositions; and o is the standard
deviation observed for the composition of each phase.
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3.4. UNIFAC-LLE and UNIFAC-DRTM

UNIFAC-LLE and UNIFAC-DRTM were used to test the LLE prediction capability
for the systems. The model denoted as UNIFAC-LLE was presented by Fredenslund et al.
[24], and its binary interaction parameters for LLE were updated by Magnussen et al. [25].
The model denoted as UNIFAC-DRTM was presented by Weidlich and Gmehling [26], and
its LLE binary interaction parameters were updated by Gmehling et al. [27]. Structural
molecular groups selected to represent the studied systems were “CHj”, “CH,”, “CH”,
“CH=CH”, “CH,COQ”, “OH” and “H,O".

All individual fatty acid ethyl esters (FAEE) were considered for UNIFAC-LLE and
UNIFAC-DRTM modeling. Thus, the systems were represented by water, ethanol and all
fatty acid ethyl esters of each biodiesel. However, in ternary diagram representations the
esters were grouped by the addition of each individual ester mass fraction, and the
systems were graphically represented as pseudo-ternary systems containing water (1) +
ethanol (2) + FAEE (3).

The predictive capability of the UNIFAC-LLE and UNIFAC-DRTM models was
tested using the commercial simulator software Aspen Plus (Aspen Technology). A
thermodynamic flash was performed for the overall composition of all tie lines of each
system. Thus, compositions of the WP and EP were obtained and compared to the
experimental data.

3.5. Deviations in Description of LLE

Average deviations between the experimental and calculated compositions, for all
models and in both phases, were determined according to equation (12), similar to that
used by other researchers [28].

Aw = 100 - (12)

[ZNZK( WP ,exp WP calc) + (WEP exp EP calc) ]
{ 2NK }

4. Results and Discussions

The fatty acid ethyl ester compositions of the three biodiesels were very different
according to Table 1. The FAEE from crambe oil presents ethyl erucate, a long chain ethyl
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ester with 24 carbon atoms in the molecule, and ethyl oleate as the main esters, totalizing
more than 75% of its composition. The FAEE from macauba pulp oil presents ethyl oleate
and ethyl palmitate as the major ethyl esters, representing more than 80% of the biodiesel
composition, where saturated ethyl esters (ethyl palmitate and ethyl stearate) make up
more than 25% of its components. On the other hand, FAEE from fodder radish oil
presents ethyl oleate as the mainly ester and large amounts of four other esters, ethyl
linoleate, ethyl linolenate, eicosenoic acid ethyl ester and ethyl erucate. The molar mass of
the pseudo-component, calculated from these ethyl ester profiles, were 342.26, 317.80
and 303.03 g-mol™, respectively, for FAEE from crambe oil, fodder radish oil and macauba

pulp oil.
Table 1. Ethyl ester composition of FAEE from crambe, fodder radish and macauba pulp

oil in mass percentage.

FAEE
fodder
fatty acid group  molecular common M crambe o, Macauba
in ethyl ester formula name (g -mol™1) (100w)  (100w)  (100w)
c16:0 C1gH3605 ethyl palmitate 284.48 2.07 5.11 21.8
c16:1 CigH3402  ethyl palmitoleate 282.46 - - 4.08
c18:0 CooH1005 ethyl stearate 312.53 1.03 2.36 2.76
c18:1 CooH3505 ethyl oleate 310.51 19.38 39.47 58.97
cl18:2 CooH3505 ethyl linoleate 308.50 8.33 16.69 11.64
c18:3 CsoH3405 ethyl linolenate 306.48 4,53 12.19 0.75
c20:0 CaoHy402 ethyl arachidate 340.58 1.22 0.87 -
c20:1 C22H4z02 eicé’ti‘;’lgisct :‘rcid 338.57 404  10.04 -
c22:0 Co4H1505 ethyl behenate 368.64 1.99 0.36 -
c22:1 Co4Hs605 ethyl erucate 366.62 56.39 11.71 -
c22:2 CaaHasO2 docojti‘;'/ile;s‘;iecra"id 364.60 0.49 - -
c24:0 CoeH505 ethyl lignocerate 394.67 0.53 0.30 -
c24:1 CoeH5005 ethyl nervonate 394.67 - 0.90 -

% mass fraction of ethyl ester

The combined absolute uncertainty of the experimental methodology for the

system containing low water content, high water content and intermediate water content
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were, respectively 1.2 %, 0.8 %, and 1.2 % (using both Karl Fisher devices). Thus, the
maximum uncertainty indicates the proper representation of the analyzed systems.

Table 2 shows that the deviations per tie line for overall mass balance, calculated
according to the equation 5, were less than 0.32%, considering the three systems. This
maximum deviation indicates good quality of the experimental data. The relative deviations
in mass balance of each component, calculated according to equation 6, ranged from
0.0024% to 3.4863%, 0.0065% to 4.6183% and 0.0024 to 2.27 %, respectively, for the
system containing FAEE from macauba pulp oil, fodder radish oil and crambe oil.

Table 2. Experimental liquid-liquid equilibrium data for the pseudo-ternary systems water
(1) + ethanol (2) + FAEE (3/4/5) at T/K = 298.2.

overall composition water-rich phase ester-rich phase

100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w,

';g'ifbg%’ﬁ‘ 50.09 0.00 49.91 99.99 000 001 019 000 99.81 0.00

(x=3y 3292 1959 47.49 6369 3622 0.09 045 274 9681 0.11

29.80 30.31 39.89 50.05 49.94 001 043 399 9558 0.03

26.19 36.05 37.76 43.06 56.81 0.13 048 626 93.26 0.11

16.11 4210 4179 2828 7031 141 070 721 9209 0.0

10.76 49.76 39.48 17.91 79.00 3.09 105 1252 86.43 0.20

F‘}Eg dfé‘r’m 49.86 0.00 50.14 99.99 000 001 022 000 9978 0.00

radish ol 39.07 1054 50.39 78.97 21.03 000 029 091 9880 0.20

(x=4)° 3630 20.36 43.34 66.66 33.32 002 048 324 9628 0.32

34.85 30.02 3513 5753 4246 001 050 6.10 93.40 0.28

3019 39.94 2987 4483 5505 0.12 062 6.48 9290 0.10

1718 48.06 3476 2694 7118 1.88 1.01 957 89.42 0.00

Frﬁ‘gfa‘;rt‘)’;“ 4678 0.00 53.22 99.97 000 003 029 000 9971 0.00

oupol 4556 893 4551 87.80 1219 001 029 481 9490 0.25

(x=5)°  37.94 19.35 4271 69.70 30.29 0.01 047 534 9419 0.23

3455 3274 3271 5224 47.68 008 0.64 838 90.98 0.00

1823 39.85 4192 3363 6551 086 1.06 13.00 8594 0.21
the maximum combined uncertainty, calculated according to equation (7) for the systems

8 (%)

a,b,c
containing components (3), (4) and (5) are, respectively, 2.28 %, 5.48 % and 3.49 %.

According to Figure 1 and Table 2, FAEE and water are almost mutually
immiscible. The bottoms of the diagrams show that for low ethanol content in overall
compositions, the mass fractions of FAEE and water are very low in the WP and EP,
respectively. Ethanol distributes between the both phases, and according to the slopes of
tie lines, it has greater affinity for the WP. Increase of the ethanol mass fraction in the
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overall composition causes a greater increase in FAEE mass fraction in the WP than
elevation of the water mass fraction in the EP.

There was phase inversion when the WP made up the upper phase and the EP is
in the lower phase, with the tie lines containing mass fractions of 41.79% and 39.48% of
FAEE from crambe oil and 34.76% of FAEE from fodder radish oil in overall composition.
This behavior occurs at high ethanol content in the overall composition, because ethanol
has lower density in relation to all components in the systems and due to the high affinity
of ethanol to the WP, this behavior causes the decrease in density of the WP.

FAEE (crambe) FAEE (fodder radish)

000 025 0.50 0.75 1.00
FAEE (macauba)

Figure 1. Liquid-liquid equilibrium diagram of systems composed of water (1) + ethanol (2)
+ FAEE from crambe oil (3)/ FAEE from fodder radish oil (4)/ FAEE from macauba oil (5)
at T/K = 298.2: (o), (®), (?) experimental data; (---) NRTL model; (---) UNIQUAC model.
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Table 3 presents the adjusted parameters for the NRTL and UNIQUAC models of
the three systems under study. Both molecular models were able to properly describe the
LLE of the systems, where average deviations between experimental data and calculated
values (equation 12) were on average lower when using the NRTL model than the
UNIQUAC model, according to Table 4.

Table 3. UNIQUAC and NRTL model binary parameters.

UNIQUAGC NRTL

pair ij® A(0)/K A(0)/K A(0)/K A(0)y/K a (0)ij=a (0)ji
12 -251.9600 297.7500 54.4570 279.6700 0.1010
13 -39.0850 768.8600 4057.1000 297.4500 0.1443
23 31.8680 75.0600 812.7000 2224.7000 0.4732
14 60.9410 755.6100 3914.7000 9442.4000 0.1462
24 7.9797 65.41500 812.6800 1340.8000 0.5700
15 -3.9697 874.5500 3076.9000 615.9800 0.1618
25 370.4300 -217.1800 782.0400 -144.4800 0.5700

% components: water (1), ethanol (2), FAEE from crambe oil (3), FAEE from fodder radish oil (4),

FAEE from macauba pulp oil (5).

Table 4. Average global deviations (Aw) between experimental data and calculated mass

fractions.
model Aw (%) Aw (%) Aw (%)
(system 1+2+3)* (system 1+2+4)% (system 1+2+5)*
NRTL 0.51 0.66 0.97
UNIQUAC 0.49 0.86 1.29
UNIFAC-LLE 2.27 2.10 3.28
UNIFAC-DRTM 2.25 1.91 3.17

# water (1), ethanol (2), FAEE from: crambe oil (3), fodder radish (4), macauba pulp oil (5).

In the system containing FAEE from crambe oil, all tie lines calculated by both
models almost overlap the experimental data, indicating a good representation of the LLE
by the molecular models of the system for the full studied composition range. The tie line
with high ethanol content in the system containing FAEE from fodder radish oil, had its
ethanol content slightly underestimated in the WP and overestimated in the EP by the two
models. In the system containing FAEE from macauba pulp oil, the tie line with 45.51% of
this component presented an overestimated ethanol mass fraction in the WP and
underestimated fraction in the EP, the tie line with 41.92% of FAEE had its ethanol content
underestimated in the WP and overestimated in the EP.
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The binodal curves calculate by the NRTL and UNIQUAC models showed
significant differences in description of the LLE behavior in the region with high ethanol
mass fraction, at the top of diagrams, for all the three systems. In the WP region the
binodal curves overlap each other, indicating the same description of the LLE by both
models for all studied systems. The LLE behavior of the systems containing FAEE from
crambe and macauba pulp oil were represented similarly by the different binodal in the EP
region, but on the other hand, the NRTL model showed a slightly broader region of phase
separation than the UNIQUAC model in this region for the system containing FAEE from
fodder radish oil.

The differences between deviations obtained by the UNIFAC-LLE and UNIFAC-
DRTM models for description of the LLE of each system were lower than 0.25%, indicating
a similar prediction capability for LLE behavior for these systems by both models. The LLE
of the systems containing FAEE from crambe oil and FAEE from fodder radish oil had
similar average deviations between experimental data and predicted values, as observed
in Table 4. On the other hand, these deviations were substantially higher for the system
containing FAEE from macauba pulp oil. All deviations were higher than 1.9%, indicating
that these models were generally not able to properly predict the LLE of these systems.

Both UNIFAC models underestimated the ethanol mass fraction in the EP, and
this behavior was more significant in the systems containing biodiesel from macauba pulp
oil and fodder radish oil, as showed in Figure 2. The predictive models also
underestimated the FAEE mass fraction in the WP. Except for the system containing
FAEE from crambe oil, the predictive models also overestimated ethanol content in the
WP. The group contribution model could not describe properly the region of phase
separation, overestimating it for the three systems.

Different capabilities for predicting the LLE of systems related to biodiesel
production, by UNIFAC derived models, considering different alkyl ester compositions,
were obtained by other authors. Lee et al. [14], using the UNIFAC-LLE and UNIFAC-
DRTM models for predicting the LLE of systems composed of water + methanol + methyl
esters, obtained average deviations of about five times higher for system containing
methyl oleate in comparison to the systems containing methyl linoleate. Basso et al. [11]
and Basso et al. [8] tested the prediction of LLE for systems containing glycerol + ethanol
+ ethyl biodiesel by UNIFAC-LLE models, and obtained average deviations of 2.72% and
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3.52%, respectively, for biodiesel from crambe oil and from macauba pulp oil at T/K =
298.2.

Despite of the great availability of group interaction parameters and their constant
updates, the generation of derived models and the practicality in the use, because they are
previously programmed in many simulation softwares, the utilization of UNIFAC models in
design analysis and process simulation in the biodiesel production process must be done

judiciously due to the deviations in prediction of LLE for this type of system.

0.00 025 0.50 0.75 1.00
FAEE (fodder radish)

FAEE (crambe)

0.00 0.25 0.50 0.75 1.00
FAEE (macauba)

Figure 2. Liquid-liquid equilibrium diagram of systems composed of water (1) + ethanol (2)
+ FAEE from crambe oil (3)/ FAEE from fodder radish oil (4)/ FAEE from macauba oil (5)
/K = 298.2: (o), (®), (o) experimental data; (---) UNIFAC-DRTM model; (---) UNIFAC-LLE

model.
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Thus, the LLE prediction capability for systems containing alkyl esters by UNIFAC
derived models is probably directly related to the ester composition of these systems. The
number and/or presence of specific structural molecular groups in ester molecules that
comprise the biodiesel may have different effects on the LLE prediction capability of this
type of system.

5. Conclusions

The results of the present study show that FAEE and water were almost
immiscible and ethanol was distributed in both phases, but presented greater affinity for
the WP. The NRTL and UNIQUAC thermodynamic models properly described the LLE of
these systems with average deviation ranging from 0.49% to 1.29%. Although the
UNIFAC-LLE and UNIFAC-DRTM models similarly predicted the LLE of these systems,
these models could not properly describe it, with average deviations ranging from 1.91% to
3.28%.
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Appendix A

Activity coefficient y}V of the NRTL model using the mass fraction as concentration unity.

— K —
Iny, = Zf:ﬁjiGjin/Mj + 2[ W] ij (r-- B Y, szGleL/Mz>] (A1)
' Zﬁ'(:l G]LW]/M] = Gl]Wl/Ml Y Z{{=1 Glel/Ml
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A
ry = (A3)
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0;Gy; = 0 (A5)



Activity coefficient y;}” of the UNIQUAC model using the mass fraction as concentration

unity.
Iny; = Iny o™ + InyRes (A6)
n®; (M@, z _ ¢ z _ o;
Inyfomb = ——+1—>——+=-Mqlln—5—=Mq/ (1 —— A7
K=1
Wij
(=)= (A8)
j=1
I} q{WL I rilwi
0; = [} ) ¢ [ Ag
L igw TR W A9)
0;1;
lnyiR = M;q; [1—In 29 Tji z< 2] ) (A10)
— Zk 1‘9ka1
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Abstract

In the present work Liquid-Liquid Equilibrium (LLE) data were obtained for systems
composed of glycerol + ethanol + distilled fatty acid ethyl esters from crambe oil at T/K =
298.2, 318.2 and 338.2. The experimental data measured for these systems were used to
adjust the binary interaction parameters between their components for NRTL model
treating the mixture of ester as a single ethyl ester, with the average molar mass of the
mixture of esters. Two sets of UNIFAC binary interaction parameters were also tested to
predict the LLE of the systems. Ethanol, wich distributed in the glycerol-rich and ester-rich
phases, showed a greater affinity to the glycerol rich phase. Glycerol and FAEE presented
very low miscibility. The average deviations related to mass fraction composition between
experimental and calculated values by the NRTL model were less than 0.82 % and by the
UNIFAC model were between 2.27 and 3.97 %, considering the two different sets of binary

interaction parameters.
Keywords

Biodiesel; Crambe; Liquid-Liquid Equilibrium; NRTL model; UNIFAC model

1. Introduction

Biodiesel is an alternative fuel for diesel engines. Its primary advantages are that
it is one of the most renewable fuels currently available, non toxic and biodegradable. It
can also be used directly in most diesel engines without requiring extensive engine
modification. To obtain biodiesel, vegetable oil or animal fat is subjected to a chemical
reaction termed transesterification. In the reaction, the vegetable oil (or animal fat) is
reacted, in the presence of a catalyst, with an alcohol to give the corresponding fatty acid
alkyl esters[1,2].

In addition to serving as a fuel, ester from vegetable oil can be utilized for
numerous other purposes. They can serve as intermediates in the production of fatty
alcohols to be used in surfactants and cleaning supplies. Branched fatty acid alkyl esters
are used as lubricants and are attractive options due to their improved biodegradability,
given environmental considerations. Esters from vegetable oils also possess good solvent
properties. Esters from rapeseed oil (rich in erucic acid) were suggested to be used as
plasticizers in the production of plastics and as high boiling absorbents for scrubbing of
gaseous industrial emissions[1,3,4,5,6].
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Crambe seed presents high oil content (23-38 %) and a particular characteristic in
its fatty acid profile, being rich in mono-unsaturated fatty acids (about 75 %) with a high
content of erucic acid (57.8 % on average) which makes it inadequate for human
consumption. Thus, crambe oil is an interesting potential raw material for biodiesel

production [7,8].

In some countries where ethanol is readily available at low cost, the
transesterification reaction with this alcohol is of great interest. In this process two
immiscible phases are formed, one rich in glycerol and the other one rich in biodiesel,
where the ethanol used in excess distributes in both phases; therefore LLE data are
important and useful in the kinetic study of the transesterification reaction, as well as in
studies of the purification steps in which the separation of glycerol, ethanol and ethyl
esters is desired.

Despite of the importance of this type of information, few research groups have
determined LLE data for systems composed of glycerol, fatty acid alkyl esters and ethanol
[9,10] or methanol [11,12,13,14]. The objective of the present study was to determine LLE
data for the system constituted of glycerol + ethanol + fatty acid ethyl ester from crambe
oil mixture at T/K = 298.2, 318.2 and 338.2, adjust parameters of NRTL model and test the
prediction of the LLE of the systems by two different sets of binary interaction parameters
of the UNIFAC model.

2. Experimental Procedure

2.1. Materials

Crude crambe oil was supplied by the Foundation MS (Maracaju, MS, Brazil). The
oil was homogenized and neutralized prior to biodiesel production.

Glycerol (Sigma, > 0.9900), ethanol (Merk, > 0.9990), methanol (Honeywell, >
0.9999), anhydrous sodium hydroxide (Carlo Erba, > 0.9700), glacial acetic acid (Ecibra, >
0.9970), ethyl myristate (Tecnosyn, > 0.9900) were used in several steps of this work, with

no further purification.
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2.2. Production of Distilled Crambe Oil Ethyl Esters

Fatty acid ethyl esters mixture from crambe oil was obtained by alkaline catalysis.
Sodium hydroxide (1 % in relation to vegetable oil weight) was dissolved, prior to the
reaction, in ethanol under vigorously agitation in a magnetic stirrer. The reagent molar ratio
was 1:6 oil:ethanol, considering the average molar mass of triacylglycerols in crambe oil.
The reaction was maintained for one hour under agitation at room temperature
(approximately T/K = 298), before being stopped by the addition of glacial acetic acid.
This mixture was then transfer to a separatory funnel for glycerol decanting. Deionized
water was used to wash the system at least five times to removal of residual soaps,
glycerol and ethanol. The pH of the washing water was monitored with pH test paper
(Machery-Nagel). This product was dried under agitation, heating (about 7/K = 333.15)
and vacuum (P/mmHg < 5).

Distilled fatty acid ethyl esters mixture from crambe oil were obtained by
distillation under approximately P/mmHg = 2.25 and T/K = 508.15. Additional washing with
hot water and drying were performed after the distillation process to remove any possible
residual impurities.

2.3. LLE Experiments

LLE data of the systems were determined using sealed headspace glass tubes
(20 mL) (Perkin Elmer). Components were weighted on an analytical balance Adam
Equipment, model AAA160L (+ 0.0001 g). The tubes were vigorously stirred using a
vortex (Phoenix, model AP56) and then centrifuged (Centrifuge Jouan, model BR4i,
equipped with a temperature controller) for 300 s at 4000 rpm and at room temperature. All
systems were left to rest for at least 12 h with temperature controlled in a thermostatic bath
Paar Physica, model Physica VT2 (7/K + 0.2). Two clear layers and a well defined
interface were formed when the systems reached the equilibrium state, the upper layer
being the ester-rich phase (EP), and the lower layer the glycerol-rich phase (GP).

2.4. Analytical Methodology

The ethyl biodiesel from crambe oil was previously characterized, in relation to
fatty acid ethyl ester composition, in triplicate by a Perkin Elmer gas chromatographic

system, Clarus 600, FID detector, with a Perkin Elmer Elite-225 capillary column
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(crossbond, 50 % cyanopropylmethyl — 50 % phenylmethyl polysiloxane), length of 30 m,
internal diameter of 0.25 mm and film thickness of 0.25 ym, with the following conditions:
injector and detector T/K = 523; oven temperature: initial T/K = 373 for 5 min, between
T/K =373 and T/K = 503 (temperature rate 5 K/min), T/K = 503 for 20 min; helium carrier
gas: 1 mL/min; 1:40 split; and injected volume of 0.4 uL. The ethyl ester profile of biodiesel
was quantified based on relative peak areas.

Glycerol, fatty acid ethyl esters (FAEE) and ethanol quantitation in each
equilibrium phase were determined at least in triplicate by a Perkin Elmer gas
chromatographic system, Clarus 600, FID detector, with an Agilent capillary column
(crossbond, 50 % cyanopropylphenyl — 50 % dimethylpolysiloxane), length of 30 m,
internal diameter of 0.25 mm and film thickness of 0.25 ym), with the following conditions:
injector and detector T/K = 523; oven temperature: initial 7/K 313 for 1 min, between T/K
=313 and T/K = 333 K (temperature rate 5 K/min), T/K = 333 for 1 min, between T/K = 333
and T/K = 473 (temperaturerate rate 25 K/min), T/K = 473 for 1 min, between T/K = 473
and T/K = 508 (temperature rate 7 K/min), T/K = 508 for 8 min; helium carrier gas: 1
mL/min for 5 min, 2.5 mL/min for 6 min, 1.5 mL/min until the end; 1:40 split; and injected
volume of 0.4 uL. Each component in liquid-liquid equilibrium phases was quantified by a
different calibration curve, using nine concentration levels of pure ethanol and ethyl
myristate (as standard of ethyl ester class) and eight concentration levels of pure glycerol.

3. Theoretical Calculations

3.1. Calculations of Deviations in the Mass Balance of the Phases

Validity of the equilibrium experiments was evaluated according to the procedure
developed by Marcilla et al. [15] and applied by Rodrigues et al. [16]. The procedure is
based on comparing the sum of the calculated mass in both liquid phases with the actual
value for total mass used in the experiment, thus obtaining a relative deviation for each
point of the overall mixture. In this approach, independent component balances, totalizing
K balances, can be done as given by equation 1:

MOCWiOC — MGPWL-GP + MEPWiEP (1)
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where 7 represents each component of the system; MPc is the mass of the overall
composition (initial mixture); Mé? and MEP are the total masses of the glycerol-rich and
ester-rich phases, respectively; w’¢ is the mass fraction of the component 7 in the initial
mixture; and wf? and w£* are the mass fractions of the component J respectively, in the

glycerol-rich and ester-rich phases.

