P[PRODERNA

Programa de P6s-Graduacio em Engenharia

de Recursos Naturais da Amazonia

ADSORCAO E DESSORCAO SUPERCRITICA DE CAROTENOS E
ANTIOXIDANTES DO OLEO DE BURITI ( Mauritiaflexuosa,Mart )
EM LEITO DE y-ALUMINA

Marcos Augusto Eger da Cunha

Tese de Doutorado apresentada ao Programa de
Pos-Graduacdo em Engenharia de Recursos
Naturais da Amazonia, do Instituto de
Tecnologia da Universidade Federal do Para,
PRODERNA/ITEC, como parte dos requisitos
necessarios a obtencdo do Grau de Doutor em

Engenharia de Recursos Naturais.

Orientadores: Nélio Teixeira Machado
Luiz Ferreira de Franca

Belém
Marco de 2012



ADSORCAO E DESSORCAO DE VITAMINAS EM MEIO SUPERCRITICO
UTILIZANDO OLEO DE BURITI (Mauritiaflexuosa, Mart) EM LEITO DE 1y-
ALUMINA

Marcos Augusto Eger da Cunha

TESE SUBMETIDA AO CORPO DOCENTE DO PROGRAMA DE POS-
GRADUAGAO EM ENGENHARIA DE RECURSOS NATURAIS DA AMAZONIA
(PRODERNA/ITEC) DA UNIVERSIDADE FEDERAL DO PARA COMO PARTE
DOS REQUISITOS NECESSARIOS PARA A OBTENCAO DO GRAU DE DOUTOR
EM ENGENHARIA DE RECURSOS NATURALIS.

Aprovada por:
pl“l o Tﬁ*u; - Ne )\°'\'

Prof. Nélio Teixeira Machado, D.-Ing.
(FEQ/UFPA-Orientador)

éU\: ¥ | O (}-&:A—c A

Pro Luiz Ferreira de Franga, D.Sc.
FEA/UEPA-Co- Onentador)

7/[//,,: Pru v / 0
Prof®. Marilena Emm1 Araty_{a{ D.y
(FEQ/UFPA-Membro)

Gl Xzé\rw{ﬁfmé

Pfof. EmanuelN 40 Macédo, D.Sc.
(FEQ/UFPA-Membro)

Prof. Jesus Nazareno Silva de Souza, D.Sc.

éﬂ?A-Memb 0)

U Prof. Lucio Cardoso Filho, D.Sc.
(DEQYUEM-Membro)

BELEM, PA - BRASIL
MARCO DE 2012



Dados Internacionais de Catalogacéo na PublicacaCGIP)
Instituto de Tecrmjia/Programa de Pds-graduacdo em
Engenharia de Recursos Naturais da Amaz6nia

Cunha, Marcos Augusto Eger da Cunha

Adsorcédo e dessorcao supercritica de carotenos e antioxidantes do
Oleo de buriti (Mauritia flexuosa, Mart) em leito de y- Alumina / Marcos
Augusto Eger da Cunha; orientadores, Nélio Teixeira Machado e Luiz
Ferreira de Franca._Belém - 2012

Tese (Doutorado) — Universidade Federal do Pard. Instituto de
Tecnologia. Programa de Pds-Graduacdo em Engenharia de Recursos
Naturais, 2012

1 Adsorcdo 2. Carotendides 3 Antioxidantes 4 Buriti 5. Oleos
vegetais |. Titulo

CDD 22.ed. 660.284235




“A criacao néo se realiza se nao for estimuladea Rao trabalhamos
todos os dias, para descobrir verdades em um miinuto

(GABRIEL GARCIA MARQUEZ, 1997)



AGRADECIMENTOS

Primeiramente, agradeco a Deus por ter me dada ferautoconfianca para
conseguir superar todas as dificuldades que epfrédutante esta TESE.

A minha esposa, pela paciéncia, colaboracao etimoen

Aos meus orientadores, Prof. Dr.-Ing Nélio Teixéitachado e Prof. Dr. Luiz
Ferreira de Franca, pelo apoio, amizade e orieatacihdispensaveis para a realizacao
deste trabalho.

Ao Meu Pai Jodo e Minha Méae Traude, que semprealutanuito para me dar
estudo, comida, conforto, e tudo mais o que eleenun fazer, apesar de todas as
dificuldades que a vida lhes proporcionou. Semm@eeido meu melhor para poder
corresponder o seu esforgo, pai, mée.

A todos os meus amigos e familiares, por nao tenenesquecido apesar de toda
minha auséncia neste periodo.

Ao Prof. Dr. Marcondes Lima da Costa — Museu dedigagias — UFPA —
pelos frutos de buriti.

Ao Prof. Dr. Roberto de Freitas Neves por todo @aupl@ido ao meu trabalho e a
minha pessoa sempre que foi preciso.

Ao Prof Dr. Claudio Lamaréao pelas analises no MEM(bdscopio Eletrénico de
Varredura).

A Prof2. Df Suely Pereira Freitas, Escola de Quimica — UFRlhspanalises
realizadas.

Ao laboratorio de materiais na Pessoa do Prof.Abtonio Manoel da Cruz
Rodrigues.

Aos funcionarios do Laboratorio de Engenharia Qoémia UFPA, Wilson
Nazaré de Castro e ao Técnico de laboratorio Mi@i8ouza Carneiro pelo seu auxilio
sempre que necessario.

Ao funcionario contratado para nos auxiliar na jina fase de nosso trabalho
José Ribamar de Moraes Souza.

Ao laboratorio de ensaios da Engenharia Civil.

A todas as demais pessoas que contribuiram, dirgtdiretamente, para que o

presente trabalho pudesse ser desenvolvido.



Resumo da Tese apresentada ao PRODERNA/UFPA comte gas requisitos
necessarios para a obtencdo do Grau de Doutor g@enkaria de Recursos Naturais
(D.Eng.)

ADSORCAO E DESSORCAO SUPERCRITICA DE CAROTENOS E
ANTIOXIDANTES DO OLEO DE BURITI ( Mauritia flexuosa, Mart )
EM LEITO DE y-ALUMINA

Marcos Augusto Eger da Cunha

Margo/2012

Orientadores: Nélio Teixeira Machado

Luiz Ferreira de Franca
Area de Concentragio: Uso e Transformacdo de Rechiaturais

Neste trabalho foi investigado o enriquecimentoadéoxidantes do Oleo de
buriti (Mauritia flexuosa, Mart.) pelo processo de adsor¢do supercriticadgor¢ao foi
realizada experimentalmente pelo método da an#isdal em colunas empacotada
comy-alumina a 15, 20 e 25 MPa, 333 K, e vazao de stavee Qo = 10,6 L/min,
utilizando uma montagem de colunas duplas de &) wstado e aprovado para ser
usado como uma célula de adsorcdo. O Oleo de buiitifisico-quimicamente
caracterizado de acordo com métodos oficiais da @Gnostrou-se compativel com
os dados relatados na literatura. A composicdo emas de ésteres metilicos foi
determinada por cromatografia gasosa (GC) e adatie anti-oxidante segundo o
método de captura de radicais livres (DPPH). O radste foi caracterizado por
fluorescéncia e difracdo de raios X, determinanddisiribuicdo de tamanho de
particulas, porosidade e area especifica por BETada experimento, um balanco
material era realizada na coluna de adsorcdo palular a massa das espécies
adsorvidas emg-alumina no processo de adsorcao supercriticofldéincia da pressao
sobre a adsorcéo supercritica foi investigada @rala analise do comportamento das
isotermas. A isoterma de Langmuir foi usada pardetaos os dados experimentais de
adsorcaoOs resultados experimentais mostram um aumentapicidade adsorvente
com pressdes mais elevadas, mostrando um maxing®,8e = 8,6 mg de Oleo/g

alumina, a 25 MPa. A adsorcao supercritica de déeburiti emy-alumina utilizando
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diéxido de carbono como solvente parece € métdidonativo para extracdo de

antioxidantes incluindo os carotenos.

Palavras-chave: 1. Adsor¢cdo 2 . Carotenoideén8oxidantes 4 Buriti 5. Oleos
vegetais
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In this work we investigated the enrichment of axtlants buriti oil
(Mauritiaflexuosa Mart) adsorption process by supercritical. Theogotson was carried
out experimentally by the method of frontal anayisi columns packed witpralumina
and 15, 20 e 25 MPa, 333 K, and flow of solvegbs 10,6 L/min, using an assembly
of double columns of 81 cintested and approved for use as a cell adsorpfioa.oil
was buriti physic-chemically characterized accogdimthe AOCS official methods and
found to comply with the data reported in the atere. The composition of methyl
esters was determined by gas chromatography (C@)aatioxidant activity by the
method of capture of free radicals (DPPH). The dmstt was characterized by
fluorescence and x-ray diffraction, determining pregticle size distribution, porosity
and surface area by BET in each experiment, a rmbhtwlance was performed in the
adsorption column to calculate the mass of the rbgsbospecies iiy-alumina in the
process of supercritical adsorption. The influeatpressure on supercritical adsorption
was investigated by examining the behavior of 8wherms. The Langmuir isotherm
was used to model the experimental data of adsorplihe experimental results show
an increased capacity adsorbent with higher pressgshowing a maximum 80,9 *
8,6 mg oil/gy-alumina, at 25 MPa. The adsorption supercriticaltboil on y-alumina
using carbon dioxide as solvent appears to be @mnative method for extracting

antioxidants from the includ carotenes.

Keyword: 1.Adsorption 2 Carotenoids 3Antioxidants 4Buriti 5. vegetable oils
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CAPITULO 1

INTRODUCAO

No ranking de producdo mundial de frutas, o Braim suas 43 milhGes de
toneladas produzidas, anualmente, cultiva frutgsdais, subtropicais e temperadas ao longo
de todo o ano, e com isso fica em terceiro lugafisala China (175 milhdes de toneladas) e
da india (57 milhdes de toneladas). Das 23 milldegoneladas de frutas aplicadas no
processamento, 12 milhdes sdo exportadas, ou=x¥¥a,da producdo tém como destino o
mercado internacional e das 43 milhdes de toneldddsutas produzidas no pais, cerca de
30% destinam-se ao mercado internacional. Dessameéoll8 milhdes de toneladas s&o de
laranja, das quais 80% vao para as industriasargerais de US$ 1,2 bilhdo de exportagéo
(REVISTA BRASIL ALIMENTOS, 2011).

Embora a regido Amazoénica tenha enorme biodivaisidaegetal, muitas das
espécies ali existentes ainda precisam ser estsidania se acredita que séo fontes potenciais
de inUmeras propriedades funcionais. Neste asplestaca-se o fruto do buritizeiro, o buriti,
uma excelente fonte dg-caroteno e acido oléico.

Os frutos de palméaceas, como o buriti, prometenfsde abundante de Oleos
vegetais com alto valor nutricional, muito emboirada sejam comercializados em pequena
escala. A polpa do buriti, bem como o seu 6leosyioaltos teores de pré-vitamina A. De
cada 100 g de polpa fresca € possivel obter-s@-@@ mg de8-caroteno, o que equivale a
50.000-500.000 U.I. de pro-vitamina A. Isto é apmadamente 3 ou 30 vezes mais que a
guantidade equivalente de cenoubaucus carota). O 6leo extraido do mesocarpo é amarelo
como o de palma africana (dendé) e também se pamsneeste no sabor. O mesocarpo
contém 29 % de Oleo (peso seco), o qual em suaimaieomposto por acido oléico (72,5%)
e acido palmitico (20,3%). A polpa de buriti tambémica em vitamina E (643,2 mg/g e
tocoferol). O balanceamento de 6mega-6 com dmegse&Bbem dentro das recomendacdes
da Organizacdo Mundial de Saude, assegurando etardia em acidos graxos essenciais,
responsaveis pelo fornecimento de importantes wems de metabdlitos (OETTERER,
REGITANO-D’ARCE & SPOTO, 2006).

O buritizeiro é considerada a palmeira mais abuedan Brasil e a segunda

maior nas ameéricas em termos de area coberta, sapdoada apenas pelo babagub{gnya



martiana) (TATAGIBA, 2009). Estima-se que uma palmeira deitb produza 200 kg de
frutos por ano, fornecendo 24 kg de 6leo da pdman uma densidade de 150 plantas/ha,
poderia produzir até 3600 litros de Oleo duransafea. Essas palmeiras podem produzir por
algumas décadas, reduzindo sua producédo so depdda 60 anos (SHANLEY, 1998).

A tecnologia de separacdo usando dioxido de carbopercritico como solvente
torna possivel ndo s6 o design do ambiente favbrdes processos, mas também o
processamento de materiais biologicos (didéxido ddbano tem uma temperatura quase
ambiente quando descomprimido), e fabricacdo ddupos livres de residuos de solventes
(BRUNNER, 1994; KRUKONIS 1994).

Com o inicio dos trabalhos de MODELL (1979), o gesiudou a dessor¢gao com
CO, supercritico de produtos quimicos sintéticos (exof, alcool etilico, acetato, benzeno,
tolueno, naftaleno, fenantreno, o hexaclorobenzem®ntaclorofenol e misturas
dimetilnaftaleno, n-hexano, metil etil cetona, €futal); os trabalhos de (E.REVERCHON,
1998; KANDER, 1983), que estudou a dessor¢cdo desd@ssenciais (por exemplo, liméo,
bergamota, mandarina e 6leo de laranja amarga)b&téncias lipossollveis (carotenfs,
catoteno, acetato de tocoferottocoferol).

Apesar do desenvolvimento de varios processos payaperar e concentrar
carotenos a partir de 6leos vegetais por méetoddscionais, a partir de 6leo de palma bruto
(CPO), 6leo de palma degomado (DPO), 6leo de palaagueado e desodorizado (RBD),
incluindo transesterificagdo de Oleo de palma bragéguida de destilagdo molecular
(C. K. OOI, 1994), adsorcdo de dleo de palma breguido de extracdo por solventes
(BAHARIN, 2001; LATIP 2001), hidrolise enzimatica dbleo de palma bruto seguido por
cromatografia de coluna de adsorcdo (YOU, 2002yocegem de Oleo de palma bruto
seguido por cromatografia de coluna de adsorcaoU(YZD02), 6leo de palma bruto em
coluna de adsorcédo cromatografica (BAHARIN, 1998)icos trabalhos tém sido relatados
sobre a aplicacdo do supercritico na adsorcao/id@ss@m processos para recuperar e/ou
enriguecer carotenos, a partir de 0leos vegetamantes naturais, incluindo a adsorcéo de
branqueado e desodorizacdo de 6leo de palma emewmagitados, seguido de dessorcao
supercritica.

A transesterificacdo de 6leo de palma bruto segd&@urificacdo em colunas
contra-corrente de extracdo supercritica e adsagéasilica-alumina utilizando diéxido de
carbono (CUNHA et al, 2010; MENG-HAN e BRUNNER, &)0bem como adsorcao



supercritica de 6leo de buritvauritia flexuosa, MART) em compostos relacionados com

especial importancia para fracionamento e enrigueaio das substancias solGveis em
gordura (ex.: carotenos, tocoferdis, etc) a pddinleos vegetais por fluido supercritico com
adsorcao/dessorcdo em processos de equilibrio sis, fgparticularmente na fase gasosa
conhecida como solubilidade. Conhecimento de dalabie e adsorgdo de entrada celular é
necessario para calcular a equacao de balancossampara a curva de adsorgao.

O uso da alumina empregando dioxido de carbonor&tifpeo na dessorcao foi
aplicado como um método alternativo para estudaalailidade de recuperacdo de oOleo de
buriti contendo compostos solUveis em gordurajqéairmente os carotenos e anti-oxidantes
(tocoferais).

Neste trabalho apresentamos uma revisédo bibliegrafima metodologia seguida
de trés (3) artigos cada um com uma tematica dedialho, sendo: Supercritical Adsorption
of Buriti oil (Mauritia flexousa Mart.) in y-alumina: A Methodology for the enriching of
antioxidants(Capitulo 1) (publicado), Solubility &uriti oil (Mauritia flexousa Mart.) in
Supercritical carbon dioxide: Experimental methodsd eos modeling (Capitulo 2)
(publicado) e Enriching of Carotenes from Palm I&ilBatch Adsorption and Supercritical
CO2 Desorption (Capitulo 3) (publicado) e 6 (seds)igos publicados em congressos
internacionais apresentando o restante dos reesltdutidos.

1.10BJETIVOS GERAIS

Investigar a viabilidade tecnoldgica de fracionatoere purificacdo de substancias
lipossolUveis anti-oxidantes (carotenos, tocoférpresentes no 6leo de BuriMéuritia

flexousa Mart.), em adsorventes a baseyeldumina em meio supercritico.

1.2 OBJETIVOS ESPECIFICOS

1.2.1- Adaptar, implantar e montar um sistema ewpartal para realizar os
experimentos de adsorcéo e desorcéo supercritica;
1.2.2- Investigar o processo de adsorgdo de sudissalipossoliveis em adsorventes

em meio supercritico;



1.2.3- Investigar a influéncia das condicbes dedest(pressdo e temperatura) na
solubilidade do 6leo de buriti em di6xido de carbsnpercritico;

1.2.4- Otimizar as variaveis de processo (predsfioperatura, vazao volumétrica) e
caracteristicas do leito fixo (porosidade, alturapdsorcéo e desorcdo em meio supercritico.

1.2.5- Desenvolver tecnologias e processos de wauiigpento de anti-oxidantes
presente no 6leo de buriti com base na tecnolagftuitios supercriticos.



2.1.BURITI

CAPITULO 2

REVISAO BIBLIOGRAFICA

2.1.1. Classificacao botanica

O buriti (Mauritia Flexuosa, Mart.) pertence a familia Arecaceae e

subfamilia Lepidocarycideae. Em toda a Amazonia,pameira recebe varias

denominacdes como descritas na Tabela 2.1. Na Veleep fruto é conhecido por

moriche, no Peru, aguaje e achual e na Guiana ésant chamado de Palmier bache
(CAVALCANTE, 1991; SHANLEYet al., 1998).

Tabela 2.1:Distribuicdo do génerblauritia

Classificacado Botanica Denominacgao Vulgar Ocorrénai
M. amazénicdBarb. Rod. Caranai, Carana-i Amazonas
M. carana Wall Muhi tinamalu Amazonas

M. flexuosa Mart .

M. limnophila Bar. Rod.

M.martiana Sprece

M. vinifera Mart .

Muriti, Miriti, Buriti, Murichi,

Palmeira-ita

Carana-i
Carina, Ripa, Buritizinho,

Carandazinho, Caranai.

Amazonas, Para,

Acre

Amazonas (Rio
Carana-i)
Amazonas, Para,
Mato Grosso.

Para, Goias, Mato

Buriti, Carandai-guassu, Bruti.Grosso Bahia,

Minas Gerais

Fonte: COSTA (2003)

Esta palmeira € encontrada em solos acidos, pausninférteis e também

em areas alagadas ou brejosas, como em beiragjegapds, lagos e igarapés, porém



também pode ser encontrada em solos de bosqué&Gaz&L FILHO & LIMA, 2001;
SHANLEY et al, 1998).

O buritizeiro floresce quase o0 ano todo, mas ampermais intenso de floracéo é
de dezembro a abril e frutifica de junho a dezentBtdVIEIDA et al, 1998).

2.1.2. Aspectos botéanicos

O buritizeiro € uma palmeira robusta, uma das reaida regido amazénica,
alcangcando de 20 m a 25 m de altura; apresenteotemeto, cilindrico de 30 a 60 cm de
didametro, com leve engrossamento na regido meddengo chegar de 35 m a 50 m,
nos individuos decrépitos, estes parecem nao agpaesa regido média do tronco
espessa em funcéo da diferenca na altura (CAVALCANDB91).

A inflorescéncia é axilar, as flores masculinagmihinas sdo semelhantes,
volumosas de 2,5 cm a 3 cm de comprimento, o pediditem mais ou menos 1,0 m,
com bracteas tubulares, raque com 2,0 m de compi@mMEOM NUMErososS ramos
providos de bractéolas tubulares, de onde partguep®s eixos de 1 a 6 cm onde estao
inseridas as flores, como mostra a fotografia CAMALCANTE, 1991).

Figura 2.1 Inflorescéncia do Buriti.



O fruto, como mostrado na fotografia 2.2 é uma araplongo-elipséidea
ou globulosa de 5 a 7 cm de comprimento, epicaspmddo de escamas rombdides,
corneas, de cor castanho-avermelhadas e lustrosaspcarpo (parte comestivel)
representado por uma camada espessa de massaadmarel alaranjada; endocarpo
esponjoso e semente muito dura (CAVALCANTE, 1991).

Figura 2.2 Frutos do Buriti.

O numero médio de cachos varia de 5 a 8 por pam@sultando em uma
producdo média por planta de 200 kg de fruto por &s palmeiras produzem por
décadas reduzindo sua producdo depois de 40 a ®0 (8MANLEY, CYMERYS;
GALVAO, 1998).

O buriti € uma espécie didica, isto €, apresentizviciuos masculinos e
femininos. As plantas masculinas florescem no mgsenimdo que as femininas, porém
nunca produzem frutos. Na area de Belém, o buribizBoresce de setembro a
dezembro e frutifica de janeiro a julho e, por wzepartir de novembro ou dezembro.
A maturacdo dos frutos pode ser bem heterogénetnodda um mesmo buritizal,
variando de 7 a 11 meses (SHANLEY e MEDINA, 2005).

As raizes atingem cerca de 60 cm de profundidadege em seguida
crescem horizontalmente, algumas raizes secund@mmagyeotropismo negativo tem a
funcdo de absolver agua e nutrientes, a parteidajue fica acima da agua auxilia a
respiracdo através do 6rgdo chamado de neumatgeenabsorve o ar e em seguida é

transportado nos demais 6rgédo da plantas (DONARI&I.e2002).



2.1.3. Origem e distribuicdo geogréfica
O buriti parece ser originario da parte alta da AmazbniaguAd
pesquisadores apontam como o provavel centro derordo buriti uma ampla area dos
Rios Marafion, Huayaga e Ucayali (Peru), de ondestendeu ao resto da bacia
amazonica e do Orenoco (GAZEL FILHO & LIMA, 2001).
No Brasil estende-se pelo Nordeste e Centro-Saticsenais abundante nos
Estados do Maranhéo, Goias, Mato Grosso, Tocaatitera (CAVALCANTE, 1996).

2.1.4. Aspectos fisico-quimicos e nutricionais
Existem poucas pesquisas realizadas no Brasil geitesda composicao
nutricional do buriti. A maioria dos trabalhos desalvidos com este fruto esta
relacionada com seu alto indice de carotenoid@s;ipalmente -caroteno que é de
6,6 mg/g de cenoura.
A Tabela 2.2apresenta a caracterizacao fisico-quimica e valemgético da

polpa do fruto de buriti.

Tabela 2.2Composicao fisico-quimica e valor energético ded @@ polpa de buriti.

Parametros Carneiro Tavares
(2003) (2003)
Umidade 54,35 67
Proteinas 1,39 1,4
Lipideos 18,1g 8,1
Cinzas 0,66 1,4
carboidratos 25,53 12,1
Valor caldrico (kcal) 270 kcal 119,86 kcal

Font€arneiro et al. (2003)
2.2.0LEO DE BURITI
O dleo virgem extraido do mesocarpo dos frutos mwesdé muito rico em
pré-vitamina A, com indice de 300 mg/100 g, e end@amléico e outros acidos
insaturados, muito superior ao 6leo de dendé eedeipsendo mais rico efacaroteno
que o Oleo de dendé (VILLACHICA, 1996).



Faria e Costa (1998) encontraram valores de 76,2684% e 1,17% para
0s acidos oléico, linoleico e linolénico respeatimte.

O d6leo também é fonte alimentar importante pared@ena amazoénico, que
emprega principalmente na fritura, mas também seama produzir sabdo. Como
cosmético forma uma barreira de protecdo naturgete prolongando a hidratacéo e
sedosidade, aumenta a elasticidade da pele e ereviressecamento causado pela
exposicao solar. Pode ser usado em produtos deesrdéatdo, sabonetes, Oleos para

banho, produtos para protecao solar, xampus e SE§BE&NANDES, 1999).

2.2.1. Antioxidantes

Cada pais de acordo com sua legislacao dita agmivacdes maximas de
antioxidantes sintéticos. No Brasil, 0 seu usog@leenentado pelo Ministério da Saude
e 0s niveis de adi¢do nao ultrapassam 0,22% (OEEREREGITANO — D'ARCE &
ESPOTO, 2006).

O efeito do antioxidante consiste na inativacdo chdicais livres, na
complexacdo de ions metalicos ou na reducdo dampedxidos para produtos
incapazes de formarem radicais livres e produtadedemposicéo rangosos (ARAUJO,
2001).

2.2.2. Carotenoides

Os carotendides constituem-se num dos grupos denepigps mais
abundantes na natureza, responsaveis por colorap@®esvdo da amarela até o
vermelho-alaranjado de grande numero de frutabasok algumas flores (BOBBIO,
1992).

Quimicamente os carotendides sdo substancias digesss,
poliinsaturadas, tetraterpénicas, formado por orimlades de isopreno. @caroteno
(Figura 2.1) é o principal carotendide encontradofmato de buriti (RODRIGUES-
AMAYA, 1999).

Existem mais de 600 carotendides na natureza, rpasaa 10% sao
precursores da vitamina A, ou seja, sdo efetivaenemtvertidos na parede intestinal ou
no figado. Op-caroteno (Figura 2.3) é considerado como o cabalenque apresenta
maior atividade de pré-vitamina A (DUTRA DE OLIVEARSE MARCHINI, 1998).
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Figura 2.3 Estrutura dg3-CarotendC43Hse).

2.2.2.1. Fontes de carotenoides
Os carotendides estdo em abundancia nos alimemas, ainda s&o
consumidos em quantidades pequenas. A maioria dasteadides é originada de
alimentos vegetais, embora também possam ser eadostem alimentos de origem
animal como ovos e leif@®IMENTEL, FRANCKI & GOLLUCKE, 2005).

2.2.2.2. Carotendides e a saude
Os carotenodides tém a capacidade de reduzir o rdgodoencas
cardiovasculares e canceres, devido as suas ptages antioxidantes, sendo capazes
de interromper e proteger as reacdes de radicassliqgue podem oxidar lipideos
insaturados (PIMENTEL, 2005).

2.3 O FLUIDO SUPERCRITICO

Em 1879, pesquisadores (HANNAY,1879) descobriram gases comprimidos
exibiam poder de solvatacdo semelhante ao dogitiguiA partir do inicio do século
XX o interesse em P&D na area de processos deasgudpurificacdo utilizando-se
fluidos no estado subcritico e supercritico elesewonsideravelmente, particularmente
nos paises desenvolvidos (SOVOVA,1994), em virtaide introducdo de politicas
ambientais rigorosas que restringiam processosigognindustriais os quais utilizam
ou produzam como rejeitos substancias quimicascquo&ibuam para a poluicdo do
meio ambiente (solo, ar e agua) (THOMASON,1984)representem perigo a saude
humana (solventes organicos tradicionais) (MACHAT308).

O crescente interesse no processamento de prodatosais com elevado
potencial de aplicacdo na industria de alimentosnécos e cosméticos (REBER97)

e a producdo de substancias quimicas com elevadgayuassociado a politicas

10



publicas de protecdo ambiental, sdo elementos pdepante na pesquisa de novos
processos de separacao/purificacdo, visando aitsigit de processos tradicionais 0s
quais utilizam solventes organicos de elevada &maed Em técnicas de separacao
convencionais como destilacdo, sdo necessariagtatapas operacionais relativamente
altas, que resultam na degradacado parcial e oud®tsubstancias termo sensiveis. As
desvantagens do processo da extracao por solgenselventes organicos com excegao
da agua séo usados, incluem a alta inflamabilidadecontetdo de solvente residual
nos produtos finais. Estas desvantagens resultaaltermisco de explosdo no processo
e efeitos adversos a saude dos consumidores (MACHAD98).

Os processos de separagdo que utilizam fluidos stead@ subcritico e
supercritico como solvente, em particular o,C&®qual € abundante, inodoro, incolor,
inerte, bacteriostatico, ndo-toxico, ndo-inflamaweportanto possui impacto ambiental
minimo, constituem-se em uma alternativa no pr@eesto de biomateriais (ex.
lipideos, esterdis, vitaminas, antioxidantes, gtisentos de solvente residual.
(KRUKONIS, 1994; HOMASON, 1984). A extracdo com £ghpercritico envolve altas
taxas de transferéncia de massa a temperaturéisamlante baixas, fator fundamental
na extracao de produtos naturais que sofrem aftesaguando processados sob acao do
calor (pro-vitaminas, vitaminas, corantes, Oleosemsiais, farmacos, etc.) (PILAT,
1940; ANDERKO, 1990; PEREIRA, 1991; DOHRN, 1995).

A extracdo com fluidos supercriticos (SFE), utiida CQ como o
solvente, tem sido investigado intensamente nds@sdt anos C€OmMO um pProcesso
alternativo em substituicio a processos de sepateadicionais ARAUJO, 2000) no
processamento de materiais bioldgicos e termo \w@asiquando se deseja obter
produtos de elevada pureza isentos de solventuedsi Esta tecnologia possibilita o
projeto de processos de separacao e purificaciméinou seja, processos de producao
que ndo causam danos ao meio ambiente e a salded(BHULTZ, 1984).

A partir do inicio dos anos setenta diversas agifiea foram desenvolvidas
em varios ramos da industria usando fluido sugerariexemplificados a seguir:

I. Alimentos: descafeinizacdo de café e cha (ZQ38L4; VITZTHUM, 1979),
desodorizagéo de 6leos e gorduras (ROUILLARD, 199@yacdo de 6leos essenciais e
aromas (KRUKONIS, 1994; RICHLET, 1984), extraca@uwificacdo de polifendis,
acidos graxos, vitaminas e gorduras soluveis (PINI@66; MAJEWSKI, 1994,
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DUDROW, 1983; YOSHITERU, 1985; ST AGE, 1985; YU,919 NAGAHAMA, 1996;
MEIER, 1994) e acidos carboxilicos (CABRAL, 1990).

Il. Produtos farmacéuticos: extracdo de droga (HAMN1879; AMBROSE,
1987) e purificacdo de vitaminas sintéticas (MEIE®94;MCHUGH, 1994).

II. Meio ambiente tratamento e purificacdo de éaguas HRS, 1985;
WILLIAMS, 1981).

V. Quimica (LUYBEN, 1988), polimerizacdo (BRUNNER, #99extracao
(MCKETTA, 1990), atomizacdo (SCHWEITZER, 2010), es@as (DEBENEDETTI,
1986).

V. Quimica Fina, materiais novos (micro-particulasRUBINER, 1984),
processamento de semicondutores (LIONG, 1992)praunento de materiais (FEIST,
1982), aerogéis (FUNAZUKURI, 1992), microfibras QMNG, 1991), ceramica e
fabricacdo de carbono (KESTIN, 1959), reacOes diopenacdo (NOUREDDINI,
1992), fibras téxteis (HALVORSEN, 1993), biologia needicamento, esterilizagao
(FORSTER, 1983) e inativacao de virus (SHANTHA,2)99

Especialmente de interesse para a industria deemtios, cosméticos e
farmacéuticos € a extracdo de solutos a partir dérizes solidas com fluidos
supercriticos. Este processo é idéntico, em camcaitextracdo solido-liquido, e é
considerado como uma técnica de separacdo aliexnpéira a extracdo seletiva e
fracionamento de biomateriais. Aplicacdes poteaciaa industria de alimentos,
farmacos e cosmeéticos sdo a extracao de lipidégasjimas, aromas, 6leos essenciais,
corantes, compostos bioativos, a partir de produtaturais (RICHLET, 1984;
MAJEWSKI, 1994; FRANCA, 1999).

A extracdo de Oleos vegetais convencionais utispdvente organico
(hexano) e consiste basicamente nas seguintes setaesintegracdo mecanica,
prensagem e extracdo com solventes a altas temyzeyaPara se transformar estes
Oleos brutos em 6leos comestiveis é necessarioconjurnto de processos denominados
de refinacdo que engloba remocéo de acidos lipresginas, fosfolipidios, substancias
coloidais, pigmentos, produtos de oxidacao e snbsté volateis.

O residuo de solvente inerente a extracdo convegiciem se tornado cada
vez mais inaceitaveis para produtos basicos ugataso consumo humano. Em virtude

dessa demanda por produtos naturais, verifica-se comsideravel interesse na
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tecnologia do fluido supercritico. A facilidade deparacdo soluto-solvente, a baixa
toxidade, e habilidade de variar o poder de sok#dgho, fazem o uso do fluido
supercritico ser extremamente atrativo para asstndd de alimentos e farmacéutica
(MACHADO, 1998).

O diéxido de carbono (Cfpno estado supercritico € o gas mais investigado
como solvente, por ser de baixo custo, atoxico,infiamavel, obtido com abundancia
e com alta pureza. Possui uma temperatura crigc81d05°C, sendo, portanto, 0
solvente ideal para a area de extracao, refinacgoinamento de 6leos e gorduras.

Nos anos 80 as pesquisas sobre extracdo coprs@gercritico de 6leos e
gorduras se concentravam em estudos sobre dleesaieguanto & composi¢cao do
Oleo, propriedades organolépticas e estabilidad@abxa, principalmente de 6leos de
alto valor comercial (comestiveis). Basicamentesestudos fazem comparacéo entre a
extracdo de C@supercritico e 0 processo convencional com hexBacalelamente
alguns estudos apresentavam dados de solubilidasiebldos em COsupercritico
(BRUNNER, 1984).

A complexidade na composicdo dos Oleos vegetaisulld a modelagem
para obtencdo de correlagdes que possam predizera asolubilidade em fluidos
supercriticos. Como esta informacdo é de fundamenfzortancia nos processos de
separacdo, como no caso da extracdo de produtostédeia primas vegetais com FSC,
o assunto vem sendo estudado intensamente. Istqugoo conhecimento da
solubilidade dos constituintes a serem extraidosvitados na extracao, permite uma
selecdo da faixa de pressao e temperatura de apefBRANCA, 1999 BARTLE,
1992)

Em se tratando de componentes isolados em umazmsdtida, a
solubilidade de um liquido num solvente superaitiepende da volatilidade do soluto
e das forgas de interacéo, soluto/solvente e siigaivente na fase rica em solvente e,
soluto/solvente e soluto/soluto, na fase sendoaigdr que sdo dependentes da
densidade.

Na etapa de extracdo a solubilidade deve ser adtendmo a quantidade
de soluto que pode ser dissolvida (MAHESHWARI, 199s condi¢cbes de operagao e,
em geral, deve ser obtida experimentalmente. A doétgia experimental usada

normalmente envolve processos dinamicos, com cestdvpassando através de um
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leito de sdlido contendo o soluto, e estaticoseamdolvente € posto em contato com o
soluto durante um determinado tempo, até atingirequilibrio termodindmico
(FRANCA, 1999).

2.3.1. Diagrama P-T de Substancias Puras

O diagrama P-T de uma substancia pura é ilustradbigura 2.2. Neste
diagrama cada linha representa a interface enti@sas coexistentes em equilibrio. As
trés fases diferentes sdo separadas pelas linhas (&élido-vapor, ou curva de
sublimacéo), B-# (sélido-liquido, ou curva de fuséo), e-Cp (liquido-vapor, ou curva
de ebulicdo). A uma dada condicado de estado (tetyare pressao) ao longo das
linhas A-Tp, B-Tp € G-Tp, duas fases coexistem em equilibrio termodinarfliqaido-
vapor, sélido-liquido e solido-vapor). No pontaticd G, todas as propriedades fisicas
das fases coexistentes sdo iguais. Além do poriticogro estado de agregacdo da
matéria € conhecido como fluido supercritico.

A transicdo da fase liquida ou gasosa para a tgmr@itica € suave, assim
todos os modelos e teorias aplicadas no processepdgacao liquido-vapor e liquido-
liguido (ex. destilacao, retificagcdo, strippingsaitdo, extracdo por solvente) relativos
a termodinémica quimica, propriedades fisico-quasyji¢ransferéncia de calor e massa
podem ser aplicados nos processos de extrac&antdb-se fluidos supercriticos (YU,
1994).

Uma substancia aquecida além da temperatura ciitica comprimida
acima da densidade critipg € conhecida como fluido supercritico, o qual poalear
entre o estado de alta e baixa densidade (Figd)a sem que haja transicdo de fase
(ANDERKO, 1990). Considerando que um fluido supéoo pode mudar de densidade
facilmente, uma mudanca de temperatura e ou presfi?#@ca as propriedades
termodinamicas e de transporte de fluidos no essagercritico. Portanto, fluidos no
estado supercritico exibem propriedades de galgaidos (MORS, 1966). Fluidos no
estado supercritico exibem densidades comparadade dgquidos, viscosidade da
mesma ordem de grandeza de gases e difusividadmeadiarios entre gases e liquidos.
Esta habilidade de poder de solvatagcdo comparamak diquidos e propriedades de
transporte da mesma ordem de grandeza dos gagpkido na extracdo com fluidos
supercriticos (SFE) (MAHESHWARI, 1992).
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Fluido Supercritico 7

Liquido
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Figura 2.4 Diagrama P-T do dioxido de carbono

A Tabela 2.4 ilustra a comparacdo entre as progdies! de transporte de

gases, liquidos e fluidos supercritico(SCF).

Tabela 2.3 Propriedades de transporte de gases, liquidos idoglusupercriticos
(BRUNNER, 1987).

P [MPa], T[K]. plkg/m] u[g/cm.s] O [cm?/s]
Gas 0.1 MPa, 298K 0.6a2 (1a3f10 0.1a0.4
SCF R, Tc  200a500 (1a3)10 0.7.10°
Liquidos 0.1 MPa; 298 K 600 a 1600 (0.2a310 (0.2a2)10

Fonte: (MACHADO, 1998).

A Tabela 2.4 apresenta as propriedades criticasriigs gases e a principal
restricdo para seu uso com relacdo ao aspecto ralbi® fluido supercritico ideal
deve ser abundante, barato, inerte, muito purosinfEomavel, ndo explosivo, nao-
toxico, e operar a uma temperatura segura proximuente. Gas carb6nico (T
304.19 K, R=7.38 MPa) € o que melhor se ajusta a estas exagirDevido a isto 0
gas carbonico € o fluido supercritico mais us&wém, gas carbonico nem sempre
funciona bem para todas as substancias quimicgas@arbonico ndo pode dissolver
moléculas polares incluindo as biomoléculas que séialissolvem em agua (por
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exemplo, enzimas, proteinas), pois age como s@varéo polar (MAHESHWARI,
1992).

Tabela 2.4Propriedades criticas de alguns gases e a prin@pticdo para seu uso

com relacdo ao aspecto ambiental (MACHADO, 1998).

Gas Formula Tc[K] Pc[MPa] Toxidez Inflamével Explosivo
Nitrogénio N 126.2 3.39
Metano CH 1904 4.60 X
Etileno GH, 282.4 5.04 X
Trifuorometano CHE 229.3 4.86
Clorotrifluormetano  CCIF 302.0 3.87
Eter Dietilico GHsO 400.0 5.24 X
Dioxido de Carbono  C©O 304.2 7.38
Propileno GHe 364.9 4.60 X
Difluorclorometano CHCIF 369.4 4.97
Propano GHs 369.8 4.25 X
Difluordiclorometano CGF, 385.0 4.14
Amonia NH; 405.5 1.35 X X
Di6xido de Enxofre S© 430.8 7.88
n-Butano GHip 4252 3.80 X

Triclorofluormetano CGF  471.2 4.41

Uma descricdo completa das vantagens e desvantatgngsar gas
carbdnico supercritico como 0 solvente é apresentzl Tabela 2.5. Porém, este
problema pode ser superado adicionando-se um rmadifi ou um co-solvente, 0s
quais sao usados para aumentar a polaridade densamlWlodificadores séo substancias
no estado liquido (por exemplo, alcool) enquantsagentes sédo substancias no estado
gasoso (por exemplo, propano, etano, e outrosgnia utilizacdo de co-solventes para
uso farmacéutico e industrias alimenticias devees#ado por causa das restricdes a
saude e ao meio ambiente (MACHADO, 1998).
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Tabela 2.5 Vantagens e desvantagem de usar dioxido de carlbonm fluido
supercritico (BRUNNER, 1984; BRUNNER, 1994).

Vantagens Desvantagens
Subproduto de processos quimicos Nao separa solast@olares
Abundante
Barato

N&o é inflamavel

N&o toxido

Inodoro

Esteéril

Incolor

N&o corrosivo

Alta pureza 99.99%

Alta seletividade

Densidade controla o poder de solvatacao
Baixa temperatura e pressao

Ideal para separar substancia néo polar

Separacao completa do solvente no processo

Produtos livres de residuos Numero pequeno degsos industrial
Qualidade de produto alta Presséo operacional alta
Processo limpo Riscos de seguro altos

Baixa temperatura de operacéao

Baixo consumo de energia térmica Andlise de cugtoduto e estudos para a
melhoria do processo ainda em estudo

Processo opera continuamente Estudos comparativeem  separacao
tradicional (por exemplo. destilagdo a vacuo,

extracao liquido-liquido) ainda séo escassos

Em geral, a solubilidade de espécies quimicas emolf supercritico nao
polares, como o gas carbdnico, diminui com o aumdotpeso molecular, polaridade,
ou numero de grupos funcionais polares. Para esppdimica de série homdloga,

acidos graxos, ésteres de acidos graxos, a infuéecestrutura molecular e polaridade
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pode, em alguns casos, predominar sobre o pesaculaiaa solubilidade de espécie
guimica na fase supercritica. Em casos onde aiegpdienica é polar, uma substancia
modificadora pode ser usada para aumentar a padEiddo solvente, e
consequentemente o poder de solvatacdo. A adicaondeporcentagem pequena de
modificador para o solvente pode aumentar a efi@émnla extracdo (capacidade
solvente). O etanol é uma substancia modificadar#onusada por ser 0 menos toxico
dos solventes polares comumente usados na indgstriaca (PILAT, 1940).

A densidade é outro fator decisivo no poder deatabdo de um fluido
supercritico. A Figura 2.5 ilustra a densidade de garbdnico como uma funcdo da
temperatura e pressdo. Nas proximidades do poiiticocruma mudanca leve de
temperatura ou pressédo produz uma variacao drastidansidade, e consequentemente
no seu poder de solvatacdo. Assim, baseado no ctanmento fluido anémalo € entdo
possivel separar a espécie quimica que se dissotvéluido supercritico reduzindo a
pressdo ou aumentando a temperatura. Em geralpoogesgos de separagao baseados
em processos termodinamicos, envolvem operacdes duds fases (liquido-vapor,
liquido-liquido ou géas-sélido) sdo postos em canetre si e transferem espécies
quimica de uma fase para outra, como por exemgéstilacdo, adsor¢cédo, absorcéo e
extracao solido-liquida e liquido-liquido (MACHAD@Q98).

10004 273K
293K
313K

800 333K

353K
373K

600

Pec, [ka/me]

200

0 — .
0 5 10 15 20 2 30

P [MP&]

Figura 2.5 Comportamento de densidade de gas carbbnico con® funtdo de
temperatura e pressao (MACHADO, 1998).
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2.4.EXTRACAO COM FLUIDOS SUPERCRITICOS (SFC)

2.4.1. O Processo
A extracdo com fluido supercritico € um processcselgaracdo moderno
que explora o poder de solvatacdo dos liquidos @smpropriedades de transporte dos
gases. Os fluidos no estado supercritico poderoldesssubstancias quimicas como um
liquido e podem penetrar em matrizes porosas camgas. O esquema utilizado para

este tipo de extracdo com fluido supercritico (S&Bpresentada na Figura 2.6.

Mirnertag o Soluente + Extrato Produto P1
| I | | Ll I L] T ’

1
I
Precipitago !

Extracio (s
Regeneragio I
F | :

_= _____ :_ [R—
bés % Solverte Solvente
=777 ¥ Produto P2

Figura 2.6 Esquema de extracdo supercritica (MACHADO, 1998).

