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RESUMO

A permeabilidade gasosa em materiais semipermedveis é uma propriedade inerente a sua
estrutura e resulta na absorcdo de fluidos por difusdo nos espacos intermoleculares
existentes na matriz do material. A capacidade de um gas atravessar uma membrana
semipermeavel é objeto de pesquisa em varias areas a industria de embalagens de
alimentos e medicamentos, a industria quimica e de prospecc¢ao de petroleo e gas natural.
Na extracdo de petréleo bruto, por exemplo, os polimeros minimizam a permeacao gasosa,
reduzindo o vazamento de gas natural e 6leo cru em risers, prevenindo acidentes que
podem causar graves impactos ambientais. O objetivo deste trabalho de pesquisa foi testar
e validar o permeametro para gases construido e aprimorado pelo autor, visando verificar
a influéncia da adicdo de nanoargila ao polietileno de alta densidade (HDPE) na
permeabilidade gasosa em relacdo ao HDPE puro, pois ndo havia equipamentos
disponiveis para sua afericdo. O referido equipamento possibilita verificar a permeabilidade
de diferentes gases em placas poliméricas e de nanocompasitos poliméricos, sendo testado
com nitrogénio a 1 MPa e 69°C (342,15 K) em amostras de HDPE puro e com adicao de
nanoargila, formando um nanocompasito polimérico. Os resultados foram comparados com
dados experimentais obtidos anteriormente e informagdes contidas na literatura, validando
0 permeametro apresentado, que € capaz de aferir a permeabilidade gasosa nas condi¢cdes
descritas com maior precisdo e facilidade de operacdo do que a versdo anterior do
equipamento, demonstrando que as melhorias e avancos realizados foram adequados,

possibilitando a medi¢céao das propriedades de transporte de gases em diferentes materiais.

Palavras-chave: permeabilidade gasosa, permeametro, polietiieno, nanocompdsitos

poliméricos, nitrogénio



ABSTRACT

The gas permeability in semipermeable materials is a property inherent to the structure of
the material that results in the absorption of fluids by diffusion in the intermolecular spaces
existing in its matrix. The ability of a gas to cross a semipermeable membrane is the subject
of research in several fields, such as the food and drug packaging industry, the chemical
industry and oil and natural gas prospecting. In crude oil extraction, for example, polymers
minimize gas permeation, reducing the leakage of natural gas and crude oil in risers,
preventing accidents that can cause serious environmental impacts. The objective of this
work was to test and validate the gas permeameter built and improved by the authors, aiming
to verify the influence of the addition of nanoclay to the high density polyethylene (HDPE) in
the reduction of gas permeability in relation to pure HDPE, as there was no equipment
available for its measurement. This equipment allows to measure the permeability of
different gases in polymeric plates and polymeric nanocomposites, being tested with
nitrogen at 1 MPa and 69°C (342.15 K) in samples of pure HDPE and with addition of
nanoclay, forming a polymeric nanocomposite. The results were compared with
experimental data and information present in the literature, validating the presented
permeameter, which is capable of measuring the gas permeability under the described
conditions with greater precision and ease of operation than the previous model featured in
previous article, demonstrating that the improvements and advances made were suitable,

enabling the measurement of gas transport properties in different semi-permeable materials.

Keywords: gas permeability, permeameter, polyethylene, polymeric nanocomposites,

nitrogen
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1. INTRODUCAO

O transporte de gases industriais sob pressao, geralmente, ocorre em cilindros e
botijdes metalicos que sédo pesados e de dificil manuseio, contribuindo para a ocorréncia
de acidentes e doencas relacionadas ao trabalho, que podem ser substituidos por
contendores poliméricos como 0s reservatorios recarregaveis para gas natural veicular
GNV-4 definidos pela ISO 11439:2013 que apresentam como caracteristicas leveza,
barreira a gases e resisténcia a pressao de trabalho.

Os polimeros apresentam vantagens sobre outros materiais como baixa densidade,
flexibilidade e boa resisténcia quimica [1, 2], o que justifica sua crescente utilizacdo nas
industrias automotiva, de embalagens e de 6leo e gas. No caso de risers flexiveis para
transporte de Oleo bruto, por exemplo, o polimero entra em contato com diferentes gases a
altas pressofes e temperaturas que podem formar bolhas nas bainhas internas da tubulagéo
devido a permeacao de gases como o didxido de carbono (CO2z) que devido a mudanca de
fase do estado supercritico para 0 gasoso pode causar descompressdo explosiva, bem
como, corrosao das armaduras metalicas, requerendo para sua prevencado o conhecimento
dos fenbmenos de transporte de gases em altas pressbes e temperaturas em camadas
poliméricas espessas [3], 0 que é escasso na literatura [4, 5].

A permeacao de um gés através de um material polimérico pode ser dividida em trés
etapas: absorcdo das moléculas do gas no lado de maior pressao; difusdo gasosa dentro
de sua matriz; dessorcdo do gas no lado de menor pressdo. Assim, a permeabilidade
corresponde ao fluxo de gas através do material, necessitando de técnicas experimentais
para determinar com precisao o coeficiente de permeabilidade de determinado gas em cada
polimero para diferentes pressdes e temperaturas [6].

Para determinar a permeabilidade gasosa de materiais poliméricos sob pressao e
temperatura definidas foi necessario construir o permeametro em apresentagéo, a partir da
experiéncia adquirida em prototipos anteriores, de acordo com as praticas para a
formulacdo de um projeto sistematico [7, 8], conforme a metodologia de ensaio definida
pela norma ASTM D1434-82 (2015) el, para obter estimativas quantitativas confiaveis para
a permeacao de gases puros através de membranas de espessuras variadas.

Como os permeametros disponiveis comercialmente [9 - 11] apresentam custo
elevado, este trabalho de pesquisa resultou em um permeametro de baixo custo para
gases, permitindo seu uso em materiais semipermeaveis como polimeros e
nanocompositos poliméricos, apresentando avangos em precisdo e operabilidade em

relacdo ao equipamento apresentado anteriormente que foi validado pela literatura.
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A precisdo do equipamento é aceitdvel em termos qualitativos, pois indica a
permeabilidade gasosa de materiais semipermeaveis e revela a diferenca consideravel dos
coeficientes de permeabilidade entre amostras de polimero puro e de nanocompdsito
polimérico pesquisados, bem como em termos quantitativos indicados em tabela.

O permeametro em apresentacao permite a determinagdo dos coeficientes de
transporte de gases a baixas, médias e altas pressdes em diversos materiais
semipermeaveis, utilizando o procedimento volumétrico conforme a norma ASTM D1434-
82 (2015) el, apresentando vantagens sobre 0s permeametros comerciais como baixo
custo de aquisicao e flexibilidade devido ao uso de diferentes combinacdes de gases e

materiais poliméricos.
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2. OBJETIVOS

2.1 Objetivo geral

Desenvolvimento de um permeametro de baixo custo para a determinacdo da

permeabilidade de gases em materiais semipermeaveis como polimeros e nanocompositos

poliméricos.

2.2 Objetivos especificos

Preparar amostras de nanocompoésitos poliméricos de polietileno de alta
densidade (PEAD) com diferentes nanoargilas em diferentes teores.

Realizar medi¢des de permeabilidade ao oxigénio para selecionar a amostra de
menor permeabilidade ao oxigénio.

Preparar amostras de PEAD / montmorilonita para testar sua permeabilidade ao
nitrogénio.

Realizar medi¢cdes de permeabilidade ao nitrogénio em amostras de PEAD
visando validar o permeametro junto a literatura.

Aprimorar o permeametro comparando os resultados com os valores obtidos
anteriormente e a literatura para verificar se as melhorias e avancos

implementados foram adequados.
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3. REVISAO BIBLIOGRAFICA

O presente capitulo apresenta uma revisao sucinta sobre a analise experimental da
permeabilidade gasosa em polimeros e nanocompdsitos poliméricos, destacando suas
principais caracteristicas e aplicacdes, bem como, uma revisdo sobre 0s mecanismos e a

cinética de cristalizagéo de polimeros semicristalinos e sua degradacao.

3.1 Polietileno de alta densidade

O polietileno € um polimero semicristalino, flexivel, cujas propriedades sé&o
influenciadas pela quantidade relativa das fases amorfa e cristalina, sendo inerte a maioria
dos produtos quimicos devido a sua natureza parafinica, massa molecular e estrutura
parcialmente cristalina.

Apesar dos polietilenos serem, geralmente, descritos como ramificados ou lineares
[12, 13], dependendo das condi¢bes reacionais e do sistema catalitico empregado na
polimerizacao, podem ser classificados conforme segue:

e Polietileno de baixa densidade (PEBD ou LDPE);

e Polietileno de alta densidade (PEAD ou HDPE);

e Polietileno linear de baixa densidade (PELBD ou LLDPE);

e Polietileno de ultra alto peso molecular (PEUAPM ou UHMWPE);
e Polietileno de ultrabaixa densidade (PEUBD ou ULDPE).

3.1.1 Propriedades

O polietileno de alta densidade (HDPE) apresenta cadeias lineares e maior
densidade do que o LDPE, fazendo com que a orientacdo, o alinhamento e o
empacotamento das cadeias sejam mais eficientes e que as forgas intermoleculares (Van
der Waals) sejam mais intensas, tornando a cristalinidade maior do que no LDPE e
aumentando sua temperatura de fusao [14, 15].

A massa molecular exerce influéncia devido ao efeito na cinética de cristalizacéo,
cristalinidade final e carater morfologico, bem como, aumenta a resisténcia ao impacto
[16] enquanto o aumento no teor de ramificagcdes reduz a cristalinidade e impacta suas
caracteristicas mecanicas, pois aumenta o alongamento na ruptura e reduz a resisténcia
atracdo [17]. A orientacdo das cadeias poliméricas influencia as propriedades mecéanicas
do polimero por que aumenta o empacotamento das cadeias e, por consequéncia,
aumenta a rigidez do polimero [18].

O HDPE apresenta baixa reatividade quimica [19, 20], pois as regides mais reativas
de suas moléculas sdo as ligacdes duplas finais e as ligacdes carbono-carbono (C-C)

terciarias em ramificagdes.
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O HDPE a temperatura ambiente ndo é soluvel em solventes comerciais, apesar de
muitos solventes causarem inchamento [21, 22]. Em altas temperaturas, ele se dissolve em
alguns hidrocarbonetos alifaticos e aromaticos além de reagir lentamente com solucfes
concentradas de acido sulfarico (H2S0a4).

Como a maioria dos polimeros sintéticos, o HDPE é sujeito a rea¢des de degradacéo
induzida por calor, radiacdo ultravioleta e oxigénio. O polimero degradado apresenta
alteracdes no aspecto visual, aumento de densidade e reducéo da resisténcia a abrasao,
ao impacto e das propriedades de tragao [23].

A permeabilidade a agua e gases inorganicos € baixa, sendo menos permeavel a
gases (COz2, Oz, N2) do que o LDPE.

3.1.2 Aplicagbes

O HDPE é usado em diferentes segmentos da industria de transformacdo de
polimeros, abrangendo os processos de moldagem por sopro, extrusao e injecao.

No processo de inje¢do, o HDPE é utilizado para a confec¢éo de baldes, bacias,
bandejas, banheiras infantis, brinquedos, potes para alimentos, assentos sanitarios, tampas
para garrafas e potes, engradados, boias de piscina e caixas d’agua, entre outros.

No processo de sopro destaca-se a confeccdo de bombonas, tanques e tambores
tensde, bem como, a confeccao de frascos que requeiram resisténcia ao fendilhamento por
tensdo ambiental como embalagens para detergentes, cosméticos e defensivos agricolas.

No processo de extrusao, é aplicado em isolamento de fios telefénicos, sacos para
congelados, revestimento de tubulacdes metélicas, tubos para redes de saneamento e de
distribuicdo de gas, emissarios de efluentes sanitarios e quimicos, dutos para mineracéo e
dragagem, embalagens para frutas, sacos para lixo e sacolas de supermercados [24].

Apesar do HDPE e do LDPE terem muitas aplicacbes em comum, geralmente, o
HDPE apresenta maior dureza e resisténcia enquanto o LDPE é mais flexivel e transparente
devido a reacdo de polimerizacdo que os originou. O HDPE é o principal elemento na
substituicdo de materiais industriais devido a sua disponibilidade e propriedades de barreira

que podem ser melhoradas com o uso de nanoargilas.

3.2 Nanoargilas

A nanorgila mais empregada em nanocompdsitos poliméricos € a argila
montmorilonita devido a sua relacdo de aspecto elevada e suas caracteristicas de
intercalagéo/esfoliacao [25]. A relacdo de aspecto das camadas (relagcéo entre comprimento

e espessura) pode atingir valores superiores a 1000 [26, 27].
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A argila montmorilonita € um silicato que possui a estrutura cristalina em camadas.
Cada camada consiste em dois tipos de folhas unidas, formando uma lamela. As folhas se
mantém unidas por atomos de oxigénio comuns a ambas. A espessura de uma lamela é de
aproximadamente 1nm e suas dimensdes laterais variam de 30nm até microns, conforme
ilustrado na Figura 1. As lamelas sédo empilhadas devido a forcas ibnicas e de Van der
Waals, possuindo um espagcamento uniforme entre as camadas chamado de espacamento

basal (d-spacing) [28].
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Figura 1 - Estrutura da nanoargila montmorilonita - Shunmugasamy (2015) [29]

A principio, quanto menor a dimensao da carga, maior o ganho de propriedades no
nanocompadsito, mas quanto menor a particula, maior € a tendéncia de se aglomerar em
vez de se dispersar de forma homogénea em uma matriz polimérica [30]. Assim, as
camadas de silicato tendem a se organizar para formar pilhas com uma lacuna regular entre
elas, chamada de galeria.

A argila montmorilonita possui grande superficie especifica e elevada razédo de
aspecto, apresentando carater hidrofilico, ou seja, para haver dispersdo em matrizes
poliméricas é necessario torna-la organofilica através da modificagcdo de sua superficie,
trocando os cations sodio, presentes nas galerias existentes entre as camadas, por cations
de sais quaternarios de amonio de cadeias longas, por exemplo, que aumentam o espago
entre as galerias, facilitando a incorporagéo das cadeias poliméricas [31].

Quando a argila é dispersa no polimero, dependendo da adeséo interfacial entre a
matriz polimérica e o silicato, pode ocorrer 0 que segue:

e Fases separadas: as cadeias do polimero néo intercalam as camadas da argila

e o silicato fica disperso na matriz polimérica, levando a formacdo de uma

estrutura com propriedades similares a um compaésito convencional,
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e Compdsito intercalado: ocorre quando as cadeias poliméricas intercalam as
cadeias do silicato, formando uma estrutura ordenada multicamada que
apresenta propriedades superiores ao composito convencional;

e Compédsito esfoliado: a argila € completamente dispersa na matriz polimérica,
produzindo uma larga interacgéo interfacial, facilitando o reforgo pela grande area
de contato entre argila e polimero, conferindo significativa melhora nas

propriedades barreira [32], por exemplo.

Para a nanoargila tornar-se compativel com polimeros semicristalinos é necessario
modifica-la através de reacdes de troca de ions para a nanoargila tornar-se organofilica [33
- 35]. Os cations organicos reduzem a energia de superficie do silicato e melhoram a
molhabilidade com a matriz polimérica.

Além disso, as longas cadeias organicas dos agentes surfactantes de carga positiva
ligam-se a superficie das camadas de silicato de carga negativa, resultando em um
aumento da altura da galeria [36], permitindo que os polimeros se difundam entre as
camadas da nanoargila [37].

Algumas vezes, os cétions alquilaménio proporcionam grupos funcionais que podem
reagir com o polimero ou iniciar a polimerizacdo de mondmeros [38]. Assim, 0 ambiente
nas galerias torna-se apropriado para a intercalacéo das moléculas poliméricas [39], pois a
modificacdo da superficie aumenta o espacamento basal das argilas e atua de agente de
compatibilizac&o entre a argila hidrofilica e o polimero hidrofdbico.

O excesso de cargas negativas dos silicatos em camadas e sua capacidade de troca
de ions podem ser quantificados pela capacidade de permuta catibnica que depende da
natureza das substituicdes isomaorficas nas camadas tetraédricas e octaédricas da argila,
podendo ser medida pela determinacdo da quantidade de sal de alquilamonio residual ou
por andlise quimica. A distancia intralamelar depende do comprimento da cadeia do
surfactante e da densidade de carga da argila [40].

A mistura fisica de um polimero com um silicato n&o forma, necessariamente, um
nanocompaosito, pois a pequena atracado entre componentes organico e inorganico nao
resulta em melhora de propriedades, ou seja, quando as cadeias poliméricas néo intercalam
com as folhas de silicato € obtida uma composi¢do de fases com propriedades similares
aos compaositos convencionais [41].