Applying these K equations, the values of M? and MEP can be calculated from the
experimental mass fraction of component in both phases (wff and wf?)by least squares
fitting. If Mis the matrix formed by the values of w/¢, B is the transformation matrix formed
by wfF and wfP, and Pis the matrix formed by the masses of the phases, M* and ME?, the

system can be mathematically described as:
M=B-P 2)

Calculations allow the transformation of equation 2 into the expression below:
P=(B"B)"'B™™ (3)

where BT is the transposed matrix of B and (BTB)~! is the inverse matrix of (BTB). Thus,
the values for M¢? and MEP, which minimize the deviations of the system can be found.
The sum of M%? and MEP can be compared to M°C to calculate the overall mass balance
deviation by:

I(MGP + MEP) _ MOC|

o (4)

6(%) =100

The relative average deviation for mass balance of each component i at each
temperature is given by:

N GP 5 sGP EP 3 EP 0C ps0C
w M"Y +wi- M —w; M
8:(%) = § [100-|( = in M) = win M| (5)
n

ocCpgs0C
Win M

where nis the tie line number and N is the total number of tie lines at each temperature.
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3.2. NRTL Thermodynamic Modeling

The experimental data measured for the systems were used to adjust the binary
interaction parameters for the NRTL model. The mixture of fatty acid ethyl esters was
treated as a single ethyl ester with the average molar mass of the mixture of esters,
denoted as FAEE. This approach assumes that the mixture of different fatty acid ethyl
esters behaves similarly in the systems under study. Therefore, the mixture of ethyl esters
has been replaced by a pseudocomponent with the corresponding average physical-
chemical properties. This approach has been used by several other authors in relation to
vegetable oils, considering it as a pseudocomponent with an average molar mass of the
mixture of triacylglicerols [16,17,18]. Thus, adjustments were made considering the
systems as pseudoternary. All binary interaction parameters were adjusted to the
experimental data.

The mass fraction was used as a composition unit due the difference in the molar
masses of the components in the systems; this same approach has been applied by other
researchers [16,19,20]. In this way, the isoactivity criterion of LLE developed on a molar

fraction basis can be expressed in mass fraction basis as:

(Vixi)GP = (Vixi)EP (6)
' w)F = (' w)EP (7)
where:
w_o_ Vi
" M; Zﬁ( Wj/Mj ®)

where x;is the molar fraction of component J y; is the activity coefficient of component
v is the corresponding activity coefficient expressed on the mass fraction scale; and w;

and M; are the mass fraction and molar mass, respectively, of component i

Estimation of the NRTL parameters was obtained by an algorithm developed in
FORTRAN programming language. This algorithm uses the modified simplex method to

estimate thermodynamic parameters by minimization of objective function of composition
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(equation 9). The procedure for calculation of parameters involves flash calculations for
the midpoint composition of the experimental tie lines, according to the procedure
developed by Stragevitch and d’Avila [21].

D N K-1 GPexp GP,calc 2 EPexp _ EPcalc 2
L nm Wi,n,m Wi,n,m Wi,n,m
= + 9)
wGP EP
m n Pw

Winm inm

where D is the is the total number of data groups; NVis the total number of tie lines; K'is the
total number of components in the data group; wis the mass fraction; subscripts 7, n and
m are the component, tie line and group number, respectively; expt and calc represent,
respectively, the experimental and calculated composition; and o is the standard deviation
observed for the composition of each phase.

The average deviations between the experimental and calculated compositions in
both phases were calculated according to equation 10. Similar approach, using molar
fraction, was applied by other researchers [22,23].

Zn ZK( GP ,exp GPcalc) +( EPexp EPcalc)2 1/2

_ 10
Aw = 100 - e (10)

3.3. UNIFAC Thermodynamic Modeling

The UNIFAC thermodinamic model was used to predict the LLE of the
experimental data. The group volume and area parameter used in modeling, respectively
Rk and Q, were the same presented by Magnussem et al. [24]. The structural molecular
groups selected to represent the studied systems were “CHy”, “CH,”, “CH”, “C=C”, “COOC”
and “OH”. Two different sets of UNIFAC binary interaction parameters were used to test
the prediction capability of LLE data. The set denoted as UNIFAC-LLE was presented by
Magnussen et al. [24]. The set denoted as UNIFAC-ADJ was adjusted by Batista et al.
[25], studying systems containing triacylglycerols, free fatty acids and ethanol. The values
of structural molecular groups and of the binary interaction parameters are presented in
Table 1.
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Table 1. UNIFAC binary interaction parameters and structural molecular groups.

binary interaction parameters structural molecular groups®

groups CH2 C=C COOC  OH gfg‘fés V‘Z'FL{’S“‘* Asrg:?gi)

CH2 0 29230 -320.10 328.20 CH 0.4469 0.2280
UNIFAC- C=C 7454 0 485.60  470.70 CH2 0.6744 0.5400
LLE®* COOC 972.40 -577.50 0 195.60 CH3 0.9011 0.8480

OH 644.60 724.40 180.60 0 CH=CH  1.1167 0.8670

CH2 - - - - CH2COO  1.6764 1.4200
UNIFAC- C=C - 0 -2692.20 -2457.90 OH 1.0000 1.2000
ADJ®  cooC  -°  -149.18 0 247.52

OH 117240 511.90 0

2 binary interaction parameters from Magnussen et al.?*; ° binary interaction parameters from
1.2%; © value of binary interaction parameters equal to original parameter of UNIFAC-
124,

Batista et a

LLE; ¢ structural molecular groups values presented by Magnussen et a

All individual fatty acid ethyl esters were considered to UNIFAC modeling
calculations. In this way, the systems were represented for glycerol, ethanol and ten fatty
acid ethyl esters. However, in ternary diagram representation, the esters were grouped by
the addition of each individual ester mass fraction, and the systems were graphically
represented as glycerol (1) + ethanol (2) + FAEE (3).

The average deviations between the experimental and calculated compositions
were also calculated according to equation 10. The ternary diagrams were represented
using the mass fractions values obtained by the sets of interaction parameters, UNIFAC-
LLE and UNIFAC-ADJ, to compare the different behavior of the represented LLE in
relation to parameters applied.

4. Results and Discussions

Fatty acid ethyl ester mixture from crambe oil showed less than 7 % of saturated
ethyl esters in its composition, as can be observed in Table 2. The main ester that
composes the FAEE is the cis-13docosenoic acid ethyl ester (erucic acid ethyl ester), an
ester containing twenty four carbons atoms and one double bound in the alkyl group. The
average molar mass of the FAEE, considering it as a pseudo-component in NRTL
modeling, was calculated according to its ester profile.
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Table 2. Experimental ethyl ester composition of FAEE in mass percentage.®

fatty acid

group in ethyl ester molecular L_ 10r9
ethyl ester formula (g-mol-1) w
C16:0 hexadecanoic acid ethyl ester C18H3602 284.48 2.18
C18:0 octadecanoic acid ethyl ester C20H4002 312.53 1.06
C18:1 cis-9 octadecenoic acid ethyl ester C20H3802 310.51 20.03

C18:2 cis-9 cis-12 octadecadienoic acid ethyl ester C20H3602 308.50 8.87
cis-9 cis-12 cis-15 octadecatrienoic acid ethyl

C18:3 ester C20H3402 306.48 4.76

C20:0 icosanoate acid ethyl ester C22H4402 340.58 1.18

C20:1 cis-11 icosenoic acid ethyl ester C22H4202 338.57 3.87

C22:0 docosanoic acid ethyl ester C24H4802 368.64 1.83

C22:1 cis-13docosenoic acid ethyl ester C24H4602 366.62  55.62

C22:2 cis-13 cis-16 docosadienoic acid ethyl ester C24H4402 364.61 0.60
FAEE (pseudocomponent) 341.22

?standard uncertainty composition u(x) = 0.00025; ° mass fraction of ethyl ester.

Each ethyl ester in GP and EP were quantified in relation to all tie lines of all the
systems. The average molar mass of esters mixtures was calculated in each phase in
order to verify the assumption that the FAEE behaves as a pseudo-component. The
individual fatty acid ethyl ester composition in each phase of each system and deviations
between the average molar mass of FAEE in each phase and average molar mass of
FAEE in overall composition were low and are showed in Table 3. The greater deviation in
relation to EP was 0.80% and in relation to GP was 5.22 %. Lanza et al. [18], considering
soybean oil as a pseudocomponent, compared the average molar mass of triacylglycerols
between the alcoholic-rich and triacylglicerol-rich phases. These authors obtained low
deviations, approximately 0.6 %. However, in relation to individual fatty acid distribution,
specifically considering oleic and linoleic acids which are the major components in
soybean oil (about 75 % of total fatty acid content), the deviations obtained were higher
than those obtained in the present work in relation to FAEE from crambe oil that has
predominace of oleic and erucic acid in alkyl group (about 75 %). Thus, the assumption of

pseudo-component behavior could be used.

The behavior of the four main fatty acid ethyl esters from crambe oil in relation to
its distribution in GP and in EP can be observed in Figure 1. The distribution coefficient of
ethyl esters presents a little increase with the increase of number of unsaturation and a
decrease with the increase of the number of carbon in the molecule. This behavior occurs
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due the differences in polarity among these components. FAEE (pseudo-component)
presents a distribution coefficient intermediate in relation to the main ethyl esters of the
mixture. The distribution coefficient was similar to same esters at the three different
temperatures, indicating that the distribution of the individual esters is almost not affected
in this range of temperature.
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Table 3. Individual fatty acid ethyl ester composition in mass percentage in relation to FAEE for the systems in (liquid- liquid)
equilibrium, at T/K = (298.2, 318.2, 338.2).%

ester phase
C18H3602 C20H4OO2 C20H3802 C20H3602 C20H34O2 C22H44O2 C22H42(D2 C24H4802 C24H4602 C24H44(D2 6b
T/K 100w’ 100w,° 100w’ 100w’ 100w,° 100w’ 100w,°  100w,° 100w,° 100w’ —(g Tmol )
2.23 1.09 21.32 9.13 5.33 1.32 3.93 1.70 53.53 0.42 339.87 0.39
2.22 1.07 21.33 9.17 5.36 1.30 3.89 1.69 53.54 0.43 339.86 0.40
2.30 1.10 21.99 9.53 5.64 1.29 3.95 1.62 52.17 0.41 339.00 0.65
2982 2.32 1.10 22.11 9.62 5.71 1.29 3.93 1.61 51.90 0.41 338.82 0.70
2.31 1.08 21.99 9.58 5.69 1.27 3.90 1.61 52.16 0.41 338.96 0.66
2.36 1.10 22.35 9.78 5.83 1.29 3.95 1.57 51.35 0.42 338.48 0.80
214 1.05 20.59 8.87 5.20 1.29 3.88 1.74 54.82 0.42 340.65 0.17
2.15 1.04 20.66 8.86 5.19 1.27 3.86 1.73 54.78 0.47 340.63 0.17
2.22 1.06 21.34 9.28 5.49 1.26 3.90 1.63 53.42 0.41 339.73 044
3182 2.27 1.08 21.54 9.38 5.57 1.29 3.93 1.67 52.84 0.43 339.42 0.53
2.25 1.07 21.48 9.37 5.56 1.29 3.90 1.66 53.00 0.42 339.49 0.51
2.29 1.08 21.78 9.52 5.67 1.29 3.95 1.63 52.38 0.41 339.12 0.62
2.20 1.07 21.12 8.94 512 1.29 3.93 1.71 54.22 0.40 340.27 0.28
2.20 1.06 21.13 9.00 5.19 1.28 3.89 1.68 54.16 0.41 340.21 0.30
2.20 1.05 21.13 8.99 517 1.27 3.87 1.69 54.23 0.40 340.24  0.29
338.2 2.24 1.07 21.47 9.19 5.35 1.28 3.91 1.67 53.40 0.42 339.75 0.43
2.24 1.06 21.45 9.20 5.36 1.27 3.88 1.67 53.46 0.41 339.76 0.43
2.28 1.08 21.77 7.05 5.33 1.28 5.09 1.69 54.02 0.41 340.52 0.20
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glycerol phase

C18H3602  CooHa00p  CooHss0s  CooHs602  CooHsaOp  CpoHasOp  CooHapOp  CogHagOp  CoaHasOp  CaHayOo 5
T/K 100w’ 100w,° 100w’ 100w’ 100w,° 100w’ 100w’ 100w’ 100w,° 100w’ —(g “mol 1)
2.76 1.06 25.16 12.02 7.69 1.07 3.74 1.31 44.81 0.38 334.24 2.05
3.07 1.02 27.26 13.76 9.14 0.91 3.57 1.06 39.82 0.39 331.07 2.97
598.2 3.23 1.06 28.78 15.01 10.68 1.06 3.22 1.13 35.46 0.37 328.57 3.71
3.43 1.06 30.03 16.04 12.48 1.10 3.16 0.92 31.41 0.37 326.13 4.42
3.85 1.16 31.46 17.85 13.51 1.60 2.85 0.72 27.00 0.00 323.40 5.22
2.89 1.09 26.36 12.83 10.25 2.02 3.16 2.33 39.07 0.00 331.42 2.87
2.69 1.06 24.58 11.73 7.45 1.02 3.81 1.21 46.07 0.38 334.93 1.84
2.97 1.04 26.46 13.04 8.49 0.89 3.75 0.99 41.96 0.41 332.34 2.60
318.2 3.22 0.94 28.53 14.86 10.29 0.61 3.66 0.92 36.97 0.00 329.07 3.56
3.11 0.99 27.27 14.70 10.68 0.99 3.06 1.25 37.95 0.00 329.74 3.36
2.96 1.05 28.20 15.19 11.80 1.30 3.08 1.24 35.18 0.00 328.34 3.77
2.71 1.03 24.32 11.19 8.43 1.76 3.70 2.20 44.66 0.00 334.68 1.92
2.64 1.08 24.26 11.16 6.85 1.12 3.84 1.32 47.39 0.34 335.80 1.59
2.86 1.05 25.93 12.44 8.00 0.97 3.78 1.03 43.54 0.40 333.32 2.32
338.0 3.22 0.95 28.42 14.38 9.65 0.84 3.61 0.94 37.99 0.00 329.73 3.37
3.75 1.14 29.51 15.60 10.79 0.91 3.30 0.96 34.04 0.00 327.32 4.07
3.79 1.05 30.51 16.77 12.32 1.06 3.65 1.06 29.79 0.00 325.18 4.70
4.28 1.14 32.39 17.91 11.81 0.00 4.24 0.00 28.23 0.00 323.50 5.19

2 uncertainties u are u(T/K) = 0.1, combined u(w) = 0.0097; ° deviation in percentage between average molar mass of FAEE per tie line; ¢
mass fraction of each ester in FAEE.
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Figure 1. Individual fatty acid ethyl ester distribution coefficient (kj): (o) 298.2 K; (A) 318.2
K; (o) 338.2 K.

Table 4 presents the overall experimental compositions (OC) and the
correspondent tie line compositions, in mass fraction of each component for the pseudo-
ternary systems composed of glycerol (1) + ethanol (2) + FAEE (3). The overall mass
balance deviations calculated according to equation 4 were always lower than 0.45 %,
indicating good quality of the experimental data. The relative average deviations for mass
balance of each component, according to equation 5, were between 0.04 and 1.83.

Table 5 presents the adjusted binary interaction parameters for the NRTL model
of the systems under study. The average deviations between experimental and calculated
compositions in both phases (equation 10) were 0.8317 %, 0.5490 % and 0.9927 %,
respectively, for the systems at T/K = (298.2, 318.2 and 338.2). These results indicate
good description of LLE by the NRTL model for these systems.
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Tabela 4. Experimental (liquid-liquid) equilibrium data for the pseudoternary systems
glycerol (1) + ethanol (2) + FAEE (3), for mass percentage (100w) at T/K = (298.2, 318.2,
338.2).2

b c d

ocC ap ep
TK 100w, 100w, 100w, 100w, 100w, 100ws 100w, 100w, 100w,

14.65 44.66 40.69 25.99 64.01 10.00 2.72 24.91 72.37 0.09
20.37 39.54 40.09 37.14 58.67 4.19 1.74 1848 79.78 0.02
24.72 3492 40.36 45.62 52.46 1.92 1.26 1497 83.78 0.02
2982 30.00 29.90 40.10 54.52 44.70 0.78 092 1199 87.09 0.01
36.08 24.61  39.31 63.11 36.64 0.25 0.72 9.43 89.85 0.06
39.69 19.83 40.48 69.95 29.84 0.21 0.54 7.71 91.75 0.16
15.71 44.04 4025 2727 62.14 10.59 4.08 28.01 67.91 0.35
20.02 40.28 39.70 3555 59.06 5.39 2.64 2238 74.98 0.43
2441 35.09 40.50 45.37 52.33 2.30 1.87 17.88 80.25 0.11
3182 29.58 30.04 40.38 54.31 44.62 1.07 1.68 13.77 84.55 0.00
35.00 2458 4042 62.28 37.26 0.46 1.02 11.18 87.80 0.25
39.76 20.06 40.18 69.90 29.70 0.40 0.68 8.67 90.65 0.21
15.79 4457 39.64 26.66 59.9 13.44 7.67 3479 57.54 0.33
19.94 39.93 40.13 36.42 56.76 6.82 418 26.39 69.43 0.40
25.45 33.74  40.81 47.69 49.86 2.45 2.51 19.33 78.16 0.15
3382 30.03 30.34 39.63 55.35 43.44 1.21 1.86 16.20 81.94 0.01
3469 25.14 40.17 63.25 36.29 0.46 1.34 12.21 86.45 0.01
39.69 20.10 40.21 70.84  29.03 0.13 1.03 10.00 88.97 0.20

2 uncertainties u are u(T/K) = 0.1, u(w) = 0.0097; ° overall composition; ¢ glycerol rich-phase; ¢ ester
rich-phase; ® overall mass balance deviation according to equation 4.
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Table 5. Binary interaction parameters for NRTL model.

pair ij° A(0)/K A(0);/K A(1); A(1)ji aj
12 -1015.8000 -705.2800 4.4437 0.8836 0.1100
13 -4196.7000 -3165.3000 24.7510 15.4370 0.1515
23 -191.1500 1000.0000 3.0832 -3.7261 0.5700

& components of binary interaction.

According to Figure 2, miscibility between glycerol and FAEE is very low. The
bottom of the LLE diagram shows that for small mass fractions of ethanol, the presence of
glycerol and FAEE respectively in EP and GP are small. On the other hand, ethanol is
distributed in both phase and has greater affinity to the glycerol-rich phase as can be
observed from slope of the tie lines.

82



0.00

1.00

Figure 2. Liquid-Liquid Equilibrium Diagram of the systems glycerol (1) + ethanol (2) +
FAEE (3) at 298.2, 318.2 and 338.2 K: (w) mass fraction of the component; (---) NRTL at
298.2 K; (—) NRTL at 318.2 K; (---) NRTL at 338.2 K; ( ) NRTL plait point at 298.2 K;
(A) NRTL plait point at 318.2 K; (m) NRTL plait point at 338.2 K; (o) experimental data at
298.2 K; (A) experimental data at 318.2 K; (o)experimental data at 338.2 K.

The systems showed low dependence of the temperature in relation to the
solubility between the components mainly in the region near the baseline. The plait points
indicate that values suffer small modifications with temperature and binodal curves were

almost overlapping in the remote region from the plait point.

The glycerol distribution is highly dependent of the ethanol mass fraction in the
overall composition as can be observed by the increase of glycerol mass fraction in
glycerol-rich phase in opposition to its decrease in ester-rich phase as function of ethanol
mass fraction decrease in overall composition (Figure 2). This distribution increases with
the decrease of the ethanol mass fraction in the overall composition. This behavior affects
the separation and purification steps in the production of ethyl esters. Whereas a high
excess of ethanol is advantageous to the transesterification reaction, the purification and
settling steps are hampered by the presence of this reagent in excess due the improved
miscibility between glycerol and ethyl esters.
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Consequently, it is advantageous to perform the settling process in ethylic
biodiesel from crambe oil production in region remote from plait point, were the ethanol
composition is lower than next this point.

Considering the complete transesterification reaction, with 3 moles of ethanol in
excess, the final stoichiometric molar ratio would be equal to 1 (glycerol) : 3 (ethanol) : 3
(FAEE). In this case, the final mass fraction of each component would be 0.073, 0.1102,
0.8168, respectively, for glycerol, ethanol and FAEE. Using this overall composition and
the NRTL model, the liquid-liquid flash could be performed and the phase compositions
encountered. The glycerol mass fraction in the ester-rich phase is higher than 0.7 %,
indicating the necessity of additional purification of this phase for application as biodiesel
fuel.

Figure 3 presents the LLE predicted by UNIFAC-LLE. The model could not
represent the experimental data satisfactorily. It is not possible to observe a diminishing in
the phase separation region near to the plait point, as occurs with the experimental data.
At lower concentrations of glycerol in GP, the UNIFAC-LLE model predicted a lower
composition of ethyl esters and a higher composition in ethanol than observed to
experimental data. The slopes of the calculated tie lines were considerably more
accentuated than the tie lines draw from experimental data, representing a lower presence
of ethanol in EP than experimental data.
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Figure 3. Liquid-Liquid Equilibrium Diagram of the systems glycerol (1) + ethanol (2) +
FAEE (3) at 298.2, 318.2 and 338.2 K: (w) mass fraction of the component; (---) UNIFAC-
LLE at 298.2 K; (—) UNIFAC-LLE at 318.2 K; (---) UNIFAC-LLE at 338.2 K; (o)
experimental data at 298.2 K; (A) experimental data at 318.2 K; (o)experimental data at
338.2 K.

Figure 4 shows the calculated data using UNIFAC-ADJ. The description of the
LLE of the studied systems was improved by the adjustment of the parameter done by
Batista et al. [25]. There is a visible diminishing in the phase separation region of the
diagram with the increase of the ethanol in the systems near the plait point. The calculated
tie lines showed a behavior relatively better than using the UNIFAC-LLE.
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Figure 4. Liquid-Liquid Equilibrium Diagram of the systems glycerol (1) + ethanol (2) +
FAEE (3) at 298.2, 318.2 and 338.2 K: (w) mass fraction of the component; (---) UNIFAC-
ADJ at 298.2 K; (—) UNIFAC-ADJ at 318.2 K; (---) UNIFAC-ADJ at 338.2 K; (o)
experimental data at 298.2 K; (A) experimental data at 318.2 K; (o)experimental data at
338.2 K.

Despite of the improvement in the representation of the experimental data by
UNIFAC-ADJ, both sets of binary parameters could not predict the LLE of the systems with
the needed accuracy required for the optimization of the industrial processes design, as
can observed by deviations between experimental and calculated data in Table 6.

Table 6. Deviations (8) between experimental and UNIFAC calculated mass fraction.

TIK 5 (%) UNIFAC-LLE 5 (%) UNIFAC-ADJ
298.2 2.72 227
318.2 3.18 2.54
338.2 3.97 3.17
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5. Conclusions

The results of the present study show that ethanol is distributed in both phases
(EP and GP). Miscibility between FAEE and glycerol is extremely low. High quantities of
ethanol in the systems hamper the purification step during FAEE production. The
miscibility among the components in the systems is little dependent on temperature.
Despite the high complexity of the systems, the estimated parameters of the NRTL model
are representative. The applied parameters in UNIFAC calculations need to be readjusted
to adequate prediction of LLE of these systems. Application of these LLE data in the study
of similar systems contributes to improve the production and purification steps of ethyl

esters.
List of symbols

A(0);;,A(1);; NRTL characteristic energy interaction parameters

i G NRTL binary molecular energy interaction parameters
Gij NRTL parameter
T absolute temperature
a;j, aj; NRTL non-ramdomness binary interaction parameters
Tij» Tji NRTL binary molecular energy interaction parameters
124 mass fraction-scale activity coefficient of component i
M molar mass
w; mass fraction of component i
R residual part of equation
Cc combinatorial part of equation
vk number of times that group k is in molecule i
I residual activity coefficient of group k
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residual activity coefficient of group k in a solution only with

I ,
molecules of type i

Q group area parameter

q' van der Waals molecular area
Ry group volume parameter

r' van der Waals molecular volume
U interaction energy

0’ area fraction

o' volume fraction

G group numbers

ik component

m,nk components in NRTL model/ groups in UNIFAC model
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Appendix A

Activity coefficient y;” of NRTL model using mass fraction as concentration unity:

T;;Gii Wi TG iw;
25'(=1 e J/Mj | Yo Y /Ml ]
X | Ty

K
nyY = £y - ‘ A1
v K Gjiw; =11V Gyiwy k Guyw | (A1)
j=1 Mj J=1\ M) 2g=1 M, \ =1 Ml/

Gij = exp (—ocij‘rij) (A2)
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dii — Yjj

vy =22 (A.3)
a;j = @i (A.5)

Activity coefficient y}” of UNIFAC model using mass fraction as concentration unity:

Iny; = Inyf + Iy} (A.6)
G
InyR = z vl [lan - lani] (A.7)
k
G G 0, W
— — Xn 0n¥um
’ Qme Zrcn 1Jr(nj)v‘/'j
Oy = W; W, = o (A.9)
n<¥n’'n Z]- n VU Wj
G 1 G
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91 = Cl ,l ) (pl CL ,l (A10)
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Abstract

The aims of this study were to obtain experimental data related to Liquid-Liquid Equilibrium
(LLE) of systems containing glycerol + ethanol + ethyl biodiesel from macauba pulp oil,
perform thermodynamic modeling and simulate the settling step of this biodiesel using
simulation software. Binary interaction parameters were adjusted for NRTL and UNIQUAC
models. The UNIFAC-LLE and UNIFAC-Dortmund models were used to predict the LLE of
the systems. A sensitivity analysis was applied to the settling step to describe the
composition of the output streams as a function of ethanol in the feed stream. Ethanol had
greater affinity for the glycerol-rich phase. The deviations between experimental data and
calculated values were 0.44%, 1.07%, 3.52% and 2.82%, respectively, using the NRTL,
UNIQUAC, UNIFAC-LLE and UNIFAC-Dortmund models. Excess ethanol in the feed
stream causes losses of ethyl ester in the glycerol-rich stream and high concentration of
glycerol in the ester-rich stream.

