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RESUMO

O biodiesel (ésteres) € um combustivel que pode ser produzido a partir de éleos
vegetais, gorduras animais e O6leo de origem microbiana (algas, fungos e
bactérias). As matérias-primas sdo convertidas em biodiesel por meio de uma
reagdo quimica envolvendo alcool e catalisador. Esta reacdo é chamada de
transesterificacdo ou etandlise, caso o alcool for o etanol. Neste trabalho, foi
realizada a producdo de biodiesel utilizando os seguintes sistemas: reator em
batelada, processo de destilacdo reativa e reator de alta rotagdo. A producgéo e
caracterizagcdo dos biocombustiveis provenientes de diferentes matérias primas
foram realizadas e alternativas para o uso do subproduto da producéo do biodiesel
(glicerina) também foram apresentadas. Inicialmente, foi realizado um estudo
comparativo das propriedades do biodiesel proveniente de 6leos de soja bruto, de
mamona, de palma, gordura animal, residuos de dleo de fritura e de éleo de coco.
Nesse estudo, foi verificado que algumas propriedades do biodiesel séo
influenciadas pela matéria-prima utilizada. Na segunda etapa, os parametros
cinéticos da reacao de transesterificacdo do residuo de fritura e do 6leo de
mamona foram determinados. Na terceira etapa, a influéncia da variavel do
processo de transesterificagcdo de 6leo de mamona foi investigada. A massa molar
do 6leo de mamona foi determinada por meio da osmometria de pressao de vapor.
Essa técnica apresentou bons resultados e pode ser utilizada em substituicao a
cromatografia gasosa, com menor custo. Na quarta etapa, a influéncia das
variaveis de processo na producdo de biodiesel utilizando uma coluna de
destilacdo reativa foi investigada. Esse sistema integra as etapas de reacao e
separacao em um unico equipamento. O melhor resultado obtido foi conversdo em
éster etilico de 98,14 %m/m ap6s 6 minutos de reacdo. Na quinta etapa, uma
alternativa para a reducédo da viscosidade do biodiesel de 6leo de mamona foi
apresentada. A viscosidade do biodiesel de é6leo de mamona é 4 vezes superior as
especificacoes da ANP; esse fato restringe a utilizacdo desse biodiesel como
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combustivel. Conclui-se que blends de biodiesel de mamona em etanol contendo
entre 30 — 50 %v/v de etanol apresentam viscosidade dentro das especificagbes.
Na sexta etapa, a influéncia das variaveis de processo na producao de biodiesel
utilizando um reator de alta rotacao foi investigada. Foram obtidas conversées em
ésteres superiores a 99 %m/m, utilizando 1,35 % de catalisador (NaOH) e razéo
molar etanol: 6leo de soja de 6:1 e ap6és 11 min de reagdo. Em seguida, foi
estudada a pirdlise da glicerina visando a obtencéo de gas de sintese; esse gas é
constituido de hidrogénio e monéxido de carbono. O uso de glicerina na producao
de biocombustiveis como hidrogénio e gas de sintese €& uma alternativa
promissora. A maior conversdao em hidrogénio obtida foi de 40,36 %molar e em
mondxido de carbono foi de 47,12 %molar. Finalmente, foi realizada a purificacdo
da glicerina residual proveniente do processo de producdo de biodiesel sendo
obtida glicerina com 99,9 %em/m de pureza (produto grau farmacéutico).
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ABSTRACT

Biodiesel is a fuel made from vegetable oils, animal fats and microbial oil (algae,
bacteria and fungi). The raw materials are converted to biodiesel through a
chemical reaction involving ethanol and catalyst. This reaction is called
transesterification or ethanolysis. This work presents the biodiesel production using
batch reactor, reactive distillation process and ultra-shear reactor. The biodiesel
raw materials were characterized and alternatives to biodiesel by product use were
presented. At first, a comparative study of biofuels from crude soybean oil, castor
oil, palm oil, animal fat, frying oil and coconut oil are presented. The results
showed that some biodiesel properties are influenced by the original feedstock. At
second, the kinetic parameters of the frying oil and castor oil transesterification
were determined. The reaction rate constants and the activation energies from
experimental observation were determined. At third, the influence of the process
variable on castor oil transesterification was investigated. The castor oil molar
mass was determined using vapour pressure osmometry technique (VPO). The
results showed that VPO technique is a robust alternative methodology for
determining vegetable oil molar mass presenting lower cost than gas
chromatography analysis. At fourth, the influence of the process variable on
biodiesel production using reactive distillation columns was investigated. This
system is the simultaneous implementation of reaction and separation within a
single unit of column. The best result obtained was 98.18 wt% of ester after 6 min
of the reaction. At fifth, an alternative to castor oil viscosity decrease was
presented. The viscosity of castor oil ethyl ester (COEE) is about 4 times larger
than the biodiesel viscosity specification according to the Brazilian National Agency
of Petroleum, Natural gas and Biodiesel (ANP) norms, and consequently this
restricts the use of this biofuel. The results show that blends with ethanol from 30
to 50 vol% reach ANP viscosity specifications. At sixth, the biodiesel production
was carried out using a multiple-stage Ultra-Shear reactor. Ethyl ester conversion
above 99 wt% were obtained with catalyst content of 1.35 %, ethanol:soybean oil
viii



molar ratio of 6:1 and reaction time of 11 min. The following study was the syngas
production from glycerol pyrolysis. The syngas composition is hydrogen and
carbon monoxide. The glycerol pyrolysis is a promising way to produce biofuels
such as hydrogen and syngas. The best hydrogen conversion obtained was 40.36
mol%, and carbon monoxide of 47.12 mol%. Finally, the purification of biodiesel

by-product was realized and glycerol with 99.9 wt% of purity was obtained.
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CAPITULO 1 - INTRODUCAO, OBJETIVOS E
ESTRUTURA DO TRABALHO

Este capitulo foi dividido em introdugao, objetivos e estrutura do trabalho. A
introducdo apresenta um breve resumo sobre biodiesel e sobre a metodologia
utilizada. O objetivo descreve as metas atingidas ao longo do trabalho e,
finalmente, o item estrutura do trabalho faz um breve resumo dos capitulos que

compdem a tese.

1. INTRODUGCAO

O biodiesel € um combustivel sintético produzido a partir de éleos vegetais,
gorduras animais, algas ou fungos. A forma mais usual de producdo desse
combustivel é por meio da reagcdo de transesterificacdo e ou de esterificacdo de
Oleos vegetais e gorduras animais (Krawczyk, 1996; Ma e Hanna, 1999; Li et al.,
2008).

O freqlente aumento do preco do petrdleo e a possibilidade de
esgotamento dos combustiveis fosseis vém motivando inimeros pesquisadores
pela busca de combustivel alternativo. O uso de biodiesel requer poucas
modificacdes nos motores a diesel. Além disso, € um combustivel que pode ser
produzido no local de utilizacdo, domesticamente, contribuindo com a reducgéo da
importagéo e/ou uso do petréleo (Hanna, 1999).

A produgado de biodiesel no Brasil levara o Pais a auto-suficiéncia em
abastecimento de combustiveis para os motores a diesel ja existente. Do ponto de
vista social, a producgéo de biodiesel favorecera a fixagdo do homem no campo em
condi¢des dignas, reduzindo novos investimentos em infra-estrutura nas cidades,

pois propiciarqd a geragdo de empregos diretos e indiretos, como a agricultura
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familiar que fornecera matéria-prima para producao de biodiesel proporcionando
desenvolvimento regional. Do ponto de vista ambiental, € um combustivel
biodegradavel. Além disso, a utilizacdo de residuos de fritura como matéria-prima
reduz os custos com tratamento de esgotos e disposi¢cao de residuos. Do ponto de
vista das empresas nacionais, ha ganhos com desenvolvimento técnico cientifico e
tecnoldgico com capacitacao de pessoal. Sabe-se que 10% em peso do éleo
vegetal utilizado como matéria prima na producdo de biodiesel € convertido em
glicerina, consequientemente, um aumento da produgdo de biodiesel podera
ocasionar uma reducao do prego da glicerina. Além disso, ressalta-se que o Brasil
€ o pais mais indicado para producéao de ésteres etilicos, pois possui 0 dominio da

tecnologia de producgao de etanol.

1.1 OBJETIVOS

Os objetivos desse trabalho de tese podem ser sintetizados nos topicos a seguir:
e O estudo da producdo de biodiesel por meios convencionais (reator em
batelada) e ndo convencionais (destilacao reativa e reator de alta rotacao).
e A caracterizacao do biodiesel proveniente de diferentes matérias primas.

e A busca de rotas alternativas de utilizagéo e purificacao da glicerina.

1.2 ESTRUTURA DO TRABALHO

Esse trabalho foi organizado na forma de artigos, que abrangem cada objetivo
estabelecido, podendo ser sintetizado da seguinte forma:

e Capitulo 1 — Introdugéo.

e Capitulo 2 - Revisao Bibliografica.

e Capitulo 3 — Material e Métodos.

e Capitulo 4 - Artigo sobre caracterizagcdo de ésteres provenientes de

diferentes matérias primas.



Capitulo 5 - Artigo sobre a determinacdo de parametros cinéticos da
reacao de transesterificacao.

Capitulo 6 - Artigo sobre a otimizacado da producao do biodiesel de éleo
de mamona.

Capitulo 7 - Artigo sobre a producao de biodiesel por destilacao reativa.
Capitulo 8 — Artigo sobre o uso de blends de biodiesel e etanol para
reduzir a viscosidade do biodiesel de 6leo de mamona.

Capitulo 9 — Artigo sobre a utilizagdo de um reator de alta rotagdo na
producgéo de biodiesel.

Capitulo 10 — Artigo sobre producdo de gas de sintese a partir da
pirdlise da glicerina.

Capitulo 11 — Breve descricao do processo de purificacdo da glicerina
(patente).

Capitulo 12 — Conclusées e Sugestdes para Trabalhos Futuros.

Capitulo 13 — Referéncias Bibliogréficas.



CAPITULO 2 - REVISAO BIBLIOGRAFICA

Nesse capitulo, sera apresentado um breve histérico sobre o biodiesel, bem
como seus conceitos, especificacdes mundiais e nacionais. Posteriormente, serdo
apresentados conceitos sobre a determinacao de parametros cinéticos da reagao
de transesterificagdo. Em seguida, serdo apresentados os sistemas néo
convencionais de producdo de biodiesel. Finalmente, serdo apresentadas
alternativas para o uso da glicerina, que € o sub-produto do processo de producao

de biodiesel.

2.1 Historico

O uso de 6leos vegetais como combustiveis iniciou-se em 1900 quando
Rudolph Diesel, o inventor do motor a diesel, fez alguns testes em motores de
compressao utilizando 6leo de amendoim. Porém, nessa época, o baixo preco dos
combustiveis fosseis favoreceu o uso de derivados de petréleo nesses motores.
Os primeiros estudos relacionados a producao de biodiesel ocorreram em 1937 na
Bélgica, onde foi depositada uma patente que relata a produgcédo de biodiesel por
meio de catélise basica. Nas décadas de 30 e 40, pesquisas relacionadas a
reacao de transesterificacdo e testes em motores a diesel foram realizadas em
varios paises. Durante a segunda guerra mundial, o alto preco do petrédleo
favoreceu o desenvolvimento de pesquisas relativas a combustiveis renovaveis.
ApGs esse periodo, houve interrupcdo dos estudos; retomaram-se as pesquisas
sobre biodiesel somente na década de 80, por conseqiiéncia da paralisacdo da
producao de petrdleo no Ird (Gateau et al., 1995; Hanna e Fangrui, 1999; Smith,
1949).



O desabastecimento de petroleo ocorrido na década de 70 e 80 motivou a
implantacdo de programas de incentivo a produgdo de combustiveis renovaveis no
Brasil. Esses programas sdo o Pro-alcool e o Pro-6leo (plano de incentivo a
producado de 6leos vegetais para fins carburantes). O objetivo do Pro-alcool era a
produgéo de etanol por meio da cana-de-agucar para mistura na gasolina ou uso
exclusivo. Esse programa tornou-se o0 mais importante programa de biomassa do
mundo e o Brasil referéncia mundial no uso de etanol como biocombustivel. Ja o
Pro-6leo previa a utilizacao de blends constituidos por até 30 % de 6leos vegetais
em diesel. A primeira patente brasileira que descreve a producéo de biodiesel foi
depositada em 1983. Porém, a queda do preco do petrdleo em 1986 contribuiu
para redugcdo desses incentivos. Apesar disso, o biodiesel continuou a ser
estudado em varios centros de pesquisa. A producédo de biodiesel no Brasil foi
retomada em 2004 com o surgimento do Programa Nacional de Producao que
previa a mistura de 2 % de biodiesel ao diesel até 2008. Esse programa contribuiu
de forma significativa para o aumento da producao de biodiesel inserindo o Brasil
no contexto mundial. Em janeiro de 2010, passou a ser obrigatéria a adigdo de 5
% de biodiesel ao diesel. Essa mistura devera gerar economia de divisas da
ordem de US$ 1,4 bilhdo/ano devido a reducdo das importagdes de 6leo diesel.
(Goldemberg et al., 1999; Rathmann et al., 2010; ANP, 2010).

2.2 Biodiesel

O biodiesel € definido pela American Society for Testing Materials (ASTM),
como um combustivel liquido sintético, originario de matéria prima renovavel e
constituida por mistura de ésteres alquilicos de acidos graxos de cadeias longas,
derivados de 0leos vegetais ou gorduras animais. Também pode ser definido
como derivado de biomassa renovavel que pode substituir, parcial ou totalmente,
combustiveis derivados de petréleo e gas natural em motores a combustao ou em
outro tipo de geracédo de energia (Agéncia Nacional de Petréleo, Gas Natural e
biocombustiveis — ANP, 2010).



Na comparacdo com o diesel de petréleo, o biodiesel também tem
significativas vantagens ambientais. Estudos do National Biodiesel Board
(associacao que representa a industria de biodiesel nos Estados Unidos)
demonstraram que a queima de biodiesel pode emitir em média 48 % a menos de
mondxido de carbono; 47 % a menos de material particulado e 67 % a menos
hidrocarbonetos. Como esses percentuais variam de acordo com a quantidade de
B100 adicionado ao diesel de petrdleo, no B3 essas reducdes ocorrem de modo
proporcional (EPA, 2002).

A especificacdo do biodiesel é de fundamental importancia para a livre
comercializagcao desse produto, uma vez que permite assegurar um combustivel
de qualidade, garantindo os direitos dos consumidores e preservacdao do meio
ambiente. O controle de qualidade do biodiesel brasileiro € regulamentado pela
ANP por meio da resolucao n® 7 de 2008. Com excecao da Alemanha que segue
as normas DIN V 51606, na Europa o biodiesel € especificado de acordo com a
norma EN 14214 de 2003 e nos Estados Unidos de acordo com a ASTM D 6751-
07b.

A Agéncia Nacional de Petrdleo, Gas Natural e biocombustiveis ANP), o
IPT (Instituto de Pesquisas Tecnoldgicas), a Petrobras e o Instituto Nacional de
Metrologia, Normalizacdo e Qualidade Industrial (Inmetro) participaram juntamente
com a Unido Européia e os Estados Unidos da elaboracdo de um sistema de
especificacao internacional para biocombustiveis, resultando no documento: White
paper on Internationally Compatible Biofuel Standards. As especificagdes
brasileiras, européias e americanas forma comparadas visando identificar as
possiveis barreiras a livre circulacdo dos biocombustiveis (Tabela 1). A seguir,
serdo apresentados alguns conceitos das especificacées do biodiesel (Knothe,
2010; Van Gerpen, 2004; Cvengros, 1998).



Cinzas sulfatadas: Corresponde a quantidade de contaminantes como sélidos
abrasivos, residuo de catalisador e metais solluveis presentes no combustivel.

Esses componentes sdo oxidados no processo de combustao formando cinzas.

Metais alcalinos: Os ions metalicos séo introduzidos no biodiesel no processo de
producao, sendo provenientes dos catalisadores utilizados (NaOH ou KOH). Esses
metais podem ocasionar a formacdo de cinzas durante a queima dos
combustiveis; além do Na e do K, também & comum a presenca de célcio e
magnésio provenientes da etapa de lavagem.

Metanol e etanol: a presenca desses alcodis pode ocasionar corrosao no sistema
de combustivel, baixa lubricidade, alta volatilidade e alteracdo do ponto de fulgor

do biodiesel.

Acidez: A seguranca na estocagem do biodiesel pode ser traduzida por meio
desse valor. Essa determinacao corresponde tanto a medida de acidos graxos
livres presentes no biocombustivel, proveniente da degradacdo deste ou da
matéria prima, como a presenca de residuo de acido mineral advindo do

catalisador.

Glicerol Livre: Corresponde a glicerol livre presente no éster (biodiesel) como
contaminante proveniente da etapa de purificacdo do biodiesel. A presenca desse
componente pode ocasionar a formacao de depdsitos nos injetores.

Glicerol Total: Corresponde a soma das concentragdes de glicerol livre e glicerol
presente em forma de mono, di e triacilgliceréis. A presenca desse componente

pode ocasionar formacao de depdsitos em injetores, motores e valvulas.

Corrosividade ao cobre: Essa determinacdo caracteriza a tendéncia do
combustivel em causar corrosdo em superficies de cobre, zinco e bronze, tais

como tanques de estocagem e partes dos motores.

Teor de fosforo: O fosforo presente no biodiesel é proveniente dos fosfolipideos

(6leos vegetais e gordura animal) e sais inorganicos presentes na matéria prima. A



presenca de fosfolipidios (superior a 10 mg/kg) reduz a eficiéncia do sistema de

exaustao dos veiculos.

Residuo de carbono: corresponde a quantidade de material contendo carbono
presente ap0s a evaporacao ou pirdlise do combustivel em uma determinada
condi¢do. Esse parametro mede a tendéncia do combustivel em formar deposito
no injetor e outras partes do sistema de combustéo.

Ponto de fulgor: E definido como a menor temperatura & pressio de 760 mmHg
na qual a aplicacdo de uma fonte de ignicao causa a ignicao dos vapores de uma
substancia, isto é, a determinacdo da inflamabilidade da substancia. Essa
propriedade é importante para os processos de transporte e armazenagem do
combustivel.

Contaminacao Total: E definida como a quantidade de material insoltvel retido
durante a filtracdo do combustivel. Alta concentracdo de contaminantes pode
ocasionar entupimento de filtros de combustiveis e bloqueio de bombas de
injecao.

Estabilidade Oxidativa: O biodiesel € mais sensivel a oxidagdo que o petrodiesel.
Isso ocorre por conseqiéncia da composicdo do biocombustivel, ou seja, a
presenga de ésteres insaturados torna os biocombustiveis mais susceptiveis a
oxidacao. A oxidacao ocasiona a formacéo de hidroperdxidos que contribui para a
formagdo de precipitados insoliveis e gomas entupindo filtros e sistemas de
injecdo. Quando a estabilidade oxidativa do biodiesel é considerada insuficiente,

pode-se adicionar antioxidantes.

A Tabela 1.1 é proveniente do White paper on Internationally Compatible
Biofuel Standards e compara as especificagcdes de cada nacao.



Tabela 1.1 — Especificacoes do Biodiesel

EUA EUROPA BRASIL
Propriedades Unidade ASTM
D6751 EN 14214 ANP N° 7*
Cinzas sulfatadas % massa | 0,02 max. 0,02 max. 0,02 max.
Sodio e Potassio mg / kg 5 max. 5 max. 5 max.
Calcio e Magnésio mg / kg 5 max. 5 max. 5 max.
Teor de metanol ou etanol % massa 0,2 max. 0,2 max.
Indice de acidez mg KOH/g 0,5 max. 0,5 max. 0,5 max.
Glicerol livre % massa | 0,02 max. 0,02 max. 0,02 max.
Glicerol total % massa | 0,24 max. 0,25 max. 0,25 max.
Corrosividade ao cobre taxa classe 3 classe 1 classe 1
Teor de fésforo % massa | 0,001 max. | 0,0010 max. 10 mokg
max.
Residuo de carbono % massa | 0,05 max. 0,05 max.
Teor de ésteres % massa - 96,5 min. 96,5 min.
Destilagao de 90 %vol, °C 360 max. -
recuperado
Ponto de Fulgor °C 130 min. 120 min. 100 min.
Contaminacgéao Total mg/kg 24 max. 24 max.
Teor de agua e sedimentos % vol. 0,050 max. -
Teor de 4gua mg/kg 500 max. -
Estabilidade oxidative (110 °C) h 3 min. 6 min. 6 min.

Fonte: Tripartite task force Brazil, European Union and United States of America,
2007 e * Rodolugdo ANP (Agencia Nacional de Petroleo Gas Natural e
Biocombustiveis) N2 7, de 19.03.2008.

Onde max = maximo; min = minuto.

No Brasil o uso do combustivel B5 ou seja a adicdo de 5% de biodiesel ao
diesel foi regulamentada em 2010. Atualmente, existem 64 plantas produtoras de
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biodiesel autorizadas pela ANP para operacao no Pais, correspondendo a uma
capacidade total de 14.086,03 m®/dia. Destas 64 plantas, 51 possuem Autorizagao
para Comercializagcao do biodiesel produzido, correspondendo a 12.991,83 m3/dia
de capacidade autorizada para comercializacdo. A principal materia prima utilizada
na producdo do biodiesel brasileiro é o 6leo de soja, seguido do sebo bovino
(Figura 2.1).

W SEBO BOVINO B OLEO DE SOJA B OLEO DE PALMA
m OLEO DA ALGODAO m OUTROS M RESIDUO DE FRITURA

0,
Cangg 050% PR 170,

Figura 2.1 - Matérias primas do biodiesel

Fonte: Relatdorio ANP — més de referéncia abril/2010.

Nesse trabalho foi realizada a caracterizacdo do biocombustiveis
provenientes de potenciais matérias primas Brasileiras, tais como: 6leo de
mamona, residuo de fritura, sebo bovino, éleo de soja, 6leo de palma e 6leo de

COCO.
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2.3 Reacao de transesterificacao

A principal forma de obtengdo do biodiesel é através da reacdo de
transesterificagdo que consiste na mistura de um triacilglicerol (triglicerideo) com
um alcool formando ésteres e glicerina. Essa reagdo pode ser acelerada por
catalisadores acidos, basicos, enzimatico e também pode ocorrer na auséncia de

catalisadores utilizando alcool supercritico.

A determinacdo dos dados cinéticos da reacado de transesterificacdo é de
fundamental importancia para a caracterizacdo desses processos. As reagdes
quimicas podem ser classificadas de acordo com a ordem da reagédo. S&o
chamadas de elementares quando a ordem da reagdo coincide com a
molecularidade (isto €, o niumero de moléculas que participam da reacéo). Nesse

caso, a expressao da velocidade, r,, pode ser derivada diretamente da equacao

estequiométrica, desde que descreva o0 verdadeiro mecanismo da reacdo
(equacao 2.1). Onde k corresponde a constante cinética da reagcédo, a e b aos
coeficientes estequiométricos, C4 € Cg as concentragdes dos reagentes (Perry,
1986).

Reacéao elementar: aA+bB — dD

—r, =kCiC}, (2.1)

Para as reagbes complexas ou n&o elementares nao ha, em geral, qualquer
relacdo direta entre a ordem de reacdo e sua equacao estequiométrica (Perry,
1986).

A ordem de reacgéo pode corresponder a zero, primeira, segunda e terceira
ordem, como descritas nas equacgoes 2.2, 2.3, 2.4 e 2.5 (Fogler, 1999):

Reacdo de ordem zero: ~7A = kA onde {k} = mol/dm®.s (2.2)

Reagao de primeira ordem: ~7TA = kACA onde {k}=s" (2.3)
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. 2
Reagc&o de segunda ordem: ~ A = kACA onde {k} = (dm®/mol.s (2.4)

_ 3
Reagdo de terceira ordem: ~ 'A = kaCy onde {k} = (dm*mol)®.s”" (2.5)

Mostra-se, usualmente, a influéncia da temperatura sobre a expressao da
velocidade, pela constante de velocidade dada pela equagéao de Arrhenius (2.6).
Nessa equacédo, A é chamado fator de freqiiéncia ou pré-exponencial e é expresso
nas mesmas unidades que k (constante cinética da reagédo), R corresponde a
constante universal dos gases, T representa a temperatura absoluta (Kelvin) e E a

energia de ativagcao (Fogler, 1999).

k(T)=Ae '™ (2.6)
R = 8314 J/molK = E = J/mol

R = 1987 cal/molK = E = callmol

O estudo cinético da reacao de transesterificacdo vem sendo realizado por
diversos autores, como sera apresentado a sequir.

Stamenkovic (2008) realizou o estudo cinético da transesterificacdo do do
O0leo de girassol em presenca de metanol (metandlise) utilizando baixas
temperaturas e hidroxido de potassio como catalisador. Nesse estudo, foi
confirmada a existéncia de limitacbes de transferéncia de massa no inicio da
reacdo de transesterificacdo, sendo obtido um modelo cinético para descrever
esse processo.

Sulaiman (2007) verificou o efeito da variacdo da concentragdo de metanol
na cinética da reagcao de transesterificacdo enzimatica do 6leo de palma. Nesse
estudo, foi obtido um modelo matematico que descreve a cinética da reacao de
transesterificacdo. Esse modelo foi utilizado para predizer a taxa da reagdo de
transesterificacdo e também as concentracbes de substrato e de alcool que
conduzem as condi¢des 6timas de producao de biodiesel.

13



Turner (2005) analisou modelos cinéticos obtidos por diversos autores.
Nesse estudo, foram realizadas simulacées em Fortran utilizando os dados
cinéticos disponiveis na literatura.

Freedman (1986) fez o estudo cinético da transesterificagdo do 6leo de soja
utilizando metanol e butanol. O comportamento da reagao foi observado utilizando
butéxido de sbdio, metéxido de sodio e acido sulfarico como catalisadores. Esse
estudo concluiu que as reagcdes com razdes molares alcool : 6leo iguais a 6:1
possuem cinética de segunda ordem, enquanto que reagées com razdes molares
alcool : 6leo de 30:1 sdo melhores representadas por cinética de primeira ordem.

Vicente (2007) realizou o estudo cinético da transesterificacdo do 6leo de
girassol. Neste estudo, as etapas correspondentes ao consumo de triacilglicerol,
diacilglicerol e monoacilglicerol foram consideradas como reagdes elementares. A
reacao global foi considerada como de segunda ordem e os dados cinéticos foram
calculados utilizando MATLAB (The Math Works Inc.). Também foi verificada a
influéncia da agitacao, da variacao de temperatura e da quantidade de catalisador
na conversao em éster. A variacdo da temperatura e de cada constituinte da
reacdo de transesterificacdo com o tempo foram descritas pelas equacgdes 2.7,
2.8,2.9,2.10,2.11 e 2.12:

K
T+A— " E+D
Ko

Ks
D+A —  E+M

Ky

M+A —— E+G
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‘;_f = —(k,C + k)T AL+ (e, C + Ky ETD] (2.7)

‘;—?=<k10+km>[T][A] — (kyC + kyy IEI[D] — (kyC + k3 )[DI[A] + (k,C + ko )[ENIM] (2.8)

‘il—j‘j = (kyC + k3 )[DI[A] + (k,C + k, )IENM 1 — (ksC + ks IM1[A) + (k,C + ko, [ EN[G] (2.9)

‘Z—f = +(k,C + k5o )IM[A] - (k,C + ky,)[E][G] (2.10)

le—f = (k,C+kDITIA] - (k,C + k,)IE][D] - (k;C + ko )IDI[A] + (k,C + k,,)[E][M ] (2.11)
+ (ksC + ks )IM 1[A] - (ks C + kg )[ENG]

% = —(k1C+k10)[T] [A]+ (k2C+k20)[E] [D] +(k3C+k30)[D] [A]—(k4C+k40)[E] [M] (2 1 2)

—(ksC+ks0)[M1[A]+ (kg C + ko) [ETIG]

Sendo T corresponde a concentragdo molar de triacilglicerol, E de éster, A
de metanol, D de diacilglicerol, M de monoacilglicerol, G a concentracdo de
glicerina e C de catalisador, k1, k2, k3, k4, k5 e k6 correspondem as constantes
cinéticas descritas nas reacOGes abaixo. As constantes k10, k30 e k50
correspondem as constantes cinéticas das reacbes diretas sem o0 uso de
catalisador; k20, k40 e k60 correspondem as constantes cinéticas das reacdes
indiretas sem o uso de catalisador.