Dependendo do método de preparacdo e da natureza dos componentes do
nanocompaosito, incluindo a matriz polimeérica e o silicato em camadas, podem ser obtidas

estruturas intercaladas e delaminadas ou esfoliadas.
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As estruturas intercaladas sao formadas quando a cadeia polimérica é alternada com
as camadas de silicato da argila, resultando em uma estrutura ordenada de camadas
poliméricas e inorganicas alternadas com uma distancia de repeticéo entre elas [42].

As estruturas delaminadas ou esfoliadas s&o obtidas quando as camadas de
nanoargila sdo separadas umas das outras e dispersas na matriz polimérica. A delaminacéo
ou esfoliagdo maximiza a interacdo entre polimero e nanoargila, levando a mudancas
significativas em suas propriedades. Em geral, os sistemas esfoliados resultam em
melhores propriedades fisicas do que os intercalados [43].

A dispersdo completa das nanocamadas de argila em um polimero otimiza os
elementos de reforco disponiveis para o transporte de uma carga aplicada. O acoplamento
entre a area da superficie da argila e a matriz polimérica facilita a transferéncia de tensao
para a fase de reforco, o que permite a melhoria das propriedades fisicas [44].

Porém, nao é facil obter a esfoliacdo completa das nanoargilas, pois as camadas de
silicato sédo altamente anisotropicas, além disso, a maioria das cadeias poliméricas € ligada
a superficie das camadas de silicato. Assim, mesmo acima da temperatura de fusdo dos
polimeros constituintes, ha uma ordem de longo alcance que € preservada e as camadas

de silicato sdo orientadas em uma diregao preferencial [45].

3.3 Nanocompdésitos poliméricos

Os nanocompositos poliméricos resultam da combinacédo de dois ou mais materiais
com propriedades distintas, sendo que a fase dispersa apresenta pelo menos uma de suas
dimensdes em escala nanométrica, sendo usada em pequena quantidade, tipicamente, 5%
em peso [46].

Geralmente, esses materiais apresentam uma fase inorgénica dispersa a nivel
nanométrico em uma matriz organica. A fase inorganica mais utilizada na preparacéo de
nanocompadsitos poliméricos é a argila montmorilonita, pois sua razdo de aspecto é elevada,
além de apresentar boa capacidade de delaminacdo, alta resisténcia a solventes e
estabilidade térmica adequada aos processos de polimerizacéo [47].

Os nanocompdsitos poliméricos apresentam propriedades superiores aos polimeros
convencionais, sendo uma area de grande interesse para a pesquisa e desenvolvimento
[48, 49], em especial, em relagcdo a permeabilidade gasosa [50, 51].

O coeficiente de permeabilidade € o principal parametro no desenvolvimento de
materiais de barreira e a presenca de nanoparticulas de argila montmorilonita tende a
retardar a difusdo de gases através de um nanocompasito polimérico que pode ser obtido
por diferentes processos [52, 53].

20



Porém, a dispersdo dos silicatos em monocamadas discretas € dificultada pela
incompatibilidade dos silicatos hidrofilicos com os polimeros hidrofobicos. Assim, os
silicatos em camadas precisam ser organicamente modificados para se tornarem
compativeis com os polimeros, por exemplo, através da troca dos cations inorgéanicos das
galerias da estrutura da argila com agentes surfactantes de alquilamonio para compatibilizar
sua quimica superficial com o polimero [54, 55]. N&o basta a interface ser quimicamente
adequada, é necessario garantir a homogeneizacdo das nanoparticulas na matriz
polimérica através de condi¢Bes de preparacdo e processamento adequadas [56].

A reduzida dimensdo das nanoparticulas cria uma grande area interfacial e uma
elevada relacdo de aspecto que levam a melhoria significativa das propriedades do
nanocompaosito [57, 58], em especial, a reducédo permeabilidade gasosa que € obtida com
a adicao de uma pequena quantidade de argila montmorilonita em uma matriz polimérica,
indicando os nanocompasitos poliméricos para aplicagdes que necessitam de propriedades
de barreira a gases [59].

As pequenas quantidades de nanoargila ndo afetam a densidade e a
processabilidade do polimero em comparacdo aos compdsitos convencionais, o que
compensa o custo das nanoparticulas [60].

Considerando as propriedades de barreira aos gases, as camadas impermeaveis da
nanoargila tendem a forcar o elemento permeante a percorrer um caminho maior atraves
do nanocompdésito, podendo reduzir em até 500 vezes a permeabilidade gasosa, mesmo
para baixos teores de argilas [61].

Em polimeros semicristalinos, como o polietileno, o tamanho e a forma dos cristalitos,
a estrutura cristalina e o grau de cristalinidade influenciam a permeabilidade gasosa, pois
0s cristalitos comportam-se como uma fase impermeavel para a molécula do gas,
ocorrendo difusdo somente na fase amorfa.

Como o0s nanocompoésitos sdo constituidos por uma matriz polimérica
semipermeavel na qual esta dispersa uma fragdo de nanoplaquetas de argila
impermeaveis, ha reducdo na permeabilidade gasosa [62].

Como a matriz polimérica mantém as caracteristicas do polimero puro e a fracao
volumétrica da argila € baixa, a reducéo na solubilidade gasosa no nanocompasito deve-se
ao caminho tortuoso para a difusdo das moléculas gasosas criado pelas nanoplaquetas
devido a sua forma e disperséo, ou seja, ao grau de delaminacéo da argila [63].

As argilas montmorilonita sdo frequentemente usadas para preparar
nanocompadsitos, mas como todo o mineral extraido de jazidas, o teor de contaminantes

dependera do local de extracdo, da forma de extracédo e do processo de purificagéo.
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Geralmente, as argilas apresentam contaminagdo por umidade, 6xido de ferro e
metais de transicdo. Assim, para evitar que ocorra uma aceleracdo dos processos de
degradacdo oxidativos devido a umidade ou contaminacfes metalicas, € necessario
purificar a argila ou aumentar o teor de aditivos antioxidantes no nanocompdsito.

No caso das poliolefinas, a preparacdo de nhanocompdsitos necessita de agentes de
acoplamento, pois as argilas como a montmorilonita possuem grupos quimicos polares na
superficie da nanoparticula enquanto as poliolefinas sdo moléculas apolares. Assim, é
necessario usar o polietileno modificado com anidrido maleico como compatibilizante para
a nanoargila, por exemplo, mas os residuos do hidroperéxido usado no enxerto do anidrido
maleico podem reduzir a estabilidade oxidativa da matriz polimérica [64].

Os principais métodos para a producdo de nanocompaositos poliméricos de silicato
em camadas sdo sintese por modelagem, intercalacdo de polimero a partir de solucéo,
polimerizacao intercalante in-situ e intercalagéo por fusao [65, 66].

3.3.1 Intercalacéo do polimero a partir de solucao

A intercalacéo envolve a mistura de uma solucdo polimérica com a argila, utilizando
um solvente no qual o polimero ou pré-polimero é soltvel e o silicato pode ser inchado para
separacao de suas lamelas.

Apos o silicato ser inchado em um solvente, o polimero e os silicatos lamelares sao
misturados. As cadeias dos polimeros intercalam e deslocam o solvente dos espacos
interlamelares do silicato, sendo o solvente removido por vaporizacdo ou precipitacao.
Entdo, as folhas sdo remontadas, ensanduichando o polimero para formar a estrutura do
nanocompaosito.

A maior vantagem deste método € que 0s nanocompadsitos intercalados podem ser
sintetizados com polimeros com baixa ou nenhuma polaridade. Porém, este método
envolve a utlizagdo em larga escala de solventes, sendo prejudicial ao ambiente e

economicamente proibitivo [67].

3.3.2 Polimerizacéo intercalante in-situ

Na polimerizagédo in-situ, o silicato € inchado em uma solucdo do mondmero,
permitindo que a formacdo do polimero ocorra entre as folhas do silicato. A polimerizacao
pode ser iniciada por calor ou radiacdo, difusdo de um iniciador adequado ou por um
catalisador fixado nas lamelas antes do inchamento, produzindo polimeros de cadeia longa

nas galerias da argila.
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A polimerizacgdo in situ pode ser aplicada para a preparacdo de nanocompdésitos a
base de polimeros termoplasticos diferentes, incluindo o polietileno [68, 69]. A
polimerizacdo in situ apresenta desvantagens como a rota de preparacdo demorada,
esfoliacdo instavel e necessidade de uma linha de producgéo especifica [70].

Portanto, fatores como o efeito catalisador da argila organofilica sobre a reagéo de
cura e a capacidade de penetracdo do agente de cura facilitam a esfoliacdo da argila e a

obtencdo de um nanocompasito polimérico [71].

3.3.3 Intercalagéo por fusao

A intercalacdo por fusdo consiste em misturar o silicato em camadas com a matriz
polimérica em estado fundido. Se as superficies das camadas sao compativeis com o
polimero, ele pode penetrar no espaco interlamelar e formar um nanocompasito esfoliado.

Este é o método mais usado para a preparacdo de nanocompdsitos de polimeros
com argilas, tendo aplicacdo industrial por ndo utilizar solvente, ser compativel com as
técnicas de processamento de polimeros [72].

A sintese por fus@o envolve hibridacdo da mistura de polimero e silicato, acima do
ponto de amolecimento do polimero, pois durante o recozimento, as cadeias poliméricas se
difundem nas galerias entre as camadas de silicato [73].

A formacdo de um nanocompdsito polimérico de silicato por fuséo envolve diversos
fatores como as modificacdes energéticas decorrentes do confinamento do polimero no
silicato e a expansdo dos espacos entre suas camadas, bem como fatores associados a
interacdo intermolecular entre a superficie de silicato e a cadeia polimérica [74].

A modificagcdo orgéanica da argila através da troca de ions nem sempre é suficiente
para a formacdo de um nanocompdsito, pois 0 agente compatibilizante deve combinar
componentes incompativeis em uma Unica molécula. Os surfactantes cumprem
parcialmente esta tarefa, pois sua parte ibnica interage com a superficie carregada das
folhas das particulas de argila, mas a cauda alquil possui compatibilidade limitada com as
cadeias poliméricas [75].

A quantidade de argila incorporada na matriz polimérica desempenha um papel
determinante, pois enquanto baixas cargas de argila favorecem a esfoliacao, quantidades
mais elevadas (acima de 10% wt) permitem apenas a intercalacédo de cadeias de polimero
nas galerias de silicato [76].

Porém, as condi¢des de processamento sdo fundamentais para alcancar altos niveis
de esfoliagéo, por exemplo, os nanocompadsitos produzidos em extrusoras de dupla rosca

com co-rotacdo apresentam maior esfoliacéo e disperséo das camadas de silicato [77].
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A condicdo mais importante para a formagdo de nanocompdsitos por intercalacdo
por fusdo é a presenca de interacdes polares, pois a presenca de grupos polares ao longo
da cadeia aumenta a capacidade do polimero intercalar em argilas montmorilonitas.

Nos polimeros nao-polares, como os polietilenos, a preparacdo de nanocompagsitos
esfoliados torna-se mais dificil, pois sé@o hidrofébicos e ndo possuem interacbes adequadas
com a superficie da argila, mesmo depois de ter sido modificada organicamente [78, 79].

A técnica mais utilizada é adicionar certa quantidade de poliolefina enxertada com
anidrido maleico, pois o carater polar do anidrido maleico tem afinidade com os
componentes da argila montmorilonita, fazendo com que a poliolefina com anidrido sirva
como um agente compatibilizante [80, 81].

Quanto maior a concentracao de poliolefina com anidrido maleico, melhor sera a
esfoliacdo e a delaminacdo da argila, mas é possivel utilizar polietilenos funcionalizados
com grupos polares e sal de amdnio como compatibilizante, pois 0s sais séo utilizados para
a organofilizacdo e os cations organicos do sal substituem os cations de sédio da argila,
passando-a de hidrofilica para organofilica [82, 83].

A preparacao de nanocompdsitos utilizando intercalacdo por fusdo pode causar
problemas de degradacdo do polimero devido a temperatura de processamento. Além
disso, se a temperatura de processamento for superior a estabilidade térmica do tratamento
guimico havera decomposi¢cdo. Quando o material é submetido a extrusdo, a degradacao
€ detectada como descoloracdo e reducdo das propriedades fisicas e mecéanicas do
polimero. Se todo o material extrudado for afetado, a causa mais provavel é a temperatura
muito elevada para a velocidade de extruséo.

A oxidacdo também ocorre quando o polimero é aquecido, fazendo com que as
ligacdes moleculares vibrem fortemente até romper e as terminac¢des das ligacdes rompidas

reagirem com o oxigénio.

3.4 Permeabilidade gasosa em polimeros

A unidade de repeticdo do polietileno possui apenas dois carbonos e quatro
hidrogénios, mas algumas de suas propriedades dependem das condi¢des da reacéo de
polimerizacao que o originou, pois temperatura, pressao e emprego ou nao de catalisadores
podem levar a formacéo de ramificacdes que influenciam as intera¢des entre as moléculas
do polietileno, alterando o formato de suas moléculas. Por exemplo, o polietileno de baixa
densidade (LDPE) é usado em aplicacfes que requerem flexibilidade, mas apresenta baixa
resisténcia mecanica enquanto o polietileno de alta densidade (HDPE) apresenta elevada

rigidez, resisténcia mecanica, resisténcia quimica e baixa permeabilidade.
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Como a permeabilidade indica a facilidade da passagem de um fluido através de um
dado material, os chamados materiais de barreira resistem por mais tempo em maiores
pressbes diferenciais que o0s materiais comuns. Aplicacbes como embalagens e
contendores para gases industriais requerem materiais de barreira para reduzir sua
passagem que definem o seu tempo de prateleira, por exemplo.

Portanto, ha necessidade de reduzir este problema que acarreta prejuizos
financeiros e ambientais, bem como, acidentes como o0 vazamento de produtos quimicos
inflamaveis ou téxicos que podem resultar em incéndios e explosdes.

Neste sentido, a degradacao por oxidagéo esta associada a permeabilidade gasosa,
pois ocorre apoés a difusdo das moléculas de oxigénio no polimero, causando fragilizacao e
perda de propriedades mecanicas, mas alguns polimeros sdo mais suscetiveis a oxidagao
devido a baixa energia de ligacéo, grande atracao dos elétrons pela molécula de oxigénio
e a abertura da estrutura polimérica que possibilitam a entrada da molécula de oxigénio,
necessitando de antioxidantes para absorver o oxigénio, especialmente, durante o
processamento, pois altas temperaturas aceleram a oxidacao.

A permeabilidade dos materiais plasticos € definida por propriedades que também
determinam sua suscetibilidade a solventes. Por exemplo, se um polimero com grupos
polares é sensivel a um solvente polar, ele sera permeavel a um gas polar, bem como um
polimero néo polar podera ser barreira para gases polares.

A estrutura do polimero € outro fator importante para a permeabilidade, pois se ela
for amorfa com poucas areas de empacotamento de atomos, as moléculas dos fluidos
poderdo mover-se facilmente através dela e o material apresentara alta permeabilidade.
Assim, entre dois polimeros com polaridades similares, o que apresentar maior densidade
e maior cristalinidade sera a melhor barreira.

O tamanho da molécula do permeante também é importante, pois moléculas
pequenas podem permear a estrutura polimérica mais facilmente do que moléculas
maiores, ou seja, o tamanho da molécula pode superar os demais fatores na
permeabilidade gasosa.

Os fatores ambientais também influenciam a permeabilidade gasosa, em especial, a
temperatura, pois com o aumento da temperatura, o polimero se torna mais flexivel,
deixando o sistema mais aberto, facilitando a passagem das moléculas gasosas, mas
outros fatores como a presenca de aditivos quimicos também afetam a permeabilidade. Por
exemplo, um plastificante pode aumentar significativamente a permeabilidade ao causar

inchamento da estrutura polimérica, facilitando a passagem do gas.
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3.4.1 Coeficiente de Difuséo

A permeabilidade caracteristica de um material em relacdo a um gas ou liquido em
particular pode ser expressa pelo coeficiente de difusdo ou constante de difusibilidade. Por
exemplo, se um polimero é sensivel a um dado solvente, o coeficiente de difusdo sera
elevado, indicando grande permeabilidade.

O ambiente também pode afetar a difusibilidade, sendo a temperatura o fator
ambiental critico, pois seu aumento torna a estrutura polimérica mais aberta, permitindo que
0 gas permeie com maior facilidade.

Assim, a temperatura em que a difusibilidade é determinada deve ser indicada e para
converter o coeficiente de difusdo (D) para uma temperatura especifica deve-se utilizar a
Equacédo 1 que é derivada da equacao de Arrehnius:

D = Doe®WRT) (Equagdo 1)

Onde:

D: difusibilidade a temperatura ambiente;

Do: € a difusibilidade na temperatura tabelada;

e: funcdo exponencial;

A: constante de ativacdo que indica a energia requerida para o gas ou liquido passar
através das moléculas da barreira;

R: constante universal dos gases;

T: temperatura absoluta indicada em Kelvin.