Keywords

Biodiesel; Macauba Oil; Liquid-Liquid Equilibrium; Themodynamic Modeling; Sensitivity
Analysis

1. Introduction

Biodiesel, defined as mono-alkyl esters of fatty acid from vegetable oil or animal
fats, is an environmentally attractive alternative to conventional petroleum diesel fuel.
Produced by transesterification with a mono-hydric alcohol, biodiesel presents many
important technical advantages over petroleum diesel including low toxicity, derivation
from renewable feedstocks, superior biodegradability, negligible sulfur content, higher
flash point and lower exhaust emissions (Moser, 2009). In transesterification, the reaction
by which biodiesel is produced, the stoichiometric relationship between alcohol and oil is
3:1, however an excess of alcohol is typically employed to improve the reaction towards
the desired product. In transesterification using supercritical alcohols or in acid catalysis
transesterification/esterification, the initial molar ratio alcohol:oil used is about 39:1 and
29:1, respectivelly (Valle et al., 2010; Zhang et al., 2012). Typically, in alkali catalysis,
either sodium or potassium hydroxide is used as catalyst along with methanol or ethanol
and any type of oil or fat (Marchetti et al., 2007).
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Despite its elevated price in relation to methanol, the advantages of using ethanol
in biodiesel production include higher miscibility with vegetable oils that allows better
contact in the reaction step and lower toxicity. Although commercial processes use
vegetable oils and methanol in the transesterification reaction, the use of ethanol in
biodiesel synthesis is appealing because it is produced from biorenewable sources,
resulting in a completely agricultural-based fuel obtained by ethanolysis (Encinar et al.,
2002; Stamenkovic et al., 2011). Based on this point of view, in recent years, several
different technologies have been considered to optimize ethyl biodiesel production
(Sawangkeaw et al., 2011; Kanitkar et al., 2011; Zhang et al., 2012).

The melting point, oxidative stability and viscosity are important physical
properties of biodiesel. Melting point, the property related to biodiesel cold flow, is affected
by molecular weight, number and configuration of double carbon bonds and branching of
the carbon chain (Knothe and Dunn, 2009). Oxidative stability is associated to tendency of
biodiesel to suffer autoxidation and, indirectly, polymerization. This property is inversely
related to the degree of unsaturation of alkyl esters (Knothe et al., 2005). Viscosity is one
of the most important factors affecting the in-cylinder atomization process in direct-
injection diesel engines (Yuan et al., 2009). Viscosity is reduced by shorter chain length
and the presence of cis-double bonds. The trans-double bonds have less effect on
viscosity compared to saturated compounds with an equal number of carbons. An OH
group in the chain considerably increases viscosity (Knothe and Steidley, 2007).

Biodiesel from macauba pulp oil is composed mainly of intermediate alkyl esters
(16 and 18 carbons in the fatty acid chain), with more than fifty percent monounsaturated
alkyl esters and about twenty five percent esters from palmitic acid (Coimbra and Jorge,
2012). Therefore, when considering the melting point, oxidative stability and viscosity
related to chemical composition, esters from macauba pulp oil make up an interesting raw
material for biodiesel production.

Ethyl biodiesel is produced in countries were ethanol is readily available. Two
immiscible phases are formed in the settling step of ethyl biodiesel purification, an upper
phase composed mainly of biodiesel and ethanol, and a lower phase composed mainly of
glycerol and ethanol; therefore, design of this step in the biodiesel production process is
directly related to the study of Liquid-Liquid Equilibrium (LLE) in systems containing these

components.
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Different thermodynamic models, using association parameters, have been used
in LLE modeling of systems containing glycerol + short chain alcohol + fatty acid alkyl
esters. Barreau et al. (2010), using a group contribution method combined with a statistical
associating fluid theory equation of state (GC-PPC-SAFT) in modeling of systems
containing methanol + glycerol + methyl oleate, reported an overestimated region of phase
separation and an underestimated solubility of methyl ester in glycerol rich-phase by this
model. Oliveira et al. (2011) and Follegatti-Romero (2012), using cubic plus association
equation of state (CPA-EQOS) in modeling of systems containing glycerol + ethanol + ethyl
biodiesel from canola oil or different pure ethyl esters obtained average deviationsof 2.6
%, for the firstand ranging from 2.7 to 12.5 %, for the last. Andreatta et al. (2008) and
Andreatta et al. (2012), modeling systems containing glycerol + methyl oleate + methanol
or ethanol, obtained average and maximum deviations, respectively, ranging from 0.004 to
0.006 and from 0.012 to 0.047 (system with methanol), and ranging from 0.001 to 0.004
and from 0.009 to 0.012 (system with ethanol) using a group contribution model with
association equation of state (GCA-EQOS). In these two last works, the same systems were
modeled using a UNIFAC with association (A-UNIFAC) activity coefficient model,
resulting on average and maximum deviations ranging from 0.005 to 0.007 and from 0.011
to 0.065 (system with methanol), and ranging from 0.001 to 0.0013 and from 0.002 to
0.036 (system with ethanol).

The use of NRTL and UNIQUAC has resulted in low deviations between
experimental and calculated data. Lee et al. (2010), using NRTL and UNIQUAC in the
modeling of systems containing glycerol + methanol + methyl oleate or methyl linoleate,
obtained average deviations, respectively, ranging from 0.0075 to 0.0196 and from 0.0049
to 0.0071. Basso et al. (2012), in the modeling of system containing glycerol + ethanol +
ethyl biodiesel from crambe oil, obtained average absolute deviations ranging from 0.53 to
0.99 %. Mesquita et al. (2011) used NRTL in modeling of systems containing glycerol +
ethanol + ethyl biodiesel from soybean or from sunflower oil, resulting on deviations,
respectively, ranging from 1.8 to 2.5 % and from 1.4 to 1.6 %.

The use of the NRTL and UNIQUAC models have resulted in properly description
of these systems. At same time, UNIFAC (LLE or DRTM) are the most used models in
design analysis and process simulation due their predictive capability, wide range of
applicability and large amount of group interaction parameters. Moreover, these four
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models are previously programmed in simulation software Aspen Plus which allow their
ready use in a great variety of process analysis.

Despite of the previously studies, there are little data about LLE of real systems
containing ethyl biodiesel + ethanol + glycerol. At same time, only one among the
published studies in scientific literature (Basso et al, 2012) quantifies each individual fatty
acid alkyl ester in both phases, which really proves the pseudo-component concept in
relation to behavior of LLE of biodiesel and allows a deeply analysis of these multi-
component systems by group contribution models  without additional assumptions.
Furthermore, despite of the importance of the settling step in biodiesel production due to
the losses of biodiesel in the glycerol rich-phase and the contamination of biodiesel rich-
phase with glycerol, comparisons between thermodynamic gF models in the sensitivity
analysis of this step in ethyl biodiesel production by simulation software are not found in
scientific literature.

At this way, the objective of the present study was obtain LLE data for systems
composed of glycerol (1) + ethanol (2) + fatty acid ethyl esters from macauba pulp oil (3) at
298.2 K, adjust parameters of the NRTL and UNIQUAC models and test the predictions for
the LLE of the system based on UNIFAC-LLE and UNIFAC-Dortmund (UNIFAC-DRTM)
models. Additionally, a sensitivity analysis was performed by varying the mass fraction of
ethanol at the beginning of a hypothetical settling for a system containing glycerol and
ethyl biodiesel from macauba pulp oil to test the influence of ethanol in excess in the
biodiesel settling and how the LLE behavior of this system is affected according to the

thermodynamic model used in simulation.

2. Methods

2.1. Experimental procedure

2.1.1. Material

Crude macauba pulp oil was graciously supplied by Paradigma Oleos Vegetais
Ltda (Jaboticatubas/MG, Brazil). Prior to biodiesel production, the oil was homogenized
and neutralized in the laboratory.

Glycerol (Sigma, > 0.99; water < 0.003), ethanol (Merk, > 0.999), methanol
(Honeywell, 0.9999), anhydrous sodium hydroxide (Carlo Erba, > 0.97), ethyl myristate
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(Tecnosyn, > 0.99) and glacial acetic acid (Ecibra> 0.997) were used in the diverse stages
of this work with no further purification.

2.1.2. Biodiesel production

Biodiesel from macauba pulp oil was obtained by alkaline catalysis. Sodium
hydroxide (1% in relation to vegetable oil weight) was dissolved, prior to reaction, in
ethanol under vigorous agitation in a magnetic stirrer. The reagent molar ratio was 1:6
(oil:ethanol), considering the average molar mass of triacylglycerols in macauba pulp oil.
The reaction was maintained for one hour under agitation at room temperature

(approximately T/K = 298) before being stopped by the addition of glacial acetic acid.

This mixture was then transfer to a separatory funnel for glycerol decanting.
Deionized water was used to wash the system at least five times for removal of residual
soaps, glycerol and ethanol. The pH of the washing water was monitored with a
phenylalanine alcoholic solution, and residual water was removed by filtration of the ester
in sodium sulphate.

A distilled fatty acid ethyl ester mixture from macauba pulp oil (FAEE) was
obtained by distillation under approximately P/mmHg = 2.25 and T/K = 508.15.

2.1.3. Liquid-liquid equilibrium experiments

LLE jacketed glass cells (about 50 cm®), with one lower and one upper canal for
sample removal, were used for determination of LLE data. Each component was weighted
on a Precisa analytical balance, model XT 220A (Sweden), accurate to m/g = 0.0001. The
mixtures were vigorously agitated for 20 min with a Cole Parmer magnetic stirrer, model n°
4817. All systems were left to rest for at least 12 h with temperature maintained at T/K =
298.2 using a Cole Parmer thermostatic bath, model 12101-55, (Chicago, USA) accurate
to T/K = 0.1. Two clear layers and a well defined interface were formed when the systems
reached the equilibrium state, where the upper layer was the ester-rich phase (EP) and the
lower layer the glycerol-rich phase (GP).

2.1.4. Analytical methodology

Composition of the fatty acid ethyl esters mixture was determined using a Perkin
Elmer gas chromatographic system, Clarus 600, FID detector, with an Agilent capillary
column (crossbond, 50% cyanopropylphenyl — 50% dimethylpolysiloxane), length of 30 m,
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internal diameter of 0.25 mm and film thickness of 0.25 um, according to the methodology
described by Basso et al. (2012).

Glycerol, fatty acid ethyl esters and ethanol where quantified by a minimum of
three repetitions in each equilibrium phase by a Perkin Elmer gas chromatographic
system, Clarus 600, FID detector, with an Agilent capillary column (crossbond, 50%
cyanopropylphenyl — 50% dimethylpolysiloxane), length of 30 m, internal diameter of 0.25
mm and film thickness of 0.25 ym according to the methodology developed by Basso et al.
(2012). Each component in the liquid-liquid equilibrium phases was quantified by a
different calibration curve, using nine concentration levels of pure ethanol, eight
concentration levels of ethyl myristate (as standard of ethyl ester class) and eleven
concentration levels of pure glycerol. The higher combined uncertainty in relation to the
three calibration curves was 0.0037.

2.2. Calculation approach

2.2.1. Calculation of deviations in mass balance

Validity of the LLE data was evaluated according to the procedure developed by
Marcilla et al. (1995) and applied by Rodrigues et al. (2005). In this procedure, the sum of
the calculated mass in both liquid phases is compared with the actual value for total mass
used in the experiment. The mass balance of each component can be calculated

according to equation (1).
MOCWL-OC — MGPWiGP + MEPWL_EP (1)

where i represents each component of the system; M%¢ is the mass of the overall
composition (initial mixture); M%? and MEP are the total masses of the glycerol-rich and
ester-rich phases, respectively; w’¢ is the mass fraction of component i in the initial
mixture; and, wff and wfF are the mass fractions of the component i, respectively, in the

glycerol-rich and ester-rich phases.

When applying K equations related to K balances, the values of M“? and MEP
can be calculated from the experimental mass fraction of component in both phases (wf?

and wf?) by least square fitting. Considering M as the matrix formed by the values of wfc,
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B as the transformation matrix formed by wf? and wf? and P as the matrix formed by the

masses of the phases M¢P and MEP, the system can be mathematically described as:
M=B-P (2)
Equation 2 can be transformed into the expression below:
P =(B"B)'B™M (3)

where BT is the transposed matrix of B and (BTB)~! is the inverse matrix of (BT B).

Thus, the values of M%? and MEP which minimize the deviations of the system
can be obtained, and the sum of M? and MEP can be compared to M°¢ to calculate the

overall mass balance deviation by:

|(MGP + MEP) _ M0C|

- (4)

5(%) = 100

The relative average deviation for the mass balance of each component is given
by:

N GP psGP EP 3 EP 0C ps0C

w M +wio M —w; M

5:(%) = E [100-|( L = OC) M| (5)
— win M

where n is the tie line number and N is the total number of tie lines at each temperature.

Relative deviations in average molar mass of FAEE in the glycerol-rich and ester-
rich phases in relation to average molar mass of the original biodiesel from macauba pulp
oil was calculated according to equation 6:

|#P — 17om|

Mbm (6)

d=100-
where M? is the average molar mass of the FAEE pseudo-component in the glycerol-rich

or ester-rich phase and MP™is the average molar mass of the original biodiesel from

macauba pulp oil.
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2.2.2. Othmer - Tobias equation

In addition to the mass balance, the LLE of the systems was tested according to
Othmer and Tobias (1942), equation 7.

(1 -wi") (1 —ws")
logT a+b- lOgT (7)

where wEP is the glycerol mass fraction in the ester phase, w¢® is the FAEE mass fraction
in the glycerol phase, a is the linear coefficient and b is the angular coefficient.

2.2.3. Modeling procedure

Modeling was performed using the simulation software AspenPlus (Aspen
Technology). Average deviations between the experimental and calculated compositions
in both phases were determined according to equation 8.

Aw = 100 - (8)

{[Zn ZK( GPexp _ GPcalc) +( EP,exp _ EPcalc) ] /Zl

2NK

\ )

2.2.3.1. NRTL and UNIQUAC modeling approaches

The experimental data measured were used to adjust all binary interaction
parameters of the NRTL and UNIQUAC models. In relation to these thermodynamic
models, the mixture of fatty acid ethyl esters was treated as a single ethyl ester with a
molecular structure that presents the average molar mass of the ethyl ester mixture. In the
pseudo-molecule structure assembling, the quantity of each group, taken according to
UNIFAC groups, presents in each ethyl ester molecule, was weighted by its molar fraction
and rounded to the closest integer number. This approach assumes that the mixture of
different fatty acid ethyl esters behaves similarly in the systems. The validity of this
approach, considering a mixture of ethyl esters from crambe oil as a pseudo-component,
was proved by Basso et al. (2012) who obtained maximum deviation between the average
molar mass of esters in both phases and the molar mass of the pseudo-component equal
to 5.22%. Other authors used the pseudo-component approach in relation to vegetable
oils, considering them as pseudo-components with an average molar mass of the
triacylglycerol mixture (Rodrigues et al., 2005; Batista et al. 1999; Lanza et al., 2008).
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The NRTL model, developed by Renon and Prausnitz (1968), is described as:

ny, = 2255 4Gy X TG .
b Yk xkGri ; Y xk Gy 2k Xi G j ()
Gij = exp (—a;;Tj) (10)
ij = T 11
TU T ( )
7 =0;G; =0 (12)

where y; is the activity coefficient of component i; x; is the molar fraction of the component
i in the mixture; Gy is the NRTL parameter; 7;; is the NRTL binary molecular energy

interaction parameter; a;; is the NRTL non-randomness binary interaction parameter; T is
the absolute temperature; b;; is the NRTL adjustable parameter; and i,j,k,mare

components of the systems.

The UNIQUAC model, presented by Abrams and Prausnitz (1975), is represented by:

d’ Z qi E] ]TL] ¢LZ
Iny; = In— x; +3 qlln —q;ln Ok Thi — Zk 0, T4 +hit+aqi— X; : Xj l] (13)
qix
0; = 14
' 2k Qi Xk (14)
¢ _ rixi 15
L 2k Tk Xk (15)
z

li=§(ri—qL‘)+1—Ti (16)
= i 17
Ty =exp | (17)
r = z ViR i = Z A (18)

k k
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where ¢; is the volume fraction of the component i; z is the coordination number (equal to
10); 6; is the area fraction of component i; r; is the volume parameter for component i; g;
is the surface area parameter for component i; 7;;is the UNIQUAC parameter; b;jis the
UNIQUAC adjustable parameter; R, and Q, are, respectively, the group volume parameter
and the group area parameter calculated according to Bondi (1968).

2.2.3.2. UNIFAC modeling approach

The UNIFAC thermodynamic model was used to predict the LLE of the system.
Structural molecular groups selected to represent the studied systems were “CHj”, “CH,”,
“CH”, “CH=CH”, “CH,COQO” and “OH".

UNIFAC-LLE and UNIFAC-DRTM were used to test the prediction capability of
LLE data. The model denoted as UNIFAC-LLE was presented by Fredenslund et al.
(1975), and its binary interaction parameters for LLE were updated by Magnussen et al.
(1981). The model denoted as UNIFAC-DRTM was presented by Weidlich and Gmehling
(1987), and the binary interaction parameters for LLE used were updated by Gmehling et
al. (2002).

All individual fatty acid ethyl esters were considered for UNIFAC modeling
calculations. Thus, the systems were represented by glycerol, ethanol and six fatty acid
ethyl esters. However, in ternary diagram representations the esters were grouped by the
addition of each individual ester mass fraction, and the systems were graphically
represented as a pseudo-ternary system containing glycerol (1) + ethanol (2) + FAEE (3).

The ternary diagrams were represented using the mass fractions obtained by the
UNIFAC-LLE and UNIFAC-DRTM models to compare the different behavior of the LLE in
relation to the parameters applied.

2.3. Sensitivity analysis

The sensitivity analysis was performed using the simulation software AspenPlus
(Aspen Technology). Two molecular models, NRTL and UNIQUAC, with the respectively
sets of regressed parameters, as well as two different predictive models, UNIFAC-LLE and
UNIFAC-DRTM, were used in the process analysis. A fixed molar ratio of 1 (glycerol) to 3
(FAEE) in the feed stream (FS) was considered as the result for completely conversion of
1 mol of triacylglycerols from macauba oil into 1 mol of glycerol and 3 moles of fatty acid
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ethyl esters. Thus, the effect of different excessive ethanol quantities at the end of the
transesterification reaction in the biodiesel settling step was analyzed. At this way, the
mass flow of ethanol in the FS was gradually increased up to the point that the system did
not split in two different phases.

3. Results and discussions

Table 1 shows that the fatty acid ethyl ester mixture from macauba pulp oil
contained more than 20% ethyl palmitate and 61% monounsaturated fatty acid ethyl
esters, of which about 4% are ethyl ester from palmitoleic acid. The average molar mass
of the FAEE as pseudo-component, calculated from this ethyl ester profile, was 303.29
M/(g-mol™) which was rounded to the pseudo-molecule with molar mass equal to 310.52
M/(g-mol™).

Table 1. Ethyl ester composition of FAEE.

fatty acid group Molecular M

in ethyl ester Component Formula (g -mol-1) 100w"
C16:0 Hexadecanoic acid, ethyl ester CqgH3605 284.48 20.78
C16:1 (2)-9-Hexadecenoic acid, ethyl ester CqgH3405 282.46 3.97
C18:0 Octadecanoic acid, ethyl ester CooH40052 312.53 2.79
C18:1 (£)-9-Octadecenoic acid, ethyl ester CyoH3505 310.51 57.37
C18:2 (Z,2)-9,12-Octadecadienoic acid, ethyl ester CyoHz0,  308.50 14.13
c18:3 (Z,2,2)-9,12,1 5-00t:(sjteec;atrienoic acid, ethyl CooHaiOs 306.48 0.96
FAEE

(pseudo- 303.29
component)

% ethyl ester mass fraction in FAEE

Each of the individual fatty acid ethyl ester compositions per tie line is shown in
Table 2. The average molar mass of the ester mixtures in each phase of all systems was
calculated. The deviation between each average molar mass and the molar mass of the
pseudo-molecule were compared to verify the validity of representing the ester mixture for
the entire system by this assumption. All deviations were similar, in the range from 1.60%
to 2.85%, indicating that ethyl esters behave similarly in each phase of all systems. The
low deviation in average molar mass of both phases indicates that representing FAEE as a
pseudo-molecule can be applied to the systems in this study.
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The linear, angular and linear correlation coefficients, a, b and R?, obtained from
Othmer and Tobias equation (equation 7) were 1.251, 0.334 and 0.9893, respectively.
Approximation of R? to one indicates the good consistency of LLE experimental data.

Combined uncertainties from chromatographic analysis of the GP and EP were
lower than 0.0146, indicating good accuracy of the analytical procedure. The maximum
deviation in the mass balance per tie line, calculated according to equation 4, was
0.1452% (Table 3), demonstrating the good quality of the LLE experimental data. This
result confirm the good linear correlation coefficient (R%) obtained in equation 7.
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Table 2. Individual fatty acid ethyl ester composition per tie line in each phase at T/K = 298.2°.

Glycerol-rich phase

C18H3602 C18H3402 C20H4002 C20H3802 CZOHSGOZ C20H3402 60
100w 100w 100w 100w 100w 100w M/(g - mol™H)" (%)
25.86 4.72 2.32 51.38 14.68 1.04 301.6727 2.85
22.91 5.37 1.81 52.74 15.98 1.19 302.2393 2.67
23.83 5.50 1.87 51.65 15.90 1.25 301.9518 2.76
17.57 6.78 1.40 53.97 18.80 1.48 303.1920 2.36

7.05 8.26 0.99 59.47 22.32 1.91 305.5332 1.60
16.53 7.42 1.34 55.24 17.16 2.31 303.2855 2.33

Ester-rich phase

C18H3602 C18H34O2 C2OH4OO2 C2OH3802 C2OH3602 C2OH34O2 6C
100w 100w 100w 100w 100w 100w M/(g - mol~1)" (%)
20.97 3.80 2.68 57.79 13.90 0.86 303.2922 2.33
21.13 3.82 2.65 57.65 13.89 0.86 303.2392 2.34
21.42 3.85 2.62 57.36 13.90 0.85 303.2392 2.34
21.18 3.85 2.63 57.62 13.85 0.87 303.2195 2.35
21.44 3.85 2.64 57.22 13.98 0.87 303.1445 2.37
20.95 3.90 2.59 57.62 14.07 0.87 303.2625 2.34

% relative uncertainties u are u(T/K) = 0.1, combined u(w) = 0.0146; ® average molar mass of pseudo-component
biodiesel in each phase per tie line; ° deviation between average molar mass of FAEE in phase and
molar mass of pseudo-molecule.
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Table 3. Liquid-liquid equilibrium data for pseudo-ternary system ethanol (1) + glycerol (2)
+ FAEE (3) at T/K = 298.2

Overal composition Ester-rich phase Glycerol-rich phase
100w; 100w, 100wz 100w; 100w, 100w; 100w; 100w, 100w; O (%)°

20.00 39.99  40.01 202 2062 7736 3729 5768 5.03 0.1320
25.00 35.00 40.00 1.71 16.55 81.74 4730 5049 2.21 0.1452
30.17 30.19  39.64 1.15 13.14 85.71 55,50 43.41 1.09  0.0483
35.14 2495  39.91 0.77 10.38 88.85 63.57 36.12 0.31 0.1290
39.99 19.99 40.02 0.59 7.89 91.52 70.15 29.75 0.10 0.1246
45.21 1494 39.85  0.41 5.58 94.01 78.07 2189 0.04 0.0309

%relative uncertainties u are u(T/K) = 0.1, combined u(w) = 0.0146; °overall mass balance deviation
according to equation 4.