Noureddini (1997) verificou a influéncia da variagdo da agitacdo e da
variagdo da temperatura na taxa de reagédo da transesterificacdo do 6leo de soja.
Foi utilizado o programa MLAB (Mathematical Modeling Software Production
Description, Civilized Software Inc.) para obtengédo dos dados cinéticos da reacéo,
equagobes 2.13 a 2.19.

TG, DG, MG, A, GL e E correspondem as concentracbes molares de
triacilglicedis, diacilglicedis, monoacilglicedis, alcool (metanol), glicerina e éster.
Os k1.g correspondem as constantes cinéticas das reacoes diretas e inversas

% =k [GT][A]+ k,[ DGI[A] - k,[TGI[ AT +k,[Al[GLT’ (2.13)
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d|DG]

= k,[GT)[A]~k,[ DG[E] - k,[DGI[A] + k,[MGI[E] (2.14)

% =k [GT[A] -k, DGIE]+ k;[ DG][A] - k,[MG]LE]+ k [MG][A] - k,[GL][ E] (2.15)

—k,[TGI[A} — ky[GLI[E]+ k,[TG1[A]’ — ks[GL][ET’

dIA] _ —dIE]

2.16
dt dt ( )
% = ks[MG1[A] -k [GLIE]+ k,[TGI[A) — ks[GLI[ET’ (2.17)
K(T) = AT"¢ /&t (2.18)

Diasaku (1998) considerou a reacdo de transesterificacdo de primeira
ordem com relagdo aos reagentes e irreversivel. Ele descreveu o sistema
utilizando equagdes diferenciais (2.19 a 2.21), como pode ser visto abaixo. Crg,
Coa Cuma, Cumeon € ki, ko © k3 sdo as constantes das reacdes de consumo de

trigliacilglicerol, consumo de diacilglicerol e consumo de monoacilglicerol.

TG + MeOH —X 5 DG + ME

DG + MeOH —X2 s MG + ME

MG + MeOH —X3 5 GL + ME

dci = _KICTGCMeOH (2-1 9)
dt

dC

TDG = K,Cr6Chon — K2Cp6 Coreon (2-20)

dC

TMG = KZCDGCMeOH - KscMGCMeOH (2-21 )
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Nesse trabalho foi realizada a determinacao dos parametros cinéticos das

reacdes de transesterificacdo de éleo de mamona e residuo de fritura.

24 Producao de Biodiesel

O biodiesel é normalmente produzido por meio de reatores de agitagdo
continua em batelada (BSTR). Atualmente, diversos tipos de sistemas vém sendo
estudados visando o desenvolvimento da reagédo de transesterificacdo de forma
mais rapida e econémica. Como exemplos desses sistemas podem ser citados:
reatores de agitacdo continua em série (Leevijit et al., 2008); a destilacao reativa
(He et al., 2006; Da Silva et al., 2010); reatores de alta rotacédo (Kraai et al.,
2009); reatores com ultrasson (Georgogianni et al., 2008); micro-ondas (Perin et
al., 2008); micro-reatores (Carucci et al., 2009; Hanlon, 2007; Wen et al., 2009)
com placas de troca térmica (Santacesaria et al., 2009); reatores tubulares (Chen
et al., 2010) em série com reatores de agitacdo continua (Chongkhong, 2010);
coluna com resina de troca-ibnica (Shibasaki-Kitakawa et al., 2004); reator com
duas fases (liquida-gasosa) a altas temperaturas (Behzadi e Farid, 2009). Nesse
estudo, foi utilizado um sistema de destilagdo reativa para a producdo de
biodiesel; a seguir sera apresentada a revisao bibliografica desse sistema.

Nesse trabalho foi realizada a producao de biodiesel utilizando reator em
batelada com agitacédo perfeita (BSTR), reator de alta rotacéo (ultra-shear reactor)

e sistema de destilacao reativa.

2.4.1 Destilacao Reativa

A destilacdo reativa € um processo de separagdo onde a destilacao
fracionada € acompanhada por reagdo quimica, ou seja, existe uma integracdo
entre processo de reacdo quimica e de separacao térmica em uma unica unidade.
Esse fato contribui para a intensificacdo da transferéncia de massa ao mesmo
tempo em que simplifica a operagao da planta de producdo de biodiesel. Outra
vantagem é a combinacdo das etapas de reacdo e purificacdo em uma unica
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unidade deslocando o equilibrio da reacao de transesterificacdo para a producao
de éster (biodiesel), uma vez que ocorre a continua remocédo dos produtos da
reacdo. Além disso, a utilizacdo da destilacao reativa na producédo de biodiesel
permite o desenvolvimento de um processo extremamente rapido, uma vez que &
possivel atingir uma conversdao em éster (biodiesel) superior a 90% m/m em
apenas 3 minutos de reacao (He, 2006).

A destilacao reativa é considerada uma tendéncia na area de processos,
por ser um sistema integrado que minimiza os custos de producdo e projeto dos
equipamentos, além de proporcionar o aumento da produtividade. Por esse
motivo, varios estudos vém sendo realizados visando sistematizar a etapa de
projeto desse processo. Omata (2003) verificou que a combinagéo entre a reacao
quimica e a separacao de fases necessita de dados confiaveis que ndo estdo
disponiveis no banco de dados dos simuladores comerciais. Nesse sentido, o
conhecimento da cinética reacional e do equilibrio de fases € um pré-requisito
para o perfeito dimensionamento do processo.

Outros autores estudaram a influéncia das propriedades termodindmicas na
eficiéncia desse processo. Tung (2007) estudou a influéncia da volatilidade relativa
de cada componente no projeto do destilador reativo. Esse autor propbs um
procedimento de projeto para determinar a configuracdo do processo, a posicao
da zona de reacdo e da secdo de separacédo. Além disso, foi investigado o real
comportamento quimico das misturas com base na volatilidade relativa de cada
componente, sendo realizada a simulagcdo do processo, seguido do
dimensionamento dos equipamentos. Foi verificado que para cada quatro
componentes que participam de uma reagédo quimica (A + B = C + D) existem 24
possibilidades de volatilidade relativa, o que é correspondente a 4! (quatro
fatorial). A distribuicdo dos componentes na mistura reacional permitiu a
determinacdo da posicdo da zona (secdo) de reacdo, podendo se localizar na
segao superior, na se¢ao inferior ou no meio ou no final da coluna.

A destilacao reativa pode ser definida como um processo de separacao
onde a destilacéo fracionada é acompanhada por reacées quimicas, em alguns ou
em todos os estagios, de uma coluna de destilagdo. Estas reacdes sao,
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freqientemente, provocadas pela introducao deliberada de um solvente reativo, o
qual reage seletivamente com um dos componentes da mistura presente no
interior da coluna, para formar produtos que serdo removidos da mesma com
relativa facilidade (Perry et al., 1986).

A destilagao reativa pode ser definida como uma jungao dos processos de
reacdo quimica e de separagdo em uma mesma unidade. Essa soma de
processos contribui para minimizacao dos custos de projeto, em comparag¢ao aos
processos convencionais. O processo de destilacdo reativa tem inumeras
vantagens, tais como: possibilidade de tratar com problemas de reagbes
reversiveis, deslocando o equilibrio para reacées desejadas, levando a altas
seletividades e facilitando a separacdo de misturas azeotrépicas. Isto torna a
destilagdo reativa uma interessante alternativa para a industria quimica
(Reepmeyer, 2004).

Nas industrias de processos quimicos, as etapas que envolvem reacoes
quimicas e a purificacao dos produtos desejados por destilacdo sédo, usualmente,
realizadas de forma sequencial. Em muitos casos, o desempenho deste tipo de
estrutura classica para processos quimicos pode ser significativamente
aumentado pela integracao entre as reacdes quimicas e o processo de separacao
em uma unica unidade de processo multifuncional, conceito este ja fortemente
difundido na area de desenvolvimento de processos de separagédo (Afonso, 2005;
Ferrao, 2007).

A maior parte das aplicacdes industriais de importancia em destilacao
reativa encontra-se no campo das esterificagdes, tais como o conhecido e citado
processo para a sintese de acetato de metila da Eastman Chemical Co. (Agreda et
al., 1990) e do acetato de etila apresentado em varios artigos como Kenig et al.
(2001), Okurr e Bayramoglu (2001), Kloker et al. (2004) e Tang et al. (2003). Estes
processos combinam secbes reativas e ndo reativas em uma Unica coluna de
destilacédo reativa hibrida e, assim, substitui uma unidade convencional bastante
complexa para a obtencéo do produto, a qual é composta por varios equipamentos
distintos. A implementacdo do processo de destilagdo reativa contribui para a
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reducao dos custos de instalacdo e de operacdo dos equipamentos, normalmente,
em cinco vezes (Siirola, 1995).

He (2006) estudou a producéao do biodiesel por meio da destilagao reativa
do éleo do canola e do metanol em presenca de hidroxido de potassio como o
catalisador. Os objetivos foram: obter um reator técnica e economicamente
robusto usando a destilagédo reativa para a producao de ésteres de acidos graxos,
reduzir o excesso do alcool usado nos processos tradicionais de producdo sem
negligenciar a criagdo de uma elevada relagdo metanol : glicerideos na zona da
reagcdo e aumentar a produtividade de biodiesel usando altas temperaturas de
operacdao e curtos tempos de reacdao. O sistema proposto neste estudo foi
constituido de um pré-reator seguido da coluna de destilacao reativa. O primeiro
equipamento foi utilizado para reacdes severamente limitadas pelo equilibrio
quimico, como a transesterificacao do 6leo de canola e do metanol, haja visto que
a taxa inicial da reagao é elevada. Esta taxa da reacao declina abruptamente em
um periodo de tempo curto em que a composicao dos reagentes e dos produtos
aproxima-se do equilibrio. Algumas vantagens do processo de destilagdo reativa
foram evidenciadas nessa publicacao, tais como:

1. Tempo de reacdo mais curto e produtividade mais elevada da
unidade, o que é altamente desejavel em unidades de producao comerciais.

2. Elevada reducdo na exigéncia do alcool em excesso, o que reduz
extremamente o esfor¢o da recuperacao deste depois da reacdo e os custos de
operacao.

3. Reducao importante dos custos devido ao seu tamanho menor e
auséncia de equipamento e consumo de energia para recuperagao do alcool.

4. Reducédo do tempo de reacdo de 30 minutos (reator de agitacdo
continua) para 3 minutos de reacao.

A integracdo entre a reacdo e a separacdo aumenta a complexidade do
processo. E necessario um maior conhecimento do processo e da atividade
cinética. Por esse motivo, varios estudos relacionados com projeto e simulagcéo de

destilagdo reativa vém sendo realizados a mais de uma década (Taylor, 2000).
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Scenna (1998) realizou a descricdo de multiplos estados estacionarios de
sistemas com destilacao reativa, para diferentes condicdes de alimentacdo. Nesse
estudo, foi desenvolvido um modelo rigoroso para simular a partida de uma planta
de destilagdo reativa que pode ser aplicada para processos de esterificacdo e
transesterificagao.

O processo de separacao mais amplamente utilizado na industria quimica é
a destilacao e supde que as correntes que deixam um determinado estagio estao
em equilibrio com a outra. O balango de massa por componente, equagdes para o
equilibrio de fases, equacbes de restricbes e do balanco de energia (MESH)
podem ser resolvidas utilizando um dos varios algoritmos disponiveis. Um estégio
é dito ser de equilibrio quando o contato entre as duas fases, liquido e vapor é
suficiente para se estabelecer o equilibrio termodindmico entre as correntes de
saida do estagio. O equilibrio termodinamico pressupde o equilibrio térmico,
mecanico e quimico (Afonso, 2005).

Os aspectos relacionados ao projeto e a operacao do sistema de destilagéo
reativa sdo consideravelmente mais complexos do que os envolvidos em reatores
e destilagdo convencional. A introducdo de um processo de separagdo na
presenca de uma reacao quimica acarreta o surgimento de interacées complexas
tais como: equilibrio liquido-vapor, transferéncia de massa liquido-vapor,
transferéncia de massa liquido-sélido, difusdo intra particula (catalise
heterogénea), adsor¢éao no catalisador e cinética da reacao (Kiss et al., 2006).

Em um equipamento industrial, apesar das condicbes operacionais e das
caracteristicas do estagio, é praticamente impossivel realizar um contato entre as
fases tal que a mistura liquido e vapor atinja o equilibrio. O estagio real ndo efetua
modificacdes de componentes tao significativas como o que prevé o estagio de
equilibrio ideal. O conceito de eficiéncias de componente em cada prato deve,
entdo, ser incorporado a modelagem para substituir o calculo direto da
transferéncia de calor e transferéncia de massa entre a fase liquida e a fase vapor
no prato real. Ela permite determinar o comportamento de uma coluna real a partir

do comportamento de uma coluna ideal (Pescarini, 1999).
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Nesse trabalho foi realizada a producdo do biodiesel de 6leo de soja
mediante destilacdo reativa. O sistema de destilacdo reativa utilizado foi
constituido por uma coluna preenchida por recheios de vidro, um pré-reator e

sistema de separacao entre o éster (biodiesel) e a glicerina.

2.5 Glicerina

A glicerina € um composto orgéanico pertencente a funcado éalcool. Sua
férmula quimica possui a seguinte nomenclatura IUPAC: propano 1,2,3-triol. O
termo glicerina refere-se ao produto na forma comercial, com pureza superior a 95
%. Esse composto esta presente em varias reagdes quimicas tais como
transesterificacdo ou alcodlise, glicerdlise, hidrélise ou saponificacdo (Mota et al,
2009).

A glicerina € o sub-produto do processo de produgéo de biodiesel. Sabe-se
que 10 %m/m do 6leo vegetal utilizada como matéria prima na produgdo de
biodiesel é convertido em glicerina, conseqtientemente, um aumento da producao
de biodiesel podera ocasionar uma redugéo do preco da glicerina.

O excesso da oferta ocasionado pela producao de biodiesel ocasionou uma
reducao significativa no preco desse trialcool e forcou os produtores do
subproduto do biodiesel a esvaziar seus tanques por meio de exportacoes.
Felizmente, estdo sendo desenvolvidos varios processos quimicos e aplicagdes
para absorver esses excedentes, valorizando-os. Ao mesmo tempo, 0s usuarios
passaram a perceber as diferencas qualitativas entre os produtos obtidos pelos
processos tradicionais de hidrélise e saponificacdo dos obtidos da
transesterificagdo com metanol, atribuindo a eles precos diferenciados (Fairbunks,
2009).

Dentre as possiveis utilizagbes da glicerina residual pode-se citar a
producao de propeno “verde”, para ser polimerizado em polipropileno. Essa resina
terd fonte renovavel, caracteristica que lhe assegurard um aumento significativo

no preco de venda desse produto (Fairbunks, 2009).
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O sub-produto do processo de producdo de biodiesel (glicerina)
normalmente esta contaminado com &gua, moacilglicerols, diacilglicerols, sais,
saboes, residuo de catalisador e ésteres (biodiesel). Apds passar por um processo
de purificagdo (destilagéo), a glicerina pode ser utilizada em inumeros produtos,
tais como: producdo de biogds, industria meédico-farmacéutica, industria de
cosmético (emoliente), industria quimica (gliceraldeido), solvente para tintas e
vernizes, lubrificante, compdsitos (plasticos biodegradaveis), substrato para
processos biotecnoldgicos, além de outros. Além disso, a glicerina é uma potencial
matéria prima para produgéo de hidrogénio (Hz) e gas de sintese mediante
pirélise, gaseificacdo ou reforma catalitica (Valliyappan, 2004).

O hidrogénio é muito usado em refinaria para hidrotratamentos, producao
de amobnia e ceélulas de combustiveis. O craqueamento térmico da glicerina
produz, além de hidrogénio, outros gases como monoxido de carbono (CO) e
diéxido de carbono (CO2). Para algumas aplicacdes como sintese de Fischer-
Tropsch e producao de metanol é desejavel que a razao H2/CO do gas de sintese
seja igual a 2. Esse gas € utilizado largamente em escala industrial na producéo
de hidrocarbonetos médios e pesados e também de compostos oxigenados tais
como alcodis, aldeidos e cetonas (Rapagna, 1998 e Goncalves, 2001).

Na literatura, existem diferentes processos para obtencdo de gas de
sintese. Esse gas pode ser produzido mediante gaseificacdo de carvao, oxidagéao
parcial de 6leos pesados, gas natural ou através da gaseificacdo de biomassa.
Esse gas é utilizado em inUmeras aplicacées industriais tais como: producédo de
metanol, hidrogénio, aménia, acido sulfurico, formaldeido ou saturado com agua e
utilizado em turbina a gas (Raffelt, 2006; Miyazawa, 2005).

Entre as tecnologias utilizadas para geracao de energia elétrica de forma
sustentavel, destacam-se as células de combustiveis. As células de combustivel
sao equipamentos capazes de transformar energia quimica em energia elétrica,
sem a necessidade de combustédo, com alta eficiéncia e confiabilidade e menores
emissdes de poluentes que os equipamentos atuais. O melhor combustivel para
essas células é o hidrogénio que ja vem sendo apontado como a maior fonte de
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energia do futuro. Além disso, o gas de sintese pode ser utilizado em turbinas a
gas proporcionando a producao de energia elétrica.

A rota mais empregada para producao de gas de sintese é a reforma do
metano, principal constituinte do gas natural, com vapor d’agua. Essa rota, apesar
da alta relacdo H»/CO produzida € inadequada para producao de hidrogénio para
células combustiveis, pois apresenta altos custos operacionais devido a demanda
térmica (Rostrup-Nielsen, 2000).

Alguns estudos relatam que é possivel obter altas conversdes, utilizando
glicerina proveniente do processo de produgcdo de biodiesel sem nenhuma
purificacdo prévia. De acordo com Valliyappan (2004) € possivel se atingir um
rendimento de 90,9 % do gas formado utilizando glicerina contaminada com
residuo de metanol e hidréxido de potassio provenientes do processo de producao
de biodiesel.

Nesse contexto, realizou-se a construcdo de um protétipo em escala de
bancada de uma planta de producao de gas de sintese a partir da pirélise da
glicerina (CNPQ n°555134/2006-7), cujos resultados preliminares seréao
apresentados nesse estudo.
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CAPITULO 3 - MATERIAL E METODOS

Nesse capitulo, encontra-se a descricdo dos materiais, equipamentos e

metodologias utilizadas no desenvolvimento deste estudo.

3.1 Material

Os ensaios foram realizados utilizando éleo de mamona (Aboissa e
Delaware), éleo de palma refinado (Aboissa), 6leo de coco (Ducoco e COPRA),
O0leo de soja refinado (Soya), déleo de soja bruto (Aboissa), déleo de fritura
(Restaurante Terrago, Campinas) e sebo bovino (doacdo Aboissa). As reacdes
foram realizadas utilizando alcool etilico anidro (Synth), hidréxido de sddio (Synth),
sulfato de potassio (Synth), etoxido de sddio (Sigma-Aldrich).

Os reagentes utilizados nas analises serdo listados a seguir:
terahidrofurano grau HPLC (B&J/ACS), tolueno graus HPLC (Merck), padrdes
cromatograficos (Sigma-Aldrich), filtros de politetrafluoretileno (PTFE) da Millipore,
placas de silica gel (Merck), benzil grau HPLC (Knauer), hexano grau HPLC
(Merck), n-heptano grau HPLC (Merck), acetronitrila grau HPLC (Merck), cloreto
de ambnia (synth), acido sulfdrico (synth), metanol (synth), hidréxido de potassio

(synth), carvao ativado (Nuclear).

3.2 Equipamentos

Os seguintes equipamentos foram utilizados nesse trabalho:
e Reator em batelada com agitagédo continua (QUIMIS), Figura 3.1.
e Reator de alta rotacao (IKA), Figura 3.2.

e Sistema de destilagéo reativa, Figura 3.3.

25



Sistema de pirdlise de glicerina(TERMOQUIP), Figura 3.4.
Agitadores mecanico (IKA).
Cromatégrafo-HPSEC (WATERS).
Cromatégrafos gasosos (VARIAN E AGILENT).
Densimetro e viscosimetro (ANTON PAAR).
Calorimetro diferencial (METTLER TOLEDO).
Osmometro de pressdo de vapor (KNAUER).
Karl Fischer (METROHM).

Rebmetro (RheoStress 6000).
Rota-evaporador (FISATOM).

Agitador magnético (FISATOM).

Banhos termostaticos (FISATOM E QUIMIS).

I
Agitador

J

=l B
Amostrador

F

1"

14

|

- B
1

- e

Figura 3.1A — Desenho esquematico do reator BSTR
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Figura 3.1B - Foto do reator BSTR

Tubulacio de
reciclo
—__ Tangue
=== Yalvula de
blogueio
Motor (trés estagios |
( gios) | |§]

Figura 3.2A — Desenho esquematico do reator do reator ultra-shear
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Figura 3.2B - Foto do reator ultra-shear
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El

T-04

Figura 3.3 — Sistema de destilacao reativa
Equipamentos - T-01: Tanque de etanol de 1L; T-02: Tanque de 6leo de soja de 1L; R-01: Pré — reator (1L); E-08:
Condensador; C-01: Coluna de destilagdo Reativa; E-11: Separador de éster e glicerina de 2L; T-04: Tanque de éster de
1L; T-03: Tanque de glicerina de 500 mL; P-01, P-02, P-03, P-04 e P-05 sdo bombas peristalticas utilizadas na circulagcao

dos reagentes e produtos; V-1: Valvula para retirada de glicerina.
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TI-01

R-01

Figura 3.4A - Sistema de pirdlise de glicerina

T-01: Tanque de armazenamento de glicerina; V-01: Valvula de retencdo do tanque de
glicerina; P-01 Bomba analitica; V-02: Valvula de retencéao do fluxo de glicerina a jusante da
bomba; V-03: valvula de trés vias; F-01: indicador de vazao do gés de araste (rotametro); V-04:
Valvula de retencado de gas de arraste; T-02: Cilindro de armazenamento de argénio; E-01:
Forno elétrico; R-01: Reator de leito fixo; T-03: Tanque coletor de liquido equipado com
banho de gelo; T-05: Sistema de coleta de gas (“bags”).
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Figura 3.4B — Foto do sistema de pirdlise de glicerina

3.3 Metodologias
3.3.1 Reacao de Transesterificacao

Inicialmente, o 6leo vegetal ou gordura foi pesado num béquer e
transferido para o reator, sendo aquecido até a temperatura desejada. Em
seguida, o catalisador foi diluido no etanol e adicionado ao 6leo. A sequencia dos
processo de producgao de biodiesel esta descrita na figura 3.5.

Apbs o tempo desejado, foi interrompida a agitacdo e a mistura foi
resfriada, finalizando a reacdo. A mistura reacional, proveniente dos reatores
BSTR ou ultra-shear foi para o rota-evaporador, até a obtencdo de uma massa
constante. Observou-se que essa massa corresponde, aproximadamente, a
massa de 6leo utilizada na reagéo.

A mistura obtida no rota-evaporador foi para um funil de separacgéo, sendo
obtidas duas fases. A fase inferior é rica em glicerina e possui coloragao
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alaranjada ou avermelhada em consequéncia do residuos das matérias primas. A

fase superior é constituida de éster e impurezas e possui coloracdo amarelada.

A mistura reacional proveniente do sistema de destilacdo reativa nao
passou pelo sistema de roto-evaporagdo pois na coluna de destilagdo reativa
ocorreu a remocao do excesso de alcool.

Apés a separagado, a fase éster foi lavada com agua acidificada. Uma
quantidade minima de agua foi utilizada, correspondente a 10% do peso de éster,
0 que possibilitou uma diminuicdo das perdas de éster por lavagem. A agua
utilizada foi acidificada com gotas de &cido cloridrico. A agua foi adicionada ao
éster e, apos agitacao vigorosa, essa mistura vai para um funil de separacao e em
seguida, foi medida a acidez da fase aquosa com o uso de papel indicador de pH.
Normalmente, foram necessarias trés lavagens para a obtencao de um pH neutro.
Inicialmente, foi utilizada agua de lavagem a temperatura ambiente mas percebeu-
se uma dificuldade de separagdo entre o éster e a agua. Foram testadas varias
temperaturas e concluiu-se que temperaturas entre 75°C e 90°C permitiam uma

separacao mais rapida.

Em seguida, adicionou-se ao éster uma pequena quantidade de
desumidificante (sulfato de sédio anidro), para possibilitar retirada de residuos de
agua. Apés filtracao a vacuo, determinou-se a umidade do éster por meio do Karl
Fisher.
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MATERIA PRIMA

ETANOLISE

| |

Figura 3.5 — Fluxograma de processo de producao do biodiesel

3.3.2 Metodologias Analiticas

Cromatografia liquida

A conversdao em ésteres foi determinada por cromatografia liquida por
exclusdo de tamanho utilizando a metodologia descrita por Shoenfelder (2003).
Esse método foi desenvolvido para andlise de glicerideos (triacilglicerdis,
diacilglicer6is, monoacilgliceréis e glicerol), sendo adaptada para a anélise de
biodiesel, pois 0 pico dos ésteres podem ser nitidamente visualizados entre os
picos dos monoacilglicerois e do glicerol. A fase mdvel utilizada foi tetraidrofurano.
O sistema cromatografico € constituido por uma bomba isocratica (modelo 515,
Waters), um detector de indice de refracao (modelo 2410, Waters) e um forno
(Waters) responsavel pelo aquecimento das colunas a 40°C. Foram utilizadas
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duas colunas tipo Phenogel de 50A e 100A, da marca Phenomenex, com
dimensdes de 7,8 x 300mm e didmetro de particula de 5 um. A vazao da fase
mével foi de 1 mL / min e o tempo de analise foram de 20min.

A concentragdo massica de cada componente (C;) fo i determinada a partir
da razdo entre a area do componente e somatéria das areas de cada pico. A
equacao 3.1 mostra a determinagao da concentragdo em éster (Xgg).

A conversao em éster (Y) foi determinada de acordo com a equacao 3.2,
onde CO corresponde a concentracdo da matéria prima (TG, DG e MG) no tempo
inicial (t = 0), Ci a concentragdo da matéria prima no final da reacdo. A
identificacdo de cada componente foi realizada por meio de padrdes

cromatograficos (Sigma-Aldrish).

=[ ] (3.1)

A1 +ApG +AmG +AEE T AGL

Cromatografia gasosa

A determinacdo da composicdo em acido graxo dos bleos vegetais foi
realizada utilizando a metodologia descrita por Hartman (1973). A Unica excecéo
ocorreu para o 6leo de mamona, uma vez que esse 6leo nao foi totalmente
transesterificado usando Hartman (1973). Dessa forma, esse Oleo foi
transesterificado em presenca de 1 % em massa de etdxido de s6dio, com razao
molar etanol 6leo vegetal de 10:1, sob agitacdo magnética, refluxo a 50°C e
durante 30 min. Apds a reacédo, o excesso de etanol foi evaporado havendo a
decantacdo espontanea das fases éster e glicerina. Em seguida, a fase éster foi
purificada, secada com sulfato de potassio anidro, diluida em n-heptano (1:100),
filtrada (PTFE) e analisada no CG.
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Foram utilizados dois sistemas cromatogréficos:

1) Cromatégrafo gasoso da Varian, modelo STAR 3600CX (Lexington, MA),
equipado com detector de ionizagao de chamas e uma coluna tipo DB 23 (30 m x
0.53 mm, J&W Scientific, Folsom). Foram utilizados hélio (gas de arraste) numa
vazao de 46 mL/min, a vazéo de ar foi de 334 mL/min e a de hidrogénio foi de
34mL/min. Foi utilizada a seguinte programagéo de temperatura: 50°C por 2 min,
em seguida foi aquecido até 180° a uma taxa de 10°C/min, permanecendo em
180°C por 5 min, em seguida foi aquecido até 240°C a uma taxa de 5°C/min,
totalizando 32 min. A identificacdo dos ésteres foi realizada através do uso de
padrbées cromatograficos (Sigma-Aldrish).

2) Cromatografo gasoso equipado com espectrometria de massa (CG — MS); a
coluna utilizada foi uma HP- 5 (30 m x 0,320mm, HP). Foi utilizada a seguinte
programacao de temperatura: 70°C por 2 min, em seguida foi aquecido até 230°
numa taxa de 20/min, permanecendo por 5Smin e, finalmente, foi aquecido até

240°C, numa taxa de 4°C/min, permanecendo por 5 min.

