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_____________________________________________________________________________ 

RESUMO 

O presente trabalho de doutorado está dividido em dois temas principais, um sobre o 

uso da tecnologia supercrítica para a formação de partículas e outro sobre o uso do 

ultrassom para a formulação de emulsões. 

A revisão da literatura sobre o estado da arte do emprego do CO2 supercrítico para 

formação de micro e nanopartículas e encapsulação mostrou as potencialidades do uso 

desta tecnologia. A unidade usada para os experimentos de micronização via tecnologia 

supercrítica foi desenvolvida pelo grupo de pesquisa e validada utilizando uma substância 

modelo, o sal de ibuprofeno sódico. Esse fármaco foi selecionado devido às informações 

sobre o sistema CO2-Ibuprofeno encontradas na literatura. O efeito das condições 

operacionais (temperatura, pressão, vazão da solução, vazão do CO2, tipo de injetor e 

concentração de ibuprofeno sódico na solução etanólica) no rendimento de precipitação, 

teor de solvente residual, morfologia das partículas e consumo energético por unidade de 

produto processado foi investigado utilizando o método split-plot. Sal de ibuprofeno sódico 

foi micronizado com sucesso via Antissolvente Supercrítico (SAS) utilizando a unidade 

construída. A vazão de CO2 influenciou estatisticamente no rendimento de precipitação, 

enquanto que, não houve influência das condições operacionais no teor de solvente residual 

das partículas micronizadas. Com a apropriada seleção das condições operacionais, foi 

possível a obtenção de partículas de ibuprofeno sódico com morfologia de folha, sendo 

ideal para os processos de compressão do fármaco, com baixo teor de solvente residual e 

alto rendimento de precipitação.  

Neste trabalho também foi explorado o uso do ultrassom para a formulação de 

emulsões, contendo extrato rico em δ-tocotrienol, com o intuito de aumentar o valor 

agregado deste extrato obtido das sementes de urucum por extração supercrítica com 

dióxido de carbono. As sementes de urucum já são valiosas pela característica de produzir 
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pigmentos, a bixina e a norbixina. Contudo, essas sementes também vêm adquirindo 

notoriedade por conter outras substâncias de importância para a saúde do homem, como 

tocoferóis, tocotrienóis e geranil geraniol. Devido à importância desses compostos 

bioativos, que apresentam propriedades antioxidade, hidratante e fotoprotetora, este estudo 

visou o desenvolvimento de métodos para formação de emulsões permitindo a proteção 

desses compostos instáveis às condições adversas, aumentando assim o valor agregado dos 

extratos obtidos das sementes de urucum. Extrato de raiz de ginseng brasileiro, rico em 

saponinas, foi utilizado como biossurfactante. Adicionalmente, emulsões foram obtidas 

utilizando um homogeneizador tipo dispersor de fase múltipla na mesma densidade 

energética que foi aplicada no ultrassom. A influência do processo de emulsificação, 

densidade energética, concentração do biosurfactante, tipo de óleo e de biosurfactante no 

tamanho de gota e estabilidade da emulsão foi investigada. Os resultados indicaram que o 

extrato rico em saponinas pode ser uma boa opção para formulação de emulsões para 

aplicação em produtos alimentícios. Miniemulsões, com tamanho de gota variando entre 

0,35 e 0,83 µm, foram obtidas, sendo que os menores tamanhos de gota foram observados 

empregando o extrato de raiz de ginseng e o ultrassom. O processo de emulsificação 

influenciou estatisticamente a estabilidade das emulsões. 

Palavras chave: Micropartículas, fluido supercrítico, emulsão, δ-tocotrienol, ultrassom. 
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ABSTRACT 

The presented doctoral work is divided into two main themes under which one is 

about the use of supercritical technology for particle formation and the another one about 

the use of ultrasound for emulsion formulation.  

A literature review about the state of the art in using supercritical CO2 for micro and 

nanoparticles formation and encapsulation showed the potential of this technology. A 

homemade experimental apparatuses constructed by our research group and used for micro 

and nanoparticles formation has been validated using a model substance, the ibuprofen 

sodium salt. This drug was selected due to the literature information of the CO2-Ibuprofen 

system.  The effect of operational conditions (temperature, pressure, CO2 flow rate, solution 

flow rate, injector and concentration of ibuprofen sodium in the ethanol solution) on the 

precipitation yield, energy consumption per unit of manufactured product, residual solvent 

content and particle morphology have been investigated using split-plot designs. Ibuprofen 

sodium salt was successfully micronized by Antisolvent Supercritical (SAS) using the 

constructed unit. The CO2 flow rate influenced the precipitation yield at statistically 

significant levels meanwhile none operating parameters did influence the residual solvent 

content in the micronized particles. Selecting appropriate process conditions, it has been 

shown to facilitate the production of homogeneous sheet-like microparticles of ibuprofen 

particles, the best for tableting purposes, with low residual solvent and high precipitation 

yield. 

In this work, the use of ultrasound has been also explored for fabricating 

microemulsion of δ-tocotrienol-rich oil in order to add value to these extracts obtained from 

annatto seeds using supercritical extraction (SFE). The main pigments of annatto seeds are 

bixin and norbixin, wich are valuable natural colorants. However, these seeds have 

acquired notoriety by containing other important substances for human health, such as 
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tocopherols, tocotrienols and geranylgeraniol. Due to the bioactive compounds importance, 

which have moisturizers, sunscreens and antioxidant properties, this study aimed to develop 

methods for emulsion formulation enabling the protection of these unstable compounds to 

adverse conditions, thus increasing the value of extracts from annatto seeds. Saponin-rich 

extract from Brazilian ginseng roots was used as biosurfactant. Additionally, emulsion was 

generated through mechanical stirring by dispax Reactor at the same energy density than 

ultrasound. The influence of the emulsification process, energy density, oil type, 

biosurfactant type and biosurfactant concentration on the size and stability of the resulting 

droplets was investigated. The results indicated that saponin-rich extract might be an 

attractive biosurfactant choice for emulsion formulations for use in food and beverage 

products. Mini-emulsions were obtained in this work; their droplet sizes ranged from 0.35 

to 0.83 µm, saponin-rich extract and ultrasound gave the smallest droplet size. The 

emulsification process significantly affected the emulsion stability values. 

Keywords: Microparticles, supercritical fluid, emulsion, δ-tocotrienol, ultrasound. 
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1 INTRODUÇÃO 

Este trabalho apresenta um estudo dos processos de formação de micro e 

nanopartículas de fármacos e emulsificação dos compostos bioativos das sementes de 

urucum. Condições e métodos de formação das nanoemulsões, incluindo o método de 

emulsificação com ultrassom e condições de formação dos microfármacos utilizando CO2 

supercrítico como antissolvente foram utilizados.  

O estudo foi realizado no LASEFI (Laboratório de Tecnologia Supercrítica: Extração, 

Fracionamento e Identificação de extratos vegetais) da Faculdade da Engenharia de 

Alimentos da UNICAMP, dando continuidade aos estudos realizados por Santos (2011) e 

Albuquerque (2013). Santos (2011) implantou uma unidade multipropósito para o 

desenvolvimento de processos com fluidos pressurizados para a extração, micronização e 

encapsulação de diversas substâncias. A unidade foi batizada de ARADIME, por ter sido 

elaborada pelos profissionais ARiovaldo Astini, DIego Tresinari dos Santos e Maria Angela 

de Almeida MEireles, e dela originou a unidade utilizada neste estudo para os processos de 

formação de micro e nanopartículas usando CO2 supercrítico. Já Albuquerque (2013) visou 

à obtenção de óleo rico em antioxidantes das sementes de urucum usando o processo de 

extração com a tecnologia supercrítica. Esse óleo foi utilizado como matéria-prima para os 

experimentos de emulsificação. 

O fármaco Ibuprofeno na forma de sal de sódio foi utilizado como sistema modelo 

durante o desenvolvimento experimental empregando a tecnologia Supercritical antisolvent 

(SAS) precipitation. Ibuprofeno é um anti-inflamatório não esteroidal (AINES) utilizado no 

combate de inflamações, dor e febre e está entre os fármacos mais consumidos no mundo. 

Sal de ibuprofeno sódico foi o fármaco selecionado para os experimentos de micronização 

devido às informações sobre o sistema CO2-Ibuprofeno encontradas na literatura. 

A tecnologia SAS precipitation consiste em extrair o solvente orgânico de uma solução 

contendo o soluto de interesse que será micronizado pelo CO2 supercrítico. O emprego desta 

técnica apresenta muitas vantagens principalmente devido aos fatores ambientais e de qualidade 

envolvidos. Pois, trata-se de um processo não confere toxidade ao produto final, não necessita 

de pós-processamento das partículas para a eliminação do solvente, previne reações de 

oxidação devido à ausência de luz e oxigênio e não provoca a degradação térmica das partículas 

por permitir o emprego de baixas temperaturas. Além disso, esta técnica permite o controle do 
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tamanho e distribuição das partículas, a modificação do hábito cristalino e morfologia, e a 

obtenção de altos rendimentos e eficiência de encapsulamento. 

As sementes de urucum foram selecionadas como matéria-prima por ser um 

ingrediente natural e pelas propriedades funcionais dos seus extratos. O urucum é bastante 

conhecido pelo uso de seus colorantes naturais, a bixina e a norbixina, para conferir cor em 

produtos elaborados pelas indústrias de alimentos, de cosméticos e de fármacos (Smith, 

2006). Além disso, possui uma fração lipídica rica em tocotrienóis e geranil geraniol, que 

podem ser usados como suplemento nutricional em alimentos e bebidas funcionais (Tan, 

2005; Albuquerque e Meireles, 2012). Devido à importância desses compostos bioativos, que 

são instáveis e que apresentam propriedades antioxidante, hidratante e fotoprotetora, este 

estudo visou o desenvolvimento de métodos para a formulação de emulsões. A emulsificação 

resulta em uma maior biodisponibilidade e permite a proteção desses compostos instáveis às 

condições adversas, aumentando assim o valor agregado dos extratos obtidos das sementes de 

urucum. 

A emulsificação tem um papel importante na indústria de alimentos, principalmente na 

formação da consistência e textura, bem como na dispersão de fase e na solubilização de 

aromas. Este processo é definido como a operação em que dois líquidos imiscíveis são 

intimamente misturados, em que um deles (a fase dispersa) encontra-se na forma de gotas ou 

glóbulos dispersos no seio do outro líquido (a fase contínua), formando uma mistura estável.  

Os surfactantes são utilizados na formulação de emulsões como emulsionantes. Em países 

industrializados existe uma tendência da substituição dos surfactantes sintéticos pelos naturais, 

os biossurfactantes (Nitschke e Pastore, 2002). Este trabalho também propõe o uso de uma nova 

fonte de saponinas (composto com propriedades tenso-ativas) consideradas como 

biossurfactantes.  

Para a formação de emulsões, é necessário o fornecimento de energia ao sistema. Essa 

energia pode ser fornecida por meio de diversos mecanismos, como por exemplo, agitação 

mecânica e ultrassom. Neste estudo, a técnica de ultrassom foi investigada para a formulação 

das emulsões. O ultrassom é produzido a partir de um transdutor, que converte a energia 

elétrica em energia mecânica sonora com frequências ultrassônicas. Através do sistema de 

sondas, o sinal acústico é amplificado e dirigido diretamente ao fluido através de uma haste 

metálica. A emulsificação através do ultrassom ocorre devido ao efeito da cavitação, o qual 

envolve a formação, crescimento e colapso implosivo de bolhas em um fluido. Quando a 
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cavitação ocorre próxima da interface de dois fluidos imiscíveis, a bolha sofre grande 

deformação, fazendo com que jatos de líquido oriundos da implosão da bolha sejam projetados 

para a outra fase. Este efeito faz com que pequenas gotículas de um fluido fiquem suspensas no 

outro fluido, formando uma emulsão (Duarte, 2009).  

2 REVISÃO BIBLIOGRÁFICA GERAL

2.1 Sementes de urucum 

As sementes de urucum são valiosas por produzirem pigmentos muito utilizados como 

corante natural nas indústrias alimentícia, farmacêutica e cosmética. Os extratos obtidos a 

partir das sementes são utilizados como corante alimentar (colorau) e usados em cosméticos 

como bronzeadores. As sementes do urucum contêm: 40 - 45% de celulose, 3,5 - 5,2% de 

açúcares, 0,3 - 0,9% de óleo essencial, 3% de óleo fixo, 4,5 - 5,5% de pigmentos, 13 - 16% 

de proteínas, além de α- e β-caroteno, taninos, saponinas e outros constituintes (Anselmo et 

al., 2008). 

Os pigmentos do urucum, pertencentes à classe dos carotenóides, são extraídos da 

camada externa das sementes, consistindo basicamente de cis-bixina, que representa mais 

de 80% dos carotenóides totais presentes. Da bixina são obtidos os demais pigmentos do 

urucum, como a norbixina (Oliveira, 2005). A Figura 1.1 apresenta a estrutura química dos 

principais colorantes presentes nas sementes de urucum: a bixina e norbixina. 
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Figura 2.1: Estrutura química dos isômeros de bixina e norbixina (Albuquerque, 2013). 

Muitos isoprenóides têm sido identificados nas sementes de urucum incluindo geranil-

geraniol, farnesilacetona, octadecanoato de geranilgeranil, formiato de geranilgeranila e δ-

tocotrienol. O constituinte oleoso majoritário das sementes é o geranil-geraniol 

representando 1% das sementes secas (Barbosa-Filho, 2006). Mas estudos têm mostrado 

que a grande peculiaridade das sementes de urucum é o teor de δ-tocotrienol. Frega et al. 

(1998) identificaram na fração lipídica da semente de urucum, extraída com hexano, a 

presença de tocotrienóis. Enquanto o óleo possui quantidades pequenas de tocoferol, o 

mesmo apresenta concentrações maiores de δ-tocotrienóis, além de traços de β-tocotrienol, 

destacando-se a elevada concentração do δ-tocotrienol, ao redor de 0,14 % de sementes 

secas na fração lipídica. Segundo os autores, a concentração encontrada é maior do que 

aquelas normalmente encontradas em qualquer outra espécie vegetal.  

 Os tocoferóis e os tocotrienóis são antioxidantes lipídicos e compõem um grupo de 

compostos que apresentam atividade vitamínica E. São derivados da estrutura 6-

hidroxicromanol e possuem diferentes atividades biológicas próprias. Os oitos homólogos 
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existentes na natureza são α-, β-, γ- e δ-tocoferol, caracterizados por uma cadeia lateral 

saturada consistindo de três unidades isoprenóides, e os α-, β-, γ- e δ-tocotrienóis que 

possuem duplas ligações nas posições 3,7 e 11 da cadeia isoprenóide lateral (Abidi, 2000). 

Os isômeros se diferem com a posição e número dos grupos metila no anel cromanol, como 

demonstrado na Figura 1.2. 

Figura 2.2: Fórmulas estruturais dos tocoferóis e tocotrienóis 

 (Modificado de Papas (2006)). 

Tocoferóis estão presentes em óleos vegetais e partes verdes de plantas superiores. Em 

contraste, tocotrienóis são encontrados na fração germe de várias sementes e cereais. 

Geralmente a presença de δ-tocotrienol na natureza é rara, sendo encontrado somente em 

alguns vegetais. Os óleos de palma, de farelo de arroz e de urucum são descritos pelo autor 

Tan (2011) como as mais ricas fontes naturais de tocotrienóis. A proporção de 

tocoferóis:tocotrienóis encontrada no óleo de farelo de arroz, de palma e de urucum é 

50:50, 25:75 e 0,1:99,9, respectivamente.  Além de conter traços de tocoferóis, o óleo de 

urucum contém 90% de δ-tocotrienol e 10% de γ-tocotrienol. 

A atividade antioxidante dos tocotrienóis é relatada como mais efetiva quando 

comparada a dos tocoferóis. Tocotrienóis também apresentam efeitos na redução do 

colesterol e na inibição do crescimento das células cancerígenas (Aggarwal et al., 2010). 

Todavia a presença de tocoferóis interfere nas funções dos tocotrienóis, como na redução 

do colesterol (Qureshi et al., 1996) e também na sua absorção (Tan, 2005). Portanto, a 
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quase ausência de tocoferóis no urucum o torna a melhor fonte de tocotrienóis segundo Tan 

(2011).  

2.2 Métodos de formação de micro e nanopatículas e encapsulação baseados na 

utilização de fluidos supercríticos 

 A produção de partículas em escala micro e nanométrica com as propriedades 

específicas e um controle preciso do tamanho e morfologia das mesmas é o objetivo de 

muitas indústrias. Com a redução do tamanho, as partículas apresentam um aumento da 

taxa de dissolução devido ao significativo aumento na área superficial e a estabilidade da 

suspensão é também aumentada. Diversas técnicas podem ser empregadas para produção de 

micro e nanopartículas. Contudo as técnicas convencionais, como spray dryer, liofilização, 

coacervação, polimerização interfacial, dentre outras, apresentam diversas desvantagens, 

como o uso excessivo de solvente, degradação térmica e química do soluto, alto teor de 

solvente residual e dificuldade de controlar a distribuição do tamanho das partículas durante 

o processamento (He et al., 2004). Entretanto, o fluido supercrítico para formação de micro

e nanopartículas tem sido empregado com o intuito de eliminar essas desvantagens. Além 

disso, o fluido supercrítico pode ser empregado para a encapsulação do soluto. 

Encapsulação é definida como uma tecnologia de armazenamento de materiais sólidos, 

líquidos ou gasosos em matrizes que podem liberar o seu conteúdo sob determinadas 

condições específicas (Desai e Jin Park, 2005). 

Os processos que empregam fluido supercrítico para formação de micro e 

nanopartículas e encapsulação são classificados de acordo com a função do fluido 

supercrítico no processo. Maiores detalhes sobre esses processos podem ser encontrados 

nos Capítulos 2 e 3. A técnica que emprega fluidos pressurizados como antissolvente é 

conhecida por diversos acrônimos, como GAS (gas antisolvent), PCA (precipitation by 

compressed antisolvent), ASES (aerosol solvent extraction system), SEDS (solution 

enhanced dispersion by supercritical fluids), and SAS (Supercritical Antisolvent) 

(Reverchon, 1999). Esses processos são basicamente os mesmos, com pequenas 

modificações no injetor do solvente e do antissolvente usado, podendo o processo ser co- 

ou contra-corrente, em batelada ou contínuo (Tabernero et al., 2012).   
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2.3 Antissolvente supercrítico (SAS) 

O processo SAS, que emprega o fluido supercrítico como antissolvente, é baseado no 

uso de dois fluidos, solvente orgânico e antissolvente (sendo o mais empregado o CO2 

supercrítico), que são completamente miscíveis. O soluto de interesse, que será 

micronizado ou encapsulado, deverá ser solúvel no solvente orgânico e insolúvel no CO2 

supercrítico. Nesta técnica, a solução contendo o soluto e o antissolvente são alimentados 

separadamente e continuamente na câmara de precipitação. No capítulo 4 deste trabalho 

está apresentado na Figura 4.1 o fluxograma desse processo. Quando a solução contendo o 

soluto é colocada em contato com o antissolvente ocorre a nucleação e a formação dos 

cristais do sistema soluto/solvente orgânico/antissolvente que são governadas por dois 

mecanismos: difusão do antissolvente na fase orgânica e evaporação do solvente orgânico 

pelo antisolvente. O fenômeno de difusão aumenta o volume do solvente orgânico, 

reduzindo sua densidade, causando um decréscimo no seu poder de solvatação. Dessa 

forma, a solubilidade do soluto no solvente orgânico é drasticamente reduzida, levando à 

supersaturação do soluto e à sua precipitação na forma de micro ou nanopartículas, através 

da eliminação do solvente orgânico pelo fluido supercrítico (antissolvente) (Subra e Jestin, 

1999; Kalani et al., 2011). Este processo geralmente opera com pressões moderadas (9–15 

MPa). Quando o objetivo é encapsular, a solução é preparada usando o soluto de interesse, 

o material de encapsulação (biopolímero, ciclodextrina, etc) e um solvente orgânico capaz

de dissolver ambos os compostos (Santos, 2011). Este processo permite um fácil controle 

da formação de partículas através de pequenas variações nas condições de operação 

(pressão, temperatura, vazão, concentração, etc.) (Mattea et al., 2008).   