Portanto, a permeabilidade de um gas ou liquido através de um material
semipermeavel depende do coeficiente de difusdo do polimero, da diferenca de
concentracfes ao longo da barreira e da espessura dessa barreira, podendo ser descrita

pelas leis da difusédo de Fick.

3.4.2 Leis da Difuséo de Fick

A permeabilidade de um gas ou liquido depende do coeficiente de difusdo do material
de barreira, da diferenca de concentracdo do produto em difusédo através da barreira e da
sua espessura. Caso existam condi¢des de equilibrio como a concentracdo em regime
permanente em ambos os lados da barreira, esta relacdo pode ser expressa pela Equacao
2, que é chamada de Primeira Lei da Difusibilidade de Fick:

J=-D.6C/dx (Equacéo 2)
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Onde:

J: fluxo de gas ou liquido através do material de barreira, expresso por unidade de
area;

D: coeficiente de difusdo do material;

0C: mudanca na concentracao do gas ou liquido de uma face do material de barreira
até o ponto de medicao;

ox: distancia de uma face do material até o ponto de medicéao.

O sinal negativo é introduzido porque &x usualmente se opde a direcdo do fluxo,
conforme ilustrado na Figura 2 que mostra esquematicamente as variaveis da difusdo de
moléculas gasosas.

J (fluxo através de uma sec¢édo plana do material)

A Concentracgéo 1

Concentragéo 2

| #
o Fa

D (difusibilidade do material) / -

; / /] /__/_/___.,__-—Hl:—: Moléculas em difusao

X (distancia da face do material ao ponto de medicao)

Figura 2 - Variaveis da difusdo de moléculas - Strong AB (2005) - Adaptada [84]

Quando a permeabilidade do material varia com o tempo deve-se utilizar a Segunda
Lei da Difusibilidade de Fick que pode ser escrita conforme a Equacgao 3:
0C/ot = D.6%C/dx? (Equacéo 3)

Onde:

C: concentracéo do gas ou liquido;
t: tempo de permeacgéo;

D: coeficiente de difusao;

x: distancia da face do material ao ponto de medicéo.

As diferenciais parciais indicam que a taxa de mudancga da concentracao depende

da espessura do material de barreira (x) e do tempo (t).
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Portanto, as equacbes de Fick permitem comparar quantitativamente as
propriedades de barreira de diferentes materiais plasticos, além de possibilitar o calculo da
guantidade de um gas ou liquido permeante através de uma dada espessura de um material
de barreira conhecido, em determinado tempo, assumindo que a concentracao deste gas
ou liquido também seja conhecida.

A permeacao de gases e vapores ocorre através dos espacos intermoleculares do
material de barreira nas seguintes etapas:

i) Sorcdo e solubilizacdo do permeante na superficie do material;

i) Difus@o do permeante através do material devido ao gradiente de concentracao;

iii) Dessorcdo e evaporacdo do permeante na outra face do material, conforme

mostrado na Figura 3.
AV VAN

Difuséo

Solubilizag&o/sor¢éo. Dessorcao/evaporacio

Polimero

VA VAV VA

Figura 3 - Processo de permeagédo de gases - Sarantdpulus (2002) [85]

Quando uma face do material é exposta a um gas ou vapor a certa pressao parcial,
a primeira (i) e a ultima (iii) etapas do processo de permeacao sdo mais rapidas que a
difusdo. Assim, a velocidade da difusdo passa a controlar a permeacao ou fluxo do

permeante através do material.

3.4.3 Permeabilidade em nanocompasitos

Na exploracao de petréleo offshore sdo usados risers para transporte de 6leo bruto
e gases, cuja armadura metdlica é revestida internamente com polimeros para evitar a
corroséo do aco e assegurar sua integridade estrutural.

Porém, o revestimento polimérico tende a permitir a passagem dos gases, pois 0 gas
natural contém didxido de carbono (CO2) e sulfeto de hidrogénio (H2S) em quantidades
variadas que podem permear o polimero e permanecer entre o revestimento e a parede de
aco do riser. O H2S pode causar corrosao na tubulacdo enquanto o CO2 tende a aumentar

a pressao entre o revestimento e o tubo, resultando em falha catastrofica.
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A incorporagdo de nanoargila no polimero tende a melhorar as propriedades de
barreira em relacéo ao polimero puro, reduzindo a permeacéo de gases acidos atraves do
revestimento, pois a distribuicdo adequada da nanoargila no polietilieno cria caminhos
tortuosos que retardam o movimento das moléculas do gas através do polimero, mas isto
n&do ocorre quando as nanoparticulas sdo usadas como carga [86].

As propriedades de barreira podem aumentar significativamente pela adicdo de
pequenas quantidades de nanoargila, tipicamente 5% em peso, desde que se obtenha a
disperséo adequada e a esfoliagdo de nanoplaquetas com alta razao de aspecto. Assim, 0s
nanocompositos poliméricos apresentam diminuicdo na permeabilidade gasosa.

A modificacdo da superficie da nanoargila € outro aspecto importante para melhorar
a compatibilidade entre a nanoargila e a matriz polimérica, evitando aglomerados que
degradam as propriedades do produto final [87].

As propriedades de transporte como permeabilidade, solubilidade e difusividade em
nanocompaositos em comparag¢ao com o0s polimeros puros séo relacionadas com o volume
livre da matriz polimérica [88]. Por exemplo, a permeabilidade e a solubilidade do metano
(CH4) no HDPE aumentam significativamente com a temperatura, pois 0 aumento de
temperatura aumenta a mobilidade das cadeias do HDPE e das moléculas de gés,
reforcando a difusdo [89, 90].

Quanto ao efeito da pressédo sobre os coeficientes de transporte de gases em
polimeros, tanto o aumento quanto a diminuicao [91] da permeabilidade do polietileno ao
metano (CHa4) tém sido relatadas com o aumento da pressdo, dependendo do tipo de
polietileno e da faixa de pressdao. O aumento da presséo reduz o volume livre disponivel
para a molécula permear devido a compactacdo, bem como, a concentracdo de gas,
aumentando a permeabilidade gasosa [92].

Assim, os fatores que afetam a permeacdo gasosa ndo estdo limitados a
plastificacdo, mas a um processo de sorcdo/dessor¢cdo complexo que depende do
compdsito, da temperatura e da pressao, bem como da natureza dos aditivos e dos grupos
funcionais sobre a superficie desses aditivos, por exemplo, a presenca de compatibilizantes
tende a aumentar a permeabilidade gasosa [93].

Como os polietilenos ndo séo barreira ao oxigénio, necessita-se da incorporacao de
argila montmorilonita para reduzir sua permeabilidade gasosa, mas a quantidade de argila,
utilizacdo de compatibilizantes e condicbes de processamento sdo fundamentais para a
esfoliacdo da argila. As camadas impermeaveis da nanoargila esfoliada forcam o
permeante a percorrer um caminho tortuoso através do nanocompasito, podendo reduzir a

permeabilidade de gases de 50 a 500 vezes mesmo para baixos teores de nanoargilas.
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Em polimeros semicristalinos, o tamanho e a forma dos cristalitos, a estrutura
cristalina e o grau de cristalinidade tém grande importancia no processo de permeacao,
considerando-se que a difusdo ocorre somente na fase amorfa, pois os cristalitos sao
impermeéveis a molécula gasosa.

O transporte de gases nos nanocompadsitos pode ser comparado ao de um polimero
semicristalino que € constituido por uma fase amorfa permeavel onde esta contida uma
fracdo de nanoplaguetas impermeaveis de argila. Assim, os fatores principais que
influenciam a permeabilidade em um nanocompdésito sao a fracdo volumétrica, a orientacao
relativa a difusdo do gés e a razdo de aspecto das nanoplaquetas.

A reducdo da permeabilidade gasosa do nanocompdsito deve-se a reducdo do
volume da matriz polimérica e a diminui¢do na difusdo das moléculas permeantes devido
ao aumento do caminho tortuoso. Como a fracao volumétrica da argila € baixa, a diminuicdo
na difusdo esta ligada a orientacdo, forma e grau de dispersdo de suas nanoplaquetas.
Assim, a permeabilidade em uma barreira polimérica pode ser representada por um arranjo
regular de nanoplaquetas retangulares com orientacéo perpendicular ao sentido da difuséo
gasosa, 0 que é valido para o processo de inje¢cdo, mas nao para a rotomoldagem, por
exemplo.

O coeficiente de solubilidade dos nanocompdsitos pode ser relacionado com o
coeficiente de solubilidade do polimero puro e a fragdo volumétrica das nanoplaquetas
dispersas. A solubilidade torna-se independente das caracteristicas morfolégicas das fases
e as nanoplaquetas sao consideradas barreiras impermeaveis a difusdo das moléculas.
Entdo, o coeficiente de difusdo é influenciado pela tortuosidade que depende da razéo de
aspecto, forma e orientacdo das nanoplaquetas [94].

Portanto, a permeabilidade dos nanocompdsitos diminui com o0 aumento da fracdo
volumétrica e a razdo de aspecto das nanoplaquetas que pode ser corrigida por um fator
de orientacdo, inclusive para uma orientacdo randémica, atendendo a qualquer processo

produtivo, inclusive rotomoldagem.

2.4.4 Propriedades de barreira em nanocompdsitos

Os nanocompdésitos poliméricos com nanoargilas apresentam excelentes
propriedades de barreira, pois as moléculas que permeiam o polimero sdo for¢cadas a
contornar as nanoparticulas impermeaveis, difundindo-se por um caminho tortuoso [95].

Variadas técnicas de andlise sao utilizadas para avaliar a dispersdo e o grau de
esfoliagdo da nanoargila como a Difracdo de Raio X (DRX) que é utilizada para verificar o

aumento do espacamento basal e do estado de delaminacdo da nanoargila.
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A Microscopia Eletronica de Varredura (MEV) e a Microscopia Eletronica de
Transmissao (MET) caracterizaram a morfologia das amostras. A analise termogravimétrica
(TGA) determina a quantidade de fase inorganica na argila, dado necessario para o calculo
da fracdo volumétrica da fase impermeével no sistema enquanto o comportamento térmico
é caracterizado pela Calorimetria Exploratoria Diferencial (DSC) [96].

O aumento do nivel de absorcdo de saturacdo, geralmente, é atribuido a
aglomeracdo de nanoparticulas. Porém, a coexisténcia de fases com diferentes
permeabilidades em nanocompdésitos pode levar a fendmenos de transporte complexos
[97], inclusive, deve-se considerar a influéncia da variagdo da cristalinidade da matriz e a
mobilidade da cadeia polimérica induzida pela presenca da nanoargila.

Como o coeficiente de permeabilidade define o volume total de um gas que passa
por uma barreira no decorrer do tempo, sob um gradiente de pressao parcial, a previsao
das propriedades de barreira deve ser baseada na tortuosidade, razéo entre a distancia
gue uma molécula penetrante deve percorrer no interior da barreira e a menor distancia
possivel que essa molécula poderia percorrer. Assim, a permeabilidade de um material é
diretamente proporcional ao comprimento do caminho que o penetrante deve percorrer,
sendo menor quanto maior for o caminho. Os aspectos da morfologia como cristalinidade e
orientacdo molecular sdo fundamentais na compreenséao destas propriedades [98].

Porém, nenhum polimero é barreira absoluta a difusdo de moléculas gasosas, pois
apresentam espagos vazios entre suas cadeias, permitindo a difusdo de moléculas de
gases cujo tamanho depende do tipo de polimero e do estado fisico em que ele se encontra.
Por exemplo, se um polimero amorfo estiver acima de sua temperatura de transicao vitrea
(Tg), os segmentos moleculares terdo consideravel mobilidade, aumentando seu volume
livre, 0 que permite maior velocidade de difusédo. Abaixo da Tg, esses segmentos tém menor
mobilidade, resultando em menor volume livie € menos espacos vazios, o que reduzira a
velocidade de difusdo. Como as estruturas cristalinas sédo praticamente impermeaveis
devido ao maior grau de empacotamento molecular, a difusdo ocorrera somente na zona
amorfa do polimero [99].

A difusédo de gases e vapores atraveés de barreiras poliméricas é caracterizada por
um coeficiente, cujo valor depende do permeante, do polimero e da interacdo entre eles,
sendo diretamente proporcional a concentragdo do permeante na superficie do polimero e
ao aumento da temperatura tanto para gases quanto para vapores [100]. Por exemplo, os
polimeros ndo oferecem barreira ao oxigénio como o vidro, mas sdo chamados pela

industria de barreira apesar de estarem sujeitos a degradacédo induzida pelo oxigénio.
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A permeabilidade ao oxigénio depende de fatores como a integridade da barreira, a
relacédo entre as fases amorfas e cristalinas, a taxa de hidrofilicidade e hidrofobocidade, a
mobilidade da cadeia polimérica e da interacédo entre o polimero e o oxigénio.

A taxa de permeabilidade ao oxigénio (TPO2) € uma caracteristica importante dos
materiais com propriedades de barreira, sendo definida como a quantidade de oxigénio que
passa através de uma unidade de area paralela a superficie de uma barreira por unidade
de tempo sob as condi¢des de ensaio.

A temperatura é um parametro critico que afeta a TPOz, pois é associada a umidade
relativa do ar. Por exemplo, as condi¢cbes de umidade afetam a TPO: de polimeros
hidrofilicos como as poliamidas e o EVOH, pois a 4gua absorvida pelos polimeros age como
um plastificante, diminuindo a energia de ativacdo necessaria para a difusdo do oxigénio,
aumentando a taxa de permeabilidade.

A permeacado de um gés ou vapor através de um polimero depende do polimero, do
permeante e do ambiente (temperatura e umidade). A estrutura do polimero influi na
permeabilidade, pois quanto maior a cristalinidade, menor a taxa de permeacao, pois 0s
cristalitos sdo impermeaveis. A solubilidade do permeante no polimero e a relacéo entre o
tamanho de suas moléculas e os espacos intermoleculares da matriz polimérica influem na
velocidade de passagem através do polimero.

Portanto, a permeabilidade de uma barreira pode ser definida como a massa de
matéria seca do permeante que atravessa uma barreira por unidade de tempo, sendo
proporcional a area e a espessura da barreira, bem como a diferenca de pressao parcial
através da barreira [101].

Como uma unica resina ndo € capaz de apresentar o equilibrio adequado de
propriedades fisicas e mecéanicas, aparéncia e economia para todos os tipos de barreiras,
geralmente, adota-se a combinacdo ou modificacdo de polimeros existentes, através da
mistura de polimeros, modificacdo quimica ou modificacéo estrutural.

O principal uso de polimeros de barreira € em embalagens de alimentos, bebidas e
medicamentos, mas eles estdo se tornando cada vez mais importantes em embalagens de
produtos quimicos, inseticidas, reservatorios de combustivel e de gases industriais,
necessitando de materiais poliméricos com propriedades de barreira melhoradas.

O desenvolvimento de nanocompasitos poliméricos com excelentes propriedades de
barreira envolve os silicatos naturais em camadas, pois a incorporacdo de pequenas
guantidades de particulas de argila numa matriz polimérica pode resultar em propriedades

como a baixa permeabilidade gasosa [102].
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4. INTEGRACAO DE ARTIGOS

Os trés artigos publicados se baseiam na analise experimental da permeabilidade
gasosa em polimeros e nanocompdsitos poliméricos, envolvendo a o estudo dos efeitos da
adicdo de nanoargila montmorilonita na reducéo da permeabilidade gasosa do polietileno
de alta densidade que é utilizado em paredes espessas de contendores de gases
industriais. Como 0s equipamentos comerciais para a realizagdo de ensaios de
permeabilidade gasosa em materiais semipermeaveis de parede espessa nhao estavam
disponiveis devido ao custo elevado, houve a necessidade de projetar, construir e validar
um permeametro de baixo custo para aferir o coeficiente de permeabilidade gasosa em
amostras de polimeros com preciséo, seguranca e facil operacao.

O artigo de pesquisa intitulado Application of Polymeric Nanocomposites and Carbon
Fiber Composites in the Production of Natural Gas Reservoirs, doravante chamado de
Artigo 1, trata da andlise experimental do comportamento mecénico de reservatorios para
armazenamento de gases constituidos por um liner em nanocompaésito polimérico revestido
com fibra de carbono pré-impregnada com resina epoxidica aplicada por enrolamento
filamentar, abordando solucfes técnicas para otimizar suas propriedades fisicas. Assim,
entre os produtos incorporados ao polimero visando reduzir a permeabilidade gasosa foi
escolhida a nanoargila montmorilonita para ser utilizada nas demais etapas da pesquisa.

O artigo de pesquisa intitulado Gas Permeameter in Polymer Nanocomposite Plates:
construction and validation, doravante chamado de Artigo 2, aborda a permeabilidade
gasosa em materiais homogéneos semipermeaveis.