Osmometria de pressao de vapor

Um osmometro da Knauer modelo K-7000 foi utilizado na determinacao da
massa molar do 6leo de mamona. As analises foram realizadas a 60°C, utilizando
tolueno como solvente. Inicialmente, foi construida uma curva de calibragdo
utilizando benzil como padrdo. Em seguida, solugbes de concentragdes
conhecidas de 6leo de mamona em tolueno foram preparadas e analisadas. A
massa molar do éleo de mamona foi determinada pela razao entre o coeficiente

angular da curva da solugéo padrao e da amostra.
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Viscosidade e Densidade

Um viscosimetro da Anton Paar modelo SVM 3000 foi utilizado na
determinacao da densidade e viscosidade a 40°C seguindo recomendagao ANP,
norma ASTM D-445. A variacdo da viscosidade com a temperatura foi
determinada através do rebmetro HAAKE RheoStress 6000 entre 30° e 150°C.

Entalpia, Capacidade calorifica e ponto de congelamento

A andlise térmica corresponde a um grupo de técnicas na qual a
propriedade fisica de uma substancia € determinada em fung¢do da temperatura.
Nesse estudo, a determinacao dessas propriedades foi realizada por calorimetria
de varredura diferencial (DSC) da Mettler Toledo modelo DSC-823e. O principio
de funcionamento do DSC consiste na determinagdo da diferenca de energia
fornecida pela substdncia em analise (amostra) e um material de referéncia
guando essas substancias sdo submetidas ao aquecimento (Timm, 1984), Figura
3.6. Foram determinados a entalpia, capacidade calorifica e o0 ponto de

congelamento do biodiesel.

Figura 3.6 — Colocacao da amostra no DSC.
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As andlises foram determinadas utilizando uma taxa de calor de 10 °/min, e
vazao de nitrogénio de 50 mL/min, seguindo a ASTM E1269-01. A entalpia e a
capacidade calorifica foram determinadas entre 50 e 150 °C. O ponto de
congelamento do biodiesel de 6leo de mamona foi determinado entre -140 e 40
°C. A temperatura de congelamento correspondeu ao maximo do pico de
resfriamento. A entalpia de fusdo (AHss) correspondeu ao resultado da integragcéo

do pico de resfriamento por mol de amostra.

Acidos Graxos Livres (AGL)

A andlise dos acidos graxos livres foi realizada de acordo com a
metodologia AOCS Ca 5a — 40. A amostra foi dissolvida em alcool etilico e titulada
com hidréxido de sédio. A percentagem de acidos graxos livres foi calculada em
termos de acido oléico, de acordo com a equagéao 3.3.

BAGL — mL de alcali x N x 28.2 (3.3)

massa(g de amostra)

Nesta equacédo, mL de alcali representa o volume de hidroxido de sodio
utilizado e N corresponde a normalidade do hidréxido de sédio. A constante 28,2
esta relacionada com o peso molecular do acido oléico.

Determinacao do indice de iodo

O indice de iodo mede o grau de insaturacao dos Oleo vegetais ou
gorduras, consequentemente, quanto maior o indice de iodo maior a quantidade
de acidos graxos insaturados presentes na amostra. O indice de iodo também é
definido como sendo o numero de gramas de iodo absorvido por 100 g de produto.
O grau de insaturagdo das matérias primas foi determinado utilizando duas
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metodologias: AOCS Cd 1c¢-85, descrita na equacdo 3.3 e de acordo com o
procedimento CMQ-LAQ-PE-QO-129 do IPT (determinacéo do indice de iodo em
ésteres metilicos de 4cidos graxos). A composicdo em acidos graxos das matérias
primas foi determinada por cromatografia gasosa.

IV = (%C16: 1x0,95) + (%C18: 1x0,860 +(%C18: 2x1,723) + (%C18:3x2,616) +(%C20: 1x0,785) +(%C22:1x0,733) (3.3)

Ponto de Fulgor

O ponto de fulgor foi determinado seguindo a norma ASTM D 93-06:
“Standard Test Method for Flash Point by Pensky-Martens Closed Cup Tester”.
Analisado no IPT.

Agua e Sedimentos

O teor de agua e sedimentos foi determinado de acordo com a norma
ASTM D 1796-02: “Standard Test Method for Water and Sedment in Fuel Oils by
Centrifugue Method (Laboratory Procedure)’. O teor de agua e sedimentos foi
determinado em percentagem volumétrica (%vol.), essa andlise foi realizada no
IPT.

Corrosividade ao cobre
A corrosao foi analisada de acordo com a norma ASTM D 130-04:
“Standard Test Method for corrosiveness to copper from petroleum products by

copper strip test”. Analise realizada no IPT.

Enxofre total
O teor de enxofre foi determinado de acordo com a norma ASTM D 5453-
06: “Determination of total sulfur in light hydrocarbons, spak ignition engine fuel,

diesel engine fuel, and engine oil by ultraviolet fluorescence”. Analise realizada no
IPT.
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Estabilidade a oxidacao
A estabilidade a oxidacdo foi determinada de acordo com a norma
EN 14112-03: “ Fat and oil derivatives — Fatty Acid Methy Esters (FAME) -

Determination of contamination in middle distillates”. Analise realizada no IPT.

Cinzas sulfatadas
O teor de cinzas sulfatadas foi determinada por meio da norma ASTM D
874-00: “Standard test method for sulfated ash from lubricating oils and additives”

e foi realizada no IPT.

Poder calorifico
O poder calorifico foi determinado de acordo com a norma ASTM D 240-
02(07): “Standard test method for heat of combustion of liquid hydrocarbon fuels by

bomb calorimeter’. Analise realizada no IPT.

3.3.2 Sistema de destilacao Reativa

Sistema financiado pelo projeto CNPQ n°482336/2007-2 (Dimensionamento
e montagem de uma planta de produc¢ao de biodiesel por destilacao reativa). Esse
projeto teve como objetivo geral o dimensionamento e montagem de uma planta
de destilacdo reativa e a otimizacdo das condigdes reacionais, utilizando
planejamento de experimentos e metodologia de andlise da superficie de
resposta.

Inicialmente, foi realizado o dimensionamento e a montagem de um sistema
de destilacdo reativa em escala de laboratorio. Esse sistema é constituido por um
pré-reator, uma coluna de destilacdo reativa preenchida com cilindros de vidro
(recheio), um separador de produtos e tanques de armazenamento de matérias
primas e produtos. Nesse sistema foi estudada a producéo de biodiesel a partir de
0leo de soja, etanol e hidréxido de sddio como catalisador. O alcool etilico foi
utilizado para o aquecimento da coluna de destilagdo reativa e alimentado no

refervedor.
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O sistema foi dimensionado de acordo com a volatilidade relativa dos
componentes envolvidos na reacao de transesterificacao; outros autores utilizaram
a mesma metodologia para outros sistemas reacionais. Os reagentes foram éleo
de soja que é o componente mais pesado ou heavier-than-heavy key (HHK) e
etanol que corresponde ao componente mais leve ou ligher-than-light key (LLK).
Os produtos sao constituidos por ésteres etilicos (biodiesel) que € o “chave leve”
ou light key (LK) e a glicerina que representa o “chave pesado” ou heavy key (HK).

A mistura entre reagentes constituidos por um chave muito pesado (HHK)
e um chave muito leve (LLK) é muito dificil porque uma grande quantidade de
reagentes pode coexistir ou permanecer na fase liquida. Esse fato € considerado
como a pior possibilidade de mistura para um sistema de destilacdo reativa, uma
vez que favorece a reagéo inversa (Tung, 2007).

O pré-reator que foi representado por um reator de agitacdo perfeita em
batelada (BSTR) tem uma importante funcdo no processo de destilacao reativa
pois o0s reagentes O6leos vegetais e etanol possuem pouca solubilidade a
temperatura ambiente. Por consequiéncia disso, foi necessario uma pré-mistura
dos reagentes durante 1 min. Esse fato favoreceu a formacéao de ésteres, que sao
soluveis em alcodis e bleos vegetais. Os ésteres formados no pré-reator atuam
como co-solvente favorecendo a transferéncia de massa entre o 6leo vegetal e o
alcool na coluna de destilagdo reativa e, consequentemente, o aumento da
conversdao em ésteres. Esse fato, também, foi observado por outros autores
utilizando coluna de destilacdo reativa de pratos (He, 2006). Ressalta-se que a
transferéncia de massa no inicio da reacdo de transesterificacdo é um fator
limitante para a conversdao em biodiesel, independente do tipo de reator ou
sistema reacional utilizado (Van Gerpan, 2005).

Caracteristicas do sistema reacional

*Sistema semi-batelada constituido por uma coluna de vidro empacotada por

recheios de vidro (anéis); um pré-reator com agitador mecanico e camisa de
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aquecimento; um separador de produtos; tanques para matérias primas e
produtos.

*Coluna de vidro de 2,40 litros, equipada com condensador (agua), medidor de
temperatura no topo e no fundo da coluna e refervedor.

*O controle da vazao de refluxo, da vazao de alimentacédo e da vazao de retirada
dos produtos foi realizado por bombas peristalticas.

+O refluxo foi mantido em 1/3 da alimentacao baseado em testes preliminares.

Descricao do processo de producao de biodiesel no sistema de
Destilacao Reativa (DR)

Inicialmente, a coluna de destilacdo reativa foi aquecida utilizando éalcool
etilico. O etanol (400 mL) foi colocado no refervedor e mantido em ebuli¢do por 30
min. Em seguida, todo o alcool foi recolhido como condensado no topo da coluna.
Apo6s o aquecimento da coluna de destilagdo reativa, a mistura proveniente do
pré-reator foi alimentada nesta coluna. Ressalta-se que a temperatura do
refervedor foi mantida constante em 120 °C, baseada nos ensaios preliminares,
pois essa temperatura permitiu total ascendéncia do etanol ao longo da coluna
mantendo a temperatura do topo em, aproximadamente, 78 °C.

A vazao de alimentacéo da coluna de destilacéo reativa foi mantida em 250
mL/min, a vazao de refluxo correspondeu a 1/3 desse valor (83 mL/min). O tempo
de reagdo no pré-reator correspondeu a 1 min e o tempo de reagéo na coluna de
destilacdo reativa foi de 5 min, totalizando 6 min de reacao.

3.3.3 Reator de alta dispersao

O objetivo desse trabalho foi verificar se o reator ultra-shear (IKA, EUA)
poderia ser utilizado para a produgdo de biodiesel, ou seja, conduzir a altas
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conversdes em éster em pouco tempo de reacdo. Esse equipamento foi cedido ao
Laboratério de Otimizacdo, Projeto e Controle Avancado (LOPCA) da
FEQ/UNICAMP, para testes, pela empresa EGSA (equipamentos para gas do
Brasil LTDA.). Esse equipamento € um misturador de alto desempenho constituido
por estagios; esse equipamento € utilizado na producdo de microemulsées ou
dispersdes finas. Nesse estudo trés combinacées de rotores e estatores
(geradores) em série foram utilizados, essa conjunto contribuiu para a formagéo
de particulas ou gotas de pequeno tamanho com uma distribuicdo altamente
homogénea. Os geradores sao facilmente conectados oferecendo maior
flexibilidade. Nesse estudo, foi utilizado um reator com volume de 10 L, a agitacédo
atingida foi de 7900 rpm e a vazéo de saida do produto de 300 L/h. Um sistema de
reciclo dos reagente/produtos foi utilizado para aumentar o tempo de residéncia

dos reagentes no sistema e proporcionar maior conversao em produtos.

3.3.4 Sistema de pirdlise de glicerina

Sistema financiado pelo projeto CNPQ n°555134/2006-7 (Utilizacdo de
glicerina residual proveniente da producao de biodiesel na producdo de gas de
sintese). Este projeto tem como objetivo geral a utilizacdo do subproduto
proveniente do processo de producao do biodiesel, glicerina, como matéria prima
para producdo de gas de sintese. Sabe-se que esse processo vem a ser uma
alternativa ecologicamente correta uma vez que a principal forma de obtencéo
desse gas é utilizando gas natural. O sistema de pirdlise de glicerina foi
dimensionado em escala de laboratério (Figura 3.4).

Descricao do processo de pirolise de glicerina

O processo de pirdlise ocorreu num reator de leito fixo (200 mm de
comprimento por 10,75 mm de diametro interno), Figura 3.7A. O reator foi

preenchido com recheio de alumina ou quartzo que proporcionou a transferéncia
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de calor ao reagente (glicerina) ou aumento da condutividade térmica, contribuindo
para a formagédo da fase gasosa. A alumina e o quartzo foram escolhidos como
recheio para o reator de pirdlise por possuirem estabilidade térmica, ndo havendo
possibilidade de degradacao durante o aquecimento. O reator de leito fixo foi
aquecido utilizando um forno elétrico, Figura 3.7B. A glicerina foi bombeada por
meio de uma bomba analitica (Waters) e misturada com o gas de arraste
(nitrogénio ou argdnio). O gas de arraste foi utilizado porque proporciona a perfeita
distribuicdo da corrente de glicerina na entrada do reator (semelhante a
atomizacao) possibilitando uma distribuicdo uniforme do reagente no leito desse
equipamento. A vazao do gas de arraste foi ajustada utilizando uma valvula agulha
e controlada utilizando um medidor de vaz&o (rotametro). A temperatura do forno
foi medida utilizando um termopar, conectado a um controlador de temperatura. A
temperatura na entrada do reator também foi medida por meio de um termopar e
coincidiu com a temperatura de operacao do reator. Os produtos provenientes do
reator foram condensados utilizando um banho de gelo com salmoura, formando

uma corrente liquida que foi armazenada no coletor de liquidos (500 mL) e uma
corrente gasosa que foi coletada em bags de 5L (SKC Inc., EUA). Apds a reagéo,

o reator foi resfriado e pesado para determinacéo do teor de cinzas.
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B)
Figura 3.7 — A) Reator de leito fixo; B) Reator de leito fixo dentro do forno

elétrico.

3.3.5 Purificacao da glicerina

A glicerina obtida no processo de producao de biodiesel possui impurezas
provenientes da matéria prima (6leo vegetal e alcool) e residuo de catalisador.
Essa glicerina residual € contaminada com agua, monoacilglicerois, diacilglicerdis,
sais, sables, residuo de catalisador e ésteres, possui coloracdo alaranjada e
concentracao geralmente entre 45 e 65 % em massa.

A reagdo de hidrélise ou saponificacdo consiste na mistura de um
triacilglicerol, ou &cido graxo com agua em presencga de catalisadores acidos ou
basicos. Nessa reacao, sdo obtidos glicerina e 4cidos graxos (sabao).

Inicialmente, a glicerina foi caracterizada em termos de acidez e teor de
impurezas. A pH foi determinada com o uso de phmetro e o teor de impurezas foi
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determinado por HPSEC. Visando eliminar a coloracdo e impurezas presentes na
glicerina residual, foram testadas as seguintes metodologias:

Coluna de carvao ativado

Uma coluna de vidro (30 cm), contendo uma serpentina para aquecimento
foi preenchida com carvdo ativado e utilizada na purificacdo da glicerina.
Inicialmente, foi realizada a purificacdo da glicerina sem aquecimento, mas a alta
viscosidade dessa substancia dificultava o escoamento através do leito de carvao
ativado. Visando reduzir a viscosidade da glicerina foi realizado o aquecimento do
sistema e da glicerina entre 70 — 100 °C. Outras possibilidades testadas foram a
diluicdo da glicerina em etanol numa proporcéo entre 20 — 50 %v/v e também foi
testada a diluicdo da glicerina em agua na mesma proporgao.

Destilador molecular

A glicerina foi neutralizada e, em seguida, purificada no protétipo do
destilador molecular centrifugo, esse equipamento foi projetado por pesquisadores
do LDPS (Laboratério de Desenvolvimento de Processos de Separagédo) da FEQ/
UNICAMP e financiado pelo projeto FAPESP num. 01/10092-2 (Batistella e Wolf-
Maciel, 2001). O principio basico de funcionamento de um destilador molecular é a
sua operacdo em condicdes de pressdao reduzida e tempos de residéncia
extremamente curtos do material no equipamento. Auxiliado a isto, o material é
submetido a temperaturas relativamente reduzidas, o processo nao requer uso de
solventes e opera sob condi¢des oxidantes despreziveis (alto-vacuo).

A glicerina foi alimentada a uma vazdo pré-determinada, aquecida,
degaseificada e espalhada sobre o evaporador na forma de uma fina camada,
onde ocorreu a vaporizagao dos leves. O destilado foi condensado e removido do
sistema por bomba peristaltica. O concentrado foi conduzido por calhas até a
tubulacao de saida e removido, também, por bomba peristaltica.
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A capacidade operacional do equipamento que esta entre 5 e 40 litros/hora
possibilita seu uso em desenvolvimento e otimizagdo de processos, bem como
para pequenas produgdes. Para operagdo em regime continuo, esta capacidade &
razoavel para se estabelecer uma pequena producao. As condigdes operacionais
deste modulo podem ser de temperatura ambiente até 250 °C. As condicoes de
pressdo chegam a atingir 10° mmHg. Como qualquer outro tipo de destilador
molecular, operagdes com pressées maiores que 102 mmHg torna o processo

ineficiente.

3.4 Planejamento Experimental

3.4.1. Sistema de destilacao reativa

O planejamento experimental e a metodologia de superficie de resposta
foram utilizados para otimizar algumas variaveis de processo. As variaveis
estudadas foram razdo molar etanol:6leo de soja (3:1 a 9:1) e concentragdo de
catalisador (0,5 a 1,5 % em massa). Foram realizados dois planejamentos
experimentais. O primeiro planejamento foi um 2% mais 3 pontos centrais; as
variaveis estudadas foram a concentracao de catalisador (0,5 a 1,5 %) e a razédo
molar etanol : 6leo de soja (3:1 a 6:1); a resposta analisada foi a conversao em
éster. O segundo planejamento experimental 22 mais 3 pontos centrais e 4 pontos
axiais foi realizado visando a otimizagdo da conversdo em éster. No primeiro
planejamento, as duas variaveis estudadas foram estatisticamente significativas
para o nivel de confianca de 95 %, consequentemente, um segundo estudo
dessas variaveis foi realizado visando otimizar as condigées reacionais. No
segundo planejamento experimental, a concentracdo de catalisador variou entre
0,5 e 1,5 %, como no primeiro planejamento e a razdo molar etanol : 6leo de soja

variou entre 3:1 e 9:1, visando o aumento da conversao em éster.
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3.4.2 Reator Ultra-shear

Os experimentos foram realizados utilizando 6leo de soja como matéria
prima, em presenca de hidréxido de s6dio como catalisador. O planejamento
experimental e a metodologia de superficie de resposta foram utilizados na
otimizacdo das variaveis de processo. As variaveis estudadas foram tempo de
reacao (6 a 12 min), concentracao de catalisador (0,5 a 1,5 %) e razdo molar
etanol : éleo vegetal (6:1 a 10:1). A maior conversdo em éster obtida para o 6leo
de soja foi de 98% em massa de éster apdés 8 minutos de reacao, razdo molar
etanol 6leo de soja de 8:1 e concentracao de catalisador de 1 % em massa.

3.4.3. Sistema de pirdlise de glicerina

A pirélise da glicerina é influenciada por diversas variaveis tais como: vazao
de gas de arraste, temperatura da reacdo, pureza da matéria prima, tempo de
reacdo, granulometria, tipo de recheio do reator e vazdo ou quantidade de
glicerina alimentada no reator. Nesse estudo, o planejamento experimental e a
metodologia de superficie de resposta foram utilizados na otimizacao das variaveis
de processo que influenciam o rendimento da pirdlise da glicerina. Foi realizado
um planejamento completo 2*' + 3 pontos centrais. As variaveis estudadas foram
a temperatura de reacdo, quantidade de glicerina, vazdo de gas de arraste
(argbnio) e tempo de reacdo. A identificagdo dos produtos gasosos foi
determinada mediante analises cromatograficas gasosa com detector de
condutividade térmica e ionizacdo de chamas. A identificacdo dos produtos
liquidos foi realizada por cromatografia gasosa e espectrometria de massa (CG-
MS). A caracterizagdo da glicerina foi realizada por cromatografia liquida por
exclusdo de tamanho (HPSEC) e o teor de umidade por Karl Fischer. Nesse

estudo foi realizado o estudo preliminar desse sistema com glicerina comercial.
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3.4.4 Reator em batelada

As variaveis de processo da etandlise do éleo de mamona foram estudadas
utilizando planejamento experimental e metodologia de superficie de resposta. As
variaveis estudadas foram: temperatura de reacdo, concentracao de catalisador e
razdo molar alcool etilico: 6leo de mamona. A resposta avaliada foi conversdo em

éster obtida por cromatografia liquida por exclusao de tamanho.

3.5 Consideracoes finais

Nesse capitulo, foram apresentadas todas as metodologias, equipamentos
e reagentes utilizados no desenvolvimento desse estudo. No processo de
producédo de biodiesel, algumas analises sdo necessarias para caracterizacdo da
matéria prima e dos produtos obtidos. A caracterizacao das matérias primas foi
realizada através da acidez e determinacdo da composicdo em acido graxo. A
determinacao da acidez possibilitou uma previsdo do tipo e da quantidade de
catalisador a ser usado no processo, uma vez que nao é recomendado o uso de
catdlise basica para matéria prima com acidez superior a 0,5 % ou 1 mg de KOH/g
de amostra por haver um consumo excessivo do catalisador pela reacdo de
saponificagdo. A composicdo em termos de acido graxo é importante na
determinacao da quantidade de alcool a ser usado na reagédo, uma vez que essa
analise possibilita o célculo da massa molar média da matéria prima (6leo vegetal
ou gordura animal). A conversdo da reacao foi determinada por cromatografia
liquida por exclusdo de tamanho; esse resultado traduz o comportamento da
reacdo e permite a determinacdo de inumeros parametros tais como: a constante
cinética da reacao de transesterificacdo, a energia de ativacéo e a influéncia das
variaveis de processo na reacdo. A purificacdo do sub-produto (co-produto) do
processo de producéo de biodiesel também foi estudada. Por fim, a determinagao
da viscosidade, da entalpia, da densidade, do indice de iodo e da estabilidade
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oxidativa permite o controle de qualidade do produto mediante comparagdo com

as especificacdes vigentes.
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CAPITULO 4 - DETERMINACAO  DAS
PROPRIEDADES DE BIOCOMBUSTIVEIS
PROVENIENTE DE SEIS MATERIAS PRIMAS.

Nesse trabalho foram determinadas algumas propriedades dos
biodiesel provenientes de 6leo de palma, 6leo de mamona, residuo de
fritura, sebo bovino, déleo de cdéco e Oleo de soja bruto. As
caracteristicas avaliadas foram: viscosidade, densidade, indice de
acidez, indice de iodo, entalpia, capacidade calorifica, composicdo em
acidos graxos e acidez.

Titulo: Biodiesel properties from six raw materials
N. L. da Silva, C.B.Batistella, A.L.Jardini, M.R.Wolf Maciel, R. Maciel
Filho

Artigo publicado no VIII IBEROAMERICAN CONFERENCE ON
PHASE EQUILIBRIA AND FLUID PROPERTIES FOR PROCESS
DESIGN — EQUIFASE 2009, Algarve, Portugal.
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Abstract

Biodiesel is an alternative diesel fuel derived from a renewable feedstock such as
vegetable oil or animal fat. It is biodegradable and produces lesser CO, sulfur
dioxide and unburned hydrocarbons than petroleum-based fuel. The
physicochemical properties of biodiesel such as density, viscosity, heat capacity
and enthalpy may influence the combustion and exhaustive emission. This work
presents a comparative study of heat capacities, enthalpy, density, viscosity, and
iodine value of biodiesel from six raw materials. The biodiesel were made using
bioethanol and sodium hydroxide as catalyst in laboratory scale. The raw materials
used were crude soybean oil, castor oil, palm oil, animal fat, waste frying oil, and
coconut oil. The heat capacities and enthalpies were measured in the temperature
range from 283 to 423 K. The density and viscosity were determined at 313 K (40
°C) and a rheological study of the viscosity variation with the temperature were
presented. These properties are very important to design and to define operating
strategies for industrial plants of biodiesel with desired properties and required
equipments and systems for industrial plants of biodiesel. The results show an
increase of the viscosity with the density. It is in agreement with Dermirbas [1] and
it is influenced by the original crude oil. The viscosity variation from castor oll,
frying oil, animal fats and crude soybean oil were according to exponential
decrease, it is in agreement with Wang [2] for Newtonian fluids. The results show
that the biodiesel properties are influenced by the original raw materials. The
biodiesel viscosity decreases as temperature increases, according to Goodrum [3];
this is attributed to a reduction in cohesive forces between the molecules in the
liquid as temperature increases. The determination of iodine value is important
because the unsaturation can lead to deposit formation and storage stability
problems with fuel. In this study, only the frying oil biodiesel had an iodine value
larger than the Europe specifications.

Keywords: Biodiesel, Density, Viscosity, Heat capacitiesl, Enthalpy
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1. Introduction

Biodiesel can be defined by American Society for Testing Materials (ASTM) as
monoalkyl esters of long chain fatty acids derived from a renewable lipid feedstock,
such as vegetable oil and animal fat, for use in diesel engines. This fuel is
produced through transesterification reaction of fats preferentially with alcohol of
low molar mass. Bioethanol or ethanol from sugar cane is an alternative to

methanol, because it allows production of entirely renewable fuel.

A complete understanding of the physical properties of biodiesel raw material is
necessary to the development of fuel or fuel extenders using this feedstock. The
properties of the various individual fatty esters that comprise biodiesel determine
the overall fuel properties. Structural features that influence the physical and fuel
properties of a fatty ester molecule are chain length, degree of unsaturation, and
branching of the chain. These properties are cetane number and ultimately exhaust
emissions, heat of combustion, cold flow, oxidative stability, viscosity, and lubricity
[4].

Physicochemical properties of bio- and petroleum-based diesels, such as density,
bulk modulus, and heat capacity are different due to dissimilar chemical
composition of the fuel. That may influence combustion and exhaust emission.
Density is one of the most important properties of fuels, because injection systems,
pumps and injectors must deliver the amount of fuel precisely adjusted to provide
proper combustion. The spray characteristics upon injection have been closely
related to NOx content in the exhausts, it depends on the exhausts temperature
and on the heat capacity of fuel. According to Dermirbas (2008), an increase in
density from 848 to 885 g/L from methyl esters increase the viscosity from 2.83 to
5.12 mm?%s and the increase are highly regular. Dermirbas (2008) present a
comparative study between the methyl ester properties and the raw materials
properties, but does not present results of castor oil and frying oil [5-9].
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The viscosity of many petroleum fuels is important for the estimation of optimum
storage, handling, and operational conditions. Thus, the accurate determination of
viscosity is essential to many product specifications. The dynamic viscosity is a
measure of the resistance to flow or to deformation of liquid under external shear

forces [8].

Enthalpy is the heat energy necessary to bring a system from a reference state to
a given state. Enthalpy is a function only of the end states and it is the integral of
the specific heats with respect to temperature between the limit state, plus any
latent heat of transition that occurs within the interval. The usual reference
temperature is 0 °C (32 °F). Enthalpy data is easily obtained from specific heat
data by graphic integration. Generally, only differences in enthalpy are required in
engineering design, that is, the quantity of heat necessary to heat (or cool) a unit

amount of material from one temperature to another [10].

The vegetable oil is better than diesel fuel in terms of sulfur content, flash point,
aromatic content, particle matter emission, greenhouse gas emission and
biodegradability. Many publications show the vegetable oils and biofuel properties.
Demirbas (2008) describes a method for estimating the physical properties of
soybean oil based methyl ester on their chemical composition and structure over a
wide temperature range, up to the critical temperature. The properties of eleven
vegetable oils were studied by Goering [11]. This study concludes that the castor,
linseed, and safflower oils have unfavorable fuel properties. Other studies confirm
the castor oil properties, this oil fatty structure contains about 90 %wt of ricinoleic
acid. This acid has a hydroxyl group, and then it is the unique vegetable oil totally
soluble in alcohol. Same biofuel properties such as viscosity, heat value, cetane
number, flash point, oxidation stability, and lubrification of castor oil biodiesel are
different [12-14].

This work shows the influence of raw material composition in the biodiesel
properties. The heat capacities, enthalpies, densities and viscosities were
measured at atmospheric pressure. The biodiesel raw materials were coconut oil,

palm oil, castor oil, crude soybean oil, frying oil and animal fat. Comparative results
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of these properties for ethyl esters are not present in the open literature for these
six raw materials; then this work aims to describe the effect of fatty acids structure
on the heat capacities, enthalpies, viscosities and densities. Moreover, the

influence of temperature on the heat capacities and enthalpies is shown.