Neste processo de separacgdo o fluido supercrifas® continuamente em
contato com uma matriz solida fixa, que se missotaforma liquida dentro do extrator.
A espécie quimica dissolvida na fase supercrigg@i®-se no separador por meio de
um aumento em temperatura, ou uma reducdo de press&ntdo o solvente é
regenerado e reciclado pelo sistema. No caso dacéxt de uma matriz solida
(processo de separacao descontinuo), o componaigesetetivo na fase supercritica é
extraido da matriz solida até o substrato ser emaze entdo se liquefaz no separador.
No processo de extracdo com gas no estado supercfirocesso de separacdo
continuo), o fluido supercritico e o fluxo de mistliquida circulam em contracorrente.
O componente mais soluvel no fluido supercriticexéaido na base do extrator e é
enriguecido no produto de fundo. A regeneracaooticeste é feita através do gas que
recicla novamente a coluna de extracdo como masfrgura 2.4 (MAHESHWARI,
1992).
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2.4.2Adsorcéao supercritica e enriquecimento de anti-oxiante

A questdo fundamental do desenvolvimento das cafades locais na
regido amazonica esta na sua capacidade e habiligapromover formas adequadas de
gestdo socio-economica frente a enorme biodivatsidgarticularmente a seus
biomateriais, incluindo espécies de palmeiras aatiyMAYA, 2009), através da
aplicacao de tecnologias apropriadas e ao desemasito de processos. Entre estas, o
buriti (Mauritia Flexuosa, Mart), uma palmeira natique cresce em pantanos e perto,
de areas sazonalmente inundadas ao longo dos flim®gtas na Amazoénia (SERGIO,
2009), parece ser um dos mais atrativos comeraméraevido a sua alta concentracao
de carotenos (FRANCA, 1999; YANG,2002), eficaciatratamento e prevencédo da
xeroftalmia (JOSE, 1989), uso como plastificanteira de amido(DANIELA, 2007),a
sua fotoluminescéncia como propriedades Opticas RIBES, 2006), baixa cito-
toxicidade em cremes e formula¢cdes de lo¢cbes (CINTBE008), propriedades foto-
protetores contra os raios UV e UVIS na irradiagéo células (ZANATTA, 2010),
assim, mostrando uma grande variedade de aplicag@®sndustrias alimenticia e
farmacéutica.

Os frutos de buriti (Mauritia lexuosa, Mart) témaigasca dura, vermelha e
escamosa, sobre uma macia e oleosa polpa amavelacogtém entre 20-30% (em
peso) de um Oleo avermelhado com a maior concéatrde carotenos em Oleos
vegetais (FRANCA, 1999; SIMONE, 2009), e uma camaidenca de celulose entre a
polpa e semente (FRANCA, 1999), com uma estimati#aproducdo media anual
especifico de celulose e d6leo de 0,79 + 0,23 tha-57,5 = 17,0 kg.ha -1,
respectivamente (REINALDO,2009).

Apesar do desenvolvimento de varios processosrpawgperar e concentrar
substancias lipossoluveis, como carotendides ar mhatoleos vegetais por métodos
tradicionais, particularmente a partir de 6leo @ém@a cru (CPO), 6leo degomado e
refinado de palma (DPO), 6leo de palma branqueadisedorizado (RBD), incluindo
transesterificagdo de CPO seguida de destilacaecuoial (C.K.O0I,1994), adsorcao
de CPO seguido de extracdo com solvente (B.S.BAMNARDOL; R.A.LATIP, 2001),
hidrolise enzimatica da CPO seguido por cromatagmé coluna de adsorcdo (L. L.
YOU, 2002), degomagem de CPO seguido por cromdtagna coluna de adsorcao (L.
L. YOU, 2001), adsor¢cao de CPO em coluna cromaticgrgBAHARIN, 1998),
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transesterificagdo de RBD seguido por nanofiltrg€&darnoko, 2006), poucos estudos
foram publicados sobre a aplicacdo do fluido suftetc em processos de
adsorcao/dessorcdo para recuperar e ou enriqguegkstascias liposoluveis,
particularmente carotenos e anti-oxidantes a paetibleos vegetais e corantes naturais,
incluindo adsor¢cdo de CPO em tanques agitadosdsege dessorcdo supercritico (F.
F. M. AZEVEDO, 2011), processo acoplado de extrafmercritica de corantes em po
(AMBROGI, 2003), transesterificacdo de CPO seguidespurificacdo FAME em
colunas de extracdo contra-corrente e adsorcaocsitpa de concentrados de FAME
em silica-gel (MENG-H, 2003), assim como adsorcaopegritica de
compostos/substancias do 6leo de buriti (Mauritexuosa, Mart) emy- alumina
utilizando diéxido de carbono (CUNHA, 2010).

Fundamental para o fracionamento e enriquecimerd® substancias
liposolaveis (ex: carotenos, tocoferdis, etc) pnése em 6leos vegetais via processos de
adsorcao/dessorcéo supercritica € o equilibricagesf particularmente da fase gasosa
conhecida como solubilidade. O conhecimento dab#imlade do Oleo na entrada da
célula de adsorcdo € necessario para determinarva de através da equacao do
balanco de massa. A solubilidade de 6leos vegetaidluidos supercriticos pode ser
determinada pelo método estatico (J.E. Rodrigu@s;20l. A. E. CUNHA, 2011) ou
pelo método dindmico (M. A. E. CUNHA, 2011; CINTI®009). A solubilidade do
Oleo de buriti em dioxido de carbono supercritioo rhedida pelo método direto e
indireto como descrito na literatura (M. A. E. CUNF2011).

2.5.MODELO MATEMATICO
2.5.1 Cinética de Adsorc¢édo: Transferéncia de Massa
2.5.1.1 Adsorcéo Cinética Modelo |
O modelo matematico aplicado para descrever aicinéte adsorcéo

pressupdem que a massa de soluto (6leo vegetahddo em CQ supercritico que

entra na coluna de adsorcéao (leito fixo de adsdeyenigual a soma da massa de soluto
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adsorvido pelay-alumina ndo saturada e a massa de soluto dissokmd CQ
supercritico que passa através da coluna de adsargaforme descrito na literatura

(OU et al, 2001) e descrito na equacéao de balaseguair.
drnOIeo,(zzO,t) = drnOleo,y—alumina(zt) + drnOIeo,FIuido(z,t) (8)

Ondelim,,,, .., € @ massa de 6leo na entrada da coluna de ad£gegalo

dm ,€ a massa de oleo adsorvido petalumina nao saturada dg),

Oleoy—alumina(zt;

edMg,.ruin0 © @ Massa de oleo dissolvida na fase fluida &@ercritico) ao longo da

coluna de adsorcdodg,). A massa de oleo na entrada da coluna de adsérgaola

pela equagao a sequir.
dmOIeo,(z:O,t) = Y(Z:OI)Qcozdt ®)

Onde Y ,, & a concentracdo de soluto (6leo) em,CLpercritico
(doled!coz) Na entrada da coluna de adsorcaQ.g € a vazao volumetrica de didxido

de carbono supercriticocgZmin). A massa em gramas de oleo no adsorvente nao

saturadoy{-alumina) é calculada pela equacéo (10).
dmOIeo,y—aIumina(zt) = M y—aluminadl_x Oleoy—alumina(t) - Xoleo,y—alumina(Z = O’t)J (10)

Onde M.aumina € @ massa de adsorventealumina), X oo, -aumina (0B @

capacidade do adsorvente no tempo &ied@-auming, X (z=0,t) é a

Oleoy-alumina
capacidade adsorvente na entrada da coluna decads@ngOleo/gauming. A massa
em gramas de 6leo na fase fluida g&Dpercritico) na coluna de adsorcdo é dada da

seguinte forma.

dmOIeo,FIuido(z,t) = Y(z,t)QCOZdt (11)
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Onde Y, é a concentragéo de soluto (6leo) em @ded/Ico2) ao longo da
coluna de adsor¢cdo no tempo t. A capacidade adgerv® tempo t Heoy-aiumina (t)

pode ser calculada pela equacgéo a seguir.

QCOZY(FO,t)dt = M y—aluminadXOIeo,y—alumina(t) + QCOZ Y(z,t)dt (12)

Para concentracdo constante do soluto (6leo) em (@Oleo/ICQ) na

entrada da coluna de adsorggg,, € variagdes despresiveis na vazao volumeétrica do

CO;, supercritico ao longo da coluna de adsorcéo, actdgde adsorvente no tempo t é

determinado utilizando-se e equagao a seguir.

(t) ) [ {1——\(“") Jdt (13)

Oleoy —alumina t=0
M y—alumina

Y (z=0,t)

Para a curva de avanco ideal, isto é, gara™ , ondety™ é o tempo de

Y
avanco e para for®- =0, a capacidade de equilibrio do adsorvente pode ser
(z=0,t)

calculada pela equacéo (14).

X (tgieal) = XD — QCOZY (z=0,Y) tgjeal (14)

Oleoy-alumina Oleoy—alumina ~— M

Oleoy—alumina

Onde Y%= € a concentragdo de equilibrio soligeafumina)/fluido(CQ)

e X2

Oleoy—alumina

a capacidade de equilibrio do adsorventes{gg,-auming- Para a curva

de avanco real, isto €, parag=ande { € o tempo de saturagdo no final da zona de
tranferéncia de massa (MTZ), a capacidade do adserve tempot ;é determinado
da seguinte forma.

(tg) = Qco, Yiez0n j‘s [1— Y ]dt (15)

Oleo,y-alumina M = Y(Z:()Vt)

y—alumina
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A massa total acumulada de soluto que passa a® ldogeito fixo de
adsorvente, coletada na saida da célula de adsogaonidade de amostragem é

calculada da seguinte forma.
ts
M Oleo = IQCOZY(2=L,t)dt (16)
0

Onde Y=Ly € a concentracdo de soluto (6leo) em, @§iedlcor) Na saida
da coluna de adsorcéo. A massa acumulada de deovatb na fase solidaalumina é

calculada pela equacéo (17).
ts
M OleoAdsorvido = IQCOZ (Y - Y(z:L,t) )dt (17)
0

Onde Y" é a concentracdo do soluto (6leo) em equilibrio GO,
supercritico (giedlcon), definida pelas condicdes de estado (pressdanpetatura),
determinada pelo méto dindmico e estatico confodescrito na literatura (M. et al
2011).

2.5.1.2 Adsorcéo Cinética Modelo II

O modelo cinético de pseudo-primeira ordem des@#éta equacdo de
Lagergren (LAGERGREN, 1998), foi aplicado para deger a cinética da
transferéncia de massa da adsorcdo afirma que aa dexvariacdo temporal da

capacidade do adsorvents (t) é diretamente proporcional a diferenca

Oleoy-alumina

O . .
|_X Oleoy-alumina - XOIeo,y—aIumina(t)J como resumldo a SegUIT.

X Gie0r—aumina (L
Oleoy alumlna( ) — K[XD xo|eo,y—alumina(t)] (18)

dt Oleoy—alumina -

Onde K é a constante de velocidade da reacdo delg@geimeira ordem
(min-1). A solucdo da equacéao (18) é dada pelagéqud.9).

X (t) =X~ [1- expKt)] (19)

Oleoy—alumina Oleoy—alumina
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A massa de oleo absorvido no leito fixoydalumina em funcao do tempo é

obtida multiplicando a capacidade do adsorveixg,,, (t) pela massa de

—alumina
absorvente como se segue.
X O

M Oleo,y—alumina[l_ eXp(—Kt)] (20)

Oleo,y—alumina(t) = M y—-alumina

Como a massa de oleo absorvida no instante inical

M 0)=M X oleoy-aumina» & €0UAGAO (20) pode ser escrita como segue.

OIeo,Adsorvente( y—alumina

M OIeoAdsorvente(t) = M Oleo Adsorvente (0)[1_ eXp(_ Kt)] (21)

2.5.1.2 Equilibrio de Adsorcéo

O estudo de equilibrio de adsorcao fornece infofileagobre a capacidade
do adsorvente, bem como a base para o projeto ldeasode adsor¢cdo. Dados de
equilibrio podem ser analisados usando isotermasad$®rcdo. A isoterma mais
utilizada na modelagem dos dados de equilibrioddergdo € a isoterma de Langmuir,
que € valida para a sorcdo monocamada em uma isige sitios idénticos. Os dados
de equilibrio de adsorcéo supercritica de oleoudiéi emy-alumina (adsorvente) foram
analisados utilizando a isoterma de Langmuir, cuienfodificada para aplicagdo no
processo de adsorcao supercritica como se segue

XD _C:Max|<LYD

Oleo.y-alumina — TLYD (22)

OndeC,,,, e K séo as constantes da isoterma de Langmuir relamera

Max

capacidade de adsor¢do maxima e a energia livaglstercdo e~ é a solubilidade do
oleo de buriti em C@supercritico (giedkdco).
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2.6. ADSORCAO

A adsorcao, segundo Perry e Chilton (1973), é uatgsso no qual as
moléculas contidas em uma corrente gasosa oudiguidrem a superficie de um salido.
Esse processo esta baseado na forca de atrac&xigigeentre a superficie do sélido e
as moléculas adsorvidas. Essa for¢a varia notamednsegundo a natureza do solido e das
moléculas, e a intensidade dessa forca é o que para diferenciar a adsorcao fisica da
adsorcdo quimica (quimissorcdo). Na maioria doxgasos industriais de adsorcdo
utiliza-se o processo de adsorc¢éo fisica paraaergrremocdo de contaminantes do ar,
pois na quimissor¢do, na maioria das vezes, o §gsocge regeneracdo do adsorvente €
tecnicamente ou economicamente inviavel (LUND, 1974

Geralmente, nesses processos, utilizam-se solidstariie porosos com
muitos orificios internos devidos as terminacoqslases. Também sdo utilizadas, em
algumas ocasifes, substancias finamente divididaslavada area especifica. Sendo a
adsorcdo um fenomeno de superficie, apenas osvenE® que possuem grandes areas
especificas € que podem ser utilizados (LUND, 1PERUCH, 1997). Entretanto, vale
salientar que ndo € somente a area especificaoo daterminante no processo de
adsorcdo, mas também a afinidade dos sitios atiraso adsorbato e condigdes do meio
(pH, temperatura, velocidade de agitacéo) onde@=egsa a adsorcdo (MOREIRAAl,
1998; NEVESet al, 2000; PENA, 2000)

2.6.1. Tipos de adsorgéao

2.6.1.1. Adsorcdo quimica ou quimiossorcao

Dependendo das circunstancias, a unidao entre dosaldsorvente e o
adsorbato (substéncia adsorvida) podera ser tde fgue a adsor¢cdo apresenta
caracteristicas de uma reacdo quimica. N&o seigiesear que ela também ocorre com
grande intensidade onde é impossivel a formacaqudéquer composto por reacao
quimica, como nos processos envolvendo gases ndbresténio, paladio, platina e
muitas outras substancias quimicamente inativa®L(&| 1981). Esse tipo de processo
chama-se adsorcédo ativada ou quimissorcdo. Emsosiftgacdes a unido € fraca e o

processo pode ser invertido com facilidade, de n@tiberar a substancia adsorvida. E
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evidente que sO este segundo tipo de adsorgéo,adbaadsorcdo fisica, interessa as
operacdes unitarias porque pode permite a recupem@gs componentes adsorvente e
adsorbato. Em contraposicdo, sO0 a adsorcdo atimpossenta interesse na catalise
heterogenea (GOMIDE, 1988).

A quimissorcado, ou adsorcao ativada, é o resutladoteracdo quimica entre o
solido e a substancia adsorvida. A intensidade idacdo quimica pode variar
consideravelmente, mas a forca atrativa é gerabmanito maior que a encontrada na
adsorcao fisica. Comumente é grande o calor libedaglante a adsorcdo quimica, da
ordem do calor de uma, reagdo quimica. O procedsegéentemente irreversivel e na
dessorcéo a substancia original sofre pequena$cagdies quimicas (TREYBAL, 1973).

E possivel experimentalmente, através de algutériod, determinar qual
dos dois tipos de adsorcéao ocorre apdés um progessoalgumas vezes esta determinacéo
torna-se um tanto quanto confusa devido ao fatma&e haver uma clara distingdo
através do critério adotado; deste modo faz-sessé&ge o uso de varios critérios
simultaneamente para que se possa efetuar a deolsé® qual fenOmeno se passa na
superficie do solido (CIOLA, 1981).

A magnitude do calor de adsor¢do forma a base dedosnmelhores
critérios de diferenciacdo. Durante a adsorcaodfisi calor liberado esta geralmente na
faixa de 2 a 6 kcal/mol, mas algumas vezes, che®fa lkecal/mol. Na quimissorcdo séo
encontrados valores maiores para o calor de ads¢oc@&alor de adsor¢do quimica do
oxigénio, em alguns metais, pode chegar a alguerteras de kcal/mol de adsorbato).
Raramente o calor de adsorcédo € menor que 20 ktahras valores tdo baixos quanto aos
associados com a adsorcéo fisica, sdo conhecidog, pode levar a uma certa dificuldade
no momento da determinacéo do tipo de adsorcad £GIT»81).

O segundo critério usado para distinguir experiat@ente quimissorcéo de
adsorcao fisica é a velocidade do processo de;ads@iscute-se que, como a adsorcao fisica
simula a liquefagédo, as forcas de dispersdo, seasdmesmas, ndo devem, como na
liquefacéo, requerer nenhuma ativacéo, e portantmre rapidamente. A quimissor¢ao, por
outro lado, deve necessitar de ativacdo. O criérieelocidade prova ser um bom indicador do
tipo de adsorgéo, mas, como no caso do calor degadsele pode levar a resultados confusos se
for utilizado como anico critério. Um dos problentage pode tornar o critério inviavel é a

adsorcao fisica num sélido poroso, como hidrocatberem alumina suportada sobre silica, que
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pode ser lento, quando a difusdo do adsorbato alefds poros for o processo
determinante da velocidade. Neste caso pode-smdate confundir adsorcéo fisica com a
quimissorcao (CIOLA, 1981).

2.6.1.2. Adsorcao fisica ou fisiossorgéo

E um fenémeno facilmente reversivel, resultaddfatgss intermoleculares de
atracao entre as moléculas de um solido e da salastilsorvida, atraves de forcas de "van
der Waals", isto €, forcas coulombianas ou de difipe(HINES; MADDOX,1985). Por
exemplo, quando as forgas intermoleculares dedategtre um sélido e um gas sao maiores
gue as existentes entre as moléculas do gas, @sdensara sobre a superficie do sélido
desde que sua pressdo seja menor que a pressapalecerrespondente a temperatura
onde esta ocorrendo o fendmeno. Tal condensagiac@npanhada por uma liberacdo de
energia, usualmente em quantidade maior que o lesdmte de vaporizacao e da mesma
ordem do calor de sublimacdo do gas. A substamsiandda ndo penetra no interior da
rede cristalina do solido e ndo se dissolve nilal de que permanece inteiramente sobre a
superficie. Se o0 solido é altamente poroso, contaceg bem finos, quando o adsorbato
entrar em contato com este, ele penetrara em s&rsticios propiciando uma alta
capacidade de adsorcdo (TREYBAL, 1973). No eqidlilr soluto adsorvido tem uma
pressado parcial igual a existente na fase fluida@mato (PERUCH, 1997). Deste modo
no processo de regeneracado do adsorvente ao auseatEemperatura
ou reduzir-se a pressao entao facilmente podersevey o adsorbato, no caso de uma
adsorcao fisica.

O sucesso de um adsorvente industrial no campoopescdes unitarias
depende em grande parte da facilidade com queaskads pode ser retirado, seja para
fins de seu aproveitamento, seja para regenerdsangnte. Adsor¢des fisicas também
podem ser realizadas em fase liquida. Em virtudgelguena energia envolvida na
adsorcao fisica, o equilibrio entre as moléculasdiorvente e da fase fluida é atingido
rapidamente. O baixo valor da energia envolvidateseprocessos nao permite a
formacdo de compostos intermediarios sobre a $cpedo catalisador. Outro fato
caracteristico da adsorcdo de Van der Waals ésibjfidade de haver varias camadas de
moléculas adsorvidas (BRUNAUEHRal., 1938).
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2.6.2. Tipos de adsorventes

Adsorventes comerciais sédo divididos dentro de rqugtandes classes:
zeodlitas (peneira molecular), alumina ativada;aigjel, e carvao ativado. Como a adsorcao
€ um fendémeno relativo a superficie os adsorvesdi@sodos caracterizados por uma grande
area superficial por unidade de massa (ou volulnextensao das areas superficiais varia de
aproximadamente 100 a 300/gn entretanto os materiais mais comuns com miéintade
comercial exibem areas superficiais de 300 a 12@(KELLER et al., 1987; PERUCH, 1997).

A alumina, a bauxita, as zedlitas (peneira molecuta a silica gel séo
adsorventes mais polares. Encontram, deste modanslinor aplicacdo em operacdes de
desumidificagbes e em processos de adsorcéo enfigp@o. As resinas trocadoras de ions >e
utilizam em processos de descoloracdo. Nas masdargmses e em outras aplicacbes
semelhantes se empregam carbonos especiais qéencaditivo inorganico (Ag, Cu, Zn
etc.). Outros adsorventes especiais podem ser stwspte um agente sobre uma grande
superficie de contato e sirvam para o tratamenfoedaenas quantidades de contaminantes
oxidaveis no ar (KMnO4 sobre uma supetficie deial){LUND, 1974).

O carvéo ativado é uma forma microcristalina dedmague € processado com
o0 intuito de desenvolver porosidade interna, resp@h pela area especifica que proporciona a
habilidade de adsorver gases e liquidos; entrdsos@ntes € considerado o mais importante. Tem
excelentes rendimentos quando se trata de molédalasolventes organicos, ou de
substancias que produzam odores. E relativamelzste ge maneira que sua capacidade de
adsorcao, apenas diminui suavemente quando saauatilnoléculas organicas em meio
liquido, (LUND, 1974; KELLERet al., 1987).

Fabricam-se adsorventes cuja superficie de coqatosidade e tamanho de
particulas que os constituem, variam amplamentanAlisso, a fonte de que se obtém a
substancia adsorvente, a composi¢cao quimica naleaseolitas e o0 método de ativacdo sao
fatores importantes que influenciam nos rendimeddssprocessos de adsor¢cao (LUND,
1974).

A utilizacdo desses adsorventes depende de suasepliardes de adsorcéao.
As seletividades superficiais podem ser classifisambmo hidrofilica ou hidrofébica. Por
exemplo, a alumina ativada e a maioria das zeplitssuem superficies hidrofilicas e como tal
adsorve com mais intensidade agua preferencialmasntgoléculas organicas. A superficie dos

produtos de carvao ativado na fase de vapor ddiddré prefere substancias organicas a agua. A
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superficie de silica gel reside entre estes extrertem uma razoavel afinidade com ambos, agua
e substancias organicas (KELLBERI, 1987).

2.6.3. Medidas de equilibrio na adsor¢éo

A maioria dos dados que relacionam a concentrag@ulsbrvente e adsorbato
no fluido foi obtida a partir de experimentos exealo a adsorcéao e séo representados como
medidas de equilibrio. Muitos deles sédo reunidas @antencdo de ratificar uma ou outra das
muitas teorias que foram surgindo, na tentativaedeplicar o fendmeno da adsorcao
(TREYBAL, 1973).

Apesar de ndo haver um modo eficaz de medir a &aetla adsor¢do de um
liquido puro no qual um adsorvente seja imerse-salgue a adsorcdo acontece porque ha
liberacdo de energia. Nao ha variacdo apreciavebllene do liquido para que se possa
determinar a quantidade adsorvida, e nem a pesdgemGiido antes e depois da adsorgéo é
uatil para esse fim porque ndo se pode distinguireen liquido adsorvido e o0 que se

encontra retido mecanicamente (CIOLA, 1981).

2.6.4 . Isotermas de adsorcao

Os estudos de dados de equilibrio, séo usadosig@raninar a distribuicdo de
um adsorbato entre a fase fluida e a fase sélidauparficie de um adsorvente. Curvas
de concentracdo do soluto na fase solida em fudg@&oncentracdo do soluto na fase fluida,
geralmente medida a temperatura constante, refereima isoterma de adsor¢cdo. Um grande
numero de modelos matematico tem sido propost@sdegacrever o processo de adsorgao.
Além da adsor¢do em monocamadas e multicamadasydedos tém sido desenvolvidos para
descrever situacdes em que o adsorbato pode ammawdo localizado em sitios especificos ou
de modo mais abrangente sobre a superficie dvexdsofHINES; MADDOX, 1985).

As isotermas sdo, sem davida, a maneira mais c@mnterpara especificar
o equilibrio da adsor¢éo e seu tratamento ted8uoa. derivacdo tedrica ou empirica pode
frequentemente ser representada por equacdesssigugaelacionam diretamente o volume
adsorvido em ftmc¢do da pressdo do gas ou aindeésatia quantidade adsorvida em soluto
/massa do sélido adsorvente em funcdo da concéatrfigal da solugdo (HINES;
MADDOX, 1985).
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As isotermas de adsorcéo podem ser classificadasearformas principais, como
mostrado na Figura 2.7, (HINES E MADDOX,1985).

Iloles Adsorvidos

PPs

Figura 2.7 - Classificacdo de Brunauer para isotermas degisamostrando a
guantidade em moles adsorvida contra a concentfagdano fluido (P/Ps)*(HINES E
MADDOX, 1985).

A isoterma do tipo | € classificada como isoterma ldangmuir e é
caracterizada por uma suave aproximacdo da cagecida adsorcdo limitante que
corresponde a formacdo de uma monocamada completésotermas do tipo | séo
caracteristicas de adsorventes microporosos com@osailica gel e zedlitas nos quais 0s
capilares apresentam diametros de dimensdes nwiesulA isoterma do tipo Il €
caracterizada pela formagcdo de mdltiplas camadasndculas de adsorbato na
superficie do solido. Este tipo é conhecido conatersna BET, por ter sido proposta
para adsorcdo em solidos ndo porosos.. A isoteiondipd Ill, apesar de possuir
comportamento similar a do tipo Il raramente ocorr® estudo de sélidos ndo porosos. A
forma da isoterma do tipo Ill também sugere a fgdonade multicamadas. As isotermas
dos tipos IV e V sdo Uteis para o estudo de cora@ascapilar desde que seja indicado
como a pressdo de saturacdo do vapor do adsorbatiog&la. Adsorventes porosos
produzem as isotermas IV e V, ambos os tipos exilnma curva de histerese quando em
estudos de dessorcéo (HINES; MADDOX, 1985), (BRUN&R ¢t al,1938).

Langmuir (1918) em suas consideracGes afirma qdest os sitios do
sélido tém a mesma atividade; ndo ha interacdoe emvléculas adsorvidas; toda
adsorcado ocorre pelo mesmo mecanismo e a compliexaacada adsorvente é reduzida
a mesma estrutura; a extensado da adsor¢cdo nadoséguaiuma monocamada sobre a
superficie (HINES; MADDOX, 1985).
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O modelo de Langmuir descreve quantitativamenteolome de um gas
adsorvido em uma superficie lisa, que é muito itapte em catalise heterogénea, porque faz
parte, praticamente, de todas as expressfes amétilas reacbes -catalisadas
(CIOLA,1981).

O modelo de BET inclui a suposi¢cdo bésica de Lairgrom a excegdo de que
ocorre a adsorcdo em multicamadas e de que odmadsorcdo para a primeira camada é
diferente dos valores das camadas subsequentator@e adsorcéo para estas camadas é
igual ao calor latente de condensacéo do liquistaréido (HINES; MADDOX, 1985).

Estas caracteristicas também podem ser expressésreos de um fator de
separacdo adimensional, comumente chamado de pevadee equilibrio RL, que é
definido pela equacéo:

RL = I/(I+k'Cy), a7)

Onde Co é a concentragdo inicial do adsorbato dug&m A Tabela 2.6

apresenta a classificacéo do tipo de isotermaaiidaacom o parametro de equilibrio.

Tabela 2.6. Classificacao de isoternfd,.(PERUCH, 1997)

RL Tipo de isoterma
RL> | desfavoravel
RL=1 linear
O<RL<I favoravel
RL=0O irreversivel

2.7. GIBBSITA

Em 1821 foi descrito um sedimento rico em alumemeontrado nos arredores
de Lés Baux, uma pequena cidade da Franca. Esseesénl denominado bauxita, foi
considerado como um mineral de aluminio de composkLOs;.2H,O, com uma certa
guantidade de ferro. Porém antes do fim do seédXabauxita foi reconhecida como uma
rocha sedimentar contendo oOxido-hidroxido e hidioxide aluminio, bem como certas
quantidades de minerais de ferro, silicatos deialore didxido de titanio. Bayer introduziu
0 processo para a producdo industrial de éxidolamimio em 1887. Desde entdo, 0

conceito do processo digestao hidrotérmica da tzgusiistalizacdo do trihidroxido de

32



aluminio a partir de uma solucdo supersaturadéud@reato de sodio, conversao térmica
do tri-hidroxido a 6xido de aluminio tem permanecidalterado (WEFERS; MISRA,
1987].

A existéncia de um grande numero de oxidos e hibdxde aluminio de
caracteristicas fisicas e quimicas diversas temwsidfator chave no desenvolvimento de
numerosos produtos quimicos da alumina disporiiegsem dia.

Dentre as varias modificagcbes do hidroxido de alionias formas cristalinas
mais bem definidas sdo os trés trihidroxidos (AD¢PHa forma de: a gibbsita (também
chamada hidrargilita na literatura europeia), ertai e a nordstrantita; além das duas
modificacdes de 6xido-hidroxido de aluminio (AIOOBIboehmita e o didsporo. Além dessas
fases cristalinas bem definidas, diversas outsesfado citadas na literatura. Essas formas
séo, no entanto, estudadas e descritas de foramapteta (MISRA, 1986).

A gibbsita € um tri-hidroxido de aluminio cristalimque estd comumente
associada a depésitos de bauxita das regidesdrepiecnicamente, a gibbsita € o mais
importante mineral-minério na producéo da alumseedo um estagio intermediario na
producéo de alumina (As), pelo processo Bayer.

O tamanho das particulas de gibbsita varia de @preximadamente 200
pum dependendo do método de preparacao (MISRA, 108@)raos de gibbsita precipitados
no processo Bayer sdo agregados de cristais pigesd tubulares. Uma amostra de
gibbsita comumente contém de alguns décimos a flgemesimos percentuais de ions
alcali. As maiores concentracdes de alcali séo reramas no trihidroxido técnico
produzido no processo Bayer (WEFERS; MISRA, 198%)ions alcalis séo essenciais para a
estabilizacdo da estrutura da gibbsita e provamdmecupam vazios na juncdo dos ions
hidroxilas.

Estequiometria da Calcinacao

2AI(OH), — Al,0,+3H,0

Gibsta  310°C Alumina  35%PM

AlLO, - y+H,0, ... —+AIOOH+AI,O,

(@)vap Boemita

AIOOH - Al,0,-y+H,0,,,

500°C  Alumina 19%6PM

33



CAPITULO 3
MATERIAIS E METODOS
3.1 COLETA DOS FRUTOS DE BURITIN NATURA

Os frutos de Buritin Natura (Mauritia flexuosa,Mart.) foram coletados na
comunidade de Ouribuca, localizada as margens @@Bama, situada a 25 km da cidade de
Belém-Para-Brasil, conforme ilustrado na Figuradim as seguintes coordenadas cartesianas:
1° 27° 13,52 Sul, 48 21' 25.61" Oeste com 14 metros de elevacdo(GPS, Modelo:
Eritrek/Vista), e no Campus Basico da Universidadderal do Par4, localizado na cidade de
Belém-Para-Brasil, com as seguintes coordenadassizaras: 4 28’ 27.28” Sul, 48 27’
25.31” Oeste com 9 metros de elevacéo. A Figuran®dtra uma vista panoramica dos frutos
na palmeira.

Figura 3.1 Frutos de Buritin Naturada familiaMauritia flexuosaMart.

3.2 IDENTIFICACAO BOTANICA DA PALMEIRA DO BURITI

A identificacdo botanica da Palmeira do Buriti fealizada através da analise de

exemplares dos frutos, folhas e ramos previamestessno Laboratorio de Operacdes de
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Separacdo da Universidade Federal do Pard, serelauirga amostra foi incorporada ao
acervo do Herbario do Museu Paraense Emilio Geeldlio nimero MG 199400.

3.3 PRE-PROCESSAMENTO PRIMARIOS DOS FRUTOS DE BURIT

3.3.1 Separagéao de Frutos dos Cachos de Buriti

Os frutos de Buritin Natura (Mauritia flexuosa,Mart.) foram separados dos
cachos manualmente (Debulhamento), sendo em setauddos com agua potavel para
remocdo de matéria residual, particularmente ar&m seguida, os frutos foram
acondicionados em bandejas metalicas de dimenkde99 cm H =3 cm, W =101 cm) e
submetidos a secagem natural (38°C sveEnte < 40°C) por um periodo de
aproximadamente 06 (seis) horas, conforme ilustradéigura 3.2, objetivando a remocé&o da
agua residual de lavagem, evitando-se desta fanfeeéncia nas medidas de biometria. Foi
processado um total de 04 (quatro) cachos.

Figura 3.2 Secagem natural dos frutos de BuntNatura(Mauritia flexuosaMart. )
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3.3.2 Biometria dos Frutos de Buriti

A biometria dos frutos de Buriti foi realizada atta das medidas dos diametros
longitudinal e transversal utilizando-se um Paqtiion@/onder, L = 155 mm), com precisao
de 0,05 mm, e da massa utilizando-se uma balamgaaselitica (Logem Scientific, Série:
1687), com precisao de 0,01 g, tendo sido utiligamltotal de frutos. Os dados obtidos foram
processados e analisados utilizando-se o softwatist®a 7.0.

Os frutos sdo constituidos por uma casca escanmasaacla tegumento externo
do fruto, também chamado de exocarpo, ap0s a vasta polpa (mesocarpo) em seguida a
fibra(endocarpo), revestindo o caro¢o o tegumeantgamente, também chamadateita, e

por ultimo o caroco propriamente dito chamado disperma.

3.3.3 Selecéo e Desinfecc¢éo dos Frutos de Buriti

Os frutos de Buritiin Natura (Mauritia flexuosa,Mart.) foram selecionados
utilizando-se o método de imersdo. O método cansesh introduzir os frutos em um
reservatorio de fibra de vidro de 500 litros codt®dgua potavel a temperatura ambiente de
aproximadamente 28°C, conforme ilustrado na Figu8a Os frutos ndo sadios (secos ou
apodrecidos) que flutuaram, devido menor densidémlem descartados, pois poderiam
comprometer a qualidade do 6leo final. Em segw@idetjonou-se ao reservatério contendo os
frutos selecionados, 05 (cinco) litros de soluggwosa de hipoclorito de sodio a 100 ppm por
um periodo de 30 (trinta) minutos. Em seguida, alésa-se a Agua e procedeu-se a lavagem
dos frutos com agua potavel, tendo sido esta operagpetida por 04 (quatro) vezes,

objetivando a remocao completa do hipoclorito déséesidual.

3.34 Pré-Tratamento Térmico dos Frutos de Buriti

Os frutos de Buriti selecionados e desinfetadosinfiolintroduzidos em um
reservatorio de fibra de vidro de 500 litros codterdgua potavel a temperatura de
aproximadamente 60°C por um periodo de 24 (vimpeagro) horas, objetivando-se facilitar o
desprendimento da casca escamosa e o amolecimemgolgh. O sistema de aquecimento

constituiu-se de uma resisténcia elétrica de 110@dm 30 cm de comprimento, imersa no
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reservatorio, acoplado a um termostato para o @entie temperatura, conforme ilustrado na
Figura 3.4.

Figura 3.4 Frutos de Buriti in NaturdMauritia flexuosaMart .) imersos em agua quente
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3.3.5 Despolpamento dos Frutos de Buritn Natura

O pré-tratamento térmico possibilitou a remocaoadasas escamosas dos frutos
guase que integralmente através da compressao homsufiutos. Os frutos ndo amolecidos
foram descascados com auxilio de facas de acodi&esi. O despolpamento foi realizado
manualmente utilizando-se faca e ou espétula deragidavel previamente higienizada e
desinfetada, conforme ilustrado na Figura 3.5. Ap@espolpamento, a polpa de Buriti foi
pesada em balanca semi-analitica (Logem ScienSficie: 1687), com precisao de 0,01 g,
sendo em seguida acondicionada em bandejas mstdécdimensdes (L = 99 cm H = 3 cm,
W = 101 cm). O mesocarpo celuldsico foi removido acdwogco através de uma incisédo
transversal com auxilio de uma faca de aco inoeidd\s cascas escamosas, 0 mesocarpo e
os carocos foram pesados em balanca semi-andliticgem Scientific, Série: 1687), com
precisao de 0,01 g, para posterior calculo de neewlios, sendo em seguida acondicionados

em sacos plasticos herméticos sob refrigeracdG.a 5°

Figura 3.5 Decorticacao e despolpamento dos frutos de Barliatura
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3.3.6 Secagem da Casca, Polpa, e Mesocarpo/Carogs &rutos de Buriti

in Natura

A casca escamosa (tegumento externo do fruto) agelpdocarpo), e o conjunto
mesocarpo/caroco dos frutos de BuritNaturaforam submetidos a secagem em estufa com
recirculacdo de ar (SOC. FABBE LTDA, Modelo: 17@pm volume Gtil de 1,0 M a
temperatura de 60°C por um periodo de 24 (vinteiarag) horas, conforme ilustrado na
Figura 3.6, a qual mostra as 03 (trés) bandejaélicest de dimensdes (L=99cm H =3 cm,
W = 101 cm), dispostas na posicao horizontal dea@ara baixo, contendo cascas, polpa e o
conjunto mesocarpo/carogo, respectivamente. A icaméide secagem foi realizada
determinando-se a massa de fracbes homogéneassca €scamosa, polpa, e conjunto
mesocarpo/caroco utilizando-se uma balanca ara(Bioprecisa, Modelo: FA-2104M), com
precisao de 0, 001 gramas, em intervalos de 01)(bara, nas 12 (doze) primeiras horas, e a
ultima medida ap6s 12 (doze) horas. A temperateraetagem utilizada §dcagem= 65°C)
evita a degradacdo dos carotenos presentes na flipgdica da polpa, consoante com a
secagem de materiais correlatos (sementes, pdtptss, etc), ricos em carotenos, descritos
na literatura (ALBUQUERQUIE. all, 2005).

Figura 3.6 Processo de secagem dos materiais em estufa cooulacdo de ar
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3.3.7 Moagem do Caroc¢o Seco dos Frutos de Buriti Matura

Inicialmente, separou-se com auxilio de faca ¢f® inox 0 mesocarpo dos
carocos. Em seguida, retirou-se o tegumento (@scaroco) por raspagem com um ralador,
e 0S carogos secos isento da pelicula (tegumeitelitbmetido ao pré-tratamento de moagem
utilizando-se um moinho de bolas (CIMAQ S.A., MardelL.ombardi Super, Série 005) de
forma a diminuir o tamanho das particulas. Em rak@carocos terem resistido as tensdes
do moinho de bolas e ndo desintegraram, os mesras fragmentados manualmente com
auxilio de faca de aco inox e um martelo, obtereléracdes pequenas. Apds, 0S carogos
foram moidos em um moinho de facas (Tecnal tipdyé/iModelo: TE 650) e classificados

utilizando-se um conjunto de peneiras de 65, 1200 série Tyler.

3.3.8 Distribuicdo Granulométrica da Casca Escamosa da Polpa Seca
dos Frutos de Buritiin Natura

As cascas escamosas secas e a polpa desidrataata fdassificadas
utilizando-se um sistema de peneiras com agitagi@nética (Bertel, Série 701), usando-se
as peneiras com aberturas de 7,5 e 3 mm, por uindpede 10 minutos e freqiéncia de 8
vibragdes/segundo.

3.4 CARACTERIZACAO CENTESIMAL E FiSICO-QUIMICA DAS
CASCAS, POLPA, MESOCARPO E CAROCO DOS FRUTOS DE BURN NATURA

3.4.1 Teor de Lipideos
O teor de lipideos (T.L) das cascas escamosasa,pwipsocarpo e dos carogos

secos e triturados dos frutos de Buriti foi det@adb segundo o método oficial AOCS Ba 3-
38 (1997).
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3.4.2 Teor de Cinzas

O teor de cinzas (T.C) das cascas escamosas, pogsmcarpo e dos carocos
secos dos frutos de Buriti foi determinados segunaetodo oficial 942.05 AOAC (1997). O
teor de cinzas foi calculado pela Equacéo (3.1).

T % =M., 1)

. ) M, 0
C 0
Onde M:-é massa final do cadinho com as cinzas (@)¢M massa do cadinho de

porcelana (g), e Mé a massa da amostra (g).

3.4.3 Teor de Umidade

O teor de umidade (T.U) das cascas escamosas, pofzacarpo e dos carogos
dos frutos de Buritin Natura foram determinados segundo o método oficial 93@a5
AOAC, (1997).

3.4.4 Teor de Proteinas

O teor de proteinas (T.P) das cascas escamosps, podsocarpo e dos carogos
dos frutos de Buriti in Natura foram determinadegusndo o método AOAC 920.85 (AOAC,
1995), que envolve duas etapas: digestdo e déstil&y teor de proteina foi calculado pela
Equacéo (3.2).

(VAo —Vg)*N*0,14* 6,25

T.P(%)=
Ma

*100 (3.2)

Onde W é o volume de HCI consumido na titulagdo da aradqstl), Vs é 0
volume de HCI consumido na titulagdo do branco (ML§ a normalidade do HCI, e a

massa da amostra (g).
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3.4.5 Teor de Fibras

O teor de fibras (T.F) das cascas escamosas, pogsgcarpo e dos carocos dos
frutos de Buriti foram determinados segundo o mgtoficial 991.43 da AOAC (1997). O

teor de fibras foi calculado pela Equacéo (3.3).

T %): [(MT _MF)] _MC *1 (33)
: M, 0
F 0

Onde M; é a massa do conjunto (cadinho + residuo + papdiltoe seco) apos
lavagem e secagem (d)l, a massa da amostra (§J- a massa do papel filtro (g),M; a

massa do conjunto cadinho/cinza estabilizado (g).
3.4.6 Metais

O teor de metais pesados das cascas escamosas, ekbcarpo e dos carogos
dos frutos de Buriti foram realizados em triplicei@ espectrografia de emissao. Inicialmente,
as cascas escamosas, a polpa, o mesocarpo, cammfago de Buritin Naturapropriamente
dito, foram pesados em uma balanca analitica (Baga, Modelo: FA-2104M), com
precisdo de 0.001 gramas. Em seguida, os mesmas feubmetidos ao processo de
secagem/desidratacdo em estufa de secagem a V@@l Modelo: TE 395) a temperatura
de 130°C. Apds desidratacdo dos materiais secos, detenrsi® teor de cinzas conforme
descrito no item 3.4.2. Em seguida, as cinzas faissolvidas em acido nitrico concentrado
com densidade 1.39 g/émApés diluicdo, determinou-se o teor de metaiages em um
equipamento de espectrografia de emissdo por plasdwivamente acoplado (Varian,
Modelo: Liberty RL), conforme ilustrado na Figur&/.30s resultados foram comparados a

curvas padrao dos metais P, K, Fe, e Ca.
3.4.7 Teor de Carboidratos

O teor de carboidratos (T.CH) foi determinado péerdnca com base nos teores
de agua, proteinas, lipideos e cinzas determinagpsrimentalmente, calculado o teor de

carboidratos utilizando-se a equacéao (3.4) a seqguir
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T.CH(%)=100-[T.P+T.L+T.C+T.U] (3.4)

e g

Figura 3.7: Equipamento de Espectrografia de Emisséo

3.4.8 Porosidade Aparente do Leito Fixo de Polpad3idratada

A porosidade do leito fixo constituido da polpaidesada, classificada conforme
descrito no item 3.3.5, foi calculada utilizando@2 (duas) metodologias distintas. Na
primeira introduziu-se em uma proveta de vidro bmlicato de 1000 ml, uma porcao de
polpa seca constituida pela mistura das fracOekasetas peneiras de 7,5 e 3 mm até a marca
de 500 ml. Em seguida, agua destilada contida em proveta de vidro boro-silicato de
volume 500 ml, foi introduzida na proveta conteadmlpa desidratada ate a marca d’agua de
500 ml. Em face ao curto tempo de contato entigua éestilada e a polpa seca, foi assumido
gue o efeito de adsorcdo da agua na polpa secapeedivel. Neste contexto, 0 espaco
preenchido pela agua é uma medida aproximada dsidade aparente do leito, sendo a
porosidade calculada através da equacado (3.5).ebanda, introduziu-se uma porgédo de
polpa seca no interior de um cilindro de aco ingamarca de 25 cm?, determinando-se a
massa de polpa por diferenca diMiro+poipa— Mciindro) Utilizando-se uma balanca analitica
(Bioprecisa, Modelo: FA-2104M), com precisdao de0Q,0gramas. A polpa seca possui

estrutura, de forma que pode-se assumir desprezieétito da aderéncia de matéria. Em
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seguida, prensou-se uma por¢cdo de polpa secaarminiie um cilindro de ago inox até a
marca de 25 cm?3. determinando-se a massa de potpdiferenca (Miindro+polpaM cilindro) €

calculando a porosidade pela equacéo (3.6)

= A (3.5)

—1-Po (3.6)

Onde Vi € o volume da agua, \o volume do leitop, a densidade do leito (g/cn

p, a densidade do sélido (g/&e U a porosidade do leito de polpa desidratada.