The overall, ester-rich phase and glycerol-rich phase compositions of each tie
line, considering the systems as pseudo-ternary, were presented in Table 3.The NRTL and
UNIQUAC binary interaction parameters are showed in Table 4. Average deviations
between experimental and calculated composition, obtained from equation 8, were 0.44%
and 1.07% respectively to the NRTL and the UNIQUAC models. The NRTL model
accurately described the LLE behavior of the systems. On the other hand, the UNIQUAC
model does not show the same precision, although it can be used for description of the
system in an appropriate way. This relative high deviation is mainly due to poor description
of the tie line containing higher mass fraction of ethanol in the overall composition, close to
the plait point, resulting in a relative high deviation of 2.32%.

Table 4. UNIQUAC and NRTL model binary interaction parameters of the systems
containing glycerol + ethanol + FAEE.

UNIQUAC NRTL

pair ij® bij bji bij bji a (0)ij=a (0)ji
glycerol-ethanol ~ -765.6455  283.9823 -121.1653  410.6344 0.3529
glycerol-FAEE  -219.7569  -449.7753 5670.2749  1476.0039 0.1564
ethanol-FAEE 63.9871  -246.9285 660.7830  134.0654 0.7037

& component of binary interaction

LLE data calculated by the NRTL and the UNIQUAC models are similar in the
glycerol-rich phase side for the region containing more than about 40% of glycerol, and in
the region close to the bottom of the ternary diagram, where the calculated binodal curves
almost overlap, as can be observed in Figure 1. At the region of binodal curves around the

plait points, between about 40% of glycerol in the GP to 65% of ester in the EP, the
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binodal curve calculated by the NRTL model showed a larger region of phase separation.
The plait point calculated by the UNIQUAC model in relation to the plait point calculated by
the NRTL model is slightly displaced to the region near the top of diagram, where the
mass fraction of ethanol is high. Tie lines calculated by the NRTL model and the
experimental data almost overlap, indicating an accurate description of the LLE for the
system by the model and confirming the low deviations between experimental data and
calculated compositions. The UNIQUAC model does not properly describe the two tie lines
in region containing greater ethanol concentrations, although the other four calculated tie
lines almost overlap the experimental data.

0.00 0.25 0.50 0.75 1.00

Figure 1. Liquid-Liquid equilibrium diagram of the system containing glycerol (1) + ethanol
(2) + FAEE (3) at T/K = 298.2: (w) mass fraction of the component; (—) NRTL; (---)
UNIQUAC; (e) NRTL plait point; (m) UNIQUAC plait point; (o) experimental data.

The UNIFAC-LLE and UNIFAC-DRTM models underestimated the ethanol mass
fraction in the EP, however this effect was greater when using the first model. Similarly,
the predictive models overestimated the ethanol mass fraction in the GP, especially in the
region near the plait point. Thus the slope of the calculated tie lines was more accentuated
than the slope of the experimental tie lines, according to Figure 2. These two models
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underestimated the decrease in phase separation as a function of the increase in the
ethanol mass fraction. At same time, UNIFAC models underestimated the glycerol content
in ester rich-phase and underestimated the ester content in glycerol rich-phase at high
ethanol mass fraction. Both models result in higher deviations between calculated and
experimental tie lines in regions with increased ethanol concentrations. These deviations
decreased gradually until the region near the bottom of the diagram where minor
deviations values were observed. Average deviations between experimental and
calculated mass fractions according to equation 8 were 3.52% and 2.82%, respectively,
using the UNIFAC-LLE and UNIFAC-DRTM.

P y Y S > ; Y ) 3 0.00
0.00 0.25 0.50 0.75 1.00
W

Figure 2. Liquid-Liquid equilibrium diagram of the system containing glycerol (1) + ethanol
(2) + FAEE (3) at T/K = 298.2: (w) mass fraction of the component; (—) UNIFAC-DRTM,;
() UNIFAC-LLE; (o) experimental data.

Similar improperly description in LLE modeling of systems containing metanol,
glicerol and methyl oleate was obtained by Barreau et al. (2010) using group contribution
method combined with a statistical associating fluid theory equation of state (GC-PPC-
SAFT). They reported an overestimated region of phase separation and an

underestimated solubility of methyl ester in glycerol rich-phase.
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In a hypothetical complete transesterification reaction initiated with 3 moles of
excess ethanol, which is typical in alkaline catalyzed reactions the final stoichiometric
molar ratio would be equal to 1 (glycerol) : 3 (ethanol) : 3 (FAEE), resulting in mass
fractions respectively equal to 0.08 : 0.12 : 0.80. This composition may be considered as
the FS of an ideal decanter during biodiesel settling. By simulating this biodiesel
purification step using the simulator AspenPlus (Aspen Technology), the compositions of
the glycerol-rich stream (GRS) and of the ester-rich stream (ERS), according to the
thermodynamic model used, are presented in Table 5. The compositions obtained by the
NRTL model, which resulted in minor deviations in relation to the experimental data, and
the UNIQUAC model were similar for both streams. From these results, glycerol
concentrations in the ERS are about 0.7%, greater than 0.02% which is the maximum level
accepted according to biodiesel quality standards, indicating the need for additional
purification of this phase for application as biodiesel fuel. On the other hand, based on the
results obtained by the predictive models, the glycerol concentration in the ERS would be
much lower, and according to the results of the UNIFAC-LLE, the ERS would exempt
further purification with respect to glycerol removal for use as biodiesel fuel. In contrast,
the UNIFAC-LLE model overestimates FAEE losses in the GRS.

Table 5. Stream compositions in the settling simulation, considering the feed stream molar
composition 1 (glycerol) : 3 (ethanol) : 3 (FAEE), according to each thermodynamic model

used.
Glycerol-rich stream Ester-rich stream
Models a " " a "
100w4® 100w, 100ws 100w 100w, 100ws
NRTL 65.53 34.13 0.34 0.74 9.31 89.95
UNIQUAC 65.48 34.18 0.34 0.71 9.29 90.00
UNIFAC-LLE 49.06 50.26 0.68 0.02 4.62 95.36
UNIFAC-DRTM 54.80 45.04 0.16 0.03 6.44 93.53

% w1, Wp, W3 are, respectively, mass fractions of glycerol, ethanol and FAEE.

In the sensitivity analyses, while the NRTL and UNIQUAC models determined a
phase split up to, respectively, 43.4% and 39.6% of ethanol in the FS, the UNIFAC-LLE
and UNIFAC-DRTM models determined phase separation up to, respectively, 77.1% and
74.0%. Figure 3 shows the two predictive models, compared to molecular models,
underestimate FAEE losses in the GRS above 25% of ethanol in FS. The increasing of
ethanol, from this level, results in higher differences between FAEE in GRS calculated by
molecular and predictive models. The NRTL model indicated a greater FAEE mass
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fraction in the GRS compared with the UNIQUAC model, where this difference increased
as a function of the mass fraction of ethanol in the FS. As can be observed at Figure 4,
considering the ERS composition, both NRTL and UNIQUAC models presented similar
results up to about 30% of ethanol in the FS, where after this point the UNIQUAC model
overestimates the glycerol mass fraction in the ERS. The UNIFAC-LLE and UNIFAC-
DRTM models did not present accurate description of the composition of the ERS.

Behavior of the sensitivity analysis is in accordance with what was indicated by
the ternary diagram. Considering that the NRTL model properly described the LLE
behavior of the systems, this analysis indicated that use of the UNIFAC-LLE and UNIFAC-
DRTM models in design analysis involving LLE for systems containing glycerol + ethanol +
FAEE can cause severe errors in predicting stream compositions, and consequently in
stream flows of biodiesel settling. It can be observed that during biodiesel purification,
biodiesel settling should occur with a low mass fraction of ethanol to avoid FAEE losses in
the GRS and diminish the glycerol content in the ERS. In processes that utilize large
amounts of excess ethanol, such as acid catalysis or transesterification/esterification at
high pressures, it is recommended that ethanol is partially or completely removed prior to
the settling step.

40 -
35

30

GRS
3

25—

100w

20

Figure 3. FAEE (3) concentration in the glycerol-rich stream (GRS) as a function of

ethanol (2) in the feed stream (FS): (—) NRTL, (---) UNIQUAC, (---) UNIFAC-LLE, (=)

UNIFAC-DRTM.
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Figure 4. Glycerol (1) concentration in the ester-rich stream (ERS) as a function of ethanol

(2) in the feed stream (FS): (—) NRTL, (--) UNIQUAGC; (-) UNIFAC-LLE, (=) UNIFAC-

DRTM.

4. Conclusions

Ethanol has greater affinity for the GP than the EP in LLE of systems containing
glycerol + ethanol + FAEE from macauba pulp oil. Large quantities of ethanol in the
systems hamper biodiesel purification by settling. The NRTL model represented more
accurately the LLE of the system than the UNIQUAC model. The UNIFAC-LLE and
UNIFAC-DRTM models, using the sets of parameters from literature, are not
recommended to represent the LLE behavior of the system in study without further
adjustment. LLE data and molecular thermodynamic models can be used to improve the
biodiesel production process design.
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Abstract

The goals of this work were to present liquid-liquid equilibrium data of the system
containing glycerol + ethanol + ethyl biodiesel from fodder radish oil; adjust binary
parameters of the NRTL model based on thermodynamic modeling of this system and
simulate different mixer/settler flowsheets in the biodiesel purification steps. In
thermodynamic modeling, the deviation between experimental data and calculated values
was 0.97%. After the transesterification reaction, with 3 mols of excess ethanol, the
glycerol mass fraction in the ester-rich phase is 0.06% after the separation of the glycerol-
rich phase. Removal of ethanol and glycerol from biodiesel to the level required for the
biodiesel standard requirement can be performed using two sets of countercurrent
mixer/settler, using 0.27% of water in relation to ester content in the feed stream.

Keywords

Biodiesel; Liquid-Liquid Equilibrium; NRTL; Themodynamic Model; Biodiesel Purification;
Fodder Radish QOil

1. Introduction

The chemical transformation of lipid feedstock to biodiesel involves the
transesterification of glyceride species with alcohol to alkyl esters (Lotero et al., 2005).
This is an equilibrium reaction in which the presence of a catalyst, typically a strong acid or
base, considerably accelerates adjustment of the equilibrium, and in order to achieve a
high either yield, the alcohol is used in excess (Schuchardt et al., 1998). Even though
transesterification is feasible using homogeneous base-catalysts, this process has some
limitations that translate into high biodiesel production costs. Some technical requirements
in this type of process include the demand for lipid feedstocks with low free fatty acids,
since these compounds react with metal hydroxides forming soaps, and low water content
in the system, because this substance causes hydrolysis of alkyl ester into free fatty acids
(Lotero et al., 2005). Alternatives to this process are acid catalysis and alcohols in
supercritical conditions, that use high molar alcohol:oil ratios ranging from 12:1 to 50:1
(Sawangkeaw et al., 2011; Zhang et al., 2003), instead of 6:1 used in the traditional

alkaline reaction.

Ethyl biodiesel is produced in countries were ethanol is readily available. Despite
its elevated price in relation to methanol, the advantages of using ethanol in biodiesel
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production include higher miscibility with vegetable oils that allows better contact in the
reaction step and lower toxicity. In addition, the use of ethanol in biodiesel synthesis is
appealing because it is produced from biorenewable sources, resulting in a completely
agricultural-based fuel obtained by ethanolysis (Encinar et al., 2002; Stamenkovic et al.,
2011). Based on this point of view, in recent years several different technologies have
been considered to optimize ethyl biodiesel production (Valle et al., 2010; Kanitkar et al.,
2011; Zhang et al., 2012).

Fodder radish (Raphanus sativus) has excellent ability to recycle soil
micronutrients, has rapid plant growth (150 — 200 days), low agronomic nutrient demands
and low cultivation cost per hectare. lts oil has a heterogeneous fatty acid profile,
containing about 60% monounsaturated acid, (mainly oleic acid, gadoleic acid and erucic
acid), 18% linoleic acid and 12.5% linolenic acid as its main fatty acid components. The
chemical composition, its agricultural characteristics and its ester physical properties make
this oil an interesting alternative to biodiesel production (Valle et al., 2010; Domingos et al.,
2008; Crusciol et al., 2005).

After the transesterification reaction, glycerol is separated by settling or
centrifuging, forming two different phases, an ester-rich phase (EP) and a glycerol-rich
phase (GP). Considering a typical alkaline catalysis, using 3 moles of excess ethanol in
the reaction and an ideal settling, the EP has a very low glycerol content, about 0.7 %
(Basso et al., 2012; Basso et al. 2013a), due to the low solubility between glycerol and
ethyl esters. Similarly, studying catalyst distribution between the GP and EP with methanol
in the system, Chiu et al. (2005) measured a very low mass fraction of potassium
hydroxide in the EP, lower than 0.00061 when in equilibrium with the GP. In the sequence
of this separation step, EP is purified before being used as a biofuel (Atadashi et al., 2011;
Berrios and Skelton, 2008). The biodiesel standard requirement for the final content of the
three major compounds related to the biodiesel synthesis and purification, glycerol, alcohol
and water, are 0.02%, 0.2% and 0.05%, respectively.

Water washing is very effective in removing contaminants from biodiesel in
purification steps due to the high solubility of a set of compounds in this solvent. This
process can reduce alcohol and residual free glycerol levels down to biodiesel standard
quality requirements and can be efficiently carried out at ambient temperature, because
this is the most economical condition for biodiesel purification (Atadashi et al., 2011;
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Berrios and Skelton, 2008). Glisic and Skala (2009), studying design and optimization of
the purification procedure for biodiesel washing, it was observed that for complete removal
of NaOH from the EP, a multistep water washing must be used. In this step of the
biodiesel production process, two immiscible phases are formed, one EP and one water-
rich phase (WP), where the alcohol distributes in both phases. The design analysis of this
step must be judiciously performed since based on the observations of Basso et al.
(2013b) there is a phase inversion in which WP is found in the upper phase and EP in the
lower phase, depending on the amount of ethanol in the system.

The knowledge of liquid-liquid equilibrium in systems containing the major
compounds involved in the purification steps of biodiesel synthesis (glycerol, ethanol,
biodiesel and water) is essential for proper design analysis and simulation of these steps.
Thus, some research groups have evaluated the LLE of systems containing alcohol,
biodiesel or alkyl esters, glycerol or water (Liu et al., 2008), modeled them using
thermodynamic models with associating parameters (Barreau et al., 2010; Oliveira et al.,
2011; Andreatta et al., 2008) or using classical thermodynamic molecular models like
NRTL (Mesquita et al., 2011) and UNIQUAC (Mazzutti et al., 2013). In addition, some
works compare molecular models with predictive models in relation to description of the
LLE for this type of system (Lee et al., 2010).

Despite the convenience in use and wide range of applicability, description of
equilibrium behavior for systems containing the major compounds present in the biodiesel
purification step by predictive models (UNIFAC-LLE and UNIFAC-Dortmund) must be
judiciously evaluated due the high deviations obtained when compared to the molecular
models with adjusted parameters (Basso et al., 2012; Basso et al., 2013a).

Notwithstanding the rise in this type of LLE experimental data, there is little data
on systems containing ethyl biodiesels with long chain esters, and only two works in
scientific literature have quantified each individual fatty acid alkyl ester in both phases
(Basso et al.,, 2012; Basso et al., 2013a), which really proves the pseudo-component
concept in relation to behavior of the LLE for biodiesel and allows for a deeply analysis of
these multi-component systems by group contribution models  without additional
assumptions. Furthermore, there is a lack of studies simulating the biodiesel purification
steps using only adjusted parameters, which allows for much more reliable results. The
sensitivity analysis is an adequate method for exploring the impact of different feed
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streams which occurs in biodiesel production since many different feedstock and catalysis
type can be used in the same plant, but it has not been used in the settling and washing
steps of ethyl biodiesel production in previously works.

Therefore, this work presents original LLE data of a system composed of glycerol
+ ethanol + fatty acid ethyl esters (FAEE) from fodder radish oil at 298.2 K, including the
individual distribution of each ethyl ester, adjust and/or readjust parameters of the NRTL
model related to major compounds present in this biodiesel purification, and results from a
set of sensitivity analyses, considering three different flowsheets the sets of mixer/settlers,
in the simulation of settling and water washing steps for production of this biodiesel using
only NRTL adjusted parameters.

2. Methods

2.1. Experimental procedure

2.1.1. Material

Seeds of fodder radish were supplied by Sementes Pirai (Piracicaba, SP, Brazil).
The crude fodder radish oil was extracted, using a pilot expeller, and filtered for the
removing of fibers from the seeds.

Crude oil was neutralized with a sodium hydroxide solution prior to biodiesel
production.

Glycerol (Sigma, > 0.99; water < 0.003), ethanol (Merk, > 0.999), methanol (J. T.
Baker, 0.999), anhydrous sodium hydroxide (Carlo Erba, > 0.97), ethyl myristate
(Tecnosyn, > 0.99) and glacial acetic acid (Ecibra, > 0.997) were used in the diverse
stages of this work with no further purification.

2.1.2. Biodiesel production
The biodiesel was produced as described in detail by Basso et al (2012).

Biodiesel from fodder radish oil was obtained by alkaline catalysis with sodium
hydroxide dissolved, prior to reaction, in ethanol. The reagent molar ratio was 1:6
(oil:ethanol), and the reaction was maintained for one hour under agitation at room

temperature (approximately T/K = 298).
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Deionized water was used to wash the system at least five times for removal of
residual soaps, glycerol and ethanol. A distilled fatty acid ethyl ester mixture from fodder
radish oil (FAEE) was obtained by distillation under approximately P/mmHg = 2.25 and T/K
= 508.15.

2.1.3. LLE Experiments

LLE data of the systems were determined using sealed headspace glass tubes
(20 mL) (Perkin Elmer). Components were weighted on an analytical balance Adam
Equipment, model AAA160L (+/- 0.0001 g). The tubes were vigorously stirred using a
vortex (Phoenix, model AP56) and then centrifuged (Centrifuge Jouan, model BR4i) for
300 s at 4000 rpm and room temperature. All systems were left to rest for at least 12 h
with temperature controlled in a thermostatic bath Paar Physica, model Physica VT2 (T/K
+/- 0.2). Two clear layers and a well defined interface were formed when the systems
reached the equilibrium state, the upper layer being the EP, and the lower layer the GP.

2.1.4. Analytical Methodology

Ethyl biodiesel from fodder radish oil was previously characterize in triplicate with
respect to the fatty acid ethyl ester profile by a Perkin EImer gas chromatographic system,
Clarus 600, FID detector, with a Agilent capillary column (crossbond, 50 %
cyanopropylphenyl — 50 % dimethylpolysiloxane), length of 30 m, internal diameter of 0.25
mm and film thickness of 0.25 pm, using the analytical conditions described by Basso et
al. (2012).

Quantification of glycerol, individual fatty acid ethyl esters and ethanol in each
equilibrium phase were determined in at least ftriplicate by a Perkin Elmer gas
chromatographic system, Clarus 600, FID detector, with an Agilent capillary column
(crossbond, 50 % cyanopropylphenyl — 50 % dimethylpolysiloxane), length of 30 m,
internal diameter of 0.25 mm and film thickness of 0.25 ym), based on the methodology
described by Basso et al. (2012). Each component in the liquid - liquid equilibrium phases
was quantified by a different calibration curve, using nine concentration levels of pure
ethanol and eight concentration levels of ethyl myristate (as standard of ethyl ester class)
and pure glycerol.
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2.2. Calculation Approach

2.2.1. Calculations of Deviations in the Mass Balance of the Phases

Validity of the equilibrium experiments was evaluated according to the procedure
developed by Marcilla et al. (1995) and applied by Rodrigues et al. (2005). In this
procedure the sum of the calculated masses of both liquid phases is compared with the
actual value for total mass used in the experiment. In this approach, independent
component balances, totaling K balances, can be performed according to equation 1:

MOCWiOC — MEPWiEP + MGPWiGP (1)

where i represents each component of the system; M°C is the mass of the overall
composition; M? and MEP are the total masses of the GP and EP, respectively; w’¢ is the
mass fraction of component i in the overall composition; and wf? and wf? are the mass
fractions of component i, respectively, in the GP and EP. Applying these K equations, the
values of M%? and MEP can be calculated from the experimental mass fraction of each
component in both phases by least squares fitting. If M is the matrix formed by the values
of wf¢, B is the transformation matrix formed by wf” and wfF, and P is the matrix
composed of the masses of the phases, M¢Pand ME?; the system can be mathematically
described as:

M=B-P 2)

Calculations allow for transformation of equation 2 into the expression below:
P=(B"™B)"'B™™M (3)

where B is the transposed matrix of B and (B'B)" is the inverse matrix of (B’B). Thus, the
values for M%Pand MEP which minimize the deviations of the system can be found. The
sum of M%Pand MEP can be compared to M°° and the overall mass balance deviation
calculated by:

|(MGP + MEP) _ M0C|
MOC

8(%) = 100 -
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2.2.2. NRTL Thermodynamic Modeling

The experimental data measured for the system glycerol (1) + ethanol (2) + FAEE
from fodder radish oil (3) presented in this work and the experimental data presented by
Basso et al. (2013b) for the system water (4) + ethanol (2) + FAEE from fodder radish oil
(3), were used to adjust/readjust binary interaction parameters for the NRTL model. The
mixture of fatty acid ethyl esters was treated as a single ethyl ester with a molecular
structure that presents the average molar mass of the ethyl ester mixture. In the
hypothetical molecule structure assembling, the quantity of each group, obtained
according to UNIFAC groups present in each ethyl ester molecule, was weighted by its
molar fraction and rounded to the closest integer number. This approach assumes that the
mixture of different fatty acid ethyl esters behaves similarly in the systems under study.
Therefore, the mixture of ethyl esters has been replaced by a pseudo-component with the
corresponding average physical-chemical properties. The validity of this approach,
considering a mixture of ethyl esters as a pseudo-component, was proved by Basso et al.
(2012) and by Basso et al. (2013a) who evaluated other similar systems with different ethyl
biodiesels; they obtained maximum deviation between the average molar mass of esters in
both phases and the molar mass of the pseudo-component equal to 5.22% and 2.85%,
respectively. Thus, adjustments were made considering the systems as pseudo-ternary.
All binary interaction parameters were adjusted to the experimental data.

The mass fraction (w) was used as a composition unit due to the difference in
molar masses of the system components, according to Oishi and Prausnitz (1978). In this
way, the isoactivity criterion of the LLE developed on a molar fraction basis can be
expressed in a mass fraction basis as:

(Vixi)I = (Vixi)" (5)

rw)' = rw)! (6)

where:
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yY = _n
| W;
M EF 7/ m; 7)

where x; is the molar fraction of component i; y;is the activity coefficient of component i; y}”
is the corresponding activity coefficient expressed on the mass fraction scale; and w; and
M; are the mass fraction and molar mass, respectively, of component i.