2. Materials and Methods
2.1 Raw materials

The castor oil, crude soybean and palm oil were obtained from Aboissa (Sao
Paulo, Brazil), the frying vegetable oil was collected from local Brazilian restaurant,
the crude coconut oil was donated by Copra (Maceio, Brazil) and the waste animal

fat was donated from a Brazilian butcher’s.

2.2 Raw materials characterization

The raw materials free fatty acids content was determined according to the AOCS
official method Ca 5a-40 as oleic acid. Gas chromatography equipped with a flame
ionization detector and with a DB 23 column was used for the raw material
composition determination. The fatty acid compositions of the fats were determined
by gas-liquid chromatography (GLC). The coconut, palm, soybean, frying oil and
animal fat were converted into fatty acid ethyl esters (FAEE) according to Hartman
[15]. The castor oil composition was obtained according to Lima da Silva [16].

2.3 Chromatographic analyses

The high-performance size-exclusion chromatography (Waters, USA) equipped
with two columns Styragel HR 0.5 and HR 2 (Waters) were connected in series
and with a differential refractometer detector model 2410 (Waters). This equipment
was used for the triacylglicerols, diacylglicerols, monoacylglicerols, ethyl esters and
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glycerol analyses. The Schoenfelder [17] methodology was adapted to biodiesel
analysis.

2.4 Biodiesel production

The reactions were performed in a batch reactor of 1 L. The system was
maintained at atmospheric pressure and the experiments were carried out at
constant temperature. The agitation was kept constant at 400 rpm. The reaction
time was of 30 minutes. The experiments were carried out using sodium hydroxide
concentration and ethanol quantity enough to cause a biodiesel conversion above
90 %wt. Initially, the reactor was loaded with 400 g of raw material, preheated to
desired temperature and the agitation started. The sodium hydroxide was
dissolved in ethanol and the reaction starts when the alcoholic solution was added
to the vegetable oil. After the reaction, the ethanol excess was removed in rota-
evaporator under vacuum; then two layers were formed; the upper layer was
composed of esters (biodiesel) and the lower one made of glycerol. Then, the ethyl
esters were washed and dried in order to remove the impurities. After the
purification process, the biofuels were obtained with 99 %wt of ethyl esters.

2.5 Determination of enthalpies and heat capacities

Biodiesel samples were analyzed in a differential scanning calorimetric (DSC),
model DSC-823e and mark Mettler Toledo. Firstly, the samples were weighed and
placed in a pan (Aluminum of 40 uL) into the furnace. Samples analyzed for
separated with a heating rate of 20 °C/min, using as inert gas nitrogen with flow
rate of 50 ml/min, according to ASTM designation E1269-01. The samples were
analyzed from 50 to 150 °C.
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2.6 Determination of viscosity and density

The density and viscosity were determined by Stabinger Viscometer SVM 3000
(Anton Paar). The SVM 3000 works according to a new, patented (EP 0 926 481
A2) measuring principle. It is necessary to fill up the measuring cell with 3 ml of
sample in order to obtain both dynamic and kinematic viscosity and density values.
These properties were measurement at 40 °C (313 K) according to the ASTM D-
445,

The influence of the temperature on biofuels viscosities were determined by
rheometer (RheoStress 6000). The measures were determined according to the
controlled shear rate principle. A speed (angular velocity) is present in the sensor
system; this sensor when filled with a sample causes a shear rate. The torque
required for achieving and maintaining the desired shear rate is the viscosity-
proportional parameter. The viscosity variation with the temperature from 25 °C to
150 °C was determined using a shear constant of 100 s™.

2.7 Determination of iodine index

The iodine index (IV) was determined according to the AOCS Cd 1c-85. The
method determines the iodine value for edible oils directly from fatty acid
composition. This determination is applicable to triacylglicerols, free fatty acids,
and their hydrogenated products. After the determination of the raw materials fatty
acid compositions by CG the triacylglicerol iodine value is determined according to
equation (1). The iodine values were expressed as grams of iodine absorbed / 100

g of sample.

IV = (%C16:1x0.950) + (%C18 : 1x0.860) + (%C18 : 2x1.723) +
(%C18:3x2.616) + (%C20:1x0.785) + (%C22 : 1x0.723) (1)
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3. Results and discussions

Table 1 shows the raw material free fatty acid contents, and Table 2 depicts the
raw materials fatty acid profile determined by CG. Figure 1 shows a typical
chromatogram of transesterification process at 10 minutes of reaction. Figure 2
presents a chromatogram of the ethyl ester or biodiesel after purification. The
results prove the biodiesel purity reached with the purification step. The biodiesel
properties were determined for the purified biodiesel samples because trace of
impurities such as raw materials, catalysts or glycerol cause wrong determinations
of the properties.

Table 1 — Free fatty acid content

Free Fatty Acids

Raw Material
(%)

Animal fat 2.87
Castor oil 1.20
Coconut oil 0.32
Frying oil 2.12
Palm oil 0.19
Soybean oil 0.60

Table 2 — Fatty acid composition

RawMaterial 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:1* 18:2 18:3 20:0 22:0

Animal fats 2.1 240 235 458 2.6

Castor oil 1.6 09 3.0 89.5 37 0.3 0.6
Coconutoll 4.1 4,0 418 219 123 27 102 3.1

Frying oil 120 50 250 520 6.0

Palm oil 03 15 400 5.0 400 11.0 03 08
Soybean oil 11.0 51 27.0 513 5.4

Caprylic (8:0), Capric (10:0), Lauric (12:0), Myristic (14:0), Palmitic (16:0), Stearic
(18:0), Oleic (18:1), Ricinoleic acid (18:1%), Linoleic (18:2), Linolenic (18:3),
Arachinic (20:0), Behenic (22:0).
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Figure 1 - Typical chromatogram of castor oil ethanolysis using the HPSEC: TG -
Triacylglicerols; DG - Diacylglicerols; MG - Monoacylglicerols; EE - Ethyl ester;
GL - Glycerol.
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Figure 2 - Chromatogram of castor oil biodiesel after purification

process using the HPSEC: EE - Ethyl ester.
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3.2 lodine value

Table 3 shows the iodine value. This determination is a description of the
unsaturation of the vegetable oil. The results show that the frying oil has the
highest iodine value, followed by the crude soybean oil, the castor oil, palm oll,
animal fat and coconut oil. The greater degree of unsaturated fatty acids such as
linoleic acid, linolenic acids in soybean oil and frying oil cause the high iodine
value. There is no Brazilian specification for iodine value but according to the EN
14111 (European Committee for Standardization) this value should be lower than
120 mg iodine/100 g sample. Thus, the biodiesel from frying oil and soybean oil are
not suitable to be used as an alternative fuel according to Table 3.

Table 3 — lodine value

Raw Material (V)

Castor oil 85.96
Palm oil 54.24
Coconut ail 14.14
Crude soybean oil  126.20
Frying oil 127.26
Animal fats 46.20

3.3 Enthalpy and heat capacity

The biodiesel from castor oil presents a faster increase of enthalpy and heat
capacity with the temperature and these properties for animal fat biodiesel has
opposite effects. The castor oil biodiesel has about 90 percent of ethyl ricinoleate
and the presence of the hydroxyl group can influence this property. The increase of
the heat capacity of biodiesel with the temperature is in agreement with Dzida [17]
for methyl esters of rapeseed oil. The enthalpies increase linearly with the

temperature and the heat capacities increase according to four order polynomial
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equation, Figures 3 and 4. Table 4 shows correlations of enthalpies and heat
capacities.
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Figure 3 — Specific heat capacity curves for biodiesel from different raw materials
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Table 4 - Enthalpies and heat capacity correlations
Correlation
Raw material Enthalpy Heat capacity
Equation R? Equation R?
Animalfat | 1.419T- 382.3 0.999 -4E-09T" + 6E-06T" - 0.002T> + 0.640T - 48.69 | 0.954
Castor oil 2.502T - 737.9 0.983 5.637In(T) - 30.53 0.936
Coconut oil 2.124T - 616.9 0.997 1.795In(T) - 8.438 0.846
Frying oil 1.652T - 469.1 | 0.998 1E-09T" - 2E-06T + 0.001T” - 0.447T +51.63 | 0.975
Palm oil 1.876T - 540.5 0.998 1.267In(T) - 5.567 0.899
Soybeanoil | 1.798T-511.8 | 0.999 -2E-08T" + 4E-05T° - 0.019T" + 4.679T - 421.3 | 0.902

3.4 Density and viscosity

Table 5 presents the dynamic viscosity and density of biodiesel from different raw
materials. The ethyl ester from castor oil presents the highest vicosity and density
and the coconut biodiesel has the lowest viscosity and density. The castor oil
biodiesel is composed of about 90 %wt of ethyl esters from ricinoleic acid (C18:1).
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The molar massar of this ester is 326.5 kg/kgmol, whereas, the coconut biodiesel
has 81 % of esters from Caprylic (8:0), Capric (10:0), Lauric (12:0), Myristic (14:0).
The coconut biodiesel molar mass is approximately 256 kg/kgmol. Then, these

properties increase with the biodiesel molar mass or the ester chain length.

Table 5 — Viscosity and density (40°C)

Raw materials Biodiesel
Oil
Viscosity (cSt) Density (g/cm3) Viscosity (cSt) Density (g/cm3)
Castor 245.840+0.302 | 0.9460+ 0.0016 15.29+0.014 0.9042+ 0.00005
Animal fat 45.250+0.09 0.8969+0.0003 5.99+0.008 0.8565+0
Coconut 28.749+0.019 0.9078+0.0001 3.025+0.025 0.8492+0
Palm 41.513+0.1966 0.8990+0.0002 4.8531+0.0039 0.8539+0
Crude soybean 38.20+0.030 0.8908+ 0.0001 4.3435+0.013 0.8623+ 0.0001
Frying 46.20+0.030 0.9048+ 0.0002 6,41+ 0.010 0.8664+ 0.0002

The rheological behavior of the biodiesel viscosities were shown in Figures 5-10.

The viscosity variation from castor oil, frying oil, animal fats and crude soybean oil

were according to an exponential decrease, which is in agreement with Wang [17]

for Newtonian fluids. The influence of temperature on viscosity of coconut oil and

palm oil were not described as Newtonian fluids.

62



Cooo T oo =
[ o | e T S W
ofa Emoh Sk oo fa

viscosity(Pa.s)

e e

253.01 34439 397
Temperature(K)
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4. Conclusions

The determination of enthalpies and heat capacities of several bioesters
(biodiesels) using DSC equipment as well as evaluation of the behavior of these
properties in function of temperature are very important in studies of equipments
and systems for industrial plants of biodiesel.

Biodiesel from castor oil shows that enthalpy is very susceptible at temperature
unlike other biodiesel sources. This fact may be considered due to the hydroxyl
group present in the ricinoleic ester. However, the heat capacity behavior is similar
to other biodiesels.

The ethyl ester from castor oil presents the highest viscosity and density and the
coconut biodiesel has the lowest viscosity and density. The results show that the
biodiesel properties are influenced by the original raw materials. The biodiesel
viscosity decreases with the increasing in temperature, and according to Goodrum
[16], this happens because the cohesive forces between the liquid molecules
decrease with the increase of temperature.

The determination of biodiesel iodine value is important to biodiesel specification
because high unsaturations can lead to deposit formation, and storage stability
problems. In this study, only the frying oil and soybean oil biodiesel have a iodine
value larger than the Europe specifications.
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CAPITULO 5 - PRODUCAO DE BIODIESEL A PARTIR
DE OLEOS VEGETAIS - DETERMINACAO DOS
PARAMETROS CINETICOS

Titulo: Biodiesel production from vegetable oils: Operational
strategies for large scale systems.

Nivea de Lima da Silva, ElImer Ccopa Rivera, César Benedito
Batistella, Danilo Ribeiro de Lima, Rubens Maciel Filho, Maria Regina
Wolf Maciel

Nesse trabalho foi realizada a determinacdo dos parametros cinéticos
da reacdo de transesterificacdo de éleo de mamona e residuo de
fritura. Um estudo comparativo das velocidades das reagdes tambéem
foi apresentado.

Artigo publicado: Computer Aided Process Engineering, vol. 25, 1101-
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Abstract

This work presents the transesterification process of vegetable oils with bioethanol
in the presence of sodium hydroxide as catalyst, because it leads to better
conversion and smaller reaction time. A computer-aided tool of this system to
model the kinetic of biodiesel production was developed to explore the impact of
each strategy on the process behaviour which is an important issue to lead the
process to be operated at high level of performance. An analysis was made of the
temperature effects on the reaction rates, and it was determined the reaction rate
constants and the activation energies derived from experimental observation. The
kinetic data showed to be satisfactory for a wide range of operating conditions. The
assessment of possible implementation difficulties are carefully considered and

discussed.

Keywords: biodiesel, ethanolysis, transesterification, modeling, optimization.

1. Introduction

Biodiesel is a clean burning fuel derived from a renewable feedstock such as
vegetable oil or animal fat. It is biodegradable, non-inflammable, non-toxic and
produces lesser CO, sulfur dioxide and unburned hydrocarbons than petroleum-
based fuel. Biodiesel is a fuel made from fat. Either virgin vegetable oil or waste
vegetable oil can be used to make quality fuel. Fats are converted to biodiesel
through a chemical reaction involving alcohol and catalyst. Nowadays, due to the
price of virgin oil such as canola, soybean oil, the use of low-cost feedstock, such
as waste frying oils in an acid-catalyzed process, should help make biodiesel
competitive in price with petroleum diesel, beyond being a suitable way to reuse
waste materials. Alternatively, it is a good strategy to find out some vegetable oils
that are not used in the food chain so that they tend to be a cheaper feedstock, as

68



is the case for castor oil. Bioethanol (ethanol from biomass) is an alternative to
methanol, because it allows production of entirely renewable fuel [1]. For both
feedstocks, the transesterification reaction takes place in the biodiesel process
production. This reaction can be carried out in the presence of alkaline, acid, and
enzymatic catalyst or using supercritical alcohol [2].

Another issue in transesterification processes is the influence of temperature on
the kinetics. Thus, a description of the influence of temperature on kinetics of the
biodiesel production is essential for a reliable mathematical modeling to be used in
process design, optimization, control and operation. During the last years, several
studies of the transesterification process mathematical modeling involving various
types of vegetable oil have been carried out [3-5]. Hence, the difficulty in modeling
transesterification processes is essentially on the precise description of the kinetics
and robust modeling can only be achieved by incorporating reliable computer-

aided procedures.

Bearing this in mind, in this work, the modeling of transesterification process of
vegetable oils is studied focusing on developing a systematic method that can be

used whenever an estimation of reaction rate constants is necessary.

2. Experimental Procedure

2.1. Materials

The castor oil was obtained from Aboissa (Sdo Paulo, Brazil) and the frying
vegetable oil was collected from local Brazilian restaurant. The castor oil contained
1.2 % of free fatty acid (FFA) and the frying oil contained 3.2 % of free fatty acids
determined according to the AOCS official method Ca 5a-40 as oleic acid. The
sodium hydroxide and the anhydrous ethanol were obtained from Synth (S&o
Paulo, Brazil). All the standards were supplied by Sigma-Aldrich Chemical
Company, Inc. (St. Louis, Mo).
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2.2. Equipment

The experiments were carried out in a batch stirred tank reactor (BSTR) of 1 liter,
equipped with a reflux condenser, a mechanical stirred, and a stopper to remove

samples.
2.3. Method of analysis

Gel-permeation chromatography (Waters, USA) also called high-performance size-
exclusion chromatography (HPSEC) was used for the triacylglycerols (TG),
diacylglycerols (DG), monoacylglycerols (MG), ethyl esters (EE) and glycerol (GL)
analyses according to Shoenfelder [6]. The mobile phase was HPLC-grade
tetrahydrofuran (JT Baker, USA). The relative percentage of each component (X;)
was given by HPSEC and it was determined by equation (1), where X; was

calculated dividing the peak area of a component Aj (Ata, Apc, Ama, Aee or Agl)

by the sum of the peak area of all components.

S (1)

The molar concentration was calculated using equation 2, M; was determined by
dividing the product of the density (d) by the relative percentage (x;) by the molar
mass of each component (Mw;).

M. (mol/L) = in x d x1oooj

Wi

2.4. Experimental conditions

The system was maintained at atmospheric pressure and the experiments were

carried out at constant temperature. The agitation was kept constant at 400 rpm.
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The reaction time was about 25 minutes. The experiments were carried out with 1
% wt of sodium hydroxide, molar ratio ethanol: vegetable oil of 6:1. To examine the
temperature dependency of the reaction rate constants, reactions at 30, 40 and 50

°C were studied.

2.5. Procedures

Initially, the reactor was loaded with 400 g of either castor oil or frying oil,
preheated with the desired temperature and the agitation started. The sodium
hydroxide was dissolved in ethanol and the reaction starts when the alcoholic
solution was added to the vegetable oil. During the reaction, samples were
prepared by dilution of 0.1 g of the reaction in 10 ml of THF. After dilution, the
samples were filtered and analyzed in the HPSEC (high-performance size-
exclusion chromatography). Twelve samples were collected during the course of
each reaction.

3. CAPE tool for Biodiesel Production (Transesterification)

Specifically, a step-by-step optimization procedure for the calculation of the
reaction rate constants as a function of temperature used in this work is described
below.

3.1. Determination of the appropriate forms of rate expressions

A system of differential equations based on kinetic model presented by Noureddini
and Zhu [1] and Bambase et al. [2], shown in equations 3-8 were used to model
the stepwise transesterification reaction.

o =h[TGIAL -k, DGIIEE] ~ [DGIA + k,[MGIIEE] (4)
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dMQ]

2 — 3 [DGIIA] - k,[MGIIEE] ~ K5[MGIIA] + kg GLI[EE] (5)
% — ks [MGI[A] - k¢ [GLI[EE] + &, [TGI[A]’ — ks[GLI[EE]® (6)
d[EE |
% _ k[TGI[A]- k,[DGI[EE] + k,[DGI[A]- k,[IMGI[EE]+ k.[MGI[A]- k,[GLI[EE] + k, [TG][A]- k,[GLI[
(7)
diA]_ _ d[EE] (8)
dr dr

where [TG], [DG], [MG], [EE], [A] and [GL] are the respective concentrations of tri
triacylglycerols,, diacylglycerols, triacylglycerols,, mono triacylglycerols,, ethyl
ester, alcohol, and glycerol expressed in mol/L. Kinetic rate constants have units

L/mol-min.

3.2. Estimate a set of temperature dependent kinetic rate constants for each

temperature considered in the experiments

Temperature dependent kinetic rate constants of the three consecutive and
reversible reactions were established based upon the kinetic scheme presented in
equations 3-8. Let 0 specify the parameters vector, which contains all the kinetic
rate constants. The objective of the mathematical estimation of model parameters

is to find out 6 by minimizing the objective function, min E(0):

np 2 2 2
Bo) - 37| (TG —[TGk,)” (DG, ~[DGle,)” | (MG, IMGke,)

- [TGle,, [DGle 2., MGle?,, ©)
2 2 np
+([GL]n —[GLle,) +([EE]n —[EEle,) =ZS§(9)
[GLJe?, [EEle 7., n=1

where [TGlen, [DGlen, [MGlen, [GL]en and [EE]e, are the molar concentrations of tri
triacylglycerols,, di triacylglycerols,, mono triacylglycerols,, glycerol and ethyl ester
at the sampling time n. [TG],, [DG],, [MG],, [GL]» and [EE], are the concentrations
computed by the model at the sampling time n. [TGlemax, [DGlemax [MG]emax
[GL]emax and [EE]emax are the maximum measured concentrations and the term np
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is the number of sampling points. Here ¢,(6) is the error in the output due to the nth

sample.

The determination of the feasible region of the total search space in the
multiparameter optimization of the deterministic model is complex. For this reason,
in this work, the optimization procedure to minimize equation 9 is based on the
combination of two optimization techniques. Initially, the potential of global
searching of real-coded genetic algorithm (RGA) was explored for simultaneous
estimation of the initial guesses for each kinetic rate constants in the model.
Subsequently, the quasi-Newton algorithm (QN), which converges much more
quickly than RGA to the optimal, was used to continue the optimization of the
kinetic rate constants near to the global optimum region, as the initial values were
already determined by the RGA global-searching algorithm.

3.3. Apply an equation based on Arrhenius form to describe the influence of

temperature and fit it to the optimized values obtained for each temperature

From the k-values obtained at different temperatures, the activation energy for
each ethanolysis step was estimated using the integrated form of the Arrhenius

equation:

k = Ae RT (10)

where k is the reaction rate constant, L/mol-min; A is the frequency factor; E; is the
activation energy, cal/mol; R is the universal gas constant, R = 1.9872 cal/mol-K

and T is the absolute temperature, K.
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4. Results and Discussion

4.1. Transesterification reaction

The frying oil had a FFA (Free Fat Acid) content higher than 1 %, then the alkaline
catalyst would be destroyed because the FFA reacted with the sodium hydroxide to
produce soaps and water, hence, reducing the ester conversion. Figures 1 (A and
B) show the effect of the time on the frying oil and castor oil transesterification. The
castor oil transesterification is very rapid because the ethyl ester concentration is 2
mol/L, (conversion of 72 %) after 2 minutes, while the higher conversion for frying
oil (72 %) is achieved after 20 minutes, at the same temperature (50 °C).

In the transesterification reaction, the reactants initially form a two-phase liquid
system, because the TG and alcohol phase are not miscible [3]. This fact
decreases the contact between the reactants and the reaction conversion. The
castor oil and its derivatives are completely soluble in alcohols [7]. This fact leads
to increase the mass transfer in the first stage of the reaction, and hence the ester
conversion. Thus, the kinetic constant of the castor oil reaction (TG —DG) is higher

than other vegetable oils, for the same process temperature.
4.2. Reaction kinetic modeling

Experimental observations at three temperatures (30, 40 and 50 °C) are used to
estimate the kinetic rate constants and its predictions at 50 °C are shown in typical

kinetic plots in Figures 1A and 2B for frying and castor oils, respectively.

For the estimation of the kinetic rate constants, equations 3-8 were solved using a
Fortran program with integration by an algorithm based on the fourth-order Runge-
Kutta method. The rate constants were determined by minimizing equation (9)
using a hybrid approach, coupling RGA and QN algorithms, which intuitively made
the prediction procedure to be significantly quicker.
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Fig. 1. Experimental data and kinetic modeling curves for the composition of the
reaction mixture during (A) frying oil and (B) castor oil ethanolysis. Temperature =
50 °C, 1 % of NaOH as catalyst, impeller speed = 400 rpm, molar ratio 6:1. (@,
triacylglycerols, glyceride; O, diacylglycerols,; A, monoacylglycerols,; A,
glycerine; M, ethyl ester; [, alcohol).

By considering the values optimized by RGA as initial guess estimates, the kinetic
rate constants were re-estimated by QN. The procedure showed to have very good
performance with a relatively lower computer burden. The rate constants for frying
and castor oils ethanolysis are shown in Table 1.

Figures 2A and 2B show the dependence of 1/T on In (k), confirming that the
Arrhenius equation can be applied for determining the activation energies for the
ethanolysis reactions. The values obtained are summarized in Table 2.

75



3.06 3.10 3.15 320 325 3.30 3.35 3.05 3.10 3.15 3.20 3.25 3.30 3.35

0.00 —— 050 —
-0.90 , :\A\—A 050 7 W
- 1.80 | S — < 150 |
S (0T — o250 . .
3.60 | —— 350 | %
450 | 450 |

Fig. 2. Arrhenius plot of (A) frying oil ethanolysis and (B) castor oil (M, ki; [, ko; A,
ks; A, ks; O, ks; @, Kg).

5. Concluding Remarks

The experimental results show that the second order models described adequately
the reaction conditions. There is an increase in k with the temperature for both raw

materials.
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Table 1. Values for the kinetic rate constants for castor and frying oils ethanolysis

Kinetic rate constants ( mol/L-min)

Temperature ki ko ks Ky ks ks

(°C)

30 0.2426 0.0555 0.9526 0.6948 0.0279 0.0180
Castor
| 40 0.4110 0.0561 1.0949 0.9920 0.0300 0.0355
oi

50 0.4750 0.0569 1.3716 1.1500 0.0345 0.0420

30 0.1811 0.0257 0.3216 0.5317 0.0751 0.0167
Frying
' 40 0.2086 0.0263 0.3825 0.5522 0.0834 0.0200
oi

50 0.2215 0.0280 0.3939 0.7000 0.0860 0.0284

Table 2. Activation energies for the ethanolysis reactions

Ea (cal/mol)
Reaction Castor oil Frying oil
TG -»DG 6570 1918
DG »>TG 245 852
DG ->MG 3534 1927
MG —»DG 4921 2791
MG —»GL 2042 1297
GL -MG 8309 5467
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The performances of a reliable systematic procedure to describe the reaction
kinetic of the transesterification process were assessed. The kinetic model
presented acceptable fits, in comparison with experimental observations, using the
proposed methodology. Values of activation energy for ethanolysis reaction
indicated that higher temperatures favor the formation of DG (for the reaction
TG—DG values of E, for the forward reaction has a magnitude higher than the
corresponding backward step), but also favor the consumption of MG and GL (for
DG—MG and MG+GL values of E, for the forward reaction has a magnitude lower
than the E, of the inverse reaction).

With the proposed procedure, it was possible to predict the extent of the reaction at
any time under particular conditions as well as to define operating strategies a
process to have high performance operation.
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CAPITULO 6 - OTIMIZACAO DA ETANOLISE
ALCALINA DO OLEO DE MAMONA

Titulo: Biodiesel production from castor oil: optimization of

alkaline ethanolysis

Nivea de Lima da Silva, César Benedito Batistella, Rubens Maciel
Filho, Maria Regina Wolf Maciel

Nesse trabalho foi obtido um modelo real que descreve a variacdo da
conversao em ésteres etilicos de 6leo de mamona em funcéo da razao
molar, da quantidade de catalisador e da temperatura de reacao. Em
seguida, a massa molar do 6leo de mamona foi determinada utilizando
osmometria de pressao de vapor. Finalmente, os parametros cinéticos
da transesterificacdo basica do 6leo de mamona, utilizando excesso

de alcool foram determinados.

Artigo publicado: Energy & Fuel, 23, 5636-5642, 2009.
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Abstract

This work presents the biodiesel production from castor oils with bioethanol from
sugar cane (also called here ethanol) in presence of sodium ethoxide and sodium
hydroxide as catalysts. The studied variables were reaction temperature, catalyst
concentration, and ethanol : castor oil molar ratio. The experimental design was
used in the optimization process because this methodology permitted a careful
evaluation of the process variables. A model describing the biodiesel conversion in
terms of reaction temperature, molar ratio ethanol : castor oil was identified. The
experimental design shows the catalyst concentration as the most important
variable and the model obtained predicts the ethyl ester concentration as function
of the reaction temperature, the ethanol : castor oil molar ratio and the catalyst
concentration. A conversion of 99 %wt of ethyl ester was obtained at 30°C, with
mechanic stirrer, 1% wt of sodium ethoxyde, ethanol : castor oil molar ratio of 16:1
and at 30 minutes of reaction. The kinetic study of the transesterification reaction
was carried out and the apparatus used for the experiment was a 1 L jacketed
reactor, equipped with a variable speed agitator. In the Kkinetic study, the
temperature of the reactor was controlled and maintained at 30, 40, 50, and 70 °C.
The results from the experiments demonstrate that the kinetically controlled region
follows a first-order mechanism for the forward reaction. The castor oil molecular
weight was determined using the vapour pressure osmometry technique (VPO).
The results showed that VPO technique is a robust alternative methodology for

determining vegetable oil molecular weight presenting lower cost than CG analysis.

Keywords: biodiesel, castor oil, ethanolysis, optimization, transesterification.

Introduction

Biodiesel is a fuel made from vegetable oils, animal fats and microbial oil (algae,

1

bacteria and fungi).” The raw materials are converted to biodiesel through a
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chemical reaction involving alcohol and catalyst. Alternatively, it is a good strategy
to discover some vegetable oils that are not used in the food chain (non-edible), as
it is the case of castor oil. The ethanol (bioethanol) from sugar cane was used in
the transesterification reactions. This alcohol is an alternative to methanol,
because it allows the production of an entirely renewable fuel.

Castor oil is a non-traditional raw material for production of biodiesel. This
vegetable oil is comprised almost entirely (90 %wt) of triglycerides of ricinoleic acid
in which the presence of hydroxyl group at C-12 imparts several unique chemical
and physical properties. Thus, castor oil and its derivatives are completely soluble

in alcohols at room temperature?.