As principais vantagens deste processo são: (i) possibilidade de obter uma estreita 

distribuição do tamanho das partículas controlando as condições operacionais; (ii) 

facilidade de remoção do antissolvente (CO2 supercrítico) pela redução da pressão; (iii) o 

processo pode ser operado à temperatura ambiente, evitando assim a degradação térmica 

das partículas; (iv) é possível obter partículas com alta pureza polimórfica, com aumento da 

taxa de dissolução e com teor de solvente residual aceitável; (v) este processo é adaptado 

para operação contínua, sendo importante para produção em larga escala; (vi) o processo 

ocorre num sistema fechado, que vastamente reduz o risco de contaminação; (vii) eso de 
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menores quantidades de solvente orgânico que os processos convencionais, além disso, 

permite a reciclagem do solvente orgânico e do CO2, uma vez que é um processo 

independente em única etapa (Yeo e Kiran, 2005; York, 2005; Majerik et al., 2007; Kalani 

et al., 2011). 

2.4 Formação de emulsão através do ultrassom 

Emulsões são sistemas termodinamicamente instáveis devido ao contato desfavorável entre 

as moléculas de água e de óleo. Assim, há uma tendência à separação das fases a fim de 

minimizar a área interfacial e energia livre de Gibbs do sistema. Essa instabilidade pode se 

manifestar através de diferentes mecanismos, como a floculação, cremagem, acomodação de 

Ostwald, coalescência e inversão de fases (Mcclements, 2004).   

A técnica ultrassom é aplicada na preparação de emulsões como uma alternativa aos 

processos de emulsificação. No Apêndice deste trabalho está apresentado na Figura A.5 um 

equipamento comum de ultrassom utilizado para o preparo de emulsões, que consiste em 

um gerador de energia, um transdutor e uma sonda ou probe. O gerador produz energia 

elétrica de alta frequência, e o transdutor, por sua vez, converte essa energia elétrica em 

energia mecânica, que são amplificadas e propagadas através de um sonotrodo na forma de 

ondas acústicas (Abbas et al., 2013).  

As ondas de ultrassom são capazes de gerar cavitação. Através desse fenômeno, a 

aplicação da energia de ultrassom fornece ambiente favorável para a emulsificação. Cavitação é 

um fenômeno físico baseado no processo de criar, aumentar e implodir bolhas de vapor e gases 

em um líquido. As ondas de ultrassom resultam em um ciclo de compressão-expansão. Durante 

a etapa de compressão, as ondas fornecem uma pressão positiva no líquido, enquanto que a 

expansão resulta em vácuo (pressão negativa) e assim gerando as microbolhas ou cavidades, 

que tendem a implodir, resultando na formação de uma emulsão (Anton et al., 2008).  
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3 OBJETIVOS 

3.1 GERAL 

Avaliar o processo de formação de micro ou nanopartículas de fármacos 

empregando a tecnologia supercrítica e avaliar a formulação de emulsões ricas em 

compostos bioativos das sementes de urucum empregando o ultrassom.  

3.2 ESPECÍFICOS 

 Analisar o estado da arte da formação de micro e nanopartículas utilizando

fluido supercrítico.

 Validar a unidade SAS/SFEE usando o processo SAS (Supercritical

antisolvent) precipitation utilizando como substância modelo o sal de

ibuprofeno sódico.

 Comparar as micropartículas de sal de ibuprofeno sódico obtidas por SAS

precipitation com as obtidas por método convencional (Evaporação

convencional do solvente por rotaevaporador).

 Emulsionar óleo de semente de urucum rico em δ-tocotrienóis utilizando

extrato de raíz de ginseng como surfactantes e homogeneizadores do tipo

Dispersor de fase múltipla e ultrassom.

 Comparar as emulsões preparadas com óleo de semente de urucum e extrato de

raiz de ginseng com as emulsões preparadas com um óleo e um biossurfactante

modelo: óleo de soja e saponina comercial, respectivamente.
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4 ESTRUTURA DA TESE 

A presente tese está dividida em 6 capítulos, compostos por artigos científicos e 

capítulos de livros publicados e que ainda serão publicados. O Capítulo 1 – ASPECTOS 

GERAIS, como já visto, apresenta de forma sucinta o tema principal deste trabalho, os 

objetivos pretendidos e as etapas envolvidas para a realização do projeto de pesquisa de 

doutorado. A estrutura deste trabalho está apresentada na Figura 1.3, que esquematiza as 

atividades realizadas durante o período do doutorado.  

O Capítulo 2 - TRENDS IN PARTICLE FORMATION OF BIOACTIVE 

COMPOUNDS USING SUPERCRITICAL FLUIDS AND NANOEMULSIONS 

contextualiza o estado da arte dos métodos de formação de micro e nanopartículas e 

encapsulação que empregam fluido supercrítico. Neste trabalho de revisão, os princípios da 

formação de partículas e encapsulação e as diversas técnicas que empregam o fluído 

supercrítico como solvente, antissolvente e soluto foram apresentados. Além disso, as 

recentes descobertas sobre a aplicação de fluido supercrítico para a formação de partículas 

de compostos bioativos foram discutidas. Esta primeira etapa teve como principal objetivo 

discutir sobre os fundamentos dos métodos que empregam o fluido supercrítico como 

antissolvente, focando no método de extração supercrítica de emulsões (SFEE - 

Supercritical Fluid Extraction of Emulsions). A revisão mostrou que o SFEE combina as 

técnicas de emulsificação e as baseadas na utilização do fluido supercrítico como 

antissolvente, permitindo a obtenção de partículas em escala nanométrica. O produto 

resultante do SFEE é uma suspensão em água e adicionais processos tornam-se necessários 

para obtenção do produto em pó, que podem levar ao aumento do tamanho das partículas 

obtidas.  

Dentro deste contexto, o Capítulo 3 - MICRONIZATION AND 

ENCAPSULATION: APPLICATION OF SUPERCRITICAL FLUIDS IN WATER 

REMOVAL apresenta os métodos que empregam o fluido supercrítico com o objetivo de 

remover água. O histórico, a descrição de cada processo, as principais aplicações e a 

influência dos parâmetros operacionais foram discutidas para os processos CAN-BD 

(Carbon dioxide-Assisted Nebulisation with a Bubble Dryer) e PGSS (Particles from Gas-

Saturated Solutions)-drying. Esses processos são baseados no simples conceito de expandir 

uma solução aquosa saturada com CO2 supercrítico através de um atomizador. A revisão 
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mostrou o potencial da aplicação desses processos para obtenção de produtos para a 

indústria de alimentos, que é algo ainda pouco explorado na literatura. Adicionamente 

verificou-se a potencialidade de se utilizar ambos os processos para a eliminação de água 

de emulsões óleo em água, na qual o óleo é a fase dispersa e a água é a fase contínua, como 

as que serão preparadas contendo o extrato rico em δ-tocotrienol (Capítulo 6). 

Uma vez apresentado os diversos processos para formação de partículas baseados 

na utilização de fluidos supercríticos, um estudo sobre a validação da unidade SAS/SFEE 

foi realizado e está apresentado no Capítulo 4 - EXPERIMENTAL DESIGN FOR THE 

MICRONIZATION OF IBUPROFEN SODIUM SALT BY SUPERCRITICAL 

CARBON DIOXIDE ANTISOLVENT PROCESS. Sal de ibuprofeno sódico foi utilizado 

como substância modelo para os processos de micronização via SAS precipitation. Essa 

substância foi selecionada por haver muitas informações sobre o sistema Ibuprofeno 

sódico-CO2 na literatura. O efeito das condições operacionais (temperatura, pressão, vazão 

da solução, vazão do CO2, tipo de injetor e concentração de ibuprofeno sódico na solução 

etanólica) no rendimento de precipitação, teor de solvente residual, morfologia das 

partículas e consumo energético por unidade de produto processado foi investigado 

utilizando o método split-plot. Sal de ibuprofeno sódico foi micronizado com sucesso via 

SAS precipitation utilizando a unidade construída, demonstrando que com uma seleção 

adequada das condições operacionais é possível obter micropartículas com diferentes 

morfologias.  

Dentre os compostos bioativos de interesse das sementes de urucum encontram-se 

os δ-tocotrienóis por apresentarem propriedades antioxidantes e atividade vitamínica, 

comumente denominada de vitamina E. Desta forma, o Capítulo 5 - FORMULATING 

TOCOTRIENOL-RICH OIL AS AN O/W MINI-EMULSION BY USING 

NONPURIFIED AQUEOUS EXTRACT FROM BRAZILIAN GINSENG ROOTS AS A 

BIOSURFACTANT apresenta um estudo sobre formulação de emulsões para aumentar o 

valor agregado dos extratos das sementes de urucum obtidos por extração supercrítica 

(SFE), que poderão ser utilizados para a formulação de novos produtos alimentícios. 

Albuquerque (2013) obteve as condições otimizadas de processo SFE com maior 

rendimento em extrato, rico em δ-tocotrienol, que foram utilizadas neste estudo. Para a 

proteção dos extratos de altas temperaturas, oxidação e da luz ultravioleta e para aumentar a 
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biodisponibilidade do δ-tocotrienol, emulsões, contendo o extrato rico em δ-tocotrienol e 

extrato biossurfactante de raiz de ginseng, foram formuladas utilizando o homogeneizador 

do tipo dispersor de fase múltipla e ultrassom. Um sistema modelo de emulsão óleo em 

água contendo óleo de soja e saponina comercial como biossurfactante foi preparado. A 

influência do processo de emulsificação, densidade energético, concentração do 

biossurfactante, tipo de óleo e de biossurfactante no tamanho de gota e estabilidade da 

emulsão também foram investigados. Este estudo foi muito importante, pois mostrou a 

capacidade do biossurfactante de extrato de ginseng que pode ser uma escolha muito 

atrativa para a formulação de emulsões de produtos alimentícios e bebidas. Além disso, os 

resultados mostraram que o uso do ultrassom e do bissurfactante de raiz de ginseng 

possibilitou a obtenção de emulsões com menores tamanhos de gota. O processo 

empregado de emulsificação influenciou estatisticamente a estabilidade das emulsões.  

Finalmente, o Capítulo 6 - CONCLUSÕES GERAIS apresenta os principais 

resultados obtidos em cada um dos capítulos apresentados neste trabalho. Além disso, está 

apresentada também a memória do período do doutorado com todos os trabalhos 

acadêmicos realizados paralelamente.   
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Figura 1.3: Esquema das etapas do desenvolvimento da tese de doutorado e as atividades 
realizadas. 
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11.1 Introduction

Encapsulation is defined as the process of forming a thin shell over a solid,
liquid or gaseous material, which is completely contained within the capsule
wall, and micronization is defined as the process of reducing the particle size
and obtaining micro- or even nano-sized particles (Cocero et al., 2009).
Production of ultrafine (micro- or nano-sized) particles with desired proper-

ties and precise control of particle size andmorphology is one of the objectives
of many industries. Conventional processes for particle formation suffer from
limitations in producing a desirable final product. The use of supercritical flu-
ids for particle sizing and design represents an attractive alternative to create
micro- and nano-sized particles with controlled particle size and narrow par-
ticle size distribution. Furthermore, these processes offer a wide control of
particle morphology, obtain solvent-free products and avoid thermal degrada-
tions due to the low level of the operating temperatures (since in most cases
carbon dioxide is the supercritical fluid) (Cocero et al., 2009; Gomes et al.,
2012).

Conventional and Advanced Food Processing Technologies, First Edition.
Edited by Suvendu Bhattacharya.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Many different processes for particle formation using supercritical fluids
have been proposed; in each one, the supercritical fluids perform different
functions, such as solvent (rapid expansion of supercritical solutions (RESS)),
antisolvent (supercritical antisolvent (SAS) precipitation), co-solvent or
solute (particles from gas-saturated solutions (PGSS)) and propellant (car-
bon dioxide-assisted nebulization with a bubble dryer (CAN-BD)) (Martín
et al., 2010a). Due to the different process arrangements and apparatuses
used in these particle formation processes, different acronyms are also used
by the various authors to promote the uniqueness of the process, despite not
being very different one from the other.
In particular, the methods referred to as CAN-BD and PGSS drying allow

the production of ultrafine particles of water-soluble compounds. These
processes micronize or encapsulate the desired compound or compounds
by removing the water. The main target of them is to obtain stabilized dry
powders. These technologies are promising when applied to proteins or
other biomolecules that may be denatured by conventional drying processes
like spray drying. Different from freeze drying, it is also possible to control
the particle size and particle size distribution using these processes (Perrut,
2004). Furthermore, the time required for drying by freeze drying is much
longer (hours rather than seconds) and there is no need for additional
milling or micronization steps (Sievers et al., 2001). Spray drying and freeze
drying are two of the most successful conventional methods used to produce
particles by removing water. Table 11.1 shows the main limitations of both
techniques.

Table 11.1 Limitations of spray drying and freeze drying methods

Conventional

method

Principle of

operation

Limitation Reference

Spray drying Atomization with a nozzle or

spinning wheel of a mixture

(core and carrier materials)

into a hot-air desiccant into a

chamber

Problems with efficient

particle collection

and the potential

instability of

materials sensitive

to high

temperatures

Prinn,

Costantino

and Tracy

(2002);

Martín et al.

(2010a);

Santos and

Meireles

(2010)

Freeze drying Water is removed from the

frozen state by vacuum

sublimation, maintaining the

drying chamber pressure and

temperature below the triple

point of water

Long processing time,

expensive process

costs and difficult

to control the

particle size

Perrut (2004);

Martín et al.

(2010a);

Santos and

Meireles

(2010)
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The present chapter describes the basic aspects of CAN-BD and PGSS
drying processes for the production of ultrafine particles. For each technique,
the history, the process description and the influence of process variables have
been discussed. Recent developments focused on processing of food ingredi-
ents using these methods are also presented.

11.2 Supercritical fluid

A supercritical fluid is defined as a fluid whose pressure and temperature are
simultaneously higher than those at the critical point (Figure 11.1). Its solvency
power is enhanced due to its higher density, which is very similar to those of
liquids (100–900 kg∕m3 at 7.5–50MPa). Furthermore, these fluids have the
main characteristics of gases such as low viscosity, large diffusivity and small
surface tension, which are favourable attributes for several processes (Skala
and Orlovic, 2006). Carbon dioxide is a fluid widely applied to produce fine
particles using supercritical fluid methods. The main advantages of CO2 are
its nontoxicity, nonflammability, its relatively low critical temperature (TC =

304.2 K) and pressure (PC = 7.38 MPa), it is inexpensive and recyclable. In
addition, it can be completely separated from the final product by expansion
and then liquefied for recycling purpose.

11.3 Developmental stages

Carbon dioxide-assisted nebulization with a bubble dryer (CAN-BD) was
developed based on the same concept of the PGSS technique and patented

Solid

Liquid

P
re
s
s
u
re

Gas

G

SCF

L

Supercritical fluid

Critical point

Triple point

Temperature

S

Figure 11.1 Pressure–temperature phase diagram of a single substance
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by Sievers and co-author in 1997 (Sievers and Karst, 1997). These authors
proposed a modification to the PGSS process that allowed expanding the
process application for the use of any compound that is water soluble
(Nunes and Duarte, 2011). In the PGSS concept, a gas-saturated solu-
tion is expanded through a nozzle to an atmospheric pressure. During
the expansion, the gas dissolved into the solution is suddenly vaporized
and the intense cooling due to the Joule–Thomson effect during CO2
expansion promotes particle formation (Martín and Weidner, 2010). In
the CAN-BD process, an aqueous solution mixed with CO2 is expanded
to atmospheric pressure through a flow restrictor to generate aerosols of
microbubbles and microdroplets. This process is available commercially
(Sievers, Best and Cape, 2008). Since the first patent in 1997, several mod-
ifications were proposed in order to make the CAN-BD process more
versatile; these variants are referred to as supercritical-assisted atomiza-
tion (SAA) and supercritical enhanced atomization (SEA), proposed by
Padrela et al. (2010) and Reverchon (2002), respectively.
Another modification of the PGSS process is PGSS drying. Themain differ-

ence between the two techniques is that in PGSS drying, the coating material
is fed to the static mixer in an aqueous solution (Martín et al., 2010a). This
process was patented by Weidner and co-workers in 2000 (Weidner et al.,
2000). In this technique, the particles do not need to be dried with the help
of N2 inert flux as in CAN-BD. Although the published papers mostly focus
on drugs and polymers, some authors demonstrated that this technique is also
feasible for food applications (Weidner, 2009). This process exists at the pilot
and industrial scale, providing a basis for the demonstration of its technical
and economic feasibility for some industrial applications (Nunes and Duarte,
2011; Weidner 2009).