3.5 CARACTERIZACAO MECANICA DOS CAROCOS DOS FRUTOBE
BURITI IN NATURA

3.5.1 Tenséo de Ruptura dos Carocos dos Frutos deri in Natura
Os carogos secos de Buriti foram submetidos a @hsie tensédo de ruptura a
compressdo, em uma Prensa Hidraulica com acionam@atrico modelo (AMSLER),

pertencente ao Laboratorio de Engenharia Civil davéisidade Federal do Para, com

capacidade de 200 toneladas para compresséao erifa@das para tracdo, sendo os resultados

expressos em kgf.

3.6 PRODUCAO E CARACTERIZACAO DO ADSORVENTH-ALUMINA)
3.6.1 Aquisicao do Hidroxido de Aluminio

O hidréxido de aluminio (Gibbsita), insumo paraparacao dg-alumina, foi
fornecida pela ALUNORTE S/A (Alumina do Norte doaBil S/A).
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3.6.2 Pré-Processamento do Hidroxido de Aluminio

3.6.2.1 Lavagem do Hidréxido de Aluminio

A Gibbsita (Hidroxido de Aluminio), proveniente dRyocesso Bayer, fornecida
pela ALUNORTE S/A, foi submetida ao pré-tratamedt lavagem com agua destilada,
objetivando-se a remocao do Hidroxido de Sodio (Na@esidual, assim como matérias
indesejaveis. A lavagem foi realizada em recipule plastico com capacidade de 20 litros,
no qual adicionou-se aproximadamente 5,0 kg derdiido de Aluminio (A}(OH)3.5H,0)
em 15 litros de agua destilada sob agitacdo maramalespatula. Apds separacdo das fases
sélida e liquida, removeu-se a fase liquida emensfo, repetindo-se o procedimento de
adicdo de agua destilada até que a fase liquidasictransparente, isenta de material em

suspensao.
3.6.2.2 Desidratacéo do Hidroxido de Aluminio
A Gibbsita (Hidroxido de Aluminio) submetida ao {rétamento de lavagem
descrita no item 3.6.2.1, foi desidratada em esdefsecagem com recirculagao de ar (Soc.
FABBE LTDA, Modelo: 170), por 24 horas a 14, objetivando-se a remocdo completa da
umidade do material.
3.6.3 Transformagé&o Térmica/Calcinagéo do Hidroxidale Aluminio
3.6.3.1 Aparato Experimental
Para a calcinacdo (transformacédo térmica) da Gébhailizou-se um forno
mufla com resisténcia elétrica com controle digdel temperatura, assim como controle
digital de rampa de aquecimento (Quimis, Model818Q. M24).

3.6.3.2 Procedimento Experimental

A Gibbsita (Hidroxido de Aluminio) desidratada f@lcinada as temperaturas
de 400, 500, 600 e 76C, conforme metodologia descrita na literatura (RS 1986) para a
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obtencdo day-alumina. Inicialmente, utilizou-se um cadinho dergelana padrao,
determinando-se a massa em balanca analitica @gispr Modelo: FA-2104M). Em seguida,
pesou-se 10 g da Gibbsita desidratada em balamadiiGan(Bioprecisa, Modelo: FA-2104M),
objetivando-se comprovar a eficacia do processeali@nacdo, com base nas andlises de
raios-X. Em face a necessidade de producdo deidades significativas dg-alumina nos
experimentos de adsorcdo supercritica, utilizourses experimentos de calcinacéo
posteriores, cadinho de barro queimado com capdeigproximada de 300 cms.

O cadinho era colocado cuidadosamente no centrfordo, com 200 g de
Gibbsita (Hidroxido de Aluminio). Foram realizadis (quinze) experimentos até obter-se a
massa necessaria gealumina para a realizacdo de todos os experimemosdsorcao
supercritica. A temperatura era elevada até atiogialor desejado, permanecendo nesse
patamar por 03 (trés) horas, quando o forno erbigdds, deixado esfriar até a temperatura
ambiente, sendo o material calcinado armazenad@etes de vidro de 02 (dois) litros, com
tampa plastica rosqueada. Foi produzido e armapamadotal de aproximadamente 03 (trés)

kg dey-alumina.

3.6.3.3 Perda da Massa por Desidroxilacao

Woosley (1990) relata que durante o tratamentoiténa temperatura e sua
extensdo dependem da tecnologia dos produtoreslud@na adsorvente. O tratamento
térmico remove de 28 a 31% de hidroxilas existemdegibbsita. Esse processo € denominado
“desidroxilacdo”, a perda de hidroxila é que deteema natureza dos sitios superficiais
envolvidos na adsorcéo.

Para verificar a perda de massa devido a desidg#al ocorrida durante o
processo, um dia apos a calcinacao foi realizadadida da massa do cadinho com a gibbsita

calcinada e em seguida subtraiu-se esse valor slsanacial antes da calcinacao.
3.6.4 Caracterizagdo Morfolégica do AdsorventeyfAlumina)
3.6.4.1 Raios-X

O material calcinado foi caracterizado por fluoéssxa de raios-X utilizando-se
um espectrémetro de raios-X (Philips, Modelo: PV@&)6 no Laboratorio da ALBRAS S/A
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(Aluminio Brasileiro S/A). A composi¢cdo quimica fexpressa na forma de éxidos de
aluminio.
3.6.4.2 Analise Mineralogica por Difracdo de RaxofDRX)

A caracterizagdo mineralogica das formas cristalipresentes no material
calcinado foi realizada no Laboratoério de DifragoRaios-X da Faculdade de Geologia do
Instituto de Geociéncias da Universidade FederaPai@, utilizando-se um Goniémetro de
Raios-X (Phillips, Modelo: PW 3710), acoplado a sistema de aquisicdo de dados PC. A
radiacdo de referéncia utilizada foi do composyCiK e as condi¢cdes de operacdo do
equipamento foram: 1. Tensdo do gerador de 45 K\Gd2rente do gerador de 45 mA; 3.
Velocidade de varredura de 0,05 graus/s. Foi emapgeeg Método do P6 em laminas cavadas.
A analise foi realizada na Gibbsita original praeete do processo Bayer, nas aluminas
obtidas ap6s calcinacéo a 400, 500, 600 €°Z0@ na alumina padrdo de referéncia SCS-250
da RHODIA.

Para os produtos de sintese e as amostras da aloalainada, foi utilizado um
Difratdmetro de Raios-X (PAnalytical, Mode}SPERT PRO MPDPW 3040/60), acoplado
ao Goniébmetro (Phillips, Modelo: PW 3050/60, Thékegta) com tubo de Raios-X ceramico
de anodo de Cu (%=1, 540598 A) (Phillips, Modelo: PW3373/00), fodod longo, 2200 W,

60 kV. Foi utilizado um filtro Kb de Ni. O detectatilizado foi o X'Celerator RTMSKeal
Time Multiple Scanning atuando no mod&canninge com umactive length de 2.122.
Foram utilizadas as seguintes condi¢des de operdcaVarredura de Sa 75 20, 2.
Voltagem: 40 kV, 3. Corrente: 40 mA, 4. Tamanhgdsso: 0.0220, 5. Tempo/passo: 5s, 6.
Fenda divergente de /2 anti-espalhamento d& . Mascara de 10 mm, 8. Movimento da
amostraSpinning com 1 rotacaol/s.

O suporte de amostra € constituido por dois ciscalcoplados entre si, mas
independentes, de ac¢o inoxidavel de cerca de 3.@ectidmetro, com espessura de 0.5 cm.
Um desses circulos é acoplado na base, o que posauabertura circular, para entdo ocorrer
0 preenchimento da amostra. Um bastdo e uma espécespatula foram utilizados para
prover um melhor preenchimento da amostra. Apés efstpa de montagem/preparacao, a
outra parte da porta-amostra é encaixada na bafsendo uma rotacdo de 18@endo entéo
os dois circulos retirados da base.
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Para minimizar certos erros nos resultados, devidmcedimento de preparacéo,
textura e outros, o porta-amostras ficou sob rotagérante a andlise de Difracdo,
denominadd&pinning,de forma a garantir reprodutibilidade dos resulsagikperimentais.

A aquisicao dos dados é feita com o auxilio dov&# X Pert Data Collector
(versédo 2.1%), e o tratamento dos dados com o &aftdv Pert High Scoreverséo 2.1b),
ambos d&PAnalytical com base no banco de dados PBé&wder Diffraction Fil¢ do ICDD

(International Center for Diffaction Daja

3.6.4.3 Microscopia Eletronica de Varredura (MEV)

A Microscopia Eletrénica de Varredura (MEV) foi likada nos pos dos materiais
de partida e dos produtos formados, utilizando uanascopio eletronico de varredura (Zeiss,
Modelo: LEO 1430), do laboratério de Microscopiatibnica do Instituto de Geociéncias da
UFPA. Realizando uma andlise semi-analitica por EBxsergy Dispersive Spectrométry
Essas amostras foram inicialmente recobertas p@ peticula de ouro, para permitir a
condutividade eletrénica em um equipamento de matdo Edwardes, ModeloS 150).

As imagens foram geradas por deteccdo de elétenmdarios, utilizando-se
voltagem de 20KV, e registradas em alta resolugi@oformato “tiff”.

3.6.4.3 Andlise da Area Especifica (BET), Distriffio do Tamanho de

Particula, Densidade

Segundo Russel e Cochran (1938) o método BET (Bram Emmet e Telle®
atil para a medida de areas especificas e podeneigio, ser aplicado para a adsorcao de
qualquer gas nao reativo (inerte). A area espeacéia area superficial por unidade de massa
ou volume do material. E comumente determinada aedarcio fisica de um gas (no caso
utiliza-se mais amplamente o nitrogénio) ou quindoacorante azul de metileno. Para um
material poroso, a area especifica determinadariexgatalmente, depende do tamanho da
molécula adsorvida em relacdo ao tamanho de pBesgienas moléculas podem penetrar em
poros de até 2 (dois) nm, onde as grandes moléaa@tasonseguiram (REED, 1995).

A adsorcao fisica de um gas pode ser usada a unggetatura criogénica para
determinar a areas especificas do sélido. Primeinégna amostra em po é tratada pelo vacuo

ou pela passagem de um gas inerte através da depsaaquecida.
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3.6.4.4 Andlise da Area Especifica (BET)

A éarea especifica (BET) das aluminas adsorventeshiicda em um medidor de
area superficial (Quantachome, Modelo: Monosorltg pdsorcéo de nitrogénio. Esta analise
foi realizada no Laboratério de Quimica do Institute Ciéncias Exatas e Naturais da
Universidade Federal do Para. A porosidade extelmaarticula e a porosidade total foram

determinadas pelas equacdes (3.7), (3.8) e (8f)ectivamente.

: Vv
Porosidade Externa: Op= V—f (3.7)
. , Vp
Porosidade da Particula: Oy=c——— (3.8)
Vc (1_ |:Jext)
H . Vf
Porosidade Total: Uiotar = v o +(1-0Ug)- 0, (3.9)

Cc

3.6.4.5 Distribuicdo do Tamanho de Particula

A andlise granulométrica é freqlientemente detehairdravés de um sedigrafo,
o qual mede a velocidade de deslocamento das yastiatravés de um liquido, sob
influéncia da gravidade. A velocidade de deslocamda uma particula esférica tem relacéao
com seu diametro, atraves de lei de Stokes, eéestzase do método. O grande inconveniente
da aplicacdo da lei de Stokes € que, em gerafréisylas analisadas ndo séo esféricas.

A difracdo de Laser, técnica utilizada nesta aeaksoutro método utilizado na
determinacao da distribuicdo do tamanho de paascliste método tem por base o angulo de
difracdo gerado por particulas de diferentes tawsmjue em solucdo sédo atravessadas por
um feixe de luz.

As aluminas produzidas foram submetidas a andliee uen granuldémetro
(Malvern Instruments Ltd, Modelo: Mastersizer/E),lraboratério da ALUNORTE S/A.

A definicdo do diametro das particulas utilizadesta trabalho € o diametro médio de

Sauter (Stiess, 2001), equacéo (3.10).
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d =

S

(3.10)

sendoy fator esférico de Wadell é a superficie de particulas especificas,

definidas na equacgéo (3.11).

_6M,,

3.11
YMg;, ( )

S,

Geralmente, o diametro médio de Sauter pode seuladb como mostrado na
equacao (3.12).
ds = M 32 (312)

SempreM ,, pode ser escrito como mostrado na equacao (3.13).

2449 (3.13)

M3.2 = qu -di2

Com as equacdes acima, o diametro Sauter foi ealoydara o hidroxido de aluminio

(Boemita) ey-alumina em 118,77 um e 141,52 pm respestivamente.

3.6.4.5 Densidade

Esta andlise procedeu-se no Laboratério de Quidudaentro de Ciéncias Exatas
e Naturais da Universidade Federal do Para, Fbizado o método de picnometria para a
determinacdo das densidades das aluminas produzahas objetivo de acompanhar a

variacdo da densidade com a temperatura do tratart@&mico.
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3.7 PROCESSOS DE EXTRAGCAO DO OLEO DA POLPA
DESIDRATADA DE BURITIIN NATURA

3.7.1 Extracdo por Solvente (Soxhlet)

A polpadesidratada dos frutos de Buiiti Natura foi submetida ao processo
de extracdo por solvente utilizando-se n-Hexangrea analitico em um extrator Soxhlet de
500 ml, com controle de temperatura na manta adoegeconforme descrito na Figura 9.
Inicialmente, pesou-se aproximadamente 100 graragmolpa seca de Burith Naturaem
balanca a analitica (Bioprecisa, Modelo: 2104Nin guecisdo de 0, 001 g e desvio de 0,0001
g. Em seguida, a massa de polpa seca moida fodugida em um cartucho de papel de filtro
(Whatman N. 4) e inserida no Soxhlet. O refluxo foi mantidwr pproximadamente 5 horas.
Apés, a mistura solvente/6leo foi separada em uap@ador rotativo (Heidalph, Modelo:
Laborota 4000) sob vacuo de 100 mmHg. A torta Uni@asubmetida ao processo de
secagem em estufa a vacuo (Tecnal, Modelo: TE 8Xmperatura de 100 °C até massa

constante.

Figura 3.8 Extrator Soxhlet

3.7.2 Extracdo por Prensagem Mecanica

A polpa desidratada dos frutos de BuirtiNatura foi submetida ao processo

de extracdo por prensagem mecanica em prensa liidréwanual (Marcon, Modelo: TE
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098), com capacidade maxima de compressao de 2ladas/cm?, tendo sido adaptado a
prensa a 02 (dois) cilindros de aco inox concéodrite area transversal 10 cm? e altura de 20
cm, o interno vazado lateralmente e revestido celende aco inox, de forma a permitir a
coleta do 6leo, conforme ilustrado na Figura 3rcidlmente, a polpa seca de Buiiti
Natura foi aquecida a 65°C, objetivando-se aumentar iddh) diminuir a viscosidade, e
consequentemente facilitar a extracdo do Oleo. Eguida, aproximadamente 200-250
gramas eram introduzidas no interior do cilindep@ava-se o émbolo de aco e aplicava-se a
tensdo pré-estabelecida de 15 toneladas/cmz2. éoeégsado um total de 324 (trezentos e vinte

e quatro) kg de polpa seca.

Figura 3.9 Sistema de prensagem mecéanica

3.7.3 Extracao Supercritica

A polpa desidratada dos frutos de Buriti in Natimiasubmetida ao processo de
extracdo supercritica utilizando-se diéxido de cad como solvente. A extracdo foi
realizada em uma Unidade Piloto de Extracdo Suieesrconforme descrita na literatura
(Cunha, M. A. E., Machado, N. T. 2002) e ilustradaFigura 3.10. A extracdo exaustiva, ou
seja, extracao do substrato até massa constam@afiziada a temperatura de 60°C, presséo de
25 MPa, e vazéo de 10,6 g/min de £Ctendo sido utilizado aproximadamente 100 graneas d
polpa seca de Buriin Naturaretida em peneira Tyler de 3 mm.
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Figura 3.10 Unidade piloto de extracdo supercritica

3.7.3.1 Cinética de extracéo

A cinética de extracdo do 6leo de buriti foi estlal@om diferentes condicbes
experimentais na fase supercritica utilizando-&e tnodelos diferentes para avaliagéo: Tan e
Liou (1989), Martinez (2003) e Esquivel (1999). &sperimentos foram realizados nas
seguintes condic¢des: vazao de @ 10, 15 e 20 L/min; temperatura de 312, 3333%K35
pressédo de 15, 20 e 25 MPa; massa de polpa sdwariiede 165, 180 e 220 gramas e 0
tempo de 240 min. Os tempos de coleta foram eatipglem 5, 20, 30, 60, 120, 180 e 240
min. Os resultados geraram gréficos tempo versasanacumulada para comparagdo com 0s

modelos matematicos usados, para cada conjuntardeeis.
3.8 CARACTERIZAGAO FiSICO-QUIMICA DO OLEO DE BURITI
3.8.1 indice de acidez
O indice de Acidez (I.A) dos 6leos da polpa de Bwbtidos via extracdo por

solvente, prensagem mecanica e extracdo supecf@icdeterminado segundo o método
oficial AOCS Cd 3d 63 (AOCS, 1999).
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3.8.2 indice de lodo (Método de Wijs)

O indice de lod (I.I)) dos 6leos da polpa de Budltidos via extracio por
solvente, prensagem mecanica e extracdo supadotiam determinadas segundo o método
oficial AOCS Cd - 1.25.(1993)

3.8.3 indice de Saponificacéo
O indice de Saponificacdo (1.S) dos 6leos da pdip8uriti obtidos via extragéo
por solvente, prensagem mecéanica e extracao sitfperdoram determinados segundo o
método oficial AOCS Cd 3-25 (AOCS, 2009).
3.8.4 indice de Peroxido
O Indice de Peroxido (I.P) dos 6leos da polpa detiBabtidos via extracdo por
solvente, prensagem mecanica e extracdo supeadotiam determinadas segundo o método
oficial AOCS Cd 8b-90. (AOCS 2009)
3.8.5 indice de Refracdo
O Indice de Refracdo (I.R) dos 6leos da polpa dgtiBabtidos via extracdo por
solvente, prensagem mecanica e extracdo supeactitiam determinadas segundo a
metodologia descrita na literatura (Moreto e Fdi®98, pagina. 133), ajustando-se
previamente o refratbmetro de Abbé com agua ddat{leR 20 °C = 1.333).
3.8.6 Densidade
A densidade dos 6leos da polpa de Buriti obtidasexitracdo por solvente, prensagem

mecanica e extracdo supercritica foram determinatilasando-se um medidor de densidade
digital (KEM KYOTO ELECTRONICS, Modelo: DA-130) @mperatura de 40°C.
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3.8.7 Viscosidade

A Viscosidade dos o6leos da polpa de Buriti obtida@s extracdo por solvente,
prensagem mecanica e extracdo supercritica foreemueadas segundo as Normas EN/ISO
3104, ASTM 446 e ASTM D 2515, utilizando-se um wisicnetro Cannon-Fenske (SCHOTT
GERATE, Modelo N° 520 23), com tubo capilar N° 200.

3.8.8 Acidos Carboxilicos Livres

Os &cidos graxos livres presentes nos 6leos da peBuriti obtidos via extracédo
por solvente, prensagem mecanica e extracdo sitmardoram determinados segundo o
meétodo oficial AOCS Ce 1f-96 (1997).

3.8.9 Teor de Umidade

A umidade do 6leo prensado de buriti e 0 6leo &@draom CQ supercritico
da polpa desidratada, foi determinada pesando-s@e€f) gramas de 6leo em balanca a
analitica (Bioprecisa, Modelo: 2104N), com precisi&o0,001 g e desvio de 0,0001 g. Em
seguida, a massa de 6leo foi introduzida em ummbadie porcelana previamente pesado em
estufa a vacuo (Tecnal, Modelo: TE 395) a tempeaade 60 °C, o 6leo umido foi submetida

ao processo de secagem até massa constante éepemgh determinou-se a umidade.
3.8.10 Composicdo Quimica em Esteres Metilicos (@natografia Gasosa)
3.8.10.1 Esterificacéio dos Acidos Graxos
A esterificacdo dos &cidos graxos dos lipideosistotipideos neutros e
fosfolipidios foram realizados segundo o procedimelescrito na literatura (Comissao da

Comunidade Européia, 1977). Todas as etapas deggw¢oram realizadas sob atmosfera

de nitrogénio (M) gasoso.
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3.8.10.2 Procedimento Experimental da Esterificacao

Pesou-se aproximadamente 0,05 gramas de Oleo iiie édicionou-se 10 ml
de solucdo de KOH + metanol 0,1 molar. Leva-se pasanho Maria a 78C, por uma
hora e 15 minutos, agita-se a cada 20 minutos, aptis tempo deixa-se resfriar e
adiciona-se 4 ml de HCI + metanol 0,12 molar. Legaao banho Maria por mais 20
minutos, retira-se e resfria a amostra. Adiciond-8aenl de agua mili-Q e 20 ml de n-
hexano p.a. Em seguida, agita-se e deixa-se emsepor 12 horas a°6 para separacao
da fases, e depois faz-se a coleta e filtra-sesa fave; adiciona-se uma pequena
guantidade de sulfato de sédio no filtro a vacuofiltbado € introduzido no rota-
evaporador a 5C até destilacdo completa do n-hexano sob vacutD8mmHg. Apds

adiciona-se 10 ml de iso-octano. Armazena-se atam@s atmosfera com nitrogénio.

3.8.10.3 Andlise dos Esteres por Cromatografia &aso

A analise dos ésteres metilicos foi realizada em anomatégrafo a gas
(Varian, Modelo: CP-3380), equipado com detectoiotézacdo de chama (FID); injetor
split e coluna capilar de silica fundida CP-Sil m x 0,25 mm; Varian, EUA). Os
parametros de andlises sdo descritos a seguirerhpdratura do injetor 24%C, 2.
Temperatura do detector, 28G; 3. Temperatura da coluna 176 por 26 minutos e
programada a 3%C/min até 205C. Permanecendo nessa temperatura por 20 minutos; 4
Vazdao do gas hélio (gas de arraste) de 1ml/mirécAita de injecao foi split, da razéo de
1:50. As injecOes foram realizadas em duplicadae@lume injetado de amostra de 1pul. A
identificacdo dos ésteres metilicos de acidos grd®p efetuada pela comparacdo dos
tempos de retencdo obtidos com aqueles de umaranpastrdo (NU-CHECK, EUA). A
guantificacdo foi realizada utilizando-se o Sofw@léAR W.S. verséo 6.0 (Varian, EUA).

3.8.11 Determinacdo da Atividade Antioxidante Totado Oleo da Polpa de
Buriti pelo Método da Captura do Radical Livre (DPPH)

A capacidade antioxidante das fracdes do 6leo dii lioi avaliada pelo método
ABTS ((2,2 AZINO BIS (3-ethylbenzo thiazoline 6 faric acid)diammoninum sal{PM =
548,68) - Sigma, codigo A1888 ou equivalente e esgos como valores de Capacidade
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Antioxidante Equivalente ao Trolox (TEAC) [2,2'—amibis(3-etilbenzotiazolina-6-acido
sulfénico) sal diambnio]. Esta analise foi reali@ado Laboratério da Escola da Quimica da
Universidade Federal do Rio de Janeiro-UFRJ, comdodescrito na literatura (RE et al.,
1999). Nesta etapa analisou-se as seguintes asidstiaracées do 6leo obtido pela extracédo
supercritica com Cfda polpa de buriti moida e desidratada, com goanedria retida na
peneira 20 mesh, P = 25 bar, T = 333 kopfx 10 litros/min, altura de leito de 15 cm,
MpoLpa = 220 gramas, e tempo total de extracdo de O4r{uzoras; 2- 1- Fracdes do Oleo
obtido pela extracdo supercritica com Cda polpa de buriti moida e desidratada, com
granulometria retida na peneira 20 mesh, P = 25Tba 333 K, Qo2 = 20 litros/min, altura
de leito de 15 cm, MpLpa = 220 gramas, e tempo total de extracdo de O4r{guwras.

3.8.12 Determinacdo da Atividade Antioxidante Totado Oleo da Polpa de
Buriti pelo Método ORAC

A capacidade antioxidante foi avaliada pelo métd@dBAC (Oxygen Radical
Absorptivity Capacity Esta analise foi realizada no Laboratorio dedaihgria de Alimentos
da Universidade Federal do Para - UFPA. O métodda®©RAC usando fluoresceina como
sonda fluorescente € uma adaptacdo dos protocekusitds na literatura [Oet al, 2001;
Huanget al, 2002]. Incialmente, fluoresceina sal de s6d®1Ing) (Sigma, St. Louis, MO)
foi dissolvida em 10 ml de solucdo tampéao fosf@&BSg) (75 mM, pH 7.0) para obter uma
solucdo estoque. A solucdo de trabalho com coragidr de 60 nmol foi obtida pela
consequente diluicdo em PBS. Em seguida, uma sollegd 0 ml de AAPH (2,2-azinobis (2-
dicloridrato amidinopropan)) (Wako Pure Chemicaldustries, Orokama, Japao), foi
preparada com concentracdo de 153 mM, sendo matidgelo antes da injecdo no HPLC.
Trolox (6-hidroxi-2,5,7,8-acido tetrametilcromarcarboxilico) (Sigma, St. Louis, MO), as
solugdes utilizadas para a curva de calibragcag @ 2,0 e 4,0 umol) foram preparadas
através da diluicdo da solucdo em solucdo de PRffeEs com concentracdo de 1 mmol,
utilizando-se sempre 0 mesmo solvente e armazeaa@2s°C.

A andlise foi realizada utilizando microplacas (@&, branco opaco, Greiner Bio-
One, Wemmel, Bélgica) e um fluorimetro Ascent Flalftystems FluoroScan, Helsinki,
Finlandia). A amostra (25 pl) foi misturada com 28@le fluoresceina (60 nmol) e incubados
por 10 min a 37 ° C na placa. AAPH solucédo (25fgilentdo injetada e automaticamente a

microplaca foi agitada. A fluorescénciaekcitacdo = 485 nmjemissao = 520 nm) foi
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registrada a cada minuto durante 50 min. Todasnassteas foram analisadas em trés
diluicbes e o valor médio foi levado para ORAC (@aiy Radical absorvéncia Capacity), tal
como recomendado por Huang et ai. (2002). A gueatifio da atividade antioxidante foi
baseado no calculo da area sob a curva, tal coopmgto por Cao e Prior (1999). A atividade
antioxidante pelo ORAC foi expressa em pumol egeivi@ de Trolox (TE) por grama de 6éleo.
Nesta etapa analisaram-se as seguintes amostfasicio de Oleo residual coletado na saida
da coluna no processo de adsorcéo supercritica2@ognamas de 6leo de buriti e 50 gramas
dey-alumina, nas seguintes condi¢cdes de operacdo:P2h BD °C e vazdo de Q@O I/min.

2- Fracdo de 6leo obtido na dessorcao supercdéczb,3273 gramas gealumina contendo
Oleo de buriti adsorvido, com GMas seguintes condi¢cdes de operacao: 25 Mpa, 60 °C

vazao de 10 I/min.

3.8.13 Determinacédo de Carotendis por UV-VIS

A deteccao dos carotendides foi realizada via espémmetria, a partir da leitura
da absorbéancia do 6leo da polpa de buriti, na eedé@UV a um comprimento de onda de
maxima absorcdo, em éter de petroleo, de 450 nmamfstras analisadas foram obtidas nos
experimentos de adsorcdo e dessorcdo supercritizando CQ como solvente, sendo as

condicOes de operagdo dos equipamentos desceeggpIa:

Pressdo Temperatura Vazao de CQ

[MPa] [°C] [I/min]
Adsorcéo 20 60 10
Dessorcéo 25 60 10

Tabela 3.1 Condi¢cbes de Operacao dos Equipamentos

A massa inicial do experimento foi de 50 g de aharé 20g de 6leo de buriti. A
andlise dos carotenos totais foi feita tomandoeseacde 10 mg de dleo obtidos tanto na
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adsorcdo como na dessorcdo, pesados numa balaalfticanBioprecisa, Modelo: FA-
2104N, com precisdo 0.1mg) num tubo de ensaiouéddilcom éter de petréleo (Chemco,
Brasil, 30-65°C). A leitura da absorbancia foi feita num espédotfonetro UV/Vis (Thermo
Scientific, modelo Genesys 10 UV) com mono feixeubetas de 1,0 cm o6tico, atuando em
comprimento de onda de 190 a 1.100 nm. O valostregio da absorbancia méxima foi usado
para o céalculo da concentragdo de carotenos, usaedgoacao 3.14.

V(ml).A

Carotenogppm)= ——2"——X
sppm) 2592.m(9)

(3.14)

Onde V é o volume de solvente, A é a absorbangigéea massa de 6leo.

Para a obtencdo da curva de calibracdo do padraercal de p—caroteno
(Sigma), foi utilizado 5,2 mg desta substancialeidise em 100 mL de hexano P.A. Desta
solucdo, uma aliquota foi submetida a varreduraspectrofotbmetro para se conhecer o
comprimento de onda de maxima absorca@-dmaroteno nas condi¢cdes propostas e desta
forma, utiliza-lo como parametro na leitura das sinmas.

Posteriormente, a partir da solugdo concentradpapaeam-se sete amostras
diluidas, cada uma, em 25 mL de éter de petrélg)(Rrom concentracdes variando de 0.4

a 2.8ug/mL.

3.9 EXTRACAO SUPERCRITICA DO OLEO DA POLPA DE BURI IN
NATURA
3.9.1 Aparato Experimental

A Unidade Piloto de Extracdo Supercritica € comisté de um compressor de
membrana (Hoffer, Modelo: MKZ-2340), o qual podibielevar a pressédo de 7 a 40 MPa;
um reservatério cilindrico de gas, trés autocladesaco inox com camisa de aguecimento
(Metalwerkstatt, TUHH, Alemanha), sendo a capa®datb extrator 3.5 litros e dos
recuperadores de 1.0 litro, uma valvula de contedétro-pneumatico (Kammer ventile,

Modelo:), utilizada para reduzir a pressdo no pinoneecuperador; um medidor de vazao
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(REONIK, Alemanha); um painel de controle elétramm todos os comandos da unidade de
extracdo, o qual possui um registrador grafico seis canais, que registra as pressfes e as
temperaturas das trés autoclaves; um registragitaldde vazédo do gas, dois registradores
digitais de presséo, o controle da valvula eléteica sistema de aquecimento constituido de
dois banhos termostaticos (HAAKE, Modelo: K10 ThatBath Base).

3.9.2 Procedimento Experimental

Os experimentos foram realizados utilizando apenasimeiro cilindro de cor
prateada que aparece na Figura 3.10, a esquerdaidade piloto de extracdo supercritica
utiliza gas CQ(dioxido de carbono) proveniente do reservatotioaiico com capacidade de
25 kg, o0 qual esta a uma pressao de 7 MPa. O rdli@grovido de uma valvula gaveta e €
ligada a linha através de uma tubulacdo. Esta agBal esta conectada a uma vélvula de
retencdo (Autoclave Engineers, Modelo JV360), cerenie a passagem do solvente somente
na direcdo do compressor. Um mandmetro de Bourdéika( Alexander Wiegand GmgH,
Modelo 332.30, 0-400 bar, Alemanha), com precis@cbdbar que fornece a pressdo do
solvente no cilindro de COA partir da abertura das valvulas V6, V9, e V1gas comeca a
circular pelo compressor sendo comprimido até asdi@ de operacdo desejada no extrator.
Inicialmente as valvulas V7 e V17 sdo mantidas ddels, tal que a pressdo de operagao
desejada no extrator seja atingida. A pressédo deag@o no extrator e a vazao do solvente
sdo mantidas constantes através da regulagem Wasagamicrométricas V7 e V17. Figura
3.2. No instante em que a valvula V17 é abertdapridb de carbono no estado supercritico
inicia a extracdo dos substratos da matriz sol#dmdo o solvente separado do soluto
(substratos) por reducao de pressao no separadsguiPamento experimental usado para a
extracdo consiste em uma autoclave de jaquetar{@gmimecanico, TUHH) com 1000 &m
um compressor de diafragma-tipo (Andreas Hofer, hidiah, Alemanha, MKZ 120-50
Modelo), um separador com 130 cm?3 (Seminario, UFR#®) banho termostéatico (Haake-
Technik Gmbh, Karlsruhe, Alemanha, Modelam N3), neservatorio de gas carbbénico, um
metro de fluxo de gas (Lao Ltda, Brasil, Modelo4¥;€e uma unidade de controle que exibe a
temperatura e pressédo dentro do extrator. Um fiamog esqueméatico do sistema usado nos
experimentos é mostrado no Figura 3.11, tendo-a#ouso extrator um leito fixo de material
para as extracfes, e um arranjo de cilindros depaca os experimentos de adsorcao e

solubilidade.
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Para evitar a obstru¢cdo da vélvula V17, causada galidificacdo do C®
durante a expanséo, foi adaptado um sistema deiatreo para o sistema de separagao, que
consiste de um aquecedor elétrico (Cherubino-1@0waddelo Ebulidor Mergulhdo, Séo
Paulo-SP), um sensor de temperatura, e um conbrolde temperatura digital (Grossen-
Metrawatt, Modelo R2400). O sistema de separacasist® de um recipiente de aco inox, de
19,7 cm de altura e 2,8 cm de diametro no qualirss&idos os tubos de ensaio de 9G cm
para coletar o material extraido. O separador ad@g@or uma conexao, que tem uma entrada
para a mistura Cgextrato, e uma saida para 0 gas que escoa enaaliss; medidor de
vazao. Os tubos foram numerados e pesados angdrdedo e apds a coleta dos extratos em
balanca semi-analitica marca (Gehaka, Modelo BGHY4@ésta forma obteve-se a massa
extraida em cada coleta. Foi também registraddumede gas consumido em litros atraves
de um gasbmetro marca (LAO, Modelo G-4, Sdo PaRlp-8 pressao e temperatura do
extrator pelo registrador grafico do proprio equigato de extracdo. O didxido de carbono
utilizado nos experimentos com pureza 99.90 % Yedlfoi fornecido pela Linde Gases Ltda

(Belém-Para-Brasil).
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Figura 3.11 Fluxograma simplificado da unidade piloto de edasupercritica
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O gas carbbnico € comprimido pelo compressor de braama (Andreas Hofer,

Milheim, Alemanha, MKZ 120-50 Modelo) a uma presdaat00 MPa e atravessa um prato
poroso para assegurar um fluxo homogéneo de ghénieo ao longo da cama fixa de
material solido. Depois de atravessar a valvulaométrica (V17), o gas carbdnico no estado
supercritico que contém o extrato solubilizadoresdescompressao em um recipiente de aco
pequeno usado como separador e o0 extrato é coletadom tubo de vidro colocado dentro
deste recipiente de aco. As amostras foram coletaoktempos de extracédo de 5, 10, 20, 30,
40, 60, 80, 100, 120, 140, 160, 200 e 240 min, Wmg de ensaio previamente pesados. Os

gases expandidos atravessaram trés metros delagtiocge foram lancados a atmosfera.

3.9.2.1 Procedimento Experimental de Extracao

Em todos os experimentos o buriti foi introduzitle extrator envolvido num
involucro de tecido branco conhecido como brimmiamndo um leito fixo no interior do
extrator. A quantidade de material utilizada foildb, 180 e 220 g, mudando-se as demais
variaveis de extracdo: temperatura, pressao, v@ed@m@s e altura do leito. Medidas da altura
do leito em centimetros mostrou que esta correspan@i0% do valor em gramas da matéria
prima, ou seja, 50 g de buriti correspondem a 5demaltura do leito, 250 g de buriti
correspondem a 25 cm de altura de leito e assigssivamente.

Nos primeiros experimentos ocorreram muitas paratagdo a constantes
entupimentos com a matriz sélida de bumfia(ritia flexuosalL.f.) nas tubulagfes. Isto se
deve ao fato que o material passava pela pengieloepapel de filtro Whatman®s que
rompia quando era feita a descompressdo. Apostitertacom diversos materiais foi
escolhido o brim de cor branca para revestir aima@lida, devido moldar-se perfeitamente
no cilindro extrator, possuir bom preco para suasagfio, ser facilmente encontrado nas lojas

de Belém e possuir grande facilidade para sua r@ondg extrator.

3.10 SOLUBILIDADE DO OLEO DA POLPA DE BURITI IN NATRA
EM DIOXIDO DE CARBONO SUPERCRITICO
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3.10.1 Aparato Experimental

A instalacdo experimental usada nos experimentosotiilidade é a mesma
mostrada no Fluxograma 3.1, usando-se dentro datexa célula de equilibrio.

O arranjo para as medidas de solubilidade consistelois cilindros de aco
acoplados por flanges, como mostrado na Figura &ada cilindro tem dois (dois) flanges,
cada um composto por duas telas de aco # 200 énelidentre as duas telas de aco

inoxidavel, trés telas de papel de filtro Whatma&mn

Figura 3.12 Unidade de extratora em detalhe

3.10.2 Procedimento Experimental

Os experimentos foram realizados com 20 g de éetvaido da polpa com GO
supercritico. O Oleo era colocado dentro de unpieaie cilindrico de aco medindo 3,80%cm
de area e 13 cm de altura o qual era mantido i@l inferior que tem 5,5 chde area e
14,8 cm de altura, mantendo o cilindro superioriozagste arranjo constituia a célula de
equilibrio que era colocado dentro do extrator.i@ido de carbono foi mantido a presséo e
temperatura constante, pelo menos, por 05 (cinm@sh mantendo fechadas as valvulas V17
e V14, usando-se 0 compressor para manter a presséiolando-a pela valvula V7, que faz
o reciclo de CQ da descarga para a succdo do compressor. Pasiente;, era aberta a
valvula V17 fazendo-se passar 0 gas no separaolatercdo um tubo de ensaio previamente
pesado, no qual era retido o condensado, e depoisnmedidor de vazdo com saida para a
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atmosfera. A cada 5 minutos era retirado o tuberd®io o qual era pesado e computado a
massa de condensado retida. A solubilidade foidabplotando-se a massa acumulada em
funcdo da massa de g@Obtida pelo produto da vazdo média com o tempmchnacdo da

reta foi definida como solubilidade.

3.11 ADSORCAO SUPERCRITICA DO OLEO DA POLPA DE BURI
IN NATURAEM y-ALUMINA

3.11.1 Aparato Experimental

7z

A célula de adsorcdo supercritica € a mesma usadaerperimentos de
solubilidade e mostrada na Figura 3.11, tendo-sdindro inferior o 6leo ou polpa de buriti e
no cilindro superior um leito dg-alumina. Neste sistema, o €@ mantido a pressdo e
temperatura constantes durante 5 horas solubiizandleo no cilindro inferior e depois
circula atraves do leito dgalumina onde pela abertura da valvula V17 que a#fss®d ao
separador, onde é separado 0,@0 6leo esgotado (apos adsorcdo). A adsorcaocsitfmar

acontece no leito dgalumina durante 6 horas de circulagéo do CO2 odate Oleo.

3.11.2 Procedimento Experimental

Foram realizados dois grupos de experimento. Ogirmmusando 10 g de 6leo e
variando a massa gealumina: 25, 50 e 75 g. O segundo usou-se 20d@edecom a mesma
variacdo de massa gi@lumina.

Amostras de Oleo usado nos experimentos e amastibed esgotado, coletado na
saida do leito de adsorvente, foram analisadast@wanteor de carotenos e antioxidantes,
como descrito nos itens 3.8.9 a 3.8.13, para datarra capacidade de retencdo desteg na

alumina.
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3.12 ADSORCAO CONVENCIONAL DO OLEO DA POLPA DE BURI IN
NATURAEM y-ALUMINA

3.12.1 Aparato Experimental

Para a adsorgéo convencional usou-se uma Estufbddora refrigeradora com
agitador orbital (Marconi, Modelo: MA 832), mosteada Figura 3.13.

Figura 3.13 Estufa Incubadora em Detalhe

3.12.2 Procedimento Experimental

Os experimentos de adsorcdo convencional foram izagals com
aproximadamente 1,0 g de oOleo de buriti diluidal®® g de n-hexano e 5.0 gdalumina,
a 0,1013 MPa e 6@, usando um agitador orbital com agitacéo e ctntte temperatura. O
Oleo de Buriti e o n-hexano foram colocados dedwoum Elermeyer de 250 com tampa
plastica. Posteriormente, a mistura foi agitadahat®ogeneizacdo e a massayesumina
adicionado a solucéo. O Elermeyer foi hermeticam@thado e colocado dentro do agitador
orbital, sendo agitado por 03 (trés) horas atéayjequilibrio entre as fases liquida e sélida
fosse alcancado. Em seguida a mistura foi submatfdxacdo e o sélido foi levado a estufa
com circulacdo de ar a 338 K por 24 horas (Fabée,F&ulo, Brasil, modelo 179), a fim de

remover o solvente organico. A massa do 0leo dé bdsorvido nos poros daalumina foi
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determinada por métodos gravimétricos e a capasjdaxpbressa em gramas de Oleo por

grama de-alumina.

3.13 DESSORCAO DO OLEO DE BURITI ADSORVIDO NAALUMINA COM
DIOXIDO DE CARBONO SUPERCRITICO

Apés a adsorcao, o material resultagtalgmina com 6leo adsorvido) foi submetido a
um processo de dessorcdo supercritica, procedinsem@lhante ao usado na extragdo do
Oleo de buriti descrito no item 3.9. As condi¢cOpsracionais foram as mesmas e 0 aparato
experimental teve configuracdo semelhante excetoaleito fixo de materialyfalumina
com Oleo adsorvido) foi colocdo no cilindro inferio arranjo descrito no item 3.10.