Cvengros et al, (2006)% showed as the hydroxyl group of ricinoleic acid affects

some castor oil biodiesel properties such as density and viscosity.

lts transesterification reaction takes place at a significantly lower temperature when
compared to other vegetable oils. The castor oil also dissolves easily in ether,
glacial acetic acid, chloroform, ethanol, methanol, carbon sulfide, and benzene*.

Castor oil ethanolysis and methanolysis were carried out in the presence of
enzymatic, basic and acid catalysts. The difficulty to separate both phases
(biodiesel and glycerol) is evident in the castor oil transesterification process. The
phase separation between the ester (biodiesel) and the glycerol was obtained with

neutralization and washing of the products or utilization of co-solvents® >*°.

Vapor pressure osmometry (VPO) is a very common technique used to determine
the molecular weight of organic molecules (Mw) and of polymers. This technique is
described by ANSI/ASTM D 3592-77. This standard defines that the technique is
applicable to all polymers that dissolve completely without reaction or degradation,
within a molecular weight range of between 10,000 and a lower limit that is
determined by the VPO. The measurement principle is based on the vapor
pressure of any solution containing solutes, with vapor pressure lower than a pure

solvent'®.
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Some studies have reported kinetics for both acid and alkali-catalyzed
transesterification reactions. Freedman'' reported transesterification reaction with
alcohols, and examined the effects of the type of alcohols, of the alcohols to
soybean oil molar ratio, of the type and amount of catalyst and of the reaction
temperature on rate constants and kinetic order. For a 30:1 buthanol : soybean
molar ratio, the forward and reverse reactions followed a pseudo-first and second-
order kinetics, respectively, for both acid and basic catalysts. Noureddine'? studied
the effect of mixing on the kinetics of the soybean oil transesterification with
methanol, using sodium hydroxide as a catalyst. Kusdiana'® describes the kinetics
of rapeseed oil transesterification to biodiesel in supercritical methanol without a
catalyst. They reported the effects of the molar ratio and the reaction temperature
on the methyl ester formation followed by a proposed simple method for the
kinetics of the transesterification reaction. Vicente' studied the methanolysis of
sunflower oil using potassium hydroxide as a catalyst and a methanol : sunflower

molar ratio of 6:1. Georgogianni'®

studied the effect of ultrasound versus
mechanical stirring on the transesterification of cotton seed oil and sunflower oil. In
this report, the reaction kinetics of first-order was used to calculate the reaction
rate constant of each system. Most attempts in literature have been focused on

finding the best fit of empirical data to simple models of reaction order.

This work presents the biodiesel production of castor oil in the presence of sodium
hydroxide (NaOH) and sodium ethoxide (NaOEt). The effect of the variable

process on the biodiesel production was presented.

2. Experimental Procedure

2.1 Materials

The experiments were carried out with commercial castor oil obtained by Aboissa
(Brazil) and the pharmaceutical castor was purchased by Delaware (Brazil). The
sodium ethoxide (Sigma-Aldrich; Chemical Company Inc - St. Louis, Mo), sodium
hydroxide (Synth-Brazil) and anhydrous ethanol (Synth) were used to biodiesel
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production. The anhydrous sodium sulfate (Synth) was used in biodiesel
purification step. All the standards were supplied by Sigma-Aldrich (St. Louis, Mo),
with the exception of benzil (standard donated by Knauer). Silica gel plate of
8x4cm (Alugram Sil G/UV254, Merck), n-heptane (HPLC-grade, Merck),
polytetrafluorethylene filter (PTFE filter) supplied by Millipore (USA), HPLC-grade
THF (Tetrahydrofuran) from B&J/ACS (USA), acetanitrile (HPLC-grade, Merck),
toluene (HPLC-grade, Merck).

2.2 Equipment

Two kinds of reactors were used in the transesterification reaction. The first reactor
(system 1) was a three-necked capacity of 250 mL. This reactor was immersed in a
water bath to maintain the desired reaction temperature. The agitation was done
with a magnetic stirrer. The reaction was conducted under reflux to minimize the
ethanol loss. The experimental design was carried out in this system. The second
reaction system used for the scale up process (system 2) was a batch stirred tank
reactor (BSTR) of a 1 liter reactor, equipped with a reflux condenser, a mechanical
stirrer, and a stopper to remove samples, the scale up carried out in this

equipment.
2.3 Experimental conditions and Procedures

Initially, the reactor was loaded with castor oil, preheated to the desired
temperature and then the agitation initiated. The catalyst was dissolved in ethanol
and the reaction started when the alcoholic solution was added to the vegetable oil.
The agitation was kept constant at 400 rpm. The experiments were carried out
under the following conditions: reaction temperature from 30 to 80 °C; catalyst
concentration from 0.5 to 1.5 %wt (by weight of castor oil); ethanol : castor oil
molar ratio from 6:1 to 20:1 and reaction time of 30 minutes. During the reaction,
samples were collected through the dilution of 0.1 g of the reaction products in 10
ml of tetrahydrofuran (THF); this large dilution readily stops the reaction course.”
Then, the samples were filtered using a PTFE filter and analyzed using HPSEC

(high-performance size-exclusion chromatography). After the reaction, the ethanol
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excess was evaporated under a vacuum using a roto-evaporator. Then, the ester
and glycerol layer were allowed to be separated in a separator funnel, and the
ethyl esters layer was purified. In order to remove the residue from raw materials
and the catalyst, the ester layer was washed and dried. The glycerol layer was
neutralized and distilled using a patent process (in course by the authors of this
paper) and this new process leads to glycerol with 99 % of purity. The glycerol
layer was purified using a patent process (in course by the authors of this paper)
and this new process leads to glycerol with 99 % of purity. The glycerol was
purified by molecular distillation. This equipment works with a low pressure and
extremely short residence time. The molecular distillation is an evaporative
distillation where a compound in the liquid state evaporates without boiling,
because the higher vacuum removes the effects of the atmospheric pressure.
Some advantages can be observed in this technique such as: high product
percentage yield; elimination of color bodies and minimized thermal hazard (a
necessity for heat sensitive compounds).

2.4 Experimental Design

The experimental design was chosen to study the optimization of three selected
parameters: temperature, ethanol : castor oil molar ratio and catalyst
concentration. The experiments were carried out according to a 2% complete
factorial design plus three central points and axial points, called star points.'® The
factors (designed as X;) were set independently of each other within the following
limits: Temperature (X4): 30 °C < T < 80 °C; catalyst concentration (Xz): 0.5 %wt <
C < 1.5 %wt; ethanol : castor oil molar ratio (X3): 12:1< MR < 20:1. Temperature
range was chosen by considering the properties of the reactants. The upper
temperature level, 80 °C, is near to the ethanol boiling point (78 °C); the lower
level, 30 °C, was near to the room temperature. Catalyst concentration (sodium
ethoxide) level was from 0.5 %wt to 1.5 %wt, according to literature data for
another case study.'" ' The range of ethanol : castor oil molar ratio was chosen
based on preliminary experiments which were providing satisfactory results in
terms of phase separation and reaction time. The RSM (Response surface
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methodology) equation takes into account only the significant coefficients. The
coefficient b, is the outcome (response) at the central point, and the other
coefficients measure the main effects and the interactions of the coded variables X;
on the response Y. The software Statistica (Statsoft, v.7) was used to analyze the

results.
2.5 Methods of analyses

Liquid Chromatography - The biodiesel compositions was determined by high-
performance size-exclusion chromatography (HPSEC) supplied by Waters (USA).
The Shoenfelder methodology is specific for analyses of triacylglycerols (TG),
diacylglycerols (TG), monoacylglycerols (MG), and glycerol (GL), nevertheless, this
methodology was adapted to the analyses of esters (EE), because the ester peak
appeared between the MG and the GL peaks. The mobile phase was THF. The
relative percentage of each component (xj) was given through HPSEC and it was
determined through equation (1), where xi was calculated dividing the peak area of
the ester by the sum of the peak areas of all components. The xge is the ester
concentration and these results were used in the experimental design. The ester
conversion (Y) was determined according to equation (2), Co is the raw material
(TG, MG and DG) concentration (%wt) at t = 0 minutes, and C; is the raw material
concentration at the end of the reaction. The identification of the (TG), (DG), (MG),
(EE), (GL) were based on reference standards (Sigma-Aldrich).

- [ Arr ) (1)

ATG +ADG +AMG +AEE +AGL

Co (2)

Free Fatty acids - The free fatty acid content was determined according to the
AOCS official method Ca 5a-40 as oleic acid (%). The commercial castor oil
contained 0.75 % of free fatty acids and the pharmaceutical castor oil had just
0.00082 % of free fatty acids.
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Thin-layer chromatography - The purity of the castor oil biodiesel produced by the
transesterification process was verified using thin layer chromatography (TLC).
Two kinds of TLC plates were used in this study: a commercial silica gel plate of
8x4 cm and a preparative thin-layer plate (PTLC) of 20 x 20 cm of glass and 1 mm
of silica gel thick with fluorescent indicator.

Hexane was chosen as a solvent because it is volatile and completely soluble in
biodiesel. Initially, the hexane was used as mobile phase, but the elution of the
glycerol standard was not satisfactory. This occurred because glycerol is the most
polar component in the sample, glycerol being the most polar component in the
sample did not move up through the plate by the non-polar hexane. Some solvent
mixtures were tested and the mixture used hexane : acetonitrile (90:10) permitted a
good separation. Then, 1 mg of biodiesel was dissolved in 5 ml of hexane before
the application to the TLC plate. The measurement of a physical constant Rf value
(retention factor) is function of the partition coefficient and this value is constant for
a given compound. The Rf were measured for the standards (glycerol, esters,
monoglycerides and castor oil). The identification of the biodiesel sample

compounds was accomplished through the comparison of the Rfs standard.

After the characterization of the biodiesel elution, a scale up of the TLC plate,
preparative plate (PTLC), was carried out in order to concentrate a large quantity of
each compound. The spot of each component was collected and, then, it was
extracted with normal hexane. After that they were concentrated in a roto-

evaporator.

Vapor pressure osmometry (VPO) — The VPO measurements were performed at
60 °C in a Knauer instrument model K-7000. This equipment has been designed to
exactly measure the total osmolality of physiological fluids and to determine the
average molecular mass of polymers in aqueous or organic solutions.™ The benzil
(Mw = 210.23 g/mol) was used as standard or calibrating substance, and the
solvent was toluene. Some solutions with benzil in toluene and castor oil in toluene
were prepared. Then, the VPO of these solutions were determined and two
regression curves were built up for the standard data and castor oil data. The slope
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of the regression curves may pass through the graphs origins and the Mw is
determined by the ratio between the coefficients of the standard (Kst) curves and
the sample curve (Ksample).

Biodiesel Characterization - The castor oil biodiesel were characterized according
to Brazilian regulatory agency (ANP). The following properties were determined:
density (ASTM D 1298), viscosity (ASTM D 445), sulfur content (ASTM D 5453),
iodine index (EN 14110), flash point (ASTM D 93), water and sediments (ASTM
D2709) and copper corrosion (ASTM D 130).

2.6 Kinetic model of the transesterification reaction

The castor oil ethanolysis experiments were carried out for 30 minutes using 1 %wt
of NaOH as catalyst with 12:1 ethanol : castor oil molar ratio. To examine the
temperature dependency of the reaction rate, the constant reaction at 30, 50, 70 °C
was studied. During the reaction, samples were collected at the following times:
0.5; 1; 2; 3; 5; 7; 10; 12; 15 and 30 minutes. The samples were collected and
analyzed in the HPSEC. The samples were prepared by diluting two drops of the

reaction in 10 ml of tetrahydrofuran.

A simplified kinetic model was developed for the overall transesterification reaction.
The best kinetic model for the data appears to be the first order model. In this
model, the decreased level of molar concentration of raw materials (TG; DG; MG)
was chosen, and then, this reaction was assumed to proceed in the first order
reaction as a function of raw materials molar concentration (Rw) and reaction

temperature.

A mole balance on a batch reactor that is well mixed is:

vV odt (3)

Where Ngw is the number of moles of raw material (RW)
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The reaction rate can be given by Equation 4:

d[Rw]
d 4)

Rate =

The first order reaction rate for Rw can be given by Equation 5:

B d[Rw]
dt

= k[RW] (5)

Equation (6) shows the integration of Equation (5) from time = 0 to time = t:

Rw,
= ‘1“( Rw(t)} ©)

There is an increase of k (rate constant) at higher temperature. These data were

used to determine the Arrhenius energy of activation (Ea) from a plot of the
logarithm of k versus the inversion of the absolute temperature (T); A is the
frequency factor and R is the gas constant as described in Fogler'®, Equation (7):

_E(l
RT)-l—]IlA (7)

Ink = (

3. Result and Discussion
3.1 Determination of castor oil molecular weight

Vapor Pressure Osmometry - A plot of standards concentration versus the
standards VPO data and a plot of castor oil concentration versus the castor oil
VPO results were done. The standards and castor oil curves coefficients were Kst
= 0.8267 kg/mol and Ksample = 0.00089 kg/g, respectively.

The castor oil molecular weight was calculated by the ratio between the Kst and
Ksample, and this was correspondent to 928.88 g/mol as shown in the following
equation (9).

89



Sample (9)

The castor oil molecular weight according to Bockisc?' is 927 g/mol, then the VPO
results were close to the literature data.

3.2 TLC Analysis

The biodiesel was analyzed through TLC in order to verify the biodiesel purity. The
analysis of the standards showed that the TLC method can be used for biodiesel
characterization because a satisfactory separation of the biodiesel components
was obtained. The TLC determination using commercial silica gel plates permitted
the choice of good analytical conditions such as the kind of solvents and the
determination of the Rfs of each compound. The results showed that the biodiesel
samples composition were monoacylglycerols traces and ethyl esters. The scale
up permitted the concentration of ethyl ricinoleate and monoacylglycerols with
higher purity. The PTLC method can be used for the concentration of analytical
standards such as monoacylglycerols, diacylglycerols and esters, with low cost and
higher purity. Other studies have shown that TLC is used for biodiesel production
analysis. Meher®® and Ferrari®® used this methodology to analyze the
transesterification reaction conversion from karanja oil and soybean oil,

respectively.
3.3 Effect of ethanol : castor oil molar ratio

Previous experiments were carried out in order to determine the range of the
experimental conditions that lead to a faster separation of the ester phase and
glycerol. Sodium ethoxide was used as catalyst. Five ethanol : castor oil molar
ratios were examined (6:1, 9:1, 16:1, 19:1 and 39:1). The smaller ethanol ratios 6:1
and 9:1 (Table 2) led to ethyl ester concentration up to 80 % wt (runs 1, 4, 5, 6 and
7), however, these alcohol concentrations did not lead to spontaneous phase
separation. The literature described the biodiesel production from castor oil after

neutralization and washing®®.
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The experiments were carried out again with pharmaceutical castor oil in order to
check the influence of the fatty acid content on the phase separation. However, the
results were similar. Hence, in this case, there was no effect of FFA content in the
phase separation. A faster phase separation was obtained through large ethanol

excess as shown in Table 2, runs from 8 to 16.

Table 2 - Preliminary experiments of castor oil biodiesel production

Reaction Ester
Run T(°C) MR C(%wt) Time  Concentration

(min) (Yowt)

1 30 6:1 1 60 84.78
2 55 6:1 1 50 65.62
3 80 6:1 1 15 64.40
4 40 9:1 25 15 92.53
5 30 9:1 1 40 86.21
6 55 9:1 1 90 84.06
7 80 9:1 1 15 84.01
8 30 12:1 1 90 84.60
9 40 16:1 25 15 92.74
10 40 16:1 1 75 92.79
11 30 19:1 1 40 91.98
12 55 19:1 1 15 90.61
13 80 19:1 1 10 90.28
14 30 39:1 1 40 93.20
15 55 39:1 1 20 93.78
16 80 39:1 1 50 94.19

Where: T (°C) is the reaction temperature; MR is the
ethanol: castor oil molar ratio; C (%wt) is the catalyst
content.

The effect of the ethanol concentration on the ester concentration was studied by
varying the ethanol : castor oil molar ratio from 9:1 to 39:1 while maintaining the
temperature, reaction time and sodium ethoxide concentration constant at 30°C, 40
minutes and 1 %wt, respectively. The ester conversion increased with the ethanol
concentration. When the ethanol : castor oil molar ratio increased from 9:1 to 19:1
(runs 5 and 11), the ester concentration increased of 5.8 %wt, but the ester

conversion showed a small increase when the ethanol : castor oil molar ratio
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increased from 19:1 to 39:1, only 1.2 %wt, the increase in ethanol : castor oil molar
ratio above 19:1 did not produce a significant increase in ethyl ester concentration.
Then, based on these results, the experimental design level of the ethanol was
from 12:1 to 20:1. It is possible that the higher ester conversion was not achieved
in these reaction conditions but these results were important to verify the influence

of ethanol content in the ester conversion.

The separation between the transesterification products was made possible
through the addition of a large ethanol excess. This fact is due to the alcohol
excess permitted the homogenization of the system. It is possible that the higher
ethanol excess should promote the decrease of castor oil viscosity.

Then, the alcohol excess leads to perfect contact between the reactants and higher
ethyl ester conversion. After the reaction, the ethanol excess was evaporated
under a vacuum using a roto-evaporator. Then a faster phase separation (ester
and glycerol) was obtained. The larger ethanol excess can be used once more in
the reaction because the residual ethanol, obtained from the reaction, had 1.58
%V/v of water (Karl fisher analysis).

3.5 Experimental Design

Table 3 shows the experimental design results, and the column (X) is the ester
concentration (%wt) at 30 minutes of reaction. These results were used in the
experimental design. The effect of the reaction temperature (T), catalyst content
(C) and ethanol : castor oil molar ratio (MR) on the ethyl ester concentration is
presented in Figure 2. The effect of (T) and the interaction between the (T) and (C)
were not significant with confidence level of 95%. This happened because the
castor oil is soluble in ethanol at room temperature. Then, the increase in
temperature is good for the ester conversion at the beginning of the reaction, as
shown in the kinetic study, but after 30 min of the reaction this variable is not

t.27

important.“” This temperature tendency was shown in Table 3, runs 9 and 10; the

increase in temperature from 30°C to 80°C increased the ester concentration by
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only 0.9%wt. Figure 2 shows the Pareto graph, the linear and quadratic
temperature effect, T(l) and T(q), and the interaction between the temperature and
catalyst concentration (TxC) which were not significant because these effects were
shown to the left of the p-value. This value was used as a tool to check the
significance of each effect. The catalyst concentration (C) is the most important
variable, as shown in Figure 2. The increase of catalyst concentration from 0.5 to
1.0, runs 11 to 12, promote increase of ester concentration from 46.88 to 93.07

Y%wWt.

The increase in molar ratio from 13.6:1 to 18.88:1 led to an increase in ester
conversion from 52.34 to 84.33 %wt. This behavior is different of other vegetable
oils as shown in other publications, such as Filliéres'’, Groboski?® and Jeong.? In
Filliers (1995) the higher canola oil ethanolysis conversion took place at 80°C. In
this study, higher ethyl ester conversion (Y) were obtained in runs 4, 7, 9, 10, 12,

15 and 16, up to 99 %wt (Table 3).
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Table 3 - Factorial design of the castor oil transesterification.

RURS Variables Results

T(°C) C(%wt) MR X (%wt) Y (%)
1 40(-1) 0.7(-1) 13.62(-1) 52.34 55.37
2 70(+1) 0.7(-1) 13.62(-1) 58.6 62.47
3 40(-1) 1.3(+1) 13.62(-1) 90.21 98.97
4 70(+1) 1.3(+1) 13.62(-1) 93.69 99.35
5 40(-1) 0.7(-1) 18.38(+1) 84.83 91.03
6 70(+1) 0.7(-1) 18.38(+1) 74.83 78.83
7 40(-1) 1.3(+1) 18.38(+1) 91.7 99.52
8 70(+1) 1.3(+1) 18.38(+1) 90.11 92.95
9 30 (-a) 1.0(0) 16.00(0) 93.07 99.67
10 80 (+a) 1.0(0) 16.00(0) 93.97 99.87
11 55(0) 0.5(-a) 16.00(0) 46.88 48.99
12 55(0) 1.5(+a) 16.00(0) 90.82 99.4
13 55 (0) 1.0(0) 12.00(-o.) 78.42 83.89
14 55 (0) 1.0(0) 20(+a) 90.14 98.85
15 55 (0) 1.0(0) 16.00(0) 90.96 99.41
16 55 (0) 1.0(0) 16.00(0) 92.04 99.12
17 55 (0) 1.0(0) 16.00(0) 87.98 95.25

T (°C) is the reaction temperature; C (%wt) is the catalyst concentration; MR is the
ethanol : castor oil molar ratio; x (Y%wt) is the ethyl ester concentration; Y (%wt) is
the ethyl ester conversion.
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C(L) 15.5433
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CxMR
MR(L)
MR(Q)
TxMR
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W) -0.1661

p=0.05

Standardized Effect Estimate (Absolute Value)

Figure 2 - The Effects of the process variables on the castor oil ethyl ester

concentration

C(l) and C(q) are the linear and quadratic catalyst effect, respectively; T(l) and T(q) are the
linear and quadratic temperature effect, respectively; MR(l) and MR(q) are the linear and
quadratic molar ratio effect, respectively; TxC is the interaction between the temperature
and catalyst concentration effects; TXMR is the interaction between the temperature and
molar ratio effects; CxMR is the interaction between the catalyst concentration and molar
ratio effects.

A real quadratic model was obtained using factorial design, and this model
described the influence of temperature reaction (T), the catalyst concentration (C)
and the ethanol : castor oil molar ration (MR) on the ethyl ester concentration (E),
equation(10). The results of the second order model fitted in the form of an ANOVA
(analysis of variance) are shown in Table 4. The ANOVA demonstrates that the
model is significant, as evidenced from the Fist. The Fearcuiates @and the Fiisieq Were
89.88 and 3.22, respectively. According to the Fig, the model had statistical
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significance when the Feacuated Was at least 5 times larger than the Figweq value'®.
Then, a satisfactory adjustment of the experimental results was done.

E = —329.53+357.91C—92.99C? +25.56MR — 0.48MR? —0.001 TxMR — 8.08CxMR (10)

Table 4 - ANOVA for the full quadratic model

Sum  Degreeof Mean Frest

Source of variation quadratic freedom quadratic F

calculated I:Iisted

Regression 3653.26 6 608.88 89.88 3.22
Residual 67.74 10 6.77
Lack of fit 58.90 8 7.36
Pure error 8.84 2 442
Total 3721.01 16 232.56

Fiisteq Value is significant at the 95% confidence level.

The goodness of the real model also can be checked through the comparison
between the results of this model and the experimental determinations. For
example: run 8, according to the experimental results had an ester concentration of
90.11%wt, and the model calculated to 89.3%wt.

3.6 Kinetic Study

The effect of temperature on ethyl ester conversion was studied through three
temperatures. An ethanol : castor oil molar ratio of 12:1 and 1% of sodium
hydroxide by weight of castor oil was used. Figure 3 shows the composition of the
transesterification reaction during the first 30 minutes of reaction.
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Figure 3 — Concentration profile during castor oil transesterification with 12:1
ethanol to oil molar ratio using 1 wt% of NaOH at 30 °C at a stirring speed of 400

rpm.

Figure 4 shows the rate constant determination at 30 °C, in the equation; B is the

constant reaction rate. This mathematical procedure was used for all temperatures.

Y=A+B*X
Parameter  Value Error

A -1.19838 0.12081
B 0.01116 3.9872E-4

Ln(Rw0/Rw)

R sD N [4

0.9962 0.15504 8 <0.0001

T T T T
0 100 200 300 400 500
Time(s)

Figure 4 — Determination of castor oil transesterification reaction rate constant

The reaction constant rate (k) at 30, 50 and 70 °C, for the overall transesterification

reaction are 0.0116, 0.0155 and 0.333 s, respectively. The activation energy was

calculated according to Equation 7. The regression coefficient of the constant rate
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logarithm as a function of the absolute temperature is the activation energy (Ea) / R
then the activation energy was 70635.744 J/mol.

3.7 Scale up of the Reaction

The effect of the temperature on the ethyl ester concentration was studied through
four temperatures. These experiments carried out in a 1 liter BSTR with a mixing
speed of 400 rpm. The scale up was 8 times because there was an increase in
castor oil quantity from 50 g (system 1) to 400 g. The ethanol : castor oil molar ratio
and the sodium hydroxide content were 19:1 and 1 %wt, respectively.

Figure 5 shows that the highest temperature effect was during the first 10 minutes
of the reaction; after that, all reactions achieved similar ethyl ester conversion, up
to 10 minutes, the increase in the temperature contributes to an increase of the
ethyl ester conversion. The reactions achieved the same ester concentration for 30
minutes. These results were independent of the reaction temperature, and then it is
in agreement with the real model obtained for system 1.

The results using sodium hydroxide were similar to the sodium ethoxide values.
The reaction between the NaOH and ethanol caused water formation, but there
was not ester conversion decreasing, because small water content was obtained.
This behavior is in agreement with Vicente'*; this study analyzes the use of NaOH
and sodium methoxyde.

The behavior of system 1 was similar to system 2. It means that the results using a
magnetic stirrer of about 400 rpm were similar to the mechanical stirrer with the
same intensity. The ethyl ester concentration (x) at 80 °C and 10 minutes of the
reaction is 89.8 %wt (Figure 5). It is similar to run 13 (Table 2), the ester

concentration (x) was 90.28 %wt, after 10 minutes of the reaction.

98



o 1]
4:;:&5‘253%‘@
80 r o
A
J
/ —e—20°C
60 - 1 —&—30°C
g —w—55°C
2 —4—80°C
& 40
1%}
w
20
0 T T T T T T
0 5 10 15 20 25 30
Time (min)

Figure 5 — Ester concentration with molar ratio of 19:1 and catalyst concentration of
1 Yowt.

3.8 Biodiesel Properties

Table 6 presents the castor oil biodiesel properties. The ethyl ester from castor oil
presents higher viscosity than the diesel specification, according to the ASTM D-
445, the diesel viscosity is from 3.0 to 6.0 mm?/s. The castor oil biodiesel viscosity
is about four times higher than the diesel values. High viscosity leads to poorer
atomization of the fuel spray and less accurate operation of the fuel injectors.*® The
castor oil biodiesel blends with other esters is a possibility to viscosity decrease.
The results of sulfur content, iodine index, copper corrosion, water, sediments,
flash point and cetane index are in conformity with the ASTM and EN norms. The
oxidation stability was about 7 times higher than the Brazilian and Europe
specification; then the castor oil ethyl ester is not sensitive to oxidative
degradation.
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Table 6 - Castor oil biodiesel properties

Properties Method LIMITS Castor QOil Biodiesel
Density 20°C ASTM D 1298 0.86 0.9042 + 0.00005
Viscosity (mm2/s) ASTM D 445 3.0-6.0 15.29 + 0.014
lodine index (g/100g) EN 14110 120; Max 83.4+0.2
Flash point* (°C) ASTM D 93 93°C; Min 120
Copper Corrosion ASTM D 130 1 1
Water and sediments (vol%) ASTM D2709 0.05; Max 0.05 (less than)
Lower heating value (MJ/ kg) ASTM D 240- - 35.25
02(07)
Sulfated ash (wt%) ASTM D 874-00 OMO:XO; 0.01 (less than)
Sulfur content (mg / kg) ASTM D 5453-06 | 50; Max. 2
Cetane Index* ASTM D 613 47; Min. 50
Mono, di, triglycerides content (wt%) EN 14105-03 - 0.5 (less than)
Oxidation stability (h) EN 14112-03 6; Min. 46

*The flash point and cetane Index is from the Conceicdo®° et al, 2007

4. Conclusion

The results showed that a fast separation is possible between the ethyl ester from

castor oil and the glycerol, without neutralization or washing. The results from the

experiments demonstrate that the kinetically controlled region follows a first-order

mechanism for the forward reaction. The results obtained also show that the

reaction rate increases with the reaction temperature, only in the first 10 minutes;

these are in agreement with the scale up results. In future work, the extension of

experimental activity in different reaction conditions will be considered.

The analysis of the second order real model showed that this model can predict the

ester concentration as function of the reaction temperature, the ethanol : castor oil

molar ratio and the catalyst concentration, in the studied variable limits.
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The determination of the castor oil molecular weight by vapor pressure osmometer
is an alternative methodology to determine the vegetable oil molecular weight with
lower cost that CG analyses, because the VPO analyses are made without specific

standards and without gas chromatography accessories or usefulness (helium
gas).

The PTLC method can be used for the concentration of analytical standards such
as: esters, monoglycerides, and diglycerides with higher purity and low cost in

comparison to commercial standards.