11.4 Process description and influence of
process parameters

11.4.1 CAN-BD

Process description The CAN-BD process consists of mixing a stream of
compressed CO2 with an aqueous solution or dispersion containing the solute
of interest during a short time in a ‘low-dead-volume’ tee (< 1 μL). A quantity
of CO2 is solubilized in water and an emulsion is formed. Carbon dioxide
is a suitable compressible fluid because it has a good solubility in water
(1.6mole% at 336K and 10MPa) and its use enhances the expansion process.
The emulsion so formed is rapidly decompressed to atmospheric pressure
through a flow restrictor (or a capillary tube) by expansion into a drying
chamber that generates an aerosol of very fine droplets of liquid-carrying
microbubbles of gas (Sievers et al., 1999). This plume of microbubbles and
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CO2 cylinder
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Liquid pump
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Drying

chamber

Filter

holder

CO2

pump

CO2+ H2O

Figure 11.2 Schematic diagram of the carbon dioxide-assisted nebulization with a bubble dryer

(CAN-BD) process

microdroplets is further dried by contact with a stream of inert N2 warmed at
temperatures between 298 and 348K,much lower than those currently used in
spray drying (Perrut, 2004). CAN-BDhas been usedwith aqueous and organic
solvents. Figure 11.2 represents a schematic diagram of the CAN-BD process.
There are two versions of this process, static and dynamic. The static version

involves the pre-mixing of the supercritical CO2 and the aqueous solution, and
after the equilibrium is approached, the mixture in a high pressure chamber
is allowed to expand to atmospheric pressure. The dynamic version involves
continuous intimate mixing of the aqueous solution and the supercritical CO2
(Cape et al., 2008).
The CAN-BD process provides a more efficient atomization because,

after the primary atomization, the release of CO2 produces a secondary
atomization, producing smaller droplets. This technique does not differ
much from the classical aerosol method. Due to the very short contact time
between the compressible CO2 and the aqueous solution, the CO2 is far from
dissolving to saturation in the aqueous solution, unlike the PGSS and PGSS
drying. It is noteworthy that owing to the depressurization of the CO2, a
sharp temperature decrease takes place (the Joule–Thomson effect) both in
the tee and in the restrictor, which also must be heated to avoid plugging.
The temperature required can damage some thermolabile compounds, which
can be solved by applying a vacuum in the drying chamber (Tabernero, Valle
and Galán, 2012; Charbit, Badens and Boutin, 2004).

Influence of process parameters The CAN-BD process has been developed
mainly for industrial purposes. Therefore, there are not many published
papers that investigated the influence of the operational parameters on
particle characteristics. In a first study, Sievers et al. (1999) produced fine
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particles of pharmaceuticals and other materials by aerosolization in a
low-volume mixing device. The authors observed that the desired fine
aerosols are obtained when a ‘low-dead-volume’ tee (< 1 μL) was used,
but under the same conditions, using a normal 1/16 in (0.159 cm) tee with
a volume of about 50 μL, no aerosol was obtained. Furthermore, a water
stream rather than an aerosol resulted when the CO2 tee inlet pressure was
set at 5.5MPa instead of at 10.3 MPa.
Sievers et al. (1999) also noted that the size distribution of the particles

suspended in the formed aerosol depended on the concentration of the pre-
cursors in the aqueous solution. Increasing the concentration of the precursors
a narrower size range was obtained. The results of process parametric studies
for ethanolic solutions containing beta-methasone as well as aqueous solu-
tions containing mannitol or myo-inositol indicated that the ratio of CO2 to
the solution mass flow rate has a significant influence on the particle size.
By manipulating this ratio, the particle size of fine powders generated by the
CAN-BD process can be controlled from nanometre size to micrometre size
(Huang et al., 2003).
According to Sievers et al. (2000), spherical morphology might be expected

for particles formed by drying microbubbles or droplets. Liquid droplets
synthesized by aerosol methods maintain a spherical shape to minimize
surface energy. However, these authors observed that differences in drying
conditions can lead to different morphologies of particles of the same drug.
Lifeboat-shaped particles of cromolyn sodium were obtained when the
aerosol plume was bubble-dried using the dynamic method by mixing with
dry nitrogen at temperatures between 348 and 368 K. Nonetheless, when
cromolyn sodium was dried at or near room temperature by passing the
aerosol plume over the concentrated sulfuric acid, more nearly spherical
particles were observed. The concentrated sulfuric acid was alternatively
used as a desiccant to dry the aerosol plume diluted with nitrogen before
collection on a filter.

Applications TheCAN-BDprocess has been applied to obtain powders from
water solutions of pharmaceuticals (Sievers et al., 2007), proteins (Cape et al.,
2008) and other water-soluble compounds. Table 11.2 summarizes the vari-
ous substances that have been processed into particles using the CAN-BD
technique.
Despite the potential of CAN-BD to dry water-soluble compounds for

food applications, data for this process are scarcely available in the literature.
Dried powders of extracts from natural sources using the CAN-BD technique
have been obtained (Andersson et al., 2012; Herrero et al., 2010) and the
process was patented in 2009 as an on-line process in one step combining
the pressurized hot water extraction (PHWE) and the drying of the extract
by the CAN-BD process, named as water extraction and particle formation
on-line (WEPO) (Figure 11.3) (Ibáñez et al., 2009). This promising process
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Table 11.2 Summary of particles produced via carbon dioxide-assisted nebulization with a bubble dryer (CAN-BD) process

Substance Solvent/nebulization

fluid

Operational conditions Results References

Enzyme

�1-antitrypsin

Trypsinogen

(protein)

Water/CO2

Water/CO2

Mixing tee pressure: 8.27 MPa

Mixing tee temperature: room

temperature

Solution flow rate: 0.3–0.5 mL/min

N2 drying gas flow rate: 15–30 L/min

Drying temperature: 313 K

Mixing tee pressure: 8.27 MPa

Mixing tee temperature: room

temperature

Solution flow rate: 0.3–0.5 mL/min

N2 drying gas flow rate: 15–30 L/min

Particle formation type:

micronization

Morphology: spherical

Moisture content: 1.8%

Particle size: 1.9 − 2.2 μm

Particle formation type:

micronization

Morphology: dimpled raisin-like

Particle size: 0.86–1.4 μm

Cape et al. (2008)

Cape et al. (2008)

NaCl

Palmitic acid

Water/CO2

Ethanol/CO2

Mixing tee pressure: 8 MPa

Mixing tee temperature: room

temperature

Solution flow rate: 0.3 mL/min

Nebulizing fluid flow rate: 1–3 mL/min

N2 drying gas flow rate: 15 L/min

Drying temperature: 333–353 K

Mixing tee pressure: 8 MPa

Mixing tee temperature: room

temperature

Solution flow rate: 0.3 mL/min

Nebulizing fluid flow rate: 1–3 mL/min

N2 drying gas flow rate: 15 L/min

Drying temperature: 333–353 K

Particle formation type:

micronization

Morphology: hollow clusters

Particle size: 2–5 μm

Particle formation type:

micronization

Morphology: flat, leaf-shaped

Particle size: 1 μm

Sievers et al. (2003)

Sievers et al. (2003)
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Table 11.2 (continued)

Substance Solvent/nebulization

fluid

Operational conditions Results References

Lysozyme and

lactate dehy-

drogenase

Water/CO2 Mixing tee pressure: 10.34 MPa

Mixing tee temperature: >305 K

Solution flow rate: 0.3 mL/min

N2 drying gas flow rate: 15 L/min

Drying temperature: <343 K

Particle formation type:

micronization

Morphology: spherical

Moisture content: <4%

Particle size: 1–3 μm

Sellers et al. (2001)

Onion extract Water/CO2 Mixing tee pressure: 8 MPa

Mixing tee temperature: 393 K

Solution flow rate: 0.2–0.3 mL/min

Nebulizing fluid flow rate:

3–10 mL/min

Drying temperature: 393 K

Particle formation type:

micronization

Morphology: spherical

Moisture content: 4 %

Particle size: < 4 μm

Andersson et al.

(2012)

Rosemary

extract

Water/CO2 Mixing tee pressure: 8 MPa

Mixing tee temperature: 473 K

Solution flow rate: 0.2 mL/min

Drying temperature: 343 K

Particle formation type:

micronization

Herrero et al. (2010)
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Figure 11.3 Schematic diagram of the WEPO process

was suitable to obtain fine powder with particle sizes smaller than 4 μm in
diameter with an intact antioxidant capacity of great interest for food and
cosmetic industries. Andersson et al. (2012) compared the particles obtained
by WEPO with the ones obtained by PHWE followed by freeze drying.
Despite having similar results in terms of antioxidant capacity, concentration
of quercetin derivatives and water content, the WEPO process was able to
produce smaller and well-defined spherical particles. According to Herrero
et al. (2010), the results obtained via WEPO are promising considering the
time saving due to the absence of a later drying process.

11.4.2 PGSS drying

Process description The PGSS drying process (Figure 11.4) consists of
mixing an aqueous solution with supercritical CO2 using a static mixer at the
desired temperature and pressure. Aqueous suspensions (Paz, Martín and
Cocero, 2012) and oil-in-water emulsions (Varona et al., 2010) also can be fed
to the static mixer. In this mixer, a certain amount of water is extracted by
CO2 despite supercritical CO2 being partly dissolved in the liquid solution.
This biphasic mixture is expanded down to atmospheric conditions through
a nozzle into a thermally insulated spray tower (Varona et al., 2010). The
expansion of the CO2 dissolved into the liquid promotes the formation of fine
droplets. In addition, evaporation of the remaining water takes place due to
pre-selected temperature conditions in the spray tower. Water is exhausted
together with CO2 by a blower (supercompressor) from the spray tower.
In order to achieve a good water and CO2 removal from the powder, the
conditions in the spray tower have to be above the dew line of the water–CO2
mixture because in this region one single gas phase is obtained. Knowledge
of the vapour–liquid equilibrium (VLE) diagram of this mixture is needed
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Figure 11.4 Schematic diagram of the PGSS drying process
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Figure 11.5 Temperature–composition diagram for water and carbon dioxide at atmospheric

pressure

to choose between different strategies for water removal. For instance, the
temperature in the spray tower can be increased and therefore less CO2
is used; the other option is to work at a lower temperature and thus it is
necessary to increase the mass flow of CO2 to remove the same amount of
water (Figure 11.5) (Pham, Pollak and Petermann, 2012; Martín andWeidner,
2010; Meterc, Petermann and Weidner, 2008). Finally, the produced powder
is collected inside the spray tower with a cyclone. Particles are collected at
the bottom of the spray tower and CO2 together with evaporated water leave
the tower through its upper part. A cyclone separator is used to recover fine
powder entrapped in the effluent gas (Martín et al., 2010b). This process
provides an inert atmosphere (CO2 atmosphere without oxygen), avoiding
the possibility of oxidation (Tabernero, Valle and Galán, 2012).

Influence of process variables The literature provides a detailed experi-
mental analysis of the influence of different process and design variables
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and parameters (temperature, pressure, flow rates, design of the static mixer,
concentration of carrier material, etc.) on particle size, residual moisture,
encapsulation efficiency and morphology of the particles obtained by PGSS
drying.

Particle size Experimental results demonstrated that one of the major
parameters influencing the particle size is the ratio of the gas to solution
flow rate. The particle size decreases as the ratio of gas to solution flow rate
increases, due to a more efficient atomization and faster precipitation (Martín
et al., 2010b). A reduction of particle size was also observed by Martín et al.
(2010b) when the number of mixing elements was increased from 0 to 5. The
authors concluded that with five mixing elements, a saturation of the liquid
phase with CO2 was achieved. The use of mixing elements favours the contact
between the aqueous and gas phases, leading to a more efficient supercritical
fluid dissolution into the liquid phase, and improves atomization and particle
formation in the spray tower. Varona, Martín and Cocero (2011) observed
that the higher carrier material concentration has made the atomization more
difficult; this is due to the higher emulsion viscosity which produced bigger
particles.
Pre-expansion temperature and pressure are important parameters to

determine the extraction conditions in the static mixer. These parameters
have to be chosen in order to promote a higher concentration of CO2 in the
gas-saturated solution, which enhances the atomization process and leads to
the formation of smaller particles (Paz, Martín and Cocero, 2012).

Residual moisture The main parameters that influence the residual moisture
are the ratio of the gas to liquid flow rate, pre-expansion temperature and
pressure. The decrease of residual moisture with the ratio of the gas to liquid
flow rate has a direct consequence for the mass balance (Martín et al., 2010b).
Martín and Weidner (2010) showed that a mass balance can be used to calcu-
late the minimum gas/liquid flow rate required for the complete evaporation
of water.
Martín et al. (2010b) observed a direct relationship between pre-expansion

and post-expansion temperatures. As a result of the conservation of energy
during the expansion, when the pre-expansion temperature is higher, the tem-
perature in the spray tower is also higher, being more favourable for water
evaporation. On the other hand, the increase of the residual moisture when
pre-expansion pressure increases is a consequence of the reduction in the
spray tower temperature due to the Joule–Thomson effect.

Morphology Particle morphology is directly related to the residual moisture
content of particles. When the water has not been successfully removed,
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a paste or gel is obtained instead of a solid powder. When the water
concentration is lower, the solid powder normally is produced and consists of
spherical particles (Pham, Pollak and Petermann, 2012; Martín et al., 2010b).
Varona et al. (2010) observed that two main different particle morpholo-

gies like spheres and needles were obtained, depending on the pre-expansion
conditions. The generation of spheres is favoured by a high pre-expansion
temperature and pressure.

Encapsulation efficiency The influence of different parameters on encapsula-
tion efficiency has been investigated by Varona et al. (2011, 2010) and Paz,
Martín and Cocero (2012).When the pre-expansion temperature is increased,
more water is extracted in the static mixer. With a concentrated solution
already formed in the static mixer, particles can more easily be surrounded
by a shell of carrier material that can be maintained upon drying in the spray
tower, leading to the production of microcapsules and an increase in the
encapsulation efficiency (Paz, Martín and Cocero, 2012; Varona, Martín and
Cocero, 2011).
The observations of Varona,Martín and Cocero (2011) and Paz,Martín and

Cocero (2012) diverge with respect to the influence of the concentration of
the carrier material on encapsulation efficiency. This divergence may be asso-
ciated with the different characteristics between the encapsulated materials in
the two cases (liquid oil droplets and solid particles).
The pre-expansion pressure and the ratio of gas to product flow rate have

a smaller effect on lavandin essential oil encapsulation in modified starch in
the conditions investigated byVarona et al. (2010). However, in another work,
Varona, Martín and Cocero (2011) observed a reduction of lavandin essential
oil encapsulation in soybean lecithin when the ratio of gas to product flow rate
was increased due to a partial extraction of the oil by supercritical CO2. How-
ever, this effect was not observed by Paz, Martín and Cocero (2012) because
the solubility of �-carotene in CO2 in the conditions studied was very low.

Applications The PGSS drying process has been successfully applied to pro-
duce fine particles of polymers and natural compounds. Table 11.3 summarizes
the compounds processed by the PGSS drying technique.
Published papers have demonstrated that PGSS drying is feasible for food

applications. PGSS drying extends the applicability of PGSS to water-soluble
compounds. Application of PGSS drying has been investigated for polymers.
Polyethylene glycol (PEG) (Martín et al., 2010b) and polyethylene oxide
(PEO) (Pham, Pollak and Petermann, 2012) were dried and micronized by
this technique. These polymers can be used as a carrier material for devel-
oping formulations of food and pharmaceutical compounds. In addition, the
literature provides some natural compounds successfully treated by PGSS
drying.
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Table 11.3 Summary of particles produced from aqueous solutions using PGSS-drying process

Substance Solvent Operational conditions Results References

Polyethylene glycol Water Pre-expansion pressure: 6.1–15.1 MPa

Pre-expansion temperature: 353–414 K

Post-expansion temperature: 281–325 K

Solution flow rate: 0.5–6 kg/h

CO2 flow rate: 26–100.4 kg/h

Gas/liquid flow ratio: 6–139

Particle formation type: micronization

Morphology: spherical

Moisture content: < 1 %

Particle size: 10–20 μm

Martín et al.

(2010b)

Green tea extracts Water Pre-expansion pressure: 5.9–10 MPa

Pre-expansion temperature: 383–418 K

Post-expansion temperature: 306–352 K

Particle formation type: micronization

Morphology: spherical

Moisture content: 5.95–13.05%

Particle size: < 10 μm

Meterc,

Petermann

and Weidner

(2008)

Gelatine Water Pre-expansion pressure: 7.5–8.5 MPa

Pre-expansion temperature: 413–433 K

Post-expansion temperature: 333–343 K

Gas/liquid flow ratio: 20–50

Particle formation type: micronization

Moisture content: 8–13%

Particle size: 300 μm

Reibe et al.

(2008)

�-Carotene Water Pre-expansion pressure: 8–10 MPa

Pre-expansion temperature: 373–403 K

Post-expansion temperature: 313–353 K

Gas/liquid flow ratio: 21–37

Particle formation type: encapsulation

Morphology: agglomerated spheres

Particle size: 10–500 μm

Encapsulation efficiency (carrier material):

30–60% (soybean lecithin)

Paz, Martín and

Cocero (2012)

Lavandin essential oil Water Pre-expansion pressure: 6-10 MPa

Pre-expansion temperature: 377–403 K

Gas/liquid flow ratio: 5–35

Particle formation type: encapsulation

Morphology: aggregated spheres

Particle size: 1.4–25 μm

Encapsulation efficiency (carrier material):

6–14.5% (soybean lecithin)

Varona, Martín

and Cocero

(2011)

Lavandin essential oil Water Pre-expansion pressure: 9–12.1 MPa

Pre-expansion temperature: 373–404 K

Post-expansion temperature: 333–348 K

Solution flow rate: 2.4–4.1 kg/h

CO2 flow rate: 72–91 kg/h

Gas/liquid flow ratio: 22.4–41.2

Particle formation type: encapsulation

Morphology: spheres and needles

Moisture content: 5%

Particle size: 15–194 μm

Encapsulation efficiency (carrier material):

6–55% (starch)

Varona et al.

(2010)
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PGSS drying was reported on drying green tea extracts containing antiox-
idant polyphenols. Dried and free-flowing powders were obtained without
degradation of the active ingredients because of an oxygen-free atmosphere
and low drying temperatures required by this technique, making this pro-
cess very promising for sensitive substances (Meterc, Peterson and Weidner,
2008). It is possible to produce fine and microbiologically stable gelatin pow-
ders having a relatively small amount of CO2. With the spray drying process
it is common to dry aqueous solutions with very low amounts (5%, wt) of
high molecular mass gelatin because higher viscosities lead to a blockage of
the nozzle due to the formation of fibres and filaments. Therefore, the PGSS
drying technology allows a dried food ingredient to be achieved with a con-
siderably reduced energy demand (Reibe et al., 2008).
Lavandin oil-loaded microcapsules have been prepared by using a modified

starch, which performed the double function of the surfactant and carrier
material (Varona et al., 2010). The encapsulation efficiency varied from 6 to
55%. Particle sizes varied between 15 and 194 μm, with a residual moisture
content of about 5%, similar to the water content in unprocessed modified
starch. Varona, Martín and Cocero (2011) also studied the formulation of
emulsions of lavandin essential oil with liposomes, using soybean lecithin as
the carrier material. PGSS drying was effective in micronizing soy lecithin,
forming spherical aggregated particles. The low efficiency of encapsulation
(6–14.5%) thus obtained can be improved by modifying the process condi-
tions in order to increase the solubility of carbon dioxide in the emulsion in
the static mixer. �-Carotene was also encapsulated in soybean lecithin using
the PGSS drying process. Dried particles of 10–500 μm were obtained with
�-carotene encapsulation efficiencies up to 60% (Paz, Martín and Cocero,
2012).