Estimation of the NRTL parameters was obtained by an algorithm developed in
the FORTRAN programming language. This algorithm uses the modified simplex method
applied to the objective function of composition (equation 8) to estimate thermodynamic
parameters. The procedure for calculation of parameters involves flash calculations for the
midpoint composition of the experimental tie lines, according to the procedure developed
by Stragevitch and d’Avila (1997).

D N K- Iexp WI,calc 2 WII,exp _ WII,calc 2
L n,m inm inm iinm
(]
m n

I. nm Winm

where D is the is the total number of data systems; N is the total number of tie lines; K'is
the total number of components in the data system; w is the mass fraction; subscripts /i, n
and m are the component, tie line and system number, respectively; exp and calc
represent, respectively, the experimental and calculated composition; and o is the
standard deviation observed for the composition of each phase.

The average deviations between the experimental and calculated compositions in
both phases were calculated according to equation 9.

En ZK [( Lexp _ Icalc) + ( ILexp _ II calc) ]

A= 100" SNK

2.2.3. Simulation and Sensitivity analysis

In the simulation of sensitivity analysis only NRTL binary interaction parameters
obtained from experimental data were used. Considering the components glycerol (1),
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ethanol (2), FAEE from fodder radish oil (3) and water (4), the NRTL binary parameters for
component pairs (12), (13) and (23) were obtained from experimental data presented in
this work; the NRTL binary parameters for component pairs (24) and (34) were readjusted
in this work from data presented by Basso et al. (2013b); the NRTL binary parameters for
component pair (14) were obtained by Krishna et al. (1989).

The sensitivity analysis was performed using the simulation software AspenPlus
(Aspen Technology), always considering a final stoichiometric ratio between
glycerol:FAEE of 1:3. In that analysis three different flowsheets for biodiesel water washing
were simulated, as showed in Figure 1. In all simulations, the first settler (SET-A) was
dedicated to glycerol-rich stream separation, a common step to the three propositions. In
the first proposition, the biodiesel washing step is composed only by one mixer/settler
unity, MIX-B and SET-B in Flowsheet I. In the second proposition, one more mixer/settler
unity (MIX-C and SET-C) was added to the biodiesel washing step, resulting in a
purification system with two pure water streams in crosscurrent flow (Flowsheet Il). In the
last, two mixer/settler unities are utilized in a countercurrent arrangement with the pure
water stream (WTR-C) fed in mixer C (MIX-C).

Components i = 1, 2, 3 and 4 correspond, in this order, to glycerol, ethanol, FAEE
and water. In the acronyms representation, M7 and w;™* are, respectively, the mass flow
and mass fraction of component i in stream x, with the streams named according to Figure
1. The water requirements for biodiesel purification were always presented as a ratio to
FAEE in the feed stream (M,,qcrr/M5EED) since this stream was never changed in the

different simulations performed, which allows for a constant reference value.
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Flowsheet I

Flowsheet llI

Figure 1. Flowsheets of Biodiesel Purification Steps: (FEED) products from
transesterification reaction; (SET-A) settler for the glycerol-rich phase separation;
(SET/MIX — B or C) settler/ mixer unity for biodiesel water washing; (EP) ester-rich phase;
(GP) glycerol-rich phase; (WTR) pure water streams.
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In flowsheet (I), two different processes were simulated. In the glycerol separation
step, performed in the SET-A unity, the composition of ethanol and glycerol in the ester-
rich stream, respectively, wEP~4 and wfP~4 were evaluated as a function of different mass
fractions of excess ethanol in the feed stream (wZEEP). In addition, using only one water
washing stage, the water mass flow requirement in the stream WTR-B (M, rxr_g/MEEEP) to
obtain an ethanol mass fraction in the stream EP-B (w£P~B) lower than 0.002 (biodiesel
standard requirements) was evaluated until wlEEP was equal to 0.12, a value
correspondent to 3 mols of excess ethanol from a previous hypothetical transesterification

reaction.

In flowsheet (Il), taking in to account a two step crosscurrent water washing
process and 3 mols of excess ethanol from the transesterification reaction, the water mass
flow requirement in stream WTR-C was evaluated as a function of the water mass flow
requirement in stream WTR-B to obtain wZF~¢ lower than 0.002. Similarly, the total water
mass flow, given by the sum of water mass flows in streams WTR-B and WTR-C, was

EP-C

evaluated as a function of My rr_g/MEEEP to achieve wt lower than 0.002, so as to

determine the minimum water requirement for biodiesel purification.

In flowsheet (lll), considering a countecurrent biodiesel water washing process,
the water requirement in stream WTR-C to obtain wZP~¢ lower than 0.002 was evaluated
as a function of different ethanol contents in the FEED stream until wi£EP was equal to
0.12, so as to quantify the water required for removing different quantities of ethanol until
reaching the biodiesel standard requirement. Additionally, decreases to the ethanol mass
fraction in stream EP-C (w£P~¢) as a function of MWTR/M§FEED) was evaluated to estimate

how different water contents added to the process affect ethanol removal from the system
under study.

3. Results and discussions

Biodiesel from fodder radish oil is characterized by ethyl oleate as the mainly
ester and large quantities of, ethyl linoleate, ethyl linolenate, eicosenoic acid ethyl ester
and ethyl erucate, as shown in Table1. Its composition is very heterogeneous, containing
ethyl esters with up to eight carbon atoms of difference and presenting more than 70% of
saturated or monounsaturated esters, which permits for a biodiesel with proper oxidative
stability. From this composition, the average molar mass of FAEE from fodder radish oil
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was 316.63 M /(g - mol~1) and rounded to the hypothetical molecule with molar mass of
310.52 M /(g - mol™1).

Table 2 shows the individual ethyl ester composition in each phase per tie line.
The maximum deviation between the average molar mass of FAEE per tie line and the
hypothetical molecule molar mass was 1.46%, lower than that obtained by Basso et al.
(2012) and Basso et al. (2013a) who studied similar systems containing FAEE from
macauba pulp and crambe oil, respectively. This lower deviation indicates adequacy of the
pseudo-component for this system, since there was not a considerable difference in the
individual distribution of ethyl esters between GP and EP.

Table 1. Ethyl ester composition of biodiesel from fodder radish oil in mass percentage.

fatty acid in molecular common

ethyl ester formula name M/(g - mol™) 100w*
C16:0 CigH3605 ethyl palmitate 284.48 5.47
C18:0 CooH100> ethyl stearate 312.53 2.48
C18:1 CooH3505 ethyl oleate 310.51 40.89
c18:2 CooH360- ethyl linoleate 308.50 16.89
Cc18:3 CaoH340; ethyl linolenate 306.48 11.99
C20:0 CooH1405 ethyl arachidate 340.58 0.87
C20:1 CooH1005 eicosenoic acid ethyl ester 338.57 10.13
C22:1 Co4H160> ethyl erucate 366.62 10.59
C24:1 CoeHs5002 ethyl nervonate 394.67 0.69

% mass fraction of ethyl ester

The liquid-liquid equilibrium data for the pseudo-ternary system glycerol (1) +
ethanol (2) + FAEE from fodder radish oil (3) is shown in Table 3. The maximum deviation
in mass balance per tie line is 0.45%, with average deviation equal to 0.19%, indicating the
good quality of experimental data.

The adjusted/readjusted NRTL parameters used in all simulations are presented
in Table 4. NRTL interaction parameters for the components water and glycerol were
obtained directly from literature (Krishna et al., 1989).

The Average deviation between experimental and calculated values for

readjustment of the NRTL binary parameters from data presented by Basso et al. (2013b)
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in the system ethanol (2) + FAEE from fodder radish oil (3) + water (4), calculated
according to equation (9) was 1.22%, and the maximum deviation per tie line was 2.35%.

The average deviation between experimental and calculated values for the
system glycerol (1) + ethanol (2) + FAEE from fodder radish oil (3), calculated according to
equation (9) was 0.97%, and the maximum deviation per tie line was 1.48%. Both tie lines
with high ethanol composition presented higher deviation with the NRTL model
underestimating FAEE composition in GP, while the deviations for other tie lines were less
than 0.91%. It can be observed from Figure 2 that modeling underestimated ethanol
composition in the GP close to the plait point, describing a slight smaller phase separation
region than that indicated by the experimental data. Despite the heterogeneous
composition of FAEE from fodder radish oil, there is no considerable difference between
the LLE behavior of this and other similar systems from literature (Basso et al., 2012;
Basso et al., 2013a), including the individual ethyl ester distribution.
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Table 2. Individual fatty acid ethyl ester composition of FAEE from fodder radish oil per tie line in each phase at 298.2 K.

CigH3s02  CooHioO2  CaoHzsOz  CooHzsO2  CooHzsO2  CaoHagOz  CopHinO2  CaqHegO2  CosHsoO2 i b
M/(g-mol™1) A (%)

100w 100w 100w 100w 100w 100w 100w 100w 100w

glycerol-rich phase

5.61 2.21 41.29 18.38 13.80 0.70 9.19 8.37 0.45 314.92 0.54
5.88 1.96 41.27 20.10 16.52 0.45 7.75 5.73 0.33 312.88 1.19
5.96 1.81 40.81 20.80 17.62 0.34 7.17 5.22 0.26 312.32 1.36
5.86 1.69 38.72 21.00 20.69 0.28 6.12 3.98 1.66 312.26 1.38
6.33 1.48 38.33 22.08 19.06 0.61 5.84 5.77 0.49 312.26 1.38
5.50 1.26 37.83 21.43 21.55 0.08 7.29 4.89 0.18 312.01 1.46
ester-rich phase

5.36 2.45 40.85 16.77 11.74 0.89 10.34 10.92 0.67 316.89 0.08
5.28 2.42 40.65 16.79 12.03 0.88 10.25 10.77 0.91 316.96 0.1
5.31 2.41 40.63 16.81 12.04 0.89 10.25 10.85 0.81 316.92 0.09
5.31 2.40 40.71 16.91 12.15 0.86 10.20 10.72 0.75 316.79 0.05
5.34 2.39 40.71 16.90 12.07 0.87 10.31 10.75 0.65 316.76 0.04
5.40 2.40 40.69 17.04 12.29 0.85 10.13 10.54 0.65 316.58 0.02

®average molar mass of FAEE per tie line in each phase.
® deviation, per tie line, between FAEE average molar mass and pseudo-molecule molar mass.
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Table 3. Liquid-liquid equilibrium data, in mass percentage, for the pseudo-ternary system
glycerol (1) + ethanol (2) + FAEE from fodder radish oil (3), at 298.2 K.

overall composition ester-rich phase glycerol-rich phase
100w; 100w,  100w;  100w; 100w, 100w; 100w; 100w, 100w;
1529 4486  39.85 358 3231 6411 2659 59.33 14.08 045
21.14 38.89  39.97 093 2436 7471 4121 54.06 473 0.11
23.39 34.68 41.93 1.10 18.54 80.36 47.14 50.17  2.69 0.13
29.49  29.53 40.98 0.44 1582 83.74 55.86 43.03 1.11 0.02
35.09 24.42 40.49 0.74 10.31 88.95 64.74 3477 0.49 0.30

39.67 19.65 40.68 0.68 8.28 91.04 7146 28.34 0.20 0.15
% mass balance deviation per tie line calculated according to equation 4.

8 (%)?

Table 4. Liquid-liquid equilibrium binary interaction parameters for NRTL model.

NRTL

pair A(0);/K A(0);/K a (0)ij=a (0)ji
12 412.1500 0.5564 0.1000
13 3799.4000 2912.9000 0.1000
142 -385.5100° -453.1800° 0.2000°
23 291.1200 225.6800 0.5552
24 440.7000 -104.6800 0.1000
34 778.4000 4969.7000 0.1000

% binary parameters obtained from literature (Krishna et al. 1989)

0.00 0.25 0.50 0.75 1.00

Figure 2. Liquid-liquid equilibrium diagram for the system glycerol (1) + ethanol (2) +
FAEE from fodder radish oil (3) at T/K = 298,2: w is the mass fraction of the component;
(o) experimental data; (e) NRTL calculated plait point; (---) NRTL calculated binodal curve.
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In the first settling step of biodiesel purification, when glycerol is separated from
the system, the relation between ethanol mass fraction in the FEED stream (wEEP) and in
the EP-A stream (w5P~4) showed a approximately linear behavior, with the ratio between
the first and the second values varying from about 0.84 to 1.00, respectively, as shown in
Figure 3a. On the other hand, the glycerol mass fraction in the EP-A stream (wfP~4)
showed an exponential reduction with the decrease in wfEEP. When 3 mols of excess
ethanol from a previous hypothetical reaction are present in the FEED stream, the wff=4
is about 0.0007, higher than the high limit allowed by the biodiesel standard requirement
(0.02%). The partial removal of ethanol, by evaporating for example, from the system until

FEED

w; is equal to 0.08, before an ideal settling step, permits for a glycerol content in the

ester-rich stream lower than 0.02%, without an additional purification step to remove this
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Figure 3. Flowsheet | - (a): (—) wo and (---) wy in stream EP-A as function of w,in FEED
stream; (b): (—) water mass flow requirement (My,rgr_g/MEEEP) to achieve (wEP~B) lower

than 0.002 as function of w, in FEED stream.

The requirement of water content, given by My,rr_4/MEEEP | for removing ethanol
from stream EP-B to levels lower than 0.2% (biodiesel standard requirement), has a direct
linear relationship with the increase of ethanol in the FEED stream, as observed in Figure
3b. After the separation of GP by settling (SET-A), considering the water washing with one
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mixer/settler stage (flowsheet A) and 3 moles of excess ethanol in the FEED stream
(wiEED = 0.12), the water requirement for removing ethanol from the EP-B stream to levels
lower than 0.2% is about 2.12 times the mass flow of FAEE from fodder radish in the
FEED stream.

In the water washing step, taking in to account 3 moles of excess ethanol in the
FEED stream, and using two sets of mixer/settler unities in crosscurrent with two water
streams (flowsheet |II), the decreased water requirement in stream WTR-C,
(Myrr—c/MEFEP) as a function of water used in stream WTR-B (Myrr_c/MEEED) to
achieve 0.2% of ethanol in EP-C stream, showed a parabolic behavior as described in
Figure 4. The minimum total water requirement to achieve 0.2% of ethanol in EP-C
occurred using similar ratios of My rr_g/MEEEP and Myrp_c/MEEEP | equal to 0.249 and
0.259, respectively. Thus, the use of two sets of mixer/settler unities in crosscurrent
assembly resulted in a water use of about one quarter of than that used in the single stage

mixer/settler to achieve similar biodiesel purity.

0.90 4 1.4
a
w
b _eo
41.2
g 0754 =
w
e 3
Y 110 €
& 0.60 -
EE =
- 0.8
0.45
- 06
0.30 —
- 0.4
15
0.15 402
0.00 . , . , . , . , . 0.0
0.0 0.3 0.6 0.9 1.2 1.5
FEED
MWTRB/MS

Figure 4. Flowsheet Il: () My rr_c/MEEEP as function of My rp_p/MEEEP to w, in stream

EP-C lower than 0.002; (---) Myrrz+cy/M3"5P as function of Myrr_p/MEFEP to ws in

stream EP-C lower than 0.002.
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Rahayu and Mindaryani (2007), in a study on optimized water washing of
biodiesel from castor oil, observed that when using 50% of water in relation to biodiesel
volume, it was possible to achieve a reduction in glycerol content from 0.9331% to 0.09%.
The same authors reported that to achieve a glycerol content lower than 0.02%, washing
should be done in a multiple stage process.

According to Figure 5a, the water requirement (My,rr/MEEEP) as a function of

wiEED to remove ethanol from the EP-C stream to levels lower than 0.2% using two
mixer/settler unities in countercurrent (flowsheet Ill), has a logarithmic behavior, different
from that of the mixer/settler stage (flowsheet ) that has a linear behavior. When 3 moles
of excess ethanol are present in the FEED stream, the ratio Myrz/MEEEP required to
remove ethanol from the system to an ethanol content in EP-C to contents lower than that
specified in the biodiesel standard requirements was about 0.27, almost half the water
mass flow used in the crosscurrent flowsheet. The decreasing of wiP~¢ as a function of

My,rr/MEEED presented a parabolic behavior, according to that shown in Figure 5b.
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Figure 5. Flowsheet Il — (a) (—) My rr/M5EEP as function of w, in FEED stream to w, in

stream EP-C lower than 0.002;(b) (---) w; in stream EP-C as a function of My, ;/MZLEED.
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4. Conclusions

The NRTL model properly described the system glycerol + ethanol + FAEE from
fodder radish oil, with deviation less than 1.0%. Partial removal of ethanol from the system
until w, is equal to 0.08 before an ideal settling step, allows for a glycerol content lower
than 0.02% in the EP, without additional purification. Two mixer/settler sets in

countercurrent, after the glycerol removal step, resulted in the minimum water requirement
for ethanol removal, given by M,,.,./MS**°" of about 0.27. The simulation of biodiesel

purification, using adjusted parameters, allows for complete optimization of the steps
involved in the biodiesel purification process.
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Abstract

Knowledge of the densities and viscosities of biodiesels is of great importance when
designing equipment for synthesis processes and use of this biofuel in engines.
Calculation methods for determining density and viscosity of products obtained from
natural raw materials are powerful tools because the composition of this fuel varies.
Despite of the importance of biodiesel as a completely renewable biofuel, little data is
available regarding the determination of its physical properties when produced with
ethanol. In the present work, the density and viscosity of three biodiesels produced by
ethanolysis were determined at different temperatures. A modified methodology was
developed to calculate the viscosity of ethyl esters and a new approach was presented for
calculating density of ethyl esters and biodiesels produced by ethanolysis. The
experimental data were compared to calculated data, resulting in average relative
deviations ranging from 0.81 to 16.31% and from 0.25 to 0.62%, respectively, for biodiesel
viscosity and density.

Keywords

Ethyl Ester; Biodiesel; Density; Viscosity, Physical Property Estimation

1. INTRODUCTION

Biodiesel is a mixture of alkyl esters that can be obtained from a reaction between
a short chain alcohol and the triacylglycerols present in animal fat or vegetable oil, termed
as transesterification. Throughout the world, vegetable oils are typical lipid feedstocks for
biodiesel production. Availability of vegetable oils varies with location, and the most
abundant lipid is generally the most common feedstock."

Despite of the elevated price in relation to methanol, the advantages of using
ethanol in biodiesel production include higher miscibility with vegetable oils that allows
better contact in the reaction step and lower toxicity. Although commercial processes use
vegetable oils and methanol for biodiesel production, the use of ethanol in biodiesel
synthesis is appealing because it is produced from biorenewable sources, resulting in a
completely agricultural-based fuel obtained by ethanolysis®*.

The kinematic viscosity of fatty compounds is significantly influenced by their
chemical structure. Chain length, number, position and chemical group in which the double
bond is located, as well as the nature of the oxygenated moieties are all influencing
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factors. Viscosity increases with carbon chain length and decreases with the number of
double bonds*.

In relation to engine operation, fuels with high viscosity tend to form larger
droplets upon injection, which may result in poor fuel atomization during spray, increases
in engine deposits, greater energy demands for the fuel pump and wear of fuel pump
elements and injectors. On the other hand, fuels with low viscosity may not provide
sufficient lubrication for the precision fit of fuel injection pumps, resulting in leakage or
increased wear®®. It has been further shown that fuel density is the main property

influencing the amount of mass injected in the engine®.

In the biodiesel synthesis process, the knowledge of physical properties, including
density and viscosity, is of great importance. Design of pipes, reactors, pumps, mixers,
settlers and other equipments involved in unit operations related to alkyl esters and/or
biodiesel production is highly dependent on these properties.

During process design of biodiesel production, it is possible to test a great number
of operational parameters such as temperature or different compositions of raw material or
generated products. Changes in these process conditions result in modification of the
physical properties of biodiesel during the design analysis. Moreover, biodiesel presents a
constantly changing composition because it is produced from an array of different natural
raw fatty materials. From this point of view, the experimental measurement of density and
viscosity at all possible operational or technical conditions is not practice. Thus, the use of
models to describe the densities and viscosities of biodiesel components based only on
their composition is of significant technical relevance and has being gaining importance, as

indicated by methods recently presented in literature.”'?

Ceriani et al.” proposed a group contribution method to predict the viscosity of
fatty compounds, including esters from fatty acids containing different alcohols (methyl,
ethyl or propyl alcohol) as alkyl groups in the molecule. Considering pure fatty alkyl esters,
the mainly components of biodiesel, the relative deviations in relation to experimental data
ranged from 0.0004 to 16.43%.

Krisnangkura et al.® presented a set of equations for determination of kinematic
viscosity of pure methyl esters. Compared to other methodologies, these equations were
considered advantageous since they were based on thermodynamic parameters and,

according to the authors, allow for further refinement and a possible extension to calculate
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the viscosity of other homologous series. Regarding biodiesel viscosity calculations, the
large relative deviations in relation to experimental published data were 9.2% for biodiesel
produced by methanolysis (BPM) from coconut oil and 4.48% for BPM from palm oil.

Anand et al.® modified the group contribution method proposed by Sastri and
Rao' to improve prediction of methyl ester viscosities. These modifications resulted in
lower deviations compared to other methods, and considering the measured viscosities of
fourteen BPMs, the average deviations were between 4.2% and 10.0%, considered
reasonable in relation to this physical property.

. proposed the use of the Rackett equation modified by

Halvorsen et a
Spencer and Danner'®, using at least one density of reference obtained experimentally to

determine the density of vegetable oils, obtaining relative deviations less than 0.7%.

|-17 |-18

Sales-Cruz et al.'” and Baroutian et al.”® proposed the use of the modified Rackett
equation using at least one experimental density of reference to calculate, respectively, the
densities of methyl esters and biodiesels produced by ethanolysis (BPEs), obtaining

deviations lower than 0.2%.

Despite of the importance of density and viscosity in design analysis and engine
operation, there is a lack of models capable of describing the behavior of density and
viscosity of ethyl esters and BPEs compared to those developed to specifically describe
these behaviors in methyl esters and BPMs. Some of the existing methodologies which
can be applied to calculation of viscosity or density of ethyl esters, or could be extended to
these calculations by further adjustment, depend on a great number of parameters and/or
equations, as well as the knowledge of specific group division methodology, the existence
of reference experimental data or previous determination of other physical properties.
Similarly, little experimental data is available on the determination of these physical
properties in BPEs from different vegetable oils'®?°, highlighting the fact that BPE is an
interesting alternative as a completely renewable biofuel.

The goals of the present study were to measure densities and viscosities of BPEs
from canola oil, soybean oil and palm oil in temperatures up to 363.2 K; present and
evaluate a simple model, based on that presented by Krisnangkura et al.?, developed to
describe the viscosity of ethyl esters using an unique equation with previously adjusted
parameters and dependent only on the knowledge of the number of carbon atoms and
double bonds present in ethyl ester molecule; compare the experimental data to that
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calculated by the model proposed by Ceriani et al.” and by Anand et al.? (modified Sastri &
Rao method™); and, present and evaluate a new approach, independent of previous
experimental reference density, of the methodology proposed by Halvorsen et al.' to
calculate the densities of fatty acid ethyl esters and BPEs.

2. EXPERIMENTAL METHODOLOGY

2.1. Material

Commercial refined soybean and canola oils, and deacidified crude palm oil were
used for BPE production.

Ethanol (Merck, > 0.999/Synth, > 0.994), anhydrous sodium hydroxide (Carlo
Erba, > 0.97), glacial acetic acid (Ecibra, > 0.997) and sodium sulfate (Ecibra, > 0.989)
were used in the biodiesel production with no further purification.

2.2. BPE production

BPEs were produced using alkaline catalysis. Anhydrous sodium hydroxide (1%
in relation to vegetable oil weight) was dissolved in ethanol prior to the transesterification
reaction, under heating and vigorous agitation with a magnetic stirrer. The reagent molar
ratio was 1:6 oil:ethanol when considering the average molar mass of triacylglycerols in
each vegetable oil, and the reaction temperatures were about 298.2 K. At the end of the
production of the three BPEs, the ester rich phase was washed with distilled hot water
(about 363.2 K) at least five times. In this step, the excess ethanol, salt and residuals
soaps produced by the reaction between fatty acids and the alkaline catalyst were

removed.