The scale up permitted a comparison of two variables: the kind of catalyst and the
agitation. The use of 1 wt% of sodium hydroxide with a molar ratio of 19:1 and at a
30°C temperature lead to an ester conversion similar to that of sodium ethoxide.
The studied biodiesel process should use NaOH because this catalyst is about 20
times cheaper than sodium ethoxide commercial. The use of bioethanol is
attractive for three aspects: the decrease of gas emission as carbon monoxide and
sulfur compounds, thus helping to reduce air pollution, decrease of the Brazilian
dependency of petroleum derivatives and the Brazilian ethanol is cheaper than the

methanol.
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Abstract

Biodiesel is a clean burning fuel derived from a renewable feedstock such as
vegetable oil or animal fat. It is biodegradable, non-inflammable, non-toxic and
produces lesser carbon sulfur dioxide, and unburned hydrocarbons than
petroleum-based fuel. The purpose of the present work is to present an efficient
process using reactive distillation columns applied to biodiesel production.
Reactive distillation is the simultaneous implementation of reaction and separation
within a single unit of column. Nowadays, it is appropriated called “Intensified
Process”. This combined operation is especially suited for the chemical reaction
limited by equilibrium constraints, since one or more of the products of the reaction
are continuously separated from the reactants.

This work presents the biodiesel production from soybean oil and bioethanol by
reactive distillation. Different variables affect the conventional biodiesel production
process such as: catalyst concentration, reaction temperature, level of agitation,
ethanol:soybean oil molar ratio, reaction time, and raw material type. In this study,
the experimental design was used to optimize the following process variables: the
catalyst concentration (from 0.5 to 1.5 wt%), the ethanol:soybean oil molar ratio
(from 3:1 to 9:1). The reactive column reflux rate was 83 ml/min, and the reaction
time was 6 minutes.

Keywords: biodiesel; ethyl esters; reactive distillation; transesterification.

1. INTRODUCTION

Biodiesel has become increasingly attractive due to its environmental benefits and
to the fact that it is made from renewable resources. The remaining challenges are
its cost and limited availability of fat and oil resources (1). The transesterification
process can be described as the triglycerides reaction with an alcohol and catalyst
for obtaining a fatty acid ester mixture as the main product and glycerol as by-
product. The alcohols that can be used in the transesterification reaction are
aliphatics, having only primary or secondary OH group and from 1 to 8 carbon
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atoms. Methanol and ethanol are the main alcohols (2). The catalyst employed at
this process can be enzymatic (lipases: candida, pseudomonas), homogeneous
acids (H2SO4, HCI, H3PO4), heterogeneous acids (zeolites, sulfonic resins),
heterogeneous bases (MgO, CaO) or homogeneous bases (KOH, NaOH), being
the latter the commonly used at industrial scale, because it enables operation at
moderate conditions and it gives a shorter reaction time. An alternative to
transesterification of raw materials with higher free fatty acids is the pre-
esterification with an acid catalyst followed by transesterification with a basic
catalyst (3,4).

An important alternative for making the biodiesel production process more
attractive is to take advantage of the process intensification characteristics.
Process intensification (Pl) is defined as any chemical engineering development
that leads to a substantially smaller, cleaner, and more energy and production
efficient technology (4). In this contribution, the Pl technique is going to be applied
to biodiesel production by using homogeneous reactive distillation process.

Reactive distillation (RD) is the process in which chemical reaction and distillation
separation are carried out simultaneously within a fractional distillation apparatus.
It may be advantageous for liquid-phase reaction systems when the reaction must
be carried out with a large excess of one or more of the reactants, when a reaction
can be driven to completion by removal of one or more of the products as they are
formed, or when the product recovery or by-product recycle scheme is complicated

or made infeasible by azeotrope formation (5).

The reactions that can participate in RD process can be thermal (non-catalyst),
heterogeneous or homogeneous catalyzed. In nearly all cases reactions take place
in the liquid phase, but reactions taking place in the gas phase and locate the
catalyst in the vapor phase are conceivable. Indeed, the reaction and distillation
combination is only possible if the conditions of both unit operations can be
combined. This means that the reactions have to show reasonable data for
conversions at pressure and temperature levels that are compatible with distillation
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conditions (5-7).

When this occurs, benefits can be obtained for applying reactive distillation
process. Some of those are: elimination of conversion limitations by continuous
removal of products from the reaction zone (for equilibrium limited reactions) and
reduction in capital investment, because of two process steps can be carried out in
the same device. Such integration leads to lower costs in pumps, piping and
instrumentation and heat integration. If the reaction is exothermic, the heat of
reaction can be used to provide the heat of vaporization and, so, the reboiler duty
is reduced. Also, azeotrope formation can be avoided. Other characteristics can be
described: RD conditions can allow the azeotropes to be “reacted away” in a single
vessel; reactive distillation involves smaller equipments and minor number of them,
and thereby, lesser number of connections between equipments. The process
requires lesser safety measurements. In reactive distillation, the heat of reaction is
removed by evaporation. A higher reaction rate means a higher evaporation rate,
but the reaction temperature changes very little. Runaway behavior of a reactive

distillation is therefore, in general, less severe than of a conventional reactor (7-9).

In recent literatures, many works about reactive distillation can be found. Chemical
esterification is the major area. Wang et al.(10) studied the feasibility of reactive
distillation application to the methyl acetate hydrolysis process. The results suggest
that energy consumption can be reduced by 10 % and the production capability
can be increased by 50 % compared with a conventional fixed bed reactor. Calvar
et al.(11) investigated the reaction kinetics of acetic acid esterification with ethanol,
both homogeneously and heterogeneously. In addition, the influence of feed
conditions and reflux ratio on the reactive column distillation was studied. Bhatia et
al.(12) proposed a technically optimized reactive distillation process for the
production of isopropyl palmitate by palmitic acid esterification with isopropanol
based on the experimental and simulation results attaining very high conversions.
Lai et al.(13) worked at experimentally production of high-purity ethyl acetate using
reactive distillation in a pilot-scale plant obtaining purity about 99.5 % wt.

Steinigeweg et al. (14) developed a technically optimized reactive distillation
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process for the production of decanoic acid methyl esters by esterification of the
fatty acid decanoic acid with methanol, based on experimental and simulation
studies ensuring conversions about 100 %.

He et al. (15) explored the biodiesel production by reactive distillation from canola
oil and methanol using potassium hydroxide as catalyst. The results showed that a
high conversion could be achieved along with a substantial decrease in production
time and alcohol excess. This excess alcohol reduction is desirable because it
causes reduction of downstream alcohol recovery and, therefore, reduction in
equipment and operating costs.

Novel processes were proposed based on catalytic reactive distillation and reactive
absorption to biodiesel production from esterification and transesterification
reactions. The major benefits of this approach were: investment costs reducing
about 45% energy savings compared to conventional reactive distillation, very high
conversions, increased unit productivity, no excess of alcohol required and no

catalyst neutralization step (16-17).

2. EXPERIMENTAL PROCEDURE

2.1 Materials

The experiments were carried out with refined soybean oil obtained by
supermarket (Brazil). The sodium hydroxide (Synth-Brazil) mixed with anhydrous
ethanol (Synth-Brazil) was used as catalyst. All the standards were supplied by
Sigma-Aldrich Chemical Company, Inc. (St. Louis, Mo).

2.2 Equipment

The RD process was carried out in a semi-batch system. The equipments of RD
system are listed in Figure 1. The RD column used in this process was a packed
column filled with glass rings and equipped with water condenser, temperature
controller and reflux controller. The system design was based on the relative
volatilities of the raw materials and products. The reactants were lighter-than-light
(LLK; ethanol) and heavier-than-heavy (HHK; soybean oil) keys and the products
were light (LK; ethyl esters) and heavy (HK; glycerol) keys. The mixture between a
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LLK and a HHK is very difficult because a large amount of reactants can hardly
coexist in the liquid phase. This is the worst scenario for the forward reaction
(extremely favorable for the backward reaction). This description was presented by
Tung (18). The pre-reactor was used because permitted a perfect contact of the
reactants and the ester conversion at the first minute of the process. Other aspect
is the use of a homogeneous catalyst (sodium hydroxide) in the packed column.
This type of catalyst is always dissolved in alcohol. Then if the LLK reactant
(ethanol) plus catalyst were fed in the reactive column by the bottom, the alcohol
must rise by the column, however, a part of the catalyst did not move up.

Figure 1 — Reactive distillation system

Equipment description:

1) T-01: Ethanol tank of 1 liter

2) T-02: Soybean oil tank of 1 liter

3) R-01: Pre — reactor (speed of 400 rpm; reaction time of 1 minute)
4) C-01: Packed reactive distillation column of 2 liters.

7) E-11: Ester / Glycerol separator of 2 liters.
8) T-03: Ester (biodiesel) tank of 1 liter.

)
)
)
5) E-8: Water - cooled condenser
)
)
9) T-04: Glycerol tank of 500 mL.

109



2.3 Experimental conditions and Procedures

In the start up of RD system, the ethanol (400 mL) was fed in the reboiler (three-
neck flask with mantle) by a peristaltic pump. The heating rate of reboiler was set
to maintain the ethanol reflux rate at the top of the column. After, approximately, 20
min the vapor of ethanol reaching the top of the column at 78 °C is totally
condensed. The resulting liquid was refluxed in order to moisten all glass rings; the
reflux was maintained during 30 min. The reactions were carried out in a semi-
continuous RD system equipped with water condenser. The first stage is a pre-
reactor. This equipment is filled with soybean oil and heated to 50 °C. The sodium
hydroxide and ethanol were mixed in a glass tank with magnetic stirrer after that
this mixture was transferred to the pre-reactor. The pre-reactor is equipped with
water condenser to prevent the ethanol loss and mechanic stirrer (400 rpm).

The reaction starts when the ethanol is filled in the pre-reactor by a peristaltic
pump. After 1 min, the mixture is transferred to the RD by a peristaltic pump. A
liquid distributor was used to guarantee the uniform RD feed. The raw materials
feed (Qteeq) is 250 ml/min and the reflux flow rate (Qrefiux) is 83 ml/min. The Qyefiux =
1/3 (Qreeq) based on previous experiments. The total reaction time is 6 min, 1 min in
the pre-reactor and 5 min in the RD. After the reaction, the product mixture was
withdrawn from the reboiler to the separator funnel, and two phases were formed,
the ester and the glycerol layers. In order to remove the residue from raw materials
and the catalyst, the ester layer was washed and dried. The glycerol layer was
purified using a high vacuum distiller (through a patent process). This RD is semi-
continuous because, after reaction, it is necessary to clean up each part of the
system, because the presence of reactants traces promote low ester conversion.
During the reaction, samples were taken at the bottom of the column. The samples
were prepared through the dilution of 0.1 g of the product reaction in 10 ml of
tetrahydrofuran (THF). Then the samples were filtered using a PTFE filter
(polytetrafluorethylene) and analyzed in the HPSEC (high-performance size-
exclusion chromatography).
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2.4 Methods of analyses

Gas Chromatography - The raw material compositions were determined by gas
chromatography equipped with a flame ionization detector (FID) and with a DB 23
column. The fatty acid compositions of the vegetable oils were determined by gas
chromatography (GC), according to Hartman (19). Injector and detector
temperatures were set at 250 and 300 °C, respectively. The carrier gas used was
helium at 46 mL/min. Air and hydrogen flow rates were 334 and 34 mL/min,
respectively. Oven temperature programming was as follows: starting at 50 °C for 2
min; from 50 to 180°C at 10°C/min; 180°C was held for 5 min; from 180 to 240°C at
5°C/min. Identification of different FAEEs were based on a reference standard
(Sigma-Aldrich).

Liquid Chromatography - The biodiesel compositions were determined by gel-
permeation chromatography (Waters, USA) also called high-performance size-
exclusion chromatography (HPSEC). The Shoenfelder (20) methodology is specific
for analyses of triacylglycerols (TG), diacylglycerols (DG), monoacylglycerols (MG),
and glycerol (GL), nevertheless, this methodology was adapted to the analyses of
esters (EE), because the ester peak appeared between the MG and the GL peaks.
The mobile phase was HPLC-grade THF (B&J/ACS, USA). The relative
percentage of each component (x) was given through HPSEC and it was
determined by equation (1), where x; was calculated dividing the peak area of the
ester by the sum of the peak areas of all components. The Xxgg is the ester
concentration. The ester conversion (E) was determined according to equation (2),
Cy is the soybean oil concentration (%wt) at t = 0 minutes, and C; is the soybean oil
concentration at the end of the reaction and these results were used in the
experimental design. The identification of (TG), (DG), (MG), (EE), (GL) were based
on reference standards (Sigma-Aldrich).

- [ Arr ] (1)

ATG +ADG +AMG +AEE +AGL
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Free Fatty Acids - The free fatty acid content was determined according to the
AQOCS official method Ca 5a-40 as oleic acid.

2.5 Experimental Design

The experimental design was chosen to study the optimization of two selected
factors: ethanol:soybean oil molar ratio and catalyst concentration.

Two experimental designs were done in order to optimize the catalyst content and
the ethanol:soybean oil molar ratio. The first experimental design was a 22 plus
three central points. The second experiment sequence was a complete
experimental design plus three central points and four axial points; the axial points
also are called star points (21). The first experimental design limits were:
ethanol:soybean oil molar ratio: from 3:1 to 6:1; catalyst concentration level was
from 0.5%wt to 1.5%wt. In order to investigate the influence of a larger ethanol
excess on ester concentration, a second experimental design was done with a
ethanol:soybean oil molar ratio from 3:1 to 9:1. Catalyst concentration level was
from 0.5%wt to 1.5%wt, according to literature data for other case study (22-24).

The software Statistica (Statsoft, v.7) was used to analyze the results.

3. RESULTS AND DISCUSSION

The soybean oil molar mass was 872 g/mol, according to the GC analysis. The
refined soybean oil contained 0.3 % of free fatty acids.

The RD column has 43 cm of height and 4 cm of inner diameter. The feed position
isat 38 cm measured from column bottom.

The difference between the boiling points at 1 atm of ethanol (78 °C) and the
transeterification products, soybean ethyl esters (355.24 °C) and glycerol (290 °C),
is large that the separation section is minimum (25). The section below the feed
position is the reaction zone.

The pre-reactor was used because permitted a perfect contact of the reactants and
the ester conversion at the first minute of the process. This fact is very important in
the transesterification reaction, because the vegetable oil and ethanol is not
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soluble, exception of the castor oil that is the unique vegetable oil soluble in
alcohols (24), but the ester is soluble in both components (vegetable oil and
ethanol). Then, the ester formation permitted the increase of the mass transfer in
the reaction (25) and, consequently, higher conversion in the RD system. A study
of the use of a pre-reactor was done by He et al. (15) and the best methyl ester
conversion, in that study, was obtained with a pre-reactor. Other aspect is the use
of a homogeneous catalyst (sodium hydroxide) in the packed column. This type of
catalyst is always dissolved in alcohol. Then, if the LLK reactant, ethanol, plus
catalyst were fed in the reactive column at the bottom, the alcohol should rise up in
the column, but part of the catalyst would not move up, because part of the catalyst
would precipitate in the column bottom and this fact leads to low biodiesel
conversion.

Table 1 shows the experimental design results and E (%wt) is the ester conversion
at 6 minutes of reaction. These results were used in the experimental design. The
effect of the catalyst content (C) and ethanol:soybean oil molar ratio (MR) on the
ethyl ester conversion is presented in Figure 2 (Pareto graph). The linear effect
and the interaction between the catalyst concentration and the molar ratio which
were significant, because these effects were shown to the right of the p-value. This
value was used as a tool to check the significance of each effect. The catalyst
concentration is the most important variable, as shown in Figure 2. The confidence

level was that of 95 %.

Table 1 — First factorial design of the soybean oil transesterification.

Variables

Runs E(%wt)
Catalyst(%wt) Molar Ratio
1 0.5(-1) 3(-1) 62.36
2 1.5 (+1) 3(-1) 82.68
3 0.5(-1) 6 (+1) 89.87
4 1.5 (+1) 6 (+1) 94.54
5 1(0) 4.5 (0) 90.85
6 1(0) 4.5 (0) 90.17
7 1(0) 4.5 (0) 89.70
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MR

CxMR

Effect

Figure 2 — Effects of catalyst concentration and ethanol:soybean oil molar ratio on
soybean oil ethyl esters: first experimental design.

The second experimental design results were listed in Table 2. Figure 3 shows the
Pareto graph, the linear effect and the interaction between the catalyst
concentration and the molar ratio which were significant, because these effects
were shown to the right of the p-value, with confidence level of 90 %. This value
was used as a tool to check the significance of each effect. The catalyst
concentration and the molar ratio had a similar effect, as shown in Figure 3. The
increase in catalyst concentration was from 0.5 to 1.5, runs 5 and 6. It promotes an
increase of ester concentration from 77.57 to 94.86 wit%. The increase of molar
ratio from 3:1 to 9:1 leads to an increase in ester conversion from 69.91 to 94.7

wi%.
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Table 2 — Second factorial design of the soybean oil transesterification.

Variables

Run Molar E(wt%)

s
Catalyst(%wt) ]
Ratio

1 0.65 (-1) 3.92(-1) 73.93
2 1.34 (+1) 3.93(-1) 83.52
3 0.65 (-1) 8(+1)  98.18
4 1.34 (+1) 8(+1)  97.19
5 0.5 (-a) 6 (0) 77.57
6 1.5 (+a) 6 (0) 94.86
7 1(0) 3 (-a) 69.91
8 1(0) 9(+a)  94.73
9 1(0) 6 (0) 91.61
10 1(0) 6 (0) 91.54
11 1(0) 6 (0) 91.83

MR()

170.54

C(1)

MR(q)

C*MR

c()

p=0.1

Standardized Effect Estimate

Figure 3 - Effects of catalyst concentration and ethanol:soybean oil molar ratio on
soybean oil ethyl esters: second experimental design.
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A coded model was obtained using factorial design. This model describes the
influences of the catalyst concentration and ethanol:soybean oil molar ration on
soybean ethyl ester conversion (E), equation (3). The results of the second order
model fitting in form of ANOVA (analysis of variance) are given in Table 3. The
ANOVA demonstrates that the model is significant, as it is clear from the Fies. The
Fcalculated @Nd the Fiisieq (F55) are 15.29 and 3.45, respectively. According to the Fiest,
a model has statistical significance when Fcacuiated iS larger than the Fseq value
(21). Figure 4 shows a comparison between the experimental results and the
values predicted by the coded model. These results are very close, because the
experimental points are next to the line, then they represent a satisfactory
adjustment of the experimental results.

E =91.53 +4.13C - 1.67C? + 9.14MR — 3.63MR? — 2.64CxMR (3)

Table 3 - ANOVA for the full quadratic model.

- Sum Degree of Mean
Source of variation

quadratic freedom quadratic ~ calculated
Regression 914.09 5 182.8187 15.29
Residual 59.75 5 11.95
Lack of fit 59.71 3
Pure error 0.04 2
Total 973.85 10
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Predicted Values

65 70 75 80 85 90 95 100 105

Cbserved Values

Figure 4 - Comparison between experimental results and the values predicted by
the coded model.

Figure 5 shows how the catalyst concentration and the ethanol:soybean oil molar
ratio affect the ethyl ester conversion. Maximum ester concentration, above 90%,
can be obtained for different variables conditions such as: catalyst concentration
upper to 1.0wt% and ethanol:soybean oil molar ratio up to 6:1 or catalyst

concentration upper to 1.34%wt and ethanol:soybean oil molar ratio up to 5:1.

310

=
=
=

I U TR LA SR

Figure 5 — Response surface of catalyst concentration versus ethanol: soybean oil

molar ratio.
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4. CONCLUSION

The analyses of the second order coded model showed that this model can predict
the ester concentration as function of the ethanol:soybean oil molar ratio and the
catalyst concentration, in the studied variable limits.

The reactive distillation is a process that combines the reaction and separation in
single equipment. The difference between the boiling temperature of ethanol and
the product mixture, ethyl esters and glycerol, is so large that the separation of the
alcohol from the product mixture became easy. This behavior is in agreement with
He et al. (2006), (15), using a reactive distillation column with plates, canola oil and
methanol as raw materials.

The use of reactive distillation process to biodiesel production leads to a more
efficient process than the conventional transesterification one. The results showed
many advantages of the integration process as compared with the conventional
biodiesel production such: decrease of the ethanol excess, of the reaction time,
and of the equipments units.

The best biodiesel conversion of the first experimental design was 94.54 wt% of
ethyl esters after 6 minutes of the reaction using a ethanol:soybean oil molar ratio
of 6:1 and catalyst concentration of 1.5 wt%. In the second experimental design,
the best ester conversion was 98.18 wt% with 0.65 wt% of sodium hydroxide,
ethanol:soybean oil molar ratio of 8:1 and reaction time of 6 minutes. The reaction
time of 6 minutes does it mean: 1 minute in the pre-reactor and 5 minutes in the
reactive distillation column. Then, this work showed that it is possible to achieve
high biodiesel conversion with a packed reactive distillation column.

In future works of this research group, the influence of the column reflux rate will be
performed and the results of the packed reactive distillation column will be
compared with a tray reactive distillation column.
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Abstract

Biodiesel has become an interesting alternative for diesel engines because it has
similar properties to traditional fossil diesel fuel and may thus substitute diesel fuel
with no or very minor engine modifications. Some important properties of biodiesel,
such as its viscosity, melting point, thermal stability and cetane index, can be
directly related to the chemical composition of the biomass source used. However,
the viscosity of castor oil ethyl ester (COEE) is about 4 times greater than the
biodiesel viscosity specification, and consequently this restricts the uses of this
biofuel. The main goal of this work is to investigate the physical-chemical
properties of castor oil ethyl esters in ethanol blends and present a method to
decrease the castor oil biodiesel viscosity. Blends of COEE with ethanol varying
from 1%yvol. to 50%vol. were analyzed and the kinematic viscosity, the density and
freezing point, and enthalpy of fusion of these blends were measured.

Keywords: castor oil ethyl esters; bioethanol blends; freezing point; biodiesel

1. Introduction

Biodiesel can be derived from varying lipid sources such as refined or used
vegetable oils and animal fats. It can be used as a substitute for conventional
petroleum fuel in diesel engines without modifications. The use of fatty acid esters
as fuel decreases particulate material and greenhouse gas emissions.
Furthermore, biodiesel fuel can be used in its pure state or blended with

conventional diesel fuel.

The use of vegetable oils as alternative fuels for diesel engines has been studied
by many researchers. It has been noted however, that the direct use of vegetable
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oils in engines is limited by certain physical properties including its high viscosity,
low volatility and the fact that it is polyunsaturated. As a result, the use of oll
without chemical modification can cause damage to engines and create

environmental problems because of its incomplete combustion [1].

The gravity or density of a fuel, along with other parameters, can be used to
indicate certain fuel composition ranges. This information can then provide
directional predictions for fuel economy, power, deposits, wear and exhaust smoke
[2].

Castor oil (ricinus communis L., higuerilla, mamona or palm christi) is one of the
most important possible feedstocks among several options currently available in
Brazil for biodiesel production. This vegetable oil is comprised almost entirely (90
%wt) of triglycerides of ricinoleic acid and this fatty acid presents a hydroxyl group
at C-12. The hydroxyl group gives castor oil and its derivatives complete solubility
in alcohols at room temperature [3]. The ricinoleic acid is the main component of
castor oil and it has numerous applications such as a basis in the manufacture of
cosmetics and many pharmaceutical drugs [4].

This vegetable oil is not used in the food chain (non-edible oil) and long storage
times are unproblematic under airtight conditions [5]. Regarding its fuel-related
properties, castor oil has a high cetane number and calorific value, a low
phosphorous content and low carbon residues. A disadvantage of castor oil is its
significantly higher viscosity at temperatures under 50°C and also possibly its
higher compressibility compared to other vegetable oils. This may cause problems
at extraction and injection [6]. A further disadvantage is its hygroscopicity, causing
high water content and thereby possible algae growth, filtration and corrosion
problems [7].

There is an increasing interest for using reformulated diesel fuel composed of
ethanol, biodiesel, and petrol-derived diesel fuel where biodiesel can act as a
cosolvent for increasing ethanol solubility in diesel oil and prevent phase
separation [8]. Published literature on COEE blends is scarce. Albuquerque et al.
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[9] analyzed the viscosities of pure and mixtures of soybean oil, castor oil, cotton
oil and canola oil biodiesels. They found that mixtures of castor oil biodiesel with
soybean and cotton biodiesel oils up to 20% vol. of castor biodiesel meet the
specification of these blends within European limits. For canola and castor blends,
none of the mixtures comply with the specification, even at low contents of castor
biodiesel oil. Maia et al. [10] studied the variations in specific mass and kinematic
viscosity when castor biodiesel was blended with mineral diesel oil. They found
that blends containing 40 % wt of castor oil biodiesel fulfill ANP specifications
(National Agency of Petroleum, Natural Gas and Biofuels). Bueno [11] concluded
that mixtures of castor biodiesel/diesel with up to 35% wt of castor biodiesel meet
ANP specifications.

Ethanol (bioethanol) from sugar cane is an alternative to methanol in biodiesel
production because it enables the production of an entirely renewable fuel [12].
The use of ethanol in diesel began in the 1970s and has led to a reduction in levels
of pollution with a reduction in smoke opacity and particulate material in exhaust
fumes. However, the blending proportion of ethanol is limited because of its low
ignitability, its reduced heating value, and limited miscibility in petroleum diesel at
low temperatures [13]. According to Park et al. [14] the addition of bioethanol fuel
has improved the fuel atomization performance of biodiesel-bioethanol blended
fuels due to a more active breakup process influenced by the low kinematic
viscosity and increased fuel evaporation of bioethanol fuel.

The relative concentration of saturated and unsaturated fatty acid methyl esters
(FAME) species in biodiesel may have a significant effect on the viscosity,
thermodynamics of nucleation and crystallization during cold weather. Biodiesel
from palm oil or tallow has a relative high saturated fatty acid content, leading to
cloud point in the range 13-17°C [15-18].

This work presents a study of COEE blends with bioethanol to adjust COEE
viscosity. The influence of the ethanol content on COEE viscosity and density is
presented. Three correlations which describe the decrease in viscosity and density
with the ethanol concentration and the variation in the viscosity with the density in
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COEE ethanol blends were obtained. Finally, the effect of ethanol on the COEE

freezing point was verified.

2. Methods

2.1 Materials

Commercial castor oil, sodium hydroxide, and anhydrous ethanol (Synth) were
used to produce the biodiesel and blends. The anhydrous sodium sulfate was used
in the biodiesel purification step. Standards were used in chromatographic analysis
to identify the fatty acids of castor oil.

2.2 Experimental conditions and procedures

The transesterification reaction was carried out in a 1 liter batch stirred tank reactor
(BSTR) equipped with a reflux condenser, a mechanical stirrer and a stopper to

remove samples.

2.3 Method of analysis

2.3.1 Chromatography

The raw material composition was determined by gas chromatography (GC)
equipped with a flame ionization detector and with a DB 23 column. The castor oil
composition was obtained using the following method: the ethyl esters were
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obtained according to item 2.2, then 0.1 g of ethyl esters was diluted in 10 mL of n-
heptane and the samples were filtered using a PTFE filter and analyzed by GC.

The transesterification reaction composition was determined by high-performance
size-exclusion chromatography (HPSEC) as described in De Lima Da Silva et
al[12].

2.3.2 Free fatty acids

The free fatty acid content was measured according to the AOCS official method
Ca 5a-40 as oleic acid. The castor oil contained 1.2 % of free fatty acid (FFA).
Table 1 shows the vegetable oil fat acid composition measured by GC.

Table 1- Fatty acid composition of castor oil

Fatty acid 16:0 18:0 18:1 18:12 18:2 18:3 200 22:0

Content (Wt.%)| 1.6 0.9 3.0 89.5 3.7 0.4 0.3 0.6

palmitic (16:0), stearic (18:0), oleic (18:1), ricinoleic (18:12), linoleic (18:2), linolenic
(18:3), arachinic (20:0), behenic (22:00).

2.3.3 Viscosity and density

These properties were measured at 40 °C (313 K) according to the ASTM D-445.
The viscometer works according to a new patented (EP 0 926 481 A2) measuring
principle. The measuring cell is filled with 3 ml of the sample and the kinematic
viscosity and density values are obtained.

126



2.3.4 Freezing point and Enthalpy of fusion

First the sample was weighed and placed in a pan (Aluminum of 40 uL) inside a
furnace. Samples were analyzed with cooling rate of 10°C / min, using as inert gas
nitrogen on a flow of 50 ml/min, according to ASTM designation E1269-01. The
freezing point or crystallization temperature was determined as the maximum heat
in the freezing peak. The enthalpy of fusion (AHws) value was obtained by

integrating of the peak by mol of samples.