Foram feitos experimentos para determinar a ciaélw processo de desorcdo pela
coleta de material no separador de 5 em 5 minutoscentetdo total de extrato (material
desorvido) foi analisado quanto ao teor de caratenantioxidantes conforme descrito nos
itens 3.8.9 a 3.8.13.
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CAPITULO 4

RESULTADOS E DISCUSSAO

4.1 ADSORCAO SUPERCRITICA DO OLEO DE BURIT(Mauritia Flexousa,
MART.) EM y-ALUMINA: UMA METODOLOGIA PARA O ENRIQUECIMENTO
DE ANTIOXIDANTES

4.1.1 Caracterizacao fisico-quimica do 0Oleo detiburi

A caracterizacéo fisico-quimica de Buriti olédalritia flexuosa, Mart.) obtidas
por processamento de frutas Buriti em Natura cagpontado na literatura, seguido por
extracdo com fluido supercritico. Os resultadosieste acordo com a maioria dos
parametros relatado na literatura [45],anexo letexpara o valor de peréxido que é
uma medida da estabilidade do dleo. Isto deve-seapelmente ao fato de que um
mistura de trés oleos diferentes, 01 (um) come(Eid) e 02 (dois) artesanal (Al e A2)
foram utilizados no trabalho de Meirelles et aD(d@), anexo 1, e Oleos artesanais,
geralmente obtidos por extragdo mecéanica, sdo swsseptiveis a degradagdo. A
composicao quimica Buriti de 6leo obtido por prgesa mecanica e SFE, expressa em
termos de ésteres de acidos metilicos gordos, edtrados na Tabela 2 do anexo 1. Os
resultados foram comparados com os descritos @atlita [3,45]. Pode-se observar
gue, para os compostos mais importantes (C16: 8, G1C18: 1, C18: 2 e C18: 3), 0s
resultados apresentados neste trabalho estdo emloacom os dados descritos na
literatura (Franca, 1999; Meirelles et al. 2009adexo 1.

4.1.2 Caracterizagao absorvente

4.1.2.1 Fluorescéncia de raios X

A Tabela 3 do anexo 1, resume a composi¢ao quideigaAlumina obtido por
transformacao térmica a 773 K e de referéncia paaliimina (ALCOA, a APC-2011 e
A16-SG), expressa em termos de éxidogi-Alumina produzida tem 99,083 [% em
peso]. Ab O; e 0,9148 [WT.%] Tracos, em comparacdo com 99,629,854 [WT.%]
Al, Osde alumina referéncia padrao APC-2011 e A16-S@eryamente.
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4.1.2.2 Difragao de raios X

O difratograma ilustrado na fig. 3, do anexo 1nidieou a formacdo de mono-
hidroxido de aluminio cristalino (boemita) e forrhagdle predominantemente transicao
y-alumina, mostrando uma perda de massa de 35% /B K e 15% [em peso.] em
773 K, 0 que resultou num total perda de massa0Oée [p.], causada pela perda de
grupos hidroxilo (OH). Sua perda de massa tem clb@rvada a 873 e 973 K. Todo o
aluminio hidroxido de AI(OH) (Gibsita) foi transformado para mono-hidréxido de
aluminio (boemita) cristalino g-alumina. A transformacdo de mono-hidroxido de
aluminio cristalino (boemita) pode ser justificagala reacdo simultanea entre a

transicéo y-alumina e o vapor de agua produzido durante andeosicao térmica.
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Fig. 3 Difracde raios X da boehmite ¢Alumina.

4.1.2.3. Microscopia eletronica de varredura

A imagem obtida por microscopia eletrénica de \hrra mostra o adsorvente
y-alumina produzida pela transformacao térmica akfé3mostrada na Fig. 4 do anexo
1. Pode-se observar que o adsorvente produzidsayeecaracteristicas de morfologia
dey-alumina. O adsorvente é constituido por aglomeyaaoparticulas com morfologia
trapezoidal tetraédrica. Os cristais obtidos samdggneos e uniforme, conforme
ilustrado na fig. 4, do anexo 1. Além disso, a fas&alina é constituida essencialmente

pory- alumina.
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Fig 4 Microscopia electrénica de varredurg-@dumina produzida em 773 K.

4.1.3 Modelo cinético |

As Figs. 7 e 8 do anexo 1, mostram a massa cumdkadéeo de buriti versus
tempo, recolhido na unidade de amostragem depaaida da coluna de adsorcéo, em
25 MPa e 15, respectivamente, para 20 MPa a 33He ser observado a isotérmica
em ambas as Figs. 7 e 8, do anexo 1, que a massdacda de 6leo de buriti aumenta
continuamente, atingindo um valor maximo, confirmadr uma linha reta. O dados de
adsorcgdo cinética em 333 K e 25 MPa computadoripatitaequacgéo. (17),do anexo 1,
expresso em termos de massa cumulada de buritiagleorvido nay-alumina em
funcdo do tempo esta ilustrada na fig. 9 do anex®sl dados do experimento de
adsorcdo mostram que o Oleo de buriti solivel empersuitico CQ tem sido
continuamente adsorvido no leito fixo gealumina até a saturagdo. A proposta de
adsorcdo modelo cinético descrito pela equacad.ddanexo 1, previu muito bem aos
dados experimentais dentro dos erros experimeaaisiutos de aproximadamente 7%.
Podemos dizer que, o equilibrio soligea{umina)/concentracéo de fluido (@O ;- o,

1 tem sido previsto pela Equacéo. (14) do anexo 1.
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4.1.4 Cinética modelo Il

A curva de adsorcao experimental de 6leo de hpaitay-alumina realizada a
333 K e 25 MPa e ilustrado na Fig. 9, do anexoolljristalado por um modelo de
cinética de pseudo-primeira ordem descrita pelaagiu de Lagergren (1998) e
calculada pela equacéo. (20), do anexo 1. A refipedss dados mostrou que o modelo
de Lagergren (1998) foi capaz para correlacionan los dados experimentais de
adsorcéao cinéticos, confirmou
pelo valor calculado para o coeficiente de regeéRa) de 0,97217.

A Tabela 5, do anexo 1, mostra a capacidade ddileguida y-Alumina
utilizando fase movel com GGupercritico a 25 MPa e 333 K, e a capacidade de
equilibrio day- alumina em solucdes diluida de 6leo buriti, o6iehexano a 0,1013
MPa e 333 K, utilizando métodos tradicionais. A dlab6, do anexo 1, mostra as
constantes isotérmicas de Langmuir e a correlagdoodficientes. A capacidade de
equilibrio experimental de 6leo Buriti payaalumina calculado por ambos os métodos
mostra um desvio relativo de 28,94%. Na soma dos @xperimentais associados aos
das medicdes de solubilidade e cinética de adsgrgésgupercritico e de diluicdo ao
infinito, assim como as incertezas relacionadas rmétodos gravimétricos, o que
corrobora para afirmar este método para medir apripdades de adsorcdo dos
biomateriais. Também poderia-se observar que ossdakk equilibrio foi bem
correlacionada com a Isoterma de Langmuir. O medhate dos dados de equilibrio na
para a isoterma de Langmuir prevé uma monocamadabertura de 6leo de buriti

paray-alumina.

4.1.5 Enriquecimento de anti-oxidantes por adsoscéercritica

As concentracfes de anti-oxidantes no Oleo de iBesipressa em termos de
mol equivalente, Trolox/g, medida a adsorcdo na saida da coluna (condensadt®
e 25 MPa para a isotérmica a 333 K sao mostrades-itga 11 e 12, do anexo 1,
respectivamente. Os dados experimentais mostrana goacentracédo de anti-oxidante
tem uma tendéncia a aumentar durante o procesadstecao supercritica para ambas
as isGbaras. Poderia ser igualmente observado gjaerngentracdes de anti-oxidantes
em 25 MPa sdo mais elevados do que os valores azedi®0 MPa. Com base na

analise recente relatado na literatura (Azevedd1p0o anexo 1, o atomos ge
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alumina sdo altamente eletronegativo, dando askwado sitios positivos sobre a
superficie de  y-alumina. Estes sitios positivos atrai moléculatrehegativos, tais
como o grupo OH que se apresentam em &acidos gerangrupo R-O-C O-R dos
triglicerideos. Os grupos OH presentes nos acidodog sdo mais eletronegativos do
que os grupos R-O-C O-R dos triglicerideos. Estesferdis (anti-oxidantes), tém
solubilidade da mesma ordem da cadeia gorda loagicidios [47-52], caracteristicas
de composicédo do 6leo de Buriti descrito na TaBeldo anexo 1, tais como C16: 0 e
C18: 1, é muito maior do que os triglicerideos dioxido de carbono supercritico,
como descrito na literatura (Weber, 1999), é prel/gue a maioria dos acidos gordos
foram adsorvidos em-alumina, assim como parte dos triglicerideos, sBiacdes
ricas em anti-oxidantes podem ser obtidos na skidaluna de adsor¢édo (condensados
). Os resultados mostram que houve duas vezesemaigiecimento de antioxidantes a
20 MPa, enquanto foi alcancado 6,5 vezes mais wuigento a 25 MPa,
corroborando a afirmar esta metodologia € viaved paoncentrar anti-oxidantes a partir
de Buriti 6leo com a vantagem em comparacdo conmeétdos descritos em na
literatura, enquanto que a transformacédo quimidgrmica como a destilacdo ou

evaporacao, causam a degradacao de substanciesiseitn gordura.

4.2 SOLUBILIDADE DO OLEO DE BURITI (Mauritia Flexousa, MART.) EM
DIOXIDO DE CARBONO SUPERCRITICO: METODOS EXPERIMEMTS E
MODELAGEM EOS

4.2.1. Caracterizacao da polpa e 6leo de Buriti

A tabela |, anexo 2, resume a caracterizagao ftpitmico da polpa de buriti na
natureza. Os resultados estdo de acordo com oss ddshrritos na literatura (D.
Firestone, 1998; Misra,1986). A diferenca no codtede agua em comparacéo com (E.
Moreto, 1998) pode ser para o fato de que os frutos foram co¢hith natureza neste
trabalho direto da arvore em vez de recolher no d&areas alagadas onde os frutos
mantém muito mais agua.

A composi¢do quimica do 6leo da polpa de Burititermos de acidos gordos
metil ésteres € mostrada na Tabela I, anexo 3, resultados sdo comparados com 0s

descritos na literatura [32] - [34], [3]. Pode sdrservado que, para a maioria dos
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compostos (C16: 0, C18: 0, C18: 1, C18: 2 e C1Bo8)esultados apresentados neste
trabalho estdo de acordo com dados relatadosenatlita, apesar de vestigios de menor
compostos (C20: 1, C20: 4, C20: 5) ndo foram datlecipor (E.Moreto, 1998; L.F.
Franca, 1999).

4.2.2 Medic¢Oes de solubilidade e Computacdes

Os testes de solubilidade e os correspondenteso€fcientes de regressao
linear (R2) para a pseudo-binario sistema 6leo w&tiB dioxido de carbono, medida
pelo método direto e indiretos e métodos dindmisseritos nas subsecdes 1.3 e 1.4, é
mostrado na Tabela Ill. Por tudo isto as isotérmam solubilidade do 6leo de Buriti na
fase gasosa aumenta, a medida que aumenta a pdess&tema. Este comportamento
era esperado porque o poder solvente aumenta @angae aumenta a densidade. Para
todas as linhas isobaricas, a solubilidade do dieduriti na fase gasosa diminui,
conforme temperatura aumenta do sistema. A Tabélaadresenta os dados de
equilibrio do pseudo-binaria 6leos vegetais/sistededioxido de carbono relatado na
literatura (S.M. Silva,2009; S. Brunauer, 1938JSGregg, 1982). Pode observar-se o
mesmo comportamento de todos os dados de solu#lidgeperimental para os
sistemas, Oleo de castanha do Brasil/diéxido deocar, 6leo de palma bruto/diéxido de
carbono e de o6leo de gergelim/dioxido de carbon&(I8ilva, 2009).

A solubilidade do 6leo buriti, medida por diferenteétodos, o 6leo de noz, 6leo
de palma bruto e 6leo de gergelim em o diéxidoatbano supercritico apresentados na
Tabela 1V, anexo 2, ttm a mesma ordem de grand€?p A diferenca na composicéo
dos 6leos, buriti e gergelim sdo ricos em acidaosl@o insaturados (acido oleico +
linoleico) enquanto o 6leo bruto de palma é ricodamos graxos saturados (palmitico
+ estedrico). De acordo com a alta pressdo expetanes resultados obtidos por
equilibrio Machado [27], o acidos graxos saturaskis facilmente solivel em dioxido
carbono de acidos gordos insaturados, como a #dade acidos graxos em GO
supercritico diminui com o aumento do numero ddaas da cadeia e diminuindo
duplas ligacdes. O codigo de algoritmo desenvolvd@plicado para calcular a
solubilidade linear sucessiva de extracédo ajustedosl cinéticos reproduzida resultados
ndo s6 proximos aos medida pelo método estétice,tamabém estdo em boa acordo
para a solubilidade de 0leos vegetais em Qfpercritico relatado na literatura [11],
[20], [35] e [36].
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4.2.3. EOS Modelagem e Correlagcdes

A Tabela 5, anexo 2, mostra os valores estimad@sgsapropriedades criticas e
os fatores acéntricos normalizado de todos os cstopale 6leo Buriti (C16: 0, C18: 0,
C18: 1 e C18: 2), assim como as propriedadesasigoo fator acéntrico preditos para o
Oleo de Buriti pseudo-componente. A Tabela 6, arfexuostra a interagdo binaria dos
parametros computacionais ajustados aos dadosiepésis de solubilidade calculada
conforme descrito na seccao 11.4.2, do anexo 2Zizando o programa EDEFLASH
[28]. A interacdo parametros binarios foram caldatapara cada curva isotérmica e
isobarica dada, minimizando a funcao objetivo (0).desempenho de Soave-Redlich-
Kwong EOS com o Van der Wallgjisturando regras sao apresentados nas Tabelas 7 e
8, do anexo 2. O kij e lij computadorizado foranadss para prever o solubilidade do
6leo Buriti em CQ supercritico. Além disso, os dados experimentasigtos foram
apresentadas em termos de desvios absolutos n&das® de 6leo gasoso calculado
definidos como se segue: Modelagem termodinamicaeqlalibrio de solubilidade
usando o EOS SRK Van der Walls usando a regra gueaide mistura foi capaz nao
s6 para se encaixar bem com parametros binariatdea¢éo (kij e lij) calculado para
cada isotermas e dados isobéricos, minimizandojetiad funcdo (1), mas também
para prever, com base no 6leo de buriti sua corp@osa cerca de propriedades criticas
(Tcoleo P®ieo) € fator acéntricoafpier), @ solubilidade do oleo de buriti em dioxido de

carbono supercritico.

4.3 ENRIQUECER CAROTENOS DE OLEO DE PALMA POR MEIO DE
ADSORCAO E DESSORCAO COM GGBUPERCRITICO

4.3.1. Caracterizacao do 6leo de palma bruto

A Tabela I, do anexo 3, mostra a caracterizacdoofipuimica de CPO (0leo de

palma bruto) fornecido gentilmente pela CRA S/A.

4.3.2. Caracterizagao do adsorvengdumina .
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A identificacdo mineraldgica dos adsorventes zadl por difracdo de raios X
€ mostrado na fig. 4, do anexo 3, tem identificadm o adsorvente AG.45 o seguinte:
formacdo de mono-hidroxido de aluminio cristalibogmite), hidroxido de aluminio
nao reagidos AI(OH)Gibsite) e formacao de transigcgalumina, enquanto que para
0 adsorvente AG.65, todo o hidréxido aluminio déOM); (Gibsite) foi transformado
para mono-hidroxido aluminio cristalino (boemitey-alumina de transic¢do, tal como
indicado na fig. 4, do anexo 3, a formagdo de nmtudomxido aluminio cristalino
(boemita) pode ser justificada pela reacdo simeééentre o transicagalumina e o
vapor de agua produzido durante a decomposicaactri microscopia eletronica de
varredura ilustrado na fig. 5 e Fig. 6, do anexen8stram que-alumina AG.45 tem
um pequeno didmetro comparado cpmumina AG.65. A particula e distribuicdo de
tamanho de poro dgalumina AG.45 e AG.65 e sdo mostrados na fig.fig.e8, do
anexo 3Pode ser observado queg-alumina AG.45tem menor diametro de poro médio,
o didmetro de particula Sauter e area especificacenparacdo comalumina AG.65
A Tabela Il, do anexo 3, resume a caracterizacadohigica dey-alumina AG.45 e
AG.65. Os resultados mostram que-alumina AG.45 e AG.65 ter area especifica
semelhante, enquantealumina AG.65 tem maior poros e particulas conmmeifo
Sauter dey-alumina AG.65. Além dissos-alumina AG.65 tem maior porosidade das
particulas dey-alumina AG.45, e por conseguinte, maior capacidiebsorver em

comparacao com as moléculasyesumina AG.45.

4.3.3. Experimentos de adsorcao

A Tabela Ill, do anexo 3, resume as experiénciagadsorcao. Os resultados
mostram queg-alumina AG.65 tem maior capacidade de absorcanadede palma que
y-alumina AG.45. A Tabela IV, do anexo 3, mostraresultados de acidos gordos
livres para bruto 6leo de palma (F&#) e 6leo de palma bruto percoladoffiltrado
(FFap), bem como a absorbancia para o oleo de palma ko) e Oleo de palma
bruto percoladof/filtrado (AP) para todos as experntas, os resultados mostram que,
depois da absorcdo os valores de acidos graxosslide 6leo de palma bruto
percoladof/filtrado para oy-alumina AG.45 e AG.65 diminui, mostrando que o
adsorvente tem a capacidade de reter os &cidosggerds carotenos. A fig. 9 e fig. 10,
do anexo 3, mostram que o acido graxo livre e dsrem de absorbancia diminui a

medida que a capacidadedalumina AG.65 aumenta para uma série de adsormgao e
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experimentos realizados utilizando o filtrado/pé&ado como matéria-prima para as 03
(trés) adsorcao subsequentes. O resultados condirquee y-alumina AG.65 do tipo
adsorvente tem a capacidade de reter os acidosegylivees e caroteno a partir de 6leo

de palma bruto.

4.3.4. Experimento de dessorgdo supercritica

As condicdes de operacdo e os parametros des@arcritico no processo de
dessorcao de oOleo de palma cpmlumina AG.45 e AG.65 mostrado na Tabela V, do
anexo 3. A concentracao inicial de carotenos no de palma bruto foi de 774 ppm.
Fig. 10, do anexo 3, mostra os resultados da dgss@upercritica do 6leo de palma
bruto a partir de-alumina AG.45 e AG.6 com G 25 e 30 MPa e 333 K. Pode-se
observar para ambos os adsorventes AG.45 e AG.émquassa acumulada de oleo
(XMoieq) aumenta com o aumento da pressdo do sistema twido ao um aumento
na densidade do solvente supercritico. O podepldatacéo de fluidos supercriticos é
diretamente proporcional a densidade. Para todashas isobaricas, o rendimento do
processo de dessorcédo supercritico do Oleo de palata no adsorventegsalumina
AG.45 e AG.6 foi maior quando se utilizaalumina AG.65. O mecanismo fisico de
adsorcao do complexo misturas depende da estrgiimgica e do volume de todos os
componentes da mistura, a solubilidade mutua, ratest, concentracdo molecular do
adsorvente, area especifica, volume de vazios,eenya e outros. Em Geral, se a
distribuicdo do tamanho de particula do adsorvelimeinui, a area especifica do
adsorvente e capacidade aumenta consideravelm@steatomos de alumina séo
altamente electronegativo, dando assim elevari@s 9bsitivos sobre a superficie do
adsorvente dg-alumina . Os sitios positivos na superficieyeddumina atrai moléculas
eletronegativas, tais como o grupo OH presentescid®s gordos e o grupo R-O-C =
O-R' nos triglicerideos, o grupos OH presentes Aamlos gordos sdo mais
electronegativos que os grupos R-O-C = O-R' nghdérideos. Os ensaios de adsorcéo
indica quey-alumina AG.65 foi mais eficaz para reter o Oleopdéma nay-alumina
AG.65. Isto é devido ao uma maior quantidade dgasapositivas na superficie ga
alumina AG.65 disponivel para capturar os gruposed®OC = O-R ', causada por uma
maior taxa de desidroxilagdo daalumina AG.65 em comparagao copalumina
AG.45 durante o processo de calcinacdo. Quantorradexa de desidroxilagcdo, quanto

maior a quantidade de cargas positivas sobre afstipedo adsorventey-alumina. A
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fig. 12, do anexo 3, mostra o comportamento deteaos no extrato/condensado
durante o curso da dessorgéo com, €percritico com compostos de Oleo de palma de
cru comy-alumina AG.450 e AG.650 carregado com 6leo de pal25 MPa e 333K.
Os resultados mostram um aumento concentracaardeenodides durante o curso do
processo de dessorcédo, atingindo um maximo de @pB0e 1840 ppm, no final do
dessorcao, pargalumina AG.45 e AG.65 respectivamente. Em ambosagss, uma
concentracdo enriquecida de carotenos dobra de der@,4. A fig. 13, do anexo 3,
mostra o comportamento de carotenos no extratai#osados durante o curso da
dessorcao supercritica com £6m 6leo de palma cru emalumina AG.65 usado
como adsorvente a 25 e 30 MPa e 333K. Mais umaogzesultados mostram uma
tendéncia de aumento da concentracdo de carotendideextratos durante o curso do
processo de dessorcéo, atingindo um maximo de fpptOe 2820 ppm, no final da
dessorcao parg-alumina AG.45 e AG.65 respectivamente a 25 e 3G.MRaray-
alumina AG.65 a 30 MPa a concentragao enriqueceattihea de aproximadamente 4,0
vezes, corroborando a afirmar que esta metodotogi@pria para concentrar carotenos
de oOleo de palma bruto com a vantagem em compacagaas métodos descritos na

literatura.

4.3.4.1. Modelagem de Transferéncia de Massa

A Tabela VI, do anexo 3, mostra as caracteristitsasas do leito fixo, e as
propriedades fisicas e as condigbes do processotpdos as dessor¢cdo no estado
supercritico. Onde S € a area transversal de figitoe € 0pS didmetro de leito fixo
interno. Fig. 14, do anexo 3, mostra que o model®ah e Liou [10-11] foi capaz de se
encaixar bem os dados experimentais cinéticos sldgfo, ajustando o parametro K,
na equacgao (7). A Tabela VII, do anexo 3, resunkeaustado utilizando valores da

equacao (7), do anexo 3.

4.4 ADSORCAO DE OLEO DE BURITI(Mauritia Flexousa, MART.) EM y-
ALUMINA COMO ADSORVENTES EM CQ SUPERCRITICO

As experiéncias de adsor¢cdo com o6leo de buritiyedumina, utilizando C®
supercritico como gas de transporte foram realzadkb, 20, e 25 MPa, 323 K, e uma

taxa de fluxo de solvente @=10L/min. A curvas de adsorcdo foram usadas para
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correlacionar o tipo de isotermas Freundlich, daela equacao (3), anexo4. A Figura 5,
anexo 4, mostra a cinética de adsorcdo a 333 KM expresso em forma de massa
acumulada de 6leo buriti adsorvido g@mlumina em funcédo do tempo. Pode observar
que o 6leo de buriti soluvel em @®upercritico tem sido continuamente adsorvido no
leito fixo dey-alumina, até saturacdo, confirmada por um lineagpha Figura 5, anexo
4. A Tabela 2, anexo 4, mostra a capacidadg-aemina para absorver 6leo buriti
utilizando CQ supercritico como gas transportador a 25 MPa ek383y-alumina em
0,1013 MPa e 333 K utilizando métodos tradicion&ls. resultados mostram que a
capacidade de-alumina obtida em ambos os métodos sdo muito m@si que
corrobora para afirmar esta metodologia para meedibsorcdo de oOleos vegetais em
dioxido de carbono supercritico. A capacidadey-@umina para adsorver 6leo buriti
como foi investigada por meio de uma isotérmicaFdeundlich como mostrado na
Figura 6, anexo4. Os resultados experimentais amostjue a capacidade g@lumina
aumenta com 0 aumento da pressdo, mostrando ummmale cerca de 82,424 mg
Oleo Buriti/lg y-Alumina a 25 MPa. Isto € devido ao fato da soldade de oleos
vegetais em C@supercritico aumentar a altas pressoes. A TahelaeXo 4, mostra a

capacidade do adsorventalumina, e os valores de K e N.

4.5 SOLUBILIDADE DO OLEO DE BURITI OLEO(Mauritia Flexousa, MART.)
EM DIOXIDO DE CARBONO SUPERCRITICO

Os resultados experimentais obtidos neste tratsilbanostrados nas Figuras 2
e 3, do anexo 5, e os dados em comparacdo compasiérncias realizadas para a
solubilidade do 6leo de buriti em diéxido de camaupercritico medida numa célula
de equilibrio pelo método estatico a 25 MPa e 32K abela 1, do anexo 5, em todos
as experimentos, a massa acumulada de buriti 6Esuy tempo mostra um
comportamento linear, que € a inclinacdo constamtgue é uma medida para a

solubilidade do 6leo buriti na fase gasosa.

4.5.1 Influéncia da pressao

A influéncia da pressdo do sistema sobre a salialoié do Oleo de buriti em
didéxido de carbono supercritico € mostrado na Bigurdo anexo 5. Os resultados

mostram que a solubilidade aumenta medida que daraguressao do sistema, até que
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a passagem da pressao, com um maximo de 25 MP#&antds um comportamento
retrégrado. Isto estd em concordancia com os dexjmerimentais sobre o solubilidade
de 6leos vegetais em G8upercritico (Franga et al., 1999).

4.5.2 Influéncia da Temperatura

A influéncia da temperatura sobre a solubilidad®léo de buriti em diéxido de
carbono supercritico € mostrado na Figura 3, daabe Os resultados mostram que a
solubilidade aumenta medida que aumenta a tempard&m geral, a solubilidade de
Oleos vegetais em dioxido de carbono supercritiomemta com o aumento da
temperatura, que € uma funcdo da densidade donselve densidade depende das
condicOes de estado (T, P); por outro lado, a temyp@ tem um forte efeito sobre a
pressdo de vapor, o que faz esses efeitos comgetirpnstrando, neste caso, que 0
efeito temperatura superou a densidade. A Tabet#o lanexo 5, mostra os valores
calculados para a solubilidade do 6leo de buritdérido de carbono supercritico com
0 respectivo R-quadrado, uma medida para a quealidhnd dados experimentais,
mostrando um minimo de 0,88559 a 30 MPa. Isto é@deao fato da solubilidade de
Oleos vegetais o didxido de carbono supercritipeeasées acima da pressao critica, ter
a ordem de magnitude 1@o./kgCO, causando assim um incerteza sobre as medicdes
experimentais. A tabela 1, do anexo 5, faz também womparacédo entre os dados
experimentais obtidos neste trabalho com os datpemivel para a solubilidade do
6leo de buriti em diéxido de carbono supercriticedido pelo método estatico a 25
MPa e 323 K (Ruster et al., 2001), que esta entboeordancia.

4.6 DESSORCAO DE OLEO DE BURITI Mauritia Flexousa, MART.) EM y-
ALUMINA UTILIZANDO CO , SUPERCRITICO

Os experimentos de dessorcaorddumina carregado com o6leo de buriti usando
CO2 supercritico como solvente foram realizado8 a 25 MPa, 323 K, e taxa de fluxo
de solvente @=10,6 L/min. A cinética de dessorcédo € mostradbigara 2, anexo 6.
Os resultados experimentais mostram que o desstagacaumenta a medida que a
pressdo aumenta, mostrando uma recuperacdo magigaibo [p.] a 25 MPa, e que o
diéxido de carbono supercritico € capaz de recupbuiti 0leo adsorvido em

y-alumina. A Tabela 2, anexo 6, mostra a capacidadey@bumina utilizada nas
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experiéncias de dessorcéao utilizando,G@percritico como solvente e a massa total de

Oleo de buriti dessorvido.

4.7 ADSORCAO DE OLEO DE BURITI Mauritia Flexousa, MART.)) EM y-
ALUMINA USANDO CO, SUPERCRITICO

As experiéncias de adsor¢cdo de O6leo buriti eadumina, utilizando C®
supercritico como gas veiculo foram realizadas,a205e 25 MPa, 323 K, e taxa de
fluxo de solvente = 10. L/min. A curvas adsorcao foram usadas panmalecionar
o tipo de isotermas de Freundlich constantes, gati equacao (3). A Figura 5, do
anexo 7, mostra a cinética de adsorcdo a 333 KM expresso em forma dessa
acumulada de 6leo buriti adsorvido gralumina em funcdo do tempo. Pode observar-
se que o 6leo de buriti soltvel em £€upercritico tem sido continuamente adsorvido
no leito fixo de g-alumina, até saturacao, confolempor um linha plana na Figura 5, do
anexo 7. A capacidade dgalumina para adsorver Oleo buriti como tem sido
investigada por meio de um tipo de Freundlich isniga, como mostrado na Figura 6.
Os resultados experimentais mostram que a capacitad-alumina aumenta a medida
que a pressdo aumenta, mostrando um maximo de imadamente 82,424 Oleo
Mgsurii/gy-Alumina até 25 MPa. Isto € devido ao fato de qusolobilidade de oOleos

vegetais em Cgsupercritico aumenta com pressfes mais elevadas.

4.8 SOLUBILIDADE DO OLEO DE BURITI (MauritiaFlexousa, MART.) EM
DIOXIDO DE CARBONO SUPERCRITICO

Os resultados experimentais obtidos neste trals@banostrados na Figuras 1 e
2, anexo 8, os dados em comparacdo com as expasi&aalizadas para a solubilidade
do 6leo de buriti em diéxido de carbono superaititedida numa célula de equilibrio
pelo método estatico a 25 MPa e 323 K na Tabela 1.

A Figura 1 mostra a massa cumulativa de buriti dlexsus tempo para todo o
estado investigada (condicdes de P e T). Os résgltenostram um comportamento
linear para todos os experimentos. A inclinacdoréstante, que € uma medida para a
solubilidade do 6leo buriti na fase gasosa.

A Figura 2, anexo 8 mostra a influéncia da presdéosistema sobre a

solubilidade do 6leo de buriti em o dioxido de cenb supercritico. Os resultados
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mostram que a solubilidade aumenta a medida quessgnp do sistema aumenta, até
gue a passagem da pressao, com um maximo de 25riwR&rando um retrogrado
comportamento. Isto estd em concordancia com o®sdadperimentais sobre a
solubilidade do vegetal 6leos, em dioxido de caobsupercritico (Franca et al., 1999).
A Tabela 1 mostra a computadorizada Os valores gar@ubilidade do 6leo de buriti
em dioxido de carbono supercritico com o respedfyoma medida para a qualidade
dos dados experimentais, mostrando um minimo @583Ba 30 MPa. Isto € devido ao
fato de a solubilidade de 6leos vegetais em dioxiaidoono supercritico a pressdes
acima da pressdo critica tem a ordem de grandezaydlykgCOs. A Tabela 1, do
anexo 8, faz também um comparacdo entre os daduerimventais obtidos neste
trabalho com os dados disponiveis para o solubididio 6leo de buriti em didxido de
carbono supercritico, medida pelo método estatied MPa e 323 K (Ruster et al.,

2001), o que estd em boa concordancia.

4.9 A NOVA METODOLOGIA APLICADA PARA ADSORVENTES UTILIZANDO
FLUIDOS SUPERCRITICOS

As experiéncias de adsorcdo de o6leo de buritiyeatumina utilizando C@
como gas supercritico foram realizadas a 25 MP33eK3 e taxa de fluxo de solvente
Qco2= 10,6 L/min. A Figura 2, do anexo 9, mostra aalis¢éo atraveés de adsorgdo na
cinética a 333 K e 25 MPa expressa sob a forma aksanacumulada de 6leo buriti
adsorvido emy-alumina versus tempo. Pode ser observou-se glemalé buriti soltvel
em CQ supercritico tem sido continuamente adsorvidoeita fixo dey-alumina, até
saturacao, confirmado por uma linha plana na Fig@yranexo 9. A capacidade de
y-alumina e os biomateriais para adsorver 6leo ibeoino foi mostrado na Figura 3,
anexo 9.

O resultados mostram que apepadumina tem propriedades adsorventes para
adsorver seletivamente 6leo de buriti, como a mdssaleo de buriti adsorvido dentro
das particulas secas de sementes de buriti e cadevéementes de buriti ponderadas por
meétodos gravimétricos estava perto de zero apéseegso de adsorcao utilizando
diéxido de carbono supercritico como gas de tramspo

A Tabela 2, anexo 9, mostra a capacidadg-dieimina para absorver 6leo de
buriti utilizando CQ como géas supercritico a 25 MPa e 333 fkaumina em 0,1013

MPa e 333 K utilizando métodos tradicionais. Guiltados mostram que a capacidade
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dey-alumina obtida em ambos os métodos sdo muito,peae corrobora para firmar

este método serve para medir as propriedades aiseswde biomateriais.
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CAPITULO 5

CONCLUSOES E SUGESTOES

No presente trabalho os dados experimentais debisdhde medidos pelo
método dindmico reproduziram resultados préoximasraedido pelo método estético,
corroborando para afirmar, que a metodologia usadavel para medir a solubilidade
do oleo vegetais em fluidos supercriticos, parasams isotérmicas. A solubilidade do
Oleo de buriti na fase gasosa aumenta como aurdaneessao. Para todas as isébaras,
a solubilidade do 6leo de buriti na fase gasosandilnquando a temperatura aumenta.
Além disso, os dados de solubilidade apresentagste trabalho estdo em acordo com
a solubilidade de 6leos vegetais em,GQpercritico relatados na literatura.

A composicdo fisico-quimica e caracterizacdo quamio Oleo de Buriti
(Mauritia flexuosa, Mart.) obtida através do processamento de fretasBuriti in
Natura seguido de extracdo com fluido supercritico esi@oacordo com dados
relatados na literatura.

Os dados experimentais mostram quassanacumulada de oOleo de buriti em
funcdo do tempo, coletado na unidade de amostrammis a saida da coluna de
adsorcgéao, a 15, 20 e 25 MPa para as isotermas 3BBnkénta continuamente, atingindo
um valor maximo, confirmada por uma linha reta.

A adsorcéao cinética a 333 K e 25 MPa mostra quieo soltuvel de buriti em
CO, supercritico tem sido continuamente adsorvido ait lfixo dey-alumina até a
saturacdo. O modelo cinética de adsorcdo proposdwiup muito bem os dados
experimentais dentro dos erros experimentais atusotle cerca de 7% . Além disso, o
modelo de ordem cinética de pseudo-primeira despela equacdo de Lagergren e
calculado pela equacdo[20] do artigo 3 mostram lesmdados experimentais de
adsorcao cinéticos, confirmadas pelo valor calaulpdra o coeficiente de regresséo
(R2) de 0, 96388.

A capacidade de adsor¢édo do Oleo de Buritiyetrmlumina investigada mostrou
que aumenta a medida que aumenta a pressdo, ndostnam maximo de
aproximadamente 82,424 mg Buriti 6leofgAlumina a 25 MPa. Além disso, 0s
resultados mostram que a capacidade de equilibraesb de buriti ng-alumina obtido
em ambos o0s métodos (tanto estatico como dinamisad muito proximos,

contribuindo para afirmar que esta metodologia psde usada para medir as
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propriedades adsorventes quando a matriz solidaaé@m solutos facilmente extraivel
de biomateriais no caso de sementes e polpa riedipidios e confirmar a cobertura
monocamada de Buriti naalumina.

Os dados experimentais mostram que a concentragaatdoxidante tém uma
tendéncia a aumentar durante a adsorcédo supexcizservou-se que concentracoes
de anti-oxidantes sdo mais elevadas a 25 MPa ermpaagéio com os valores medidos
a 20 MPa.

As fracdes ricas em anti-oxidantes podem ser abtidacoluna de adsorcéo de
saida (condensados), mostrando 2,0 vezes o enntgrégo em 20 Mpa e 6,5 vezes o
enriguecimento a 25 MPa, confirmando que esta m&igh € viavel para se
concentrar anti-oxidantes a partir de Buriti 6lemmca vantagem de que nenhuma
transformacao quimica ocorre durante o processo.

Sugere-se um estudo que viabilize a automacado Walaale controle, para
estabilizar a vazdo do solvente e a pressao naaPten Extracdo, para evitar as
flutuacbes que podem comprometer a precisdo dasdegberimentais.

Otimizar o equipamento de equilibrio desenvolvidwapmelhorar a desorcéo

supercritica.
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1. Introduction

ABSTRACT

In this work, enriching of anti-oxidants has been systematically investigated by supercritical adsorption
process. The adsorption of buriti oil (Mauritia flexuosa Mart.) has been determined experimentally by the
method of frontal analysis in columns packed with «y-alumina at 15, 20, and 25 MPa, 333K, and solvent
flow rate of Qco, = 10.6 L/min, using an assemble of coupled columns of 81 cm?, adopted to be used as
an adsorption cell. The oil of buriti has been physical-chemically characterized according to AOCS offi-
cial methods in terms of acid, saponification, peroxide and iodine values, refraction index, density and
viscosity. Chemical composition of buriti oil in terms of fatty acid esters has been performed by GC and
anti-oxidants activity by the method of free radical capture (DPPH). The adsorbent was characterized by
X-ray fluorescence, X-ray powder diffraction, electron scanning microscopy, particle and pore size dis-
tribution, particle porosity and specific area. A material balance has been performed on the adsorption
column to compute the cumulative mass of adsorbing species in y-alumina on supercritical adsorption
process by applying a pseudo-first order kinetic model as well as an integral kinetic model. The influ-
ence of pressure on the supercritical adsorption has been investigated by analyzing the mass transfer
performance. A Langmuir type isotherm has been used to model the experimental adsorption data.

The results show that adsorbent capacity increases with pressure, showing a maximum of
99.486 Mgo;1/y-alumina at 25 MPa. In addition, the concentration of anti-oxidant shows a tendency to
increase during the curse of supercritical adsorption and with increasing system pressure. Fractions rich
in anti-oxidants could be obtained at adsorption column outlet, showing a 2.0 fold enriching by 20 MPa
and a 6.5 fold enriching by 25 MPa approximately, corroborating to assert this methodology as feasible to
concentrate anti-oxidants from buriti oil. The supercritical adsorption of buriti oil fat soluble compounds
in y-alumina using carbon dioxide as solvent may be applied as an alternative method for the enriching
of anti-oxidants.

© 2011 Elsevier B.V. All rights reserved.

of xerophthalmia [6], use as a natural plasticizer for starch [7], its
absorption and photoluminescence optical properties [8], its low

A key challenge for the development of local communities in
the Amazon region retains on its capacity and ability to promote
proper ways of managing socio-economically the huge biodiver-
sity, particularly its biomaterials, including native palm species [1],
by applying appropriate technologies and or development of pro-
cesses. Among these, buriti (Mauritia flexuosa, Mart), a native palm
growing in and near swamps as well as seasonally flooded areas
along rivers and forests on the Amazon region [2], seems to be one of
the most commercially attractive because of its high concentration
of carotenes [3-5], effectiveness on the treatment and prevention

* Corresponding author. Tel.: +55 91 32017291; fax: +55 91 32017291.
E-mail address: machado@ufpa.br (N.T. Machado).

0896-8446/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.supflu.2011.10.021

cytotoxicity in creams and lotions formulations [9], and photopro-
tective properties against UVA and UVB irradiation on cells [10],
thus, showing a wide range of applications in the food and phar-
maceutical industries. The fruits of buriti (Mauritia flexuosa, Mart)
have a hard, red and squamous shell covering a soft and oily dark-
yellow to reddish pulp, containing between 20% and 30% (wt.) of a
reddish oil with the highest concentration of carotenes in vegetable
oils [3,11], and a white cellulosic layer between the pulp and seed
[3], with an estimate annual average specific production of pulp and
0il of 0.79+0.23 tha~! and 57.5+ 17.0kgha~! respectively [12].
Despite the development of several processes to recover and
concentrate lipid-soluble substances such as carotenes from veg-
etable oils by traditional methods, particularly from crude palm
oil (CPO), degummed palm oil (DPO), palm fatty distillates (PFD)

Please cite this article in press as: M.A.E. Cunha, et al., Supercritical adsorption of buriti oil (Mauritia flexuosa Mart.) in 'y-alumina: A methodology
for the enriching of anti-oxidants, J. Supercrit. Fluids (2012), doi:10.1016/j.supflu.2011.10.021
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Nomenclature
ap particle specific area [m2/m?3]
d; diameter of particle i [wm]
dp particle diameter [wm]
ds Sauter diameter [um]

Mol (z=0,r) Mass of oil at the inlet of adsorption column [g]

Moil,y-alumina(z,e) Mass of oil in the unloaded adsorbent (y-
alumina) [g]

Moil, Fluid(z,¢) Mass of oilin the fluid phase through the adsorp-
tion column [g]

Moj| mass of weighted oil probe [g]

gi particle size distribution [%]

tideal ideal breakthrough time [min]

ts saturation time at the end of the mass transfer zone
(MTZ) [min]

y' equilibrium oil solubility in SC CO; [goi1/Kgco, |

A absorbance [nm]

Canti—oxidants concentration of anti-oxidants [ppm]
CMax Langmuir parameter (maximum adsorption capac-

ity) [goil/gy—alumina]
Hagdsorbent,column  height of adsorbent in the adsorption col-

umn [cm]

Ky Langmuir parameter (free energy of adsorption)
[Kgco, /8oill

Ks equilibrium constant [gy_alumina/l(gcoz]

K rate constant of pseudo-first order sorption [min~1]

M> o mean surface diameter [jum]

Ms mean volume diameter [ m]

Ms mean surface area moment [m]

Moi1, adsorbed(t) cumulative mass of oil adsorbed onto the y-
alumina a time t [g]

Moii adsorbed  total cumulative mass of oil adsorbed onto the

v-alumina [g]

total accumulated mass of oil in condensates [g],

mass of oil inside cylinder C; [g]

My—alumina mass of adsorbent [g'y—alumina]

Vv volume of solution [ml]

Vp average specific pore volume [cm3/g]

Xoil,y-alumina(t) adsorbent capacity at time t [20;i/g"Y-aluminal

Xoil,y-alumina(z = 0, t) adsorbent capacity at the inlet of
adsorption column [go;l/&y-aluminal

Xoil, y-alumina(ti2) adsorbent capacity for ideal break-
through curve [goi1/8y-aluminal

Xoil, y-alumina(ts) adsorbent capacity for real breakthrough
curve [gOil/g'y—alumina]

Moj

Xé)il,y—alumina equilibrium adsorbent capacity [goi1/€Y-alumina)

Y(z=0,r) oIl concentration in CO at the inlet of adsorption
column [go;1/Ico, |

Y21ty oil concentration in CO; at the outlet of adsorption
column [gg;1/Ico, |

Yz oil concentration in CO, through the adsorption col-
umn [go;/Ico, ]

Y(;:O,t) equilibrium 0il/CO; concentration at -y-alumina
interface [g;/lco, |

Y equilibrium oil concentration in SC-CO3 [gg;1/lco, ]

Greek symbols

ep particle porosity [—]

op pore size [A]

v Spherical factor of Wadell [—]

Py-alumina density of y-alumina [g/cm?]

dcolumn internal diameter of adsorption column [cm]

and refined, bleached and deodorizer palm oil (RBD), including
transesterification of CPO followed by molecular distillation [13],
batch adsorption of CPO followed by solvent extraction [14-16],
enzymatic hydrolysis of CPO followed by adsorption column chro-
matography [17], degumming of CPO followed by adsorption
column chromatography [18], CPO adsorption column chromatog-
raphy [19], transesterification of RBD followed by nanofiltration
[20], only a few works have been reported concerning the appli-
cation of supercritical adsorption/desorption processes to recover
and or enrich lipid-soluble substances, particularly carotenes and
anti-oxidants from vegetable oils and natural colorants, including
batch adsorption of CPO in stirred tanks followed by supercrit-
ical desorption [21], coupled supercritical extraction-adsorption
of paprika powder [22], transesterification of CPO followed by
purification of FAME in counter-current extraction columns and
supercritical adsorption of FAME concentrates in silica-gel [23], as
well as supercritical adsorption of buriti oil (Mauritia flexuosa, Mart)
related compounds in y-alumina using carbon dioxide [24].

Of special importance for fractionation and enriching of
fat-soluble substances (e.g.: carotenes, tocopherols, etc.) from
vegetable oils by supercritical adsorption/desorption processes is
phase equilibrium, particularly in the gaseous phase known as sol-
ubility. Knowledge of solubility at adsorption cell inlet is needed
to compute the mass balance equation for the adsorption break-
through curve. Equilibrium solubility can be ether determined by
the static [25,26] or dynamic method [26-30]. The solubility of
buriti oil in supercritical carbon dioxide has been measured by the
direct and indirect dynamic method as reported in the literature
[26].