Two different procedures were used in the reaction and purification steps of BPE
production according to the refining process of the vegetable oil (completely refined or
deacidified). Biodiesel production using refined canola and soybean oils was performed in
two reaction steps, with a glycerol settling stage between them, with no further purification
steps. Since deacidified crude palm oil is rich in compounds that are not esterified and
may hamper complete transesterification, distillation was included as the last purification
step of BPE from this oil.
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2.3. Chromatographic Analysis

Compositions of biodiesel ethyl esters were determined in triplicate using a Perkin
Elmer gas chromatographic system, Clarus 600 with a FID detector and Perkin Elmer
Elite-225 capillary column (crossbond, 50% cyanopropylmethyl — 50% phenylmethyl
polysiloxane) with dimensions of 30 m in length, internal diameter of 0.25 mm and film
thickness of 0.25 um, according to methodology presented by Basso et al.?'. Identification
of ethyl esters was done by comparing the retention times with those of previously
identified ethyl esters from vegetable oils. Composition was based on relative peaks areas,
considering the ethyl ester with molar fraction greater than 0.6%.

2.4. Viscosity Analysis

The soybean and canola oil BPE viscosities were determined for the temperature
range of 283.2 to 363.2 K, and the palm oil BPE viscosity was determined from 293.2 to
363.2 K. Temperature repeatability was 0.05 K. All measurements were taken at T = 10 K
intervals by a capillary microviscosimeter, Anton Paar (Austria), model AMVn. Calibration
was previously verified from 293.2 to 363.2 K using a standard viscosity fluid, IPT-77 OP-
6, certified by the Technological Research Institute (Instituto de Pesquisas Tecnoldgicas
(IPT) — Brazil). The higher expanded uncertainty of fluid specified by the certifier was 0.04
mm?/s (at 293.2 K). All relative uncertainties in the temperature range analyzed were less
than 1.85%.

2.5. Density Analysis

Soybean and canola oil BPE densities were determined in triplicate for
temperatures ranging from 283.2 to 363.2 K and for palm oil BPE in the range from 293.2
to 363.2 K. Temperature repeatability was 0.01 K. The measurements were taken at T =
10 K intervals, in triplicate, by a digital densimeter Anton Paar (Austria), model DMA 4500.
Calibration was previously verified from 283.2 to 363.2 K using a standard viscosity fluid,
IPT-77 OP-6, certified by the Technological Research Institute (Instituto de Pesquisas
Tecnolégicas (IPT) — Brazil). The higher expanded uncertainty of fluid specified by the
certifier was 0.0001 g/cm?®. All relative uncertainties in the analyzed temperature range
were less than 0.36%.
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3. CALCULATION APPROACHES

A new equation based on a model developed by Krisnangkura et al.® for
calculating the viscosity of methyl esters, presented as a simplified model for ethyl ester
viscosity calculations (SMEEV), was proposed to calculate viscosities of pure FAEEs. In
this new approach, the parameters of SMEEV were adjusted from pure FAEEs viscosity
data obtained from literature®*?®. The model proposed by Ceriani et al.” (Ceriani model)
and a modification of the Satri and Rao method'®, proposed by Anand et al.® (SRA model),
were used in their original forms and were compared to the SMEEV. Viscosities of BPEs
were calculated using the simplified Grunberg-Nissan equation ?*. Densities of pure FAEEs
and BPEs were calculated using a systematized and fully predictive methodology, based
on the method described by Halvorsen et al.’* which uses that proposed by Constantinou
and Gani® for the critical properties of pure ethyl esters and that of Constantinou et al.? for
the reference density calculations, entitled as the Halvorsen-Constantinou-Constantinou
(HCC) methodology.

3.1. Viscosities

3.1.1. Ceriani model

The Ceriani model’ is a group contribution method developed to predict fatty
compound viscosities based on six “perturbation terms” obtained from regression of an
experimental databank associated to each functional group in the molecules, with
temperature dependence and one correction term according to equations 1-5.

In(n;) = Zk: N a7 E"ZA]’("A}RBfak) +M, Zk: Nic Az + Ekzl\ik;\}kB.zgz,() (1)
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where n; is the dynamic viscosity (mPa-s), Aix, Bik, Cikx, A2k, Bax and C,, are the
perturbation terms, M ; is the component molecular weight, N, is the number of k groups in
molecule i, T is the absolute temperature (K), Q is the correction term, q is a function of
absolute temperature, a, 5, and y are optimized parameters obtained by regression of the
data bank, N, is the number of carbon atoms in the molecule, f, and f; are optimized
constants, &; is a function of N, N is the number of carbon atoms in the alkyl group (ethyl
group in this work) of the molecule, s, and s; are optimized constants and &, is the term
that describes the differences between viscosities of isomer esters at the same

temperature.

All perturbation terms (A, B and Cy) and optimized parameters (a, 8, and y) are
constant values and were obtained by Ceriani et al.” by regression of the databank as a
whole. The optimized constants (f,, f1, So and s;) are specific values related to the class of
fatty compounds (fatty acids, esters, alcohols or acylglycerols) under study.

3.1.2. SRA model

The SRA model® consists of predicting the dynamic viscosity (1, of pure fatty acid
methyl esters using predicted values of vapor pressure and two parameters for each
functional group of the molecule, according to equations 6-8.

3 —2(T/T)]P
Inpyy = (4.5398 + 1.0309InTy,,) {1 _[3-2(T/Twp)] -
T/Tnb
a= ZAN —0.01n4 — 0.005 @®)

where p,, is the vapor pressure of the component (atm), Angand AN are group
contribution parameters, T,,; is the normal boiling point temperature (K), T is the studied
temperature (K), B = 0.155, a is a function of the number of double bonds and n, is the
number of double bonds in the unsaturated methyl ester.
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The normal boiling point temperatures (T,,;,) of the FAEEs are obtained using the
method developed by Constantinou and Gani®® (equation 9), which is based on two orders
of group structural complexity.

FOO =) NG+ WY MD; 9)
i J

where f(X) is a function of the desired property, i indicates the first-order groups, j indicates
the second order groups, N and M denote the number of first and second-order groups,
respectively, and W is a constant, set to O for first-order calculations and 1 for second-
order calculations.

3.1.3. SMEEV

The original methodology of Krisnangkura et al.® uses two sets of equations based
on thermodynamic parameters to calculate viscosity of saturated and unsaturated methyl
esters, respectively, equations (10 — 11) and equations (12 — 14). Moreover, this method
uses two different sets of parameters for calculating viscosity of saturated short chain fatty
acid methyl esters (equation 10), up to twelve carbon atoms, and medium chain (equation
11), up to eighteen carbon atoms, and three different sets of parameters to calculate the
viscosity of three unsaturated esters, methyl oleate (equation 12), methyl linoleate
(equation 13) and methyl linolenate (equation 14).

492,12 108,35z
I = ~2,915 — 0,158z + —— + —— (10)

403,66 109,77z

I = 2177 = 0,202z + ——+— (11)
Iny =-5,03 + 20515 (12)
Iny =-4,51+ 18225 (13)
Inu = —4,18 + 16855 (14)
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where u is the kinematic viscosity (mm?s™), T is the absolute temperature (K), z is the
carbon number of the homologous series.

The SMEEV, represented by equation 15, was developed for pure FAEE viscosity
calculations and uses a single equation to calculate the viscosities of both types of ethyl
esters, saturated and unsaturated. Moreover, the SMEEV uses a unique set of previously
adjustable parameters to describe the viscosity behavior of ethyl esters.

In development of the SMEEV, a decrease in kinematic viscosity of ethyl esters
caused by addition of one unsaturated bond was considered proportional to that caused by
removing 1.5 carbon atoms from the saturated ethyl esters. This assumption was based
on the analysis of the average decrease in viscosity, in common temperature range, of
each pure FAEE, and the comparison of this effect as a function of the increase in number
of double bonds and decrease in number of carbon atoms in the FAEE molecule, as
described in Figure 1. Thus, the average decrease in viscosity was calculated for each pair
of saturated FAEE in the sequence of carbon numbers and compared to the average
decrease in viscosity, in relation to ethyl stearate, due to the presence of one, two and
three double bonds, respectively, in ethyl oleate, ethyl linoleate and ethyl linolenate.
Therefore, the addition of each double bond has a similar effect to removing 1 to 2 carbon
atoms. A similar observation in relation to the decrease in methyl ester viscosity was
reported by Yuan et al*’. In the adjustment of parameters, using the Brown methodology?®,
a value equal to 1.5 resulted in low deviations between calculated values and experimental

22,23

data from literature as a whole.

Thus, the parameter z, present in the general form of the equation showed by
Krisnangkura et al®, was substituted for (n.—1.5n;) which allowed a general
representation of all ethyl esters accordingly to its molecular structure by a single equation.
The constant numerical values in the original equation were considered as adjustable
parameters, and based on these assumptions the final form of SMEEV is presented in
equation 15.

496.5629 79.1093(n, — 1.5n,)

—+ = (15)

In(u) = —2.4738 — 0.1181(n, — 1.5n,) +

where u is the kinematic viscosity (mm?s™), T is the absolute temperature (K), n, is the

carbon number of the molecule and n, is the double bond number in the ethyl ester.

153



Litgaoo-toymel, B ﬁ]zg—#cmg] IEU*Q mo~Hiaa),  Eliciag-Heiss)
4= Tl NTes MTes MTen

finq Tz

A
X 2 B
1<) <2 Gc'ncral form Of. Ihg five
Krisnangkura equations

Substitution of parameter c  dz
z for (n, — X 'ny) ﬁl fnp=a+bz+F+?

4
_ : ¢, 4~ X ng)
In(p) =a+b(n, — X nd)—f—T-i— T

4

Paf“dmttcfs @ Pure ethyl cstcrs viscosities
adjustment from literature™

X= 1-?’ <:| Low Stdv. between experimental
Properly fitting. data and caleulated values.

0

Final SMEEV
(equation 13).

Figure 1. Steps in the SMEEV development diagram: (ng.; i = 1,2...8) number of
common temperatures for experimental viscosities of each compared pair; (n,;) number of
compared pairs of saturated FAEE; (n,;) number of compared pairs of FAEEs of fatty
acids with eighteen carbon atoms; (X) compensating factor; (n.) number of carbon atoms

in the FAEE molecule; (n;) number double bonds in the FAEE molecule.

The reference values used in the parameters adjustment to equation 15 were the
viscosities of FAEEs of the following fatty acids: capric, lauric, myristic, palmitic, stearic,
oleic, linoleic, linolenic and arachidic obtained from literature?®®, totalizing 136 data points.
The temperature range of each pure FAEE viscosity measurement used for parameter
adjustments were: 278.2 — 363.2 K for ethyl oleate (C18:1) and ethyl linoleate (C18:2);

278.2 — 373.2 K for ethyl linolenate (C18:3); 283.2 — 353.2 K for ethyl caprate (C10:0),
154



ethyl laurate (C12:0) and ethyl myristate (C14:0); 303.2 — 363.2 K for ethyl palmitate
(C16:0); 313.2 — 363.2 K for ethyl stearate (C18:0) and 323.2 — 373.2 K for ethyl
arachidate (C20:0). The obtained kinematic viscosity values (mm?%s) of FAEEs were
converted into units of dynamic viscosities (mPa-s) using density values from published

22,23

experimental data===" or predicted by the HCC methodology.

Calculations of pure FAEE viscosities were performed by direct substitution of
temperature (K), number of carbon atoms (n.) and double bonds (n,;), present in the FAEE
molecule, in the equation 15.

3.1.4. Biodiesel viscosity calculations

Although the Grunberg-Nissan model considers interaction terms when

calculating the viscosities of mixtures, many authors”**'

consider these terms equal to
zero for biodiesel viscosity calculations. According to Allen et al.?®, these biofuels are non-
associated liquids that are comprised of mixtures of fatty acid esters whose chemical
structure are similar, and due to this similarity, the components in mixture probably do not
interact with each other and thus should behave in a similar manner as individual
components. In this way, the simplified Grunberg-Nissan equation® without the
interactions terms is represented as a function of dynamic viscosity, but can also be used

in for kinematic viscosity.

The BPE viscosities are calculated from the pure FAEE viscosities obtained by
SMEEV, using the simplified Grunberg-Nissan equation.?* From this mixing rule, the
logarithm of biodiesel viscosities at each temperature is equal to the logarithm of pure
FAEE viscosities weighted by its molar fraction (equation 16).

I (imix) = )%+ In() (16)

where n,,:, is the dynamic viscosity of the BPE, x; is the molar fraction of ethyl ester i in
BPE and 7, is the viscosity (dynamic or kinematic) of fatty acid ethyl ester i present in
biodiesel.

In relation to BPE viscosities calculated by the SMEEV, because there are no
experimental viscosities and densities measurements for all pure FAEEs are studied in the
same temperature range (283.2 to 363.2 K) in literature due to temperature restrictions,
the representative capability of the SMEEV was tested in two different ways: extrapolating
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and not extrapolating the viscosity calculations in relation to temperature for pure ethyl
esters used to adjust parameters of the model.

3.2. Densities

The proposed HCC methodology is based on a method developed by Halvorsen
et al." for density calculation, which in turn requires the values of critical temperature and
critical pressure, and uses Rackett's equation modified by Spencer and Danner'®,
according to equation 17.

XixiM,,;

x;Te; a+@-1,)%
R- (Ziﬁ) - (Zixizrai)

p= (17)

where p is the biodiesel density, x; is the molar fraction of component i, M,,; is the molar
weight of component /; R is the ideal gas constant, T.; is the critical temperature of
component j, P,; is the critical pressure of component i, Zz, ; is the Rackett’'s parameter of

component /, and T, is the reduced temperature in relation to the studied temperature.

The critical temperatures (T.;) and critical pressures (P.;) of FAEE were

calculated by the method of Constantinou and Gani® (equation 9).

Calculation of the Rackett’'s parameter uses at least one reference density, as
described by equation 18.

[1+a-7, )2/7]_1
7. = |MwiPei ’ (18)
RAL™ | piRT,,;

where p; is the reference density of component i.

Probably due to the lack of systematization in use of the model proposed

.", some authors''®*2® have used this model always associated with an

Halvorsen et a
experimental reference density, and other authors®® do not consider it a predictive method
due to the need of experimental data, which restricts its use. In the HCC methodology
presented in this work, the reference density at 298 K was determined using the predictive

method proposed by Constantinou et al.?*® (equation 19) for calculating the liquid molar
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volume of pure fatty acid alkyl esters. Therefore, the HCC methodology can be used as a
predictive method, since experimental data is not needed for density calculation.

Vl—d=2NiU1i+A'2MjU2j (19)
i J

where V; is the liquid molar volume (m*kmol), d = 0.01211 m®kmol, i indicates the first-
order groups, j indicates the second order groups, N and M denote the number of first-
order and second-order groups, respectively, and A is a constant, set as 0 for first-order
calculations and 1 for second-order calculation.

The HCC methodology should be used in the calculation of biodiesel densities as
well as in the calculation of pure alkyl ester densities according to specifications in molar
fraction of the terms of equation 17. Density calculations follow all steps described in
Figure 2. Similarly, Table 3 presents the previously calculated Rackett parameters (Zp, ;)
of a set of methyl and ethyl esters, from which it is possible to calculate the densities of a
great variety of biodiesels.

3.3. Deviations in Calculations

The relative deviations (§;) and average relative deviations (ARD) were calculated
according to equations 20 — 21.

exp _ calc
5, (%) = 100-(%) (20)
p;
[ 18— pfete)]
ARD(%) = 100-1/n-2 i i /exp (21)
i=1 i

where p/*Pand pf®c are the experimental and calculated properties under study,

respectively, and n is the number of data points.
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Figure 2. Steps in the HCC methodology calculation diagram: (V;) molar volume; (p;)
reference density; (P,;) critical pressure; (T.;) critical temperature; (Zz,;) Rackett

parameter; (M,, ;) molar mass of each alkyl ester in biodiesel.

4. RESULTS AND DISCUSSIONS

Table 1 shows the fatty acid ethyl ester composition of the three biodiesels
studied. Biodiesel from palm oil presents ethyl palmitate and ethyl oleate as the major
FAEEs in similar amounts, totalizing more than 83% of total fatty acid ethyl esters. Ethyl
linoleate and ethyl oleate are the major fatty acid ethyl esters in biodiesel from soybean
and canola oils, where the sum of these two esters, in both biodiesels, totals more than
85% of the ester composition.
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Table 1. Fatty acid ethyl ester composition of biodiesels.

Canola Soybean Palm

component commom name

molar (%) molar (%) molar (%)
dodecanoic acid, ethyl ester ethyl laurate - - 0.66
tetradecanoic acid, ethyl ester ethyl myristate - - 0.87
hexadecanoic acid, ethyl ester ethyl palmitate 8.40 11.62 40.29
octadecanoic acid, ethyl ester ethyl stearate 3.03 2.90 4.57
(2)-9-octadecenoic acid, ethyl ester ethyl oleate 49.33 26.95 43.61
(Z,2)-9,12-octadecadienoic acid,
ethyl linoleate 33.29 52.74 10.00
ethyl ester
(Z,2,2)-9,12,15-octadecatrienoic acid, ethyl linolenate 595 579 i

ethyl ester

# standard uncertainty of composition u(x) = 0.0092.

The SMEEV, whose parameters were adjusted from viscosity of pure FAEEs

obtained from literature®*?®, has the advantage of using a single equation with only four

parameters for the viscosity calculation of both types (saturated and unsaturated) of

FAEEs. Adjusted parameters are showed in equation 15. The average relative deviation

(ARD) obtained in relation to pure FAEE experimental viscosities available in literature

was 3.8%. Higher and lower ARDs were obtained, respectively, for ethyl caprate (8.7%)

and ethyl palmitate (1.1%). Figure 3 indicates an increase in individual deviations between

experimental and calculated viscosities of each ethyl ester as a function of decreasing

temperature.
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Figure 3. Experimental®?®® and calculated viscosities of pure ethyl esters: ([)
experimental ethyl caprate; (o) experimental ethyl laurate; (A)experimental ethyl miristate;
(+) experimental ethyl palmitate; (x) experimental ethyl stearate; (I) experimental ethyl
oleate; (<) experimental ethyl linoleate; (<) experimental ethyl linolenate; (®) experimental

ethyl arachidate; (—) calculated data (SMEEV) of the pure ethyl ester viscosities.

In relation to the measurement of the three BPE viscosities, standard deviations
at each temperature were less than 0.0260 mPa-s. The viscosities of BPEs from canola,
soybean and palm oil ranged from 9.9760 to 1.8644 mPa-s, 8.4939 to 1.7366 mPa-s and
6.7239 to 1.7217 mPa-s, respectively. Thus, the viscosity of biodiesel from canola oil was
on average 0.5520 mPa-s and 0.3560 mPa:-s higher than the respective viscosities of
biodiesels from soybean and palm oil; and this difference increases as a function of
reducing temperature, as can be observed in Figure 3. Since the ester viscosities
decrease with the increased number of double bonds and with the decrease in number of
carbon atoms in the molecule, these differences in viscosity are due to the larger amount
of di-unsaturated ethyl esters in biodiesel from soybean oil and the increased quantity of

ethyl palmitate, a saturated ester with 18 carbon atoms in its molecule, in biodiesel from
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palm oil. The viscosity of biodiesel from palm oil is, on average, 0.0854 g/cm® higher than
the viscosity of biodiesel from soybean oil. This similarity in viscosities of these biodiesels
can be explained by their FAEE composition. The large amount of ethyl linoleate (ester
with 18 carbon atoms and two double bonds) in biodiesel from soybean oil appears to
have the same effect on viscosity of the large quantities of ethyl palmitate and ethyl oleate
in biodiesel from palm oils. This effect also can be observed in Figure 3 where the
viscosities of ethyl palmitate and ethyl oleate are similar and higher to those of ethyl
linoleate.

The viscosities of BPEs were compared with those of BPMs from similar oils in
the same temperature range as reported in literature®. Average BPE viscosities were
0.4101, 0.5273 and 0.0413 mPa-s higher than average BPM viscosities from soybean,
canola and palm oil, respectfully. Although the viscosities of biodiesel produced with
ethanol were on average higher than the viscosities of biodiesel produced with methanol,
because the ethanol molecule has only one more carbon atom, the different ester profile
has a greater influence on this property than substitution of the alcohol in the alkyl group.

In the calculations of BPE viscosities with the three models, the Ceriani model,
when used for the whole temperature range of measured viscosities, slightly better
represented the three biodiesel viscosity behaviors than the SMEEV, as can be observed
by the lowers ARDs (Table 2). On the other hand, if restricting the temperature range to
where all FAEEs have experimental viscosity data used in the adjustment of the
parameters of the SMEEV, this model was more suitable than the Ceriani model for
describing the viscosity behaviors of biodiesels from palm and canola oils. These
differences probably occur due to the need for extrapolating calculations of densities of
pure FAEEs used into transformation from kinematic to dynamic viscosity in temperatures
below their melting points. The description of viscosity behaviors by the modified SRA
model resulted in higher ARDs than those obtained by the other two methods for the three
biodiesel samples, indicating that proper viscosity description of BPMs by this model
reported in literature® cannot be reproduced for BPEs without further adjustment.
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Table 2. Deviations between experimental and calculated biodiesel viscosities.

Canola Soybean Palm
ARD
(%) range 6; (%) ARD (%) range &; (%) ARD (%) range &; (%)
I (10.8804) (4.5412) (-0.5558)
Ceriani model 12.9092 (16.6790) 6.0001 (8.4994) 1.3047 (3.6766)
(10.3089) (5.5950) (1.0583)
SRA model 16.3124 (29.3134) 9.1566 (19.7271) 4.4368 (13.3315)
(11.0121) (5.4869) (-0.0938)
SMEEV 14.7247 (23.6317) 8.1182 (14.4020) 21797 (6.5929)
. a (11.0121) (5.4869) (-0.0938)
restricted SMEEV © 12.0995 (13.5110) 6.8940 (9.7144) 0.8122 (2.3382)

2 restricted temperature range according to that specified in published data.'™?*°

Use of the Constantinou et al.?® model in reference density calculations was
verified with the available experimental densities of FAEEs at 298 K obtained from

literature®2

, resulting in relative deviations (equation 15) of -0.66%, -0.70%, -0.73%, -
0.41%, -0.06% and 0.11%, respectively, for ethyl caprate, ethyl laurate, ethyl mirystate,

ethyl oleate, ethyl linoleate and ethyl linolenate.