Como as informacdes sobre os coeficientes de transporte de gases em condi¢des
extremas € escasso nha literatura, foi necessario projetar, construir e validar um
equipamento capaz de fornecer dados confiaveis sobre essas propriedades. Assim, o
objetivo deste trabalho foi descrever um permeametro para gases industriais de média
pressdo para as amostras de materiais semipermeaveis, sendo validado com nitrogénio a
1 MPa e 69°C (342,15 K) em amostras de polietileno de alta densidade puro e com
nanoargila montmorilonita, formando um nanocompdsito polimérico, considerando o0s
meétodos de obtencéo dos coeficientes de transporte estudados na revisao de literatura.

O artigo de pesquisa intitulado Gas Permeameter for Polymers and Nanocomposites:
a new equipment, doravante chamado de Artigo 3, descreve 0 novo permeametro que
apresenta melhorias em relacéo a precisédo e a usabilidade, sendo projetado, construido e
validado pelos autores com nitrogénio a 1 MPa e 69°C (342,15 K) permeando amostras de
polietileno de alta densidade puro e com adicdo de nanoargila montmorilonita, refazendo

0s testes publicados no Artigo 2.
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Os resultados foram comparados com o0s dados obtidos anteriormente e as
informacgdes presentes na literatura, validando o permeametro apresentado no Artigo 3,
gue é capaz de avaliar a permeabilidade gasosa, nas condi¢cdes descritas, com maior
precisdo e facilidade de operacdo do que o modelo anterior, demonstrando que as
melhorias implementadas foram adequadas, permitindo a medicdo das propriedades de
transporte de gases industriais que permeiam placas poliméricas e de nanocompoésitos
poliméricos, podendo fornecer informacdes necessarias para o projeto de risers para o
transporte de Oleo cru e gas natural, por exemplo.

Portanto, os trés artigos se baseiam na andlise experimental da permeabilidade
gasosa em polimeros e hanocompésitos poliméricos, envolvendo o estudo dos efeitos da
adicdo de nanoargila montmorilonita na reducéo da permeabilidade gasosa do polietileno
de alta densidade através do permeametro projetado, construido e validado pelos autores.

Apesar do permeametro descrito no Artigo 3 apresentar melhorias e avangos em
relacdo ao equipamento descrito no Artigo 2, pois foi projetado e construido aproveitando
a experiéncia adquirida em todos os prototipos anteriores, de acordo com uma metodologia
sistematica de projeto, permitindo maior confiabilidade na medi¢cdo da permeabilidade
gasosa do nitrogénio no polietileno de alta densidade puro e com adicdo de nanoargila
montmorilonita em temperatura e pressao definidas, o processo de desenvolvimento de um
novo equipamento ja foi iniciado, devendo ser concluido em um trabalho futuro.

O permeametro em apresentacao tem um custo de producéo de aproximadamente
€ 4.850,00 (quatro mil oitocentos e cinquenta euros), permitindo a determinagdo dos
coeficientes de transporte de gases, utilizando o procedimento volumétrico de acordo com
a norma ASTM D1434-82 (2015) el. Trata-se de uma alternativa mais econdmica do que
0s equipamentos comercializados com finalidades semelhantes como o permeametro QHV-
4 [11] que custa, aproximadamente, € 90.000,00 (noventa mil euros) ou R$ 510.000,00

(quinhentos e dez mil reais) posto fabrica em 10 de fevereiro de 2023.

4.1 Materiais utilizados

No Artigo 1, foi realizado o teste de permeabilidade ao oxigénio em amostras de
polietiieno de alta densidade com diferentes aditivos, selecionando-se a nanoargila
montmorilonita por aumentar significativamente a propriedade de barreira do
nanocompaosito polimérico estudado.

Nos artigos posteriores, foram utilizadas amostras de polietileno de alta densidade
puro e com nanoargila, ambas com 50 mm de diametro e 0,6 mm de espessura, verificadas

por microscépio Optico quanto a falhas antes de serem colocadas na camara de permeacao.
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O polietileno de alta densidade utilizado apresenta densidade de 0,954 g/cm3, de
acordo com a norma ASTM D1505, com indice de fluidez de 0,29 g/10min (190°C/2,16kg),
de acordo com a norma ASTM D1238, sendo fabricado pela Dow Chemical Company com
0 nome comercial de HDPE 35054L [112].

A nanoargila montmorilonita, cujo nome comercial é Cloisite 20A, possui densidade
aparente de 350 kg/m3, densidade de 1,80 g/cm?3 (20°C), tamanho de particula D50 < 10
pum, teor de umidade < 2,5 % e espagamento lamelar (XRD, d001) de 2,7 nm [113], sendo
adicionada a 5% em peso (wt).

O gas permeante utilizado nos artigos 2 e 3 foi o nitrogénio (N2) - CAS 7727-37-9
[114] comercialmente puro fornecido em cilindros de 10 m3 a 21,1°C e 1 atm (0,1 MPa) sob
pressao nominal de 200 bar (20 MPa). O nitrogénio foi usado por razées de seguranca, pois
€ um gas inerte e com baixa solubilidade em agua [115].

As camaras de permeacao do equipamento apresentado no Artigo 2 foram usinadas
em aluminio naval ABNT 5052F [116] devido ao compromisso entre resisténcia mecanica,
resisténcia a fadiga e resisténcia a corrosdo, enquanto as camaras de permeacdo do
equipamento apresentado no Artigo 3 foram construidas em aco inoxidavel AISI 316 [117]
por apresentar elevada resisténcia a corrosdo e excelentes propriedades mecéanicas.

4.2 Descri¢cao do equipamento

Nos artigos 2 e 3 foram apresentados permeametros que medem a quantidade de
gas que passa pela superficie paralela de cada membrana posicionada em sua respectiva
camara de permeacdo, ao longo do tempo, devido a pressao diferencial existente entre
suas faces, conforme o método manométrico, onde um lado da membrana é submetido ao
fluxo do géas de teste enquanto o outro lado é evacuado.

O equipamento apresentado em ambos 0s artigos consiste no que segue:

a) Sistema de fornecimento de gés: nitrogénio, mas poderia operar outros gases;

b) Camara de permeacéao: corpo metalico para alojamento das amostras, permitindo
a entrada do gas em alta presséo e sua saida em baixa presséo apos permeacgéo
da amostra, sendo adequadamente vedada;

c) Sistema de vedacéo;

d) Sistema de controle de temperatura: termostato digital que permite ajuste e leitura
da temperatura de teste;

e) Sistema de registro de dados: o gas permeado em cada amostra se acumula em
uma pipeta com a face inferior (aberta) imersa em agua destilada, cujo nivel

diminui @ medida que o gas € permeado, permitindo 0 seu monitoramento.
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Apesar da norma ASTM D1434-82 (2015) el recomendar o uso de mercurio, 0
permeametro em apresentacéao utilizou agua porque o Brasil € signatario da Convencéao de
Minamata sobre Mercurio [118].

O permeametro apresentado no Artigo 2 apresenta 5 (cinco) camaras de permeacao
em aluminio naval ABNT 5052F vedadas com O-rings em fluoroelastémero (Viton®)
enquanto o equipamento descrito no Artigo 3 apresenta 10 (dez) camaras de permeacao
em aco inoxidavel AISI 316 vedadas com conexfes RTJ e um sistema de vedacao
produzido em borracha de acrilonitrila butadieno (Buna-N) devido as suas adequadas
propriedades mecénicas e quimicas [119], projetado pelo autor.

O permeéametro descrito no Artigo 3 apresenta 10 (dez) camaras de permeacao
independentes, sendo cada uma delas vedada com uma conexdo RTJ para permitir a
rapida substituicdo da amostra, ou seja, 0 equipamento permite o ensaio simultaneo de 10
(dez) amostras que séo inspecionadas quanto a vazamentos individualmente.

As principais diferencas entre as camaras de permeacdo dos equipamentos

apresentados nos artigos supracitados sdo mostradas na Figura 4.

Figura 4 - Sistema de vedacdo do permeé&metro descrito no Artigo 2 com camara de permeacao aberta e
sem amostra (a), com amostra e O-ring para vedacao (b) e cAmara de permeacdo do permeémetro
apresentado no Artigo 3 aberta com conexdo RTJ, amostra e sistema de vedacéo (c)

As principais melhorias nas camaras de permeacdo em relacdo ao permeametro
descrito no Artigo 2 sdo o novo formato, o novo sistema de vedacdo com conexdes RTJ
gue dispensam parafusos, o material com que foram construidas, aco inoxidavel AISI 316
em vez de aluminio naval ABNT 5052F, e o numero de camaras, ou seja, 10 (dez) em vez
de (cinco) camaras, possibilitando a reducdo na incerteza de medicdo [120], sendo

mostradas na Figura 5.
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Figura 5 - Camaras de permeacédo abertas com amostras e O-rings (a) e camaras de permeacdo fechadas
(b) do permeé&metro descrito no Artigo 2 e camaras de permeacdo do permeametro descrito no Artigo 3 (¢)

O aco inoxidavel AISI 316 foi utilizado nas camaras de permeacdo devido a sua
elevada resisténcia a corrosdo [121], permitindo realizar experimentos com gases
corrosivos como o sulfeto de hidrogénio e amonia [122], além de apresentar excelentes
propriedades mecanicas como resisténcia a altas pressdes e temperaturas.

A utilizacdo de conexdes RTJ visa reduzir os problemas de vedacgé&o decorrentes da
utilizagé@o de O-rings, pois cada camara de permeacgédo exigia o aperto de 8 (oito) parafusos
para evitar vazamentos, totalizando 80 (oitenta) parafusos por experimento, reduzindo sua
operacionalidade. Porém, o torquimetro utilizado para apertar os parafusos apresenta
tolerancia de 5%, permitindo diferencas de aperto que possibiltam a formacdo de

microfugas ndo detectaveis pelos meios convencionais.
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O fluoroelastdmero (Viton®), utilizado no O-ring do equipamento descrito no Artigo
2, € 0 material elastomérico mais utilizado para vedacéo [123], sendo indicado para uso em
aplicacdes de alta temperatura além de apresentar elevada resisténcia quimica.

Porém, além do material utilizado, o projeto de vedacdes com anéis elastoméricos
depende de fatores como pressao de vedacdo, condigcbes operacionais e geometria da
peca em que sera instalado (ranhura) [124], sendo a extrusdo do elemento vedante a
principal causa de vazamentos devido a folgas excessivas, alta carga axial e uso de material
de baixa dureza, tornando o sistema de vedacdo uma fonte de vazamentos de dificil
medicao durante a operacéo do equipamento.

Portanto, o sistema de vedacao RTJ exigiu um projeto especifico de anel de vedacéao
para acomodar a amostra de forma adequada, evitando vazamentos sem interferir no fluxo
do gés, considerando fatores como o material de vedacao, condicdes de operacéo, formato
e dimensdes da amostra a ser testada.

Apesar do permeametro apresentado no Artigo 3 ter atingido os objetivos propostos
e apresentar avancos em relacdo ao equipamento descrito no Artigo 2, houve o
desenvolvimento de um novo protétipo, cujas principais melhorias pretendidas séo
mostradas a seguir:

a) O cilindro de gas de teste € conectado a um distribuidor com valvulas e engates

rapidos individuais para as mangueiras poliméricas que transportam o gas de

teste até cada uma das 10 (dez) cAmaras de permeacao;

b) A amostra é colocada na camara de permeacao e pressionada contra a base por

um O-ring durante o fechamento da camara de permeacéo;

c) As camaras de permeacao estédo dispostas horizontalmente de modo que cada
mangueira polimérica que transporta o gas até cada pipeta tenha 0 mesmo

comprimento;

d) As camaras de permeacdo sdo vedadas por interferéncia pela acdo de um
sistema de fechamento hidraulico, faciltando a montagem e eliminando
vazamentos interfaciais, sendo o principal diferencial em relacdo ao equipamento

atual;

e) A pressao exercida pelo sistema de fechamento hidraulico ndo deve ultrapassar
o limite de escoamento minimo do material que constitui a cAmara de permeagéo
para que o metal utilizado permaneca em sua zona elastica, que no caso do aco
inoxidavel AISI 316 € de 290 MPa [125].
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A Figura 6 mostra o projeto esquematico do permeametro em desenvolvimento:
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Figura 6 - Desenho esquematico do permeametro em desenvolvimento

Notacao:

Cilindro de alta presséo contendo o gas de teste;

Valvula reguladora de presséao;

Manémetro de linha;

Distribuidor de gas de teste;

Vélvula de fechamento da camara de permeacéo (10x);

Sistema hidraulico para fechamento das camaras de permeacdao;
Placa de ago movel,

Entrada do géas de teste na camara de permeacdo a montante (10x);
9. Amostra;

©® N k=

10.Saida do gas de teste na camara de permeacgédo a jusante (10x);
11.Estrutura de fixacdo e fechamento das camaras de permeacéo;
12.Depasito liquido para o sistema de medicao;

13.Saida do excesso de liquido do reservatorio;

14.Sistema de reposicao de liquido do reservatorio;

15.Sistema de medi¢éo do gas de teste permeado (10x);
16.Gerador de véacuo.
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4.3 Procedimentos operacionais

No Artigo 1 foi realizado o teste de permeabilidade ao oxigénio em amostras de
polietileno de alta densidade (HDPE) puro e com nanoargila montmorilonita adicionada a
5% em peso (wt), sendo utilizada a norma ASTM F 1927 para placas e a norma ASTM D
3985 para filmes.

No Artigo 2 a validacdo do equipamento foi realizada com nitrogénio (N2), com
presséao de teste de 10 Bar (1 MPa) e temperatura de 69°C (342,15 K), em amostras de
HDPE puro e com adigdo de nanoargila montmorilonita a 5% em peso.

O polietileno e a nanoargila foram misturados manualmente e, apdés secagem em
forno a 80°C (353,15 K) por 24 horas, a mistura foi extrudada a 250 rpm em uma extrusora
de rosca simples, sendo os pellets obtidos utilizados na preparacdo das amostras dos
experimentos posteriores.

As amostras foram produzidas com diametro de 50 mm e espessura de 0,6 mm a
partir de pellets de HDPE puro previamente desumidificados a 60°C (333,15 K) por 4
(quatro) horas e moldados em uma prensa hidraulica aquecida a 180°C (453,15 K) com
pressdo de 0,3 MPa por 5 min. As amostras foram resfriadas na prensa sob pressao e
desmoldadas, sendo verificada a espessura de cada amostra com um micrémetro digital O-
25mm e examinadas com microscopia Optica quanto a falhas.

As amostras de nanoargila foram analisadas por microscopia eletrénica de varredura
(MEV) para avaliar a homogeneidade de sua disperséao superficial, usando o equipamento
de bancada Phenom ProX.

A Figura 7 mostra a imagem de uma regido da superficie de uma amostra com um
cluster formado por um aglomerado de nanoargila ndo esfoliada (circulo), indicando falha

em sua distribuigéo.
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Figura 7 - Imagem MEV de um aglomerado de nanoargila

Antes da realizacdo do experimento, foram feitos testes quanto a vazamentos nas
camaras de pressdo com tampa cega de aluminio naval ABNT 5052F, com as mesmas
dimensdes da amostra, seguindo as diretrizes da norma ABNT NBR 15571:2013.

Para garantir o torque adequado no aperto dos parafusos de cada camara de
pressédo do equipamento descrito no Artigo 2, evitando vazamentos e danos aos O-rings,
foi utilizado um torquimetro de estalo de 2" de 28 a 210 Nm (x 5%).

Para verificar se as amostras apresentavam caracteristicas semelhantes as
apresentadas na Tabela 2 de Flaconnéche [4], foi realizada a analise de calorimetria
exploratoria diferencial (DSC) para avaliar sua cristalinidade, considerando as mudancas
gue ocorreram na microestrutura do polimero devido a histéria térmica resultante do seu
processo de producdo. O resultado da andlise DSC foi obtido aplicando-se a Equacéo 4
[126] o calor de fusdo (entalpia) do primeiro aquecimento (AHf), segundo os dados obtidos
com o equipamento Universal V4.5A [127] conforme segue:

Xc = (AHf / AHfo) x 100 (Equacéo 4)

Xc =(196,4/293) x 100 = 67%

Onde:
AHf [Calor de fusdo da amostra] = 196,4 J/g

AHfo [Calor de fusdo do polimero hipoteticamente 100% cristalino] = 293 J/g

Como a amostra possui caracteristicas proximas as apresentadas na Tabela 1 de
Flaconneche [4], permitindo maior assertividade na replicacdo do experimento e na
comparacao dos resultados obtidos nesse trabalho com os apresentados pelo referido
autor, conforme Tabela 2 [4], os dados referentes ao Polymer Handbook [128] servem para
a comparacao entre os valores apresentados neste trabalho de pesquisa.

No Artigo 3, os procedimentos operacionais foram idénticos aos apresentados no
Artigo 2, pois se buscou comparar os resultados atuais com os dados obtidos anteriormente
e os disponiveis na literatura.