In this work, supercritical CO, adsorption of buriti oil in v-
alumina has been applied as an alternative method to investigate
the feasibility of recovering buriti oil fat-soluble compounds, par-
ticularly anti-oxidants (tocopherols). The influence of pressure on
the recovery and enriching of anti-oxidants by supercritical adsorp-
tion has been investigated systematically.

2. Materials and methods
2.1. Materials

Aluminum hydroxide used as raw material for the adsorbent
preparation was delivered by Alunorte S/A (Barcarena-Para-Brazil).
Carbon dioxide 99.90% [vol/vol] pure was supplied by Linde Gases
Ltda (Belém-Para-Brasil). Buriti oil (Mauritia flexuosa, Mart.) was
obtained by exhaustive supercritical carbon dioxide extraction of
buriti pulp at 25MPa and 333K using a SFE unit described else-
where [3].

2.2. Chemical characterization of palm oil

Buriti oil has been physical-chemically characterized at the
Laboratory of Biodiesel Quality Control (LAOS/LEQ/FEQ/UFPA)
according to AOCS official methods [31] in terms of acid value by
AOCS Cd 3d - 63, saponification value by AOCS Cd 3-25, perox-
ide value by AOCS Cd 8b-90, iodine value by AOCS Cd - 1.25, free
fatty acids by AOCS 940.28, refraction index by adjusting the Abbé
Refractometer with distilled water (IR 20°C=1.333) as reported in
the literature [32], density using a digital densimeter (Kem Kyoto
Electronics, Model: DA-130) at 313 K, viscosity according to EN/ISO
3104, ASTM 446 and ASTM D 2515 methods using a Cannon-Fenske
viscosimeter ((Schot Gerate, Model: 520 23), with a capillary tube
No. 200 and anti-oxidants by the ORAC method described in Section
2.6.2.

Please cite this article in press as: M.A.E. Cunha, et al., Supercritical adsorption of buriti oil (Mauritia flexuosa Mart.) in y-alumina: A methodology
for the enriching of anti-oxidants, J. Supercrit. Fluids (2012), doi:10.1016/j.supflu.2011.10.021



dx.doi.org/10.1016/j.supflu.2011.10.021

G Model
SUPFLU-2326; No.of Pages11

M.A.E. Cunha et al. / ]. of Supercritical Fluids xxx (2012) XxX—xXx 3

2.3. Absorbent production and characterization

2.3.1. Absorbent production

Aluminum hydroxide Al(OH)s; (Gibbsite), the precursor of -
alumina, was washed with water at 373K under agitation to
remove the residual sodium hydroxide and others undesirable
materials, dried in an oven with air circulation at 333K for 24h
(Fabbe, Sdo Paulo, Brazil, Model 179), and stored in a dissector.
Afterwards, approximately 200 of dried Al(OH)3 were placed inside
a ceramic pot of 300 cm? and place in an electrical furnace (Quimis,
Sdo Paulo, Brazil, Model: 5B) with automatic temperature control
following the procedure described in the literature [33]. Thermal
transformation of Al(OH); has been carried out at 673K, 773K,
873K and 923K during 03 (three) hours. No mass loss has been
observed at 873 and 923 K. The chemical equations representing
the thermal decomposition of Al(OH); and formation of alumina-y
are shown as follows.

(583K)

2AI(OH); "— " Al;03_, +3H;0(g) (1)
Gibbsite Alumina
Al,05_, + H0(g) " 2a100H @)
Alumina Boehmite

92K
2AIO0H = Al,03_, +Hy0(g) (3)
Boehmite Alumina

2.3.2. Absorbent characterization

2.3.2.1. Elemental analysis by X-ray fluorescence. The products of
thermal transformation of AI(OH)3 at 773 K have been analyzed by
X-ray fluorescence in a spectrometer (Phillips, Model: PW 3710)
coupled to a data acquisition system using the powder methodol-
ogy [34] and the results compared with standard reference alumina
(ALCOA, APC-2011 and A16-SGS). K,Cu has been used as refer-
ence radiation and the operating conditions were 45 KV, 45 mA and
scanning velocity 0.05 grads/s. The chemical composition has been
expressed in terms of aluminum oxides.

2.3.2.2. Mineralogical analysis by X-ray powder diffraction. The min-
eralogical characterization of crystalline forms present in the
products of thermal transformation of Al(OH)3; have been analyzed
by X-ray powder diffraction using a difractometer (PANalytical,
Model: X’PERT PRO MPD, PW 3040/60) coupled to a Goniometer
(Phillips, Model: PW 3050/60, Theta/Theta), with X-ray ceramic
Cu-LFF tube (K, = 1.540598 A) (Phillips, Model: PW3373/00), long
fine focus, 2200 W, 60 kV. A Kb Ni-filter has been used. The detector
used was an X'Celerator RTMS acting on a scanning mode and active
length of 2.122°. The following operating conditions were used: L.
Scanning: 5-75° 26; II. 40kV and 40 mA; III. Soller slit: 0.02° 26;
IV. Divergence slit (1/2°); V. Anti-scatter slit (1°); VL. Time/slit: 5s;
VII. Mask: 10 mm. Data acquisition was carried out with aid the
software Data Collector (PANalytical) and data processing with the
software X Pert High Score (PANalytical), based on the data bank PDF
(Powder Diffraction File) of ICDD (International Center for Diffraction
Data).

2.3.2.3. Scanning electron microscopy. The morphology of +y-
alumina type adsorbent was performed by Scanning Electron
Microscopy using an electron microscope (Zeiss, Model: LEO 1430).
Samples were covered by a gold film in order to make it possi-
ble electronic conductivity in a metallization equipment (Edwards,
USA, Model: S150) under high vacuum (10! torr) and a potential
difference between 1 and 3 kV. The micrographies have been gen-
erated by secondary electron detection at 20KV and registered in
high resolution.

2.3.2.4. Adsorbent specific area and particle size distribution. The
specific area of adsorbent was measured using the BET method [35]
in a surface area analyzer (Quantacrome, USA, Model: Monosorb),
by N, adsorption and desorption within the porous y-alumina, as
well as the knowledge of gas volume necessary to recover on mono-
layer the adsorbent surface [36]. The volume of micropores has
been computed by the method of Dubinin e Radushkevich [36].
The particle porosity was calculated using the computed values of
pore volume. Particle size distribution was determined in a particle
diameter analyzer (Malvern Instruments, USA, Model: Mastersize
S). The particle diameter was defined as the mean Sauter diameter
as follows [37].

(4)

Where i is the spherical factor of Wadell and aj is the particle
specific area, computed using equation as follows [37].

_ 6'M2.0
Y*Ms
Where M, o is the mean surface diameter and M3 o the mean volume

diameter. The mean Sauter diameter is computed using equation
as follows [37].

>oqird?
>oaitd?

where M3, is the mean surface area moment, d; the diameter of
particle i, and g; the particle size distribution.

ap

(5)

ds =Mz, = (6)

2.4. Supercritical adsorption

2.4.1. Experimental apparatus

A schematic diagram of the high pressure apparatus used in this
work is depicted in Fig. 1. The unit consists basically of a jacket
autoclave (Mechanical Workshop, TUHH-Germany) of 1000 cm?,
adapted to be used as an adsorption/desorption cell by assembling
02 (two) coupled cylinders (C; and C;) of 81.6cm?3, both with an
internal diameter of 2.7 cm and 14.25 cm height, placed inside the
high pressure vessel of 1000 cm3, a diaphragm-type compressor
(Andreas Hofer Hochdrucktechnik GmbH, Model: MKZ 120-50), a
sampling system with a separator of 130 cm? (Mechanical Work-
shop, UFPA-Brazil), a thermostatic bath (Haake Mess-Technik
GmbH, Model N3), a carbon dioxide reservoir and a gas meter. The
temperature inside the extractor was measured with NiCr-Ni ther-
mocouples (SAB GmbH & Co, Viersen, Germany, Model: MTE-303)
with a precision of +0.1K, while the pressures was measured by
a Bourdon-type gauge (Wika, Germany, 0-400 bar; Model DIN.S)
with a precision of + 2 bar. A complete description of the high pres-
sure unit is found elsewhere [3].

2.4.2. Experimental procedure

All the adsorption experiments were carried out using approx-
imately 20g of buriti oil and 50g of +vy-alumina adsorbent.
The ratio M, _ajumina/Moi has been set approximately equal to

2.5 because 50g of y-alumina (0y.ajumina = 2.9 [g/cm?]) is the
minimum amount of adsorbent necessary to achieve the ratio
Hagdsorbent, Column/Pcolumn = 1.0 in cylinder C, for the supercritical
desorption experiments. The oil was placed inside the lower stain-
less steel cylinder of 81.6 cm? (C; ), while y-alumina adsorbent was
placed inside the upper stainless steel cylinder of 81.6 cm? (Cy) as
illustrated in Fig. 2. Both cylinders have 02 (two) flanges, whereas
03 (three) slices of filter paper between 02 (two) external stainless
steel screens of mesh 200# were placed in order to avoid the oil
to spread outside the lower cylinder and the adsorbent particles
to spread out the upper cylinder. Afterwards the cylinders were
assembled within the high pressure vessel as showed in Fig. 2.
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Fig. 1. Experimental set-up of the high pressure adsorption unit.

Carbon dioxide was recycledina closed loop for atleast 5 (five) h,
by closing valves V4 and opening valves V1, V, (micrometer/recycle
valve) and V3, in order to maintain the system pressure constant as
well as to saturate carbon dioxide until equilibrium was reached.
Afterwards, valve V4 was open and the mass flow rate was set low
(10g¢o, / min). The low flow rate makes it possible the fresh carbon
dioxide that enters the high pressure vessel to achieve equilibrium
within the sampling intervals of time. Carbon dioxide saturated
with buriti oil passed thought the fixed bed of y-alumina been
the oil adsorbed within the adsorbent. Samples from the gaseous

Fig. 2. Experimental assemble of cylinders (C;) and (C;) used for supercritical
adsorption of vegetable oils in 'y-alumina.

phase were taken every 5 (five) or 10 (ten) min by opening valve
V4. The condensed phase was weighted by gravimetric method.
The CO, released into the atmosphere was measured using a gas
flow meter. Since, ambient pressure and temperature are measured
at gas meter inlet, the density of carbon dioxide cam be com-
puted using the bender equation of state. The equilibrium capacity
of y-alumina adsorbent is achieved when the weight of conden-
sates was kept constant within the sampling intervals of time and
the exit gaseous concentration equal the solubility of buriti oil
under the investigated state conditions. The equilibrium capacity
of y-alumina adsorbent is computed as the mass of oil adsorbed,
determined by gravimetric methods, divided by the initial mass of
v-alumina. The total time interval for the adsorption experiments
carried out at 333K, and pressures of 15, 20, and 25 MPa was 05
(five) and 03 (three) h respectively.

2.5. Adsorption of diluted liquid solutions in solids

2.5.1. Experimental procedure

All the adsorption experiments were carried out using approx-
imately 1.0 g of buriti oil diluted in 19.0 g of n-hexane and 5.0 g of
v-alumina at 0.1013 MPa and 333 K using an orbital shaker with
agitation and temperature control (Marconi, Sdo Paulo, Model:
M823). Buriti oil and n-hexane weighted by gravimetric methods
were placed inside an Elermeyer of 250 ml, afterwards, the mix-
ture was shaken until homogenization and the mass of y-alumina
added to the solution. The Elermeyer has been closed hermeti-
cally and placed inside the orbital shaker and let the solids and
solution in contact for 03 (three)h until equilibrium between the
condensed phase and solids were achieved. The coexisting lig-
uid solution and solid adsorbent were separated by filtration and
dried in an oven with air circulation at 338 K for 24 h (Fabbe, Sdo
Paulo, Brazil, Model: 179) in order to remove the remaining organic
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solvent. The mass of buriti oil adsorbed within porous -
alumina was determined by gravimetric methods and the capacity,
expressed in grams of oil per gram of y-alumina, was computed.

2.6. Chemical analysis

2.6.1. Chemical composition of buriti oil by CG

The chemical composition of buriti pulp oil has been determined
by gas chromatography. The samples were transformed into methyl
esters according to the official method [38]. Afterwards, the methyl
esters samples were diluted into 10 ml of iso-octane. Then, 1 .l
of the solution was injected into a gas chromatograph (VARIAN,
Model: CP 3800), equipped with a capillary column and a FID detec-
tor. The column was a 50 m x 0.25 mm ID fused silica open tubular
column coated with 1.0 um (Cyanopropylpolysiloxane). Helium
was used as the carrier gas and the flow rate was 1.0 ml/min, and
the following temperature program was used: Initial Oven temper-
ature was 448K, kept constant for 26 min, 448-478 K (30 K/min),
kept constant for 20 (twenty) min. Injector and detector temper-
atures were 523 and 553K respectively. The fatty acids esters
have been identified by comparing the retention times with those
of standard methyl esters of chromatographic grade (NU-CHECK,
EUA). The quantification of methyl esters has been performed by
using the Software STAR W.S. 6.0 (VARIAN, EUA).

2.6.2. Chemical analysis of anti-oxidants by ORAC

ORAC assay used Fluorescein as fluorescent probe. This method
was first proposed elsewhere in the literature [39,40]. Afterwards,
an adaptation has been proposed to be used with a microplate
reader [41]. In this procedure, 16.7 mg of Fluorescein sodium salt
(Sigma, St. Louis, MO) was dissolved in 10ml of a phosphate
buffer solution (PBS) (75 mmol, pH 7.4) to get a stock solu-
tion. The working solution (60 nmol) was obtained by subsequent
dilution in PBS. A 10 ml solution of AAPH (2,2’-azobis-2-methyl-
propanimidamide, dihydrochloride) (Sigma, St. Louis, MO), was
prepared every day at a concentration of 153 mmol and stored
in ice before automatic injection. Standard solutions of Trolox (6-
hydroxy-2,5,7,8-tetramethylchromam-2-carboxylic acid) (Sigma,
St. Louis, MO), used for the calibration curve (0.5;1.0; 2.0; and
4.0 wmol), were prepared every day by dilution in PBS of a 1 mmol
stock solution prepared in the same solvent and stored at 251 K. The
chemical anti-oxidant analysis was performed using microplates
(Greiner Bio-one, Belgium, Model: 996-WELL) and a fluorime-
ter (Ascent F.L., Biotek, Model: Synergy HT). Sample (25 pl) was
mixed with 250wl of Fluorescein (60nmol) and incubated for
10min at 310K in the microplate. AAPH (25 pl) solution was then
automatically injected and the microplate was shaken. The fluores-
cence (Aexcitation =485 NM, Aemission =520 nm) was registered every
minute over a period of 50 min. All samples were analyzed in trip-
licate and the mean value was taken for ORAC, as suggested in the
literature [40]. The quantification of the antioxidant activity was
based on the calculation of the area under the curve, as reported in
the literature [42]. The antioxidant activity by ORAC was expressed
as pwmol of Trolox equivalents (TE) per gram of oil.

2.7. Mathematical modeling

2.7.1. Adsorption mass transfer kinetics

2.7.1.1. Kinetic model I. The mathematical model applied to
describe the adsorption kinetics states that mass of solute dissolved
in the SC CO, fluid phase that enters the adsorption column (adsor-
bent fixed bed) is equal the sum of solute adsorbed from gaseous
phase into the unloaded y-alumina and mass of solute dissolved in

the SC CO, fluid phase that passes through the adsorption column
as described in the literature [43] and summarized as follows.

dmoj), (z=0,t) = dMoil, y-alumina(z,t) + AMoil, Fluid(z, £) (7)

Where dmojj, (,—0,+) is the mass of oil at the inlet of adsorption col-
umn (goji), dMojl, y-alumina(z,¢) 1S the mass of oil in the unloaded
adsorbent ('y-alumina) (goi1), dMoil, Fluid(z,¢) 1S the mass of oil in the
fluid phase (SC CO;) within the adsorption column (gg;; ). The mass
of oil at the inlet of adsorption column is given as follows.

dmoit(z=0,t) = Y(z=0,r)Qco, dt (8)

Where Y(,_o ) is the solute (oil) concentration in CO; (g0 /lco, ) at
the inlet of adsorption column and Qco, is the supercritical carbon
dioxide volumetric flow rate (Ico, / min). The mass in grams of oil
in the unloaded adsorbent (y-alumina) is computed by Eq. (9).

dmOil,y-alumina(zﬁt) = My—aluminad[XOil,y—alumina(t)
_XOil,y—alumina(‘Z =0,t)] (9)

Where M,,_3jumina is the mass of adsorbent ('y-alumina) (8y-arumina)s
Xoil, y-alumina(t) is the adsorbent capacity at time ¢ (goit/8y-alumina »
Xoil,y-alumina(z = 0, t) is the adsorbent capacity at the inlet of
adsorption column (goj1/8y-alumina)- The mass in grams of oil in
the fluid phase (SC CO,) within the adsorption column is given as
follows.

dmoiy Fluid(z,t) = Y(z,¢)Qco, dt (10)

Where Y/, is the solute (oil) concentration in CO; (g /1co, ) within
at the adsorption column at time t. The adsorbent capacity at time
t Xoil, y-alumina(t) can be calculated by the equation as follows.

QCOZ Y(Z:O,l‘)dt = My—aluminadXOil,y—alumina(t) + QCOZ Y(z,t)dt (1 1 )

For constant solute (0il) concentration in CO3 (go;i/lco, ) at the inlet
of adsorption column Y,_g ) and negligible SC CO, volumetric flow
rate changes within the adsorption column, the adsorbent capacity
at time t is determined as follows.

Qco, Yiz—o, ! Y,
Xoil, y-alumina(t) = # 1-— Y(;t) dt (12)
y-alumina =0 (z=0,t)

For ideal breakthrough curve, that is, for t = /4!, where ¢l js
the breakthrough time and for (Y(; 1)/ Y(;=0.r)) = 0, the equilibrium
adsorbent capacity can be computed by Eq. (13).

Idealy _ yx _ Qc,Y" Ideal
XOil,y-alumina(tB ed ) = XOiLy.a]un‘]ina = Wﬁlumina% e (13)
Where Y(*Z=0 0 is the equilibrium solid (y-alumina)/fluid (CO;) con-

centration computed by the equation as follows.
Yi0.) = Ks¥zm0.) (14)

Where Y is the equilibrium solute (oil) solubility in SC CO,
(gou/kgcoz ) at defined state conditions (pressure and temperature)
and Ks an equilibrium constant. For real breakthrough curve, that
is, for t =g, the saturation time at the end of the mass transfer zone
(MTZ), the adsorbent capacity at time ts is determined as follows.

Qco, Yiom s Y,
XOil,y—alumina(tS) = M/ 1- (&1) dt (15)
t:

My—alumina -0 Y(z:O,t)

The total accumulated mass of solute that passed through the
adsorbent fixed bed, collected after the adsorbent outlet in the
sampling unit is computed as follows.

ts
Moj = /Qcozy(z:L,r)df (16)
0
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Where Y(,_| 1) is the solute (oil) concentration in CO; (gg;i/lco,)
at the outlet of adsorption column. The cumulative mass of oil
adsorbed onto the y-alumina solid phase was computed by Eq.(17).

ts

Moit, adsorbed = /Qcoz(y* — Yioor,n)dt (17)
0

Where Y’ is the equilibrium solute (oil) concentration in SC CO,
(g0i1/lco, ) at defined state conditions (pressure and temperature),
determined by static and dynamic methods as described in the
literature [26].

2.7.1.2. Kinetic model II. A pseudo-first order kinetic model
described by the equation of Lagergren [44] has been applied to
describe the adsorption mass transfer kinetics states that time
rate of adsorbent capacity Xojl,y-alumina(t) is directly proportional
to the difference [X} Xoil, y-alumina(£)] as summarized as
follows.

il, y-alumina —

dXOil,y—alumina(t)
dt

Where K is the rate constant of pseudo-first order sorption (min=1).
The solution is given by Eq. (19).

Xoil, y-alumina( t)= X(*)il, y-alumina [1 —exp(—Kt)] (19)

The mass of oil absorbed in the fixed bed of y-alumina as a func-
tion of time is obtained by multiplying the adsorbent capacity
Xoil, y-alumina(t) Dy the mass of absorbent as follows.

=K [Xéil,y—alurnina _XOil,y-alumina(t)] (18)

MOil,Adsorbed(t) = My—aluminaxgjl,y_alumma[1 — exp(—Kt)] (20)

2.7.2. Adsorption equilibrium

The study of adsorption equilibrium provides information con-
cerning the capacity of the adsorbent, as well as the basis for the
design of adsorption systems. Equilibrium data can be analyzed
using commonly known adsorption isotherms. The most widely
used isotherm for modeling of the adsorption data is the Langmuir,
which is valid for monolayer sorption onto a surface of identical
sites. Equilibrium data of supercritical adsorption of buriti oil in y-
alumina adsorbent has been analyzed using the Langmuir isotherm
which has been modified for the supercritical processes as follows.

X* _ CmaxKry*

Oil,y-alumina — 1 + K y* (21)

Where Cyvax and K; are Langmuir parameters related to the
maximum adsorption capacity and free energy of adsorption,

X(*)il,y-alumina is equilibrium adsorption capacity of adsorbent and

y" is the equilibrium oil solubility in SC CO,.
3. Results and discussions
3.1. Physical and chemical characterization of buriti oil

Table 1 shows the physical-chemical characterization of Buriti
oil (Mauritia flexuosa, Mart.) obtained by processing of Buriti fruits
in Natura as reported in the literature followed by supercritical
fluid extraction. The results are in agreement with most parameters
reported in the literature [45], except for the peroxide value which
is a measure of oil stability. This is due probably to the fact that a
Blend of three different oils, 01 (one) commercial (E3) and 02 (two)
artisanal (A1 and A2) have been used in the work of Meirelles et al.
[45] and artisanal oils, generally obtained by mechanical extraction,
are more susceptible to degradation. The chemical composition
of Buriti oil obtained by SFE and mechanical pressing, expressed
in terms of fatty acids methyl esters, are shown in Table 2 and

Table 1
Physical-chemical characterization of buriti oil.

Physical-chemical analysis? This work Meirelles etal.  Meirelles et al.

[45] Blend® [45] E3¢

FFA (C12:0) [%] 4.29 -
FFA (C16:0) [%] 5.49 -
FFA (C18:1) [%] 6.04 3.12 4.14
Acid Value [mgKOH/g] 12.03 -
Saponification value 196 192.88

[mgKOH/g]
Peroxide value [mEq/100g] 0.29 1.42
Iodine value [gl,/100 g] 77.2 74.64
Refraction index 1.468 1.4610
Density [g/cm?] 25° 0.907 0.909
Viscosity [CST] 25° 46.62 62.46
Carotenes [ppm] 774 1003 664
Tocopherols [ppm] 1517
Anti-oxidants [wmolET/go; | 2100

3 Laboratory of quality control (LAOS-UFPA, Belém-Para-Brazil).
b Blend, a mixture of E3, A1 and A2 [45].
¢ E3, commercial oil [45].

Table 2
Chemical composition of buriti oil obtained by SFE in terms of fatty acids methyl
esters.

FAME This work Franca [3] Meirelles
etal. [45]
T[K] 333 333 298-303
P [MPa] 25 30 0.1013
Unsaturated
C18:1 77.06 78.73 74.06
C18:2 1.58 3.93 494
C18:3 1.12 - 1.04
C20:1 0.63 - 0.53
C20:4 1.09 - -
C20:5 0.57 - -
Saturated
C16:0 15.99 17.34 17.78
C18:0 1.39 - 1.77

Cn: m: where n is the number of the carbon atoms and m the number of double
bonds.

the results compared with those reported in the literature [3,45].
It may be observed that for the major compounds (C16:0, C18:0,
C18:1, C18:2, and C18:3), the results presented in this work are in
agreement with data reported in the literature [3,45].

3.2. Absorbent characterization

3.2.1. X-ray fluorescence

Table 3 summarizes the chemical composition of y-alumina
obtained by thermal transformation at 773K and standard refer-
ence alumina (ALCOA, APC-2011 and A16-SG), expressed in terms
of oxides. The produced y-alumina has 99.083 [wt.%] Al, O3 and
0.9148 [wt.%] traces, compared to 99.627 and 99.854 [wt.%] Al, O3
of standard reference alumina APC-2011 and A16-SG respectively.

3.2.2. X-ray powder diffraction

The diffractogram illustrated in Fig. 3 has identified the for-
mation of crystalline aluminum mono-hydroxide (Boehmite) and
formation of predominately transition y-alumina, showing a mass
loss of 35% [wt.] at 673 K and 15% [wt.] at 773 K, resulting a total
mass loss of 50% [wt.], caused by the loss a hydroxyl (OH) groups.
No mass loss has been observed at 873 and 973 K. All the Aluminum
hydroxide Al(OH)s3 (Gibsite) has been transformed to crystalline
aluminum mono-hydroxide (Boehmite) and y-alumina. The trans-
formation of crystalline aluminum mono-hydroxide (Boehmite)
can be justified by the simultaneous reaction between the
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Table 3
X-ray fluorescence of y-alumina obtained by thermal transformation at 773 K and standard reference alumina (ALCOA, APC-2011 and A16-SG), expressed in terms of oxides.
Oxides vy-Alumina [wt. %] APC-2011 [wt. %] A16-SG [wt. %]
Al 03 99.083 99.627 99.854
Traces y-alumina APC-2011 A16-SG
SiO, 0.3740 0.0400 0.0240
Fe,03 0.0990 0.0430 0.0120
Na,O 0.0700 0.2100 0.0700
TiO, 0.0140 0.0010 0.0010
Zn0 0.0040 0.0040 0.0020
V505 0.0020 0.0010 0.0010
Cao 0.0690 0.0400 0.0210
Gay03 0.0130 0.0110 0.0030
P,0s 0.0029 0.0011 0.0008
MnO 0.0015 0.0018 0.0006
SO3 0.2666 0.0200 0.0100
YTraces 0.9147 03719 0.1434
2000 -
] B B - Boehmite —  T=673K
1800 — y -y-Alumina —  T=773K
1 ——T=873K
1600 | —T=973K
1400
1200 A
> J
‘w1000
c 4
2 800
< J
600
400 ~
200 ~
0 T T T T T T T

0 10 20 30 40 50 60 70 80
Ko Cu [26]

Fig. 3. X-ray diffraction of Boehmite and y-alumina.

transition y-alumina and the water vapor produced during the
thermal decomposition.

3.2.3. Electron scanning microscopy

The image obtained by scanning electron microscopy of y-
alumina adsorbent produced by thermal transformation at 773K
is shown in Fig. 4. It can be observed that the produced adsorbent
presents morphology characteristics of y-alumina. The adsorbent
is constituted by agglomerates of particles with trapezoidal-
tetrahedral morphology. The obtained crystals are homogeneous
and uniform as depicted by Fig. 4. In addition, the crystalline phase
is constituted essentially by y-alumina.

3.2.4. Particle pore diameter, particle porosity, particle sauter
diameter, and particle specific area of Boehmite and y-alumina

The pore and particle size distribution of Boehmite and +y-
alumina produced by thermal transformation at 773 K are shown
in Figs. 5 and 6 respectively.

The results show that y-alumina has higher average pore vol-
ume compared to Boehmite as observed in Fig. 5. In addition,
particle size distribution depicted in Fig. 6 shows that y-alumina
has higher mean particle diameter compared to Boehmite.

Table 4 summarizes the morphology characterization of
Boehmite and +y-alumina expressed in terms of particle average
pore volume, particle porosity, particle mean sauter diameter, and
particle specific area. It is observed that Boehmite and y-alumina

S58Kkm

Fig. 4. Electron scanning microscopy of y-alumina produced at 773 K.

have similar specific area, while y-alumina has higher average pore
volume and particle diameter as well as particle porosity com-
pared to Boehmite, and hence, greater ability to absorb molecules
compared to Boehmite.

16 . I . I /L
® Boehmite
14 L A y-alumina H
i e |- Gaussian function
12 Boehmite, (R = 0.70535)
1 Gaussian function
y-alumina, (R? = 0.94581) |

Vp [cm3/g]

T T T T T
200 700 800 900

op [A]

Fig. 5. Pore size distributions of Boehmite and y-alumina.
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Table 4

Average specific pore volume, particle porosity, particle mean sauter diameter, and particle specific area of Boehmite and y-alumina.

Alumina Average specific pore Particle porosity &, [-] Sauter diameter ds [um] Specific area a, [m?/m?]
volume Vp [cm?/g]
Boehmite 5.547 0.213 118.77 152.023
y-Alumina 7.895 0.306 141.52 153.835
30 T T T T T T 0,20 T T T T T T T T
O Boehmite E
5 | 9‘ N A yalumina
D N . Gaussian function 0,16 B
Boehmite, (R = 0.9833) ||
20 1 Gaussian function y
o AAA
y-alumina, (R? = 0.9754) |1 = 0,12+ AAAAAA b
— hr) AAAAAA
NS 15 1 H I A ]
= N < A
< ] "= 0,08 o J g
10- . Y o a O P=20MPa
1 2 OO AA A P=15MPa
54 i 0,044 O 4 Adsorption
] '@Oi‘ T=333K, Qc02= 10 [I/min]
Mqpij=20g, M, _. i =509
0 : : . . 0,00 — . O.II . Y allumlna .
0 50 100 150 200 250 300 0 40 80 120 160 200 240 280 320
dp [um] <lg]

Fig. 6. Particle size distributions of Boehmite and y-alumina.

3.3. Adsorption mass transfer

3.3.1. Kinetic model I

Figs. 7 and 8 show the cumulative mass of buriti oil versus time,
collected at the sampling unit after the adsorption column outlet, at
25MPa and 15, 20 MPa respectively for the isotherm 333 K. It may
be observed in both Figs. 7 and 8 that cumulative mass of buriti oil
increases continuously, reaching a maximum value, confirmed by
a flat line and or Plateau.

The adsorption break-through kinetic at 333 K and 25 MPa com-
puted by Eq. (17) expressed in terms of cumulative mass of buriti
oil adsorbed onto vy-alumina versus time is illustrated in Fig. 9. The
experimental adsorption data shows that buriti oil soluble in super-
critical CO, has been continuously adsorbed in the fixed bed of
v-alumina until saturation. The proposed adsorption kinetic model

15,0 T T T T T T T T T T T

12,5 1 B
— 10,0 4
2
T 75- i
1l
N
§ 5,0 -
N A Adsorption

25 P=25MPa, T=333 K

a Q_,, =10 [/min]
M(Jil =20 9 My—alumina =50 9
0,0 T T T T T T T T
0 50 100 150 200 250 300 350
v [min]

Fig. 7. Cumulative mass of condensates collected in the sampling unit at 25 MPa
and 333K.

Fig. 8. Cumulative mass of condensates collected in the sampling unit at 15 and
20 MPa and 333 K.

described by Eq. (17) has predicted very well the experimental data
within the experimental absolute errors of approximately 7%. In
addition, the equilibrium solid (+y-alumina)/fluid (CO, ) concentra-

tion Y(*z=0 0 has been predicted by Eq. (14).

3.3.2. Kinetic model Il

The experimental adsorption break-through curve of buriti oil
onto y-alumina carried out at 333K and 25 MPa and illustrated in
Fig. 9 has been fitted by a pseudo-first order kinetic model described
by the equation of Lagergren [44] and computed by Eq. (20). The
regressed data has shown that the model of Lagergren [44] was able
to correlate well the experimental adsorption kinetic data, con-
firmed by the computed value for the regression coefficient (R?) of
0.97217.

5 T T T T T T
4 4
C)
® 3 i
Ke]
S
o
(7]
T
.E_* 24 A Adsorption
E0 P =25MPa, T=333K
A QCOZ =10 l/min
L M, _alimuna = 50 9 Mg; =209
Mol Adsorbed (1) = A[1-exp(-B*t)]
A= 4.6733, B =0.00948, RA2 = 0.97217
0 T T T T T T
0 50 100 150 200 250 300 350
< [min]

Fig.9. Adsorption break-through curve of buriti oil adsorbed onto y-alumina versus
time at 333K and 25 MPa.
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Fig. 10. The equilibrium capacity of y-alumina to adsorb buriti oil correlated using
the Langmuir type isotherm.
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Fig. 11. Concentration of anti-oxidants at adsorption column outlet during the curse
of supercritical adsorption at 20 MPa and 333 K.

3.4. Adsorption isotherm

The equilibrium capacity of Buriti oil onto y-alumina has been
investigated using a Langmuir type isotherm as shown in Fig. 10.
The experimental results show that capacity of y-alumina increases
as pressure increases, showing a maximum of approximately
99.486 MZpyyiti 0il/Sy-Alumina DY 25 MPa. This is due to the fact that
the amount of vegetable oils dissolved in the gaseous supercriti-
cal CO, phase increases with increasing pressure. The calculated
values for the equilibrium solid (y-alumina)/fluid (CO;) concentra-
tion Y(;_, ;) and Ks an equilibrium constant at 25 MPa and 333K,

computed by combining Eqs. (13) and (14), were 1.444147 x 10-3
[80i1/1co, | and 0.305445 [gco, /Ico, | respectively (Fig. 10).

Table 5

9
15000
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Fig.12. Concentration of anti-oxidants at adsorption column outlet during the curse
of supercritical adsorption at 25 MPa and 333 K.

Table 5 shows the equilibrium capacity of y-alumina using
supercritical CO, mobile phase at 25MPa and 333K, and the
equilibrium capacity of y-alumina in diluted buriti oil/n-hexane
solutions at 0.1013MPa and 333K using traditional methods.
Table 6 shows the Langmuir isotherm constants and correlation
coefficients. The experimental equilibrium capacity of Buriti oil
onto y-alumina calculated by both methods shows a relative devia-
tion of 28.94%, within the sum of experimental errors associated to
the measurements of solubility and adsorption kinetic by supercrit-
ical and infinity dilution methods, as well as uncertainties related
to gravimetric methods, which corroborates to assert this method
to measure the adsorbent properties of biomaterials. It could also
be observed that the equilibrium data was well correlated by the
Langmuir isotherm. The best fit of equilibrium data in the Langmuir
isotherm expression predicted the monolayer coverage of Buriti oil
onto vy-alumina.

3.5. Enriching of anti-oxidants by supercritical adsorption

The concentrations of anti-oxidants in Buriti oil, expressed in
terms of pmol equivalent Trolox/gq;, measured at adsorption
column outlet (condensates) at 20 and 25 MPa for the isotherm
333K are shown in Figs. 11 and 12 respectively. The experimental
data shows that concentration of anti-oxidant have a tendency to
increase during the curse of supercritical adsorption for both iso-
bars. It could be also observed that anti-oxidant concentrations at
25 MPa are higher compared to those measured by 20 MPa.

Table 6

Langmuir isotherm constants and statistical correlation coefficients.
Langmuir isotherm constants Regressed values R?
Chiax [goil/gy—alumina] 341.09875 0.99948
K1 [Kgco, /8oil 0.08701 0.99948

Equilibrium capacity of y-alumina using supercritical CO, as mobile phase at 25 MPa and 333K, and the equilibrium capacity of y-alumina in diluted buriti oil/n-hexane

solutions at 0.1013 MPa and 333 K.

p [Mpa] T [K] My-alumina [g] MOi] [g] Mn-hexane [g] MOil,Adsorbed [g] XOil,y-a]umina [mgOil/gy-a]umina] y* [goﬂ/KgCOz]
0.1013 333 5.0024 1.0066 19.0260 0.6417 128.2784

25 333 50.0055 20.0323 - 4.9688 99.4860 4.728

20 333 50.0040 20.0162 - 0.3728 7.4560 0.236

15 333 50.0024 20.0024 - 0.1213 2.4258 0.120
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Based on recent analysis reported in the literature [46], the
atoms of y-alumina are highly electronegative, thus giving raise
to positive sites on the surface of y-alumina. This positive sites
attracts electronegative molecules such as the group OH present
in the fatty acids and the group R-O-C=0-R’ in the triglycerides.
The groups OH present in the fatty acids are more electronegative
than the groups R-O-C=0-R’ in the triglycerides. Since tocopherols
(anti-oxidants) have solubility of the same order of long chain fatty
acids [47-52], characteristics of Buriti oil composition described in
Table 2, such as C16:0 and C18:1, and much higher than those of
triglycerides in supercritical carbon dioxide as described in the lit-
erature [53], it is probable that most fatty acids were adsorbed in
v-alumina as well as part of the triglycerides, thus fractions rich
in anti-oxidants could be obtained at adsorption column outlet
(condensates). The results show that a 2.0 fold enriching of anti-
oxidants has been achieved by 20 MPa while a 6.5 fold enriching has
been achieved by 25 MPa approximately, corroborating to assert
this methodology as feasible to concentrate anti-oxidants from
Buriti oil with the advantage compared to the methods described in
the literature, whereas chemical transformation and severe ther-
mal separation processes such as distillation or evaporation takes
place, thus causing degradation of fat-soluble substances.

4. Conclusions

The physical-chemical characterization and chemical composi-
tion of Buriti oil (Mauritia flexuosa, Mart.) obtained by processing
of Buriti fruits in Natura followed by supercritical fluid extraction
are in agreement with data reported in the literature [45].

The produced <y-alumina has 99.083 [wt.%] Al, O3 and 0.9148
[wt.%] traces, been constituted by crystalline aluminum mono-
hydroxide (Boehmite) and predominately transition y-alumina. The
adsorbent (y-alumina) is constituted by agglomerates of particles
with trapezoidal-tetrahedral morphology. The obtained crystals
are homogeneous and uniform. Boehmite and y-alumina have sim-
ilar specific area, while y-alumina has higher average specific pore
volume and particle Sauter diameter as well as particle poros-
ity compared to Boehmite, and hence, greater ability to absorb
molecules compared to Boehmite.

The experimental data shows that cumulative mass of buriti oil
versus time, collected at the sampling unit after the adsorption col-
umn outlet, at 15, 20 and 25 MPa for the isotherm 333 K increases
continuously, reaching a maximum value, confirmed by a flat line.

The adsorption break-through kinetic at 333K and 25 MPa
shows that Buriti oil soluble in supercritical CO, has been continu-
ously adsorbed in the fixed bed of 'y-alumina until saturation. The
proposed adsorption kinetic model described by Eq. (17) has pre-
dicted very well the experimental data within the experimental
absolute errors of approximately 7%. In addition, the pseudo-first
order kinetic model described by the equation of Lagergren [44] and
computed by Eq. (20) correlate well the experimental adsorption
kinetic data, confirmed by the computed value for the regression
coefficient (R?) of 0.97217.

The equilibrium capacity of Buriti oil onto <y-alumina investi-
gated by using a Langmuir type isotherm shows that capacity of
v-alumina increases as pressure increases, showing a maximum
of approximately 99.486 mgg;/gy-alumina DY 25MPa. In addition,
the results show that equilibrium capacity of Buriti oil onto y-
alumina obtained by both methods shows a relative deviation of
28.94%, within the sum of experimental errors associated to the
measurements of solubility and adsorption kinetic by supercritical
and infinity dilution methods, as well as uncertainties related to
gravimetric methods, corroborating to assert this methodology to
measure the adsorbent properties of biomaterials and confirm the
monolayer coverage of Buriti onto y-alumina.

The experimental data shows that concentration of anti-oxidant
have a tendency to increase during the curse of supercritical
adsorption. It could be also observed that anti-oxidant concentra-
tions at 25 MPa are higher compared to those measured by 20 MPa.
It is probable that most fatty acids were adsorbed in y-alumina as
well as part of the triglycerides.

Fractions rich in anti-oxidants could be obtained at adsorp-
tion column outlet (condensates), showing a 2.0 fold enriching by
20MPa and a 6.5 fold enriching by 25MPa approximately, cor-
roborating to assert this methodology as feasible to concentrate
anti-oxidants from Buriti oil with the advantage that no chemical
transformation and severe thermal separation processes such as
distillation and or evaporation takes place.
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Solubility of Buriti Oil (Mauritia Flexuosa, Mart.) in Supercritical

Carbon Dioxide: Experimental Methods and EOS Modeling

Abstract — In this work, the solubility of buriti oil (Mauritia flexuosa, Mart), a yellow-orange oil
with a high content of carotenes, has been determined experimentally by the dynamic and static
methods. The experiments by the dynamic method have been carried out at pressures of 15, 20, 25
and 30 MPa, temperature of 333 K and solvent flow rate of Qco, = 10.6 L/min, using a high
pressure unit of 1000 cm3, and a stainless steel cylinder of 22 cms3, assembled within the high
pressure vessel, while the experiments by the static method were carried out at 25 MPa,
temperatures of 323 and 343 K, using a high pressure equilibrium cell of 1000 cm3. The solubility
measured by the dynamic method was determined by computing the slope of the straight line
accumulated mass of condensates x time. In addition, experimental solubility of buriti oil in
supercritical/CO, has been correlated using the SRK EOS with the van der Waals mixing rule for
two binary interaction parameters, based on chemical composition and predicted thermo-physical
properties of all of the pure components of burit oil using the software EDEFLASH. The solubility
has been also computed by a methodology that determines the end point of the linear part of the
extraction curve by successively linear adjusting of experimental extraction kinetic data of buriti
dried pulp using two straight lines, carried out at pressures of 15, 20, and 25 MPa, temperature of
333 K, and solvent flow rate of Qco, = 10.6 L/min. Experimental results measured by the dynamic
method show that solubility of buriti oil increases with pressure, showing a maximum of 4.85
gOil/kgCO, at 25 MPa and 333 K, which is in agreement not only with experimental data
reported in the literature for the solubility of vegetable oils in supercritical carbon dioxide under
the investigated state condition, but also with the solubility of buriti oil in supercritical carbon
dioxide measured in a equilibrium cell by the static method at 25 MPa and 323 K, showing a
deviation of 4.33 %. The experimental results shows that SRK EOS correlates well the
experimental solubility data, the solubility computed by adjusting the linear part of extraction
curve is in agreement with experimental solubility data and the proposed new dynamic method is
suitable for measuring the solubility of vegetable oils in supercritical carbon dioxide.
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l. Introduction

Buriti (Mauritia flexuosa, Mart), a palm of natural
occurrence in the Amazon region [1]-[2], is one of the
most commercially attractive because of its high
concentration of carotenes [3]-[4]. The fruits of buriti
have a soft and oily dark-yellow to reddish pulp,
containing between 20-30 % (wt.) of reddish oil with the
highest concentration of carotenes in vegetable oils [3]-
[5]. The estimate annual average specific production of
pulp and oil are 0.79 + 0.23 tha” and 57.5 + 17.0 kg.ha
respectively [6]. Recently some applications of buriti oil
in the food and cosmetic industries have been reported in
the literature [7]-[10].

Phase equilibrium data, particularly in the gaseous
phase known as solubility is of special importance in
supercritical fluid processes for the fractionation and

Manuscript received and revised March 2011, accepted April 2011

enriching of fat-soluble substances (e.g: carotenes and
tocopherols). Equilibrium solubility can be determined
experimentally by the static [11] or a dynamic method
[12]-[15]. Measurement of solubility by the dynamic
method makes use of extraction kinetic data. In this case,
particularly for natural products including lipids, the
dynamic solubility, also called operational solubility, is
computed using extraction curve experimental data, and
the solvent flow rate chosen must ensure that solvent
leaving the fixed bed outlet must be saturated with the
solute as reported in the literature [12]-[15].

In the last two decades a number of works have been
reported in the literature concerning vapor-liquid
equilibrium data for binary systems
triglycerides/supercritical CO,, multi-compound systems
vegetable oil/supercritical CO, as well the solubility of
vegetable oils, pure and mixed triglycerides in
supercritical CO,. Among those, the solubility of pure

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved
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fatty acids, triglycerides and mixtures of triglycerides in
supercritical CO, [16], solubility of simple and mixed
triacylglycerols (TAGs) in supercritical CO, [17], vapor-
liquid  equilibrium  of  the  binary  system
tricaprylin/supercritical ~ CO,  [18],  vapor-liquid
equilibrium for the binary systems tristearin, tripalmitin,
and triolein/supercritical CO, [19], solubility of oils from
the seed of blackcurrant (Ribes nigrum) and grape-vine
(Vitis vinifera ) in supercritical CO, measured by the
dynamic method [12], solubility of Buriti (Mauritia
flexuosa. Mart) oil/supercritical CO, [20], vapor-liquid
equilibrium of the pseudo-binary system Brazil nut
(Bertholletia excelsa) oil/supercritical CO, [11],
solubility of apricot kernel oil in supercritical carbon
dioxide [21], and the solubility of refined corn and
sunflower seed oils, babassu (Attalea funifera) and
ucuuba (Virola sebifera) fats in supercritical carbon
dioxide [22] are included.