3. Results

3.1 Viscosity and Density

Table 2 presents the viscosities and densities of the blends. The COEE presents
higher viscosity than the diesel specification (sample 1); according to ANP norms
the viscosity of biodiesel must be from 3.0 to 6.0 mm?s. The castor oil biodiesel
viscosity was about four times higher than the ANP norms. This was because the
presence of the hydroxyl group in ricinoleic esters is reflected in the COEE
properties [19]. High viscosity leads to poorer atomization of the fuel spray and less
accurate operation of the fuel injectors [20]. The COEE ethanol blend is a way to
decrease viscosity. In order to promote COEE viscosity specification 15 blends of
COEE ethanol were investigated. The results show an evident decrease in
biodiesel viscosity with the addition of ethanol. The samples 14, 15 and 16 present

viscosity according to ANP specifications.
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Table 2 — COEE ethanol blend viscosity and density

Sample Ethanol (%vol.) Viscosity Density (kg/m>

p . (mm2/s) ensity (kg/m?)
1 0 14.413 0.902
2 1 13.788 0.900
3 2 13.235 0.899
4 3 12.836 0.898
6 5 11.890 0.896
8 6 11.299 0.894
9 7 10.860 0.893
10 8 10.591 0.892
11 9 10.234 0.891
12 10 9.966 0.891
13 20 7.290 0.879
14 30 5.316 0.866
15 40 4.044 0.853
16 50 3.136 0.841

Figures 1 and 2 show the slope of viscosity and density decreasing as the amount
of ethanol increases. The decrease in viscosity occurs according to an exponential
function (equation 1), where v is the viscosity (mm?/s), yo, t and A are coefficients,

and X is the quantity of ethanol (%vol.).
V= y0+A*exp(%j (1)

The density delay follows a linear behavior, equation 2, where D is the density

(kg/m®), A and B are coefficients and X is the quantity of ethanol (%vol.).
D= A +B*X (2)

These correlations are important to determine the quantity of ethanol required to
meet ANP specifications and the slopes shows the tendency or behavior of the
blends. The variation in viscosity with the density of COEE ethanol blends is
presented in Figure 3. Equation 3 describes the relationship between the kinematic

128



viscosity and density. Using this correlation it is possible to predict the viscosity of
the mixture by the density obtained in equation 2.

v yl+A2*exp[‘t—Dj 3)

1

Where v is viscosity (mm?/s), y1, Az and t; are coefficients and D is density (kg/m®).
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Figure 1 — COEE viscosity decrease with bioethanol content at 40°C.
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Figure 2 - Castor oil biodiesel density decrease with bioethanol content at 40°C.
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Figure 3 — Variation in viscosity with the density in COEE ethanol blends.
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3.2 Freezing point and enthalpy of fusion

Figure 4 shows the followings cooling curves: ethyl esters of castor oil (biodiesel),
and blend with ethyl esters of castor oil and 50% of ethanol (Blend 50%). The main
compound of castor oil biodiesel is ethyl ricinoleate then this Figure shows the
crystallization point (CP) of this ester. The CP of the ethyl ricinoleate is -68.14°C
and the crystallization point of this ester in the blend with ethanol (Blend 50%) is —
75.70°C as shows in the Figures 4. This result confirms the influence of ethanol in
the blend, the freezing point of this alcohol is -114°C. Then the ethanol promotes a
decrease of 7.56°C in the biodiesel freezing point. The AHys values were 30.72

kd/mol and 9.88 kJ/mol to sample biodiesel and Blend 50%, respectively.

14 +

12 +

10 4 —— Blend 50%
—— Biodiesel

Heat (mW)

o———7—7—7—7T 7T 7T T T T 1
-160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60

Temperature (°C)

Figure 4 — Cooling curves of castor oil biodiesel blends with 50% of ethanol and
castor oil biodiesel.
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3.3 Castor Oil Biodiesel properties

Table 3 shows the castor oil ethyl esters properties. The sulfur content, iodine
index, copper corrosion, water, sediments, flash point, oxidative stability and
cetane index conform to ASTM and EN norms. The oxidative stability was about 7
times higher than the Brazilian and European specification, therefore the castor oil
ethyl ester is not sensitive to oxidative degradation. The oxidation of COEE ethanol
blend with diesel is a function of the composition of the mixture and is accelerated
by the presence of oxygen, light and temperature, but its speed is primarily

dependent on its composition, as observed by D’Ornellas [21] for ethanol gasoline

blends.
Table 3 - Castor oil ethyl ester properties
Properties Method LIMITS Castor Qil Biodiesel
lodine index (g/1009) EN 14110 120; Max 83.4+0.2
Copper Corrosion ASTM D 130 1 1
Water and sediments (vol.%) ASTM D2709 0.05; Max 0.05 (less than)
Lower heating value (MJ/ kg) ASTM D 240-02(07) - 35.25
Sulfated ash (wt.%) ASTM D 874-00 0.020; Max. 0.01 (less than)
Sulfur content (mg / kg) ASTM D 5453-06 50; Max. 2
Mono, di, triglycerides content (wt.%) EN 14105-03 - 0.5 (less than)
Oxidation stability (h) EN 14112-03 6; Min. 46

4. Conclusion

The use of ethanol in the blends (at 30, 40 and 50% vol.) enabled the viscosity of

COEE to meet ANP standards. The COEE and ethanol are completely soluble

therefore these esters act as an anti-oxidative and the lower oxidative stability of

ethanol may be compensated for because the COEE has high oxidative stability.
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The mixture of ethanol and diesel was not completely soluble and this promotes
phase separation at low temperatures. However, in this case the COEE acts as a
co-solvent because it is soluble in alcohols and diesel. Consequently the mixtures

with COEE are stable in temperature increases or decreases.

The use of the correlation obtained in this study enables the prediction of the
COEE ethanol blend viscosity and density with ethanol content, and the viscosity
through the density result.

This work presents a method to reduce the viscosity of castor oil biodiesel with the
addition of alcohols. It is a promising possibility because the addition of oxygenated
substances, such as alcohols and esters, to diesel increase complete diesel burn,
reducing carbon monoxide and particulate material emissions. Furthermore, the
cost of the COEE ethanol blend is lower because the price of Brazilian ethanol is
half of biodiesel.
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6. Nomenclature List

Vv - Kinematic viscosity (mm?/s)

D - Density (kg/m°)

X - Quantity of ethanol (%vol.)
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CAPITULO 9 - PRODUCAO DE BIODIESEL
UTILIZANDO O ULTRA-SHEAR REACTOR.

RESUMO DO TRABALHO

Esse trabalho teve como objetivo o desenvolvimento de um sistema especial de
producéao de biodiesel utilizando um sistema de intensificagao de reacao. A reacao
de transesterificacdo ocorreu no reator especial Ultra-Shear, que funciona a altas
rotagdes. Esse equipamento foi cedido ao LOPCA/FEQ para testes, pela empresa
EGSA (equipamentos para gas do Brasil LTDA).

Os experimentos foram realizados utilizando 6leo de soja como matéria prima, em
presenca de hidroxido de so6dio como catalisador. O planejamento experimental e
a metodologia de superficie de resposta foram utilizados na otimizacado das
variaveis de processo. As variaveis estudadas foram tempo de reacdo (6 a 12
min.), concentracdo de catalisador (0,5 a 1,5 %) e razdo molar etanol:6leo vegetal
(6:1 a 10:1). A maior conversao em éster obtida para o 6leo soja foi de 98% em
massa de éster ap6s 8 minutos de reacao, razado molar etanol 6leo de soja de 8:1
e concentracdo de catalisador de 1 % em massa. Ressalta-se que esse sistema
sera muito util para ser implantado em pequenos sitios de producdo, o que
representa um apelo social e tecnologico simples e de facil uso. O médulo de
reacao € constituido de um reator que funciona em alta rotacao (60 HZ) e podera
ser usado tanto para o 6leo vegetal ou gordura animal, quanto para extracao a
partir dos gréaos. Ou seja, podera ser aplicado para qualquer tipo de matéria-prima

de forma a atender as especificidades regionais.
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ABSTRACT

This work presents biodiesel production from soybean oil and bioethanol by
multiple-stage Ultra-Shear reactor (USR). The experiments were carried out in the
following conditions: reaction time from 6 to 12 min; catalyst concentration from 0.5
to 1.5 % (by weight of soybean oil); ethanol: soybean oil molar ratio from 6:1 to
10:1. The experimental design was used to investigate the influence of process
variables on the conversion of biodiesel. The best ethyl ester conversion obtained
was 99.26 wt.%, with an ethanol:soybean oil molar ratio of 6:1, catalyst

concentration of 1.35 % and with 12 minute reaction time.

Keyword: biodiesel; ethanolysis; transesterification.

1. Introduction

Biofuels have an important role to play in future energy production. Research
into making them competitive as the global demand for energy and environmental
concerns increase has grown in recent years. Biodiesel is gaining increasing
importance as an attractive fuel alternative to depleting fossil fuel resources. Most
of the energy demands of the world are supplied by petrochemical sources, coal,
and natural gases which are finite and at current usage rates will be consumed
shortly. The growth in biofuel production has largely been driven by policy targets
and the way in which they are produced and managed can determine if they can
be beneficial to society, the economy and the environment. In the coming years,

international trade in biofuels is expected to grow as biofuel consumption increases
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in the USA, the EU, Brazil and China (Science for Environment Policy, 2010;
Meher et al., 2006a and Kralj, 2008).

Biodiesel is a fuel made from vegetable oils, animal fats or microbial oils
(algae, bacteria and fungi). The raw materials are converted to biodiesel through a
transesterification reaction involving alcohol and catalyst (Krawczk, 1996; Ma and
Hanna, 1999; Li et al., 2008).

Biodiesel fuels have various advantages such as: it is a complement or
substitute to petroleum based fuel, it is a renewable fuel, it has a favorable energy
balance, it presents less harmful emissions and it is a non-toxic fuel, which make
them very attractive (Meher et al., 2006a; lto et al., 2005; Vyas et al., 2009).

Transesterification reaction can be catalyzed by homogeneous (alkaline and
acid) and heterogeneous catalysts or without catalyst using supercritical
conditions. A continuous stirred tank reactor (CSTR) is commonly used in industrial
biodiesel production. This equipment is generally modeled as there is no spiral
variation in concentration, temperature, or reaction rate throughout the vessel
(Fogler, 1999; Chongkhong et al., 2007). The use of batch stirred tank reactor
(BSTR) is also common in this process (De Paola et al., 2009; Vicente et al.,
2007). Other less conventional equipment has been studied in order to increase
the biodiesel conversion and the reaction speed, while decreasing the process cost
(Behzadi and Farid, 2009). These pieces of equipment are micro-reactors (Wen et
al., 2009), static mixers (Thompson and He, 2007), microwave reactor (Perin et al.,
2008; Carucci et al., 2009), rotational packed bed (Chen et al., 2010), reactive

distillation or heat integration system (Da Silva et al., 2010; He et al., 2006; Kralj,
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2008), ultrasound reactor (Georgogianni et al., 2008), and gas-liquid reactor
(Behzadi and Farid, 2009).

Mixing is an important variable in the transesterification reaction because the
vegetable oils or fats are immiscible with catalyst-alcohol-solution (Meher et al.,
2006a). Within this concept, in this work, a multiple stage high-speed mix was
used for biodiesel production. This equipment has up to three sets of rotors and
stators that convert mechanical energy to high tip speed, high shear stress and
high shear-frequencies. The reaction takes place in the high-energy shear zone,
with a small droplet size and a large surface area, helping the catalyst reaction to
occur faster. This drastically reduces production time and increases production

volume (lka guide, 2010).

The experimental design was used to optimize the following process
variables: reaction time, catalyst content and soybean oil: ethanol molar ratio. The
effects of these variables on biodiesel conversion were investigated through two
experimental designs. The first experimental set was carried out using a central
composite design (CCD). The CCD was used to reduce the number of
observations while giving the desired information, enabling the selection of the
significant variables. The second experimental set was a (CCD) plus axial points,
generating a second order model and the results were optimized using response

surface methodology (RSM).

141



2. Materials and methods

2.1. Materials

The experiments were carried out with refined soybean oil obtained from a
supermarket (Brazil). Sodium hydroxide (Synth-Brazil) was used as catalyst.
Anhydrous ethanol was purchased from Synth (Brazil). All the standards were
supplied by Sigma-Aldrich (St. Louis, MO), polytetrafluorethylene filter (PTFE filter)
was supplied by Millipore (U.S.), and HPLC-grade THF (Tetrahydrofuran) was from
B.&J/ACS (U.S.).

2.2. Equipment description

The transesterification reaction was carried out in an Ultra—Shear reactor
(USR). This equipment is a rotor-stator mixing with high speed and intense shear
frequency (PROCESS PILOT 2000/4 of IKA WORKS Inc., USA), Figure 1. The

agitation was kept constant at 7900 rpm.
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Figure 1 — Ultra — Shear reactor
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The Ultra—Shear reactor has a modular design. This machine can be
operated as basic device or can be turned into different operating devices using
modules. The basic device is a single-stage high-performance instrument for
continuous dispersion of liquids. In this work, three modules (multiple-stage) were
used. The dispersing action is based on the rotor-stator principle, which means that
a high-speed rotor with very narrow slots rotates in a stator. This produces high
shearing energies between rotor and stator. The system consisting of rotor and
stator is also called generator. In this system, a standard three-phase motor drives
at 3000 rpm, and a transmission ratio of the belt drive increases the speed of the
rotor shaft to 7900 rpm. A circulating elbow was used to increase the mixture of the

reaction.

2.3. Biodiesel Production

The USR was loaded with soybean oil, preheated to the desired temperature
(78°C) and then agitation was initiated. Previous experiments showed that high
agitation speed of USR leads to the ethanol reaching boiling point temperature so
a water batch was used to maintain the temperature of the reactor at 78°C. The
catalyst was dissolved in ethanol and the alcoholic solution was added to the

vegetable oil.

During the reaction, samples were collected through the dilution of 0.1g of
the reaction products in 10 ml of tetrahydrofuran (THF), this large dilution quickly

stops the reaction course. Then the samples were filtered using a PTFE filter and
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analyzed using HPSEC (high-performance size-exclusion chromatography). After
the reaction, the excess of ethanol was evaporated under vacuum using a roto-
evaporator. Then the ester and the glycerol layers were allowed to separate in a

separator funnel, and the ethyl ester layer was purified.

2.4. Methods of analysis

The raw material composition was determined by gas chromatography (GC)
equipped with a flame ionization detector and with a DB 23 column. The soybean
oil composition was obtained using the methodology of Hartman and Lago (1973).
The soybean oil molar mass (Mwy) was calculated according to equation 1 and the
ethanol quantities were determined according to the soybean oil molar mass.
Where Mwgcq is the fatty acid molar mass, Mwgycerol is the glycerol molar mass and

Mwyater iS the water molar mass.

thri = 3*(Mwacid)+Mw 3*Mwwaler (1)

glycerol —

The following soybean oil properties were determined in order to characterize
this raw material: the free fatty acid content was determined according to the
AQOCS official method Ca 5a-40 as oleic acid; the iodine index (IV) was determined
according to the AOCS Cd 1c¢-85; the moisture was determined by Karl Fischer
(Metler Toledo); the density and viscosity were determined by Stabinger
Viscometer SVM 3000 (Anton Paar) whose properties were measured at 40°C

according to the ASTM D-445.
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The transesterification reaction composition was determined by high-
performance size-exclusion chromatography (HPSEC) supplied by Waters (U.S.).
The Shoenfelder methodology is specific for analyses of triacylglycerols (TG),
diacylglycerols (DG), monoacylglycerols (MG), and glycerol (GL), nevertheless,
this methodology was adapted for the analyses of esters (EE) because the ester
peak appeared between the MG and the GL peak. The mobile phase was THF.
The chromatographic system consisted of an isocratic HPLC pump (model 515;
Waters, Milford, MA), a differential refractometer detector (model 2410; Waters),
and an oven in order to maintain the columns at 40 °C by a temperature control
module (Waters). Two HPSEC columns, Phenogel 50 A and 100 A (Phenomenex),
with dimensions of 7.8 x 300 mm and particule size of 5 um, were connected in
series. The relative percentage of each component (X;) was given through HPSEC

and it was determined through equation 2, where X; was calculated dividing the

peak area of the ester (Agg) by the sum of the peak areas of all components. The
Xee is the ester concentration and these results were used in the experimental
design. The ester conversion (Y) was determined according to equation 3. Gy is the
raw material (TG, MG, and DG) concentration (wt.%) at t = 0 min, and GC; is the raw
material concentration at the end of the reaction. The identification of the (TG),

(DG), (MG), (EE), and (GL) were based on reference standards (Sigma-Aldrich).

2\ Apg + Apg + Ayc + Age + Agr ) @)




2.5. Experimental Design

The effect of the process variables (catalyst concentration, ethanol:soybean
oil molar ratio and reaction time) on biodiesel conversion (Y) were verified using
experimental design. The experiments were done and optimized following CCD
and response surface methodology (RMS). The software Statistica (Statsoft, v.7)

was used to analyze the results.

The RSM is a set of mathematical and statistical techniques which are useful
for modeling and analyzing problems in which a response of interest is influenced
by several variables and the objective is to optimize this response (Montegomery,
2001; Hameed et al., 2009). The first step of RMS was to derive the polynomial
equation that describes the response (ester conversion) as a function of the
independent variables (catalyst content, molar ratio and reaction time). The RSM
equation takes into account only the significant coefficients, equation 4. The
coefficient b, is the outcome (response) at the central point, and the other
coefficients measure the main effects and the interactions of the coded variables X;

on the response Y.

Y=b, + Zb,-Xi " Zb,-,-x? n Zb,-l-Xl-X j Ghere i% )

The second step was to determine the quality of the fitted model. It was

evaluated by the analysis of variance (ANOVA), based on F-test (Box, 1978).

3. Results and discussion
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3.1. Raw material characterization

The soybean oil properties were presented in Table 1. The low free fatty acid
and moisture content permitted the use of basic catalysis because both an excess
as well as an insufficient amount of catalyst may cause soap formation (Meher et
al., 2006a). The iodine value is a description of vegetable oil unsaturations.
Unsaturation can lead to deposit formation and storage stability problems with fuels
(Graboski and McCormick, 1998). Table 2 shows the composition of soybean oil

fatty acid. The soybean oil molar mass was determined according to equation 1.

Table 1 - Soybean properties

Properties Result
Iodine value 131.32
FFA (%) 0.3
Moisture 0.054
Density (g/cm3) 0.8752
Viscosity (mm’/s) 40.26

Table 2 — Gas chromatographic analysis of soybean oil

Fatty acid Palmitic (16:0) Stearic (18:0) Oleic(18:1) Linoleic(18:2) Linolenic(18:3)
(wt.%) 11.20 3.57 23.79 55.84 5.60
Mw 256.4 284.5 282.5 280.5 278.5
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MW,,;, = 872.92g/mol

3.2. Experimental design results

Two experimental designs were carried out in order to optimize the process
variables. The first part of the experiments was a 2% plus three central points
(CCD). The second one was a 22 CCD plus four axial points. The axial points are
also called star points (Box, 1978). The limits of the first experimental design were:
ethanol: soybean oil molar ratio from 6:1 to 10:1; catalyst concentration level from
0.5 to 1.5 % and reaction time from 6 to 12 min. Table 3 shows the results of the
first experimental design. Biodiesel conversions higher than 97 wt.% were obtained
in the experimental design. Figure 2 presents the Pareto graph showing that the
molar ratio effect, MR, the interaction between the catalyst and time (t*C), and the
interaction between the molar ratio and catalyst (MR*C) were not significant,
because these effects were on the left side of the p-value. This value was used as
a tool to check the significance of each effect. Good conversion was obtained
using the ethanol: soybean oil molar ratio of 6:1. Other research has shown that
the use of 6:1 molar leads to higher ethanolysis conversion. Fillieres et al. (1995)
analyzed the effect of the ethanol molar ratio on biodiesel production from
rapeseed oil and the best result was obtained with a 6:1 ratio. Therefore the molar
ratio was fixed at a minimum level and the second experimental design considers

only the catalyst content and the reaction time as process variables.
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Table 3 - First experimental Design

Run Time (min) Molar Ratio Catalyst (%wt) |Ester (wt.%)
1 -1 6 -1 6 -1 0.5 82.58
2 1 12 -1 6 -1 0.5 95.48
3 -1 6 1 10 -1 0.5 90.07
4 1 12 1 10 -1 0.5 91.10
5 -1 6 -1 6 1 1.5 92.64
6 1 12 -1 6 1 1.5 97.28
7 -1 6 1 10 1 1.5 96.66
8 1 12 1 10 1 1.5 97.88
9 0 9 0 8 0 1 96.12
10 0 9 0 8 0 96.33
11 0 9 0 8 0 1 97.95

c E 8.2704
t i 7.6303
t*MR | -6.0437
tc -3.4891,
MR 2.0894 E
MR*C 1.1680 i
p=0.05

Effects

Figure 2 - The Effects of the process variables on the soybean ethyl ester

conversion: First experimental design.
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In order to optimize the significant variables, a second experimental design
was done with reaction time from 6 to 12 min, catalyst concentration level from 0.5
to 1.5 wt.% and molar ratio of 6:1. Table 4 shows the results of the second
experimental design. Figure 3 presents the Pareto graph. The effects of the
reaction time (t) and the catalyst content (C) were significant with confidence level
of 95%. The catalyst concentration (C) is the most important variable, as shown in
Figure 3. Increasing catalyst concentration from 0.5 to 1.5 %, runs 7 to 8 (Table 4),

increases the ester conversion from 76.89 to 98.92 wt.%.

Table 4 — Second experimental design

Run Time (min) Catalyst (%) Ester
(wt.%)
1 -1 7 -1 0.6464 94.34
2 1 11 -1 0.6464 94.60
3 -1 7 1 1.3536 99.03
4 1 11 1 1.3536 99.26
5 -1.414 6 0 1 98.01
6 +1.414 12 0 1 99.18
7 0 9 -1.414 0.5 76.89
8 0 9 +1.414 15 98.92
9 0 9 0 1 98.07
10 0 9 0 1 98.09
11 0 9 0 1 98.02
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C(L) 397.1693

(& (¢)) -276.011
Q) 76.3026
t(L)

21.0289

tC 0.4160

— e — - - - TS SIS SRR P — -]

p=0.05
Effects
Figure 3 - The Effects of the process variables on the soybean ethyl ester

conversion: Second experimental design.

A coded quadratic model was obtained using factorial design, and this model
describes the influence of the reaction time (t), and of catalyst concentration (C) on
the ethyl ester conversion (E), equation 5. The ANOVA demonstrates that the
model is significant, as evidenced from the Fies. According to the Fiest, the model
has statistical significance when the Fcacuiated IS higher than the Fiigeq Value. Hence
a satisfactory adjustment of the experimental results was achieved. Figure 4 shows
the response surface of ester conversion as a function of the reaction time and the
catalyst concentration obtained from equation 5. Both process variables are
important. With increasing reaction time and catalyst content, the ethyl ester
conversion increases. According to Figure 4, ethyl ester conversion of 99.26 wt.%

can be obtained with catalyst concentration from 1 to 1.4%, and a reaction time up
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to 12 min. The use of USR reduces the reaction time because the high speed of

mixture promotes a large ester conversion in a shorter time.

E = 98.0593+0.2681 +1.1580¢* +5.0633C —4.1887C* (5)

) T

Figure 4 — Response surface of ethyl ester conversion as function of reaction time

and catalyst content.

3.3. Influence of process variables on BSTR and USR reactors

Figure 5 shows the effect of molar ratio on ethyl ester conversion. An excess

of alcohol increases the ester conversion by shifting the equilibrium to the right (Le
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Chatelier’s principle). The use of 10:1 molar ratio promoted an increase in ester
conversion in the first minutes of the reaction; however, after 10 minutes the
conversion is almost 6:1 molar ratio. As can be observed with the 6:1 molar ratio,
the conversion of ester was almost 60 wt.% after 1 min, but the conversion
increases to 80 wt.% with a molar ratio of 10:1 (Figure 5a). The same behavior was
observed with 1.5 wt.% of catalyst (Figure 5b). Nevertheless, after 10 mins similar
conversions were obtained. This behavior is in agreement with the experimental
design. Some researchers have shown the effect of molar ratio on biodiesel
production using BSTR reactor (Encimar et al., 2007; Fillieres et al., 1995; Meher
et al., 2006b) and the influence of the variables is similar to the USR reactor.
Meher et al. (2006b) observed that a conversion of 97 wt.% of methyl esters from
karanja oil was obtained using a 6:1 molar ratio after 3hs of reaction or using a

24:1 molar ratio after a reaction time of 30 min.

-
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o
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L B ] - [ ]
100 % o o $ v
smms g = = 3 < 80
B
;\?. 80 .. P ° [ E
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T 60 |e T @ Ester (6:1)
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Figure 5 — Time evolution of ethyl ester conversion with catalyst content. (a)

Catalyst content of 0.5wt.% ; (b) Catalyst content of 1.5wt.%.
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The effect of the catalyst content on biodiesel production is also shown in
Figure 5. The reaction with a molar ratio of 6:1 and 0.5 % catalyst achieved 60
wt.% of conversion after 1 min, while the use of 1.5 % catalyst increased the
conversion to 88.25 wt.%. The use of a molar ratio of 10:1 and catalyst contents of
0.5 and 1.5 % led to an ethyl ester conversion of 74 and 97 wt.%, respectively. The
ester conversions obtained after 12 min of reaction and 0.5 % of catalyst to 6:1 and
10:1 molar ratios were 88 and 91wt.%, respectively. The corresponding
conversions using 1.5 % of catalyst were 95 and 98 wt.%. These results are in
agreement with studies using a BSTR reactor, but the highest conversions were
obtained after 120 min (Fillieres et al., 1995; Meher et al., 2006b; Encinar et al.,

2007).

The use of USR enabled the development of a fast process because the
reaction takes place in the high-energetic shear zone of the mixer by reducing the

droplet size of the immiscible liquids (soybean oil and ethanol).

4. Conclusions

This work presents the production of biodiesel using multiple-stage ultra
shear reactor. Different combinations of process variables were tested in the
experimental design and the results show that a ethyl ester conversion of 99.26
wt.% can be obtained with a reaction of up to 12 mins, with a catalyst content of
1.35 % and an ethanol:soybean oil molar ratio of 6:1. The use of this system

reduces the reaction time and increases production (volume). This enables a
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continuous production process at a lower cost than the conventional process

(BSTR reactor).
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CAPITULO 10 - UTILIZACAO DE GLICERINA NA
PRODUCAO DE GAS DE SINTESE

Titulo: Producao de hidrogénio e monoéxido de carbono a partir da
pirdlise da glicerina

Nivea de Lima da Silva, Ana Paula G. Peres, César Benedito
Batistella, Rubens Maciel Filho, Maria regina Wolf Maciel.

O excedente de glicerina tem estimulado o desenvolvimento de
rotas alternativas para utilizacdo desse co-produto. Com a
obrigatoriedade de uso de 5 % de biodiesel no diesel (B5) a partir de
2010, estima-se que serdao produzidas 415 mil ton/ano de glicerina,
que ocasionara um excedente de 290 mil ton/ano de glicerina. A
utilizagdo da glicerina na producdo de gas de sintese além do apelo
tecnoldgico apresenta um apelo ambiental, contribuindo para reducao
do custo de producdo de biodiesel. Outro apelo ambiental e
econémico é a substituicdo do gas natural proveniente do petréleo
pela glicerina, na produgdo do gas de sintese, contribuindo de forma
significativa para a reducao de usos de combustiveis fosseis.

Artigo submetido a revista Quimica Nova em janeiro de 2010
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ABSTRACT

Biodiesel is a clean burning fuel derived from renewable lipid feedstock such as
vegetable oil or animal fat. Glycerol is a by-product from the biodiesel production.
The glycerol pyrolysis is a promising way to produce biofuels such as hydrogen
and syngas. Glycerol pyrolysis was carried out in a fixed bed reactor filled with
aluminum oxide. Different variables affect the glycerol pyrolysis; in this work the
reaction temperature was varied from 750 to 850 °C, the reaction time from 20 to

40 min, carried gas from 10 to 60 mL/min and glycerol quantity from 1 to 3 mL.