Portanto, os testes para a validagcdo do equipamento atual foram realizados com
nitrogénio, com pressao de teste ajustada para 10 bar (1 MPa) e temperatura de 69°C
(342,15 K), conforme Flaconneche [4], em amostras de polietileno puro de alta densidade
(HDPE) puro e com nanoargila.

Antes do experimento, foram realizados testes de estanqueidade em cada camara

de permeacdo sob a mesma pressao e temperatura utilizadas no teste, com uma tampa
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cega de aco inoxidavel AlSI 316, com as mesmas dimensdes da amostra.

4.4 Resultados

Os resultados do Artigo 1 indicaram que a nanoargila montmorilonita aumentou
significativamente as propriedades de barreira do nanocompdésito polimérico estudado ao
oxigénio, indicando seu uso em trabalhos futuros.

A comparacao dos resultados apresentados nos artigos 2 e 3 € mostrada na Figura
8 onde o gréfico mostra o valor do coeficiente de permeabilidade obtido a partir de amostras
de HDPE colocadas em contato com nitrogénio sob pressdo pelo tempo necessario para
permear 5 mL de gas, sendo registradas, no primeiro caso, 48 horas (linha grossa) com
desvio padréo de 3% para 10 (dez) amostras e, no segundo caso, 46 horas (linha fina) com
desvio padréo de 2% para 10 (dez) amostras.

Em ambos os casos, as amostras de nanocompdsitos poliméricos estiveram em
contato com nitrogénio sob pressao por 48 horas, permeando 2 mL de gas nas condicfes

de teste, indicando a reducao da permeabilidade gasosa.

Amount of gas | 55
(10-* mol)

0,2

0,15

0,05

0 12 24 36 48 | Time (h)

Figura 8 - Gréfico dos resultados de permeacgédo de nitrogénio
Linha grossa: resultado referente ao Artigo 3

Linha fina: resultado referente ao Artigo 2

A Tabela 1 evidencia que a amostra apresenta caracteristicas semelhantes ao

polimero utilizado por Flaconneche [4], permitindo a comparacdo dos resultados obtidos.

Tabela 1 - Caracteristicas dos polimeros antes dos testes de permeacgéao

Polimero p (g/cmd) Tt (°C) AHf (J/g) Xc (%) da

Flaconnéche? 0.943 136 193 66 0.37
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Amostra?

0.9543

130.96* 196.44

675 0.38¢

Polymer Handbook?”

0.954

Notacao:

p: densidade do polimero (g/cm?)

Tf: temperatura do ponto de fusao (°C)

AHf: entalpia de fuséo (J/g)

Xc: grau de cristalinidade (fracdo em peso) (%)

®a: fragado volumétrica da fase amorfa

Observagoes:

7.

A Tabela 2 apresenta as condi¢des de teste e a comparacao dos resultados obtidos
por Flaconneche [4] com os resultados dos experimentos apresentados nos artigos 2 e 3

enquanto os resultados referentes ao Polymer Handbook [128] servem como termo de

o ok wnNPE

Tabela 2 em [4]

Idéntica nos artigos 2 e 3
Padrédo ASTM D1505
Calorimetria exploratoria diferencial (DSC) descrita no Artigo 2

Obtido de acordo com o software Universal V4.5A da TA Instruments

Calculado de acordo com a Equacgéo 3 [4]

Os valores de Xc permitem o célculo do volume fracdo da fase amorfa (®a) para as

amostras de polietileno de alta densidade, conforme a equacéo a seguir:
®a=(1-Xc).p/pa

Onde p ¢ a densidade do polimero semicristalino e pa ¢ a densidade de sua fase amorfa

que foi considerada igual a 0,855 g/cm?® conforme [129].
VI/546 - Dados de Permeabilidade e Difusdo em [128]

comparacao para os valores apresentados.

Tabela 2 - Coeficientes de transporte de nitrogénio em amostras de HDPE puro

Polimero (OF:] T (°C) P (107 cm3(STP)/cm-s-MPa)®
Flaconnéche? 0.37 69 1.0
Amostra 12 0.37 69 1.4
Amostra 23 0.37 69 1.3
Polymer Handbook#* 25 11

Notacao:

®a: fragado de volume da fase amorfa

T: temperatura (°C)

43



P: coeficiente de permeabilidade (107 cm3(STP)/cm-s-MPa)

Observagoes:

1. Tabela 6 em [4]

Tabela 2 do Artigo 2

Tabela 2 do Artigo 3

VI/546 - Dados de Permeabilidade e Difusao [128]
Calculado de acordo com a Equacéo 1 descrita no Artigo 2

o M 0D

Assumindo um diferencial de pressdao constante que possibilita um fluxo de gés estavel
através de uma membrana semipermeavel, o coeficiente de permeabilidade é calculado
pela equacio a seguir, onde P ¢ o coeficiente de permeabilidade [cm3.(STP)/cm.s.Mpa], Q
é a quantidade de gas que permeou 0 membrana [cm?], | é a espessura da membrana [cm],
t é o tempo do experimento [s], A é a area da membrana [cm?] e p é a pressdo do gas a
montante da membrana [Mpa]:

P=QI/tAp

Para validar o equipamento com os valores apresentados na literatura, o coeficiente
de permeabilidade (P) das amostras foi calculado por meio da Equacéo 1 do Artigo 3, cujo
resultado é apresentado na Tabela 2 para as amostras de HDPE puro.

As medic¢bes iniciaram ap0s a vazao entrar em regime permanente com taxa de
transmissao de gas constante, sendo mostrado na Tabela 2 o valor da média aritmética da
medicao feita a partir do nivel da agua de cada pipeta para 10 (dez) amostras individuais
de HDPE puro, com desvio padrao de 10% devido a tolerancia das pipetas graduadas.

Para a permeacéo de nitrogénio em amostras de HDPE puro, o valor de P calculado
é de 1,3x107 cm3(STP)/cm s MPa, valor mais préximo aos encontrados na literatura do que
o resultado apresentado no Artigo 2, sendo consistente com Flaconnéche [4] cuja diferenca
de valores se deve, possivelmente, ao uso de amostras com espessuras (I = 0,6 mm) em
pressdes (p = 1 MPa) inferiores as apresentadas pelo referido autor Flaconneche.

O valor calculado de P para as amostras de nanocompdésitos poliméricos com
nanoargila é igual a 0,55x107 cm3 (STP)/cm s MPa, apresentando propriedades de barreira
inferiores as apresentadas na literatura [130 - 132], possivelmente, devido a formacao de
aglomerados dispersos de nanoargila na superficie das amostras ndo apresentando

diferencas significativas em relacdo ao experimento anterior relatado no Artigo 2.

4.5 Consideracgdes finais

Como o permeametro descrito no Artigo 3 indica o coeficiente de permeabilidade do
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HDPE ao nitrogénio com maior precisdo do que o equipamento apresentado no Artigo 2,
possibilita a realizacéo de testes com outros gases industriais.

As camaras de permeacao em aco inoxidavel AISI 316 apresentam maior resisténcia
ao sulfeto de hidrogénio [133], encontrado no 6leo cru do que o aluminio naval ABNT 5052F
[134] utilizado no equipamento descrito no Artigo 2, por exemplo.

A configuracdo atual do permeametro permite o teste de até 10 (dez) amostras
simultaneamente, possibilitando a reducdo na incerteza de medicdo na obtencdo dos
valores dos coeficientes de transporte de gases, tendo maior precisao que o equipamento
descrito no Artigo 2, conforme mostrado na Tabela 2, que possuia 5 (cinco) camaras,
exigindo o dobro da quantidade de experimentos para testar 0 mesmo niumero de amostras,
aumentando o risco de erros inerentes ao processo.

A utilizacdo de conexdes RTJ se justifica, pois o equipamento descrito no Artigo 2
apresenta possiveis problemas relacionados a vedacao, uma vez que cada camara de
permeacao exigia o aperto de 8 (oito) parafusos para prevenir vazamentos, totalizando 80
(oitenta) parafusos para um experimento 10 (dez) amostras, reduzindo sua
operacionalidade.

Neste sentido, o torquimetro utilizado para apertar os parafusos apresenta tolerancia
de = 5%, permitindo diferencas de aperto que possibilitam a formacéo fugas de gas nao
detectaveis por meios convencionais durante sua operacao.

No entanto, o sistema de vedacdo RTJ exige um projeto especifico do anel de
vedacao para acomodar a amostra de forma adequada e permitir o fluxo do gas, evitando
vazamentos, conforme as condi¢des de operacao, o material de vedacao, o formato e as
dimensdes da camara de permeacao onde serd colocada a amostra.

Os resultados diferem da literatura [135 - 137] devido a fatores relacionados as
condicdes de teste como a temperatura, que afeta a mobilidade das cadeias poliméricas, o
gas permeante, que influencia o coeficiente de permeabilidade [138], a densidade do
polimero, que influencia no volume livre pelo qual o gas pode permear em polimeros
semicristalinos [139], e imprecisdes inerentes ao método de ensaio.

O fato dos resultados apresentados no Artigo 3 estarem mais proximos dos obtidos
por Flaconneche [4] e aos encontrados no Polymer Handbook [128] indica que as melhorias
e avancos implementados foram adequados e que o equipamento foi validado.

O permeametro apresentado possibilita a medicdo da permeabilidade gasosa em
materiais semipermeaveis com camadas espessas, como 0s polimeros utilizados em risers
para transporte de petréleo e gas, pois quanto mais fina a camada, maior a influéncia dos

poros na sua permeabilidade. Além dos vazios intrinsecos a estrutura molecular, 0s
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polimeros também podem apresentar falhas conhecidas como poros, decorrentes do
processo de producdo, bem como, defeitos decorrentes da utilizagdo como fissuras por
estresse ou inchaco quimico.

A extrapolacao dos valores obtidos em filmes poliméricos pode levar a erros quanto
a determinacdo da permeabilidade gasosa do material, pois em filmes h& maior
probabilidade de formacéo de canais que atravessam toda sua espessura, 0 que impacta
a permeacdo gasosa, mas sua deteccdo demanda técnicas laboratoriais como
espectroscopia de raios X por energia dispersiva (EDS) [140] e espectroscopia de
aniquilacdo de positrons (PALS) [141].

O tamanho dos poros em membranas poliméricas pode ser estimado [142], mas o
uso de um permeametro também pode ser Gtil. Apesar do coeficiente de permeabilidade
ser independente da espessura da amostra para um dado polimero, ele pode sofrer
alterac6es devido ao indice de vazios, ou seja, se a amostra apresentar um coeficiente de
permeabilidade muito maior do que uma placa do mesmo material, nas mesmas condicfes
de ensaio, ha possibilidade da amostra apresentar um teor de vazios maior do que a placa,
causando o aumento da quantidade de gas permeado.

Apesar do permeametro apresentado no Artigo 3 ter atingido os objetivos propostos
e apresentar avancos em relacéo ao equipamento descrito no Artigo 2, pois foi projetado e
construido aproveitando a experiéncia adquirida no desenvolvimento de seus
antecessores, de acordo com orientacdes para a formulacdo de um projeto sistemético,
permitindo maior confiabilidade na medicdo da permeabilidade gasosa do nitrogénio em
amostras de polietileno de alta densidade puro e com adi¢cdo de nanoargila montmorilonita,
formando um nanocompoésito polimérico, houve continuidade no processo de
desenvolvimento de um novo equipamento descrito no referido artigo.

Portanto, a construcdo do permeametro em apresentacdo justifica-se, pois a
medigéo da permeabilidade gasosa em materiais semipermeaveis com camadas espessas,
como as encontradas em risers para transporte de 6leo cru, ndo pode ser realizada através
da extrapolacdo dos valores obtidos em filmes do mesmo material porque quanto mais fina
a camada, maior a influéncia dos poros na medigéo da permeabilidade gasosa [143].

O referido equipamento visa determinar a permeabilidade gasosa do polietileno de
alta densidade (HDPE) em determinada pressdo e temperatura, a partir da experiéncia
adquirida em prototipos anteriores, de acordo com as praticas para a formulacdo de um
projeto sistematico, conforme a metodologia de ensaio definida pela norma ASTM D1434-
82 (2015) el, para obter estimativas quantitativas confiaveis da permeacao de gases puros

através de membranas de espessuras variadas.

46



5. ARTIGOS PUBLICADOS

5.1 Artigo 1

Hindawi Publishing Corporation
Journal of Nanomateriala

Volume 2015, Article ID 658727, 7 pages
http://dx.doi.org/10.1155/2015/658727

Hindawi

Research Article

Application of Polymeric Nanocomposites and Carbon Fiber
Composites in the Production of Natural Gas Reservoirs

Gilberto Jodo Pavani,' Sérgio Adalberto Pavani,” and Carlos Arthur Ferreira®

Instituto Federal de Educagaa Ciéncia e Tecnologia do Rio Grande do Sul, Avenida Sao Vicente 785, 95180-000 Farroupitha, Brazil
Universidade Federal de Santa Maria, Avenida Romima 1000, Prédio 5, 97105-900 Santa Maria, RS, Brazil
*LAPOL, Universidade Federal do Rio Grande do Sul, Avenida Bento Goncalves 9500, 91501-970 Porto Alegre, RS, Brazil

Correspondence should be addressed to Gilberto Jodo Pavani; gilberto.pavani@farroupilha.ifrs.edibr
Received 26 May 2015; Revised 4 August 2015; Accepted 11 August 2015
Academic Editor: Sesha Srinivasan

Copyright @ 2015 Gilberto Jodo Pavani et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

This research work is about the experimental analysis of the mechanical behavior of reservoirs for storage of compressed natural
gas (CNG) consisting of a nanopolymeric liner coated with carbon fiber preimpregnated with epoxy resin applied by filament
winding (FW). It addresses technical solutions adopted to optimize the reservoir as reinforcement with fiber, the process of healing
and thermal analysis, as well as the hydrostatic testing to verify its resistance to the pressure required for CNG storage. Different
nanoclays were incorporated to the polymer aiming to increase the strength of the liner and to reduce thethickness of its wall and the
final weight of the reservoir as well as decreasing gas permeability. The obtained results were the basis for proposing an adaptation
of the equation traditionally used for the dimensioning of the wall thickness of metallic pressure vessels to determine the number of
layers needed to endure any internal pressure to which the reservoir is subjected. They indicate that the used methodology enables
the production of pressure vessels for the storage of CNG, according to the ISO 11439:2013 Standard.

1. Introduction of rotomolded polyethylene (PE) due to the low cost of

production. The PE is the most widely used resin for rota-

Natural gas is considered the fossil fuel with the lowest
emissions of carbon dioxide, with low emission of pollutants
and waste from the combustion process [1], allowing it to be
efficiently used in internal combustion engines [2].

The main disadvantages presented by natural gas as an
automotive fuel are the high cost of compression and the
weight of the steel reservoir for transport and storage [3].

The use of reservoirs fabricated with nonmetallic material
aims to reduce the inert load present in vehicles fueled by
compressed natural gas (CNG), allowing fuel saving and the
increase of the enginés life, as well as reducing the emission
of pollutants.

This type of reservoir consists of a liner, whose primary
function is gas impermeability, and reinforcement, whose
main function is to resist the pressure of work.

The polymeric liner adds to the reservoir characteristics
such as light weight, resistance to pressure and impact,
corrosion protection, and durability [4] and is usually made
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tional molding due to low cost, chemical inertness, ease
of processing, and mechanical properties [5] that can be
improved by cross-linking or by the addition of nanoclays.

Rotational molding is suited for production of large and
dimensionally stable hollow parts, with superficial finish
comparable to injection molding. Additionally, as pointed out
by Crawford and Throne [6], it has lower mold costs.

The high pressure of vehicular CNG storage requires the
polymeric liner to be coated with carbon fiber, using the pro-
cess of filament winding (FW) because of its low production
cost, high productivity, and high reliability, besides providing
nearly isotropic properties to the final product [7].

The liner is used as a mandrel in the FW process, allowing
the arrangement of the fibers for structural reinforcement
at various angles and patterns in the direction of the main
solicitation by overlapping layers composed of nongeodesic
winding and circumferential winding.



Based on the concept presented above, the Thiokol
company has had success in the storage of hydrogen [8], but
the main contribution of this work is the addition of nanoclay
to the polyethylene blend, aiming to increase the polymeric
liner’s resistance to pressure as well as this polymer’s gas
permeability.

ISO 11439:2013 [9] covers cylinders of any seamless steel,
seamless aluminium alloy, or nonmetallic material construc-
tion, using any design or method of manufacture suitable for
the specified service conditions.

Thus, pressure vessels for CNG must conform to the ISO
11439:2013 Standard’s Method, which specifies the require-
ments for the validation of CNG storage reservoirs for
automotive vehicles, including buses and trucks.

The standard classifies as CNG-4 cylinders those pro-
duced entirely with nonmetallic materials, using appropriate
manufacturing methods for the service conditions for vehic-
ular transport, such as the reservoirs in development.