The densities of pure fatty acid methyl and ethyl esters were calculated by the
HCC methodology, and when compared to the published values®*?, the ARDs were equal
to 0.30% and 0.46%, respectively, as reported in Table 3. The lowest deviations were
obtained for esters of linoleic, linolenic and arachidic acids of the ethyl alkyl groups, and
for esters of myristic, oleic and palmitic acids of the methyl alkyl groups. Although ARDs

reported in literature'”*

are lower than 0.2% for density calculation of pure fatty acid
methyl ester by the modified Rackett equation, at least one experimental density value
was required as the reference density, which represents an unfavorable feature in relation
to this HCC methodology. From Figure 4, it is possible to conclude that the behaviors of
pure ethyl ester density deviations were not greatly affected by temperature since abrupt

changes in this behavior were not observed along the temperature range.
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Table 3. Calculated densities, Rackett parameters and deviations between experimental measurements'®®® and the HCC

methodology for pure ester densities.

fatty acid FAEE? FAME®
common name in alkyl
group % Zea ARD (%) range & (%) "22')3 range & (%)
methyl/ethyl caprilate C8:0 0.86774  0.25593752 0.7434  (0.3247) - (1.2852)
methyl/ethyl caprate C10:0 0.86590 0.24786423 0.5629  (-0.6486) - (-0.3962) | 0.3930  (0.1106) - (0.8237)
methyl/ethyl laurate Cc12:0 0.86452  0.24069735 0.6418  (-0.6826) - (-0.5490) | 0.1001  (0.0697) - (0.1543)
methyl/ethyl myristate C14:0 0.86344  0.23429595 0.6993  (-0.7267) - (-0.6449) | 0.0529  (-0.0108) - (0.1682)
methyl/ethyl palmitate C16:0 0.86258  0.22856060 0.7191  (-0.7473) - (-0.6525) | 0.0729  (-0.112) - (0.0219)
methyl/ethyl palmitoleate ~ C16:1 0.87206  0.22848115 - - 0.8875 (-0.9194) - (-0.8189)
methyl/ethyl stearate C18:0 0.86187 0.22341251 0.7563  (-0.7681)-(-0.7312) | 0.1417  (-0.1819) - (-0.0699)
methyl/ethyl oleate C18:1 0.87047 0.22337470 0.4206  (-0.4616) - (-0.3350) | 0.0548  (-0.0861) - (0.0246)
methyl/ethyl linoleate c18:2 0.87936  0.22333089 0.0395  (-0.0691) - (0.0380) | 0.2810  (0.2296) - (0.3911)
methyl/ethyl linolenate Cc18:3 0.88856  0.22328046 0.1336  (0.0851) - (0.2424) | 0.9477  (0.8942) - (1.0839)
methyl/ethyl arachidate C20:0 0.86128 0.21878567 0.1825  (-0.2155) - (-0.1119) | 0.1654  (-0.214) - (-0.0662)
methyl/ethyl gadoleate C20:1 0.86915 0.21877107 - - 0.0972  (0.0459) - (0.2387)
methyl/ethyl behenate C22:0 0.86078  0.21462347 - - 0.1418  (-0.2066) - (-0.0460)
methyl/ethyl erucate Cc22:1 0.86803  0.21462023 - - 0.1571  (-0.1997) - (-0.0544)
methyl/ethyl lignocerate C24:0 0.86035  0.21087680 - - 0.3021  (-0.332) - (-0.2508)
overall 0.4617 0.3026

? fatty acid ethyl ester; ° fatty acid methyl ester.
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Figure 4. Experimental and calculated biodiesels viscosities: (X) palm; (o) canola; (+)
soybean; (—) SMEEV; () Ceriani model; (---) SRA model.

Standard deviations in relation to three measurements of BPE densities, at each
temperature, were lower than 0.00006 g/cm?® for all biodiesel densities. The densities of
biodiesels from canola, soybean and palm oil ranged from 0.88212 to 0.82337 g/cm®,
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0.88215 to 0.82337 g/cm?® and 0.86490 to 0.81315 g/cm?, respectfully. From these results
the densities of biodiesel from palm oil were, on average, 0.0100 g/cm® lower than those of
biodiesels from soybean and canola oil which were similar to each other, as observed in
Figure 5. These results are in agreement with those observed by Baroutian et al.'® in
relation to these biodiesels. The higher densities can be explained by the ester
composition of biodiesels from canola and soybean oil, which are richer in unsaturated
ethyl esters and in esters with more carbon atoms in the molecule when compared to
biodiesel from palm oil. According to the observations of Pratas et al.??, the density of ethyl
esters decreases with increasing alkyl chain length and increases with the level of

unsaturation.

0.92 -
—

e 0.90-

°Q

S

2 0.884 !

n |

o) o

() i&ob

- O

T 0.86 ﬁ

C

q’ -

£ @,&

:& 0.84 2 2

LL ] \ @s‘

N
0.82 -
X
X
0.80 — — : : — — : ,
0.80 0.82 0.84 0.86 0.88 0.90 0.92

HCC-methodology Density (g/cm®)

22,23

Figure 5. Experimental data and calculated densities of pure ethyl esters: ([]) ethyl

caprate; (o) ethyl laurate; (A) ethyl myristate; (+) ethyl palmitate; (x) ethyl stearate; (|) ethyl

oleate; (<) ethyl linoleate; (<) ethyl linolenate; (®) ethyl arachidate.
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The densities of BPE from canola, soybean and palm oil were 0.0107, 0.0102 and
0.0079 g/cm?® lower, on average, than densities of BPM from similar oils obtained from
literature®*3°. This behavior is probably related to the higher molar volume of fatty acid
ethyl ester molecules in comparison to methyl ester molecules due to the presence of one
additional “CH,” group in the ethanol molecule.

Densities calculated by the HCC methodology resulted in ARDs for biodiesels
from canola oil, soybean oil and palm oil equal to 0.2516%, 0.4075% and 0.6228%,

respectively. Although Baroutian et al.'®

reported ARDs lower than 0.12% in calculations of
three BPE densities using the modified Rackett equation, their methodology is dependent
on reference biodiesel density values. Moreover, different from the methodology proposed
by Baroutian et al.'®, the HCC methodology is based on density of pure ethyl esters, and
therefore it can be used for all BPE density calculations, using the Rackett parameters

(Zra) as shown in Table 3.

Conclusions

The viscosities of BPEs from canola oil were 0.5520 mPa-s and 0.3560 mPa-s
higher, on average, than the viscosities of BPEs from soybean and palm oil, respectively.
Densities of biodiesel from palm oil were on average 0.0100 g/cm?® lower than those of
biodiesels from soybean and canola oil which were similar to each other. Viscosities of
pure FAEEs and BPEs calculated by the SMEEV resulted in maximum ARDs respectively
equal to 8.7% and 14.7%. Although the Ceriani model and SMEEV properly described the
viscosities of fatty acid ethyl esters and BPEs, the SMEEV method has the advantage of
being simpler than the other tested models, which makes its programming more practical
in biodiesel viscosity evaluations and design analysis. The HCC methodology showed to
be an accurate and useful completely predictive methodology for calculating the densities
of alkyl esters and BPE, resulting in maximum ARD lower than 1.0%.
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Abstract

Little information on the density, viscosity and melting profile are available regarding
biodiesel produced by ethanolysis, although it presents the appeal of being a completely
biorenewable biofuel. In the present work, the densities, viscosities and melting profiles of
four biodiesels produced by ethanolysis were presented. The ethyl ester compositions of
the biodiesels were associated with the behavior of these physical properties. Two
methodologies for calculating density and viscosity were tested. Biodiesel from macauba
pulp oil presented the highest melting point while biodiesel from crambe and fodder radish
oil presented, respectively, the highest viscosities and densities. The average relative
deviations between calculated and experimental values were from 5.1% to 14.3% and
from 7.1% to 12.6% using, respectively, the Basso model and Ceriani model for viscosity
calculation, and less than 1.1% when using the predictive Halvorsen methodology and
GCVOL, a group contribution model, for density calculation.

Keywords

Biodiesel; Viscosity; Density; DSC; Physical Properties

1. Introduction

Biodiesel is a mixture of alkyl esters that can be obtained by transesterification, a
reaction between a short chain alcohols and triacylglycerols. Throughout the world,
vegetable oils are typical lipid feedstocks for biodiesel production.’ In addition to the
agricultural availability of the oil plants, the selection of vegetable oil depends on its fatty
acid composition because the final product must meet a set of physical and chemical
quality standard requirements in order for its use as a biofuel. Low poly-unsaturated fatty
acid content is one of the desired characteristics for vegetable oils considered interesting

raw materials for biodiesel production.?

Despite the high price of ethanol compared to methanol, some of the advantages
of using ethanol in biodiesel production are higher miscibility with vegetable oils that allows
better contact in the reaction step and lower toxicity. Additionally, although commercial
processes use vegetable oils and methanol for biodiesel production, the use of ethanol in
biodiesel synthesis is appealing because it is produced from biorenewable sources,
resulting in a completely agricultural-based fuel.®*
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The viscosity of fatty compounds is significantly influenced by their molecular
structure. Carbon chain length, number, position and chemical group in which the double
bond is located, as well as the nature of the oxygenated moieties, are the mainly
influencing factors. In general, viscosity of the alkyl esters increases with carbon chain
length and decreases with the number of double bonds.® The melting point of a substance
plays a major role in determining the suitability and applicability of a substance. Numerous
structural factors influence the melting point of long-chain fatty compounds, including the
molecular weight, the position, number and configuration of unsaturated bonds, branching

and polar moieties.®

In relation to engine operation, fuels with high viscosity tend to form larger
droplets upon injection, which may result in poor fuel atomization during spraying,
increases in engine deposits, greater energy demands for the fuel pump and wear of fuel
pump elements and injectors. On the other hand, fuels with low viscosity may not provide
sufficient lubrication for the precision fit of fuel injection pumps, resulting in leakage or
increased wear.>’ It has been further shown that fuel density is the main property
influencing the amount of mass injected in the engine.® Biodiesels in their crystallized form

can restrict flow through fuel lines and block filters in the engine.®™°

In the biodiesel synthesis process, the knowledge of physical properties is of
great importance. Design of pipes, reactors, pumps, mixers, settlers and other equipments
involved in unit operations related to alkyl esters and/or biodiesel production is highly
dependent on these properties."

Some important thermal properties of biodiesel can be assessed with differential
scanning calorimetry analyses. Properties related to the melting and cooling behavior of
alkyl esters including cloud point, pour point, cold-filter plugging point, and low-
temperature flow test were determined from this type of analysis and correlated with

results obtained using classical methods.®'

Although the biorenewable and sustainable ethanol is appealing and the fatty acid
profiles of crambe, fodder radish, coconut and macauba oil show promise for biodiesel
production, there is no data regarding the physical properties of biodiesels produced by

ethanolysis from these promising raw materials.

Therefore, the objectives of the present work were to present experimental

densities and viscosities for biodiesels produced by ethanolysis from crambe oil (BPECr),
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fodder radish oil (BPEFR), coconut oil (BPEC) and macauba pulp oil (BPEMP) at

temperatures up to 363.2 K; compare experimental data with calculated viscosities from

|13 |11

the models proposed by Ceriani et al.”” and Basso et al."’, and with densities calculated

using the GCVOL model™ and a systematized predictive methodology'' based on the
methodology proposed by Halvorsen et al.’®; and determine, using differential scanning
calorimetry, the melting profile of these four promising biofuels and correlate the three

studied physical properties to the ethyl ester composition of each biodiesel.

2. Experimental methodology

2.1. Material

Ethanol (Merck, > 0.999 or Synth, > 0.994), anhydrous sodium hydroxide (Carlo
Erba, > 0.97), glacial acetic acid (Ecibra, > 0.997) and sodium sulfate (Ecibra, > 0.989)
were used in the biodiesel production with no further purification.

Refined coconut oil and deacidified crude crambe, macauba pulp and fodder
radish oils were used for ethyl biodiesel production, performed according to the procedure
reported by Basso et al."". Ethyl ester biodiesel compositions were obtained according to
described in section 2.2, and are presented in molar percentage in Table 1.

2.2. Chromatographic analysis

Biodiesel compositions were determined in triplicate using a Perkin Elmer gas
chromatographic system, Clarus 600, with a FID detector and Perkin Elmer Elite-225
capillary column (crossbond, 50% cyanopropylmethyl — 50% phenylmethyl polysiloxane)
with dimensions of 30 m in length, internal diameter of 0.25 mm and film thickness of 0.25
um, according to the methodology presented by Basso et al.'®. Identification of ethyl esters
was done by comparing the retention times with those of previously identified ethyl esters
from vegetable oils. Composition was based on relative peak areas, considering ethyl
esters with molar percentage greater than 0.5 %.
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Table 1. Biodiesel composition in ethyl ester.?

molar (%)
fatty acid

group in the ethyl ester .4, BPECr BPEFR BPEMP BPEC

ethyl ester (g -mol)
C8:0 octanoic acid ethyl ester 172.27 - - - 5.04
C10:0 decanoic acid ethyl ester 200.32 - - - 4.05
C12:0 dodecanoic acid ethyl ester 228.37 - - - 51.56
C14:0 tetradecanoic acid ethyl ester 256.42 - - - 15.24
C16:0  hexadecanoic acid ethyl ester 28448 254 574 2322 728
C16:1 hexadecenoic acid ethyl ester 282.46 - - 4.38 -
C18:0 octadecanoic acid ethyl ester 312.53 1.14 2.41 2.68 1.74
C18:1 octadecenoic acid ethyl ester 91091 2156 4064 5755 13.04
c18:2 octadienoic acid ethyl ester 3085 933 {729 1143 205
C18:3 octadecatrienoic ethyl ester 306.48 5.11 12.71 0.74 -
C20:0 eicosanoic acid ethyl ester 340.58 1.24 0.81 - -
C20:1 eicosenoic acid ethyl ester 338.57 412 9.47 - -
C22:0 docosanoic acid ethyl ester 368.64 1.87 - - -
c22:1 docosenoic acid ethyl ester 366.62 53.12 10.21 - -
C24:1 tetracosenoic acid ethyl ester 394.67 - 0.72 - -

% molar percentage > 0.5%.

2.3. Density analysis

Ethyl biodiesel densities were determined in triplicate for temperatures ranging
from 283.2 to 363.2 K. Temperature repeatability was 0.01 K. The measurements were
taken at T = 5 K intervals, in triplicate, with the digital densimeter Anton Paar (Austria),
model DMA 4500. Calibration was previously verified using a standard fluid, IPT-77 OP-6,
certified by the Technological Research Institute (Instituto de Pesquisas Tecnoldgicas
(IPT) — Brazil). The higher expanded uncertainty of the fluid specified by the certifier was
0.0001 g/cm?. The absolute relative deviation between experimental and measured values,
using the standard fluid, was 0.36%, at T/K = 363.2.
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2.4. Viscosity analysis

Ethyl biodiesel viscosities were determined for the temperature range of 283.2 to
363.2 K. Temperature repeatability was 0.05 K. All measurements were taken at T = 5 K
intervals by a capillary microviscosimeter, Anton Paar (Austria), model AMVn. Calibration
was previously verified using a standard viscosity fluid, IPT-77 OP-6, certified by the
Technological Research Institute (Instituto de Pesquisas Tecnoldgicas (IPT) — Brazil). The
higher expanded uncertainty of the fluid specified by the certifier was 0.04 mm?s (at 293.2
K). The absolute relative deviation between experimental and measured values, using the
standard fluid, was 3.23% at T/K = 363.2.

2.5. Melting profile analysis

Biodiesel melting behavior was analyzed using a differential scanning calorimeter
(DSC) Perkin Elmer (USA) model DSC 8500.Samples were weighted (about 5 mg) on a
microanalytical balance Perkin Elmer (USA), model AD6. An empty sealed aluminum pan
was used as a reference. The samples were subjected to the following temperature
programs: cooling at 1 K/min down to 193 K and maintained at isothermal conditions for 30
min, heating at 1 K/min up to 353 K. A similar heating rate was used by Santos et al."”
when studying some physical properties of methyl and ethyl biodiesel from babassu and
oil blends using differential scanning calorimetry. Calibration was performed using
cyclohexane and indium as references. The initial and final temperatures for each melting
peak were considered as the points in which the baseline decoupled from the original

trajectory.

3. Calculation approach

3.1. Density methodologies

|11

A completely predictive methodology systematized by Basso et al.”” and a group

|13

contribution model developed by Elbro et al.”” were used for the calculation of biodiesel

densities.
3.1.1. Systematized Halvorsen methodology

Halvorsen et al."® proposed the use of the Rackett equation'® modified by

Spencer and Danner®, including at least one reference density obtained experimentally to
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determine the density of vegetable oils. A complete predictive methodology, based on the
Halvorsen et al."® method was described in detail by Basso et al."" for the biodiesel density
calculation, according to equation (1).

XixiM,,;

x;Te; a+@a-1,)%7
R- (Ziﬁ) - (Zixizrai)

p= (1)

where p is the biodiesel density, x; is the molar fraction of component i, M, ; is the molar
weight of component /; R is the ideal gas constant, T.; is the critical temperature of
component j, P.; is the critical pressure of component i, Zp, ; is the Rackett’s parameter of

component j, and T;. is the reduced temperature in relation to the studied temperature.

The Rackett’s parameter for each ethyl ester was previously calculated by Basso
etal.'.

This methodology uses that proposed by Constantinou et al.?° (equation 2) for
calculating the reference density.

Vl—d=ZNiU1i+A'ZMjU2]‘ (2)
i J

where V, is the liquid molar volume (m®- kmol™), d = 0.01211 m® - kmol™, i indicates the

first-order groups, jindicates the second order groups, N and M denote the number of first-
order and second-order groups, respectively, and A is a constant, set to 0 for first-order
calculations and 1 for second-order calculations.

The critical temperatures (T,;) and critical pressures (P, ;) of the ethyl esters used
in this methodology were calculated from the method presented by Constantinou and
Gani®' (equation 3).

£ :ZNiCi +W-ZM,-D,- 3)
i Jj

where f(X) is a function of the desired property, i indicates the first-order groups, jindicates
the second-order groups, N and M denote the number of first and second-order groups,
respectively, and W is a constant, set to 0 for first-order calculations and 1 for second-
order calculations.
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3.1.2. Elbro methodology

Elbro et al.* developed a group contribution model (equations 4 - 5), consisting of
36 different group volume increments for the chemical families of noncyclic alkanes,

.22 used

aromatics, alkenes, ketones, ethers, esters, chlorides and siloxanes. Pratas et a
this model for calculation of the molar volume of methyl esters in the biodiesel density

calculations (equation 6).

AUL' = Ai + BLT + Cl‘Tz (4)
V= z n; AUL' (5)
3 x; MW;
p="5—" (6)
2x;V;

where x is the molar fraction of the component, MWV is the molar weight of the component,
V is the molar fraction of the component, n is the group number, Av is the molar volume of
the group, 4, B and C are the group parameters, and i and j denote, respectively, the
group and component in study.

3.2. Viscosity models

The viscosities of the pure ethyl esters comprising the biodiesels produced by
ethanolysis were calculated by a group contribution model developed by Ceriani et al.™
and by a model proposed by Basso et al."

3.2.1. Basso model

A simplified model, using a single equation (equation 7) with only one set of
previously calculated parameters and with temperature dependence that requires the
number of carbon atoms and double bonds in the molecule, was developed by Basso et
al."', based on the model presented by Krisnangkura et al.?® for ethyl ester viscositiy

calculations.

496.5629 79.1093(n, — 1.5n,)

In(p) = —2.4738 - 0.1181(nc — 1.5n) + ————+ 7 (7)
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where u is the kinematic viscosity (mm?s™), T is the absolute temperature (K), n, is the

carbon number of the molecule and n, is the double bond number in the ethyl ester.

3.2.2. Ceriani model

1."% in the calculation of

A group contribution method was developed by Ceriani et a
the viscosities of fatty compounds with temperature dependence. This methodology is
based on six “perturbation terms”, obtained from regression of an experimental data bank
and associated to each functional group in the molecules, presenting one correction term,

according to equations 8 - 12.

_ ' Zka'Blk
In(n) = zk: Ny - Ay + (T+ XNy - Clk)] (8)
Zka'sz
+M; ZNk'A2k+(T+Zka'Czk) e
Q=%1q9+¢; o
_ B
q= a+T—+)/ (10)
$1=fo+ Ncfi o
52 = So+Ncssl (12)

where n; is the dynamic viscosity (mPa-s), Aix, Bik, Cix, A2k, Bax and C,, are the
perturbation terms, M ; is the component molecular weight, N, is the number of k groups in
molecule i, T is the absolute temperature (K), Q is the correction term, q is a function of
absolute temperature, a, 8, and y are optimized parameters obtained by regression of the
data bank, N, is the number of carbon atoms in the molecule, f, and f; are optimized
constants, ¢; is a function of N, N is the number of carbon atoms in the alkyl group (ethyl
group in this work) of the molecule, s, and s; are optimized constants and &, is the term
that describes the differences between viscosities of isomer esters at the same

temperature.
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3.2.3. Biodiesel Viscosity Calculation

Although the original Grunberg-Nissan equation® considers interaction terms

when calculating the viscosities of mixtures, Allen et al.?®

reported that these biofuels are
non-associated liquids that are comprised of mixtures of fatty acid esters whose chemical
structure is similar, and due to this similarity the components in the mixture probably do
not interact with each other but behave as individual components. In this way, as was
proposed for by Basso et al.'" and Ceriani et al.’, the biodiesel viscosities were obtained

using the simplified Grunberg-Nissan equation (equation 13), without an interaction term.

It = ) 31+l (13)

i

3.3. Average relative deviations

The average relative deviations (ARD) between experimental and calculated
viscosities and densities were obtained using equation (14).

o [ 18— pfete)]
ARD(%) = 100- 1/, Z i i /pexp (14)
i=1 i

where p/*Pand pf®‘ are the experimental and calculated properties under study,

respectively, and n is the number of data points.

4. Results and discussions

Table 1 shows that the BPECr has a high content of mono-unsaturated ethyl
esters, about 79% of total esters, with more than 50% composed of ethyl erucate, a fatty
acid alkyl ester with 24 carbon atoms. BPEFR is composed mainly of five unsaturated
ethyl esters, with about 40% ethyl oleate. BPEMP consists of approximately 26%
saturated ethyl esters and 57.8% ethyl oleate. BPEC has about 85% saturated ethyl ester,
with more than 51% ethyl laurate, a short chain fatty acid alkyl ester. All biodiesels have
low contents of polyunsaturated ethyl esters, a favorable characteristic for biodiesel, since
the oxidative stability decreases with increase of the unsaturation level. The different ethyl
ester profiles allow for analyzing the behavior of the densities, viscosities and melting
profiles as a function of the very different biodiesel compositions.
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As observed in Table 2, the densities of BPEC were lower than the densities of
the other three biodiesels, where this difference increases with temperature. On the other
hand, the densities of BPECr and BPEMP were similar at all temperatures. The densities
of BPEFR were little high than those of BPECr and BPEMP for all studied temperatures.

Pratas et al.®

showed that the density of ethyl esters decreases with increasing in
alkyl chain length and increases with the number of unsaturated bonds. Ramirez-
Verduzco?’, studying fatty acid methyl esters, reported a decrease in density of about
0.11% when increasing the ester chain length by two carbon atoms, and an increase of
about 1.3% when adding one double bond in the ester molecule. Therefore, the lower
densities of biodiesel from coconut oil in relation to other biodiesels is caused by the low
content of unsaturated ethyl esters, despite a higher content of ethyl esters with short

carbon chain length.

Table 2. Biodiesel densities.

T/K p/(kg-(m°)™)

BPECr BPEFR BPEMP BPEC
283.2 876.80 879.11 876.76 871.58
288.2 873.01 875.51 874.07 867.73
293.2 869.70 871.79 869.38 863.86
298.2 865.78 868.21 866.71 860.00
303.2 862.60 864.53 862.09 856.15
308.2 858.63 860.93 859.38 852.33
313.2 855.52 857.24 854.73 848.45
318.2 851.43 853.67 852.01 844.57
323.2 848.46 849.97 847.39 840.70
328.2 844.28 846.39 844.68 836.84
333.2 841.41 842.71 840.05 832.97
338.2 837.10 839.13 837.33 829.04
343.2 834.35 835.44 832.71 825.15
348.2 829.97 831.85 829.98 821.26
353.2 827.27 828.18 825.36 817.38
358.2 822.79 824.58 822.62 813.45
363.2 820.20 820.93 818.06 809.63
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Viscosities of the BPEC were, on average, about 61 % of the viscosities of
BPEFR and BPEMP and about 50% those of BPECr, as presented in Table 3. This
difference increases at lower temperatures. The viscosities of BPEMP and BPEFR were
similar for the entire studied temperature range, and on average 89% of the BPECr

viscosity.

Ramirez-Verduzco?, when studying methyl ester viscosity, reported an increase
greater than 20% with the increase of two carbon atoms in ester chain length and a
decrease greater than 10% due to the addition of one double bond in the ester molecule.
Yuan et al.?® presented and Allen et al.*® observed a curvilinear increasing trend in
saturated fatty acid ester viscosities with carbon number, and a decrease from 13 to 21%
of methyl ester viscosity with the increase in saturation level. Basso et al.'' used the
consideration of a decrease in ethyl ester viscosity due to the addition of one double bond
similar to that caused by the removal of 1.5 carbon atoms from the ethyl ester molecule in
the formulation of a simplified methodology for ethyl ester viscosity calculation with
temperature dependence. Therefore, despite the high content of saturated esters, BPEC
has the lowest viscosity among the four biodiesels due to the short chain length of its ethyl
esters. Although BPEMP has a significant content of saturated ester, BPEFR has a greater
amount of long chain esters than BPEMP, resulting in a similar viscosity for both
biodiesels. BPECr is rich in long chain ethyl esters with only one double bond resulting
from the higher viscosity among the four biodiesels.
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Table 3. Biodiesel viscosities.