11.5 Conclusions and future perspectives

CAN-BD and PGSS drying processes use supercritical fluid for water
removal. These methods are based on the very simple concept of expanding
an aqueous solution saturated with a supercritical fluid, preferably CO2,
through a restriction device. Emulsions and suspensions have also been
used. Although no studies reported the use of emulsions via CAN-BD,
this operation is possible and extends its applicability. Despite the fact that
most published papers explored applications related to the pharmaceutical
industry, the present chapter shows the feasibility of applying these processes
for producing products for the food industry. Further, the possibility of
operating on a large scale exists due to the several advantages presented
over the conventional process. The reasons are the prevention of product
degradation, control of product characteristics and achievement of a product
of good quality due to the closed and inert system used. It is also possible

Capítulo 3 - Micronization and encapsulation: Application of supercritical fluids 
in water removal 

76 



REFERENCES 263

to couple a process such as WEPO, which combines bioactive compounds
(food ingredients) extraction to on-line particle formation. It is a highly
promising area and is suitable to obtain desired particles with a reduced time
of preparation.

Abbreviations

CAN-BD Carbon dioxide-assisted nebulization with a bubble dryer
PEG Polyethylene glycol
PGSS Particles from gas-saturated solutions
PHWE Pressurized hot water extraction
PEO Polyethylene oxide
RESS Rapid expansion of supercritical solutions
SAA Supercritical-assisted atomization
SAS Supercritical antisolvent
SEA Supercritical enhanced atomization
VLE Vapour-liquid equilibrium
WEPO Water extraction and particle formation on-line
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Abstract 

Ibuprofen sodium salt micronization by supercritical carbon dioxide antisolvent (SAS) 

precipitation was investigated in order to better understand this alternative process aiming at 

industrial applications. Ethanol and CO2 was used as solvent and antisolvent, respectively, and 

the effect of the operating conditions on the precipitation yield, energy consumption per unit of 

manufactured product, residual organic solvent content and particle morphology were evaluated 

using split-plot experimental design and analysis of variance (ANOVA) method. Focusing on 

energy saving, a SAS process was simulated using the SuperPro Designer simulation platform. 

Selecting appropriate process conditions has been shown to facilitate the production of sheet-like 

morphologie, the best for tableting purposes, with high precipitation yield (70%) and low 

residual solvent content (4.7 mg kg-1). For the lower energy cost per unit of manufactured 

product the process must be operated at solution flow rate of 1 mL min-1 and concentration of 

ethanolic solution of 0.04 g mL-1. 

Keywords 

Supercritical antisolvent process; Precipitation; Split-plot experimental design; 

Conventional solvent evaporation; Microparticles. 
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INTRODUCTION 

The use of supercritical fluids is getting more important in pharmaceutical 

fields. Supercritical fluid technologies for precipitating pharmaceutical substances offer 

several advantages over conventional ones, such as low energy requirements, low thermal and 

chemical degradation of products and the production of solvent-free particles with narrow 

particle size distributions (Knez and Weidner, 2003). Microparticles and nanoparticles can be 

formed directly from drug solutions in a single-step supercritical fluid process and this would be 

an excellent alternative, since high energy milling and long processing times can lead to 

contamination, batch variation, downstream processing difficulties, and compromised stability 

(Hu et al., 2004). 

 Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) among the most widely used 

to treat pain, inflammation and fever. Ibuprofen is a white powder with a slight characteristic 

odor, a melting point of 348–351 K and a molecular weight of 206.28 g mol-1 (Linstrom and 

Mallard, 2003). The low solubility of ibuprofen in aqueous media (<1 mg mL-1) limits the 

dissolution and absorption rates into the organism. This limitation can be overcome by the use of 

ibuprofen sodium salt, which can be easily dissolved in aqueous media to provide faster and 

greater pain relief. Furthermore, the salt is cheaper and has a higher melting temperature (493 K), 

which facilitates the tableting process (Gruber and Reher, 2004). Tablets are the most widely 

used form of commercially available pharmaceutical formulations. The manufacture of tablets by 

direct compression requires uniform mixing between the excipients and the drug. This content 

uniformity is promoted by using smaller particles (Kayrak et al., 2003). Moreover, reducing the 

particle sizes results in a higher bioavailability of the tablet when disintegrates in the body due to 

increasing its surface area (Newa et al., 2008). Micronization procedures can modify particle 
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size, porosity, and density, and the drug may be mixed with pharmaceutical excipients using 

small-particle technologies to maximize delivery to the desired target for drug administration 

(Rogers et al., 2001). 

Processes that employ supercritical carbon dioxide as a solvent have been successfully 

used by several researchers to micronize pure ibuprofen due to its high solubility in supercritical 

CO2. Pathak et al. (2006) and Kayrak et al. (2003) obtained micro- and nanoparticles via these 

processes. However, due to the low solubility of ibuprofen sodium salt in supercritical CO2, 

processes that use supercritical CO2 as an antisolvent must be employed, such as supercritical 

carbon dioxide antisolvent (SAS) precipitation; the details of this process was reported recently 

by Gomes et al. (2012).  

Bakhbakhi et al. (2013) and Martín et al. (2009) micronized successfully ibuprofen sodium 

using the SAS process. Martín et al. (2009) presented a study of the influence of different 

operating parameters on the purity, particle size, morphology and polymorphism of ibuprofen 

sodium. Similarly Bakhbakhi et al. (2013) supplemented this study extending the range of the 

operating parameters evaluated. On the other hand, neither used experimental design approach 

and proper statistical analysis during their scientific studies.  

Theoretically, a number of parameters have simultaneous effect on a process. However, 

application of experimental design approach is the most effective way to identify the most 

significant parameters and their interactions, and to achieve a competent result by few 

experimental trials (Sharif et al., 2014). Although a huge number of parameters can influence the 

SAS process, some of them might not have effect on it at statistically significant levels. In this 

context, the objective of this work was to identify which operating parameters (pressure, 

temperature, CO2 flow rate, solution flow rate, injector type and concentration of ibuprofen 
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sodium in the ethanol solution) have statistical significant effects on the precipitation yield, 

energy cost per unit of manufactured product, residual organic solvent content and particle 

morphology in order to better understand this alternative process aiming at industrial 

applications. 

MATERIALS AND METHODS 

Materials 

Ibuprofen sodium salt (BCBC9914V, India) was purchased from Sigma-Aldrich and used 

as a model substance in the precipitation experiments. Ethanol (Dinâmica®, 52990, Diadema, 

Brazil), with a minimum purity of 99.5%, was used to prepare the ibuprofen sodium solutions. 

Carbon dioxide (99% purity, Gama Gases Especiais, Campinas, Brazil) was used as the 

antisolvent in the SAS process.  

Experimental procedure 

A schematic diagram of the constructed experimental setup to perform the SAS 

precipitation experiments on a laboratory scale is shown in Fig. 1. The procedure was performed 

as follows: The CO2 from the cylinder was cooled to −10 °C using a thermostatic bath (Marconi, 

MA-184, Piracicaba, Brazil) to ensure that liquid CO2 is being pumped by the air driven pump 

(Maximator, M111 CO2, Germany) in a 500 mL AISI 316 stainless steel precipitation vessel with 

a 6.8 cm inner diameter. The precipitation vessel was fitted with an electric heating jacket and an 

AISI 316 stainless steel porous filter (screen size of 2 µm) fixed at the bottom of the vessel, 

which was used to collect the precipitated particles.  
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Once the desired conditions of pressure, temperature and CO2 flow rate were achieved 

and remain stable, the ethanolic solution, which contains ibuprofen sodium, was introduced into 

the vessel by a high pressure pump (Jasco, PU-2080, Japan), which allows a maximum working 

solution flow rate of 10 mL min-1. A volume of 43 mL was injected into the precipitation vessel, 

and 10 mL of pure ethanol was then pumped to clean the tubes. Depending on the solution flow 

rate used, the time allowed for precipitation was 43 or 86 min. 

Fig. 1: Schematic diagram of the SAS apparatus. 1 CO2 Cylinder; 2 CO2 Filter; 3 Blocking 
Valves; 4 Manometers; 5 Thermostatic bath; 6 Air driven pump; 7 Heating bath; 8 Solution 
(solute/solvent) reservoir; 9 High pressure pump; 10 Injector; 11 Thermocouple; 12 Temperature 
controllers; 13 Precipitation vessel; 14 Filter; 15 Line filter; 16 Micrometric valve with a heating 
system; 17 Glass flask; 18 Glass float rotameter; 19 Flow totalizer.  
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In this work, two different injectors were used to mix CO2 and the solution at the inlet of 

the precipitation vessel: i) a home-made coaxial nozzle, which consists of a stainless steel tube 

with an inner diameter of 1/16 in (i.d. 177.8 mm) for the solution, placed inside a 1/8 in stainless 

steel tube for the CO2; ii) a commercial 1/8 in stainless steel T-fitting. The injectors were placed 

at the top of the precipitation vessel. Fig. 1 also shows schematic diagrams of the two injectors. 

When the ethanolic solution and CO2 were mixed, the ethanol was quickly solubilized by 

the supercritical CO2, and this fluid mixture (CO2 plus ethanol) exited the vessel and flowed to a 

glass flask (100 mL) connected to a micrometric valve. This valve was maintained at 393 K to 

avoid the freezing and blockage of the outlet caused by the Joule–Thompson effect of the 

expanding CO2. Ethanol was deposited in the glass flask, and the gaseous CO2 was discharged to 

the atmosphere. The temperature and pressure were measured with instruments directly 

connected to the precipitation vessel with accuracies of ± 2 K and ± 0.2 MPa, respectively. The 

CO2 flow rate was measured using a glass float rotameter (ABB, 16/286A/2, Warminster, USA) 

coupled with a flow totalizer (LAO, G0,6, Osasco, Brazil). 

After the injection of pure ethanol, the high pressure pump was stopped and only CO2 

was pumped, using a minimum of 300 g of CO2 to ensure that all remaining traces of ethanol 

present in the precipitation vessel were removed before depressurization. Subsequently, the air 

driven pump was stopped, the precipitation vessel was slowly depressurized to atmospheric 

pressure by manually opening the valves and the particles were retained inside the precipitation 

vessel by a porous filter fixed at the bottom of the vessel and another placed at the vessel outlet 

(AISI 316 stainless steel porous line filter (Hoke, 6321G2Y, United States), porosity of 2 µm). 

The particles were carefully collected and stored at ambient temperature in a glass desiccator 

protected from light until subsequent analysis. 
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A conventional solvent evaporation (CSE) of ibuprofen sodium process was also used as 

a reference process to compare it with the SAS process. Two ethanolic solutions were prepared 

at 0.02 and 0.04 g mL-1 and the ethanol was evaporated using a rotary evaporator (Tecnal, TE-

211, Piracicaba, Brazil) with a vacuum control of 200 mmHg and thermostatic bath at 313 K. 

The ibuprofen sodium precipitates were collected from the precipitation vessel (50 mL glass 

flask) and stored at ambient temperature in a glass desiccator protected from light. Previous 

studies (Li et al., 2008, Won et al., 2005) have been used CSE method to produce microparticles 

of various solids (e.g. phospholipids complex of puerarin; felopidine). Despite this technique 

uses evaporation of a solvent, the mechanism of particle formation is similar: dissolution of the 

solid in an organic solvent and precipitation of the solid by elimination of the solvent. Because of 

this, the ibuprofen particles from CSE method were compared to the SAS method in this study. 

Experiment design and statistical analysis 

Fractional factorial designs are widely used in industrial experiments. Completely 

Randomized Design (CRD) is usually used in this situation where the treatments are completely 

randomized to the experimental units. In this work, an experiment with 5 factors, each at two 

levels, was conducted. However, it is very difficult to change the levels for the factor type of 

injector and a CRD would eventually require a modification of the apparatus after each 

experimental run. Due to time constraint and to avoid leaks, the factor type of injector was 

considered as a hard-to-change parameter. In this case, a fractional factorial split-plot design 

represents a practical design option and the experimental runs were done accordingly to this 

method. A discussion about this experimental design technique can be found in Box et al. (2005). 
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In the split-plot design the hard-to-change factor is called whole-plot and the easy-to-

change factors, sub-plots. First the whole-plot factor is randomized and in the sequence the sub-

plots are randomized within the whole plot. While holding the level of the factor type of 

injector fixed, all of the level combinations of the remaining factors are randomized in a random 

order was run.  

The injection type (T-fitting and coaxial nozzle) was applied to the whole-plots with two 

replications and a 25-2 fractional factorial while considering the temperature (313 and 323 K), 

pressure (10 and 12 MPa), concentration of ethanolic solutions (0.02 and 0.04 g mL-1), CO2 flow 

rate (500 and 800 g h-1) and solution flow rate (0.5 e 1.0 mL min-1) applied to the sub-

plots, which totaled 32 experimental units. Treatments were deemed to be statistically significant 

for p-value < 0.05 (95% confidence level). Statistical analysis was conducted with MINITAB 

Statistical Software (Minitab Inc., State College, Pennsylvania). The data from different 

experiments were compared for statistical significance by analysis of variance (ANOVA). 

Analysis and characterization 

Determination of residual organic solvent 

Gas chromatography (GC) was used to determine the residual amount of ethanol in the 

particles. The residual solvent was analyzed on a Shimadzu gas chromatograph (GC-17-A, 

Kyoto, Japan) equipped with a flame ionization detection (FID) system. Approximately 30 mg of 

sample was dissolved in 1 mL of toluene with the aid of an ultrasonic bath (Unique, Max Clean 

1400, 40 Hz, Indaiatuba, Brazil). Sample solutions (1 µL) were introduced by direct injection on 

a Zebron ZB-5 capillary column from Phenomenex (30 m × 0.25 mm and 0.25 µm). The other 

conditions were as follows: the injection temperature was 493 K; the detector temperature was 
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513 K; the helium flow rate was 28 mL min-1; the split ratio was 1:20. Helium served as the 

carrier gas, and the analysis was performed using an oven temperature of 313 K with a ramp of 

20 K min-1 until a temperature of 453 K was reached. The data were quantified using a 

calibration curve that was constructed by measuring different known concentrations of ethanol in 

toluene. 

Determination of morphology 

The morphology of ibuprofen sodium particles was examined by scanning electron 

microscopy (SEM; LEO Electron Microscopy/Oxford, Leo 440i, Cambridge, England) with 

an energy dispersive X-ray analyzer (LEO Electron Microscopy/Oxford, 6070, Cambridge, 

England). The samples were coated with a thin layer of gold in a Polaron sputter coater (VG 

Microtech, SC7620, Uckfield, England) and examined using a SEM at 20 kV accelerating 

voltage and 100 pA beam current. A coarse measurement of the particle size was done over the 

micrographs from the SEM analysis.

Simulation procedure of the studied process 

The simulations were performed using the commercial simulator SuperPro Designer 6.0® 

process. The energy consumption per unit of manufactured product was determined for each 

SAS experimental process condition. This software allows the estimation of the mass and energy 

balance for all streams of the process. The results were normalized to determine the energy 

consumption (in terms of cost) per unit (1 kg) of manufactured product (particles obtained by 

SAS). The SAS process developed in the SuperPro Designer consisted of two pumps (one for 

CO2 and one for ethanol), one precipitation vessel and two heat exchangers. The economic data 
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fed into the simulator are: US$ 0.091/kWh electricity, US$ 5.15/ton cooling water and US$ 

20.00/ton steam (Prado et al., 2013). Utility costs comprise producing heat exchange agents and 

the electricity used in the processes. For the calculation of energy (utility) cost per unit of 

manufactured product of each experiment was taken into account the precipitation yield of each 

process and the volume injected into the precipitation vessel, according to Equation 1: 

100

PY
VC

UC
EC

⋅⋅

Σ
= Eq. (1) 

where: EC is the energy cost per unit of manufactured product (US$/kg); UC is the utility cost 

(US$); C is the concentration of the ethanolic solution (kg/mL); V is the volume injected into the 

precipitation vessel (43 mL); PY is the precipitation yield (%). 

RESULTS AND DISCUSSION 

The effect of the temperature, pressure, CO2 flow rate, solution flow rate, concentration of 

the ethanolic solution and type of injector on the characteristics of ibuprofen sodium particles 

obtained via SAS was investigated. The range of the experimental conditions adopted in this 

work was based on information from the literature (Martín et al., 2009) and preliminary tests. 

Table 1 shows the experimental conditions used for the SAS experiments randomized by split-

plot experimental design.  

The experiments were performed using typical conditions for SAS. The pressure and 

temperature values were chosen in order to operate the process above the critical point of the 

ethanol and CO2 mixture, which was located at approximately 8.5 MPa at 313 K (Chang et al., 

1998). Martín et al. (2009) did not obtain a dry ibuprofen sodium powder at subcritical 

conditions because the formation of particles is controlled by the fluid mechanics and the 
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kinetics of evaporation of the solvent under these conditions, and the time available inside the 

precipitation vessel was not sufficiently long to completely evaporate the solvent in their study. 

The operation above or below the mixture critical point results in different particle formation 

mechanisms in the SAS. Su et al. (2011) observed that when operating above the critical point, 

no droplet formation and fast mass transfer after solution injection favored the production of 

smaller fluticasone propionate particles. 

The choice of the solution and CO2 flow rates was related to the difficulties in producing 

a dry powder. Preliminary tests showed that obtaining a dry powder was not possible at higher 

solution flow rates and lower CO2 flow rates. Under these conditions, the mass of CO2 used was 

not sufficient to completely eliminate the organic solvent and precipitate the ibuprofen sodium. 

On the other hand, CO2 flow rates higher than 1,000 g h-1 induced in higher ibuprofen sodium 

loss in the downstream separator. Thus, moderate CO2 and solution flow rates of 500-800 g h-1 

and 0.5-1.0 mL min-1, respectively, were adopted in this study. 

Influence of the operating conditions on the precipitation yield 

Table 1 presents the precipitation yields obtained from each experiment. The precipitation 

yield ranged from 14.72 to 72.58% depending on the operating conditions used in the SAS 

process. A precipitation yield of 100% was obtained using the conventional solvent evaporation 

(CSE) method. The lower yield of the SAS experiments can be attributed to the loss of individual 

particles through the filters. The individual particle size was approximately 1 µm, which is 

smaller than the filter pore size of 2 µm. Thus, only agglomerates could be retained. 

Furthermore, slower precipitation kinetics can lead to a loss of ibuprofen sodium in the 

downstream separator. These reasons were also responsible for the low yield achieved by 
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Visentin’s group study (Visentin et al., 2012) for the precipitation and encapsulation of rosemary 

antioxidants by SAS. Using a filter with a smaller pore size may result in a greater precipitation 

yield. However, such a filter may also clog more easily. Satisfatory yield above 85% was 

obtained by Su et al. (2011) in the micronization of fluticasone propionate using 

dichloromethane as the solvent, and a lower yield, about 70%, was obtained when occurred 

particle adhesion on the surface of the spiral jet mill. 
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SAS formulations of oxeglitazar with various solubilizing excipients was precipitated 

using six different organic solvents by Majerik and his group (Majerik et al., 2007a). 

Precipitation yield obtained varied between 28 and 91%. The authors observed that precipitation 

from non-chlorinated solvents resulted in low precipitation yield suggesting that these solvents 

act as cosolvent and increase the solubility of processed pharmaceutical ingredients in the 

supercritical phase. This phenomenon was considered by the authors as the main source of loss 

in precipitation yield using supercritical fluid antisolvents and must be considered in this work, 

once it was also used a non-chlorinated solvent, the ethanol.      