INTRODUCAO

A glicerina € um composto orgéanico pertencente a funcado alcool. Sua
férmula quimica possui a seguinte nomenclatura IUPAC: propano 1,2,3-triol. O
termo glicerina refere-se ao produto na forma comercial, com pureza superior a
95%. Esse composto esta presente em varias reagdes quimicas tais como
transesterificagdo ou alcodlise, glicerdlise, hidrélise ou saponificacdo’. A glicerina
€ normalmente produzida por meio da reacdo de transesterificacdo de 6dleos
vegetais ou gorduras animal, ou reacdo de produgédo de biodiesel. Sabe-se que
10 % em massa do 6leo vegetal utilizada como matéria prima na producao de
biodiesel é convertido em glicerina, conseqientemente, um aumento da producéo
de biodiesel podera ocasionar uma reducao do preco da glicerina. Por outro lado,
o reaproveitamento da glicerina residual em produtos com valores agregados

ocasionara a viabilidade econdmica para a producdo de biodiesel.? A glicerina
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também é obtida por meio da fermentacédo de glicose, hidrogenacgao catalitica de
acucares e alcodis ou como sub-produto da producdo de alcodis a partir de

lignocelulose.® ©

O sub-produto do processo de producdo de biodiesel (glicerina)
normalmente estd contaminado com agua, monoacilglicerois, diacilglicerois, sais,
saboes, residuo de catalisador e ésteres (biodiesel). Apds passar por um processo
de purificacdo (destilacdo), a glicerina pode ser utilizada na fabricacdo de
inUmeros productos, tais como: produgcdo de biogas, industria médico-
farmacéutica, industria de cosmético (emoliente), industria quimica (gliceraldeido),
solvente para tintas e vernizes, lubrificante, compdsitos (plasticos biodegradaveis)
e como substrato para processos biotecnol6gicos. Outra possiveis utilizacées da
glicerina residual é a produgédo de propeno “verde”, para ser polimerizado em
polipropileno. Produzida por meio da glicerina residual essa resina tera fonte
renovavel, caracteristica que lhe assegurard um aumento significativo no preco de
venda desse produto.” Além disso, a glicerina é uma potencial matéria prima para
producédo de hidrogénio (H.) e gas de sintese mediante pirdlise, gaseificacao ou

reforma catalitica.®

O gas de sintese é constituido de uma mistura de hidrogénio e monédxido de
carbono (Hz + CO). A rota mais empregada para producdo de gas de sintese é a
reforma do metano, principal constituinte do gas natural, com vapor d’agua. Essa
rota, apesar da alta relacdo H./CO produzida € inadequada para producao de
hidrogénio para células combustiveis, pois apresenta altos custos operacionais

devido & demanda térmica.® As células de combustivel sdo equipamentos capazes
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de transformar energia quimica em energia elétrica, sem a necessidade de
combustédo, com alta eficiéncia e confiabilidade e menores emissdes de poluentes
que os equipamentos atuais. O melhor combustivel para essas células é o

hidrogénio que ja vem sendo apontado como a maior fonte de energia do futuro.

O gas de sintese € utilizado largamente em escala industrial na producao
de hidrocarbonetos médios e pesados e também de compostos oxigenados tais
como alcodis, aldeidos e cetonas.’® Na literatura, existem diferentes processos
para obtencdo de gas de sintese. Esse gas pode ser produzido mediante
gaseificacdo de carvao, oxidacao parcial de 6leos pesados, gas natural ou através
da gaseificacdo de biomassa.'"'? Entre as aplicacdes do gas de sintese podemos
citar o uso na industria quimica e de combustiveis liquidos, sendo utilizado tanto
na producdo de hidrocarbonetos médios e pesados, quanto na sintese de
compostos oxigenados como alcoodis, aldeidos e cetonas. Como exemplos de
aplicagbes tém a producdo de metanol, hidrogénio, aménia, acido sulfurico e

formaldeido, também pode ser saturado com agua e utilizado em turbina a gas.

O hidrogénio é muito usado em refinaria para hidrotratamentos, produgéo
de amobnia e celulas de combustiveis. O cragueamento térmico da glicerina
produz, além de hidrogénio, outros gases como monoéxido de carbono (CO) e
diéxido de carbono (CO,). Para algumas aplicacbes como sintese de Fischer-
Tropsch e producédo de metanol € desejavel que a razdo H,/CO do gas de sintese

seja igual a 2. 31013
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Alguns estudos apresentam alternativas para o aproveitamento da glicerina

.'* obteve biocombustivel

residual proveniente da producao de biodiesel. Xiu et a
(bio-6leo) a partir do craqueamento térmico da glicerina em presenca de
biomassa proveniente da cana de agucar. Outros estudos apresentam a producgao
de hidrogénio e gas de sintese a partir de fontes renovaveis como a biomassa,
glicerina purificada e glicerina residual da producéo do biodiesel. Fernandez et al.?
estudou a producado de gas de sintese a partir da pirélise da glicerina utilizando

|.15

forno microondas e carvao ativado como catalisador, Adhikari et al.”® e Kunkes et

al.® estudaram a reforma catalitica da glicerina em reatores tubular, Byrd et al.'
realizou a degradacao térmica da glicerina com agua supercritica e Ru suportado

em alumina como catalisador.

Valliyappan et al.® realizou a pirdlise da glicerina utilizando um reator de
leito fixo na auséncia de catalisador. De acordo com esse estudo o processo de
pirélise da glicerina resulta em um mistura liquida quando se realiza a baixas
temperaturas (400 — 600 °C) e em produtos gasosos quando é realizada a
temperaturas superiores a 750 °C. Sendo possivel atingir uma conversao em
produtos gasoso de até 72 % em massa de glicerina contaminada com residuo de
metanol e hidroxido de potassio, provenientes do processo de produgcdo de
biodiesel. Nesse contexto, o objetivo desse trabalho foi realizar a pirdlise da
glicerina visando obter altas conversées em hidrogénio e mondxido de carbono,

que sao o0s principais componentes do gas de sintese.

A utilizagéo do planejamento experimental permite uma redu¢do do numero

de experiéncias ou repeticbes e melhora a qualidade das informacdes obtidas
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através dos resultados. Isto significa uma sensivel diminuicdo do trabalho e,
consequentemente, do tempo e do custo dos ensaios.'”” Algumas variaveis
exercem grande influéncia no processo de pirélise da glicerina, tais como: o
tempo de reacdo, a temperatura de reacdo, a vazao de gas de arraste e a
quantidade de glicerina alimentada no reator. Nesse estudo, a influencia das
variaveis de processo na conversdo em monéxido de carbono e hidrogénio foi

estudado através do planejamento experimental.

MATERIAIS E METODOS
Materiais

Os experimentos foram realizados com a glicerina comercial (Synth), o
reator foi preenchido com alumina contendo particulas entre 0,85 e 0,5 mm
(Sigma-Aldrich), cloreto de so6dio (Synth) foi usado no banho de gelo. Argbnio
(White Martins) foi usado como gas de arraste. Tetrahidrofurano (JTBacker) grau
HPLC foi utilizado nas analises cromatogréficas para diluigio das amostras

liquidas.
Equipamentos

A pirdlise de glicerina ocorreu em um sistema em batelada utilizando um
reator de leito fixo em acgo inoxidavel (Figura 1). O reator possui 200 mm de
comprimento por 10,75 mm de diametro interno, com leito fixo (alumina). A planta

de pirdlise foi equipada com uma bomba analitica (Waters, INC), uma mufla
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elétrico (100 mm x 100 mm x 163 mm), um coletor de condensado de 500mL, um
banho de gelo, cilindro de argbnio, um medidor de vazao (rotametro), valvulas,
medidores, indicadores e controladores de temperatura. Os produtos gasosos
foram coletados em sacos coletores especificos para hidrogénio ou “bags” de 5 L
(SKC Inc., EUA). Todos os equipamentos foram interligados com tubo de aco

inoxidavel com diametro de 1/8 de polegada.

A seguir serao listados os equipamentos necessarios para obtencao do gas
de sintese a partir da glicerina. Em seguida sera apresentado um desenho
esquematico da planta de producdo de gas de sintese (Figura 2). A planta de
producédo de gas de sintese proposta é em escala de bancada o que permitiu a

otimizacao das condigbes de processo com redugao dos custos.

Descricao do Processo

Inicialmente, a glicerina presente no tanque (T-01) é aquecida até 90 °C. O
aquecimento permite a reducao da viscosidade da glicerina facilitando o transporte
realizado pela bomba (P-01) até a valvula de trés vias (V-03). Na valvula (V-03) a
glicerina entra em contato com o gas de arraste (argbnio), que esta armazenada
num cilindro (T-02). O gas de arraste permite a diluicdo da glicerina e a perfeita
distribuicdo desse reagente no reator de leito fixo (R-01) que ja esta aquecido na
temperatura do experimento. Um forno elétrico (E-01) foi utilizado no aquecimento
do reator (R-01). A temperatura na entrada do reator € medida por um termopar e

coincide com a temperatura de operacao do reator. A vazao do gas de arraste foi
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ajustada através da valvula (V-04) e do rotametro (FI-01). Durante a reacédo o
produto proveniente do reator é conduzido para o vaso coletor (T-03). O vaso
coletor é resfriado através de um banho de gelo (T-04) contendo solugéo saturada
de cloreto de sédio (salmoura). Apds o resfriamento sao obtidas duas fases, a fase
liquida permanece no vaso coletor e a fase gasosa, constituida por gases
incondenséaveis a 0 °C e 1 atm, é armazena em “bags” (T-05). Apds a reacao, o

reator foi resfriado e pesado para determinacao do teor de cinzas.
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TI-01

T-02

R-01

Figura 1. Sistema de Pirélise de Glicerina

T-01: Tanque de armazenamento de glicerina; V-01: Valvula de retencédo do
tanque de glicerina; P-01 Bomba analitica; V-02: Valvula de retencao do fluxo
de glicerina a jusante da bomba; V-03: valvula de trés vias; F-01: indicador de
vazdo do gas de araste (rotdmetro); V-04: Véalvula de retencdo de gas de
arraste; T-02: Cilindro de armazenamento de argbnio; E-01: Forno elétrico;
R-01: Reator de leito fixo; T-03: Tanque coletor de liquido equipado com banho
de gelo; T-05: Sistema de coleta de gas (“bags”).
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Metodologia Analitica

As andlises dos produtos liquidos foram realizadas num cromatégrafo
gasoso com espectrometro de massa (Agilent, EUA), equipado com uma coluna
capilar BP20 (30 m; 0,25 mm de didametro). A programacao de temperatura da
coluna foi: 40 °C por 5 min, aquecimento até 200 °C numa taxa de 5 °C/min, o
tempo total de anélise de 52 min. A fase movel foi hélio 5.0. As amostras foram

diluidas em THF na propor¢ao de 10:90.

Os produtos gasosos foram analisados num cromatografo gasosos (HP,
EUA) equipado com detector de condutividade térmica (TCD), uma coluna
porapark Q (3,2 mm x 2,40 m) e uma coluna peneira molecular (3,2 mm x 1,8 m).
A programacéo de temperatura esta descrita a seguir: 4 min a 50 °C, 8 °C/min até
140 °C, 0,75 min a 140 °C, o tempo total de andlise foi de 16 min. A ordem de
eluicdo dos gases foi Hp, ar (atmosférico, identificado pela presencga de nitrogénio),

CO, CHg4, CO., etileno, etano e propano.

As concentracdes de hidrogénio e mond6xido de carbono foi determinada em
%molar e fornecida na andlise cromatografica. A conversdo da reacao foi
determinado com base na quantidade (massa) de glicerina convertida em produtos
gasosos, equacao 1. Sendo que Go corresponde a massa de glicerina alimentada

no reator e Gi a massa de liquido gerada na reacéo.

Gy- G,
R=—"—""100 (1)
G
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Planejamento Experimental

O Planejamento experimental foi utilizado para verificar a influéncia das
variaveis de processo na pirélise da glicerina. As varidveis estudadas foram:
temperatura da reacao (T), tempo de reacédo (t), vazao de gas de arraste (Ar) e
volume de glicerina alimentada (Gl). Os experimentos foram realizados de acordo
com o planejamento fatorial fracionario com pontos centrais, 2*' + 3 pontos
centrais. A Tabela 1 apresenta os niveis das varidaveis. O software Statistica

(Statsoft, v.7) foi usado para analisar os resultados.

Tabela 1. Niveis das variaveis

L. Niveis
Variaveis
-1 0 1
Temperatura (°C) 750 800 850
Tempo (min) 20 30 40
Quantidade de glicerina (mL) 1 2 3
Vazdo de gas de arraste (mL/min) 10 35 60

RESULTADOS

Planejamento experimental

A Tabela 2 mostra os resultados do planejamento experimental para a
conversdao em Hy e CO. A maior conversao em Hy foi de 40,36 %mol (ensaio 8) e
CO foi de 47,12 %mol (ensaio 7). A vazao de glicerina alimentada ao reator, que
pode ser obtida pela razdo entre a quantidade de glicerina (Gl) e o tempo do

experimento (t), variou entre 0,0249 e 0,1501 mL/min.
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Tabela 2. Niveis das variaveis e Resultados do Planejamento Experimental.

Ensaios : Variaveis : Resultados
T(°C) t(min) Gl(mL) Gl(mL/min)|  Ar(ml/min) H. co
1 750 -1 20 -1 1 -1 0,0498 10,00 -1 25,63 45,34
2 850 1 20 -1 1 -1 0,0498 60,00 1 37,56 39,41
3 750 -1 40 1 1 -1 0,0249 60,00 1 34,61 42,68
4 850 1 40 1 1 -1 0,0249 10,00 -1 33,44 38,12
5 750 -1 20 -1 3 1 0,1501 60,00 1 29,41 45,67
6 850 1 20 -1 3 1 0,1501 10,00 -1 31,49 43,85
7 750 -1 40 1 3 1 0,0750 10,00 -1 25,54 47,12
8 850 1 40 1 3 1 0,0750 60,00 1 40,36 32,14
9 800 0 30 0 2 0 0,0666 35,00 0 32,83 42,84
10 800 0 30 0 2 0 0,0666 35,00 0 31,23 42,50
11 800 0 30 0 2 0 0,0666 35,00 0 28,30 44,80

A Figura 2 mostra os efeitos das varidveis de processo sobre a conversao
em hidrogénio; a temperatura de reacao foi o efeito com maior significancia,
seguido da vazado de gas de arraste (argbnio). Tanto o efeito da temperatura
quanto o da vazao de argbnio foram positivos, isso significa que o aumento da
temperatura e da vazao de argbnio contribuird para maior conversao de glicerina
em H. Os efeitos do tempo de reacdo e da vazdo de glicerina nao foram

significativos para um nivel de confianca de 90 %.
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TeC)

Ar(mL/min)

t(min)

Gl(mL)

Efeitos

Figura 2. Efeito das variaveis sobre a conversdo em hidrogénio

A Figura 3 mostra os efeitos das variaveis sobre a conversdo em mondéxido
de carbono. A quantidade de glicerina (mL) ndo foi uma variavel estatisticamente
significativa, no nivel de confianca de 90 %. Ou seja, uma aumento da quantidade
de glicerina de 1 para 3 mL ndo contribuiu para o aumento na conversdao em CO,
esse fato € um indicativo que um aumento dessa variavel contribui para a
saturacédo do leito do reator reduzindo a conversao nesse gas. Ressalta-se que
todos os efeitos foram negativos, consequentemente, uma diminuicdo da
temperatura, da vazdo de gas de arraste e do tempo de reacdo contribuira para o

aumento na conversao em CO. A temperatura de reacao exerce um maior efeito
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sob a conversdao em monoxido de carbono sendo um efeito 2 vezes maior que o

da vazao de gas de arraste e do tempo de reacao.

T(°C) -3,94409

-2,10014

Ar (mL/min)

-2,05415

t(min)

GL 0,4661701

Efeitos

Figura 3. Efeito das variaveis sobre a conversdo em monoxido de carbono.

Caracterizacao dos subprodutos

A conversao em da glicerina em produtos gasosos foi determinada pela
equacao 1. A maior conversao obtida foi de 93,15 % em massa (ensaio 4) e a
menor conversao atingida foi de 71,40 % em massa (ensaio 7). Esses resultados
evidenciam a importancia da temperatura no processo de pirélise uma vez que a
menor conversao ocorreu 750 °C e a maior conversao a 850 °C. Como foi visto
através do planejamento experimental, 0 aumento da temperatura contribui para o

aumento da conversao em Hy e diminuicdo da conversdo em CO, esse fato é
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favoravel para a producao de gas de sintese para Fischer-Tropsch e producgéo de
metanol pois utiliza a razdo H»/CO igual a 2. Além do CO e H» outros gases foram
obtidos em menores proporgcdes, como metano, diéxido de carbono, etileno, etano
e propano. A Figura 4 apresenta a distribuicdo desses gases ao longo dos
ensaios. O principal subproduto obtido foi o metano (CH4), a maior concentracéao
atingida foi de 14,35 % mol/mol (ensaio 4), esse gas é utilizado na producéo de
biocombustiveis. Outro subproduto obtido foi o etileno que é utilizado em varias
aplicagdes como na producdo de alcodis, no amadurecimento de frutas, como
anestésico ou no processo de refrigeracao. Também foi identificada a presenca de
etano e propano que poderdo ser misturados com butano e metano na producao
de gas liquefeito de petréleo. Na caracterizacdo dos produtos gasosos foi
verificada a presenca de nitrogénio (N2) entre 0,69 e 2 % mol/mol o que evidencia

uma possivel contaminagéo por ar atmosférico.

16 -
14 -
12 -
™ i
g 10 CH4
2 8- —=— (02
£
o
& 67 —¥— Etileno
4 Etano
2 - —— Propano
0

1 2 3 4 5 6 7 8 9 10 11

Ensaios

Figura 4. Distribuicdo dos subprodutos gasosos no planejamento experimental.
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A fragdo de liquido obtida no processo de pirdlise ficou entre 6,85 e 28,61 %
da massa da glicerina alimentada ao sistema. A fase liquida obtida foi constituida

por formaldeido, acetona, propanal, metanol e etanol.

O teor de cinzas, presente no leito do reator ap6s a reacao, variou entre 3,9

e 11 % da massa de glicerina alimentada ao sistema.

CONCLUSAO

Através dos resultados obtidos verificou-se uma alta converséo da glicerina
em hidrogénio e mondxido de carbono, esses gases poderdo ser utilizados na
composicao do gas de sintese, que atualmente é sintetizado através do gas
natural. Foram obtidos outros produtos gasosos que numa produ¢cao em grande
escala poderdo ser utilizados na industria quimica e petroquimica.
Consequentemente, o reaproveitamento da glicerina proveniente do biodiesel,
podera ocasionar a reducdo do custo de produgcdo desse combustivel e da
dependéncia dos combustiveis fdsseis por substituicdo do gas natural na

producao de gas de sintese e de outros gases.
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CAPITULO 11 - PURIFICACAO DA GLICERINA
RESIDUAL

11.1 Resultados

A glicerina proveniente do processo de transesterificagdo basica possui pH
entre 10 — 11. Inicialmente, foi realizada a purificacdo da glicerina bruta na coluna
preenchida por carvao ativado. Verificou-se uma dificuldade para filtracdo da
glicerina por consequéncia da alta viscosidade. Em virtude disso, testou-se o
aquecimento da glicerina entre 50 -100 °C e também a diluicdo da glicerina em
agua destilada e etanol. Para a glicerina diluida em etanol e agua, apds a filtracao
foi realizada a retirada do solvente utilizando um rota-evaporador. Verificou-se que
ndao houve uma mudanca satisfatéria na coloracdo, que pode ter ocorrido por
consequéncia das pequenas dimensdes da coluna. Além disso, ndo houve uma
remocao satisfatéria dos residuos tanto para a glicerina que sofreu aquecimento
quanto para a que foi diluida. Em seguida, a glicerina foi neutralizada antes de
passar pelo coluna de carvao ativado. No processo de neutralizacao, foi possivel a
remocao de parte da coloracédo da glicerina (Figura 1) e o teor de impurezas ficou
entre 15 — 20 % em massa. ApOs a passagem da glicerina pela coluna de carvéao
ativado, nao foi verificada uma remocéo satisfatéria da coloragdo e nem no teor de
impurezas. A Figura 1A mostra a glicerina proveniente da reagdo de
transesterificacao, a Figura 1B mostra a glicerina apés neutralizacao e a Figura 1C

mostra a glicerina purificada.
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Figura 11.1 - A) Glicerina residual; B) Glicerina apdés neutralizacao; C)
Glicerina purificada no destilador molecular.

A purificagdo da glicerina neutralizada no proté6tipo do destilador molecular
centrifugo de alto desempenho propriciou a remocao completa das impurezas.
Esse equipamento permitiu a obtencdo de glicerina com 99,9 % de pureza. A
obtencdo da glicerina com alto grau de pureza permite a utilizacdo desse sub-
produto em inumeras aplicagdes industriais, tais como: industria de cosméticos,
farmacéutica, tintas e plasticos. Ressalta-se que a glicerina purificada no
destilador molecular foi utilizada na produgédo de monoacilglicerdis, na reacao de
glicerdlise enzimatica do Oleo de soja (Fregolente, 2010), possibilitando
conversdes em monoacilgliceréis semelhantes ao da glicerina comercial. O
processo de purificacdo da glicerina esta descrito de forma detalhada na patente
n® 018090056145.

Titulo: PROCESSO DE PURIFICACAO DE GLICERINA RESIDUAL
PROVENIENTE DE REACOES DE TRANSESTERIFICACAO E HIDROLISE
Autores: NIVEA DE LIMA DA SILVA, MARIA REGINA WOLF MACIEL, RUBENS
MACIEL FILHO e CESAR BENEDITO BATISTELLA

Unidade: FEQ
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CAPITULO 12 - CONCLUSOES E SUGESTOES PARA
TRABALHOS FUTUROS

Nesse capitulo serdo apresentadas as conclusées dos estudos realizados

nesse trabalho, sugestds para trabalhos futuros e publicagdes.

12.1 CONCLUSOES

O estudo comparativo do biodiesel proveniente de 6leo de mamona, soja,
coco, palma, residuo de fritura e sebo bovino mostrou que o biodiesel de mamona
apresenta uma maior viscosidade, densidade e grande sensibilidade na variacéo
de algumas propriedades com a temperatura. Os resultados comprovam que as
caracteristicas do biodiesel estdo diretamente relacionadas ao tipo de matéria
prima, tamanho da cadeia do éster e numero de insaturacgoes.

A determinacdo dos parametros cinéticos da etandlise basica do 6leo de
mamona e residuo de fritura mostrou que a transesterificacdo do éleo de mamona
€ mais rapida que do residuo de fritura. Esse fato foi atribuido a dois fatores: a
presenca do grupo hidroxila na molécula do 6leo de mamona que confere a esta
matéria prima total solubilidade em alcodis contribuindo com o aumento da
velocidade da reacgdo, principalmente na primeira etapa da reacdo de
transesterificacdo onde a formacao de éster € limitada pela transferéncia de
massa; e a alta acidez do residuo de fritura que contribuiu para o consumo do
catalisador e formagéo de sabdo, diminuindo a conversdo em éster (biodiesel). As
cinéticas das reacbes foram de segunda ordem e esse fato estd de acordo com
estudos anteriores para outros 6leos vegetais nas mesmas condi¢cdes de reacao
(1 % de NaOH e razao molar alcool:6leo vegetal de 6:1).

A otimizagdo da transesterificacdo basica do 6leo de mamona utilizando
excesso de etanol apresentou-se como uma alternativa para a producdo desse
éster, pois contribui para a reducdo da viscosidade da mistura reacional,
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homogeneizacao do sistema e aumento da conversdo em ésteres. A determinacgao
da massa molar dos 6leos vegetais por osmometria de pressao de vapor € uma
alternativa a cromatografia gasosa por ser de baixo custo e ndo necessitar de
padrbes especificos ou gases analiticos. A cinética da transesterificacdo basica
do 6leo de mamona apresentou um comportamento de primeira ordem, fato este
que esta de acordo com outros estudos realizados utilizando grande excesso de
alcool (Freedman, 1986). A utilizacao do algoritmo genético de cddigo real (RGA)
e do algoritmo Quasi-Newton (QN) na estimativa e otimizacdo das constantes
cinéticas permitiram a caracterizacao das reacgoes de transesterificagdo basica do
6leo de mamona e do residuo de fritura fornecendo parametros de fundamental
importancia para o desenvolvimento de processos virtuais e projetos de reatores
(Ccopa, 2006). Entre as propriedades estudadas merece destaque a alta
estabilidade oxidativa do biodiesel de mamona que demonstra a baixa tendéncia a
oxidacao durante a estocagem (formacao de hidroper6xidos).

O uso da destilacao reativa na producéo de biodiesel apresentou-se como
uma alternativa ao processo convencional, pois a integracao das etapas de reacao
e separacao possibilitou o surgimento de um processo mais rapido e eficiente. A
maior conversao atingida foi de 98,18 % em massa de éster, utilizando 0,65 % em
massa de NaOH, razao molar etanol éleo de soja de 8:1 e apds 6 minutos de
reacdo. Ressalta-se que nao existem relatos de estudos que utilizaram colunas de
recheios na destilagdo reativa, mas a comparacdo com os dados da literatura para
colunas de pratos demonstram que as colunas preenchidas com recheios podem
atingir conversdes superiores, uma vez que cada recheio pode atuar como um
micro-reator.

O estudo das propriedades dos blends de biodiesel de mamona, diesel e
etanol, mostrou que essa € uma alternativa viavel para a reducado tanto da
viscosidade como do custo desse biodiesel. A solubilidade em &lcool vem a
favorecer esse biocombustivel possibilitando que este atue como um co-solvente
na mistura entre o diesel e etanol.

O reator de alta rotacdo apresenta-se como uma boa alternativa na
producdo de biodiesel. A maior conversdo em ésteres etilicos obtida nesse
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sistema foi de 99,26 % em massa de ésteres atingida ap6s 11 minutos de reacao
e utilizando 1,35 % em massa de NaOH. Esse equipamento podera ser utilizado
para 6leos vegetais, gorduras animal ou matéria prima em grao. Além disso, esse
sistema podera ser integrado a outros equipamentos para formar uma planta
continua de producao de biodiesel. Ressalta-se que esse sistema serd muito Gtil
para ser implantado em pequenos sitios de producdo, o que representa um apelo
social e tecnoldgico, por ser um equipamento simples e de facil uso.

Nesse trabalho, foi verificada a influéncia das variaveis de processo na
pirélise da glicerina (comercial), visando a obtencdo de gas de sintese. A maior
conversao em hidrogénio foi de 40 %mol/mol e de mondxido de carbono foi de
47,12 %mol/mol. Através dos resultados obtidos verificou-se uma alta conversao
da glicerina em hidrogénio e monoxido de carbono, esses gases poderdo ser
utilizados na composigcéo do gas de sintese, que atualmente é sintetizado através
do gas natural. Foram obtidos outros produtos gasosos que numa producao em
grande escala poderdo ser utilizados na industria quimica e petroguimica.
Consequentemente, o reaproveitamento da glicerina proveniente do biodiesel,
podera ocasionar a reducdo do custo de producdo desse combustivel e da
dependéncia dos combustiveis fosseis por substituicdio do gas natural na
producéo de gas de sintese e de outros gases.

O uso do planejamento experimental e da metodologia de superficie de
resposta nesse estudo possibilitou uma analise criteriosa das variaveis de

processo com um reduzido numero de experimentos.

12.2 SUGESTOES PARA TRABALHOS FUTUROS

o Realizar a otimizagdo da producdo de biodiesel por destilagdo reativa
utilizando uma coluna de pratos e comparar com os resultados obtidos no
sistema de destilacao reativa de recheios. Estudar a influéncia do tipo de

catalisador, homogéneos e heterogéneos, na conversdo em éster etilicos.
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CNPQ n°482336/2007-2 (Dimensionamento e montagem de uma planta de
producéao de biodiesel por destilacao reativa).

e Realizar a interligacdo do sistema de producdo de biodiesel de alta
dispersao (Capitulo 9), visando a obtencao de bidiesel de forma continua.

e Realizar a simulacdo de um sistema de producao de biodiesel e pirélise de
glicerina, visando a determinacdo da viabilidade econémica do processo e
scale up. Ressalta-se que o sistema de producao de biodiesel pode ser
constituido por uma planta de destilagdo reativa e/ou um sitema de alta

rotacao.

e Realizar um estudo de viabilidade econdmica do processo de pirdlise da
glicerina proveniente da reagao de transesterificagao.

e Estudar a influéncia da concentracdo do biodiesel de mamona e do etanol
nas propriedades dos blends contendo biodiesel, etanol e diesel.
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