In order to increase the liner’s resistance to pressure, the
addition of nanoclays to polyethylene was chosen, adopting
the following actions to achieve the standard pressure:

(a) Analysis of possible failure on the existing liner.
(b) Analysis of possible failure in the composite coating.

(c) Adding more carbon fiber layers to satisfy the require-
ments of the standard.

Aiming to estimate the number oflayers needed to endure
any internal pressure to which the reservoir is subjected, an
adaptation is proposed in the equation presented by Popov
[10], having as base the hydrostatic tests’ results made on
reservoirs with one, two, and three layers of carbon fiber.

The proposed formula indicated that a fourth layer would
meet the requirement of this standard, as calculated by
linear regression and the equation proposed in this paper for
calculating the number of layers for any internal pressure.

The obtained results indicate that the used methodology
would allow the production of reservoirs for vehicular use
classified as CNG-4, according to ISO 11439:2013, allowing
a reduction of at least 60% (sixty percent) of the weight in
relation to a steel cylinder.

2. Materials and Methods

2.1 CNG Reservoir. The polymeric liner in real scale (@225 x
725 mm), with capacity for 22 liters of water, was manufac-
tured by rotational molding, with a blend of LDPE/HDPE,
coated with carbon fiber preimpregnated with epoxy resin,
developed in a previous study [11].

2.2. Filament Winding. The simulation of the application of
the reinforcement layers by FW was performed with the
software CADWind 2007, version 8271 (Material SA).

The liner was used as a mandrel, being coated with
in successive layers composed of nongeodesic winding and
circumferential winding at a 10° angle which allows variation
of the winding angle along a given section of the mandrel.

The layers were applied by a Kuka Roboter GmbH robot,
type KR 140 L 100-2, for ensuring reliability and repeatability,
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FiGure 1: Nongeodesic winding.

shown in Figure 1, necessary characteristics to the reservoir
in development that should store CNG.

The carbon fiber was applied at room temperature adopt-
ing as the cure cycle heating at < 3°C per minute to 90°C
residence for 24 hours and cooling at < 3°C for a minute to
66°C before removal from the oven.

2.3. Reservoir Characterization

2.3.1. Hydrostatic Test. In that test, we used the Flutrol
equipment (150 psi) with HBM 50 MPa load cell, Spindler
8, 60 Hz, HBM Interface. The samples were pressurized at
0.1 MPa/s and the data was processed with the Catman 4.0
Professional software.

2.3.2. Differential Exploratory Calorimetric Analysis. The
samples were removed from the reservoirs with one, two, and
three layers, taking as reference a carbon fiber sample taken
from the roll in use, to check whether the cure cycle was
adequate.

The samples were heated at a rate of 10°C/min from room
temperature to 250°C, with rapid cooling (50°C/min) to room
temperature, and again heated to 250°C.

The pieces of equipment used were DSC Q20 (TA Instru-
ments) with nitrogen gas (N,Up) and graphs generated by
Universal Analysis 2000 software, version 4.5 A, build 4.5.0.5,
TA Instruments-Waters LLC.

The tensile testing of injection molded and rotomolded
samples was carried out in the universal testing machine,
aiming to select the best raw materials for the manufacturing
of the liner regarding the mechanical strength.

The samples tested were as follows:

(i) Blends of polyethylene.

(ii) Blends of polyethylene with 5 weight% of Brazilian
nanoclay.

(iii) Blends of polyethylene with 5 weight% of American
nanoclay.

(iv) Blends of polyethylene with 5% of XLPE.

(v) XLPE.
(vi) XLPE with 5 weight% of Brazilian nanoclay.
(vii) XLPE with 5 weight% of American nanoclay.
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Remarks are as follows:

(1) XLPE: ICORENE K1502 was from the company ICO
Polymers.

(i1) Brazilian nanoclay: montmorillonite clay with granu-
lometry of 74 microns was produced by the company
Bentonisa S/A.

(ii1) American nanoclay: montmorillonite Cloisite 30B

clay was produced by the company Southern Clay
Products.

(iv) These products were mixed manually to the blend of
polyethylene and extruded in single screw equipment.

The rotomolded samples were ground in a bench mill of
the MTC Robotics brand, from the injected mold design, and
taken directly from rotomolded parts.

The injected samples were produced in a brand mini-
injector, Thermo Scientific, model MiniJet II Haake, with a
standardized mold. The samples were injected at 185°C with
two tons of pressure, except for the XLPE that was injected at
205°C.

Five samples of each raw material both machined and
injected were subjected to a tensile test at 5,000 mm/min.

Tensile testing of carbon fiber preimpregnated with epoxy
resin samples was conducted in the EMIC DL20000 brand
universal testing machine, with a TRD26 load cell, TRD15
strain gauge, claws for polymeric films, and the MTest version
3.0 software, aiming to find the maximum tensile strength of
a single strand of said fiber.

2.3.3. Oxygen Permeability Test. The test intended to measure
the permeability of the liner to methane, but due to lack of
equipment to measure the permeability, it verified the oxygen
permeability which has compatible polarity and molecular
diameter.

The test was performed with two groups of samples
according to ASTM F 1927 (plates) [12] and ASTM D 3985
(film) [13].

The first group of samples consisted of hot pressed plates
in the mold, cut 12cm in diameter and machined to a
thickness of 1 mm in the MTC milling machine.

Three samples were tested as follows:

(1) Blend of polyethylene.
(i1) Blends of polyethylene with 5% weight of Brazilian
nanoclay.

(ii1) Blends of polyethylene with 5% weight of American
nanoclay.

The second group of samples, consisting of films of
polyethylene blend with nanoclay, had the pellets extruded
at 250 rpm in twin screw corotating MH-Colour-20-32-Lab,
after heating in an oven at 80°C for 24 hours for drying.

3. Results and Discussion

Reservoirs with three layers hit the average pressure of 350 bar
+ 5% when subjected to hydrostatic test but did not meet
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3
TaBLE I: Relationship between layers, weight, and pressure.
Layers Weight (kg) Pressure (bar)
1 1,220 £ 3% 150 bar + 5%
2 2,240 +£3% 250 bar + 5%
3 3,430 £3% 350 bar + 5%

FIGURE 2: Reservoir destroyed.

the requirements of ISO 11439:2013 that determine the min-
imum pressure test for a CNG-4 reservoir as 2,25 times the
working pressure, which is defined as 200 bar.

3.1 Hydrostatic Testing. Table1 shows the average weight
increase per layer and the average hydrostatic test results of
the samples of liner coated with preimpregnated carbon fiber
layers.

YeThe calorimetric analysis by Differential Scanning Calori-
metry indicates that the cure cycle for the preimpregnated
carbon fiber with epoxy resin used in the reservoirs of one,
two, and three layers was complete.

3.2. Fracture Liner. The fracture of the liner, in 80% (eighty
percent) of the cases, regardless of the number of layers,
occurred in the region near the tops due to lower wall thick-
ness resulting from the manufacturing process by rotational
molding, shown in Figure 2.

The simulation performed by Velosa et al. [14] indicated
that the fracture occurred near the tops, a region of higher
stress due to the action of the radial and the longitudinal
stress, despite increased wall thickness.

In the case of the reservoir in development, the fracture
also occurred near the tops, a region that has the lowest wall
thickness, requiring adjustments to the project to increase the
mechanical strength of the liner in the hydrostatic test.

However, careful control of the manufacturing process by
rotomolding would maintain the continuity of the wall thick-
ness of the polymeric reservoir, eliminating its significant
reduction that causes premature rupture during hydrostatic
testing. Furthermore, the addition of nanoclay increases the
mechanical strength of the polyethylene blend constituting
the reservoir and placing preimpregnated carbon fiber strips
in the zone of concentration of the radial and longitudinal
stresses results in increased resistance to pressure in said test.

3.3. Selection of New Materials for the Liner. In order to
increase the liner's mechanical resistance and lower the
nominal thickness of its wall, new materials were sought
through tensile tests for its selection.
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TanLE 2: Results of tensile testing of candidate materials (N).

Material Rotomolded Injected
Blend PE 143,84 + 32,03 238,70 + 18,37
Blend PE with 5wt% of nanoday, Brazilian 137,80 + 11,38 205,12 +8,24
Blend PE with 5wt% of nanoclay, American 140,74 + 6,25 220,27 £3,79
Blend PE with 5% XLPE 151,23 £ 8,73 222,46 + 506
XLPE 12552 £4,07 267,44 £ 63,15
XLPE with 5 wt% of nanoclay, Brazilian 85,36 + 4,25 364,08 + 30,72
XLPE with 5 wt% of nanoclay, American 60,06 + 4,74 367,95 + 50,24

The tensile testing of such materials showed that the
injected samples showed higher tensile strength than the
rotomolded ones, that the addition of nanoclay increased
tensile strength, and that American nanoclay (Cloisite 30B)
showed better results than the Brazilian one because of
it having more appropriate granulometry as observed in
Table 2.

The literature recommends a weight percentage of nan-
oclay between 1% and 5% [15] for the gas barrier effect,
but numerous studies indicate values optimized around 2%
[16-18]. We opted for the limit value of 5% [19-21] to
verify the influence of the type of nanoclay on the barrier
and mechanical behavior of the reservoirs so that later the
optimized value of the amount of nanoclay would be deemed
appropriate for the purposes of this search.

In the tensile test, we adopted the von Mises criterion for
the flow of an ideally plastic material in a triaxial stress state
[22, 23]

m

where oy = flow tension at rupture, o1 = circumferential
tension: o¢, 02 = longitudinal tension: ¢/, and o3 = radial
tension: or.

Adjusting the equation,

2 (c:ry)2 = (01 - a2) + (02 - 03V + (03 - 01)%,

(2)

In cylinders subjected to internal pressure, the expres-
sions for oc, ol, and or are

2 (cry)2 = (oc - al)2 + (ol - or)2 + (or - ac)2 .

ac=-u-r,
2
_ p-d’ 3
al_(Dz-dz)' (3)
ori= b
2

where p is internal pressure in the cylinder, D is external
diameter of the cylinder, d is inner diameter of the cylinder,
and ¢ is wall thickness.

Replacing these values in (2) and evidencing “p” we have

B (4.\(3))'0 ' (t- /D)
A R e )}

(4)
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Equation (4) shows that the cylinder’s burst pressure is
directly proportional to the flow tension, whose value is close
to the tensile resistance limit tension (ort) obtained in the
tensile test.

Thus, the higher the value of ort, the greater the pressure
supported by the cylinder in the hydrostatic test.

For Walters [23], do not use (4) to predict the burst
pressure because oy differs from conventional yield stress
(oe), obtained in the tensile test.

Therefore, in qualitative terms, it is possible to use the ten-
sile test to select candidate materials for the manufacturing of
CNG reservoirs.

3.4. Calculation of the Number of Layers of the Reservoir. The
tensile testing of the carbon fiber preimpregnated with epoxy
resin samples was carried out to find the maximum tensile
strength of a single strand of fiber, allowing the calculation of
the number of layers needed for any internal pressure that the
reservoir is subjected to during hydrostatic testing.

In a cylindrical shell, there are two major strains:

(i) Longitudinal stress (¢7) which tends to break the tops,
being supported by the nongeodesic winding.

(ii) Circumferential stress (oc) which tends to break
the side wall, being supported by circumferential
winding.

For the design of a cylindrical reservoir, circumferential
tension is used, because the longitudinal tension corresponds
to half of this tension.

The tensile test conducted at IFRS resulted in an average
tensile strength of 56.65kgf/mm® + 15% for one preim-
pregnated filament of fiber, corresponding to resistance to
circumferential tension.

The tensile strength of the nongeodesic winding is cal-
culated by multiplying the value obtained in the tensile
test by sin(10°%), resulting in an average tensile resistance of
9.84 kgf/mm? for one filament.

The value of the layer corresponds to the sum of the
values, that is, 66.46 kgf/mmz.

The number of layers of a cylindrical reservoir can
be calculated by tension caused by the internal pressure,
according to (5) presented by Popov [10]:

pr

ot = —,
t

(5)
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where oc is circumferential tension to the layer calculated
from the value obtained in the tensile test in IFRS =
66.46 kgf/mm’, p is internal pressure obtained in the hydro-
static testing for the three layers’ reservoir = 3.57 kgf/mm?,
r is radius of the cylinder = 110 mm, and t is layer thickness
(mm)=?

Evidencing “t” in (5), we obtain

£ (+)

where t ~ 5.9 mm = 6 layers.

However, the experimental results suggest that () must
be adapted for coating in a preimpregnated carbon fiber
composite as follows:

B ¢

]

t= (#-1)

06

~|

where k is the material factor and k = 1 for steel and k = 2
for preimpregnated carbon fiber.

Recalculating the number of layers of a cylindrical reser-
voir in preimpregnated carbon fiber (k = 2) in (#-1), we
obtain the following result:

~

=T

t= 06, (#-2)
where t ~ 2.95mm = 3 layers, which corresponds to the
experimental result.

As the main function of the liner is gas impermeability, its
small contribution to resistance to circumferential stress (oc)
is disregarded.

Therefore, to calculate the number of layers for the
standard pressure of 459 bar (4.59 kgf/mmz), using (#-1), we
have the following result:

pr
I = S
k

where p is internal pressure required by international stan-
dard = 4.59 kgf/mm’, r is radius of the cylinder = 110 mm, k is
material factor for preimpregnated carbon fiber composite =
2, oc is circumferential tension to the layer calculated
from the value obtained in the tensile test in the IFRS =
66.46 kgf/mm?, and approximately t = 3.8 mm correspond-
ing 4 layers.

The value coincides with the calculation by linear regres-
sion and the equation proposed for calculating the number of
layers for any internal pressure (see (#-1)), while maintaining
the advantage in comparison to the weight of the steel
cylinders.

In order to obtain the necessary pressure to halve the
volume of the reservoir, at room temperature, (6) is used as
follows:

ac, (#-3)

P.-V=z.n:R-T, (6)
where P = pressure [Pa = N/m?]; V = volume [m’];
n number of moles; R (Universal Gas Constant) =
8.3144 Nm/{mol-K); T = absolute temperature [K]; z = com-
pressibility factor (z).
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The compressibility factor represents the ratio between
the volume occupied by given mass of gas under certain
conditions of pressure and temperature and the volume that
this mass would occupy at the same conditions as if it was an
ideal gas [24].

The compressibility factor varies with the composition,
pressure, and temperature of the gas and can be calculated
by the equation of state of Dranchuk and Abou-Kassem [25].

As the gas is the same and its temperature remains
constant in the compression process, we have

"_Pl-Vl _P2-V2
z1 z2

where P1 (usual storage pressure) = 220 bar = 22 MPa, V1 =
volume before compression = 1m’, z1 = 0.73286 = com-
pressibility factor, P2 = 7, V2 = volume after compression =
0.5 m’, z2 = 1,41458, and P2 = 648 kgf/cm? = 636 bar.

According to ISO 11439:2013, the hydrostatic test pressure
of one CNG-4 reservoir is 2.25 times the working pressure,
resulting in a 1.431-bar test pressure.

Calculating the number of layers of a cylindrical reservoir
in preimpregnated carbon fiber, using (*-1), we obtain the
following result:

(7)

Y
ok
where p (calculated hydrostatic test pressure) = 1.431bar =
14.60 kgf/mm?,  (radius of the cylinder) = 110 mm, k (mate-
rial factor for preimpregnated carbon fiber composite) = 2, o¢
(circumferential tension to the layer calculated from the value
obtained in the tensile test in the IFRS) = 66.46 kgf/mm?’, and
t =12,13 mm = 12 layers.

Equation (*-1) indicatesthata fourth layer of carbon fiber
will meet the requirements of ISO 11439:2013, resisting the
pressure of 495 bar for hydrostatic testing, maintaining the
advantage in relation to the weight.

t oc, (#-4)

3.5. Gas Permeability. The oxygen permeability test was
performed on two groups of samples: rotomolded plates and
film, adopted as reference.

The result of the permeability in the tested sheets is as
follows:

(i) Polyethylene blend: 13,660 mL (STP/m*/day) at1atm
and 23°C.

(ii) Blends of polyethylene with 5% weight of Brazilian
nanoclay: 32,829 mL (STP/m?/day) at 1 atm and 23°C.
(iii) Blends of polyethylene with 5% weight of American

nanoclay: 150,000 mL (STP/m?/day) at1 atm and 23°C
(detection limit of the equipment).

The high permeability shown by rotomolded samples
nanoclays is due to the processing in a single screw extruder
which did not allow the adequate shear and distribution of

the clay particles.
The following samples were analyzed in films:

(i) Sample A: HDPE Blend (95%), LDPE (5%), and
sodium nanoclay (no compatibilizer).



TabLE 3: Oxygen permeability coefficient (PO,) at 23°C, dry.