T/K n/(mPa-s)

BPECr BPEFR BPEMP BPEC
283.2 13.6866 9.9151 10.5147 5.7270
288.2 11.8737 8.7677 8.6489 4.9759
293.2 9.9463 7.7111 7.7569 4.3636
298.2 8.5565 6.6231 6.6686 3.8565
303.2 7.2745 5.9488 5.8090 3.4350
308.2 6.5248 5.1637 5.2108 3.0783
313.2 5.6489 4.7394 4.6404 2.7771
318.2 5.1477 4.1700 4.1699 2.5184
323.2 4.5192 3.8520 3.6759 2.2940
328.2 4.1640 3.4267 3.4151 2.1228
333.2 3.6978 3.2057 3.0667 1.9509
338.2 3.4329 2.8702 2.8520 1.8001
343.2 3.0830 2.7091 2.5897 1.6702
348.2 2.8820 2.4407 2.4233 1.5496
353.2 2.6113 2.3210 2.2208 1.4439
358.2 2.4560 2.1033 2.0870 1.3495
363.2 2.2425 2.0191 1.9291 1.2648

As observed in Table 4, although the GCVOL properly described the biodiesel
densities, with ARDs lower than 1.1%, the systematized Halvorsen methodology"
presented a lower overall ARD, indicating a better description of this biodiesel property.
Despite the low ARDs, the models presented distinct behavior in relation to BPEC with the
systematized Halvorsen methodology'' and GCVOL" model, respectively,
underestimating and overestimating the densities of this biodiesel, as showed in Figure 1.

Table 4. Average relative deviations between experimental and calculated values.

Density - ARD (%) Viscosity - ARD (%)
He?lﬁtrirgr?trﬁigel GCVOL model Ceriani model Basso model
BPEC 0.89 1.02 7.02 6.20
BPEMP 0.30 0.45 12.64 14.32
BPEFR 0.53 0.48 9.84 10.92
BPECr 0.11 0.45 7.14 5.06
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Figure 1. Biodiesel Densities; experimental data: (0) coconut, (4) macauba, (o)fodder radish, (®) crambe; systematized

Halvorsen model:(—) coconut, (---) macauba, (—) fodder radish, (---) crambe.
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The ARDs were similar to those obtained by Basso et al."", from 0.25% to 0.62%,
studying the densities of three different ethyl biodiesels. Although Baroutian et al.?® used
the modified Rackett equation in the density calculations of ethyl biodiesels from canola,
soybean, and palm oil, obtaining deviations less than 0.12%; at least one experimental
density value was required as reference which represents an unfavorable feature of this

.22 obtained

methodology in comparison with that used in the present study. Pratas et a
ARDs from 0.14% to 1.1% and from 0.04% to 0.79%, using the original and a set of re-
estimated GCVOL model parameters in the density calculation of biodiesels produced by

methanolysis, respectively. Anand et al.*

proposed a modification in the Rackett equation
for the calculation of vegetable oil and methyl biodiesel densities, obtaining absolute
deviations from 0.1% to 2.3% in relation to the experimental values. Ramirez-Verduzco?®
developed an empirical methodology for the calculation of densities of methyl biodiesel,
and obtained average absolute deviations ranging from 0.17% to 0.74% for all tested
biodiesels.

The ARDs for the viscosities calculated by the model proposed by Basso et al."

were lower than those calculated using that proposed by Ceriani et al.” for BPEC and
BPECr, and higher for BPEMP and BPEFR, as observed in Table 4. Freitas et al.®', when
analyzing three different methodologies and one set of revised parameters to calculate the
viscosities of methyl biodiesels and their mixtures, obtained average deviations from 4.7%

to 8.1%, considering all biodiesels. Do Carmo et al.*?

when using a methodology based on
the principle of corresponding state for the viscosity calculations of methyl biodiesels and
their mixtures obtained overall ARDs of 9.4% and 8.3%, respectively, using one and two
reference fluids. Ramirez-Verduzco?” developed an empirical methodology for the
calculation of viscosities of methyl biodiesel, and obtained average absolute deviations
from 2.4% to 17% among all tested biodiesels.

|'11 |'13

The models proposed by Basso et al."" and Ceriani et al.”” properly described the
viscosities of the biodiesels containing a great variety of saturated and unsaturated ethyl
esters. Despite the low ARDs, the precision of the models for the representation of the

biodiesel viscosities increased with temperature, as showed in the Figure 2.
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According to observations of Tan and Che Man®, thermal analysis of fats and oils
do not exhibit specific melting and crystallization temperatures, but instead melting and
crystallization profiles because they are composed of complex mixtures of a great variety
of triacylglycerols. The former assertion is valid for biodiesel since these biofuels are
composed for a mixture of alkyl esters, showing polymorphic behavior and presenting a
broad range of melting points. Moreover, phenomena where the components with low
melting points in liquid state tend to solubilize, the components with high melting points in
solid state cannot be neglected. On the other hand, esters in solid state induce material in
the liquid state to crystallize, according to observations of Santos et al. (2011). Therefore,
the melting points of pure ethyl esters obtained from literature® were considered only as a
reference in the assumptions of what happens to esters when subjected to these
phenomena per temperature range, in the biodiesels studied.

The melting profiles of BPECr, BPEC and BPEMP were characterized by two
peaks while that of BPEFR was characterized by one peak, as observed in Figure 3.
Extension of the melting ranges for each peak is related to the variety of ethyl esters with
different melting points and the effect of the inter-solubility among them. The characteristic
values, peak temperature (Tp), temperature of initial melting (Ti), final melting temperature

(Tf), and heat of fusion of esters mixtures (AH) of the melting profiles are shown in Table 5.

The single melting peak in the melting profile of BPEFR is explained by large
amount of unsaturated esters with similar or sequential carbon number. Although this
biodiesel presents approximately 10% ethyl erucate, the massive presence of other
unsaturated esters resulted in the solubilization of ethyl erucate at temperatures less than
the temperatures of the second peak observed for BPECr.

In the melting profile of the BPECr, the first peak, under T/K = 248.2, is primary
related to melting and inter-solubility of the unsaturated ethyl esters with 18 carbon atoms
in the molecule. The second peak, above T/K =248.6, is mainly related to the melting and
inter-solubility of the small content of saturated esters present and mono-unsaturated long
chain esters, mainly ethyl erucate, present in this biodiesel.

In the melting profile of the BPEMP, the first peak, under T/K = 247.4, mainly
shows the melting and inter-solubility of unsaturated ethyl esters while, the second peak,
above T/K = 265.4, shows the melting and inter-solubility of primary mono-unsaturated and

saturated ethyl esters.
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Figure 3. Melting Profiles of the biodiesels.
Table 5. Biodiesels thermal behavior.
properties biodiesels
crambe fodder radish macauba coconut
Ti/K 225.94 223.23 231.03 224.99
THK 248.21 244.88 247.43 241.16
peak 1 To/K 241.28 236.88 245.60 239.63
AH/(J-g™) 31.7391 60.4583 57.9380 12.6666
Ti/K 248.56 - 265.36 241.28
TH/K 257.00 - 280.00 265.55
peak 2 To/K 255.10 - 276.20 257.15
AH/(J-g™" 39.5940 - 18.9731 88.4194

In the melting of BPEC, the first peak, under T/K = 241.2, indicates the melting
and inter-solubility mainly of the unsaturated and short chain saturated esters, ethyl esters

from octanoic and decanoic acid; while the second peak, above T/K = 241.3, is related to

the melting and inter-solubility of primary short and middle chain saturated esters.
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The melting temperature of the biodiesels was considered as the final
temperature of the peak located in the higher temperature region, since above this
temperature there is no material in the solid state. Therefore, the BPEMP presented a
higher melting temperature due to its significant ethyl ester composition composed of
palmitic and stearic acid, followed by BPEC, whose composition is rich in short and middle
chain saturated esters. BPECr, due to its high concentration of ethyl erucate, presented a
higher melting temperature than BPEFR.

The AH (Table 5), per temperature range, is the result of a set of phenomena

which occurs during melting of each biodiesel: the energy used per ethyl ester in its
melting process, the energy used or released in a polymorphic transition per ethyl ester,
the intersolubilization effect among the esters and the ratio, per temperature range, of
material subjected to these phenomena. Despite all these phenomena, it may be assumed

that each AH per temperature range roughly corresponds to the melting and/or interaction

of the mixture of ethyl esters with similar melting point for each temperature range, as it
was indicated in the previous description of the melting curves for the biodiesels.

5. Conclusions

The studied physical properties were directly influenced by the biodiesel
compositions. BPEC and BPEFR have, respectively, the lowest and the highest densities
among the four biodiesels. The viscosities of BPEC were, on average, about 61% of the
viscosities of BPEFR and BPEMP which are, on average, about 89% of the BPECr
viscosities. BPEMP and BPEFR had the highest (T/K = 280) and lowest (T/K = 245)
melting temperatures in relation to the four biodiesels, respectfully. The predictive
Halvorsen methodology properly represented the biodiesel densities with ARDs lower than
0.9%. Both the Basso and Ceriani models properly described the biodiesel viscosities
resulting in ARDs from 5.1% to 14.3% and from 7.0% to 12.6%, and they can be used in
the viscosity description of biodiesel with very different ethyl ester compositions.
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Capitulo 9. Concluso6es Gerais
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Os resultados obtidos no presente trabalho permitem estabelecer um conjunto de
conclusdes relativas ao ELL em etapas de purificacdo de biodieseis etilicos e ao
comportamento da densidade, viscosidade e perfil térmico durante a fusdo desses

biocombustiveis.

O ELL dos sistemas constituidos por glicerol + etanol + biodieseis etilicos foi
caracterizado por uma miscibilidade muito reduzida entre o glicerol e o biodiesel,
enquanto o etanol se distribuiu entre as duas fases ricas nesses componentes, com maior
afinidade pela fase rica em glicerol. Por sua vez, o ELL dos sistemas constituidos por
agua + etanol + biodieseis etilicos pode ser descrito por uma imiscibilidade muito elevada
entre a agua e o biodiesel, a0 mesmo tempo em que o etanol se distribuiu entre as duas
fases. O etanol apresenta menor afinidade pela fase rica em glicerol nos primeiros
sistemas do que pela fase rica em agua, nos sistemas contendo esse composto.

A consideracdo de pseudocomponente, comumente feita na modelagem do ELL
das etapas de producdo de biodiesel usando modelos moleculares, foi confirmada nos
sistemas nos quais o glicerol esteve presente. Nos sistemas compostos por glicerol +
etanol + biodiesel de 6leo de crambe, alteragdes da temperatura, na faixa entre 25 °C e
65 °C, demonstraram ter pouco efeito em relacdo ao ELL dos mesmos.

Os modelos termodinamicos NRTL e UNIQUAC apresentaram boa capacidade
descritiva do ELL dos sistemas constituidos por glicerol + etanol + biodieseis etilicos e
daqueles constituidos por agua + etanol + biodieseis etilicos, sendo que o uso do primeiro
modelo, de modo geral, resultou em menores desvios entre os valores calculados e
experimentais. Por sua vez, a representagcdo do ELL dos sistemas contendo glicerol e
daqueles contendo agua, pelos modelos de contribuicdo de grupos UNIFAC-LLE e
UNIFAC-Dortmund, foi inadequada, embora o segundo modelo tenha implicado em
desvios um pouco menores do que o primeiro. Devido a baixa capacidade preditiva, o uso
desses modelos na simulacdo da etapa de decantagdo do biodiesel de 6leo de polpa de
macalba para a separagao da fase rica em glicerol subestimou os teores de glicerol e de
etanol na fase rica em biodiesel.

No processo de purificagdo do biodiesel de nabo forrageiro, a remog¢ao parcial do
teor de etanol, previamente a etapa de decantacdo da fase rica em glicerol de sistemas
constituidos por glicerol + etanol + biodiesel etilico, possibilita a reducdo do teor de

glicerol na fase rica em biodiesel a teores inferiores ao minimo requerido pelas normas de
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pureza especificadas para esse biocombustivel, ao mesmo tempo em que reduz as

perdas de ésteres etilicos para a fase rica em glicerol.

Considerando um excesso de trés moles de etanol na reagcdo de
transesterificagdo para a producédo do biodiesel de nabo forrageiro, 0 uso de um unico
conjunto “misturador/ separador” na etapa de lavagem deste biocombustivel necessitou
de uma quantidade de 4gua duas vezes maior do que a massa de biodiesel alimentada no
processo de purificagdo, para que fosse alcangada uma redugédo do teor de etanol a
concentracdes inferiores as especificadas pelas normas internacionais de qualidade. De
modo diferente, o emprego de duas configuracdes distintas com dois conjuntos
“misturador/ separador”, uma em correntes cruzadas e a outra em contra corrente,
exigiram, respectivamente, um quarto e um oitavo da quantidade de agua usada na
configuracdo em Unico estagio para obter o mesmo teor final de etanol no biodiesel
purificado.

O comportamento da viscosidade dos sete biodieseis etilicos teve uma forte
correlacdo com as suas composicoes em ésteres etilicos. O biodiesel de 6leo de coco,
composto majoritariamente por ésteres contendo menos de 18 atomos de carbono em
suas moléculas, e o biodiesel de éleo de crambe, composto majoritariamente por ésteres
com mais de 20 atomos de carbono, apresentaram, respectivamente, as menores e as
maiores viscosidades na mesma faixa de temperatura. Demonstrando comportamento
distinto, a densidade foi menos sensivel a variabilidade dos perfis de ésteres etilicos, uma
vez que os valores dessa propriedade, na mesma faixa de temperatura, foram similares

entre todos os biodieseis estudados.

A calorimetria exploratéria diferencial tornou possivel correlacionar a composicao
em ésteres etilicos dos biodieseis com seu comportamento térmico durante o processo de
fusdo. O biodiesel de macauba, por ter aproximadamente 25% de ésteres saturados com
mais de 18 carbonos na molécula (ésteres de acido palmitico e de acido estearico) em
sua composi¢do, apresentou o maior ponto de fusdo, enquanto o biodiesel de nabo
forrageiro, por ter mais de 70% de ésteres insaturados com menos de 22 carbonos,
demonstrou ter o menor ponto de fusdo dentre os biodieseis analisados.
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Sugestoes para Trabalhos Futuros

Obtengdo de dados experimentais de equilibrio liquido-vapor e modelagem
termodindmica de sistemas constituidos por etanol + biodieseis etilicos + glicerol e
por etanol + biodieseis etilicos + agua;

Aquisicao de dados experimentais de equilibrio liquido-liquido e modelagem
termodindmica de sistemas envolvidos na purificacdo de biodieseis etilicos
contendo catalisadores inativos (na forma de sais, por exemplo);

Simulacdao das etapas de purificagdo de biodieseis etilicos considerando a
presenca de catalisador e as etapas de remocgao de etanol e de agua;

Estudo experimental de viscosidades de misturas de ésteres (etilicos ou metilicos)
que comprovem ou neguem a hipdtese de nao associatividade entre esses
componentes em uma mistura;

Andlise do efeito de compostos minoritarios como inteferentes na viscosidade e no

comportamento térmico de biodieseis etilicos.
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Apéndice

Metodologia Experimental Utilizada nos Artigos Apresentados
Producao e Purificacao dos Biodieseis Etilicos

Previamente a producao dos biodieseis etilicos, os 6leos vegetais brutos foram
filtrados, neutralizados e tiveram seu teor de fosfolipidios determinados.

Os biodieseis etilicos utilizados nos ensaios de equilibrio liquido-liquido do
presente trabalho foram obtidos por catdlise alcalina. Previamente a reacao de
transesterificagdo, hidroxido de sédio (1% em relagcdo a massa de 6leo vegetal) foi
dissolvido em etanol sob intensa agitacéo, utilizando-se um agitador magnético. A razao
molar foi de 1:6 dleo vegetal:etanol, considerando-se a massa molecular média do 6leo. A
reacdo foi mantida por uma hora sob agitagdo em temperatura ambiente
(aproximadamente 25 °C) antes de ser interrompida pela adicao de acido acético glacial.
A mistura foi transferida para um funil de separagao para a decantagéo do glicerol. A fase
superior, rica em ésteres etilicos, foi lavada com &gua deionizada aquecida
(aproximadamente 80 °C) por, no minimo, cinco vezes para a remogao de sabdes, sais,
glicerol e etanol residuais. O produto obtido foi secado sob agitagao intensa, aquecimento
(pelo menos 60 °C) e vacuo, a pressdes menores que 5 mmHg. O biodiesel foi destilado
sob vacuo, a pressées menores que 2,25 mmHg e temperaturas minimas de 235 °C.
Apl6s a destilacao, foram feitas lavagens adicionais com agua quente, e secagem sob

vacuo, para a remoc¢ao de quaisquer impurezas residuais.
Experimentos de Equilibrio Liquido-Liquido

Na determinacao do equilibrio liquido-liquido, os componentes constituintes dos
sistemas foram pesados em uma balanca analitica (marca Adam Equipment, modelo
AAA160L, com precisado de +/- 0.0001 g), e transferidos para tubos de “headspace”. de 20
mL. Os tubos foram vigorosamente agitados usando um agitador tipo “vortex” (marca
Phoenix, modelo AP56) e centrifugados (centrifuga marca Jouan, modelo BR4i) por 5 min
a 4000 rpm a temperatura ambiente. Todos os sistemas foram mantidos em repouso por,
no minimo, 12 h com a temperatura controlada por um banho termostatico (marca Paar
Physica, modelo Physica VT2, com precisao de +/- 0,2 °C). O equilibrio foi determinado
visualmente, pela formacgéo de duas fases limpidas e de uma interface bem definida.
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Determinacao do perfil de acidos graxos

A caracterizagdo em ésteres etilicos dos biodieseis foi feita por meio de
cromatografia em fase gasosa, com ensaios realizados em triplicata. Foi utilizado um
cromatégrafo gasoso Perkin Elmer - Clarus 600, com detector FID; uma coluna capilar
Elite-225 (fase estacionaria composta por 50% cianopropil metil — 50% fenil metil
polisiloxano), marca Perkin Elmer, com comprimento de 30 m, didmetro interno de 0,25
mm e espessura da fase estacionaria de 0,25 pym; com hélio como géas de arraste.

As condicoes analiticas utilizadas foram: vazdo de hélio de 1 mL/min;
temperaturas do injetor e do detector de 250 °C; temperatura inicial do forno de 100°C
mantida por 5 min, rampa de aquecimento de 5 °C/min até 230 °C, mantida por 20 min;
“split” de 1:40 e volume de injegao de 0,4 pL. Os ésteres etilicos foram quantificados pelas
areas relativa dos picos.

Caracterizacao das Fases em Equilibrio Liquido-Liquido dos Sistemas
Constituidos por Etanol + Biodieseis Etilicos + Gicerol

A quantificacdo dos teores de glicerol, de ésteres etilicos de &cidos graxos
(determinados individualmente) e de etanol em cada fase em equilibrio foi determinada
com ensaios realizados, no minimo, em triplicata. Foi utilizado um cromatdgrafo gasoso
Perkin Elmer - Clarus 600, com detector FID; uma coluna capilar DB-225 (fase
estacionaria composta por 50% cianopropil fenil — 50% dimetil polisiloxano), marca
Agilent, com comprimento de 30 m, didmetro interno de 0,25 mm e espessura da fase
estacionaria de 0,25 uym; com hélio como gas de arraste.

As condi¢des analiticas utilizadas foram: vazao inicial de hélio de 1 mL/min,
mantida por 5 min, vazao de hélio de 2,5 ml/min, mantida por 6 min e, vazao de hélio de
1,5 ml/min até o término da andlise; temperaturas do injetor e do detector de 250 °C;
temperatura inicial do forno de 40°C mantida por 1 min, rampa de aquecimento de 5
°C/min até 60 °C, mantida por 1 min, rampa de aquecimento de 25 °C/ min até 200 °C,
mantida por 1 min e rampa de aquecimento de 7 °C/min até 235 °C, mantida por 8 min;
“split” de 1:40 e volume de injecéo de 0,4 L.

Os componentes foram quantificados por meio de curvas de calibragdes, sendo
que estas foram constituidas por nove concentragdes de etanol e miristato de etila (como
padrdo para os ésteres etilicos) e oito concentragdes de glicerol.
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Caracterizacao das Fases em Equilibrio Liquido - Liquido dos Sistemas
Constituidos por Etanol + Biodiesel Etilico + Agua

A composicdo em agua na fase rica nesse componente foi determinada usando
um titulador Karl Fisher (701 KF Titrino, Metrohm), com ensaios realizados, no minimo em
triplicata.

O teor de agua na fase rica em biodiesel foi determinado usando um sistema de
andlise de Karl Fisher coulométrico (KF Coulometer, Metrohm), mais preciso para baixos
teores de agua que o equipamento descrito anteriormente, com ensaios realizados, no

minimo, em ftriplicata.

Para a obtengéo do teor de biodiesel, amostras de cada fase em equilibrio dos
sistemas constituidos por etanol + biodiesel etilico + agua foram pesadas, em uma
balanca analitica (marca Precisa, modelo XT 220 A com precisdo de +/- 0.0001 g) e
transferidas, em ftriplicata, para placas de Petri previamente pesadas. As placas foram
levadas a uma estufa com circulacdo de ar (marca Marconi, modelo MA 035), onde foram
mantidas por, no minimo, 20 h a 80 °C e a pressao atmosférica, até a completa
evaporacgao da agua e do etanol. A massa de biodiesel foi obtida por pesagem das placas
apos a evaporacao do etanol e da agua.

O teor de etanol foi determinado partir da diferenga entre a massa total pesada
na placa de Petri e as massas de agua e de biodiesel.

Determinacao da viscosidade

A determinagcdo da viscosidade dos biodieseis etilicos foi feita em um
microviscosimetro capilar (marca Anton Paar, modelo AMVn), seguindo uma programacao
gue consistiu em quatro medicées em inclinacao de 70 °, quatro medi¢cées em inclinacédo
60° e seis medi¢coes em inclinacao de 50°. A viscosidade foi obtida por meio da média das
quatorze medigdes. A calibracao foi previamente verificada, na faixa de temperatura de 20
°C até 90 °C, usando um fluido de calibracdo IPT-77 OP-6, certificado pelo Instituto de
Pesquisas Tecnoldgicas (IPT), Brasil.

Determinacao da densidade

A determinacdo da densidade foi realizada por ensaios em ftriplicata, em um
densimetro capilar (marca Anton Paar, modelo DMA 4500). A calibracao foi previamente
verificada, na faixa de temperatura de 20 °C até 90 °C, usando um fluido de calibracao
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IPT-77 OP-6, certificado pelo Instituto de Pesquisas Tecnologicas (IPT), Brasil.
Previamente a cada analise, foram feitas verificagdes da calibracdo do equipamento com
agua Mili-Q, sendo aceitos desvios inferiores a 0,0001 g/cm?®.

Determinacao do Comportamento Térmico Durante a Fusao

O comportamento térmico dos biodieseis etilicos durante a fus@o foi obtido em
um calorimetro exploratério diferencial (marca Perkin Elmer, modelo DSC 8500). As
amostras foram pesadas (aproximadamente 5 mg) em uma balanga microanalitica (marca
Perkin EImer, modelo AD6). Uma panela hermética de aluminio vazia foi usada como
referéncia. As amostras foram submetidas a seguinte programacao de temperatura:
resfriamento a uma taxa de 1 °C/min até -80 °C, manutengédo dessa temperatura por 30
min e, aquecimento a uma taxa de 1 °C/min até 80 °C. A calibracéo foi feita utilizando
indio e ciclohexano como referéncia. As temperaturas iniciais e finais referentes aos
fendmenos térmicos foram consideradas como aquelas nas quais a linha base modifica

sua trajetoria original.
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