In this work, the solubility of buriti oil in supercritical
CO; has been determined experimentally by dynamic and
static methods and the experimental data was correlated
with SRK EOS with the van der Waals mixing rule for
two binary interaction parameters using the software
EDEFLASH. In addition, because buriti oil is not
commercially available, processing of buriti fruits in
nature as well as physical-chemical characterization of
buriti oil is also a part of this work.

I1. Material and Methods

I1.1.  Pre-Processing of Buriti Fruits in Natura

The fruits of buriti (Mauritia flexuosa, Mart) were
collected at the Campus of UFPA (Belém-Para-Brazil).
A batch of approximately 212 kg fruits in nature was
processed. Afterwards, the fruits were sanitized with a
0.5 % (wt.) hypochlorite solution and introduced inside a
250 1 tank filled with water at 45 °C for 02 hours in order
to better remove the hard and squamous shell as well as
to soft the pulp. The hard shells, pulp, cellulosic layer
and the seeds were separated and weighted. The pulp
was dried at 65 °C for 24 hours using an oven with
digital temperature control (Quimis, Sao-Paulo-Brazil,
Model: BO15-05). The pulp has been physical-
chemically characterized according to AOCS official
methods [23] in terms of water content by AOCS 4.1.06

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

method using an forced draft oven (SOC. FABBE,
Model: 170) at 60°C for 24 hours, lipids by AOCS Ba 3-
38 method (TECNAL, Model: TE-044), proteins by
AOCS Ac 4-41 method (TECNAL, Model: TE 036-1),
fibers by method by AOCS 930.29. (TECNAL, Model:
TE -146 - 5/50), ash by AOCS Ac 44.1.10 method using
a digital controlled high temperature oven (QUIMIS,
Model: Q-318M24), and carbohydrates by difference
taking into consideration the fibers content.

11.1.1. Extraction of Buriti Oil

The oil of buriti has been extracted by exhaustive
supercritical fluid extraction of dried buriti pulp with
carbon dioxide as solvent at the high pressure unit
described elsewhere [3]. Carbon dioxide with 99.95 %
[vol/vol] purity was supplied by White Martins S.A
(Belém-Para-Brazil).

11.2.  Experimental Apparatus: Static Method

The experimental apparatus described in Fig. 1,
consists of an equilibrium autoclave with a volume of
1000 cm?, a buffer autoclave of 500 cm?3, used to
compensate for the pressure drop during sampling of the
gas phase, a sampling unit, and a diaphragm-type
compressor (Nova Werke AG, Effretikon, Switzerland,
Model: 544-2121-1). Three heat jackets (2500 W) at the
equilibrium cell and a heat mantle (1400 W) at the buffer
autoclave, both controlled by a computer, were used to
maintain the operating temperature constant. The
equilibrium cell and the buffer autoclave were isolated to
avoid heat loss. The temperatures inside the equilibrium
cell and buffer autoclave were measured with NiCr-Ni
thermocouples (SAB GmbH & Co, Viersen, Germany,
Model: MTE-303) with a precision of £ 0.1 K. The
pressures inside the equilibrium cell and buffer autoclave
were measured by means of electrical pressure
transducers (STW, Kaufbeuren, Germany, Model: A05-
H) with a precision of & 0.05 MPa. All the temperatures
and pressures inside the equilibrium cell and the buffer
autoclave were displayed on a computer. A stirrer with a
magnetic coupling (Buddeberg GmbH, Mannheim,
Germany, Model: MRK41) was used to achieve
equilibrium.
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Fig 1: Schematic diagram of the experimental apparatus (Static Method).

The sampling unit described in Fig. 2, consists of two
capillaries (0.25 mm for the gas phase, and 0.5 mm for
the liquid phase) connected with 1/8” valves (Autoclave
Engineers Group, Erie, USA, Model: SW-2081), a
vacuum pump (Vakuumbrand GmbH, Wertheim,
Germany, Model: RZ5), cold traps, and a system of
graduated glass columns, allows to collect the
condensates and determine the amount of carbon

Vacuumeter

High pressure valve

Heatin m
vis eating syste

dioxide. A temperature control unit was used to maintain
the sampling unit temperature equal to that of the
equilibrium cell. In addition, a heating system was used
to heat the corner of the cold trap connected to the
micrometering valve to avoid the solidification of buriti
oil inside the glass tube.

Thermometer

Vacuum pump

carbon dioxide

Cold trap

Hot water

Condensates

Dewar vessel

)
=

water

J

Graduated glass Columns

Fig. 2: Schematic diagram of the sampling unit (Static Method).

11.2.1.Experimental Procedure

The equilibrium experiments were carried out at 25
MPa and temperatures of 323 and 343 K. The
equilibrium cell and the buffer autoclave were evacuated
by means of the vacuum pump and the heating system
was turned on, then both autoclaves are loaded with
known amounts (= 300 g) of the feed material (buriti
oil). The pressure in the equilibrium cell was increased to
6 MPa by means of CO, addition (internal pressure

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

inside the CO, tank). After the addition of CO,, the
system pressure increases continuously until the desired
temperature is achieved. The system was agitated by
means of the stirrer. The intensive mass transfer between
both gaseous and liquid phases causes a decrease on the
system pressure, because carbon dioxide dissolves in the
liquid phase. Therefore, more carbon dioxide must be
added until the desired pressure is achieved. The stirrer
was operated for an additional 04 hours in order to
assure equilibrium between the coexisting phases. In
addition, it was necessary to wait at least 03 hours for the
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complete separation of both liquid and gas phases. After
equilibrium was achieved, samples were collected by
using the following procedure: The cold traps were
evacuated (0.2-0.4 mbar). After opening the high
pressure valve (Autoclave Engineers Group, Erie, USA,
Model: SW-2081), the supercritical carbon dioxide
containing the soluble buriti oil was expanded into the
evacuated system and the oil which precipitates because
of pressure reduction was separated from carbon dioxide
in a cold trap immersed in a solution of ice/water at 0°C.

The amount of carbon dioxide was determined by
measuring the water deflection level using a system of
graduated glass columns (50 cm’, 400 cm®, 1000 cm?,
and 1000 cm®). The pressure inside the evacuated sample
unit system was measured before and after sampling by
means of an electrical pressure transducer (Leybold
VaKuum GmbH, Germany, Model: TR 201) with a
precision of & 0.05 mbar, connected to a vacuummeter
(Leybold Vakuum GmbH, Ko&ln, Germany, Model:
Thermovac-TM200) with 0.01 mbar accuracy, and the
temperature was measured with a NiCr-Ni thermocouple
(SAB GmbH & Co, Viersen, Germany, Model: MTE-
303). Three samples of gas phase were collected in order
to ensure reproducibility. A pressure drop between 2-5
bars (AP depends on the amount of sample taken to
obtain measurable quantities of condensates inside the
cold trap) has been observed for each sampling of gas
phase, so that after the first sampling, the wvalve
connected to the buffer autoclave (V10) was opened
carefully to compensate the pressure drop. Because the
system pressure inside the equilibrium cell decreases
after the each sampling, carbon dioxide had to be added
to the buffer autoclave in order to carry out the second
and third sampling. The addition of fresh carbon dioxide
inside the buffer autoclave does not disturb the
equilibrium process, because after opening valve V10
only the liquid phase, already at equilibrium, flows into
the equilibrium cell and the sampling procedure takes no
longer than five minutes.

11.3.  Experimental Apparatus: Direct Dynamic Method

A schematic diagram of the high pressure apparatus
used in this work is depicted in Figure 3. The unit
consists of high pressure vessel of 1000 cm?, adapted to
be used as an equilibrium cell, a cylinder of 22 cm?, a
membrane compressor, which raises the pressure from 3
to 40 MPa, a carbon dioxide reservoir, a sampling
system, a gas meter, and a control unit that displays the
system temperature and pressure. A complete description
of the high pressure unit can be found elsewhere [3].

11.3.1.Experimental Procedure

The equilibrium experiments were carried out at
pressures of 15, 20, 25 and 30 MPa, temperature of 333
K and solvent flow rate of Qco, = 10.6 L/min. A mass of
approximately 20 grams oil was placed inside a stainless

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

steel cylinder of 22 cm?® depicted in Fig. 4. The cylinder
has 02 (two) flanges, whereas 03 (three) slices of filter
paper between 02 (two) external stainless steel screens of
mesh 200# were placed in order to avoid the oil to spread
outside the cylinder. The cylinder has been assembled
within the high pressure vessel. Carbon dioxide was
recycled in a closed loop for at least 05 (five) hours, by
closing valve V,, and opening valves V), V,, and V;
(micrometer/recycle valve), in order to maintain the
system pressure constant as well as to saturate carbon
dioxide until equilibrium was reached. Afterwards, valve
V4 was open and the flow rate was set low (10 gcoo/min).
The low flow rate makes it possible the fresh carbon
dioxide that enters the high pressure vessel to achieve
equilibrium within the sampling intervals of time.
Samples from the gaseous phase were taken every 05
(five) minutes by opening valve V,. This experimental
arrangement functions identical to a buffer autoclave on
a static equilibrium cell. The condensed phase was
weighted by gravimetric method. The CO, released into
the atmosphere was measured using a gas flow meter.
The solubility was computed by plotting the cumulative
mass of oil as a function of time and taking the slope of
the straight line. The slope represents the amount of oil
dissolved in the gas phase which is defined as solubility.

Control
Pl Ll Unit

Control

o Valve

Glass Extractor
Collector

Bath

Sinter
Plate

Fig 3: Schematic diagram of the experimental apparatus (Dynamic

Method).

Fig 4: Stainless steel cylinder.
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I1.4. Experimental Apparatus: Indirect Dynamic
Method

The experimental apparatus is the same the one
described in section I1.3 and found elsewhere [3].

11.4.1.Experimental Procedure

The extraction experiments were carried out at
pressures of 15, 20, and 25 MPa, temperatures of 313,
333, and 353 K and solvent flow rate of Qco, = 10.6
L/min. A mass of approximately 20 grams dried pulp
was placed inside a stainless steel cylinder of 22 cm?®
depicted in Fig. 4. Carbon dioxide was recycled in a
closed loop for at least half an hour, by closing valve V4,
and opening valves Vi, V,, and V3 (micrometer/recycle
valve), in order to maintain the system pressure constant
and achieve the desired operation temperature.
Afterwards, valve V, was open and the flow rate was set
low (Qcor = 10.6 L/min). Samples from the gaseous
phase were taken every 05 (five) minutes by opening
valve V,. The extracts were weighted by gravimetric
method. The CO, released into the atmosphere was
measured using a gas flow meter.

11.4.2.Computational Procedure: Linear Adjust of
Extraction Kinetic Data

This methodology is based on determining the final
point of the linear part of extraction curve (tcgr and
Mcgr), that is, the period of constant extraction rate
(tcer), and the mass transfer rate for the period tcgr
(Mcgr), by successive linear adjust of extraction kinetic
data expressed on extraction yield versus time employing
two straight lines to describe both the periods of constant
extraction rate and decreasing extraction rate. The
intersection point of the straight lines determines and or
indicates the end point the period of constant extraction
rate as described in the literature [12]-[14], [24]. A
computational algorithm code written in VBA for
EXCELL using the build in function PROJ.LIN has been
used to calculate the period of constant extraction rate
(tcer), the mass transfer rate for the period tcgr (Mcgr)
and the solubility (Ycgr), expressed in terms of mass of
solute/mass of solvent, by exhaustive search of the
period of constant extraction rate (tcgr), within the
experimental time interval that maximize the correlation
coefficient adjust of PROJ.LIN. The computational code
needs information concerning the solvent mass flow rate
(Mcoy), temperature, pressure, mass of solid in feed
(MEeeq), time interval of condensates sampling, and
accumulated mass of condensates at every sampling time
interval (Mcy,). This spreadsheet calculator generates a
graphic that shows automatically the splines of both
straight lines describing the periods of constant and
decreasing extraction rate been adjusted.

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

I1.5.  EOS Modeling:

The solubility of buriti oil in supercritical carbon
dioxide determined experimentally by the direct dynamic
method was correlated using the SRK EOS with the van
der Waals mixing rule for two binary interaction
parameters. The SRK EOS is given by equation (1).

_ RT  a(T)
" V-b V(V+b) M

The van der Waals mixing rules for two binary
interaction parameters (quadratic mixing rule) are given
by the following equations:

a, :Z“Z“xixjaij 2)
by :sziijij (3)
a5 =4/2;idj (1_kij) “)

b;; +b.
ij = %(l_lij) (%)
In this study high pressure solubility data of Buriti
oil/carbon dioxide has been correlated by considering the
multicomponent system as a pseudo-binary mixture. The
computation of high pressure equilibrium data for the
pseudo-binary system vegetable oils/carbon dioxide
using EOS requires information concerning the thermo-
physical properties (critical temperature Tc;, critical
pressure Pc;, and the acentric factor @,) of all of the pure
components present on vegetable oil composition.

The critical properties (TCoj and PcCoj) and acentric
factor (api) of the complex mixture Buriti pulp oil was
estimated by considering the fatty acids composition
determined by gas chromatography using the Kay rule
[25] as reported in the literature [26]-[27]. This rule uses
a linear combination of the critical properties of all the
pure components, with the molar fraction x; as a
weighting function as follows:

Tcoil :ZXiTCi (6)

Pcoil = inPCi (7)
i

Dol = D X{0; (®)
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The critical temperature Tc;, critical pressure Pc;, and
the acentric factor @ of all the pure components
constituting Buriti pulp oil used in the present work were
those identified by Araijo and Meireles [28] as the most
suitable for the fatty acids. The binary interaction
parameters were fitted to solubility experimental data
computed as described in section I[.4.2 using the
program EDEFLASH [28]. The program uses a P-T flash
algorithm and the modified Simplex method of Nelder
and Mead [29]. The value of the binary interaction
parameters were calculated for each isotherm and isobar
data by minimizing an objective function. The objective
function (OF) used was the root mean square relative
deviation for the gaseous phase between experimental
and calculated mass fraction values defined by.

2
n exp _ §a1
OF = lz(—yl i J ©)

exp
n5g Yi

11.5.1.Chemical Analysis

The chemical composition of Buriti pulp oil has been
determined by gas chromatography. The samples were
transformed into methyl esters according to the method
described elsewhere [30]. Afterwards, the methyl esters
samples were diluted to 2 % (v/v). Then, 1 pl of the
solution was injected into a gas chromatograph
(VARIAN, Model: CP 3800), equipped with a capillary
column and a FID detector. The column was a 30 m x
0,53 mm ID fused silica open tubular column coated
with 1,0 um (5%-Phenyl Methylpolysiloxane). Hydrogen
was used as the carrier gas and the flow rate was 2,5
mL/min, and the following temperature program was
used: Oven temperature 423 K; 423-503 K (3 K/min).
Injector and detector temperatures were 493 and 513 K
respectively. The fatty acids esters have been identified
by comparing the retention times with those of standard
methyl esters of chromatographic grade.

I1l. Results and Discussions

I11.1. Characterization of Buriti Pulp and Oil

Table 1 summarizes the physical-chemical
characterization of Buriti pulp in nature. The results are
in agreement with data reported in the literature [31]-
[32], particularly with those of Santos [31]. The
difference in water content compared to Manhies [32]
may be to the fact that the fruits in nature were collected
in this work direct from tree brunch instead of collecting
on the ground of flooded areas where the fruits retains
much more water.

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

TABLE 1
PHYSICAL-CHEMICAL CHARACTERIZATION OF BURITI
PULP IN NATURE (WEIGHT FRACTION)

Pulp This Santos Manhaes
work (2005) (2007)
Humidity 49,36 49,77 62,93
Lipids 10,50 19,8 13,85
Proteins 2.95 2,82 2,1
Ash 4,31 0,85 0,94
Fibers 12,90 - -
Carbohydrates 19,98 26,76 20,18

The chemical composition of Buriti pulp oil in terms
of fatty acids methyl esters is shown in Table II and the
results compared with those described in the literature
[32]-[34], [3]. It may be observed that for the major
compounds (C16:0, C18:0, C18:1, C18:2, and C18:3),
the results presented in this work are in agreement with
data reported in the literature, although traces of minor
compounds (C20:1, C20:4, C20:5) have not been
detected by Manhaes [32], Tavares [33], Albuquerque
[34] and Franga [3].

TABLE II
FATTY ACIDS METHYL ESTERS COMPOSITION OF BURITI
OIL OBTAINED BY SFE AT 25 MPA AND 333 K

FFA  This Tavares Manhdes Albuquerque  Franca

work  (2003)  (2007) (2003) (1999)
[33] [32] [34] [3]

C18:1 77,06 73,5 73,2 76,01 78,73
C18:2 1,58 2,7 2,69 3,16 3,93
Cl18:3 1,12 2,1 2,17 2,2 -—--
C20:1 0,63 - --- - -
C20:4 1,09 - - - -
C20:5 0,57 -—-- ---- - -—--

C16:0 15,99 18,0 19,31 18,27 17,34
C18:0 1,39 2,1 1,86 2,0 o

*C-n: m: where n is the number of the carbon atoms and m the number
of double bonds

111.2.  Solubility Measurements and Computations

Experimental solubility data and the corresponding
coefficients of linear regression (R?) for the pseudo-
binary system Buriti oil/carbon dioxide, measured by
direct and indirect dynamic methods described in sub-
sections I1.3 and I1.4, is shown in Table III. For all the
isotherms, the solubility of Buriti oil in the gaseous
phase increases, as system pressure increases. This
behavior was expected because the solvent power
increases as density increases. For all the isobars, the
solubility of Buriti oil in the gaseous phase decreases, as
system temperature increases.

Table IV shows equilibrium data of pseudo-binary
systems vegetable oils/carbon dioxide reported in the
literature [11], [35]-[36]. It may be observed the same
behavior of all experimental solubility data for the
systems Brazil nut oil/carbon, crude palm oil/carbon
dioxide and sesame oil/ carbon dioxide [11], [35]-[36].

The solubility of buriti oil, measured by different
methods, Brazil nut oil, crude palm oil and sesame oil in
supercritical carbon dioxide presented in Table IV have
the same order of magnitude (10'). The difference in
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solubility may be due to the difference in chemical
composition, buriti and sesame oils are rich in
unsaturated fatty acids (oleic + linoleic) while crude
palm oil is rich in saturated fatty acids (palmitic +
stearic). According to experimental high pressure
equilibrium results obtained by Machado [27], the
saturated fatty acids are fairly easily soluble in carbon
dioxide than unsaturated fatty acids, as the solubility of
fatty acids in supercritical CO, decreases with increasing
carbon chain number and decreasing double bonds.

The algorithm code developed and applied to compute
the solubility by successive linear adjust of extraction
kinetic data reproduced results not only close to those
measured by the static method but also are in good
agreement to solubility of vegetable oils in supercritical

acentric factor for the pseudo-component Buriti oil.

PROPERTIES OF BURITI OIL

TABLE V
FATTY ACIDS COMPOSITION OF EXTRACT OBTAINED BY
SFE AT 25 MPA AND 333 K AND THERMO-PHYSICAL

FFA

CO;
C-16:0
C-18:0
C-18:1
C-18:2
OilBurili

OilBurili M Tb

[wt.%] [ggmol]  [K]
- 44.00  194.67
16,65 25643  622.30
1.45 284.48  648.10
80.25  282.47 625.46
1.65 280.45 624.10
== 278,13 625,24

Tc
[K]
304.19
780.38
796.65
796.36
796.03
793,70

Pc
[MPa]
7.382
1.467
1.325
1.242
1.240
1,281

[0

0.225
1.0104
1.0861
0.9245
0.7767
0,9387

*C-n: m: where n is the number of the carbon atoms and m the number
of double bonds

CO; reported in the literature [11], [20], [35]-[36].

TABLE IIT
EXPERIMENTAL SOLUBILITY OF BURITI OIL IN
SUPERCRITICAL CO,
Systems/Method P T Ycer R?
[MPa] [K] [£0il/KgCO2] [-]
Buriti oil/ CO, 15 333 0,120 0,9972
Direct Dynamic Method 20 333 0,236 0,9958
25 333 4,728 0,9999
30 333 3,630 0,9993
Buriti oil/ CO, 25 313 10,869 0,9995
Indirect Dynamic Method 15 333 1,610 0,9990
20 333 5,092 0,9998
25 333 11,774 0,9990
25 353 6,298 0,9993
TABLE IV
SOLUBILITY OF VEGETABLE OILS IN SUPERCRITICAL CO,
(WEIGHT FRACTION)
Systems/Method P T Ycoz Ycer
[MPa] [K] [-] [20il/KeCO2]
Buriti 0il/CO, 25 323 0,9953 4,640
Static Method 25 343 0,9971 2,850
Buriti 0il/CO, 15 333 0,9998 0,120
Direct Dynamic Method 20 333 0,9997 0,236
25 333 0,9953 4,728
30 333 0,9964 3,630
Buriti 0il/CO, 15 333 0,9984 1,610
Indirect Dynamic Method 20 333 0,9949 5,092
25 333 0,9883 11,774
25 353 0,9937 6,298
25 313 0,9892 10,869
Crude palm 0il/CO, 20 343 0.9972 2,808
Static Method [35] 25 343 0.9891 11,020
35 343 0.9816 18,745
Sesame 0il/CO, 9.8 333 - -
Static Method [36] 15.74 333 - -
21.15 333 0.9941 5,935
24.37 333 0.9875 12,658
Brazil nut oil/ CO, 15 323 0,9970 3,010
Static Method [11] 20 323 0,9982 1,800
25 323 0,9963 3,700
30 323 0,9929 7,100

Table 6 shows the computed binary interaction
parameters fitted to solubility experimental data
computed as described in section I1.4.2 using the
program EDEFLASH [28]. The binary interaction
parameters were calculated for each isotherm and isobar
data by minimizing the objective function (1) .

TABLE VI
COMPUTED BINARY INTERACTION PARAMETERS FOR THE
PSEUDO-BINARY SYSTEM BURITI OIL/CO, FITTED WITH SRK

EOS
Interactions Parameters
O,F
K b [%]
333 K (Isotherm) 0,15042869  0,14329863 0,1147
25 MPa (Isobar) 0,14895761  0,13427658 0,3358

The performance of Soave-Redlich-Kwong EOS with the
van der Walls mixing rule are presented in Tables 7 and
8. The computed k; and I were used to predict the
solubility of Buriti oil in supercritical CO,. In addition,
experimental and predicted data were presented in terms
absolute mean deviations between experimental and
calculated gaseous oil phase defined as follows:

111.3. EOS Modeling & Correlations

Table 5 shows the estimated values for the critical
properties and the acentric factors of all normalized key

AY =yl - y&i (10)
TABLE VII
ISOBAR SOLUBILITY DATA FOR PSEUDO BINARY SYSTEMS
(WEIGHT FRACTION)
T exp cal
K] Ycer Yco2 Ycer Ycoz AY
[£0il/KgCO2] [ [20il/KgCO2] [
313 10,869 0,9892 7,008 0,9930 0,0038
333 11,774 0,9884 8,852 0,9912 0,0028
353 6,298 0,9937 8,687 0,9914 0,0023
TABLE VIII

ISOTHERM SOLUBILITY DATA FOR PSEUDO BINARY
SYSTEMS (WEIGHT FRACTION)

P exp cal
[MPa] Yeer Ycoz Yeer Yco2 AY
[20il/KgCO2] [ [£0il/KgCO2] [
15 1,610 0,9984 2,010 0,9979 0,0004
20 5,092 0,9949 5,409 0,9946 0,0003
25 11,774 0,9884 8,217 0,9918 0,0035

compounds of Buriti oil (C16:0, C18:0, C18:1 and
C18:2), as well as the predicted critical properties and
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Thermodynamic modeling of equilibrium solubility
using the SRK EOS with the van der Walls quadratic
mixing rule was able not only to fit well the binary
interaction parameters (k; and lj) computed for each
isotherm and isobar data by minimizing the objective
function (1), but also to predict, based on buriti oil
composition, estimated critical properties (TCoj and
Pcoir) and acentric factor (aoj), the solubility of buriti oil
in supercritical carbon dioxide.

IV. Conclusions

The solubility of buriti oil has been determined
experimentally by the static and direct dynamic methods
and predicted/correlated using indirect methods by
applying an algorithm code developed to compute the
solubility by successive linear adjust of extraction kinetic
data as well as with the SRK EOS using the van der
Walls quadratic mixing rule.

The experimental solubility data measured by direct
dynamic method reproduced results close to those
measured by the static method, thus corroborating to
assert this methodology as feasible for measuring the
solubility of vegetables oil in supercritical fluids. For all
the isotherms, the solubility of buriti oil in the gaseous
phase increases, as pressure increases. For all the isobars,
the solubility of buriti oil in the gaseous phase decreases,
as temperature increases. In addition, both indirect
methods reproduced well not only the experimental
solubility data presented in this work but are also in good
agreement with solubility of vegetable oils in
supercritical CO, reported in the literature [11]-[12],
[20], [35]-[36].

The algorithm code applied to compute the solubility
by successive linear adjust of extraction kinetic data
reproduced results not only close to those determined
experimentally by the static method but are also in good
agreement to solubility of vegetable oils in supercritical
CO, reported in the literature [11], [20], [35]-[36]. This
corroborates to assert this methodology as feasible to
compute the dynamic solubility from kinetic extraction
data as suggested in the literature when the solid matrix
is rich in easily extractable solutes as in the case of seeds
and pulp of lipid rich biomaterials [12]-[ 14].

The SRK EOS with the van der Walls quadratic
mixing rule was able to fit well the binary interaction
parameters (ki and l;) by minimizing the objective
function (1) as well as to predict, based on buriti oil
composition and estimated critical properties and
acentric factor, the solubility of Buriti oil in supercritical
carbon dioxide, showing the ability of EDEFLASH to
predict high pressure equilibrium of complex systems
vegetable oils/carbon dioxide [11], [28].
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Abstract - The purpose of the physical refining process of palm oil is the removal of free fatty
acids, pigments, nonhydratable phosphoacylglycerols, sterols, and other compounds that may be
detrimental to the flavor or oxidative stability of the refined oil. Among these compounds, carotenes,
sterols, tocopherols, and squalene are of special interest for the food, cosmetic, and pharmaceutical
industries. Nevertheless, during the refining process of crude palm oil, chemical and thermal
decomposition of most the valuable substances occur, including the carotenes. In this work, crude
palm oil related compounds (fatty acids, triglycerides, carotenes, squalene, and others) adsorbed in
thermal activated j-alumina AG.45 and AG.65, were desorbed with supercritical CO, to obtain
fractions rich in carotenes. Desorption experiments have been carried out in a supercritical

extraction pilot plant at 25 and 30 MPa, temperature of 333 K, and solvent flow rate of Qco, = 16-19
[/min]. The adsorbent was characterized by X-ray Powder Diffraction, Electron Scanning
Microscopy, Particle and Pore Size Distribution, Particle Porosity and Specific Area. A mass transfer
model has been applied to describe the kinetic behavior of desorption. Chemical analysis of
carotenes has been performed by UV-VIS spectrophotometry. The influence of pressure, specific area
of adsorbent and solute loading on the supercritical desorption process has been investigated by
analyzing the mass transfer performance. The supercritical desorption of palm oil related compounds
adsorbed in activated j-alumina has proved to be an alternative method for the recovery of carotenes.
Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Palm Oil, Carbon Dioxide, j<Alumina, Supercritical Adsorption, Mass Transfer

Modeling.

l. Introduction

Palm oil contains P-carotene, tocopherols, squalene,
sterols, fatty alcohols, and other valuable substances [1-
2], largely wused in the food, cosmetic, and
pharmaceutical industries [3-4]. Based on the amount of
palm oil processed by the oil chemical industry in 2010
(= 52*10° ton) [5], it is, therefore, easy to concluded
that great amounts of natural fat soluble substances could
be recovered using the by-products of palm oil physical
refining process. However, thermal and chemical
degradation of most of the valuable substances occurs
during the physical refining process of palm oil. Among
those substances, the carotenoids are completely
destroyed.

The supercritical separation technology using carbon
dioxide as solvent makes possible not only the design of
environment-friendly processes, but also the processing
of biological materials (carbon dioxide has a near-
ambient critical temperature), and manufacture of
products free of solvent residuals [6-7].

Since the work of Model et al. [8], supercritical CO,
desorption of synthetic chemicals (e.g. phenol, ethyl

Manuscript received and revised March 2011, accepted April 2011

acetate, benzene, toluene, naphthalene, phenanthrene,
hexachlorobenzene, pentachlorophenol, and isomeric
dimethylnaphthalene mixtures, DDT, n-Hexane, Methyl
Ethyl Ketone, and Toluene, ethylacetate and furfural, M-
Xylene, benzoic acid or salicylic acid) [9-19], desorption
of essential oils (e.g. lemon, bergamot, mandarin, lemon,
lime and bitter orange oil) [19-24], as well as fat-soluble
substances (carotenes, [3-catotene, tocopherol acetate, a-
tocopherol) [25-28], impregnated in different adsorbents
(e.g. silica gel, aluminum oxides, y-alumina, activated
carbon, cellulose, bentonite, magnesium silicate, zeolite)
has been reported in the literature [8-28].

Despite the development of several processes to
recover and concentrate carotenes from vegetable oils by
traditional methods, particularly crude palm oil (CPO),
degummed palm oil (DPO), palm fatty distillates (PFD)
and refined, bleached and deodorizer palm oil (RBD),
including transesterification of CPO followed by
molecular distillation [29], batch adsorption of CPO
followed by solvent extraction [30-32], enzymatic
hydrolysis of CPO followed by adsorption column
chromatography [33], degumming of CPO followed by
adsorption column chromatography [34], CPO
adsorption column chromatography [35],

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved
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transesterification of RBD followed by nanofiltration
[36], only a few works have been reported concerning
the application of supercritical adsorption/desorption
processes to recover and or enrich carotenes from
vegetable oils and natural colorants, including batch
adsorption of CPO in stirred tanks followed by
supercritical desorption [27], coupled supercritical
extraction-adsorption  of paprika powder [37],
transesterification of CPO followed by purification of
FAME in counter-current extraction columns and
supercritical adsorption of FAME concentrates in silica-
gel [25], as well as supercritical adsorption of buriti oil
(Mauritia flexuosa, Mart) in y-alumina followed by
desorption of fat-soluble compounds with carbon dioxide
[28].

In this work, coupled batch adsorption of CPO in y-
alumina and supercritical CO, desorption has been
applied as an alternative method to investigate the
feasibility of recovering palm oil fat-soluble compounds,
particularly the carotenes. The influence of palm oil/ y-
alumina ratio on batch adsorption y-alumina capacity,
free fatty acids content and absorbance of palm oil
filtrate, as well as the influence of pressure, y-alumina
capacity and fixed bed characteristics on the recovery
and enriching of carotenes by supercritical desorption
has been investigated systematically.

Il1. Material and Methods

I.L1. Materials

AGROPALMA S/A (Tailandia-Para-Brazil) delivered
palm oil used on the adsorption experiments. Aluminum
hydroxide AIl(OH); (Gibsite), a mineral of great
abundance in the state of Pard-Brazil, used as raw
material for the adsorbent preparation was delivered by
ALUNORTE S/A (Barcarena-Para-Brazil). GASPARA
S/A (Belém-Para-Brazil) provided carbon dioxide 99.99
% [wt.] pure.

11.2. Chemical Characterization of Palm Oil

Palm oil has been physical-chemically characterized at
the Laboratory of Quality Control (CRA S/A, Belém-
Para-Brazil) according to AOCS official methods [38] in
terms of Free Fatty Acids by AOCS Ca 5a-40, Peroxide
Value by AOCS Cd 8b-90, lodine Value by AOCS Cd
1d-92, Color-Lovibond by AOCS Cc 13e-92, Moisture
by AOCS Ca 2c¢-25, Melting Point by AOCS Cc 1-25,
Phosphorous by AOCS Ca 12-55, Insoluble
Impurities by AOCS Ca 3a-46, UV Extinction by AOCS
Ch 5-91, Dobi by MS 814:1983 [39], and Carotenes by
spectrophotometry.

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

11.3.  Adsorbent Processing

Aluminum hydroxide Al(OH); (Gibsite), the
adsorbent precursor, was washed with water at 373 K to
remove the residual sodium hydroxide and other
undesirable impurities, dried in an oven with air
circulation at 333 K for 24 hours (Fabbe, Sdo Paulo,
Brazil, Model: 179), and stored in a desiccator.

Thermal transformation (Calcination) of aluminum
hydroxide has been carried out at 723 and 923 K using
an electrical furnace (Quimis, Sdo Paulo, Brazil, Model:
Q.318.24) with automatic temperature control. The
mineralogical identification of the adsorbents has been
performed by X-ray powder diffraction using the powder
method (Philips, Holland, Model: PW 3710).

The chemical equations representing the reactions
taking place during the thermal decomposition of
Aluminum hydroxide Al(OH); (Gibbsite) to produce -
alumina based adsorbents are given as follows.

2 Al (OH); > %50 3 ALOs-¢ +3H,0(g) (1)

Gibbsite Alumina
ALOs-x + H,0(g) > 7% 5> 2 AIOOH (IN)
Alumina Boehmite

2 AIOOH = 8 > ALOs-y + H,0 (g) (IIT)
Boehmite Alumina

The morphology of y-alumina type adsorbent were
performed by Scanning Electron Microscopy using an
electron microscope (Jeol, Japan, Model: 840A) and a
metallization equipment (Edwards, USA, Model: S150)
under high vacuum (10™ torr) and a potential difference
between 1-3 kV. The specific area of adsorbents was
measured using the BET method in a surface area
analyzer (Quantacrome, USA, Model: Monosorb), and
the particle size distribution was carried out in a particle
diameter analyzer (Malvern Instruments, USA, Model
Mastersize S).

I1.4.  Adsorption of Palm QOil in »Alumina

11.4.1.Experimental Apparatus

The experimental apparatus described in Fig. 1,
consists of, a stainless steel jacket cylindrical reactor
(Refrinox Rep e Comércio Ltda, Belém-PA) of 250 mm
height and 55 mm diameter (Adsorption Unit), a stainless
steel jacket cylindrical reactor (Refrinox Rep e Comércio
Ltda, Belém-PA) of 195 mm height and 45 mm diameter
(Filtration Unit), a one-off valve (Niagara S.A, Model:
539-150), which connects both Adsorption and Filtration
Units, a mechanical stirrer (Veb-Labortechnik, Model:
UR2), a digital thermometer, a sealing flange (Refrinox
Rep e Comércio Ltda, Belém-PA) with a sphere valve, a
heating system containing a stainless steel water
reservoir with 180 mm x 255 mm x 150 mm, a
recirculation pump (AL-KO Gerdte Gmbh, Model: SPI
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500), an electrical resistance (Ebulidor Mergulhio,
Model: Cherubino-127 volts), a digital temperature
control (Weg, Model: CW37.11E), and a vacuum
system containing a stainless steel collector (Refrinox
Rep e Comércio Ltda, Belém) of 275 mm height and 50
mm internal diameter and a vacuum pump (Edwards,
Model: RV3).

11.4.2.Experimental Procedure

Initially, crude palm oil was heated up to 313 K in order
to better homogenize the mixture. The heating system
was turned on and the recirculation pump, which
recycles hot water within the jacket reactors of both
adsorption and filtration units, was activated.
Afterwards, the liquid palm oil mixture was introduced
inside the adsorption unit and the mechanical stirrer was
turned on. When the temperature of 333 K was achieved,
the adsorbent was introduced inside the adsorption unit
and the mixture agitated for a period of 30 minutes. After
the adsorption process was finished, the on-off valve was

opened, the mixture has fallen to the filtration unit by
gravity and the on-off valve was immediately closed.
The vacuum pump was activated and the sphere valve
coupled to the sealing flange, which connects the
filtration unit to the stainless steel collector, was opened.
The filtrate/percolate was collected, weighted and the
absorbance and free fatty acids content measured. The
adsorbent loaded with palm oil was weighted, covered
with aluminum paper and stored in a freezer to be used
on the desorption experiments. In all the experiments
approximately 20 g of y—alumina type adsorbent (AG.45
or AG.65) and 200 g of crude palm oil have been used.
In addition, a series of batch adsorption experiments
have been carried out using the filtrate/percolate as raw
material for subsequent batch adsorptions and the
procedure repeated four times. In these experiments,
approximately 20 g of y—alumina type adsorbent (AG.65)
and an initial charge of 200 g crude palm oil has been
used on the first experiment while decreasing amounts of
filtrate/percolate were used on subsequent experiments
for 20 g of y—alumina.

itirrer
Termocouple —
Heater
— |} [F]
Pusp -_I{_-- on-0ff Yalve

Yacuum Pump

=

Fig 1: Schematic diagram of the experimental batch adsorption apparatus.

11.5. Desorption Experiments

11.5.1. Experimental Apparatus

Desorption experiments were carried out in a
supercritical extraction unit (Faculty of Chemical
Engineering, UFPA-Brazil). The experimental apparatus
consists basically of a jacket autoclave (Mechanical
Workshop, TUHH-Germany) with 1000 cm?, a
diaphragm-type compressor (Andreas Hofer, Germany,
Model MKZ 120-50), a stainless steel cylindrical

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved

extractor of 44.2 mm height and 29.4 mm internal
diameter, assembled inside the high pressure autoclave
and used as desorption cell, a separator with 130 cm?
(Mechanical Workshop, UFPA), a thermostatic bath
(Haake Mess-Technik GmbH, Germany, Model: N3), a
carbon dioxide cylinder, a gas flow meter, and a control
unit that displays the temperature and pressure inside the
extractor. The temperature inside the extractor was
measured with NiCr-Ni thermocouples (SAB GmbH &
Co, Viersen, Germany, Model: MTE-303) with a
precision of = 0.1 K, while the pressures was measured
by a Bourdon-type gauge (Wika, Germany, 0-400 bar;
Model DIN.S) with a precision of + 2 bar. A schematic
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diagram of the supercritical extraction unit is shown in
Fig. 2.

11.5.2.Experimental Procedure

The experiments were carried out at pressures 25 and
30 MPa, temperature of 333 K and solvent flow rates of
Qcoz = 16-19 L/min. The charge of y-alumina loaded
with palm oil related compounds was placed inside the
stainless steel cylinder of 30 cm?® squeezed in Fig. 3. The
cylinder has 02 (two) flanges, whereas 02 (two) slices of
filter paper were introduced between to avoid the oil and
adsorbent particles to spread outside the cylinder. The
cylindrical extractor has been assembled within the high
pressure vessel. Carbon dioxide was delivered at the
required pressure by the membrane compressor (Andreas
Hofer, Germany, Model MKZ 120-50) by opening
valves Vi, Vo and V), and closing valves V; (micro-
metering valve), Vi4 and Viy; (micro-metering valve),
passed through a porous plate to assure a homogeneous
flow of carbon dioxide along the fixed bed of y-alumina
loaded with palm oil related compounds place inside a
specially constructed carbon steel extractor with 4.42 cm
height and 2.94 cm internal diameter. Afterwards, carbon
dioxide was recycled in a closed loop for 30 (thirty)
minutes, by closing valves V4 and Vi;, and opening
valve V; to maintain the system pressure constant and
achieve the desired operating temperature. Then, valve
Vi; was open and the flow rate was set low (16-19
lcop/min). After passing through the micro-metering
valve V17, the supercritical carbon dioxide containing
the soluble palm oil, was expanded inside a small
stainless steel tube used as separator and the extract was
collected in a glass tube placed inside the separator. The
samples were collected every 10 (ten) minutes. The
expanded carbon dioxide passed through a gas flow
meter and was released to the atmosphere. For more
details see Franga et al [40].

Heating S5tem a5 Fjonreter

Fig 2: Schematic diagram of the supercritical extraction unit.
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11.5.3.Chemical Analysis of Carotenes

The chemical identification of carotenes, expressed in
terms of P-carotene, has been performed by UV-Vis
spectrophotometry. B-carotene has eleven double bonds
with its absorption maximum between 447-450 nm [40].
A calibration curve was constructed using solutions of
pure PB-carotene (pa., Merck, Darmstadt) in a mixture of
n-hexane and acetone (7:3 vol. /vol.). The absorbency
values are related to the concentration of B-carotene in a
linear fashion within the range 0-1.0 following Beer’s
law by equation (1) as follows.

VnL)A o

1670.m () M

CB—carotene (ppm) =

The procedure to quantify the carotenes was
conducted as follows: at first, the spectrophotometer
(Celms, Model: E22D) was calibrated with n-hexane and
acetone (7:3 vol. /vol.) blank, then the samples were
weighted in an analytical balance ( ) and dissolved in the
organic phase. The absorbency values were read, and the
concentration calculated.

11.5.4.Mass Transfer Modeling

The mathematical model applied to describe the
desorption kinetics states that mass transfer in the
gaseous phase is described by a non-stationary
convective model with a coupling term at the solid-fluid
boundary (solute transfer rate leaving the solid boundary
is equal to the solute transfer rate entering the gaseous
solvent) without considering the axial dispersion through
the fixed bed and that desorption rate of lipids in the
solid phase is proportional to its concentration (linear
first order desorption), similar to the desorption model
reported in the literature [10-11]. This phenomenon in
the solid phase can be interpreted as transport process
with instantaneous equilibrium, based on the variations
of solute composition and concentration in the porous
solid material and a small mass transfer resistance.

The mathematical model applied to describe the
behavior of desorption kinetics of palm oil compounds
by supercritical CO, has been fitted to experimental
kinetic data using Equation (8). Since the physical
characteristics of the fixed bed have been determined
experimentally and the operating conditions are kwon,
the linear first order desorption constant K given by
Equation (7) is the only remaining parameter to be
regressed.
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Mass Balance in the Fluid Phase

oY (t,z) U oY (t,z) _ (I-g5) ps IX(1) 2
ot 0z gg  py Ot
Boundary Conditions
L. Y(z,t)=0,t=0 3)
II. Y(z,t)=0,z=0 4
Mass Balance in the Solid Phase
OX(t
(1-e)ps o — _kx(1) s)
ot
Boundary Conditions
L X(t)=X,,t=0 (6)

The solute concentration in the fluid phase at the fixed
bed outlet can be obtained by solving simultaneously
equations (2) and (3) with the boundary and initial
conditions given by equations (3), (4) and (5), resulting

in equation (7).
{ ;{ K[t—— }exﬂ—Kt)}(D

The mass of palm oil desorbed from y-alumina loaded
palm oil during the course of supercritical desorption
process is given by the equation (8) as follows.

(1- 8s) _Ps

Y(Z:L,t) -
& Pcoz

t
MOil = ijOZ Y(Z=L,t)dt (8)
0

Where Y, is the solute concentration in CO,

(gsome’kgco2), X, 1s initial adsorbent capacity
(gsome’kgsonia), (U) is the interstitial velocity (m/s), L the
fixed bed length (m), K is the first order desorption

constant (s™), mco2 is the CO, mass flow rate (kg/s), ps
the adsorbent density (kg/m’), pco» the CO, density
(kg/m®), and g the solid phase (fixed bed) porosity.

11.5.5. Desorption Break-Through Curve

The desorption break-through curve makes it possible
to compute the mass of adsorbed species using equation
(9) as follows [16-18].
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MDcsorption = ZmCOZY(z:L,t)At - VSSpCOZY(z:L,t) )

Where Y(,_; ,, is the adsorbate concentration at time
t, Atis the time interval of desorption and Vs the fixed
bed volume. In all cases, the mass balance closure
(M Adgsorption = Vs€PsXy_alumina =0) has
delivered quite exact results within the experimental
errors.