The data from different experiments were compared for statistical significance by 

analysis of variance (ANOVA). The p-values for the precipitation yield are given in Table 2. 

According to these values, only CO2 flow rate significantly influenced the precipitation yield (p-

value < 0.05). Table 3 shows that the precipitation of ibuprofen sodium salt at CO2 flow rate of 

800 g h-1 gave a significantly higher precipitation yield compared to precipitation at 500 g h-1. 

For the interpretation of this result, it must be taken into account that an increase in the CO2 flow 

rate leads to a lower contact time between CO2 and the solute. As a result, a higher precipitation 

yield was achieved as a consequence of the amount of solute dissolved in supercritical CO2 be 

lower and less solute be dragged. Moreover, the higher CO2 flow rate enhanced the 

turbulence, due to the increase in the Reynolds number (Sui et al., 2012), which resulted in a 

better mixing between the solvents turbulence, and thus contribute to the precipitation process. 

Imsanguan et al. (2010) observed the same influence of CO2 flow rate in the precipitation yield 

of andrographolide from A. paniculata extract using SAS process. The authors reported that CO2 

flow rate affects kinetic energy of supercritical CO2 and the composition of the fluid phase. It is 

noteworthy that a maximum precipitation yield is intended and CO2 flow rate of 800 g.h-1 
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achieved optimum results, and preliminary studies showed that further increasing leads to a 

higher loss of the ibuprofen sodium in the downstream separator. 

Table 2: P-values obtained statistically for precipitation yield, residual solvent content and 
energy cost per unit of manufactured product.  

Precipitati
on yield 

Residual solvent 
content 

Energy cost per unit of 
manufactured product 

Parameter p-value p-value p-value 
Injector 0.070 0.255 0.118 
Temperature 0.599 0.834 0.036 
Pressure 0.867 0.558 0.550 
CO2 flow rate 0.009 0.162 0.498 
Solution flow rate 0.386 0.483 0.000 
Concentration of ethanolic solution 0.943 0.693 0.000 

As can be observed at Table 3, the variability in precipitation yield was observed 

with higher CO2 flow rate. The increase of the deviations can be related to an unstable deposition 

of the particles on the filter allowing the exit of them.  

Table 3: Influence of statistically significant parameters on precipitation yield (%) and energy 
consumption per unit of manufactured product (US$·kg-1). 

CO2 flow rate (g h-1) Precipitation Yield (%)* 
500 25.69±6.90 
800 40.86±16.36 

Solution flow rate (mL min-1) Energy cost per unit of manufactured product (US$ kg-1) 
0.5 42.60±19.58 
1.0 20.03±10.98 

Temperature 313 K 
Concentration of ethanolic solution (g mL-1) Energy cost per unit of manufactured product (US$ kg-1) 
0.02 34.58±12.96 
0.04 20.41±10.78 

Temperature 323 K 
Concentration of ethanolic solution (g mL-1) Energy cost per unit of manufactured product (US$ kg-1) 
0.02 49.33±24.75 
0.04 20.92±11.09 

*Mean ± Standard deviation
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Influence of operating conditions on residual organic solvent content in the micronized 

particles 

The chromatography profile of the standard solution containing ethanol and toluene 

showed an ethanol peak at a retention time of 2.04 min. The resultant linear relationship between 

peak area (y) and ethanol concentration (x) was y = 32719 x – 1030.3 (R² = 0.9998).  

The results presented in Table 1 show a low residual organic solvent content in the 

ibuprofen sodium precipitated by SAS. The residual ethanol content in the ibuprofen sodium 

particles was below 55 mg kg-1 in all SAS experiments, while the ibuprofen sodium particles 

precipitated by CSE was 2.5 times higher, approximately 140 mg kg-1. These concentrations are 

below than the suggested value of the Internal Conference on Harmonization (ICH) guideline 

Q3C (Impurities: Guideline for Residual Solvents), which for ethanol is 5000 mg kg-1 (ICH, 

1997). Also, the ethanol concentrations in the particles are significant different, indicating that 

the SAS process has technical advantages to obtain products of free solvent. Majerik et al. 

(2007b) also demonstrated that SAS reduces residual solvent content more efficiently than CSE. 

The authors observed that the residual dicloromethane content in the solid dispersions of 

oxeglitazar in PVP K17 (polyvinilpyrrolidone) obtained by CSE was 1.4 higher than the one 

obtained by SAS, and the solid dispersions of oxeglitazar in poloxamer 407 (polyoxyethylene-

polyoxypropylene block copolymer) was 1.6 higher. 

Similar results were obtained by Adami et al. (2008) at certain experimental conditions; 

they reported the production of micronized nalmefene HCl via SAS with a residual organic 

solvent content of 2 mg kg-1. In a study by Kim et al. (2007), GC analysis revealed that the 

residual solvent (dichloromethane) content in the precipitated cilostazol via SAS was below 50 
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mg kg-1, indicating that the solvent removal during SAS, depends not only on volatility of the 

solvent but also on other factors, such as the operating conditions and the SAS apparatus.  

Depending on the operating conditions, the residual organic solvent could be reduced 

below to 4 mg kg-1. The statistical analysis showed that all operating parameters evaluated did 

not influence the residual solvent content in the range studied (Table 2). On the other hand, an 

interesting behavior was observed: the experiments that resulted in the best precipitation yield 

also showed low residual solvent content (using a T-fitting; at high CO2 flow rate).  

Influence of operating conditions on morphology 

The effect of different process parameters on the morphology of ibuprofen sodium 

particles obtained with the SAS process was studied. Fig. 2 shows a scanning electron 

microscopy (SEM) picture of unprocessed ibuprofen sodium. The unprocessed ibuprofen sodium 

consisted of typical agglomerated sheet-like particles (Martín et al., 2009) with particle sizes of 

approximately 30 µm. The morphology obtained in each experiment is presented in Table 1. 

Fig. 2: SEM image of unprocessed ibuprofen sodium particles with magnification of 1000 (A) 
and 3000 (B).  
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Ibuprofen sodium particles were successfully micronized with a SAS process. Fig. 3 

shows the SEM pictures of the particles obtained from various experiments listed in Table 1. The 

particles of ibuprofen have a trend to develop agglomerates after the SAS process, as showed in 

Fig. 3. A coarse measurement of the agglomerates was done over the micrographs from the SEM 

analysis. For example exp. 20 shows an agglomerate of ≈5 µm of diameter but Exp. 8 show a 

bulk set of agglomerates. The measurement was not possible for all the micrographs due to a no 

visible limit between agglomerates.   
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Fig. 3: (A – H) SEM images of ibuprofen sodium particles obtained by SAS process. 
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The particle morphology depended on the experimental conditions and included sheet-, 

flake- and needle- like morphologies (Fig. 3). According to Reverchon et al. (Reverchon et al., 

2003), the particle morphology can be affected by many process parameters, such as the 

temperature, pressure, solution concentration and antisolvent to solution flow rate ratio. 

Moreover, the process arrangement and the apparatus can also heavily influence the product 

properties. In most experiments, needle-like particles of micron- to submicron size were 

obtained, but these particles were highly agglomerated and formed star-shaped aggregates. 

Nevertheless, appropriate operating conditions have been shown to generate particles that were 

approximately 1 µm in size. Bakhbakhi et al. (2013) also obtained submicron-sized ibuprofen 

sodium particles with a needle-like morphology by SAS, which corroborated our findings. 

The different morphology among agglomerates from SAS and CSE process maybe 

trigger for a different molecular structure of the ibuprofen. Previous studies showed that 

ibuprofen is a polymorphic drug (Martín et al., 2009) indicating that different conditions of 

pressure, temperature and solvent can induce a more stable molecular structure. Therefore, the 

produced agglomerate can obtain different physico-chemical properties. These characterizations 

are beyond of this study but future research is encouraged to understand the influence of the 

morphology. 

The results showed that higher CO2/solution flow ratios resulted in particles with a sheet 

morphology that were significantly less agglomerated but bigger than the flake- and needle- like 

particles. This effect is particularly noticeable in the results of experiments 6, 21 and 25, which 

operated at CO2/solution flow ratio of 34 and produced large sheet-like particles with a particle 

size of approximately 5 µm. Martín et al. (2009) attributed this effect to the increased solubility 

of ibuprofen sodium in the fluid due to the cosolvent effect of ethanol when the CO2/solution 
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flow ratio was reduced. The cosolvent effect is well known in supercritical extraction processing 

and has been used to improve the solubility of otherwise difficult to solubilize compounds by 

altering the polarity of CO2 (Sánchez-Camargo et al., 2011, Reverchon, 1999). As a result of the 

cosolvent effect, the increase in the solubility lead to slower nucleation kinetics, thus producing 

fewer large particles. Though not predominant, a sheet-like morphology was produced in 

experiments 8, 9, 12 and 29 (operated at CO2/solution flow ratio of 21), as demonstrated in Fig. 

3C. Experiments 5, 10 and 16 produced smaller particles with a needle-like morphology.  

Under supercritical conditions, the density of CO2 is influenced by pressure and 

temperature and plays an important role for mass transfer between organic solvents and 

CO2 during particle formation (Kim et al., 2007). The SEM images indicated that the density of 

CO2 can alter the particle size because it alters the mass-transfer characteristics of the process. 

Smaller particles were obtained using CO2 at a density of up to 587 kg m-³. At higher densities, 

larger particles were produced. Density data for carbon dioxide was taken from NIST (Linstrom 

and Mallard, 2001) according to the pressure and temperature used. Randolph et al. (1993) also 

observed that the particle size positively correlated with the CO2 density during an investigation 

of L-PLA micronization, which was sprayed from a dichloromethane solution into CO2. The 

authors attributed the effect to mass transport mechanisms rather than to jet breakup and 

hydrodynamics. Kim et al. (2007) showed that the mean particle size of cilostazol precipitated 

from dichloromethane and glacial acetic acid showed a good linear relation with the density of 

CO2, increasing the density of CO2 led to decreasing the particle size.  

The ability to alter the sizes and morphology of drug particles is important to their 

formulation and administration. Pathak et al. (2006) applied Rapid expansion of a supercritical 

solution into a liquid solvent (RESOLV) to produce exclusively nanoscale ibuprofen particles in 
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aqueous suspension using polymers as stabilization agent. The authors concluded that the 

experimental conditions and the selection of stabilization agent in RESOLV are used to alter the 

sizes and morphology of the nanosized drug particles. 

Ibuprofen sodium was also micronized using a conventional process, which was used as a 

reference process to compare with the SAS process. The SEM images of ibuprofen sodium 

particles obtained by conventional solvent extraction (CSE) are presented in Fig. 4. The 

ibuprofen sodium morphology did not change after precipitation; sheet-like particles were 

produced using CSE. However, the ibuprofen sodium particles obtained by CSE were 3 times 

bigger than those of the unprocessed ibuprofen sodium. The CSE method involves multi-stage 

processing to reduce the particle size and is always time-consuming. The solid obtained by Li et 

al. (2008) using CSE was collected and desiccated in a vacuum oven at 323 K, then pulverized 

and finally passed through a 180-mm sieve and Won et al. (2005) produced solid dispersions of 

felodipine by CSE and pulverized the product using a mill to reduce the particle size.  

Fig. 4: SEM images of ibuprofen sodium particles obtained by CSE using concentrations of 
ethanolic solution of (A) 0.02 e (B) 0.04 g mL-1. 
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Influence of the operating conditions on energy cost per unit of manufactured product 

The effect of the operating conditions on the energy cost per unit of manufactured 

product was also investigated while focusing on energy savings. Table 1 shows the energy 

consumption (in terms of cost) per unit of manufactured product (US$ kg-1) obtained in each 

experiment. The temperature, solution flow rate and concentration of the ethanolic solution 

influenced the energy consumption at statistically significant levels, as observed in Table 2. 

Furthermore, the statistical analysis indicated a second order relationship between the 

temperature and concentration of the ethanolic solution (p-value = 0.047) with a 95 % confidence 

level (p-value < 0.05). 

Table 3 presents the solution flow rate influence and the concentration of the ethanolic 

solution as a function of temperature. The high cost of ibuprofen precipitation remains a barrier 

to its acceptance in the market. The lowest estimated energy cost per unit of manufactured 

product was obtained using solution flow rate of 1.0 mL min-1. The estimated energy cost to 

precipitate ibuprofen sodium salt at this solution flow rate was 20 US$ kg-1. At high solution 

flow rate, lower was the process time and hence lower the energy cost. Table 3 also shows that 

the lowest energy consumption was obtained at concentration of ethanolic solution of 0.04g mL-1 

due to the higher manufactured solute mass. At this concentration, the results were independent 

of the temperature used, and the estimated energy cost per unit of manufactured product was 

approximately 20 US$ kg-1. Therefore, processing at the lowest temperature is the best choice. 

Currently, to the best of our knowledge, no study about economic analyses in the micronization 

using SAS is found in the literature. According to Weidner (2009), the large amount of CO2 

required for particle micronization has a high economical impact. Therefore, to install a CO2 
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recovery it could be economical and minimize environmental impact by reducing the CO2 

emissions at the atmosphere. 

The cost of obtaining ultrafine ibuprofen sodium particles is compensated by an improved 

drug bioavailability and improved content uniformity for the tablet formulation (Kayrak et al., 

2003, Newa et al., 2008). The lowest energy cost per unit of manufactured product (US$ kg-1) 

was obtained in experiment 32, which increased final price of the manufactured product by only 

1% compared to the price sold by Sigma-Aldrich®. This increase is negligible when compared to 

the advantages offered by the reduction of the particle size. Small micro- and nanometer-sized 

particles have attracted growing interest in the pharmaceutical and food industries because they 

endow materials with new properties that can be adopted by these industries (Sanguansri and 

Augustin, 2006). Notably, the energetic cost (cost of utilities) is one of five factors used to 

estimate the cost of manufacturing (COM) according to a methodology proposed in Turton et al. 

(2008). The COM is estimated as the sum of the cost of investment, the cost of operational labor, 

the cost of waste treatment and the cost of utilities (energetic cost). More information about each 

cost factor can be found in a paper by in Rosa and Meireles (2005).  

Selecting appropriate conditions 

In the SAS equipment used in this work, our findings indicate that to produce ibrupofen 

sodium salt particles with a low residual solvent, high precipitation yield and low energy 

consumption per unit of manufactured product, the process must operate at CO2 flow rate of 800 

g h-1, solution flow rate of 1 mL min-1 and concentration of ethanolic solution of 0.04 g mL-1, 

which experiment 32 yields satisfactory results for all these response variables. However, flake 

and needle-like particles were obtained at this condition (Fig. 4H). 
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The particle morphology has been shown to affect the flow properties and tableting 

performance. Small particles with an adequate morphology could improve the bioavailability. 

Historically, compounds that exhibit a needle-like crystalline shape have showed poor flow 

properties, and ibuprofen is not any exception to this observation. Sheet-like particles show 

improved flow and tableting properties compared to needle-like particles (Amin and Gordon, 

1984). Homogeneous sheet-like micronized particles were produced at experiment 6 (Fig. 4B), 

with also low residual solvent content (4.7 mg kg-1) and high precipitation yield (70%).  

CONCLUSIONS 

The influence of the operating parameter during ibuprofen sodium salt SAS micronization 

was investigated in deep by means of experimental design and proper statistical analysis. The 

CO2 flow rate influenced the precipitation yield at statistically significant levels meanwhile none 

operating parameters did influence the residual solvent content in the micronized particles. The 

temperature and concentration of the ethanolic solution influenced the energy cost at statistically 

significant levels. Selecting appropriate process conditions (using the T-fitting at a temperature 

of 313 K, pressure of 10 MPa, CO2 flow rate of 800 g h-1, solution flow rate of 0.5 mL min-1 and 

ethanol solution concentration of 0.02 g mL-1) has been shown to facilitate the production of 

homogeneous sheet-like microparticles of ibuprofen particles, the best for tableting purposes, 

with low residual solvent (4.7 mg kg-1) and high precipitation yield (70%). However, our 

findings indicate that the lowest estimated energy cost per unit of manufactured product was 

obtained using solution flow rate of 1 mL min-1 and concentration of ethanolic solution of 0.04 

g mL-1. 
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Abstract 

The purpose of this study was to produce an oil-in-water (O/W) emulsion of δ-

tocotrienol-rich oil obtained from annatto seeds by a supercritical fluid extraction process. 

The effects of emulsification by ultrasound (US) were evaluated and compared to 

emulsification by dispax reactor (DR) at similar energy densities. Nonpurified saponin-rich 

extract from Brazilian ginseng roots (BGR) was obtained from BGR by pressurized liquid 

extraction and used as a biosurfactant. A model O/W emulsion system was prepared with 

soybean oil and commercial saponin. The influence of the emulsification process, energy 

density, oil type, biosurfactant type and biosurfactant concentration on the size and stability 

of the resulting droplets was examined through the experimental design and proper 

statistical analysis. The results showed that US produced more stable emulsion with smaller 

droplet sizes in comparison with the DR device at the same energy density. In general, 

increasing the energy density helped to reduce the emulsion droplet size. The minimum 

average droplet size observed in the mini-emulsions was 0.35 µm. The data show that both 

biosurfactants were capable of forming emulsions containing relatively small droplets (< 

0.83 µm) and were rather stable (96 to 99%), with some creaming. The emulsion droplets 

also showed a surface potential of approximately -49 mV because of the adsorbed 

biosurfactants, which minimized the flocculation of the oil droplets. These results indicate 

that BGR-extracted saponin might be an attractive biosurfactant choice for emulsion 

formulations for use in food and beverage products. 

Keywords 

Annatto seeds, Brazilian ginseng roots, δ-tocotrienol, Pfaffia glomerata, Saponins 
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1 Introduction 

Food industries have focused on nutritive and healthy food products that meet 

consumer demand for a healthy lifestyle, which are intended to prevent nutrition-related 

diseases in consumers (Menrad, 2003). Annatto (Bixaorellana L.) seeds contain carotenoid 

pigments, which are the most commonly used colorants in food processing, for example in 

coloring butter, cheese, ice cream, bakery products and edible oils (Smith, 2006). 

Moreover, the lipid fraction of these seeds is rich in tocotrienol, which health benefits are 

very interesting for the food industry. Tocotrienols, which are related to the tocopherol 

family, have received a large amount of attention recently for their important biological 

activities, especially for inhibiting tumor development and reducing the risk of 

cardiovascular disease (Sylvester and Theriault, 2003). Aggarwal et al. (2010) published 

an excellent review paper about tocotrienol effects on cancer, bone resorption, diabetes, and 

cardiovascular and neurological diseases at both preclinical and clinical levels. 