PO, (mL (STP)ygem-m™*.day™"-atm™)

Sample =)
Average mﬂﬁ‘::al
;2355;; odigy 295761 144332/309589/43364 49
samgle® 40258 36.284/44.232 1
Sample C 93236 60644/63405155.659 58

(i) Sample B: HDPE Blend (95%), LDPE (5% ), and Cloi-
site 15A nanoclay.

(iif) Sample C: HDPE Blend (95%), LDPE (5%), and Cloi-
site 30B nanoclay.

The rates of oxygen permeability (TPO,) were deter-
mined by coulometric method according to standard D3985-
05 (ASTM, 2010), in OXTRAN equipment, model 2/20,
from the company Mocon, operating with pure oxygen as
permeant gas.

The tests were performed at 23°C with the conditioning
of samples at 23°C with no humidity for 46 to 48 hours. The
effective permeation area of each sample was 100 cm?,

The obtained results were corrected to 1atm of oxygen
partial pressure gradient between the two surfaces of the
film, since this gradient corresponds to the driving force for
permeation of the oxygen through the film.

Although the rate of oxygen permeability is characteristic
of the film, the permeability coefficient was used, which char-
acterizes the composite to minimize the effect of variation in
thickness of the samples in the comparison.

The material was processed in a twin screw extruder,
but the speed of 250 rpm did not allow adequate shear and
distribution of the clay particles.

Once TPO, was determined, the oxygen permeability

coefficient (¥) was calculated from the permeability rate as
follows:

~ TPO,-e
p=—3—, (8)
P
where Q is oxygen permeability coefficient (mL

(STP)-um:m~? day ' atm™); TPO, is oxygen permeability
rate (mL (STP) m™2day™'); e is average thickness of the
samples (um); p is partial pressure of oxygen in the
permeating gas chamber of the diffusion cell, because the
partial pressure of O, in the carrier gas chamber is void.

The results of the oxygen permeability coefficient are
presented in Table 3.

Table 3 shows that the sample with nanoclay Cloisite
15A has lower oxygen permeability coefficient, confirming
the manufacturer’s recommendation that indicates Cloisite 15
compatibilized with maleic acid for polyethylene due to the
hydrophobicity of the polymer.
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4, Conclusions

It is estimated that a fourth layer of carbon fiber will meet
the requirements of ISO 11439:2013, supporting pressure of
495bar for hydrostatic testing, maintaining the advantage in
relation to the weight as calculated by linear regression and
(#-1).

It was found that, in 80% (eighty percent) of the reser-
voirs, the fracture of the liner, regardless of the number of
layers, occurred in the region near the tops, due to lower
wall thickness resulting from the manufacturing process by
rotational molding, corrections being required in the project,
change of materials and better control in the process to
increase the strength of the liner.

Despite the difference in format between the reservoir
in development and the one presented by Velosa et al. [14],
there are similarities in the location of fractures resulting
from hydrostatic test and the ones found in the simulation
that indicated fractures near the tops, the region of highest
stress.

In the case of reservoir in development, the region close
to the tops has the lowest wall thickness, according to the
measurements performed in the liner, requiring adjustments
to the project to increase the mechanical strength of the liner
in the hydrostatic test.

To increase the mechanical strength of liner and reduce
the nominal wall thickness from 10 mm to 7 mm, maximum
thickness allowed by rotational molding, we sought new
materials with rotomolded and injection molded samples.

The injected samples have higher tensile strength than the
rotomolded ones, and the addition of nanoclay increases the
tensile strength and the nanoclay Cloisite 30B shows better
results than the Brazilian one due to the smaller particle size.

The low results obtained in the rotomolded test bodies
with nanoclays are due to processing in a single screw
extruder which did not allow adequate shear and distribution
of the clay particles, unlike the test samples that were injected
at better processing conditions.

Despite the XLPE obtaining the best result in the injected
test samples, it showed the worst result as rotomolded sam-
ples, being discarded from the process for being permeable to
oxygen and, by extension, to methane.

The qualitative method of selection through tensile test
to evaluate the mechanical strength of the samples is justified
by the application of the von Mises criterion for the flow of
an ideally plastic material in a triaxial stress state, adapted to
the uniaxial stress state, according to Walters.

The gas permeability is also an essential requirement
for the selection of a material for the production of CNG
reservoirs, but as it was not feasible to perform testing with
methane, the main component of the CNG, we used oxygen
which is compatible with it in terms of molecular diameter
and polarity.

The high permeability shown by the rotomolded samples
with nanoclays is due to processing in a single screw extruder
which did not permit good distribution and adequate shear-
ing of the clay particles, demonstrated by the results of
permeability which increased with the addition of clay.



Journal of Nanomaterials

The value of the permeability of the blends of polyethy-
lene with nanoclay Cloisite 30B reached the limit of scale
equipment, because the smaller the particle is, the greater the
tendency it has to be grouped, facilitating the gas passages.

As for the film, the permeability coefficient was used,
which characterizes the composite in order to minimize the
effect of thickness variation in the comparison of the samples.
The permeability coefficient characterizes the barrier of
homogeneous materials, not being entirely accurate in this
case.

The material was processed in a twin screw extruder,
but the speed of 250 rpm did not allow adequate shear and
distribution of the clay particles, preventing the samples from
becoming homogeneous.

From the data obtained it appears that the sample with
nanoclay Cloisite 15A has lower coefficient of oxygen perme-
ability.

As the pressure of the CNG reservoirs is 220 times greater
than the gas permeability test performed, the values tend to
increase significantly for methane reservoirs.

It was shown that it is possible to halve the volume of
vehicular CNG reservoirs, maintaining autonomy equivalent
to liquid fuels, by increasing the storage pressure to 636 bar,
resulting in a hydrostatic test pressure of 1,431 bar according
to ISO 11439:2013, 18 layers of composite to be supported, as
calculated according to Formula (%-1).

Therefore, the use of the reservoir in development is a
viable alternative for vehicles fueled by CNG for it reduces the
inertload, linking fuel saving to increased enginelife, besides
adding ecological and economic benefits to society; as well as
optimizing the useful volume of the trunk by providing new
formats of fuel reservoir to meet the growing range of models
due to the internationalization of the car market.
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Abstract

Gas permeability in homogeneous semipermeable materials such as semicrystalline polymers is an inherent property of the
material structure that results in the absorption of fluids from diffusion in their matrix. The ability of a gas to cross a semi-
permeable membrane more or less quickly is the object of research in various fields such as food and drug packaging indus-
try, the chemical industry, and oil and natural gas explorations. In crude oil extraction, polymers minimize permeation and
leakage in offshore hoses when materials are in contact with gases at high pressures and temperatures, preventing accidents
with serious environmental and human impacts. As information regarding the transport coefficients of gases under extreme
conditions is scarce in the literature, it was necessary to experimentally build and validate a device capable of providing
reliable data on these properties. Thus, the aim of this paper is to describe a medium pressure gas permeameter in polymer
nanocomposite plates, developed by the authors and sought to be validated with nitrogen at 1 MPa and 69 °C (342.15 K)
in samples of high-density polyethylene both pure and with nanoclay, forming a polymer nanocomposite, considering the
methods of obtaining the transport coefficients studied in the literature review of the standardized experimental techniques.
The comparison of the results obtained with the data found in the literature suggests the validity of the equipment in pres-
entation for the analysis of the gas permeability of different polymeric materials.

Keywords Gas permeability - Permeameter - Nanoclay - Polyethylene - Nitrogen

Introduction allow their increasing use in the automotive, packaging,
medicine and oil and gas industries. In offshore oil explora-

Although one of the first papers on gas transport phenom-  tion, in the case of flexible crude oil transport raisers, the
ena in polymers was written in 1866 [1], there is still today =~ polymer comes into contact with gases at high pressures
a need to research and to know the effects of the interac-  and temperatures, present in the petroleum flow, and bub-
tion between the molecules of a gas under pressure with  bles may form in the inner sheaths of the piping due to the
a specific polymeric matrix, aiming to obtain more realiss  permeation of gases such as carbon dioxide, which can
tic permeability simulations, in particular for asphyxiating  cause explosive decompression due to gas phase changes
gases, such as nitrogen [2], argon [3] and toxic gases such in the face of a sudden pressure reduction, from supercriti-
as ammonia [4] and chlorine [5]. cal to gaseous state in addition to the corrosion of metallic
Polymers have advantages over other materials such as  reinforcements by gaseous action, requiring knowledge of
low density, flexibility and good chemical resistance, which  transport phenomena at high pressures in thick layers [6],
which is scarce in the literature [7, 8]. Thus, it is necessary
to expand the research of transport phenomena in commod-
B2 Gilberto Joao Pavani ity polymers, allowing their application in a more reliable

gilberto.pavani@restinga.ifrs.cdubr and safe manner.

The permeation of a gas into a polymeric material can
be divided into three stages: (1) absorption of the gas mol-
ecules on the side subjected to the highest pressure, (ii)

! Instituto Federul do Rio Grande do Sul, Porto Alegre, Brasil
2 Universidade Federal de Santa Maria, Santa Maria, Brasil

Programa de Pés-Graduagao em Engenharia de Minas, gas diffusion within the polymer matrix and (iii) gas des-
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corresponds to the gas flow through the material, requir-
ing ex perimental techniques to more precisely determine
the permeability coefficient in each polymer for different
temperatures and pressures [9].

Seeing as gas permeation involves the diffusion of mol-
ecules through a semipermeable membrane that allows the
permeant to pass from the high concentration zone to the
low concentration zone through the material interface,
so the permeant molecules are absorbed and desorbed,
allowing the permeability of the specific material under
certain pressure and temperature conditions to be quanti-
fied through experimental methods.

To determine the gas permeability of different poly-
meric materials under conditions of high temperature and
pressure such as those encountered in offshore crude oil
extraction, the permeameter in the presentation was built,
with its testing methodology being defined by ASTM
D1434-82 (2015) el, providing quantitative estimates for
the permeation of individual pure gases across films and
membranes.

Assuming a constant pressure differential that allows
stable gas flow through a semipermeable membrane, the
permeability coefficient is calculated by Eq. 1, where P is
the permeability coefficient [cm® (STPVcm s MPa), Q is
the amount of gas that permeated the membrane, [ is the
membrane thickness, 7 is the time of the experiment, A is
the membrane area and p is the gas pressure upstream of the
membrane [8].

s 21

s m

When a gas under pressure comes into contact with
the face of a semipermeable membrane, before it reaches
a steady state, the flow and concentration of the gas vary
overtime at all points of the membrane, with the amount of
gas permeating the membrane during time 7 being defined by
Fick’s second law [10] and the point where the line intersects
the axis being defined by Eq. 2, where 8 is called the time
lag [11] and D is the diffusion coefficient.

4

025

The solubility coefficient S [cm? (STP¥cm® MPa] is cal-
culated by Eq. 3:

P66
2

(2)

§= 3)

Since the commercial equipment employed to evaluate
gas permeability has a high cost, it is difficult to obtain for
use in academic and industrial laboratories. The goal of this
work was to build a low-cost medium pressure, gas per-
meameter with results validated by the literature, allowing

EBPPI & springe
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its use on semipermeable materials such as polymers, poly-
mer nanocomposites, blends and recycled thermoplastics.

Experimental

A low-cost permeameter was developed to determine the
transport coefficients of gases in polymers and other semi-
permeable materials at medium pressures, adopting the volu-
metric procedure according to ASTM D 1434-82 (2015) el.

In this procedure, the lowest pressure in the permeation
chamber was kept close to the atmospheric pressure and gas
passage through the semipermeable membrane was indicated
by the reduction of water level in the interior of a sealed
pipette in which the volume of displaced water was equal
to the volume of permeated gas. The search for validation
was performed with nitrogen available in high-pressure bot-
tles with pressure reduced to 1 MPa (manometric pressure)
and temperatures of 69 °C (342.15 K) on pure high-density
polyethylene (HDPE) and HDPE with added nanoclay speci-
mens, constituting a polymer nanocomposite with better gas
barrier properties [12-14].

Materials

In the construction of the permeameter in presentation and in
the tests for its validation, the following materials were used:

(a) Nitrogen (N,)—CAS 7727-37-9 [15] commercially
pure in 10 m® bottles at 21.1 °C and 1 atm (0.1 MPa)
under 200 bar (20 MPa) nominal pressure, supplied by
Air Liquide Brasil Company. Nitrogen was also used for
safety reasons as an inert, colorless and odorless gas with
low water solubility [16].

(b) V8 Brasil pressure regulating valve for atmospheric
gases, regulated between 0-25 kgf/cm? (low pressure) and
0-350 kgf/cm? (high pressure), calibrated by the manu-
facturer according to ABNT NBR 14105-1: 2013, with
an inlet pressure of 200 bar (20 MPa) and outlet pressure
of 10 bar (1 MPa).

(c) SCAI line pressure gauge, scale 0-60 kgﬂcmz—C]ass
B, calibrated by the manufacturer according to ABNT
NBR 14105-1: 2013, allowing the verification of the low-
pressure line pressure.

(d) 10 mL graduated glass pipette, heat-sealed at the
upper end.

(e) HVAC (heating, ventilating and air conditioning) flex-
ible copper tubing with a nominal diameter of 6.35 mm, a
thickness of 0.79 mm and a maximum working pressure
of 1649 PSI (11.4 MPa), produced by company Paranap-
anema in Brazil [17].

(f) 5052F naval aluminum used in the permeameter’s
pressure chamber, because of the good compromise
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between mechanical strength, fatigue resistance and cor-
rosion resistance [18] of material, supplied by company
Maxfer in Brazil [19].

The samples were made from high-density polyethyl-
ene, some pure and some with added nanoclay, both with
50 mm diameter and 0.6 mm thickness, being tested by
optical microscope for production failures before being
placed in the pressure chamber. High-density polyethylene
(HDPE) has a density of 0.954 g/cm’, according to stand-
ard ASTM D1505, melt mass-flow rate of 0.29 g/10 min
(190 °C/2.16 kg), according to standard ASTM D 1238, and
being manufactured by the Dow Chemical Company with
the commercial name of HDPE 35054L [20]. Nanoclay is an
organophilic phyllosilicate being used at 5% (wt) in order to
improve the barrier properties of HDPE. The nanoclay com-
mercial name is Cloisite 20A, with a bulk density of 350 kg/
m’, density (20 °C) of 1.80 g/lem’, particle size D50 < 10 pm,
moisture content < 2.5% and lamellar spacing (XRD, d001)
of 2.7 nm [21].

However, adding nanoclay to the polymer as if it were
filler [22], such as in the case of wood-plastic composites
[23] would not be enough. That is because the main objec-
tive of adding of nanoclays to polymers forming nanocom-
posites is improving the polymers barrier properties, as it
increases the permeant's tortuous path, with reductions of
50-500 times to gas permeability through polymeric films
being reported, even with small quantities of nanoclay [24].

Equipment

According to standard ASTM D 1434, gas transmission rate
(GTR) is the quantity of a given gas passing through a unit
of the parallel surfaces of a plastic film in unitary time,
being affected by test conditions such as temperature and
pressures, as well as by the difference of gas concentration
upstream and downstream of the sample. GTR can be quan-
tified by permeameters as follows:

® In the isobaric test, the gas being tested stays on one side
of the sample, while the carrier gas stays on the other

Flg.1 Permecameter schematic
diagram

side, both under the same pressure, usually the atmos-
pheric pressure. Motive power is the partial pressure of
the gas being tested or the concentration difference in
the film. The continuous flow of the carrier gas takes the
molecules of the permeated test gas to a quantification
sensor. The most used standards in these test are ASTM
D3985 and ASTM F1249;

In the differential pressure test, also called the manomet-
ric method, one side of the sample is submitted to the
test gas flow while the other side is usually evacuated.
The permeation of the gas through the film is propelled
by this difference in pressure, being determined by the
change of pressure on the lowest pressure side. The most
used standard in this test is ASTM D 1434,

The present permeameter, whose schematic diagram is
shown in Fig. 1, consists of the following elements:
a) Gas supply system: nitrogen (N,) under manometric
pressure of 10 bar (1 MPa), being able to operate with
other atmospheric gases.
Pressure chamber: metallic circular body for horizontal
positioning of the specimen, allowing the entry of gas
at high pressure and its outlet at low pressure after per-
meating the sample with closing by 8 (eight) hexagon
bolts M8 with nut and plain steel washer.
Specimen: each sample is individually positioned in the
permeation chamber, being sealed with an O-ring.
Sealing system: O-ring to prevent gas leakage during
the permeability test, manufactured in fluoroelastomer
(Viton®), 70 Shore A, which presents good mechanical
properties compared to other elastomers, even in high
temperatures [25]. Before each experiment, a hermetic-
ity test of the system is done under the same pressure
and temperature of the experiment, during 24 h, to inves-
tigate leaks.
Temperature control system: digital thermostat that
allows adjustment and reading of the test temperature.
Data recording system: the gas permeated by the test
specimen accumulates in a pipette with the underside
(open) immersed in distilled water, whose level gradu-

b)

c)

d)

e)
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ally decreases with the inlet of gas, allowing its periodic
monitoring.