-M Desorption

I11. Results and Discussions

I11.1. Characterization of Crude Palm Qil

Table I shows the physical-chemical characterization
of CPO (Crude Palm Oil) supplied gently by CRA S/A

TABLE I: PHYSICAL-CHEMICAL CHARACTERIZATION

OF CRUDE PALM OIL
Physical-Chemical This Work
Analysis
FFA (C16:0) [%] 4.82

Peroxide Value [mEq/kg] 0.028
Color-Lovibond [1 in] 40 Red-40 Yellow

Melting Point [K] 308.8

Iodine Value [Wijs] 53.20

Phosphorous [ppm] 16.52

Extintion [233-269 nm] E'233 nm=0.66-E'* 269 nm=0.24
Dobi 3.22

Carotenes [ppm] 774

Moisture [%] 0.37

Impurities [%] 0.028

*Laboratory of Quality Control (CRA S/A, Belém-Para-Brazil)

I11.2. Characterization of y—alumina Adsorbents

The mineralogical identification of the adsorbents
performed by X-ray diffraction is shown in Fig. 4 has
identified for the adsorbent AG.45 the following:
formation of crystalline aluminum monohydroxide
(boehmite), the non-reacted Aluminum hydroxide
Al(OH); (Gibsite) and formation of transition y-alumina,
while for the adsorbent AG.65, all the Aluminum
hydroxide Al(OH); (Gibsite) has been transformed to
crystalline aluminum monohydroxide (boehmite) and
transition y-alumina as indicated in Fig. 4. The formation
of crystalline aluminum monohydroxide (boehmite) can
be justified by the simultaneous reaction between the
transition y-alumina and the water vapor produced during
the thermal decomposition.
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Fig. 4. Diffractogram of gibbsite, boehmite and y-alumina AG.45
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The Scanning electron microscopy illustrated in Fig_ 5 Fig. 7: Particle size distributions of y-alumina AG.45 and AG.65.

and Fig. 6 show that y-alumina AG.45 has a small

diameter compared to y-alumina AG.65. It may be observed that y-alumina AG.45 has

smaller mean pore diameter, particle Sauter diameter
and specific area compared to y-alumina AG.65
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Fig. 8: Pore size distributions of y-alumina AG.45 and AG.65.

Table II summarizes the morphology characterization
of y-alumina AG.45 and AG.65. The results show that y-
alumina AG.45 and AG.65 have similar specific area,
while y-alumina AG.65 has higher pore and particle
Sauter diameter than y-alumina AG.65. In addition, y-
alumina AG.65 has higher particle porosity than y-
alumina AG.45, and hence, greater ability to absorb
molecules compared to y-alumina AG.45.

TABLE II: MORPHOLOGICAL CHARACTERIZATION OF y-

ALUMINA AG.45 AND AG.65
y-alumina Pore Particle Sauter Specific
Fig. 6. Scanning electron microscopy of y—alumina AG.65. Diameter Porosity Diameter Area
¢y [nm] & [] dp[pm] ay [m?/g]
. . C . . AG.A45 5.545 0.211 118.77 151.95
The particle and pore size distribution of y-alumina AG.65 =893 0304 14152 15379

AG.45 and AG.65 are shown in Fig. 7 and Fig. 8.
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I11.3. Batch Adsorption Experiments

Table III summarizes all the adsorption experiments.
The results shows that y-alumina AG.65 has higher
capacity to absorb Palm Oil than y-alumina AG.45.

TABLE III: CAPACITY OF y-ALUMINA AG.45 AND AG.65

y-alumina Mo M,. Myatuminasoit T X-alumina
[g] alumina [g] [K] [gou/gy,a[umina]
[g]
AG.45 203.60 20.13 24.74 333 0,2290
AG.45 197.79 20.26 25.59 333 0,2631
AG.45 202.59 20.81 26.05 333 0,2518
AG.45 202.64 20.42 25.61 333 0,2541
& X, —atumina 0,2495
X= "22;7' .
AG.65 201.70 20.04 27.95 333 0,3947
AG.65 202.02 19.84 29.35 333 0,4793
AG.65 200.28 20.04 28.16 333 0,4052
AG.65 181.60 20.07 28.41 333 0,4157
AG.65 167.00 20.06 28.61 333 0,4262
AG.65 141.50 20.09 29.04 333 0,4455
= Xestmi 0,4429

n=l n

Table IV shows the results of free fatty acids for crude
palm oil (FFAcpo) and crude palm oil percolate/filtrate
(FFAp) as well as the absorbance for crude palm oil
(Acpo) and crude palm oil percolate/filtrate (Ap). For all
the experiments, the results show that after batch
adsorption the absorbance and free fatty acid value of
crude palm oil percolate/filtrate for both y-alumina
AG.45 and AG.65 decreases, showing that the adsorbent
has the ability to retain fatty acids and carotenes.

TABLE IV: FFA AND ADSORBANCE VALUES OF CRUDE PALM
OIL AND CRUDE PALM OIL PERCOLATE/FILTRATE

Y- FFACPO FFAP Acpo Ap

alumina [mgkon/goil [mgkon/goil [nm] [nm]
AG.A45 4.82 3.24 0.554 0.423
AGA45 4.82 3.69 0.299 0.199
AGA45 4.82 3.47 0.473 0.444
AG45 4.82 2.84 0.452 0411
AG.65 4.82 2.73 0.468 0.421
AG.65 4.82 2.73 0.566 0.401
AG.65 4.82 4.82 0.497 0.436
AG.65 2.38 2.38 0.436 0.421
AG.65 0.72 0.72 0.421 0.406
AG.65 0.54 - 0.406 -

Fig. 9 and Fig. 10 show that free fatty acid and
absorbance values decreases as the capacity of y-alumina
AG.65 increases for a series of batch adsorption
experiments carried out using the filtrate/percolate as raw
material for 03 (three) subsequent batch adsorptions. The
results confirms that y-alumina type adsorbent AG.65 has
the ability to retain the free fatty acids and carotenes
from crude palm oil.
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Fig. 9: FFA values as a function of y-alumina AG.65 capacity for
subsequent batch adsorption of crude palm oil.
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Fig. 10: Fig. Absorbance values as a function of y-alumina AG.65
capacity for subsequent batch adsorption of crude palm oil.

I11.4. Supercritical Desorption Experiments

The operating conditions and process parameters of
supercritical CO, desorption process of palm oil related
compounds from y-alumina AG.45 and AG.65 are
depicted in Table V. The initial concentration of
carotenes in crude palm was 774 ppm.

TABLE V. OPERATING CONDITIONS OF SC- DESORPTION
OF PALM OI COMPOUNDS WITH CO, AT 333 K

Adsorbent P Mcoz T EMoj Yield
[MPa]  [Umin] [min]  [g] [

AG.45 25 19.30 100 3.02 60.5
AG.65 25 16.09 160 3.63 58.5
AGA45 30 17.26 100 2.92 40.8
AG.65 30 18.93 120 5.77 65.1

Fig. 10 shows the results of the supercritical
desorption of crude palm oil related compounds from y-
alumina AG.45 and AG.6 with CO, at 25 and 30 MPa
and 333 K. It could be observed for both adsorbents
AG.45 and AG.65 that accumulated mass of oil (ZMg;)
increases with increasing system pressure. This is due to
an increase in the supercritical solvent density. The
solvating power of supercritical fluids is directly
proportional to the density. For all isobars, the yield of
the supercritical desorption process of crude palm oil
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related compounds from fy-alumina adsorbents AG.45
and AG.6 was higher when using y-alumina AG.65.

o & T
. *

VW P=25MPa, AG.45
Qeop =19 [gimin]
A p=30MPa, AG.45

EM Desorbed [g]

Qcp2 = 16 [g/min]
K P=25MPa, AG65

Qcoz =17 [gimin]
‘ P =30 MPa, AG.65

Qcpp =19 [g/min]

T T T T T T T T
0 20 40 60 80 100 120 140 160 180

t[min]

Fig. 11: Supercritical desorption kinetic of crude palm oil related
compounds from y-alumina AG.45 and AG.65.

The physical mechanism of adsorption of complex
mixtures depends on the chemical structure and volume
of all components in the mixture, mutual solubility, and
concentration, molecular structure of the adsorbent,
specific area, void volume, temperature and others. In
general, if the adsorbent’s particle size distribution
decreases, the adsorbent specific area and capacity
increases considerably. The atoms of alumina are highly
electronegative, thus giving raise to positive sites on the
surface of y-alumina adsorbents. The positive sites on the
surface of y-alumina adsorbents attracts electronegative
molecules such as the group OH present in the fatty acids
and the group R-O-C=0-R’ in the triglycerides. The
groups OH present in the fatty acids are more
electronegative than groups R-O-C=0O-R’ in the
triglycerides. The adsorption experiments indicates that
y-alumina AG.65 was more effective to retain palm oil
related compounds than y-alumina AG.45. This is due to
a higher quantity of positive charges on the surface of y-
alumina AG.65 available to capture the groups OH and
R-O-C=0-R’, caused by a higher dehydroxilation rate of
y-alumina AG.65 compared to y-alumina AG.45 during
the calcination process. The higher the dehydroxilation
rate, the higher the quantity of positive charges on the
surface of y-alumina adsorbents.

Fig. 12 shows the carotenes behavior in the
extracts/condensates during the course of supercritical
CO;, desorption of crude palm oil related compounds
from y-alumina adsorbents AG.450 and AG.650 loaded
with palm oil at 25 MPa and 333K. The results show that
concentration of carotenes in the extracts increases
during the course of desorption process, reaching a
maximum of 1830 ppm and 1840 ppm, at the end of
desorption, for y-alumina AG.45 and AG.65
respectively. In both cases a concentration and or
enriching fold of approximately 2.4 was achieved.
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Fig. 12: Course of carotenes concentration in the extracts on SC-
CO; desorption of palm oil from y-alumina AG.45 and AG.65.

Fig. 13 shows the carotenes behavior in the
extracts/condensates during the course of supercritical
CO, desorption of crude palm oil related compounds
from y-alumina adsorbent AG.65 at 25 and 30 MPa and
333K. Once again, the results show a tendency of
increasing the concentration of carotenes in the extracts
during the course of desorption process, reaching a
maximum of 1010 ppm and 2820 ppm, at the end of
desorption, for y-alumina AG.45 and AG.65 respectively
at 25 and 30 MPa. For y-alumina AG.65 at 30 MPa a
concentration and or enriching fold of approximately 4.0
was achieved, corroborating to assert this methodology
as feasible to concentrate carotenes from CPO with the
advantage compared to the methods described in the
literature, whereas chemical transformation and thermal
separation processes takes place, thus causing
degradation of fat-soluble, such as transesterification of
CPO followed by molecular distillation [29], batch
adsorption of CPO followed by solvent extraction [30-
32], enzymatic hydrolysis of CPO followed by
adsorption  column  chromatography [33], and
transesterification of RBD followed by nanofiltration
[36].
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Fig. 13: Course of carotenes concentration in the extracts on SC-
CO, desorption of palm oil from y-alumina AG.65.
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I11.4.1. Mass Transfer Modeling

Table VI shows the physical characteristics of fixed
bed, physical properties and process conditions for all
the desorption experiments under supercritical
conditions.

TABLE VI: CHARACTERISTICS OF FIXED BED,
PHYSICAL PROPERTIES AND PROCESS

CONDITIONS

EXP.1  EXP. Il EXP.III EXP. IV

AG45  AG.65 AG.45 AG.65
TIK] 333 333 333 333
P [MPa] 25 25 30 30
L [m] 0,011 0,020 0,013 0,019
s [m] 0,029 0,029 0,029 0,029
L/os [-] 0,45 0,48 0,45 0,45
S*10°04[m?] 6,61 6,61 6,61 6,61
Ve*10°05[m?] 0,925 1,32 0,859 1,25
Qcor*10704 [ke/s] 322 2,88 2,68 3,15
(U) *10704[mss] 6.20 5,55 4,90 5,75
peos [keg/m?] 786 829 786 829
ps [ke/m?] 2627 2183 2627 2183
dp[um] 118.7 1415 118.7 141.5
& [-] 0211 0,304 0211 0,304
es[-] 0,45 0,46 0,46 0,46
Xo [£01/ 8- stumins] 0,249 0,442 0,249 0,442

Where S is the fixed bed transversal area and ¢s is the
fixed bed internal diameter. Fig. 14 shows that Tan and
Liou model [10-11] was able to fit well experimental
desorption kinetic data by adjusting the parameter K in
equation (7). Table VII summarizes the adjusted K
values using equation (7).

TABLE VII: ADJUSTED K VALUES

EXP.1 EXP. I EXP.III EXP. 1V
AG.45 AG.65 AG.45 AG.60
K [s-'] 3.51E-04 6.45E-04 8.21E-05 2.36E-04
0.006 : T T T

O AG.45, P=25 MPa
—— Model
A AG45 P=30MPa
9 -~~~ Model
LTk ]k AGES, P=25MPa
* | Model
O AGS5, P=30 MPa
=== Model

T
8000 10000

Fig. 14: Fitted experimental desorption kinetic data with Tan and
Liou model [10-11].

IVV. Conclusions

Based on the experimental results the following can be
stated: 1. y-alumina AG.45 and AG.65 has the ability to
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retain fatty acids and carotenes, 2. y-alumina AG.65 was
more effective to retain palm oil related compounds than
y-alumina AG.45 due to a higher quantity of positive
charges on the surface of y-alumina AG.65 available to
capture the groups OH and R-O-C=0-R, 3. Subsequent
batch adsorptions experiments confirms that y-alumina
type adsorbent AG.65 can be used as an alternative
method to deodorize and bleach CPO, 4. For y-alumina
AG.65 at 30 MPa a concentration and or enriching fold
of approximately 4.0 was achieved, corroborating to
assert this methodology as feasible to concentrate
carotenes from CPO, 5. This methodology has the
advantage that no degradation of fat-soluble takes place,
6. Tan and Liou model was able to fit well experimental
desorption kinetic data by adjusting the parameter K in
equation (7), 7. The results corroborates to assert this
methodology as feasible to concentrate and enrich
carotenes from CPO by coupled batch adsorption and
supercritical desorption.
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Abstract: In this work, in order to study systematically the enriching of fat-soluble
substances by supercritical adsorption/desorption processes, adsorption of buriti oil
(Mauritia flexuosa, Mart.) in columns packed with y-alumina has been determined
experimentally. The experiments were carried out in a laboratory scale high pressure
extraction unit, adapted to be used as an adsorption cell, at 15, 20, and 25 MPa, 333 K,
and solvent flow rate of Qco2 = 10.6 L/min, using an assemble of packed columns of
22 cm? filled with 50 g of y-alumina adsorbent, as well as by traditional methods
reported in the literature to measure the adsorption of diluted liquid solutions within
porous solids. The adsorbent was characterized by x-ray powder diffraction, particle
and pore size distribution, particle porosity and specific area. A Freundlich type
isotherm has been used to model the experimental data. The results show that
adsorbent capacity increases with higher pressures, showing a maximum of 82.42 mg
buriti oil/g at 25 MPa. In addition, experimental results show that equilibrium capacity
of buriti oil in y-alumina measured by both methods give similar results.

Keywords: Adsorption, supercritical carbon dioxide, vegetable oils, buriti.
1. Introduction

The oil of buriti (Mauritia flexuosa, Mart.), a native occurring palm in the Amazon region,
obtained by mechanical pressing of pulp, contains between 20-30 % (wt.) of a yellow-orange oil
with the highest content of carotenes (~ 3600 ppm) in vegetable oils reported in the literature
(Franga et all., 1999), a natural substance of special interest in the food and pharmaceutical
industries.

Despite the development of several processes to recover and enrich carotenes from the palm oil
reported in the literature including esterification, and transesterification of palm oil, followed by
selective adsorption of the carotenes in packed columns and desorption by using organic solvents
(Choo et all., 1991), sterification of palm oil, followed by distillation under high vacuum (Ooi et
all., 1991), and adsorption of palm oil within alumina based adsorbents in stirred tanks, followed
by supercritical desorption in packed columns using carbon dioxide as solvent (Raiol et al., 2000),
no data has been reported concerning the development of methods and or processes to recover and
enrich carotenes from buriti oil (Mauritia flexuosa, Mart.).

Studies reported in the literature concerning the selective separations of substances adsorbed
within porous adsorbents by supercritical adsorption/desorption processes, particularly fat-soluble
substances presented in vegetable oils, are scarce. Among those, the separation of a-tocopherol
acetate from a synthetic mixture of tocopherols using silica gel as adsorbent (Fleck, 2000),
desorption of andiroba oil (Carapa Guianensis, Aubl.) compounds in packed beds of y-alumina



loaded with andiroba oil at different state conditions (Machado et all, 2005), adsorption isotherms
of oleic acid ( Machado et all., 2007) and a-tocopherol acetate ( Machado et all., 2007) in packed
columns using y-alumina as adsorbents at different state conditions, fractionation of copaiba oil
resin (Copaifera officinalis) by supercritical desorption in packed columns with y-Alumina as
adsorbent (Machado et all, 2009). In addition, adsorption of chemical species or solutes of diluted
liquid solutions in solids adsorbents at normal pressures may also be carried out in stirred tanks
and or orbital shakers as described elsewhere (C. J. Radke, J. M. Prausnitz, 1972).

In this work, in order to develop a data basis to study systematically the performance of -
alumina to selectively fractionate and enrich fat-soluble substances present in burit oil, particularly
carotenes and tocopherols, adsorption of buriti oil in y-alumina using supercritical CO2 has been
investigated in a laboratory scale high pressure extraction unit, adapted to be used as an adsorption
cell, at 15, 20, and 25 MPa, 333 K, and solvent flow rate of Qco2 = 10.6 L/min, and the results
compared with adsorption measurements of buriti oil diluted in n-hexane within porous y-alumina
carried out in orbital shakers at 0.1013 MPa and 333 K.

2. Materials and Methods

2.1 Materials -Aluminum hydroxide used as raw material for the adsorbent preparation
was delivered by Alunorte S/A (Barcarena-Para-Brazil). Carbon dioxide 99.90 % [vol/vol] pure
was supplied by Linde Gases Ltda (Belém-Para-Brasil). Buriti oil (Mauritia flexuosa, Mart.) was
obtained by exhaustive supercritical carbon dioxide extraction of buriti pulp at 25 MPa and 333 K
using a SFE unit described elsewhere (Franga et all, 1999).

2.2 Absorbent Preparation _and __Characterization _-Aluminum hydroxide Al203
(Gibbsite), the precursor of y-alumina, was washed with water at 373 K to remove the residual
sodium hydroxide, dried in an oven with air circulation at 333 K for 24 hours (Fabbe, Sao Paulo,
Brazil, Model 179), and stored in a dissector. Thermal transformation of aluminum hydroxide have
been carried out at 673 K, 773 K, 873 K and 923 K during 03 (three) hour in an electrical furnace
(Quimis, Sao Paulo, Brazil, Model: 5B) with automatic temperature control, to produce
predominately alumina of y type as shown in Figure 1, showing a mass loss of 35 % [wt.] at 673
K, 15 % [wt.] at 773 K, resulting a total mass loss of 50% [wt.], caused by the loss a hydroxyl
(OH) group. No mass loss has been observed at 873 and 923 K. The X-ray diffraction depicted in
Figure 1 has identified the following: formation of crystalline aluminum mono-hydroxide
(Boehmite) and formation of transition y-alumina. The chemical equations representing the thermal
decomposition of Al203 and formation of y-alumina are shown bellow.

2 AL(OH): ' ALOs-y + 3 H20 (g)
Gibbsite Alumina

(583-723 K)

AL03-y +H20 (g) - 2 AIOOH
Alumina Boehmite

2 AIOOH - " ALO3-y + H20 (g)
Boehmite Alumina
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Figure 1: X-ray diffraction of boehmite and y-alumina.

The adsorbent (y-Alumina) was characterized by X-Ray Powder Diffraction, Scanning
Electron Microscopy, Particle Size Distribution, Pore Size Distribution, Particle Porosity and
Specific Area. The mineralogical identification of the adsorbents has been performed by X-ray
powder diffraction using the powder method (Philips, Holland, Model PW 3710). The particle size
distribution was carried out in and particle diameter analyzer (Malvern Instruments, USA, Model
Mastersize S), and the results are shown in Figure 2. The specific area and pore size distributions
of adsorbents were measured using the BET method (Monosorb Quantacrome, USA) as shown in
Figure 3.
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Figure 2: Particle size distributions of boehmite (B) and y-alumina.
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Figure 3: Pore size distributions of boehmite (B) and y-alumina.

The experimental values for particle average pore diameter, particle porosity, particle mean
sauter diameter, and particle specific area of y-alumina are depicted in Table 1. Table 1: Particle

average pore diameter, particle porosity, particle mean sauter diameter, and particle specific area
of Boehmite and y-alumina.

Alumina | Average Particle Sauter Specific area
Pore Porosity & [- | Diameter dp ap [m2/g]
Diameter ] [wm]
[nm]
Boehmite 5.535 0.210 118.77 151.92
y—Alumina 7.883 0.305 141.52 153.79

2.3 Experimental Apparatus — A schematic diagram of the high pressure apparatus used in
this work is depicted in Figure 4. The unit consists of high pressure vessel of 1000 cm?, adapted to
be used as an adsorption cell, two cylinders of 22 cm?, a membrane compressor, which raises the
pressure from 3 to 40 MPa, a carbon dioxide reservoir, a sampling system, a gas meter, and a
control unit that displays the system temperature and pressure. A complete description of the high
pressure unit is found elsewhere (Franga et al., 1999).
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Figure 4: Experimental set-up of the high pressure adsorption unit.

2.4 Experimental Procedure (Supercritical Adsorption) — All the adsorption experiments
were carried out using 20 g of buriti oil and 50 g of y-alumina. The oil was placed inside the lower
cylinder of 22 cm? (C1) depicted in Photography 1, while y-alumina is placed inside the upper
cylinder of 22 cm?® (C2) depicted in Photography 2.

Photography 1: Stainless steel cylinder of 22 cm?.
Both cylinders have 02 (two) flanges, whereas 03 (three) slices of filter paper between 02 (two)
external stainless steel screens of mesh 200# were placed in order to avoid the oil to spread outside
the lower cylinder and the adsorbent particles to spread out the upper cylinder. Afterwards the
cylinders were assembled within the high pressure vessel as depicted in Photography 2.



Photography 2: Assemble used to measure the solubility by the dynamic method.

The carbon dioxide was recycled in a closed loop for at least for 05 (five) hours, by closing
valves Vs and Vs, and opening valves Vi, V2, V3 (micrometer/recycle valve),and V4, in order to
maintain the system pressure constant as well as to saturate carbon dioxide until equilibrium was
reached. Afterwards, valves Vs and Ve were open and the flow rate was set low (9.6-10 gco2/min).
The low flow rate makes it possible the fresh carbon dioxide that enters the high pressure vessel to
achieve equilibrium within the sampling intervals of time. Carbon dioxide saturated with buriti oil
passed thought the fixed bed of y-alumina been the oil adsorbed within the adsorbent. Samples
from the gaseous phase were taken every 05 (five) minutes by opening valves Vs and Vs. The
condensed phase was weighted by gravimetric method. The CO2 released into the atmosphere was
measured using a gas flow meter. Since, ambient pressure and temperature are measured at gas
meter inlet, the density of carbon dioxide cam be computed using the bender equation of state. The
equilibrium capacity of y-alumina adsorbent is achieved when the weight of condensates was kept
constant within the sampling intervals of time been the exit gaseous concentration equal the
solubility of buriti oil under the investigated state conditions. The equilibrium capacity of y-
alumina adsorbent is computed as the mass of oil adsorbed, determined by gravimetric methods,
divided by the initial mass of y-alumina. The total time interval for the adsorption experiments
carried out at 333 K, and pressures of 15, 20, and 25 MPa was 05 (five), 05 (five), and 03 (three)
hours respectively.

2.4.1 Experimental Procedure (Adsorption of Diluted Liquid Solutions in Solids) -All the
adsorption experiments were carried out using approximately 1.0 gram of buriti oil diluted in 19.0
grams of n-hexane and 5.0 grams of y-alumina at 0.1013 MPa and 333 K using an orbital shaker
with agitation and temperature control. Buriti oil and n-hexane weighted by gravimetric methods
were placed inside an Elermeyer of 250. Afterwards, the mixture was shaken until homogenization
and the mass of y-alumina added to the solution. The Elermeyer has been closed hermetically and
placed inside the orbital shaker (Marconi, Sao Paulo, Model: JKL10) and let the solids and




solution in contact for 03 (three) hours until equilibrium between the condensed phase and solids
were achieved. Afterwards, the filtrate was separated by filtration and dried in an oven with air
circulation at 338 K for 24 hours (Fabbe, Sao Paulo, Brazil, Model 179) in order to remove the
organic solvent. The mass of buriti oil adsorbed within porous y-alumina was determined by
gravimetric methods and the capacity, expressed in grams of oil per gram of y-alumina, was
computed.

2.5 Adsorption Isotherms — The adsorption isotherms for oil buriti were determined
experimentally using a new methodology described as follows. Since, the solubility of buriti oil
has been measured for the same state conditions ( T = 333 K, and 15, 20, 25 and 30 MPa),
showing a linear behavior for the cumulative mass of oil versus time, using the same apparatus
configuration, experimental procedures, and process parameters of the adsorption experiments,
except the absence of y-alumina adsorbents within cylinder (C2), application of a mass balance
makes it possible to obtain the adsorption kinetics by the difference of cumulative mass of buriti
oil versus time between equilibrium and adsorption experiments for the same state conditions and
process parameters as shown in equation (1).

MAdsorption— ZmCOndensates(t)* At | Solubility-ZmCOndensates(t)* At I Adsorption (1)

Where 2mcondensates(t)* At | Solubility and 2 MmCondensates(t)* At | Adsorption are the cumulative mass
of condensates weighted within the sampling intervals of time for the solubility and adsorption
experiments respectively, At is the total time intervals of both solubility and adsorption
experiments, equal in both experiments. Equation (2) shows a mass balance of buriti oil for the
adsorption in supercritical media.

MBuriti 0il (C2) | (O)ZMBuriti 0Oil (C2) | (t) + MAdsorption | o+ ZmCOndensates(t)* At I Adsorption (2)

Equation (2) shows that initial mass of buriti oil in cylinder (2) is the sum of remaining mass of
buriti oil in cylinder (2), mass of buriti oil adsorbed inside the fixed bed of y-alumina adsorbent,
and the cumulative mass of buriti oil inside cylinder (C3) for t > 0. In all cases, the mass balance
closure delivered quite exact results. A Freundlich type isotherm has been used to model the
experimental data. Since, the concentration of buriti oil in the gaseous phase was for a fixed pair
(T, P), the adsorbent capacity was described as a function of pressure as follows.

q= K*P' @) Figure 5: Adsorption kinetic of oil buriti in y-alumina using SC-COz at 333 K and 25
MPa.



Where K and N are the capacity coefficient and the exponent respectively, determined by
fitting the experimental data.

3. Results and Discussion

The adsorption experiments of buriti oil in y-alumina using supercritical CO- as carrier
gas were carried out at 15, 20, and 25 MPa, 323 K, and solvent flow rate of Qg = 10. L/min.
The adsorption break-through curves were used to correlate the Freundlich type isotherm
constants, given by equation (3). Figure 5 shows the adsorption break-through kinetic at 333
K and 25 MPa expressed in form of cumulative mass of buriti oil adsorbed in y-alumina
versus time. It may be observed that buriti o1l soluble in supercritical CO; has been
continuously adsorbed in the fixed bed of y-alumina until saturation, confirmed by a flat line
in Figure 5.
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Table 2 shows the capacity of y-alumina to absorb buriti oil using supercritical CO2 as carrier gas
at 25 MPa and 333 K, and y-alumina at 0.1013 MPa and 333 K using traditional methods. The
results shows that capacity of y-alumina obtained in both methods are very close, which
corroborates to assert this methodology to measure the adsorption of vegetable oils in supercritical
carbon dioxide.



Table 2: Capacity of y-alumina adsorbent using supercritical COz2 and traditional methods.

P [MPa] | T [K] Mass y- | Mass oil Mass n- Mass oil Adsorbent
alumina [g] | hexane [g] adsorbed Capacity
[g] [g] [mgoil/gy-alumina
0.10 333 5.0095 1.014 19.0030 0.4257 84.98
0.10 333 5.0063 1.012 19.0118 0.4298 85.85
25 333 50.001 20.001 - 4.1212 82.42

The capacity of y-alumina to adsorb buriti oil as has been investigated by means of a
Freundlich type isotherm as shown in Figure 6. The experimental results show that capacity of y-
alumina increases as pressure increases, showing a maximum of approximately 82.424 mgBuriti
oil/gy-Alumina by 25 MPa. This is due to the fact that the solubility of vegetable oils in supercritical
COz2increases at higher pressures.
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Figure 6: Capacity of oil buriti in y-alumina using supercritical CO2.

Table 2 shows the capacity of y-alumina adsorbent and the values K and N. Table 2: Capacity of

y-alumina adsorbent and the values K and N.

P K N [-] R
[MPa] | q [mgoil/gAdsorbent] | [gOil/gAdsorbent*MPan]
15 6.762 10-s 4.821 0.957
20 17.652
82.424 _

4. Conclusions



The experimental results show that buriti oil can be adsorbed under supercritical conditions on y-
alumina type adsorbent. Loading rates up to 82.424 mg of buriti oil/g absorbent have been
achieved at 25 MPa and 333 K and may be recovered by supercritical desorption, in order to
enrich fat-soluble substances. In addition, the capacity of y-alumina obtained in both methods are
very close, which corroborates to assert this methodology to measure the adsorption of vegetable
oils in supercritical carbon dioxide.
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Abstract: In this work, the solubility of buriti oil in supercritical CO, has been
determined experimentally by the dynamic method. Experiments have been carried
at pressures of 15, 20, 25, and 30 MPa, temperatures of 313, 323 and 333 K and
solvent flow rate of Qco, = 10.6 L/min, using a high pressure vessel of 1000 cm3,
and a stainless steel cylinder of 22 cm3, assembled within the high pressure vessel.
The solubility was determined by computing the slope of the straight line
accumulated mass of condensates x accumulated mass of solvent. Experimental
results show that solubility of buriti oil increases with pressure at fixed
temperature, showing a maximum of 4.85 gOil/kgCO, at 25 MPa and 333 K, and
increases with increasing temperature at 25 MPa, which is in agreement not only
with experimental data reported in the literature for the solubility of vegetable oils
in supercritical carbon dioxide under the investigated state condition, but also with
the solubility of buriti oil in supercritical carbon dioxide measured using a
equilibrium cell by the static method at 25 MPa and 323 K, showing a deviation of
11.8 %. The experimental results corroborate on the sense that this methodology is
suitable for measuring the solubility of vegetable oils in supercritical carbon
dioxide.

Keywords: Solubility, supercritical carbon dioxide, vegetable oils, buriti.
1. Introduction

The dried pulp of the fruit buriti (Mauritia flexuosa, Mart.), a native occurring palm in the
Amazon region, contains between 20-30 % (wt.) of a yellow-orange oil with the highest
content of carotenes (~ 3600 ppm) in vegetable oils reported in the literature (Franca et all.,
1999), a natural substance of special interest in the food and pharmaceutical industries.

Several methods to recover and enrich carotenes from the palm oil have been studied and
developed recently. Among these esterification, transesterification followed by selective
adsorption of the carotenes in packed columns and desorption by using organic solvents
(Choo et all., 1991), esterification followed by distillation under high vacuum (Ooi et all.,
1991), and adsorption in stirred tanks followed by supercritical desorption in packed columns
using carbon dioxide as solvent (Raiol et all., 2000) are included.

Of special importance in fractionation and enriching of fat-soluble substances (e.g:
carotenes, tocopherols, etc.) present in vegetable oils using supercritical fluids are phase
equilibrium data, particularly in the gaseous phase known as solubility. Equilibrium solubility
can be determined by the static or dynamic method (Sosova et all., 2001; Rodrigues et all.,



2005). Measurement of solubility by the dynamic method makes use of the extraction curve
experiments. In this case, particularly for natural products including lipids, the dynamic
solubility, also called operational solubility, is computed using the data of the integral
extraction curve, and the solvent flow rate chosen must ensure that the solvent leaving the
fixed bed must be saturated with the solute as reported in the literature (Sosova et all., 2001).

In the last two decades a number of works have been reported in the literature concerning
vapor-liquid equilibrium data for binary systems triglycerides/supercritical CO,, multi-
compound systems vegetable oil/supercritical CO, as well the solubility of vegetable oils,
pure and mixed triglycerides in supercritical CO,. Among those, the solubility of pure
triglycerides in supercritical CO, (Bamberger et all., 1988), the solubility of simple and mixed
simple and mixed triacylglycerols (TAGs) in supercritical CO, (Nilsson and J.K. Hudson,
1993), vapor-liquid equilibrium of the binary system tricaprylin/supercritical CO, (C. Borch-
Jensen and J. Mollerup, 1997), vapor-liquid equilibrium for the binary systems tristearin,
tripalmitin, and triolein in Supercritical CO, (Weber et all., 1999), the solubility of oils from
the seed of blackcurrant (Ribes nigrum) and grape-vine (Vitis vinifera ) in supercritical CO,
measured by the dynamic method (Sosové et all., 2001). vapor-liquid equilibrium of the
pseudo-binary system buriti (Mauritia flexuosa) oil/supercritical CO, (Riister et all., 2001),
measured by the static method, vapor-liquid equilibrium of the pseudo-binary system Brazil
nut (Bertholletia excelsa) oil/supercritical CO, (Rodrigues et all., 2001), S. G. Ozkal, M. E.
Yener and L. Bayindirli, the solubility of apricot kernel oil in supercritical carbon dioxide
(Ozkal et all., 2005), the solubility of refined corn and sunflower seed oils, babassu (Attalea
funifera) and ucuuba (Virola sebifera) fats in supercritical carbon dioxide (Soares et all.,
2007) are included.

In this work, the solubility of buriti oil in supercritical CO, has been determined
experimentally by the dynamic method using a new methodology, and the experimental
results compared with data available for the solubility of buriti oil in supercritical carbon
dioxide measured by the static method.

2. Materials and Methods

2.1 Materials - Carbon dioxide with 99.95 % [vol/vol] purity was supplied by White
Martins S.A (Belém-Para-Brazil). The oil was obtained by exhaustive extraction of buriti
pulp, dried for 24 hours at 333 K in order to remove water, using supercritical carbon dioxide
as solvent using a SFE unit described elsewhere (Franca et all., 1999).

2.2 Experimental Apparatus — A schematic diagram of the high pressure apparatus used in
this work is depicted in Figure 1. The unit consists of high pressure vessel of 1000 cm3,
adapted to be used as an equilibrium cell, a cylinder of 22 cm3, a membrane compressor,
which raises the pressure from 3 to 40 MPa, a carbon dioxide reservoir, a sampling system, a
gas meter, and a control unit that displays the system temperature and pressure. The complete
description of the high pressure unit can be found elsewhere (Franga et all., 1999).
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Figure 1: Experimental apparatus used to measure the solubility of buriti oil by the
dynamic method.

2.3 Experimental Procedure — All the equilibrium experiments were carried out
using 20 grams of buriti oil. The oil was placed inside a stainless steel cylinder of 22 cm3
depicted in Photography 1. The cylinder has 02 (two) flanges, whereas 03 (three) slices of
filter paper between 02 (two) external stainless steel screens of mesh 200# were placed in
order to avoid the oil to spread outside the cylinder. Afterwards it was assembled within the
high pressure vessel as depicted in Photography 2. The carbon dioxide was recycled in a
closed loop for at least for 05 (five) hours, by closing valves V4 and Vs, and opening valves
Vi, V,, and V3 (micrometer/recycle valve), in order to maintain the system pressure constant
as well as to saturate carbon dioxide until equilibrium was reached. Afterwards, valves V4 and
Vs were open and the flow rate was set low (10 gcox/min). The low flow rate makes it
possible the fresh carbon dioxide that enters the high pressure vessel to achieve equilibrium
within the sampling intervals of time. Samples from the gaseous phase were taken every 05
(five) minutes by opening valves Vs and Vs. This experimental arrangement functions
identical to a buffer autoclave on a static equilibrium cells. The condensed phase was
weighted by gravimetric method. The CO,; released into the atmosphere was measured using a
gas flow meter. Since, ambient pressure and temperature are measured at gas meter inlet, the
density of carbon dioxide cam be computed using the bender equation of state. The solubility
is computed by plotting the cumulative mass of o0il as a function of time or cumulative mass of



carbon dioxide and taking the slope of the straight line using the equation below. The slope
represents the amount of oil dissolved in the gas phase which is defined as gaseous solubility.
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Photography 2: Assemble used to measure the solubility by the dynamic method.



3. Results and Discussion

The experimental results obtained in this work are shown in Figures 2 and 3 and the data
compared with experiments for the solubility of buriti oil in supercritical carbon dioxide
measured in an equilibrium cell by the static method at 25 MPa and 323 K in Table 1. In all
the experiments, the accumulated mass of buriti oil versus time shows a linear behavior, that
is, the slope is constant, which is a measure for the solubility of burit oil in the gaseous phase.

3.1 Influence of Pressure — The influence of system pressure on the solubility of buriti oil
in supercritical carbon dioxide is shown in Figure 1. The results show that solubility increases
as system pressure increases, until the pressure crossover, with a maximum at 25 MPa,
showing a retrograde behavior. This is in agreement with experimental data concerning the
solubility of vegetable oils in supercritical CO, (Franga et all., 1999).
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Figure 2: Solubility behavior of buriti oil in supercritical CO, as a function of pressure.

3.1 Influence of Temperature — The influence of temperature on the solubility of buriti oil
in supercritical carbon dioxide is shown in Figure 3. The results show that solubility increases
as temperature increases. In general, the solubility of vegetable oils in supercritical carbon
dioxide increases with increasing solvent power, which is a function of solvent density, the
density depends on the state conditions (T, P), on the other hand, temperature has a strong
effect on vapor pressure, thus those effects compete, showing in this case that the temperature
effect overcame the density.

Table 1 shows the computed values for the solubility of buriti oil in supercritical carbon
dioxide with the respective R-Square, a measure for the quality of experimental data, showing
a minimum of 0.88559 at 30 MPa. This is due to the fact that the solubility of vegetable oils in



supercritical carbon dioxide at pressures above the crossover pressure has the order of
magnitude 107! goi'kgcoa, thus causing uncertainly on the experimental measurements. Table
1 makes also a comparison between experimental data obtained in this work with data
available for the solubility of buriti oil in supercritical carbon dioxide measured by the static
method at 25 MPa and 323 K (Riister ef all., 2001), which is in good agreement.
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Figure 3: Solubility behavior of buriti oil in supercritical CO; as a function of temperature.

Table 1: Experimental data computed for the solubility of buriti oil in supercritical carbon

dioxide. References T P Solubility R-Square
[K] | [MPa] | [gowkgcol [-]

This work 333 15 3.3434%10™ 0.98629

333 20 1.5234*10™ 0.91204

333 25 4.85 0.99981

333 | 30 4.1520%10™" 0.88559
313 | 25 4.1548%10" 0.91743
323 | 25 4.09 0.98308
(Rister et all., 323 | 25 4.6400

2001)

4. Conclusions

The experimental results show that solubility of buriti oil in supercritical CO; increases
as system pressure increases, until the pressure crossover, showing a retrograde behavior at



333K, and increases with increasing temperature at 25MPa. The dynamic method proposed in
this work is suitable for measuring the solubility of vegetable oils in supercritical CO,.
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Abstract: In this work, in order to study systematically the enriching of fat-
soluble substances by supercritical adsorption/desorption processes, desorption of
buriti oil (Mauritia flexuosa, Mart.) previously adsorbed in columns packed with
v-alumina has been determined experimentally using supercritical carbon dioxide
as solvent. The experiments were carried out in a laboratory scale high pressure
extraction unit, adapted to be used as a desorption cell, at 20, and 25 MPa, 333 K,
and solvent i rate of Qco, = 10.6 L/min, using a packed column of 22 cm?3 filled
with approximately 54-55 grams of y-alumina + Oil. The results show that buriti
oil can be desorbed using supercritical CO; and the desorption rate increases with
increasing pressure, showing a maximum recovery of 8.53 % [wt.] at 25 MPa.

Keywords: Desorption, supercritical carbon dioxide, vegetable oils, buriti.
1. Introduction

The oil of buriti (Mauritia flexuosa, Mart.), a native occurring palm in the Amazon region,
obtained by mechanical pressing of pulp, contains between 20-30 % (wt.) of a yellow-orange
oil with the highest content of carotenes (~ 3600 ppm) in vegetable oils reported in the
literature (Franga et all., 1999), a natural substance of special interest in the food and
pharmaceutical industries.

Despite the development of several processes to recover and enrich carotenes from the
palm oil reported in the literature including esterification, and transesterification of palm oil,
followed by selective adsorption of the carotenes in packed columns and desorption by using
organic solvents (Choo et all., 1991), sterification of palm oil, followed by distillation under
high vacuum (Ooi et all., 1991), and adsorption of palm oil within alumina based adsorbents
in stirred tanks, followed by supercritical desorption in packed columns using carbon dioxide
as solvent (Raiol et al., 2000), no data has been reported concerning the development of
methods and or processes to recover and enrich carotenes from buriti oil (Mauritia flexuosa,
Mart.). Studies reported in the literature concerning the selective separations of substances
adsorbed within porous adsorbents by supercritical desorption processes, particularly fat-
soluble substances presented in vegetable oils, are scarce. Among those, the desorption of
andiroba oil (Carapa Guianensis, Aubl.) compounds in packed beds of y-alumina loaded with
andiroba oil at different state conditions (Machado et all, 2005) and fractionation of copaiba
oil resin (Copaifera officinalis) by supercritical desorption in packed columns with y-Alumina
as adsorbent (Machado et all, 2009).

In this work, in order to develop a data basis to study systematically the performance of y-
alumina to selectively fractionate and enrich fat-soluble substances present in burit oil,



particularly carotenes and tocopherols, desorption of buriti oil from y-alumina using SC-CO,
has been investigated in a laboratory scale high pressure extraction unit, adapted to be used as
a desorption cell, at 20, and 25 MPa, 333 K, and solvent flow rate of Qcgy = 10.6 L/min.

2. Materials and Methods

2.1 Materials - Aluminum hydroxide used as raw material for the adsorbent
preparation was delivered by Alunorte S/A (Barcarena-Para-Brazil). Carbon dioxide 99.90 %
[vol/vol] pure was supplied by Linde Gases Ltda (Belém-Para-Brasil). Buriti oil (Mauritia
flexuosa, Mart.) was obtained by exhaustive supercritical carbon dioxide extraction of buriti
pulp at 25 MPa and 333 K using a SFE unit described elsewhere (Franga et all, 1999).

2.2 Absorbent Preparation and Characterization - Aluminum hydroxide Al,O3
(Gibbsite), the precursor of y-alumina has been obtained by the methodology described
elsewhere (Machado et. all, 2009). The characterization of y-alumina is depicted in Table 1.

Table 1: Particle average pore diameter (¢), particle porosity (&,), particle mean sauter
diameter (dp), and particle specific area (a,) of Boehmite and y-alumina.

Alumina o [nm] & [-] d, [um] a, [m°/g]
Boehmite 5.535 0.210 118.77 151.92
¥—Alumina 7.883 0.305 141.52 153.79

2.3  Experimental Apparatus — A schematic diagram of the high pressure apparatus
used in this work is depicted in Figure 1. The unit consists of high pressure vessel of 1000
cm3, adapted to be used as a desorption cell, one cylinder of 22 cm3, a membrane compressor,
a CO; reservoir, a sampling system, a gas meter, for more details see (Franca et al., 1999).