Tocotrienols consist of a chromanol ring linked to a 15-carbon tail, with three trans 

double bonds. These compounds are made of a group of four amphipathic molecules (α-, 

β-, γ- and δ-) that differ in the number and position of methyl groups on the chromanol 

rings (Aggarwal et al., 2010, Schauss et al., 2013). Tocotrienols are present in only a very 

small number of plants and are especially abundant in rice bran, palm oil and annatto seeds, 

for which the ratio of tocopherol-to-tocotrienol in each is 50:50, 25:75 and 0.1:99.9, 

respectively. Tocotrienol-containing products can be a considerable source of vitamin E 

when consumed. Annatto seeds are described by Tan (2011) as the richest source of the 

most potent tocotrienol, that is, δ-tocotrienol. Tocopherol interferes with tocotrienol 

benefits. Annatto stands out as a superior tocotrienol source because of its unique 
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composition of 90% δ-tocotrienol and 10% γ-tocotrienol, without any tocopherols (Schauss 

et al., 2013). 

By focusing on an increase in the high added value of δ-tocotrienol-rich extracts, 

which were obtained by using the supercritical fluid extraction process, a nonpurified 

aqueous extract from Brazilian ginseng roots (BGR) (Pfaffia glomerata) was used as a 

biosurfactant in the emulsification process. This extract is rich in saponins, a natural class 

of compounds used as a food additive for its amphiphilic properties (Mitra and Dungan, 

2000). 

Saponins are predominantly made of glycosides that possess one, two or three sugar 

chains attached to the aglycones, also called sapogenins, which are the nonpolar parts of the 

molecule (Oleszek and Hamed, 2010). The presence of hydrophobic and hydrophilic areas 

(the aglycone and sugar resides) in the saponin molecules account for the ability of this 

compound to reduce surface tension at phase boundaries (Mironenko et al., 2010). These 

compounds have been used in foods as natural surfactants; they serve as preservatives to 

control the microbial spoilage of food. Because of consumer preferences for natural 

substance, saponins have more recently been used as a natural small molecule surfactant in 

beverage emulsions to replace synthetic surfactants such as polysorbates (Cheok et al., 

2014). 

There are a number of mechanisms available to produce emulsions. According to the 

literature, ultrafine emulsions can be prepared by high- and low-energy emulsification 

methods (Yang et al., 2012). Emulsification is a process in which a system is made from 

two immiscible liquids (usually oil and water), one of which is dispersed as small droplets 

within the other (Chandrapala et al., 2012). The high-energy methods employ mechanical 
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or ultrasound devices that generate shearing (rotor-stator) or pressure differences (a high-

pressure homogenizer or power ultrasound) to decompose the emulsion structures (Spinelli 

et al., 2010). Anyway, the reduction of the droplet size makes emulsions more stable. 

The objective of the present work was to generate food grade oil-in-water (O/W) 

emulsions through mechanical stirring by the dispax reactor (DR) or power ultrasound 

(US), with particular emphasis on identifying equipment-related constraints. A model O/W 

emulsion system was prepared with soybean oil and commercial saponin as biosurfactant. 

The best conditions for fabricating an O/W mini-emulsion of δ-tocotrienol-rich oil with a 

saponin-rich extract from BGR as a biosurfactant were identified. This system may be 

suitable for applications in food and beverage formulations. 

2 Materials and Methods 

2.1 Material 

Annatto seeds (Bixa orellana L.) of the Piave variety were obtained from the 

Agronomic Institute of Campinas, Department of Agriculture and Supply of the State of 

São Paulo, Brasil. The centesimal composition of this annatto was determined by using the 

official methods published by the AOAC (1997) for measuring the moisture, protein, ash 

and total lipid contents. The carbohydrate content was determined by difference. The γ-, δ-, 

α- and β-tocotrienol contents were determined according to AOCS (2004) method Ce 8–89. 

The tocotrienol-rich oil used in this study was obtained from annatto seeds by using 

supercritical carbon dioxide (99% CO2, Air Liquide, Campinas, SP, Brazil) as an extracting 

solvent with pilot scale equipment (Thar Technologies, model SFE-2 × 5LF-2-FMC, 

Pittsburgh, PA, USA) that was equipped with two 5.15 L extraction vessels and three 1 L 
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separators displayed in a series. The process conditions were selected from the ones that 

were optimized by Albuquerque and Meireles (2012). The results showed that the extract 

with the most concentrated δ-tocotrienol and the lowest bixin content was obtained at 313 

K and 20 MPa. The static extraction time was 20 min. The extraction was performed until 

the solvent mass-to-feed mass ratio (S/F) was 3.5, with a constant flow rate of 100 g∙min-1.

BGR saponins were obtained from Brazilian ginseng (Pfaffia glomerata) plants 

cultivated in CPQBA/UNICAMP (Campinas, SP, Brazil) and processed in our own lab as 

described elsewhere (Santos et al., 2012). The saponin-rich extract was obtained by using a 

pressurized liquid extraction system as described by Debien and Meireles (2014). In brief, 

the system contains an HPLC pump (Thermoseparation Products, Model ConstaMetric 

3200 P/F, Riviera Beach, FL, USA), a 415 mL extraction cell containing sintered metal 

filters at the upper and lower parts, a jacket connected to a thermostatic bath, a block valve 

(Autoclave engineers, Model 10V2071 15000 psi, Erie, PA, USA) and a heated 

micrometering valve (Autoclave engineers, Model 10VRMM11000PSI Erie, PA, USA). 

The extract was prepared under conditions that were optimized by Vardanega et al. (2014) 

as follows: temperature of 353 K, pressure of 12 MPa, static extraction time of 10 min, and 

flow rate of 10 mL·min-1 over 120 min to achieve an S/F of 26. Distilled water was the

solvent and BGR particles with a 7.9 µm diameter were used. Water from the extracts was 

removed by freeze-drying for 5 days at 60–100 µm Hg and at 223 K (Liobras, Liotop L101, 

São Carlos, SP, Brazil). This nonpurified extract was used as a biosurfactant. 

The model O/W emulsion system was prepared with soybean oil and commercial 

saponin. The saponins were purchased from Sigma Aldrich Co. (8-25% Sapogenin, Lot 

BCBG 4489V, St. Louis, MO, USA). Soybean oil was purchased in a local supermarket. 
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This oil was selected because the composition of the annatto seed oil was similar to that of 

the soybean oil (Silva et al., 2008). 

2.2 Biosurfactant characterization 

To estimate the emulsification index of the biosurfactants, 2 mL of soybean oil was 

added to 2 mL of solution (50 mg of biosurfactant/1 mL of distilled water) in a graduated 

tube and vortexed at high speed for 2 min. The emulsification index (%) was calculated 

after 24 h by dividing the measured height of the emulsion layer by the mixture‘s total 

height and multiplying by 100 (Cooper and Goldenberg, 1987). 

The determination of the critical micellar concentration (CMC) for the biosurfactants 

in aqueous solutions was obtained by using the surface tension method. A stock solution 

containing 30 mg∙mL-1 of biosurfactants was prepared in distilled water; solutions of

varying concentrations ranging from 30-0.1 mg∙mL-1 were prepared by diluting this stock

solution. The surface tension of the working solutions was measured by tensiometer 

(Teclis, model Tracker S, Longessaigne, Rhone-Alpes, France) at 25 °C. The surface 

tension-concentration plots were used to determine the CMC, and the coefficients of the 

adjusted cubic model were estimated by regression analysis. 

2.3 Interfacial tension measurements 

The interfacial tension was measured at oil-water interfaces by using a pendant drop 

analysis instrument (Teclis, model Tracker S, Longessaigne, Rhone-Alpes, France). The 

aqueous phases were prepared by mixing appropriate amounts of water and biosurfactant. 

The oil phase was injected into the aqueous phase and the interfacial tension was 
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determined by drop shape analysis after the system had time to reach equilibrium. The 

equilibrium time required to measure the steady state surface tension was 15 min. Rising oil 

drops were formed into a biosurfactant solution. 

2.4 Emulsion preparation 

Batch emulsification processes were conducted through mechanical agitation (DR) 

and power ultrasound (US). A rotor-stator type homogenizer, the Dispax Reactor (DR, 

Magic Lab, Module DR-UTL, IKA, Staufen, Baden-Württemberg, Germany) and an 

ultrasound horn (US, UNIQUE, DESRUPTOR, 19 kHz, 500 W, Indaiatuba, SP, Brazil) 

were used. 

Oil-in-water emulsions were prepared by homogenizing a 3 wt.% lipid phase with a 

97 wt.% aqueous phase. The aqueous phase consisted of biosurfactant, and the selected 

concentration was obtained according to the CMC analyses. Ultra-pure (MilliQ®) water 

was used in all experiments. O/W emulsions were prepared at room temperature and the 

biosurfactant was first dissolved in water; oil was then added and energy was supplied over 

a controlled period of time. Primary emulsions were obtained with a homogenizer (IKA, 

T18 basic, Wilmington, NC, USA) at 10,000 rpm for 2 min. Emulsions were obtained by 

using an ultrasonic horn at 200 and 400 W of the nominal applied powers (NAP) for 5 min. 

Emulsions were also obtained by using a rotor-stator type homogenizer at 20,000 rpm and 

an energy density equivalent to that of the US. Energy densities (ED) of 200 and 400 W for 

the US emulsifications were 600 and 1,200 J.mL-1, respectively, and they were calculated

by using Equation (1) as follows: 
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Where ED is the energy density, NAP is the nominal applied power, t is the time and V is 

the volume. 

The DR emulsification times were obtained with Equation (1) by substituting the 

calculated energy density values from the US, the solution volume (V=100 mL) and the 

power drawn by the DR at 20,000 rpm, as calculated by using Equation (2). 
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where T is the torque or moment, which was 0.11 Nm at 20,000 rpm, and n is the speed. 

Therefore, the DR processing time was 8 min 40 s and 4 min 20 s for ED values of 1,200 

and 600 J.mL-1, respectively.

2.5 Characterization of emulsions 

2.5.1 Droplet size measurement 

The droplet sizes were measured by laser light scattering method in a Mastersizer 

2000 with a Hydro 2000S wet dispersion unit (Malvern Instruments, Worcestershire, 

England, UK). The pump speed was set at 1750 rpm. The droplet sizes were measured 1 h 

after preparing the emulsions. The mean diameter of the droplets was calculated by using 

Equation (3) and expressed as the surface volume or Sauter diameter (D32) as follows: 




2

3

32
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ii
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dn
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where ni is the number of droplets of diameter di. 
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To determine the variations in the droplet size distributions, a term known as the 

‗span‘ was calculated by using Equation (4) and expressed as follows: 

)50,(

)]10,()90,([

vd

vdvd
Span


 (4) 

where d(v,10), d(v,50), and d(v,90) are the diameters at 10%, 50%, and 90% cumulative 

volume, respectively. 

2.5.2 Zetapotential measurements 

The zeta potential of each emulsion was determined by using a Zeta Potential 

Analyzer (Malvern Instruments, Nano Z, Malvern, England, UK) over 12 runs of three 

cycles each. The emulsions were diluted 50-fold in MilliQ® water prior to the 

measurements. Measurements were made in triplicate. The pH of the emulsions was 

measured by using a pH meter (Tecnal, model DM20, São Paulo, SP, Brazil). 

2.5.3 Emulsion stability measurement 

The emulsions were visually checked for phase separation. Twenty-five mL of 

freshly prepared emulsion was transferred into 25 mL graduated tubes (internal diameter, 

16.4 mm; height, 165 mm), sealed with Parafilm®, and then stored at 17 °C. The emulsion 

stability was monitored over seven days. During storage, emulsion instability was indicated 

by a complete breakdown into two phases, with an opaque cream layer at the top. The 

emulsion stability was monitored by measuring the remaining emulsion height (RH) and 
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the total emulsion height (TH) in the tube. The emulsion stability was obtained as a 

percentage by using Equation (5) as follows: 

100(%) 
TH

RH
ES (5) 

2.5.4 Microscopic examination 

The microstructure of selected emulsions was determined by using an optical 

microscope (Carl Zeiss, Axio Scope A1, Lower Saxony, Germany). A drop of each 

emulsion was placed on a microscope slide, covered by a cover slip, and observed at a 

magnification of 1000 ×. 

2.5.5 Emulsion rheology measurements 

The rheological characteristics and viscosity of selected emulsions were determined 

at 298 K in triplicate by using a rheometer (TA Instruments, AR 1500ex, New Castle, DE, 

USA). A double-walled concentric cylinder geometry (500 µm gap) consisting of an inner 

rotating acrylic cylinder (inner radius=17.53 mm, outer radius=16.02 mm) and an outer 

fixed stainless steel cup (inner radius=15.10 mm, outer radius=58 mm) were used for the 

measurements. 

Flow curves were obtained by using an up-down-up step program with a different 

shear stress range for each sample, in which the maximum shear rate value was 300 s-1. The

third flow curve data were fitted to the Newtonian model (Equation 6) as follows: 

   (6) 
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Table 1: The experimental conditions for the emulsification experiments. 

Experiment Process Oil Biosurfactant 
Biosurfactant 
Concentration 

(%) 

Energy Density 
(J·mL-1)

1 DRa Soybean Commercialc 1.5 1,200 
2 USb Soybean BGRd 1.5 600 
3 DR Annatto Commercial 1.5 1,200 
4 DR Annatto BGR 3.0 600 
5 US Soybean Commercial 1.5 600 
6 US Soybean Commercial 3.0 1,200 
7 DR Soybean BGR 3.0 1,200 
8 US Annatto Commercial 3.0 600 
9 DR Soybean BGR 1.5 1,200 
10 US Soybean Commercial 1.5 1,200 
11 US Soybean BGR 3.0 1,200 
12 US Annatto Commercial 1.5 1,200 
13 DR Soybean BGR 3.0 600 
14 DR Soybean Commercial 1.5 600 
15 US Annatto BGR 1.5 1,200 
16 DR Annatto Commercial 1.5 600 
17 US Annatto BGR 3.0 1,200 
18 DR Annatto BGR 1.5 1,200 
19 US Annatto Commercial 1.5 600 
20 US Soybean BGR 1.5 1,200 
21 US Annatto Commercial 3.0 1,200 
22 DR Soybean Commercial 3.0 1,200 
23 DR Soybean Commercial 3.0 600 
24 DR Annatto Commercial 3.0 600 
25 DR Soybean BGR 1.5 600 
26 US Soybean BGR 3.0 600 
27 US Annatto BGR 1.5 600 
28 DR Annatto BGR 3.0 1,200 
29 DR Annatto Commercial 3.0 1,200 
30 US Annatto BGR 3.0 600 
31 DR Annatto BGR 1.5 600 
32 US Soybean Commercial 3.0 600 

aDispax Reactor  
bUltrasound 
cCommercial Saponin 
dSaponin-rich extract from Brazilian ginseng roots 
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3 Results and Discussion 

The centesimal composition of the annatto seed sample was 10.9 ± 0.2% (w/w) 

moisture, 5.1 ± 0.1 % (w/w) ash, 3.5 ± 0.0 % (w/w) lipids, 8.9 ± 0.2 % (w/w) proteins, and 

71.6 % carbohydrates. These values are similar to those found in the literature for annatto 

seeds (Albuquerque and Meireles, 2012). The amounts of γ- and δ-tocotrienols detected in 

the tocotrienol-rich oil and extracted from annatto seeds with supercritical CO2 were 1.18 ± 

0.05 % and 7.83 ± 0.09 %, respectively. These amounts were smaller than those obtained 

by Albuquerque and Meireles (2012), who generated 1.97 ± 0.04 % γ-tocotrienols and 14.6 

± 0.4 % δ-tocotrienols. These differences in the results were most likely caused by the S/F 

used by the authors, which was 10 times higher than that used in this work. The α- and β-

tocotrienols were not observed in the sample. 

The emulsification index of the BGR saponins was 25 % higher than that of the 

commercial saponins. The emulsification index values were 63.4 ± 0.3 % and 50.8 ± 0.6 % 

for BGR and commercial saponins, respectively. This finding indicates that the BGR-

extracted saponins might be an attractive biosurfactant choice for emulsion formulations. 

Better results may be achieved by using purified BGR saponins. 

3.1  Critical micellar concentration 

The presence of an amphiphilic molecule in aqueous solution decreases the surface 

tension significantly because the surfactant concentration increases until micelles form 

(Xiong et al., 2008). The CMC of the biosurfactant aqueous solution was estimated to be 

1.5 mg.mL-1 for the commercial saponins and 12.1 mg.mL-1 for the BGR saponins, which
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were based on the first derivative of the cubic equation when setting 0/ dCONdSTF , 

where STF is the surface tension of the solution and CON is the biosurfactant 

concentration. The CMCs obtained in this experiment were far higher than the 

0.75 mg.mL-1 reported by Skurtys and Aguilera (2009) for Quillaja saponin. It is notable

that these saponins are extracted from the bark of the Quillaja saponaria Molina tree that is 

native to the semi-arid zones of Chile. 

Above and at the CMC, saponin biosurfactants begin to form aggregated structures 

such as micelles, which are composed of a monolayer of saponin molecules in which the 

anionic, hydrophilic head groups are oriented towards the surrounding aqueous solution and 

the nonpolar tails are oriented towards the hydrophobic center of the micelle (Chen et al., 

2008). To the best of our knowledge, the CMCs have not been previously measured in 

extract obtained from BGR. Based on the results of this study, the selected biosurfactant 

concentrations were 1.5 and 3.0%, w/w, which was above the CMC, for micelle formation. 

Therefore, biosurfactant-to-oil mass ratios of 1:1 and 1:2 were used in this work. 

3.2 Interfacial tension 

Oil and water do not mix because of the high interfacial tension between these two 

phases. Surfactants are added to reduce interfacial tension and allow dispersed media to be 

created easily. Additionally, surfactants create an energy barrier between the oil droplets, 

which prevent the droplets from coalescing. According to the theory of interfacial tension, 

the molecules of one of the phases adsorb at the interface between the two liquids. 
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Therefore, the lower the interfacial tension, the greater the adsorption of surfactant at the 

interface (Abismaıl et al., 1999, Stamkulov et al., 2009, Spinelli et al., 2010). 

The interfacial tension between annatto oil and water was approximately 

13.4 ± 0.4 mN·m-1 and 18.0 ± 0.1 mN·m-1 between soybean oil and water. Fig. 1 shows the

interfacial tension of the oil-water-biosurfactant systems as a function of time at both study 

concentrations. These results demonstrate the ability of both biosurfactants to lower the 

interfacial tension of the systems, confirming their surface activity. The commercial 

saponin biosurfactant causes lower interfacial tension at the oil/water interface than the 

BGR saponin. For Quillaja saponin and Tween 80 surfactants, Yang et al. (2013) observed 

that the interfacial tension decreased appreciably with increasing surfactant concentrations, 

indicating that the surfactants adsorbed in the oil-water interface, reaching approximately 5 

mN·m-1 at interfacial saturation.

Fig. 1 shows that the interfacial tension between the biosurfactant solution and oil is 

reduced slightly with the increased biosurfactant concentration. This finding would indicate 

that the emulsion is close to interfacial saturation with the biosurfactants at these two 

concentrations. A very low interfacial tension value (~ 1 mN·m-1) was obtained between

annatto oil and the commercial biosurfactant solution. This decrease in interfacial tension 

was associated with the low viscosity and the density difference between the phases and 

made drop detachment easier. 
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Fig. 1: Interfacial tension between the oil and aqueous phase, which contains the 
biosurfactant, as a function of time at both concentrations. 

3.3 Emulsion droplet size 

Depending on the mean droplet size of the dispersed phase, emulsions are generally 

classified into nano (0.01 - 0.1 µm), mini (0.1 - 1 µm) and macroemulsions (0.5- 100µm) 

(Windhab et al., 2005). Microemulsions are composed by swollen micelles (0.05 - 0.1 µm) 

with a translucent appearance, produced by self-assembly of the surfactant molecules and 

do not require energy for formation (low-energy process) (Santana et al., 2013). The 

fundamental difference between micro and nanoemulsions systems is given in terms of 

their thermodynamic stabilities; nanoemulsions are thermodynamically unstable, whereas 

microemulsions are thermodynamically stable (Mason et al., 2006, McClements, 2012). 

Because of the characteristic size of nanoemulsions, they appear transparent or translucent 
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to the naked eye and possess stability against sedimentation or creaming (Solans et al., 

2005). However, both mini and macroemulsions, which are also thermodynamically 

unstable, tend to drop re-coalescence and phase separation (Windhab et al., 2005). Only 

miniemulsions were obtained in this work; their droplet sizes ranged from 0.348 ± 0.005 to 

0.831 ± 0.002 µm, depending on the operational conditions. Table 2 presents the droplet 

size and the span of each prepared emulsion. The span values were used to express the 

degree of size distribution and polydispersity. The high span value of the emulsion implies 

a wide size distribution and a high polydispersity. The span values, shown in Table 2, are 

around 2, which indicate a narrow and uniform distribution (Gottlieb and Schwartzbach, 

2004). 
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Table 2: The droplet size (µm), span (µm), emulsion stability (%), zeta potential (mV) and 
pH for each experiment. 

Experiment 
Droplet size – 

D32 (µm) 
Span (µm) 

Emulsion 
Stability (%) 

Zetapotential 
(mV) 

pH 

1 0.82±0.02 2.168±0.004 97.68±0.00 -53.2±0.4 5.54±0.00 
2 0.607±0.004 2.191±0.006 97.49±0.00 -53.5±0.6 5.73±0.04 
3 0.590±0.008 2.26±0.03 97.41±0.00 -47.3±0.1 5.38±0.02 
4 0.52±0.01 1.88±0.01 98.2±0.1 -49.9±0.9 5.42±0.01 
5 0.591±0.008 2.23±0.02 99.1±0.8 -52.1±0.3 5.51±0.00 

6 0.75±0.02 2.042±0.002 98.76±0.05 -53.3±0.4 5.43±0.01 
7 0.710±0.001 2.02±0.02 96.6±0.3 -53.8±0.0 5.81±0.02 
8 0.456±0.004 2.071±0.002 97.42±0.05 -49.3±0.4 5.39±0.01 
9 0.458±0.002 2.113±0.006 98.13±0.00 -49.1±0.6 5.93±0.04 
10 0.70±0.02 2.13±0.03 97.5±0.7 -54.0±1.1 5.47±0.04 
11 0.436±0.006 2.02±0.01 97.9±0.2 -51.9±0.0 5.78±0.02 
12 0.543±0.000 2.023±0.008 96.84±0.00 -51.4±0.2 5.34±0.01 
13 0.790±0.000 2.338±0.001 95.64±0.01 -44.7±0.3 5.77±0.01 
14 0.775±0.003 2.32±0.08 96.4±0.2 -56.7±0.1 5.49±0.01 
15 0.348±0.005 1.76±0.03 98.3±0.2 -48.7±0.6 5.33±0.02 
16 0.641±0.007 2.246±0.002 95.7±0.3 -55.5±0.6 5.28±0.01 
17 0.400±0.004 1.858±0.001 98.51±0.00 -52.6±0.5 5.38±0.01 
18 0.404±0.003 2.053±0.006 97.6±0.4 -49.3±0.4 5.20±0.01 
19 0.440±0.002 2.039±0.002 97.79±0.05 -47.6±0.3 5.31±0.01 
20 0.450±0.009 2.16±0.02 97.33±0.05 -54.1±0.6 5.91±0.01 
21 0.562±0.001 2.328±0.007 96.74±0.00 -51.1±0.1 5.28±0.02 
22 0.82±0.02 2.3±0.1 97.0±0.9 -50.6±1.2 5.25±0.07 
23 0.831±0.002 2.086±0.008 98.9±0.9 -41.6±0.1 5.40±0.01 
24 0.67±0.01 2.34±0.01 96.19±0.00 -41.5±0.2 5.38±0.01 
25 0.733±0.001 2.117±0.006 96.84±0.00 -39.1±0.4 5.76±0.01 
26 0.613±0.001 2.202±0.001 97.1±0.2 -35.7±0.6 5.52±0.02 
27 0.501±0.008 2.179±0.008 97.95±0.01 -38.6±0.1 5.2±0.1 
28 0.368±0.000 1.919±0.005 98.70±0.00 -35.6±0.4 5.35±0.01 
29 0.678±0.008 2.43±0.01 96.66±0.01 -43.7±0.2 5.38±0.00 
30 0.539±0.006 2.218±0.006 97.77±0.00 -50.7±0.5 5.42±0.08 
31 0.484±0.003 2.179±0.001 97.6±0.2 -47.4±0.4 5.34±0.03 
32 0.578±0.002 2.228±0.004 98.70±0.00 -51.0±0.4 5.40±0.02 
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From the analysis of variance (ANOVA) of the variables studied for the response 

variable emulsion droplet size (Table 3), it can be observed that the process, oil, 

biosurfactant, ED and the interaction between the biosurfactant and the ED had a 

significant influence on the emulsion droplet size with a 95% confidence level. 

Table 3: An analysis of variance (ANOVA) for the studied variables on the emulsion 
droplet size. 

Variation source 
Degrees of 
freedom 

Square sum Meanssquare F p-value 

Process 1 0.098402 0.098402 32.60 0.000 
Oil 1 0.195860 0.195860 64.89 0.000 
Biosurfactant 1 0.134486 0.134486 44.56 0.000 
Biosurfactant concentration 1 0.012780 0.012780 4.23 0.056 
Energy density 1 0.017414 0.017414 5.77 0.029 
Process*Oil 1 0.012383 0.012383 4.10 0.060 
Process*Biosurfactant 1 0.011877 0.011877 3.94 0.065 
Process*Biosurfactant concentration 1 0.003518 0.003518 1.17 0.296 
Process*Energy density 1 0.007095 0.007095 2.35 0.145 
Oil*Biosurfactant 1 0.000071 0.000071 0.02 0.880 
Oil*Biosurfactant concentration 1 0.000671 0.000671 0.22 0.644 
Oil*Energy density 1 0.000012 0.000012 0.00 0.951 
Biosurfactant*Biosurfactant concentration 1 0.000708 0.000708 0.23 0.635 
Biosurfactant*Energy density 1 0.089200 0.089200 29.55 0.000 
Biosurfactant concentration*Energy density 1 0.001018 0.001018 0.34 0.569 
Error 16 0.048293 0.003018 
Total 31 0.633787 

Fig. 2 shows the mean values of the emulsion droplet size as a function of the 

statistically significant variables, which were the process, oil, biosurfactant and ED.The 

purpose of our initial experiments was to determine the minimum droplet size that could be 

produced under homogenization conditions. There is a desire to decrease the droplet size to 

maximize the positive attributes in a product (Henry et al., 2009). After 1 h, the droplet 
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sizes were somewhat different for the selected biosurfactants. BGR saponins gave the 

smallest droplet size. Differences in the effectiveness of the studied biosurfactants may be 

explained by the speed at which they adsorb to the oil-water interface, their ability to 

reduce the oil-water interface tension and their effectiveness at generating repulsive 

interactions between droplets (Jafari et al., 2008). It should be stressed that the commercial 

and BGR biosurfactants are actually compositionally complex mixtures. In comparison 

with this work, smaller droplets were achieved by Yang et al. (2013) by using Tween 80 

(0.12 µm) and Quillaja saponin (0.17 µm) by microfluidization. However, the droplets 

obtained with Quillaja saponin were not as small as those produced by using Tween 80 

under similar conditions, and thus the authors concluded that Quillaja saponin was capable 

of forming relatively small droplets. Some investigators believe that microfluidization is 

superior to other emulsification devices. Jafari et al. (2007) observed that the emulsion 

droplet size is in the order microfluidizer< US < IKA mixer, which is consistent with the 

results of the present work. 

Henry et al. (2009) suggest that the homogenization process is the primary factor 

that determines the droplet size. At present, emulsions are typically prepared in the food 

industry by using high intensity methods (Rao and McClements, 2011). The influence of 

the homogenization process on the emulsion droplet size was observed. The US process 

yielded a smaller droplet size than the DR process at the same ED. This finding is expected 

because US causes more efficient droplet disruption (cavitation along with shear and inertia 

forces). However, the DR was a more efficient tool for dispersing the emulsion particles 

than the US. Although a pre-emulsion was prepared for all the processes, DR is able to 
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produce emulsions directly from the two separate phases, but it is always necessary to 

produce a pre-emulsion before the process when using US. 
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Fig. 2: A primary effects plot of the statistically significant variables on the emulsion 
droplet size. 

The amount of shear increased with the ED at the studied ED values, and then the 

emulsion droplet size decreased with increasing shear. Conventionally, this finding is 

expected. However, some studies have demonstrated an effect described as ―over-

processing‖, in which the droplet size increases at higher power levels (Kentish et al., 

2008). This effect, which is caused by re-coalescence, was observed when using 

commercial saponins. 

The minimum droplet size that could be produced was obtained by using annatto oil 

and 1.5 % BGR saponins under US at 1,200 J.mL-1, which corresponds to experiment 15.

Experiment 28, which was prepared with annatto oil and 3.0 % BGR saponins under DR at 
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1,200 J.mL-1, also presented a smaller emulsion droplet size. Both experiments were

selected for microscopic examination and rheological behavior analysis. 

3.4 Emulsion stability 

The emulsion stability (ES) was investigated visually. All samples were opaque 

(Fig. 3) and exhibited phase separation after being stored overnight. A reversible 

phenomenon involving droplet aggregation and migration was observed, followed by 

creaming, because the density of the dispersed phase (oil) was lower than that of the 

continuous phase (water) (Abismaıl et al., 1999). Fungal growth was observed in some 

emulsions containing soybean oil on the 5th day. Therefore, the ES was determined on the

4th day. The ES (%) values of each experiment are shown in Table 2, ranging from 95.6 to

99.1 %, showing that the emulsions are rather stable, with some creaming. As observed in 

Fig. 4, the size distribution of the emulsion droplets is bimodal. The shape of the 

distribution curve was found to be similar at both biosurfactant concentrations. According 

to Dickinson et al. (2003), a bimodal droplet-size distribution was accepted an indicator of 

non-reversible flocculation. The size distribution behavior of the emulsions showed that the 

use of BGR saponins produced narrower size distributions (less span) than the use of 

commercial saponins (Table 2). 
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Fig. 3: The overall appearance of o/w mini-emulsions. From left to right: Experiments 5, 
15, 23 and 28. Exp. 5: Soybean oil and 1.5% commercial saponins under US at 600 J.mL-1.
Exp 15: Annatto oil and 1.5% BGR saponins under US at 1,200 J.mL-1. Exp 23: Soybean
oil and 3.0% commercial saponins under DR at 600 J.mL-1. Exp 28: Annatto oil and 3.0%
BGR saponins under DR at 1,200 J.mL-1.
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Fig. 4: The droplet size distribution of the selected emulsions. Exp. 5: Soybean oil and 
1.5% commercial saponins under US at 600 J.mL-1. Exp 15: Annatto oil and 1.5% BGR
saponins under US at 1,200 J.mL-1. Exp 23: Soybean oil and 3.0% commercial saponins
under DR at 600 J.mL-1. Exp 28: Annatto oil and 3.0% BGR saponins under DR at 1,200
J.mL-1.

The ANOVA (Table 4) showed that only the emulsification process significantly 

affected the ES values. US makes emulsions more stable (Fig. 5). The mechanical vibration 

and acoustic cavitation from US are responsible for mixing two immiscible phases and 

leading to emulsion formation, and the shear forces generated by the US are responsible for 

a decreased emulsion droplet size that results in the stability of the emulsions (Shanmugam 

and Ashokkumar, 2014). Abismaıl et al. (1999) also observed a much higher stability of 

US-made emulsions than those prepared with an Ultra-Turrax. In another 

work, Shanmugam and Ashokkumar (2014) found similar results with respect to emulsion 

stability. They concluded that the Ultra-Turrax did not produce stable emulsions until after 
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20 min of processing, suggesting the superiority of the US emulsification process at a 

similar energy density. 

Table 4: An analysis of variance (ANOVA) for the studied variables on the emulsion 
stability (%). 

Variation source 
Degrees of 
freedom 

Square sum 
Means 
square 

F p-value 

Process 1 32.786 327.858 5.57 0.031 
Oil 1 0.0990 0.09898 0.17 0.687 
Biosurfactant 1 0.2510 0.25097 0.43 0.523 
Biosurfactant concentration 1 0.0530 0.05297 0.09 0.768 
Energy density 1 0.2589 0.25892 0.44 0.517 
Process*Oil 1 0.3837 0.38373 0.65 0.431 
Process*Biosurfactant  1 0.4408 0.44080 0.75 0.400 
Process*Biosurfactant concentration 1 0.0000 0.00001 0.00 0.997 
Process*Energy density 1 10.110 101.099 1.72 0.209 
Oil*Biosurfactant  1 87.800 877.995 14.91 0.001 
Oil*Biosurfactant concentration 1 0.0269 0.02693 0.05 0.833 
Oil*Energy density 1 0.0561 0.05609 0.10 0.762 
Biosurfactant *Biosurfactant concentration 1 0.2331 0.23314 0.40 0.538 
Biosurfactant *Energy density 1 11.441 114.413 1.94 0.182 
Biosurfactant concentration*Energy density 1 0.0358 0.03584 0.06 0.808 
Error 16 94.247 0.58904 
Total 31 254.767 
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Fig. 5: A primary effect plot of the statistically significant variable on the emulsion stability 
(%) after 4 days at 17 °C. 

The interaction effects between the oil and the biosurfactant type are presented in 

Fig. 6. As mentioned, the emulsions exhibited evidence of creaming, with an opaque cream 

layer at the top and a slightly turbid serum layer at the bottom. For the commercial 

saponins, the emulsions containing soybean oil were more stable. However, BGR saponins 

allowed for better stability with annatto oil. During the emulsification process, the 

commercial saponins provided easier oil incorporation than the BGR saponins, which led to 

oil loss during the process. The better ES obtained for annatto oil could be caused by the 

lower amount of incorporated oil, contributing to a smaller phase separation. 
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Fig. 6: An interaction effect plot of the statistically significant variable on the emulsion 
stability (%). 

The emulsion stability can also be evaluated by the zeta potential. According to the 

ANOVA, there was no significant influence on the zeta potential at a 95% confidence level. 

A high zeta potential (positive or negative) will confer resistance to aggregation; however, 

when it is low, the attraction exceeds the repulsion and the dispersion will break and 

flocculate (Silva et al., 2012). At pH values between approximately 5.2 and 5.9, the zeta 

potential of the emulsions ranged from -56.7 to -35.6 mV. These values are strongly 

negative, which resulted in droplet-to-droplet repulsion and minimized the flocculation of 

the oil droplets. Salvia-Trujillo et al. (2013) studied the effects of the US parameters on the 

electrical charge of the lemongrass oil droplet surface, and they stated that the zeta potential 

of oil drops ranged between -46 ± 3 and -56 ± 6 mV when the sonication time was extended 

up to 3 minutes. In this study, the most stable emulsions were generated during experiments 
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5 and 23, both of which employed soybean oil and commercial saponins at an ED of 600 

J.mL-1, which were also selected for microscopic examination and rheological behavior.

Fig. 7 shows the micrographs of the selected emulsions. The micrographs are consistent 

with the results obtained for the size measurement. 

Fig. 7: Photomicrographs of the selected emulsions. Exp. 5: Soybean oil and 1.5% 
commercial saponins under US at 600 J.mL-1. Exp 15: Annatto oil and 1.5% BGR saponins
under US at 1,200 J.mL-1. Exp 23: Soybean oil and 3.0% commercial saponins under DR at
600 J.mL-1. Exp 28: Annatto oil and 3.0% BGR saponins under DR at 1,200 J.mL-1.

3.5 Rheological behavior 

Oil-in-water emulsions prepared from dilute surfactant solutions generally behave as 

Newtonian fluids at low values of the dispersed-phase (oil) volume fraction (Pal, 1992). 
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The flow curves of the selected emulsions were fitted to the Newtonian model. The 

relationship between the apparent viscosity and the shear rate of the selected experiments 

are presented in Fig. 8 and the rheological parameters in Table 5. These results show that 

all the emulsions presented Newtonian flow behavior and a viscosity similar to that of 

water. Because of the low viscosities, an anomalous flow behavior was observed at shear 

rates above 200 s-¹. At high shear rates, the systems were not performed in the laminar flow

region, which is the necessary condition for rheological assays. Therefore, the flow curves 

of the emulsions were fitted to the Newtonian model by using shear rate data up to 200 s-1.

Dickinson et al. (2003) showed that the concentration of added non-ionic surfactant (Tween 

20) affects the emulsion rheology. The authors observed that adding a moderately low level

of Tween 20 causes the emulsion to become essentially Newtonian, with a very low 

viscosity. With further increases in the Tween 20 concentrations, the emulsion became 

destabilized as a result of surfactant-induced depletion flocculation, leading to an increase 

of almost three orders of magnitude in the low-stress viscosity and the onset of substantial 

shear-thinning behavior. 
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Fig.8: Viscosity-shear rate profile at 25 °C of the selected experiments. 

Table 5: Rheological parameters obtained from the Newtonian model for the selected 
emulsions (25 °C). 

Experiment  (mPa·s)* R² 

5 1.60 ± 0.05a 0.924 
15 1.285 ± 0.003b 0.984 
23 1.412 ± 0.004c 0.960 
28 1.348 ± 0.001bc 0.983 
*Values with the same letter are not significantly different.
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4 Conclusions 

We have performed a detailed study of the O/W miniemulsion preparation containing 

δ-tocotrienol-rich oil and a natural food-grade biosurfactant, namely the BGR saponins. 

The findings of our study clearly showed that the emulsification method influenced and 

determined the final properties of the mini-emulsions. Although US produced more stable 

and smaller emulsion droplet sizes when compared with the DR, the energy density is a 

parameter that must be considered. Overall, the miniemulsion prepared with δ-tocotrienol-

rich oil and BGR saponins presented the smallest droplet size, in which enhanced the 

stability of these emulsions. Our results showed that BGR saponin might be an attractive 

biosurfactant choice for emulsion formulations. An extension of this work would require 

the evaluation of other factors for successful applications in the food and beverage industry, 

such as the taste profile, potential toxicity, reliability of supply, and cost. 
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Microfármaco de sal de ibuprofeno sódico e microemulsão do extrato rico em δ-

tocotrienol das sementes de urucum foram obtidas com sucesso neste trabalho utilizando 

métodos que empregam 2 tecnologias emergentes: tecnologia supercrítica e ultrassom. A 

primeira etapa deste trabalho foi analisar o estado da arte da formação de micro e 

nanopartículas e encapsulação utilizando CO2 supercrítico, que está apresentada nos 

Capítulos 1, 2 e 3.  