1 - CO2 Reservoir

2 - Compressor

3 - CO2 Compressed Vessel
4 - Adsorption Cell

5 - Heating System (Cooler)
6 - Sampling Unit

P1 - CO2 Manometer
P2 - Compressor Manometer
P3 - Adsorption Cell Manometer

Ps V1 - CO2 Reservoir Valve
V2 - Compressor Regulation Valve
>_ V3 - Micrometering Valve
V2 Va4 V4 - On/Off Regulation Valve

V1 ° 3 V5 - Micrometering Valve

V6 - Sampling Unit Valve

V3

P1 C1 - Cylinder (Oil)
C2 - Cylinder (Adsorbent)
ve pk— — C3 - Sample Collector

V5

Figure 1: Experimental set-up of the high pressure desorption unit.



2.4  Experimental Procedure (Supercritical Desorption) — The desorption
experiments were carried out using approximately 54-55 g of y-alumina loaded with buriti oil.
Y-alumina loaded with buriti oil was placed inside the upper cylinder of 22 cm? (C2) depicted
in Photography 1.

Photography 1: Stainless steel cylinder of 22 cm?.

The cylinder has 02 (two) flanges, whereas 03 (three) slices of filter paper between 02
(two) external stainless steel screens of mesh 200# were placed in order to avoid the adsorbent
particles loaded with buriti oil to spread out the upper cylinder.

The carbon dioxide was recycled in a closed loop for at least for 20 (twenty) minutes,
by closing valves Vs and Vg, and opening valves Vi, V,, V3 (micrometer/recycle valve), and
V4, in order to maintain the system pressure constant. Afterwards, valves Vs and V¢ were open
and the flow rate was set low (9.6-10 gcoo/min). The low flow rate makes it possible the fresh
carbon dioxide that enters the high pressure vessel to recover the oil adsorbed in y-alumina.
Samples from the gaseous phase were taken every 05 (five) minutes by opening valves Vs and
V. The condensed phase was weighted by gravimetric method. The CO, released into the
atmosphere was measured using a gas flow meter. Since, ambient pressure and temperature
are measured at gas meter inlet, the density of carbon dioxide cam be computed using the
bender equation of state. The desorption kinetics is computed by the cumulative mass of oil
versus time. The total time interval for the desorption experiments carried out at 333 K, and
pressures of 20, and 25 MPa were 300 and 195 minutes respectively.

2.5  Desorption Kinetics — The desorption kinetics is computed by the cumulative
mass of buriti oil versus time for the desorption experiments using equation (1) as follows.

MOil Desorbed = zrnCondensates(t)>l< At | Desorption (1)



Where Zmcondensates(t)™ At | Desorption 18 the cumulative mass of condensates weighted within
the sampling intervals of time during the desorption experiments, At is the total time interval.

Equation (2) shows a mass balance of buriti oil adsorbed in y-alumina for the desorption
process in supercritical media.

MBuriti Oil in y-alumina | 0) = MBuriti Oil in y-alumina I (t) + zrnCondensates(t)>l< At I Adsorption (2)

Equation (2) shows that initial mass of buriti oil adsorbed in y-alumina is the sum of
remaining mass of buriti oil in y-alumina and the mass of buriti oil desorbed for t > 0. In all
cases, the mass balance closure delivered quite exact results.

3. Results and Discussion

The desorption experiments of y-alumina loaded with buriti oil using supercritical CO,
as solvent were carried out at 20, and 25 MPa, 323 K, and solvent flow rate of Qco, = 10.6
L/min. The desorption kinetics is shown in Figure 2. The experimental results show that the
desorption rate increases as pressure increases, showing a maximum recovery of 8.53 % [wt.]
at 25 MPa, and that supercritical carbon dioxide is able to recover buriti oil adsorbed in -
alumina.
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Figure 2: Desorption kinetic of oil buriti in using SC-CO; at 20, and 25 MPa and 333 K.



Table 2 shows the capacity of y-alumina used on the desorption experiments using
supercritical CO; as solvent and the total mass of buriti oil desorbed.

Table 2: Capacity of y-alumina used on the desorption experiments using supercritical CO,
as solvent and the total mass of buriti oil desorbed at 20, and 25 MPa and 333 K.

P T Mass Mass Capacity Moil Desorbed
[MPa] (K] Y-alumina + Oil Oil [mgoi/ g'y-alumina] [e]
[g] [g]
20 333 54.9743 4.9681 99.35 0.1343
25 333 54.9743 49681 99.35 0.4171

4. Conclusions

The experimental results show that the desorption rate increases as pressure increases,
showing a maximum recovery of 8.53 % [wt.] at 25 MPa, and that supercritical carbon
dioxide is able to recover buriti oil adsorbed in y-alumina, in order to enrich fat-soluble
substances.
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Abstract - In this work, in order to study systematically the enriching of fat-
soluble substances by supercritical adsorption/desorption processes,
adsorption of buriti oil (Mauritia flexuosa Mart.) in columns packed with -
alumina has been determined experimentally. The experiments were carried
out in a laboratory scale high pressure extraction unit, adopted to be used as
an adsorption cell, at 15, 20, and 25 MPa, 333 K, and solvent flow rate of
Qco2 = 10.6 L/min, using an assemble of packed columns of 22 cm?3 filled
with 50 g of y-alumina adsorbent. The adsorbent was characterized by X-Ray
Powder Diffraction, Particle and Pore Size Distribution, Particle Porosity and
Specific Area. A Freundlich type isotherm has been used to model the
experimental data. The results show that adsorbent capacity increases with
higher pressures, showing a maximum of 82.42 mg buriti oil/g at 25 MPa.

Keywords: Adsorption, buriti oil, Freundlich isotherms, Supercritical CO,.

1. Introduction

The oil of buriti (Mauritia flexuosa, Mart.), a native occurring palm in the Amazon
region, obtained by mechanical pressing of pulp, contains between 20-30 % (wt.) of a
yellow-orange oil with the highest content of carotenes (~ 3600 ppm) in vegetable oils
reported in the literature (Franga et all., 1999), a natural substance of special interest in the
food and pharmaceutical industries.

Despite the development of several processes to recover and enrich carotenes from the
palm oil reported in the literature including esterification, and transesterification of palm
oil, followed by selective adsorption of the carotenes in packed columns and desorption by
using organic solvents (Choo et all., 1991); sterification of palm oil, followed by distillation
under high vacuum (Ooi et all., 1991), and adsorption of palm oil within alumina based
adsorbents in stirred tanks, followed by supercritical desorption in packed columns using
carbon dioxide as solvent (Raiol et al., 2000), no data has been reported concerning the
development of methods and or processes to recover and enrich carotenes from buriti oil
(Mauritia flexuosa, Mart.).

Studies reported in the literature concerning the selective separations of substances
adsorbed within porous adsorbents by supercritical adsorption/desorption processes,
particularly fat-soluble substances presented in vegetable oils, are scarce. Among those, the
separation of o-tocopherol acetate from a synthetic mixture of tocopherols using silica gel
as adsorbent (Fleck, 2000), desorption of andiroba oil (Carapa Guianensis, Aubl.)
compounds in packed beds of y-alumina loaded with andiroba oil at different state
conditions (Machado et all, 2000), adsorption isotherms of oleic acid ( Machado et all.,
2007) and a-tocopherol acetate (Machado et all., 2007) in packed columns using y-alumina
as adsorbents at different state conditions, fractionation of copaiba oil resin (Copaifera
officinalis) by supercritical desorption in packed columns with y-Alumina as adsorbent
(Machado et all, 2009).
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In this work, in order to develop a data basis to study systematically the performance of
v-Alumina to selectively fractionate and enrich fat-soluble substances present in burit oil,
particularly carotenes and tocopherols, adsorption of buriti oil in 7Y-alumina using
supercritical CO, has been investigated in a laboratory scale high pressure extraction unit,
adopted to be used as an adsorption cell, at 15, 20, and 25 MPa, 333 K, and solvent flow
rate of Qcop = 10.6 L/min.

2. Materials and Methods

2.1 Materials - Aluminum hydroxide used as raw material for the adsorbent
preparation was delivered by Alunorte S/A (Barcarena-Pard-Brazil). Carbon dioxide 99.90
% [vol/vol] pure was supplied by Linde Gases Ltda (Belém-Para-Brasil). Buriti oil
(Mauritia flexuosa, Mart.) was obtained by exhaustive supercritical carbon dioxide
extraction of buriti pulp at 25 MPa and 333 K using a SFE unit described elsewhere (Franga
et all, 1999).

2.2 Absorbent Preparation _and Characterization - Aluminum hydroxide
Al O; (Gibbsite), the precursor of y-alumina, was washed with water at 373 K to remove
the residual sodium hydroxide, dried in an oven with air circulation at 333 K for 24 hours
(Fabbe, Siao Paulo, Brazil, Model 179), and stored in a dissector. Thermal transformation of
aluminum hydroxide have been carried out at 673 K, 773 K, 873 K and 923 K during 03
(three) hour in an electrical furnace (Quimis, Sdo Paulo, Brazil, Model: 5B) with automatic
temperature control, to produce predominately alumina of y type as shown in Figure 1,
showing a mass loss of 35 % [wt.] at 673 K, 15 % [wt.] at 773 K, resulting a total mass loss
of 50% [wt.], caused by the loss a hydroxyl (OH) group. No mass loss has been observed at
873 and 923 K. The X-ray diffraction depicted in Figure 1 has identified the following:
formation of crystalline aluminum mono-hydroxide (Boehmite) and formation of transition
v-alumina. The chemical equations representing the thermal decomposition of Al,O; and
formation of y-alumina are shown bellow.

2000 Thermal Decomposition of Al,O;
. ® - Boemita
7 A ama 2 Al (OH); > % > ALOs-y+ 3 H,0(g)
Gibbsite Alumina
1400 |
é1200 B , A1203"Y +H20 (g) 9 (583-723 K) 9 2 AIOOH
§ 1000 i % Alumina Boehmite
= 800
I DG 2 AIOOH > %% 3 ALOy-y+ H,0 (2)
Boehmite Alumina

o

N oA
8 3
8 8
o
B

Figure 1: X-Ray Diffraction of boehmite
and y-alumina.
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The adsorbent (y-Alumina) was characterized by X-Ray Powder Diffraction, Scanning
Electron Microscopy, Particle Size Distribution, Pore Size Distribution, Particle Porosity
and Specific Area. The mineralogical identification of the adsorbents has been performed
by X-ray powder diffraction using the powder method (Philips, Holland, Model PW 3710).
The particle size distribution was carried out in and particle diameter analyzer (Malvern
Instruments, USA, Model Mastersize S), and the results are shown in Figure 2. The specific
area and pore size distributions of adsorbents were measured using the BET method
(Monosorb Quantacrome, USA) as shown in Figure 3.
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Figure 2: Particle size distributions of | Figure 3: Pore size distributions of

boehmite (B) and y-alumina. boehmite (B) and y-alumina.

The experimental values for particle average pore diameter, particle porosity, particle
mean sauter diameter, and particle specific area of y-alumina are depicted in Table 1.
Table 1: Particle average pore diameter, particle porosity, particle mean sauter diameter,
and particle specific area of Boehmite and y-alumina.

Alumina Average Pore Particle Sauter Specific area
Diameter Porosity Diameter a, [m*/g]
[nm] & [-] d, [um]
Boehmite 5.535 0.210 118.77 151.92
Y—-Alumina 7.883 0.305 141.52 153.79
2.3 Experimental Apparatus — A schematic diagram of the high pressure

apparatus used in this work is depicted in Figure 4. The unit consists of high pressure vessel
of 1000 cm?3, adapted to be used as an adsorption cell, two cylinders of 22 cm?3, a membrane
compressor, which raises the pressure from 3 to 40 MPa, a carbon dioxide reservoir, a
sampling system, a gas meter, and a control unit that displays the system temperature and
pressure. A complete description of the high pressure unit is found elsewhere (Franca et al.,

1999).
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1 - CO2 Reservoir

2 - Compressor

3 - CO2 Compressed Vessel
4 - Adsorption Cell

5 - Heating System (Cooler)
6 - Sampling Unit

P1 - CO2 Manometer
P2 - Compressor Manometer
P3 - Adsorption Cell Manometer

P2 okt P3

V3 V1 - CO2 Reservoir Valve
V2 - Compressor Regulation Valve
V3 - Micrometering Valve
V2 V4 V4 - On/Off Regulation Valve
V1 2 3 V5 - Micrometering Valve

V6 - Sampling Unit Valve

P1 C1 - Cylinder (Oil)
C2 - Cylinder (Adsorbent)
ve pk— — C3 - Sample Collector

V5

Figure 4: Experimental set-up of the high pressure adsorption unit.

2.4 Experimental Procedure — All the adsorption experiments were carried
out using 20 grams of buriti oil and 50 grams of y-alumina adsorbent. The oil was placed
inside the lower stainless steel cylinder of 22 cm3 (C1) depicted in Photography 1, while -
alumina adsorbent is placed inside the upper stainless steel cylinder of 22 cm3 (C2) depicted
in Photography 2. Both cylinders have 02 (two) flanges, whereas 03 (three) slices of filter
paper between 02 (two) external stainless steel screens of mesh 200# were placed in order
to avoid the oil to spread outside the lower cylinder and the adsorbent particles to spread
out the upper cylinder. Afterwards the cylinders were assembled within the high pressure
vessel as depicted in Photography 2.

Photography 1. Stainless steel cylinder of | Photography 2. Assemble used to measure
22 cm3. the adsorption of vegetable oils in
supercritical carbon dioxide.

The carbon dioxide was recycled in a closed loop for at least for 05 (five) hours,
by closing valves Vs and Vg, and opening valves V;, V,, V3 (micrometer/recycle valve),and
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V4, in order to maintain the system pressure constant as well as to saturate carbon dioxide
until equilibrium was reached. Afterwards, valves Vs and Vg were open and the flow rate
was set low (9.6-10 gcoy/min). The low flow rate makes it possible the fresh carbon dioxide
that enters the high pressure vessel to achieve equilibrium within the sampling intervals of
time. Carbon dioxide saturated with buriti oil passed thought the fixed bed of y-alumina
been the oil adsorbed within the adsorbent. Samples from the gaseous phase were taken
every 05 (five) minutes by opening valves Vs and Vg. The condensed phase was weighted
by gravimetric method. The CO, released into the atmosphere was measured using a gas
flow meter. Since, ambient pressure and temperature are measured at gas meter inlet, the
density of carbon dioxide cam be computed using the bender equation of state. The
equilibrium capacity of y-alumina adsorbent is achieved when the weight of condensates
was kept constant within the sampling intervals of time been the exit gaseous concentration
equal the solubility of buriti oil under the investigated state conditions. The equilibrium
capacity of y-alumina adsorbent is computed as the mass of oil adsorbed, determined by
gravimetric methods, divided by the initial mass of y-alumina. The total time interval for
the adsorption experiments carried out at 333 K, and pressures of 15, 20, and 25 MPa was
05 (five), 05 (five), and 03 (three) hours respectively.

24 Adsorption Isotherms — The adsorption isotherms for oil buriti were
determined experimentally using a new methodology described as follows. Since, the

solubility of buriti oil has been measured for the same state conditions ( T = 333 K, and 15,
20, 25 and 30 MPa), showing a linear behavior for the cumulative mass of oil versus time,
using the same apparatus configuration, experimental procedures, and process parameters
of the adsorption experiments, except the absence of y-alumina adsorbents within cylinder
(C2), application of a mass balance makes it possible to obtain the adsorption kinetics by
the difference of cumulative mass of buriti oil versus time between equilibrium and
adsorption experiments for the same state conditions and process parameters as shown in
equation (1).

mAdsorplion= zn’lCondensales(t)ﬂ< At | Solubility ~ szondensales(t)* At | Adsorption (1)

Where Zmegngensates(t)™ At | Solubility ANd ZMcongensaies(D)* At | Adsorptionare the cumulative mass
of condensates weighted within the sampling intervals of time for the solubility and
adsorption experiments respectively, At is the total time intervals of both solubility and
adsorption experiments, equal in both experiments. Equation (2) shows a mass balance of
buriti oil for the adsorption in supercritical media.

MBuriLi 0Oil (C2) | 0) = MBurili 0il (C2) | (@) + mAdsorplion | (t) + ZrnCondensales(t)>x< At | Adsorption (2)

Equation (2) shows that initial mass of buriti oil in cylinder (2) is the sum of remaining
mass of buriti oil in cylinder (2), mass of buriti oil adsorbed inside the fixed bed of -
alumina adsorbent, and the cumulative mass of buriti oil inside cylinder (C3) for t > 0. In all
cases, the mass balance closure delivered quite exact results. A Freundlich type isotherm
has been used to model the experimental data. Since, the concentration of buriti oil in the
gaseous phase was for a fixed pair (T, P), the adsorbent capacity was described as a
function of pressure as follows.

q=K*p" 3)
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Where K and N are the capacity coefficient and the exponent respectively, determined by
fitting the experimental data.

3. Results and Discussions

The adsorption experiments of buriti oil in y-alumina using supercritical CO, as
carrier gas were carried out at 15, 20, and 25 MPa, 323 K, and solvent flow rate of Qco, =
10. L/min. The adsorption break-through curves were used to correlate the Freundlich type
isotherm constants, given by equation (3). Figure 5 shows the adsorption break-through
kinetic at 333 K and 25 MPa expressed in form of cumulative mass of buriti oil adsorbed in
Y-alumina versus time. It may be observed that buriti oil soluble in supercritical CO, has
been continuously adsorbed in the fixed bed of y-alumina until saturation, confirmed by a
flat line in Figure 5. The capacity of y-alumina to adsorb buriti oil as has been investigated
by means of a Freundlich type isotherm as shown in Figure 6. The experimental results
show that capacity of y-alumina increases as pressure increases, showing a maximum of
approximately 82.424 mggusii 0il/gy-Alumina DY 25 MPa. This is due to the fact that the
solubility of vegetable oils in supercritical CO, increases at higher pressures.
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Figure 5: Adsorption kinetic of oil Figure 5: Capacity of oil buriti in y-alumina

buriti in ‘y-alumina using supercritical using supercritical CO,.

CO, at 333 K and 25 MPa.

Table 2 shows the capacity of y-alumina adsorbent and the values K and N obtained by
regression of experimental data using a Freundlich type isotherm.

Table 2: Capacity of y-alumina adsorbent and the values K and N.

3 q K N R’
[MPa] | [mgou/Sadsomend [2oir/gadsorbenMPa"! [-]

15 6.762 107 4.821 | 0.957

20 17.652

25 82.424

The experimental results show that buriti oil can be adsorbed under supercritical
conditions on 7y-alumina type adsorbent. Loading rates up to 82.424 mg of buriti oil/g
absorbent have been achieved at 25 MPa and 333 K, and may be recovered by supercritical
desorption, in order to enrich fat-soluble substances.
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Abstract: In this work, with the objective to investigate systematically the
adsorption process of buriti oil (Mauritia flexuosa, Mart), a yellow-orange oil
with a high content of carotenes (~ 3600 ppm), in supercritical carbon dioxide,
the solubility of buriti oil in supercritical CO, has been determined
experimentally by the dynamic method. Experiments have been carried at
pressures of 15, 20, 25, and 30 MPa, temperature of 333 K and solvent flow
rate of Qco, = 10.6 L/min, using a high pressure vessel of 1000 cm3, and a
stainless steel cylinder of 22 cm3, assembled within the high pressure vessel.
The solubility was determined by computing the slope of the straight line
accumulated mass of condensates x accumulated mass of solvent.
Experimental results show that solubility of buriti oil increases with pressure,
showing a maximum of 4.85 gOil/kgCO, at 25 MPa and 333 K, which is in
agreement not only with experimental data reported in the literature for the
solubility of vegetable oils in supercritical carbon dioxide under the
investigated state condition, but also with the solubility of buriti oil in
supercritical carbon dioxide measured in a equilibrium cell by the static
method at 25 MPa and 323 K, showing a deviation of 4.33 %. The
experimental results corroborate on the sense that this methodology is suitable
for measuring the solubility of vegetable oils in supercritical carbon dioxide.

Keywords: Solubility, supercritical carbon dioxide, vegetable oils, buriti.

1.Introduction

The dried pulp of the fruit buriti (Mauritia flexuosa, Mart.), a native occurring palm in
the Amazon region, contains between 20-30 % (wt.) of a yellow-orange oil with the highest
content of carotenes (~ 3600 ppm) in vegetable oils reported in the literature (Franca et al.,
1999), a natural substance of special interest in the food and pharmaceutical industries.

In this since, fractionation and enriching of fat-soluble substances by supercritical
adsorption and or desorption processes makes it necessary to investigate the behavior of
physical adsorption/desorption of the individual compounds of interest within the adsorbent
as a function of process parameters and state conditions.
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Several methods to recover and enrich carotenes from the palm oil have been studied
and developed recently. Among these esterification, transesterification followed by selective
adsorption of the carotenes in packed columns and desorption by using organic solvents
(Choo et al., 1991), esterification followed by distillation under high vacuum (Ooi et al.,
1991), and adsorption in stirred tanks followed by supercritical desorption in packed
columns using carbon dioxide as solvent (Raiol et al., 2000) are included.

Of special importance in fractionation and enriching of fat-soluble substances (e.g:
carotenes, tocopherols, etc.) present in vegetable oils using supercritical fluids are phase
equilibrium data, particularly in the gaseous phase known as solubility. Equilibrium
solubility can be determined by the static or dynamic method (Sosovd et all., 2001;
Rodrigues et all., 2005). Measurement of solubility by the dynamic method makes use of
the extraction curve experiments. In this case, particularly for natural products including
lipids, the dynamic solubility, also called operational solubility, is computed using the data
of the integral extraction curve, and the solvent flow rate chosen must ensure that the
solvent leaving the fixed bed must be saturated with the solute as reported in the literature
(Sosova et all., 2001).

In the last two decades a number of works have been reported in the literature concerning
vapor-liquid equilibrium data for binary systems triglycerides/supercritical CO,, multi-
compound systems vegetable oil/supercritical CO, as well the solubility of vegetable oils,
pure and mixed triglycerides in supercritical CO,. Among those, the solubility of pure
triglycerides in supercritical CO, (Bamberger et all., 1988), the solubility of simple and
mixed simple and mixed triacylglycerols (TAGs) in supercritical CO, (Nilsson and J.K.
Hudson, 1993), vapor-liquid equilibrium of the binary system tricaprylin/supercritical CO,
(C. Borch-Jensen and J. Mollerup, 1997), vapor-liquid equilibrium for the binary systems
tristearin, tripalmitin, and triolein in Supercritical CO, (Weber et all., 1999), the solubility
of oils from the seed of blackcurrant (Ribes nigrum) and grape-vine (Vitis vinifera ) in
supercritical CO, measured by the dynamic method (Sosova et all., 2001). vapor-liquid
equilibrium of the pseudo-binary system buriti (Mauritia flexuosa) oil/supercritical CO,
(Ruster et all., 2001), measured by the static method, vapor-liquid equilibrium of the
pseudo-binary system Brazil nut (Bertholletia excelsa) oil/supercritical CO, (Rodrigues et
all., 2001), S. G. Ozkal, M. E. Yener and L. Bayindirli, the solubility of apricot kernel oil in
supercritical carbon dioxide (Ozkal et all., 2005), the solubility of refined corn and
sunflower seed oils, babassu (Attalea funifera) and ucuuba (Virola sebifera) fats in
supercritical carbon dioxide (Soares et all., 2007) are included.

In this work, the solubility of buriti oil in supercritical CO, has been determined
experimentally by the dynamic method using a new methodology, and the experimental
results compared with data available for the solubility of buriti oil in supercritical carbon
dioxide measured by the static method.

2. Materials and Methods

2.1 Materials - Carbon dioxide with 99.95 % [vol/vol] purity was supplied by White
Martins S.A (Belém-Para-Brazil). The oil was obtained by exhaustive extraction of buriti
pulp, dried for 24 hours at 333 K in order to remove water, using supercritical carbon
dioxide as solvent.

2.2 Experimental Apparatus — A schematic diagram of the high pressure apparatus
used in this work is depicted in Figure 1. The unit consists of high pressure vessel of 1000
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cm?3, adapted to be used as an equilibrium cell, a cylinder of 22 cm3, a membrane
compressor, which raises the pressure from 3 to 40 MPa, a carbon dioxide reservoir, a
sampling system, a gas meter, and a control unit that displays the system temperature and
pressure. The complete description of the high pressure unit can be found elsewhere (Franga
et al., 1999).

1 - CO2 Reservoir V1 - CO2 Reservoir Valve
2 - Compressor V2 - Micrometering Valve
3 - High Pressure Vessel V3 - On/Off Regulator Valve
4 - Heating System V4 - Micrometering Valve
5 - Sampling Unit V5 - Sampling Unit Valve
P1 - CO2 Reservoir Manometer C1 - Stainless Steel Cylinder

P2 - Compressor Manometer C2 - Glass Colector
P3 - Equilibrium Cell Manometer

\4l

Figure 1: Flowsheet of the experimental apparatus used to measure the solubility of
buriti oil by the dynamic method.

2.3 Experimental Procedure — All the equilibrium experiments were carried
out using 20 grams of buriti oil. The oil was placed inside a stainless steel cylinder of 22
cm? depicted in Photography 1. The cylinder has 02 (two) flanges, whereas 03 (three) slices
of filter paper between 02 (two) external stainless steel screens of mesh 200# were placed in
order to avoid the oil to spread outside the cylinder. Afterwards it was assembled within the
high pressure vessel as depicted in Photography 2. The carbon dioxide was recycled in a
closed loop for at least for 05 (five) hours, by closing valves V4 and Vs, and opening valves
V1, V,, and V; (micrometer/recycle valve), in order to maintain the system pressure constant
as well as to saturate carbon dioxide until equilibrium was reached. Afterwards, valves V,
and Vs were open and the flow rate was set low (10 gcop/min). The low flow rate makes it
possible the fresh carbon dioxide that enters the high pressure vessel to achieve equilibrium
within the sampling intervals of time. Samples from the gaseous phase were taken every 05
(five) minutes by opening valves V, and Vs. This experimental arrangement functions
identical to a buffer autoclave on static equilibrium cells. The condensed phase was
weighted by gravimetric method. The CO, released into the atmosphere was measured using
a gas flow meter. Since, ambient pressure and temperature are measured at gas meter inlet,
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the density of carbon dioxide cam be computed using the bender equation of state. The
solubility is computed by plotting the cumulative mass of oil as a function of time or
cumulative mass of carbon dioxide and taking the slope of the straight line using the
equation below. The slope represents the amount of oil dissolved in the gas phase which is
defined as gaseous solubility.

l '\
Photography 1. Stainless steel cylinder. Photography 2. Assemble used to measure
the solubility by the dynamic method.

3. Results and Discussion

The experimental results obtained in this work are shown in Figures 1 and 2 and the data
compared with experiments for the solubility of buriti oil in supercritical carbon dioxide
measured in an equilibrium cell by the static method at 25 MPa and 323 K in Table 1.

Figure 1 shows the cumulative mass of buriti oil versus time for all the investigated state
conditions (P and T). The results show a linear behavior for all experiments. The slope is
constant, which is a measure for the solubility of burit oil in the gaseous phase.
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Figure 1: Cumulative mass of buriti versus time for all the experiments.
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Figure 2 shows the influence of system pressure on the solubility of buriti oil in
supercritical carbon dioxide. The results show that solubility increases as system pressure
increases, until the pressure crossover, with a maximum at 25 MPa, showing a retrograde
behavior. This is in agreement with experimental data concerning the solubility of vegetable
oils in supercritical carbon dioxide (Franca et al., 1999). Table 1 shows the computed
values for the solubility of buriti oil in supercritical carbon dioxide with the respective R-
Square, a measure for the quality of experimental data, showing a minimum of 0.88559 at
30 MPa. This is due to the fact that the solubility of vegetable oils in supercritical carbon
dioxide at pressures above the crossover pressure has the order of magnitude 10" goi’kgco2,
thus causing uncertainly on the experimental measurements. Table 1 makes also a
comparison between experimental data obtained in this work with data available for the
solubility of buriti oil in supercritical carbon dioxide measured by the static method at 25
MPa and 323 K (Riister et all., 2001), which is in good agreement.

6 A T-=333K, ' ' ' ' '
] Q,p, = 10.6 g/min
54 M, =209 A :
QT“ |
o 41 7
(=)
X
5 3- 1
K
>
= 24 i
Q2
E}
[«]
N 14 4
A
014 A
.1 T - T r 1T r 1T T T T * T 7
14 16 18 20 22 24 26 28 30 32

P [MPa]

Figure 2: Solubility behavior of buriti oil in supercritical CO, as a function of pressure.

References T P Solubility R-Square
[K] | [MPa] [Zoi/kgcor] [-]
This work 333 15 3.3434%107 0.98629
333 20 1.5234*10™ 0.91204
333 25 4.85 0.99981
333 30 4.1520%10™ 0.88559
(Riister et all., 2001) 323 25 4.6400

Table 1: Experimental data computed for the solubility of buriti oil in supercritical carbon
dioxide.
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4. Conclusions

The experimental results show that solubility of buriti oil in supercritical CO,
increases as system pressure increases, until the pressure crossover, showing a retrograde
behavior. The dynamic method proposed in this work is suitable for measuring the solubility
of vegetable oils in supercritical CO,.
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Abstract - In this work, a new methodology has been applied to study the
adsorbent properties of biomaterials by supercritical adsorption process using
carbon dioxide as supercritical media. Adsorption of buriti oil (Mauritia
flexuosa, Mart.) in columns packed with y-alumina (standard adsorbent),
dried particulates of buriti seeds, or charcoal of buriti seeds has been
determined experimentally. The experiments were carried out in a laboratory
scale high pressure extraction unit, adopted to be used as an adsorption cell,
at 25 MPa, 333 K, and solvent flow rate of Qco, = 10.6 L/min, using an
assemble of packed columns of 22 cm?® filled with 50 g of y-alumina or the
investigated biomaterials, as well as by traditional methods reported in the
literature to investigate the adsorption of diluted liquid solutions within
solids. y-alumina was characterized by X-Ray powder diffraction, particle
and pore size distribution, particle porosity and specific area, and the
biomaterials by ash residue, compression/rupture tension, particle
distribution, and metals. The results show that y-alumina has adsorbent
properties as reported in the literature while the dried particulates of buriti
seeds and charcoal of buriti seeds have not shown adsorbent properties to
selectively adsorb buriti oil. In addition, experimental results show that
equilibrium capacity of buriti oil in y-alumina measured by both methods
give similar results.

Keywords: Adsorption, buriti oil, Supercritical CO..

1. Introduction

The oil of buriti (Mauritia flexuosa, Mart.), a native occurring palm in the Amazon
region, obtained by mechanical pressing of pulp, contains between 20-30 % (wt.) of a
yellow-orange oil with the highest content of carotenes (~ 3600 ppm) in vegetable oils
reported in the literature (Franca et all., 1999), a natural substance of special interest in the
food and pharmaceutical industries.

Several processes to recover and enrich carotenes from the palm oil have been reported
in the literature (Choo ef al., 1991; Ooi et al., 1991), among those, adsorption of palm oil
within alumina based adsorbents in stirred tanks, followed by supercritical desorption in
packed columns using carbon dioxide as solvent (Raiol ef al., 2000), but no data has been
reported concerning the development of methods to recover and enrich carotenes from
buriti oil (Mauritia flexuosa, Mart.). In this context, supercritical adsorption and or
desorption processes makes it possible to fractionate and enrich fat-soluble substances,
particularly carotenes, present in buriti oil.
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Supercritical adsorption/desorption processes reported in the literature apply the frontal
analysis method in packed columns. Among those, the separation of a-tocopherol acetate
from a synthetic mixture of tocopherols using silica gel (Fleck, 2000), desorption of
andiroba oil (Carapa Guianensis, Aubl.) compounds in packed beds of y-alumina loaded
with andiroba oil (Machado et all, 2000), adsorption isotherms of oleic acid ( Machado et
all., 2007) and a-tocopherol acetate ( Machado et all., 2007) in packed columns using y-
alumina, fractionation of copaiba oil resin (Copaifera officinalis) by supercritical
desorption in packed columns with y-Alumina (Machado et all, 2009). In addition,
adsorption of chemical species or solutes of diluted liquid solutions in solids adsorbents at
ambient pressures is carried out in stirred tanks and or orbital shakers as described
elsewhere (C. J. Radke, J. M. Prausnitz, 1972).

In this work, a new methodology has been applied to study the adsorbent properties of
biomaterials by supercritical adsorption process using carbon dioxide as supercritical media
by investigating the physical adsorption of buriti oil (Mauritia flexuosa, Mart.) in columns
packed with y-alumina or biomaterials using supercritical CO,. The experiments have been
carried out in a laboratory scale high pressure extraction unit, adopted to be used as an
adsorption cell, at 25 MPa, 333 K, and solvent flow rate of Qco, = 10.6 L/min, and the
results compared with adsorption measurements of buriti oil diluted in n-hexane within
porous y-alumina carried out in orbital shakers at 0.1013 MPa and 333 K.

2. Materials and Methods

2.1 Materials - Aluminum hydroxide used as raw material for the adsorbent
preparation was delivered by Alunorte S/A (Barcarena-Para-Brazil). Carbon dioxide 99.90
% [vol/vol] pure was supplied by Linde Gases Ltda (Belém-Para-Brasil). The pulp and
seeds of buriti fruits were obtained after separating manually the shells, pulp, cellulosic
sheet, and the hard core (seeds). The pulp of buriti was dried in an oven with air circulation
at 338 K for 24 hours (Fabbe, Sao Paulo, Brazil, Model: 179).

2.2 Absorbent Preparation _and Characterization - Aluminum hydroxide

Al,O3 (Gibbsite), the precursor of y-alumina has been obtained by the methodology
described elsewhere (Machado et. all, 2009).

The experimental values for particle average pore diameter, particle porosity, mean
particle sauter diameter, and particle specific area of y-alumina are depicted in Table 1.
Table 1: Particle average pore diameter, particle porosity, particle mean sauter diameter,
and particle specific area of y-alumina.

Alumina Average Pore Particle Sauter Specific area
Diameter Porosity Diameter a, [m?/ g]
[nm] & [-] d, [um]
y—Alumina 7.883 0.305 141.52 153.79
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2.2 Preparation Charcoal and Powder/Granulates of Buriti Seeds — The
seeds of buriti fruit, containing 30 % [wt.] have been dried in an oven with air circulation at
338 K for 24 hours (Fabbe, Sao Paulo, Brazil, Model 179). Afterwards, the seeds were
ground in a ball mill and sieved to obtain particulate fractions of particle size retained on
400 Tayler sieves. The seeds were characterized in terms of ash residue (A.O.C.S. Official
method Ca 11-55), representing 11.22 % [wt.] of seeds, compression/rupture tension,
showing a value of 836 kg/cm?, and metals using the procedure as follows: I. The ash
residues have been dehydrated, II. The ash residues have been dilute in a solution of
concentrated nitric acid, III. Metals have been determined by plasma induced emission
spectrography (Varian, USA, Model: Liberty RL), showing the presence of calcium with a
concentration of 140 mgc,/100 ggs..ss- Charcoal has been produced by burning the seeds of
buriti at 723 K for 03 (three) hours using an electrical furnace (Quimis, Sdo Paulo, Brazil,
Model: 5B) with automatic temperature control.

2.3 Experimental Apparatus — A schematic diagram of the high pressure
apparatus used in this work is depicted in Figure 1. The unit consists of high pressure vessel
of 1000 cm?®, adapted to be used as an adsorption cell, two cylinders of 22 cm?, a membrane
compressor, which raises the pressure from 3 to 40 MPa, a carbon dioxide reservoir, a
sampling system, a gas meter, and a control unit that displays the system temperature and
pressure. A complete description of the high pressure unit is found elsewhere (Franga et al.,
1999).

1 - CO2 Reservoir

2 - Compressor

3 - CO2 Compressed Vessel
4 - Adsorption Cell

5 - Heating System (Cooler)
6 - Sampling Unit

P1 - CO2 Manometer
P2 - Compressor Manometer
P3 - Adsorption Cell Manometer

V1 - CO2 Reservoir Valve

V2 - Compressor Regulation Valve
V3 - Micrometering Valve

V4 - On/Off Regulation Valve

V5 - Micrometering Valve

V6 - Sampling Unit Valve

C1 - Cylinder (Qil)
C2 - Cylinder (Adsorbent)
C3 - Sample Collector

=

H

V5

Figure 1: Experimental set-up of the high pressure adsorption unit.
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2.4.1  Experimental Procedure (Supercritical Adsorption) — All the adsorption
experiments were carried out using 20 grams of buriti dried pulp, and 50 grams of y-
alumina (standard adsorbent), dried seeds particulates, and charcoal. The dried pulp was
placed inside the lower stainless steel cylinder of 22 cm® (C1) depicted in Photography 1,
while y-alumina adsorbent, dried seeds particulates, or charcoal were placed inside the
upper stainless steel cylinder of 22 cm?® (C2) depicted in Photography 2. Both cylinders
have 02 (two) flanges, whereas 03 (three) slices of filter paper between 02 (two) external
stainless steel screens of mesh 200# were placed in order to avoid the dried pulp to spread
outside the lower cylinder and the particulates to spread out the upper cylinder. Afterwards
the cylinders were assembled within the high pressure vessel as depicted in Photography 2.

k

Photography 1: Stainless steel cylinder of | Photography 2: Assemble used to measure
22 cm?. the adsorption of vegetable oils in v-
alumina, dried seeds particulates, and
charcoal.

The carbon dioxide was recycled in a closed loop for at least for 05 (five) hours,
by closing valves Vs and Vg, and opening valves Vi, V,, V3 (micrometer/recycle valve),and
V,, in order to maintain the system pressure constant as well as to saturate carbon dioxide
until equilibrium was reached. Afterwards, valves Vs and V¢ were open and the flow rate
was set low (9.6-10 gcoo/min). The low flow rate makes it possible the fresh carbon dioxide
that enters the high pressure vessel to achieve equilibrium within the sampling intervals of
time. Carbon dioxide saturated with buriti oil, extracted from the dried buriti pulp, passed
thought the fixed bed of y-alumina, particulates of seeds, or charcoal, been the oil adsorbed
or not within the adsorbent. Samples from the gaseous phase were taken every 05 (five)
minutes by opening valves Vs and V4. The condensed phase was weighted by gravimetric
method. The CO, released into the atmosphere was measured using a gas flow meter. Since,
ambient pressure and temperature are measured at gas meter inlet, the density of carbon
dioxide cam be computed using the bender equation of state. The equilibrium capacity of y-
alumina (standard adsorbent) is computed as the mass of oil adsorbed, determined by
gravimetric methods, divided by the initial mass of y-alumina. The total time interval for
the adsorption experiments carried out at 25 MPa and 333 K, was 160, 245, and 300
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minutes for charcoal of buriti seeds, dried powder of buriti seeds, and y-alumina
respectively.

2.4.2  Experimental Procedure (Adsorption of Diluted Liquid Solutions in
Solids) - All the adsorption experiments were carried out using approximately 1.0 gram of

buriti oil diluted in 19.0 grams of n-hexane and 5.0 grams of y-alumina at 0.1013 MPa and
333 K using an orbital shaker with agitation and temperature control. Buriti oil and n-
hexane weighted by gravimetric methods were placed inside an Elermeyer of 250.
Afterwards, the mixture was shaken until homogenization and the mass of y-alumina added
to the solution. The Elermeyer has been closed hermetically and placed inside the orbital
shaker (Marconi, Sdo Paulo, Model: ) and let the solids and solution in contact for 03
(three) hours until equilibrium between the condensed phase and solids were achieved.
Afterwards, the filtrate was separated by filtration and dried in an oven with air circulation
at 338 K for 24 hours (Fabbe, Sdo Paulo, Brazil, Model 179) in order to remove the organic
solvent. The mass of buriti oil adsorbed within porous y-alumina was determined by
gravimetric methods and the capacity, expressed in grams of oil per gram of y-alumina, was
computed.

2.4 Adsorption _kinetics — The adsorption isotherms for oil buriti were
determined experimentally using a new methodology described as follows. Since, the oil of
buriti pulp has been extracted using supercritical CO, as solvent at 25 MPa and 333 K,

showing a kinetic behavior described in Figure 2 for the cumulative mass of oil versus time,
using the same apparatus configuration, experimental procedures, and process parameters
of the adsorption experiments, except the absence of y-alumina adsorbents within cylinder
(C2), application of a mass balance makes it possible to obtain the adsorption kinetics by
the difference of cumulative mass of buriti oil versus time between extraction and
adsorption experiments for the same state conditions and process parameters as shown in
equation (1).

M dsorption— szondensateS(t)* At | Extraction ~ szondensates(t)* At | Adsorption (l)

Where szondensateS(t)* At |Extraction and szondensateS(t)* At |Adsorption are the cumulative
mass of condensates weighted within the sampling intervals of time for the extraction and
adsorption experiments respectively, At is the total time intervals of both extraction and
adsorption experiments, equal in both experiments. Equation (2) shows a mass balance of
buriti oil for the adsorption in supercritical media.

Mpuriti 0il (c2) |(0) =Mt 0l (2) | (v T Madsorption |(1) + IMeondensates()* At | Adsorption  (2)

Equation (2) shows that initial mass of buriti oil present in pulp in cylinder (2) is the sum of
remaining mass of buriti oil in pulp in cylinder (2), mass of buriti oil adsorbed inside the
fixed bed of y-alumina adsorbent, and the cumulative mass of buriti oil inside cylinder (C3)
for t > 0. In all cases, the mass balance closure delivered quite exact results.

3. Results and Discussions

The adsorption experiments of buriti oil in y-alumina using supercritical CO, as
carrier gas were carried out at 25 MPa, and 333 K, and solvent flow rate of Qco, = 10.6
L/min. Figure 2 shows the adsorption break-through kinetic at 333 K and 25 MPa expressed
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in form of cumulative mass of buriti oil adsorbed in y-alumina versus time. It may be
observed that buriti oil soluble in supercritical CO, has been continuously adsorbed in the
fixed bed of y-alumina until saturation, confirmed by a flat line in Figure 2. The capacity of
y-alumina and the biomaterials to adsorb buriti oil as has been shown in Figure 3. The
results show that only y-alumina has adsorbent properties to selectively adsorb buriti oil, as
the mass of buriti oil adsorbed within the dried particulates of buriti seeds and charcoal of
buriti seeds weighted by gravimetric methods was close to zero after the adsorption process
using supercritical carbon dioxide as carrier gas.

T T T T T T T T T 7 T T T T T T T
G A —_
g AD | 4 pup 5°)
S Ay X y-alumina ']
= 3 A0 o Adsorption Kinetics 8 4
> A0 =
g K P=25MPa, T=333K m
E 2 ‘50 qm=10.6IIrrin ; 3
g1 4 W, 09 g
1 & ] E
=
oé RN o
0 T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250
t[min]

Figure 2: Adsorption kinetic of oil buriti
in y-alumina using supereritical CO, at Figure 3: Capacity of oil buriti in y-alumina
333 K and 25 MPa. and biomaterials using supercritical CO,.

Table 2 shows the capacity of y-alumina to absorb buriti oil using supercritical CO, as
carrier gas at 25 MPa and 333 K, and y-alumina at 0.1013 MPa and 333 K using traditional
methods. The results shows that capacity of y-alumina obtained in both methods are very
close, which corroborates to assert this method to measure the adsorbent properties of
biomaterials.

Table 2: Capacity of y-alumina adsorbent using supercritical CO, and traditional methods.

P T Mass Mass Mass Mass oil Adsorbent
Capacity
[MPa] | [K] | y-alumina oil n-hexane adsorbed

[mgoi/g,-

e] [e] [e] [e] aumina]

0.1013 | 333 5.0095 1.0146 19.0030 0.4257 84.98

0.1013 | 333 5.0063 1.0125 19.0118 0.4298 85.85

25 333 50.0013 20.0015 - 4.1212 82.42
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4. Conclusions

The experimental results show that buriti oil can be adsorbed under supercritical
conditions on y-alumina type adsorbent. Loading rates up to 82.424 mg of buriti oil/g
absorbent have been achieved at 25 MPa and 333 K, which is very close to the capacity of
y-alumina obtained by traditional methods, showing loading rates up to 85.85 mg of buriti
oil/g absorbent. Those results corroborate to assert that this method is suitable for
measuring the adsorbent properties of biomaterials solubility in supercritical CO,.
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