A pesquisa mostrou as potencialidades do emprego do CO2 supercrítico para 

obtenção de partículas com as características desejadas. A técnica de maior enfoque 

apresentada no Capítulo 2 foi o SFEE (Supercritical Fluid Extraction of Emulsions). A 

revisão da literatura mostrou que esta técnica permite a obtenção de partículas em escala 

nanométrica, mas o produto final obtido é uma suspensão aquosa, sendo necessário 

processo adicional para obtenção do produto em pó. Neste contexto, o Capítulo 3 focou 

nas técnicas CAN-BD e PGSS-drying, que empregam CO2 supercrítico para eliminação da 

água. A revisão mostrou o potencial da aplicação desses processos para obtenção de 

produtos para a indústria de alimentos, que é algo ainda pouco explorado na literatura. 

Adicionamente verificou-se a potencialidade de se utilizar ambos os processos para a 

eliminação de água de emulsões óleo em água, na qual o óleo é a fase dispersa e a água é a 

fase contínua, como as que foram preparadas contendo o extrato rico em δ-tocotrienol 

(Capítulo 5). O uso do CO2 supercrítico para obtenção de micro/nanopartículas e 

encapsulação pode ser uma alternativa viável para as técnicas convencionais e o interesse 

do seu emprego para compostos bioativos vem aumentando nos últimos tempos. 

Assim, a etapa seguinte foi validar a unidade SAS/SFEE, que emprega CO2 

supercrítico para formação de micro e nanopartículas e encapsulação, utilizando uma 

substância modelo, o sal de ibuprofeno sódico. Este trabalho foi apresentado no Capítulo 4. 

Sal de ibuprofeno sódico foi micronizado com sucesso via SAS utilizando a unidade 

construída pelo grupo de pesquisa do LASEFI. Com uma seleção adequada das condições 

operacionais foi possível obter micropartículas com diferentes morfologias, como na forma 

de agulha, de flocos e de folhas. A morfologia da partícula pode influir na facilidade 

de comprimir e na propriedade de fluidez do composto. A literatura mostra que a 

morfologia de folhas é a mais indicada para o processo de compressão. Desta forma, foi 

possível obter micropartículas de ibuprofeno sódico na forma de folhas apresentando baixo 
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teor de solvente residual (4,7 mg·kg-1), e alto rendimento de precipitação (70 %). O menor

custo energético por unidade de produto processado (7,2 US$·kg-1) foi obtido aplicando a

vazão de solução de 1 mL·min-1 e concentração da solução etanólica de 0,04 g·mL-1,

resultando em micropartículas com morfologia predominante na forma de agulha. As 

partículas obtidas pelo método convencional, utilizado para comparação, apresentaram 

maior tamanho e maior teor de solvente residual que as obtidas na unidade SAS/SFEE. 

A próxima etapa deste trabalho foi realizar ensaios experimentais para o processamento 

dos compostos bioativos do urucum. Os compostos bioativos de muita importância nas 

sementes de urucum são os δ-tocotrienóis, que foram o objetivo de estudo no Capítulo 5. 

Extrato de óleo de urucum, rico em δ-tocotrienóis, foi emulsionado com o auxílio de um 

biosurfactante natural extraído das sementes de ginseng brasileiro, rico em saponinas. As 

emulsões foram formuladas utilizando homogeneizador do tipo Dispersor de fase múltipla e 

ultrassom. Emulsões mais estáveis e com menores tamanhos de gotas foram obtidas com o 

uso do ultrassom na mesma densidade energética aplicada no dispersor de fase contínua. 

Foram obtidas emulsões com tamanho de gota de 0,35 µm. Os resultados mostraram que 

ambos os biosurfactantes empregados foram capazes de formar emulsões com 

relativamente pequenas gotas (< 0,83 µm) e bastante estáveis (96 a 99 %), com pouca 

formação de creme. O potencial zeta medido das emulsões mostrou valores negativos ao 

redor de -49 mV demonstrando a capacidade dos biosurfactantes em minimizar a floculação 

das gotas de óleo. Este estudo mostrou que biosurfactante de extrato de ginseng pode ser 

uma escolha atrativa para a formulação de emulsões de produtos alimentícios e bebidas. 



Capítulo 6 – Conclusões gerais 

157 

SUGESTÕES PARA TRABALHOS FUTUROS 

Em relação à micronização utilizando o processo SAS: 

 Investigar outro espectro de condições operacionais para obter partículas de

sal de ibuprofeno sódico com menores tamanhos e principalmente que se

concentrem na faixa caracterizada como nanopartícula;

 Estudar a cristalinidade das partículas de ibuprofeno sódico produzidas por

SAS e sua taxa de dissolução;

 Utilizar outros tipos de bocais de injeção, como por exemplo, um nozzle

comercial, que podem influenciar na formação das partículas;

 Realizar experimentos reutilizando o dióxido de carbono, de forma a

aumentar o rendimento, diminuir custos e reduzir a emissão de CO2 para o

meio ambiente;

 Implementar um sistema eficiente para o recolhimento do produto

precipitado;

 Encapsular o extrato de óleo de urucum usando a técnica SAS e também

SFEE utilizando diversos biopolímeros como material de parede;

 Realizar a análise econômica completa da tecnologia SAS.

Em relação à formulação das emulsões: 

 Otimizar a emulsificação ultrassônica e via dispersor de fase múltipla,

avaliando diferentes tempos, potência, temperatura, etc.;

 Determinar a composição dos extratos das raízes de ginseng brasileiro e

avaliar possíveis efeitos dos constituintes nas propriedades surfactantes;

 Acoplar os dois homogeneizadores para melhorar a estabilidade e tamanho

de gota das emulsões preparadas.
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MEMÓRIA DO PERÍODO DO DOUTORADO 

A doutoranda Maria Thereza de Moraes Santos Gomes, 1ª colocada no processo 

seletivo de doutorado do DEA/FEA/UNICAMP, realizou as atividades de pesquisa 

apresentadas neste projeto de pesquisa no laboratório LASEFI, com auxílio financeiro do 

CNPq, processo n° 140641/2011-4, com vigência de março de 2011 a fevereiro de 2015, 

referente ao projeto n° 870374/1997-4. 

O total de 20 créditos foram cursados. As disciplinas cursadas durante o período do 

doutorado foram: TP199-Seminários; TP121-Tópicos em Engenharia de Alimentos (Uso do 

Ciclo de Aprendizagem (PDSA) para a redação de textos científicos), TP357-

Microencapsulação Aplicada a Alimentos e Nutrientes e TP121-Tópicos em Engenharia de 

Alimentos (Estatística). A doutoranda participou do Programa de Estágio Docente grupo C 

- PED C com atividades de apoio parcial à docência da disciplina TA 331-A 

Termodinâmica, atuando como voluntária entre 08/2011 e 12/2011, 8h semanais e 0% de 

carga didática e como bolsista entre 03/2012 e 06/2012, 12 h semanais e 20% de carga 

didática.  

Antes de iniciar os procedimentos experimentais do projeto de pesquisa, a aluna 

participou de treinamentos organizados pelos integrantes mais experientes do laboratório. 

Além disso, a aluna participou em 2011 do treinamento "Extração e Particulação com 

Fluidos Supercríticos", oferecido pelos alunos de pós-doutorado.  

A doutoranda participou em 2011 na qualidade de avaliadora de trabalhos inscritos na 

área de Exatas no XIX Congresso Interno de Iniciação Científica da UNICAMP. Em 

outubro de 2012, participou como palestrante no 1° Congresso Internacional de Ciência, 

Tecnologia e Desenvolvimento, realizado na Universidade de Taubaté, com o tema “Uso de 

fluido supercrítico para a formação de micro e nanopartículas”. No 1° semestre de 2013, a 

doutoranda em conjunto com sua orientadora e co-orientador prestaram consultoria para a 

empresa Instituto Vita Nova com a realização de uma revisão da literatura para a 

identificação de oportunidades de aplicações de fluido supercrítico para formação de micro 

e nanopartículas de fármacos/drogas. 

No segundo semestre de 2014, a aluna realizou o estágio de doutorado sanduíche, 

mediante a bolsa do Programa Institucional de bolsas de Estágio de Doutorando no Exterior 
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– PDSE (Processo n°. 99999.002445/2014-00). O estágio sob a co-orientação da Professora

Doutora Marleny D. A. Saldaña foi realizado no período de 03 de julho a 29 de outubro de

2014, nas dependências do Department of Agricultural, Food and Nutritional Science, na 

University of Alberta. As propostas apresentadas no Plano de Atividades para o estágio 

foram previamente apreciadas e aprovadas pela Orientadora Profa. Meireles e pela co-

orientadora Profa. Saldanã. O planejamento das atividades do estágio foi estruturado em: 

otimização das condições operacionais para a precipitação de zein utilizando a técnica de 

anti-solvente supercrítico (SAS), encapsulamento de diversas vitaminas utilizando o zein 

como material de parede pela mesma técnica SAS, caracterização das microcápsulas 

obtidas.  

As pesquisas referentes, tanto ao projeto de Doutorado, quanto às parcerias com 

outros integrantes do grupo de pesquisa do LASEFI, resultaram em 2 artigos de revisão, 6 

artigos experimentais, 5 capítulos de livro, 1 manuscrito (trabalho de consultoria) e 7 

trabalhos publicados em anais de eventos, sendo 1 trabalho completo e 6 resumos, com 

participação nos eventos 9th SLACA, Campinas/SP em 2011, IUFoST, Foz do Iguaçu, em

2012 e no Workshop on supercritical fluids and energy em 2013, Campinas-SP. 

Artigos completos publicados em periódicos 

Silva, E.K.; Gomes, M.T.M.S.; Hubinger, M.D.; Cunha, R.L.; Meireles, M.A.A. 
Ultrasound-assisted formation of annatto seed oil emulsions stabilized by biopolymers. 
Food hydrocolloids, 47, p. 1-13, 2015. 

Santos, D.T.; Barbosa, D.F.; Vardanega, R.; Gomes, M.T.M.S.; Meireles, M.A.A. 
Novel method to produce emulsions containing essential oils from saponin-rich pressurized 
aqueous plant extracts. Journal of Colloid Science and Biotechnology, in press, 2013. 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Trends in Particle Formation of 
Bioactive Compounds Using Supercritical Fluids and Nanoemulsions. Food and Public 
Health, v. 2, p. 142-152, 2012. 

Santos, D.T.; Barbosa, D.F.; Broccolo, K.; Gomes, M.T.M.S.; Vardanega, 
R.; Meireles, M.A.A. Pressurized Organic Solvent Extraction with On-line Particle 
Formation by Supercritical Anti Solvent Processes. Food and Public Health, v. 2, p. 231-
240, 2012. 

http://linhadireta.capes.gov.br/linhadireta/admin/processo/index.seam?conversationId=98624
javascript:abreDetalhe('K4787395A6','Miriam_Dupas_Hubinger',10439)
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
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Capítulos de livro 

Nogueira, G.; Rostagno, M.; Gomes, M.T.M.S.; Meireles, M.A.A. Fast analysis of 
bioactive compounds by reverse phase liquid chromatography. In: Instrumental Methods 
for the Analysis of Bioactive Molecules, ACS Books, 2015.  

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Micronization and encapsulation: 
Application of supercritical fluids in water removal. In: Conventional and advanced food 
processing technologies. Wiley-Blackwell, UK. 2014. 

Santos, D.T.; Rodrigues, L.M.; Torres, R.A.C.; Gomes, M.T.M.S.; Meireles, M.A.A. 
Strategies for annatto seeds processing with pressurized fluids in food industries. In: 
Processed Foods: Quality, Safety Characteristics and Health Implications. Science 
Publishers, Inc. 2013. 

Santos, D.T.; Gomes, M.T.M.S.; Vardanega R.; Rostagno, M.A.; Meireles, M.A.A. 
Integration of Pressurized Fluid-based Technologies for Natural Product Processing. In: 
Rostagno, M. A. and Prado, J. (Eds.), Natural Product Extraction: Principles and 
Applications. Royal Society of Chemistry, 2013. 

Cavalcanti, R.N.; Forster-Carneiro, T.; Gomes, M.T.M.S.; Rostagno, M.A.; Prado, 
J.M.; Meireles, M.A.A. Uses and Applications of Extracts from Natural Sources. In: 
Rostagno, M. A. and Prado, J. (Eds.), Natural Product Extraction: Principles and 
Applications. Royal Society of Chemistry, 2013. 

Trabalhos completos publicados em anais de congressos 

Rodriques, L.M.; Alcazar-Alay, S.C.; Gomes, M.T.M.S.; Meireles, 
M.A.A. Pressurized liquid extraction (PLE) of bixin from defatted annatto seeds. In: III 
Iberoamerican Conference on Supercritical Fluids, Cartagena de Indias, p. 1-6, 2013. 

Resumos publicados em anais de congress 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. A study of the particle formation 
of annatto extract using supercritical fluid technology. In: Workshop on supercritical fluids 
and energy, 2013, Campinas-SP. In.: Workshop on supercritical fluids and energy, 2013. p. 
301-302. 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Micronization of ibuprofen using 
a green anti-solvent by SAS. In: International Congress on “Green Extraction of Natural 
Products”, Avignon, p. 113, 2013. 

Santos, D.T.; Castillo-Torres, R.A.; Vardanega, R.; Gomes, M.T.M.S.; Meireles, 
M.A.A. Influence of Hydrostatic Pressure on Ultrasound Emulsification Using a Novel 

http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
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Plant-derived Biosurfactant.. In: EFFoST Annual Meeting, 2013, Bolonha-Itália. Abstracts 
Book, 2013. p. 1-1. 

Santos, D.T.; Gomes, M.T.M.S.; Meireles, M.A.A. On-line coupling of extraction 
and encapsulation of bioactive compounds from Brazilian sources using pressurized fluids. 
In: South-American Symposium on Microencapsulation, Limeira-SP, 2012. 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Encapsulation of bixin from 
annatto seeds using a supercritical anti-solvent process. In: 16th World Congress of Food 
Science and Technology: Addressing Global Food Security and Wellness through Food 
Science and Technology, Paraná-Brazil, 2012. 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Extração de bixina com líquido 
pressurizado: Estudo do efeito da polaridade do solvente. In: 9 SLACA - Simpósio Latino 
Americano de Ciências de Alimentos: Ciência de Alimentos e Qualidade de Vida: Saúde, 
Meio Ambiente e Sustentabilidade, Campinas-SP, 2011. 

Assessoria e Consultoria 

Gomes, M.T.M.S.; Santos, D.T.; Meireles, M.A.A. Recent developments in particle 
formation with supercritical fluids in pharmaceutics. Instituto Vita Nova, 2013. 

Artigos completos em processo de submissão 

Gomes, M.T.M.S.; Santos, D.T.; Petenate; A.J., Meireles, M.A.A. Experimental 
design for the micronization of ibuprofen sodium salt by supercritical carbon dioxide 
antisolvent process. 

Gomes, M.T.M.S.; Silva, E.K.; Santos, D.T.; Petenate, A.J., Meireles, M.A.A. 
Formulating tocotrienol-rich oil as an O/W mini-emulsion by using nonpurified aqueous 
extract from Brazilian ginseng roots as a biosurfactant.  

Silva, E.K.; Gomes, M.T.M.S.; Meireles, M.A.A. Ultrasound-assisted formation of 
emulsions stabilized by biopolymers.  

Gomes, M.T.M.S.; Alvarez, V.H.; Meireles, M.A.A.; Saldaña, M.D.A. 
Encapsulation of vitamin complex with δ-tocopherol, riboflavin and β-carotene in zein 
microcapsules produced by a supercritical anti-solvent process.  

http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://lattes.cnpq.br/7459851068586682
http://www.sciencedirect.com/science/article/pii/S0896844612000605
http://www.sciencedirect.com/science/article/pii/S0896844612000605
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Unidade de formação de partículas e encapsulação via SAS/SFEE 

Os processos de formação de micropartículas via SAS e SFEE foram desenvolvidas 

na unidade ARADIME® (Figura A1). Essa unidade foi utilizada no estudo de precipitação 

do sal de ibuprofeno sódico apresentado no Capítulo 4. A unidade ARADIME® é equipada 

com: vaso de precipitação de volume interno de 500 mL e diâmetro interno de 6,8 cm, 

bomba de HPLC que foi usada para a injeção da solução etanólica de ibuprofeno, bomba 

pneumática para a injeção de CO2, banho de resfriamento e jaqueta elétrica para o 

aquecimento do vaso de precipitação. Na sequência, estão apresentados o ibuprofeno 

sódico após o processamento via SAS (Figura A2) e a curva de calibração utilizada para a 

determinação do teor de etanol residual presentes nas partículas (Figura A3).  As 

micrografias obtidas via MEV de todos os experimentos realizados estão apresentados na 

Figura A4. 
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Figura A1: Visão geral da unidade ARADIME®. (A) vaso de precipitação, (B) 
cilindro de CO2, (C) bomba de HPLC, (D) bomba pneumática, (E) banho de resfriamento, 
(F) manômetros, (G) controlador de temperatura, (H) válvula micrométrica, (I) rotâmetro e 
totalímetro.  
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Figura A4: Micrografias MEV de todos os experimentos realizados na precipitação do sal 
de ibuprofeno sódico. 
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Unidades para a formulação das emulsões de óleo de urucum 

Para o estudo e o preparo das miniemulsões contendo extrato de sementes de 

urucum rico em δ-tocotrienol e o biossurfactante de extrato de raiz de ginseng brasileiro 

rico em saponinas, que foi apresentado no Capítulo 5, dois homogeneizadores foram 

utilizados: o dispersor de fase múltipla e o ultrassom.  A imagem destes equipamentos está 

apresentada nas Figuras A5 e A6. O esquema apresentado na Figura A7 esquematiza de 

forma simplificada o que foi realizado neste estudo. As emulsões obtidas após um dia de 

preparo estão mostradas na Figura A8. 

Figura A5: Equipamento de ultrassom usado para o preparo das emulsões. (A) gerador de 
energia, (B) transdutor e (C) sonotrodo ou probe. 
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O dispersor de fase múltipla usado neste trabalho é um homogeneizador do tipo 

rotor-estator, que permite a produção das miniemulsões forçando a pré-emulsão a passar 

por aberturas muito pequenas, existentes no estator, a velocidades muito elevadas. Esse 

sistema é composto por 3 estágios, no qual cada estágio é formado por pás (rotor) que 

giram dentro de um cilindro perfurado (estator). A emulsão permanece sob refluxo durante 

todo  o processo de emulsificação.  

Figura A6: Equipamento Dispersor de fase múltipla usado para o preparo das emulsões. 
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Figura A8: Emulsões obtidas nos 32 experimentos realizados. 
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