Where:

Gas supply system;

High pressure gauge:

Pressure regulating valve;

Low pressure gauge;

Line pressure gauge:

Copper tubing;

NPT threaded ball valve;

. Pressure chamber;

Sample;

Flexible polyurethane hose with an outside diameter of
4.0 mm and an inside diameter of 3.0 mm (low pres-
sure);

. Pipette (volumetric meter of the permeated gas for sam-
ples);

Distilled water recipient

SEZOmMmOUO® >

Fig.2 Pressure chamber open
(@) and closed with copper
tubing (b)

Fig.3 Pressure chamber top
view (@) and sample with
O-ring (b)
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The presented permeameter was built based on ASTM
D1434-82 (2015) el which indicated the use of mercury, but
seeing as Brazil is a signatory to the Minamata Convention
on Mercury [26, 27] aiming to control the use and releases of
mercury until its industrial use is eliminated, using distilled
water, eliminating the risk of personal and environmental
contamination with mercury.

The pressure chamber was screwed to allow quick
replacement of the specimens, without interfering with
their mechanical properties, since the applied tensile stress
was absorbed entirely by the screw according to ISO 898-1:
2013.

The permeameter had 5 independent pressure chambers,
as shown in Fig. 2, allowing to test 5 samples simultane-
ously, i.e. each sample mounted in its chamber, forming a
semipermeable barrier between the high and low-pressure
areas.

The sample was positioned in the pressure chamber,
sealed with an O-ring (Fig. 3), bolted and leak tested, includ-
ing the gas pipe fittings.
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Figure 4 summarizes the operation of the presented per
meameter by showing the gas supply, comprised of an indus-
trial gas bottle with a pressure regulating valve (Fig. 4a),
which generated a high-pressure gas flow downstream of the
membrane until it was permeated upstream of the membrane
at low pressure and left the pressure chamber (Fig. 4b),
being conducted to the data recording system comprised of
the graduated pipette (Fig. 4c) that allowed the individual
measurement of the gas permeated by each membrane by
counting the markings on the pipette every 12 h.

Operating procedure

The search for the validation of the equipment was per-
formed with nitrogen (N,), with test pressure set at 10 bar
(1 MPa) and temperatures of 69 °C (342.15 K), in pure
high-density polyethylene samples (HDPE) and samples
with nanoclay.

Samples with a diameter of 50 mm and a thickness of
0.6 mm were produced from pure HDPE pellets previously
dehumidified at 60 °C (333.15 K) for 4 h and molded in a
hydraulic press heated to 180 °C (453.15 K) with a pressure
of 0.3 MPa for 5 min. The samples were cooled to room
temperature in the press under pressure and demolded. After
demolding, the thickness of each sample was checked with a
0-25 mm Mitutoyo digital external micrometer, and optical
microscopy analysis for faults was done.

The diffusion area was considered as the polymer surface
in contact with the gas that was only the hollow area of the
disc, discounting the area in contact with the O-ring.

The nanoclay samples were analyzed by scanning elec-
tron microscopy (SEM) to evaluate the homogeneity of
their surface dispersion, using the Phenom ProX benchtop
equipment. Figure 5 shows the image of a surface region
of a sample with a cluster of Closite 20A nanoclay in the
polymer nanocomposites showing the formation of a nano-
clay cluster (circle), indicating a failure in its distribution.

Flg.5 Microscopic image of a Cloisite 20A nanoclay cluster

The pressure chambers were placed in an electric oven at
69 °C (342.15 K), in accordance with Flaconnéche [7].

Before the experiment was carried out, leakage tests
were done in the pressure chambers with a 5052F naval
aluminum blind cover, with the same dimensions as the
sample, following the guidelines of the standard ABNT
NBR 15571: 2013.

To ensure the adequate torque in the tightening of the
screws of the pressure chambers, and to prevent leaks and
damages to the O-rings, a torque of 28 Nm was applied
to each screw being verified with a ¥2” click-style torque
wrench from 28 to 210 Nm (+ 5%), Fortg brand, manu-
factured in China.

To guarantee the adequate operational conditions a dif-
ferential scanning calorimetry (DSC) analysis was done
to verify the crystallinity of the sample considering the
changes that happened to the microstructure of the poly-
mer (HDPE) due to the thermal history resulting from the
necessary process to obtain the samples. The result of the
DSC analysis is shown in Fig. 3, applying to Eq. 4 the
heat of fusion (enthalpy) of the first heating (AHf), that
is, 196.4 J/g, according to calculations with the Universal
V4.5A software by TA Instruments [28].

Applying the equation [29]:

Flg.4 Permcameter: gas supply (@), pressure chamber (b) and data record (C)
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Table1 Polymers characteristics before permeation tests

Polymer p(dcms) Ty (8) AHf(lg) Xc(%) @a
Flaconnéche® 0.943 136 193 66 037
Sample 0954°  13096° 196.4° 6% 037"

Polymer handbook! 0.954

*Tablk 2 in Flaconnéche B, Martin J, Klopffer MH (2001) Permeabil-
ity, diffusion and solubility of gascs in polyethylene, polyamide 11
and poly (vinylidene fluoride). Oil Gas Sci Technol 56: 261-278
PAccording to standard ASTM D 1505

©According differential scanning calorimetry (DSC)

dCalculated in according Eq. 1

“Calculated in according Eq. 3 in Flaconnéche B, Martin J, Klopffer
MH (2001) Permeability, diffusion and solubility of gases in polyeth-
ylene, polyamide 11 and poly (vinylidenc fluoride). Oil Gas Sci Tech-
nol 56: 261-278

Brandrup J, Immergut EH, Grulke EA (2003) Polymer handbook,
4th edn

Xc = (AHf/AHfo) x 100

Xc=(196.4/286.18)x 100 =67%

Where:

AHf [Heat of fusion of the sample]=196.4 J/g.

AHfo [Heat of fusion of the hypothetically 100% crystal-
line polymer] =293 J/g.

Seeing as the sample presents characteristics close to
those shown in Table 2 of Flaconnéche [7] which presents
the test conditions explicitly, according to Table 1, allowing
greater assertiveness in the replication of the experiment,
there is a possibility for the comparison of the obtained
results to those presented by the referred author, as seen in
Table 2. The data referring to the Polymer Handbook [30]
serve as a point of comparison between the presented values.

)

0.25

0.20

0.15

0.10

Amocunt of gas (107 mol)

0.05

1]

0.co

0 12 24 36

Fig.6 Graph of nitrogen permeation results
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Results

To determine the value of the permeability coefficient, the
samples of pure HDPE were placed in contact with nitrogen
(N,) for 48 h (2 days), time required to permeate 5 mL of the
gas, as shown in Fig. 6. However, the samples of polymer
nanocomposites that were placed in contact with nitrogen
(N,) for 48 h (2 days) permeated 2 mL.

In this search for the validation of the equipment with
the values found in the literature, the permeability coeffi-
cient (P) and solubility coefficient (§) of the samples was
calculated by Eqgs. 1 and 3, whose results can be observed in
Table 2 for the pure HDPE samples, while Table 3 presents
the comparison between the values predicted by Teplyakov
[31] and experimental data of the coefficient of diffusion and
solubility for the same samples.

Measurements were started after the steady state with
constant gas transmission rate was reached and the val-
ves shown in Table 2 represent the arithmetic mean of the
measurements made at the water level of each pipette, with
a standard deviation of 10% due to the use of graduated
pipettes, for 10 samples of pure HDPE aiming to reduce the
experimental uncertainties originating from factors such as
the measuring interval and the parallax effect on the reading
of the pipettes.

For N, permeated pure HDPE samples, the calcu-
lated value of P is 1.40% 1077 cm?® (STP)cm s MPa, D is
8.3% 1077 cm?/s and § is 0.17 cm*(STPYcm® MPa while for
the polymer nanocomposite samples the calculated value of
Pis 0.55% 107 cm*(STP)/cm s MPa, D is 1.7x 1077 cm?s
and S is 0.33 cm*(STP ¥cm® MPa.

The results of the pure HDPE samples are coherent
with Flaconnéche [7], seeing as the difference of values
is probably due to the use of samples with the thickness
(I) of 0.6 mm and pressure (P) of 1 MPa lower than those

Table 2 Transport cocfficients of nitrogen in pure HDPE samples

Polymer ®a T P D S
(cy (107 (107 cm¥s) (cm’(STPY
cm’(STPY cm*MPa)
cm-s-MPa)
Flaconnéche® 037 69 1 12 0.09
Sample 037 69 14 8.3 0.17
Polymer 25 1.1 7.56 0.138
handbook”

*Tabk 6 in Flaconnéche B, Martin J, Klopffer MH (2001) Permeabil-
ity, diffusion and solubility of gases in polyethylene, polyamide 11
and poly (vinylidene fluoride). Oil Gas Sci Technol 56: 261-278
"Brandrup J, Immergut EH, Grulke EA (2003) Polymer handbook,
4th edn
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Table3 Comparison between Teplyakov® Flaconnéche® Sample Pol. Handbook®
expected and experimental
values of the diffusion and Ges K, K, log0 D logD D lgD D logD
solubility cocfficients

N, -871 025 —-873 12E-07 -5.92 83E-07 —-6.07 7.56E-07 -6.12

K, and K, to PE (p=0.914 glem®)—Tabl 2—Teplyakov®
Def=0.304 nm to N, (T < Tg)—Table 1—Teplyakov®

D—Equagio 1—Teplyakov®

*Teplyakov V, Meares P (1990) Correlation aspects of the sclective gas permeabilitics of polymeric materi-
als and membrancs. Gas Sep Punif 4:66-74

"Table 6 in Flaconnéche B, Martin J, Klopffer MH (2001) Permeability, diffusion and solubility of gases in
polyethylkene, polyamide 11 and poly (vinylidene fluoride). Oil Gas Sci Technol 56: 261-278

“Brandrup J, Immergut EH, Grulke EA (2003) Polymer handbook, 4th edn

indicated by Flaconngche, whose thickness and pressure are,
respectively, /=2.08 mm and P= 10 MPa.

The presented equations do not allow quantifying the influ-
ence of the thickness and pressure used in the experiment over
the value of P shown in Table 2. The method of estimating
coefficients of diffusion (D) was proposed by Teplyakov [31]
whose values were calculated with Eq. 5 and presented in
Tablke 3.
log D = K, —K2.d§f (5)

Where D (m?s) is the coefficient of diffusion, K, and K,
are the correlation coefficients for the estimation of gas-per-
meability parameters of polymers at 298 K and d,; (nm) is the
effective molecular diameter of the permeating gas.

Table 3 shows that the coefficient of diffusion (D) of N,
in the sample is within the error band of + 30%, a prediction
considered acceptable by Teplyakov [31], being close to those
of Flaconngche [7] and Polymer Handbook [30] indicating that
despite the discrepancies present in the data, the permeameter
presented in the paper at hand is valid, allowing the estimation
of gas permeability in polymers in the laboratories of schools
and small companies.

The results also differ from other authors such as Yasuda
[32],Zhu [33] and Mark [34] due to factors related to test con-
ditions such as the test temperature, which affects the mobility
of the polymeric chains and of the permeating gas, influenc-
ing the permeability coefficient [35] and the density of the
polymer, which influences the free volume through which the
gas can permeate in semicrystalline polymers [36], the units
employed, which affect the representation of numerical values;
and imprecisions inherent to the testing method and to the
equipment used in the experiment.

Samples with Closite 20A nanoclay presented barrier prop-
erties bottom to those indicated in literature [24, 37-39] due
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to the formation of dispersed clusters on the surface of the
samples with nanoclay, as shown in Fig. 5.

Discussion

Although the experiment achieves its goal, testing with only
one atmospheric gas (N;) at medium pressure and at certain
temperatures represents a small portion of HDPE applica-
tions, as flexible hydrocarbon pipes can work at pressures
up to 100 MPa and temperatures above 100 °C (373.15 K),
with polymer layers up to 6 mm thick in the presence of
gases such as CH,, CO, or H,S, for example.

The current permeameter configuration allows testing
at pressures from 0.1 to 2 MPa and temperatures between
20 °C (293.15 K) and 100 °C (373.15 K), but the use of
more expensive building materials such as stainless steel
will allow testing at higher pressures and temperatures, as
well as any atmospheric gas such as CO,, O,, He and CH,.

To test the permeability of gases at higher pressures or
chemically aggressive gases, the permeameter pressure
chamber, piping, fittings and valves in contact with the per-
meant would need to be constructed from AISI 316L stain-
less steel due to its esistance to corrosive atmospheres [40].
Samples could be made of any semipermeable material, but
HDPE was used to validate the equipment as it is one of the
most widely used polymers in the industry in general.

Although fluoroelastomer (Viton®) is an excellent elas-
tomer for use in high-temperature applications also exhibits
elevated chemical resistance and is the most used elasto-
meric material for sealing [41], the project of seals with
elastomeric rings depends on factors such as operational
conditions, the geometry of the part in which it will be
installed and sealing material [42], the extrusion of the

ERIPPL @ springer
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sealing element being one of the main causes of leaks due
to excessive gaps, high axial load and the usage of low hard-
ness material, making the sealing system a source of leaks of
difficult measurement during the operation of the equipment.

The impossibility laboratory validation of the results led
to seeking validation through literature such as Flaconneche
[7, 8], which suggests the validity of the equipment in pres-
entation for polymers and polymer nanocomposites.

The permeameter being presented will also allow the
verification of the permeability in blends and recycled poly-
mers, which generally have additives such as plasticizers that
tend to alter the polymer gas permeation [35], phenomena
which have scarce information concerning them in literature.

Conclusion

The comparison of the results obtained with the data found
in the literature suggests the validity of the medium pressure
gas permeameter, indicating that the presented equipment
can contribute to a better understanding of the gas transport
phenomena in different polymers, as well as in the gas-pol-
ymer interactions in regard to its mechanical resistance and
long-term chemical stability.

The permeameter being presented can be utilized to quali-
tatively indicate the gas permeability of different materials,
showing the difference in its permeability coefficient (P),
as well as to indicate if the use of certain additives such as
colorants or plasticizers caused changes to the permeability
of the polymer, suggesting whether the product presents dif-
ferences in relation to the standard as well as indicating if
the adequate distribution or exfoliation were present in the
case of the addition of nanoclays considering the reduction
of the gas permeability of the sample.

The presented permeameter will allow obtaining compar-
ative experimental data that will assist in the production of
new polymeric components, the quantification of the influ-
ence of parameters such as temperature and pressure that are
closer to oil exploration reality on the transport coefficients
and the performance of experiments with gases because off-
shore flexible pipes are generally subject to gas mixtures
consisting mainly of methane, carbon dioxide and hydrogen
sulfide, for example.

The low-cost equipment, its flexibility in using differ-
ent combinations of polymers and gases, as well as its ease
of operation are the main advantages of the presented per
meameter, allowing its use in school laboratories or small
production companies that need to check the permeability
of their polymeric products.

The presented permeameter allows the acquisition of
experimental data necessary for the design, development
and testing of polymeric products such as the quantification

EBIPPI @ Springer
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of the influence of parameters such as pressure and tempera-
ture on the transport coefficients of pure gases and gas mix-
tures in polymers, blends, recycled polymers and polymeric
nanocomposites even in conditions closer to the reality of
the oil industry, as this information is scarcely available in
the literature.
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Abstract

Information on the gas transport coefficents in the permeation of homogeneous semipermeable matenals such as sem-
iarystaline polymers under extreme pressures and temperatures is rarely found in the terature. Therefore, the objective
of this wark is to showcase innovation regarding the accuracy and usability of the medium pressure and temperature gas
permeameter sustable for polymeric and polymernic nanocompasite plates built by the authors, which was tested with
nitrogen at 1 MPa and 65 "C {342.15 K) permeating pure hagh density polyethylene samples (HDPE) and HDPE samples
with added nanaclay, redoing the tests published in a previous work on the subject. The results were compared against
data obtamned previously and information present in the iterature, validating the permeameter presented in thas work,
which is capable of analyzing gas parmeability under the described conditions with greater accuracy and ease of opera-
tion than the previous model for the values of the transport coeficents of nitrogen permeating MDPE, demanstrating
that the implemented impravemnents and advances were adequate, allowing the measurement of the transport prop-
erties of gases permeating polymeric and nanocomposite plates, necessary information for the design of risers for the
transportation of oil and natural gas, for example.

Article highlights with results vaiidated by literature, permitting its use
on semipermeable materials and presenting improve-
ments and advances in relation to the model presented
n previous work.

¢ The permeameter was validated with nitrogen on pure
high density polyethylene (HDPE) samples and with
HDPE samples with nanoclay, determining the trans-
port coefficient of nitrogen in MDPE with greater accu-
racy than the previcus model.

¢ Information an gas transport coefficients under
extreme pressure and temperature conditions, such
as oil and gas prospecting, is still rare in the Iterature,
making it necessary to construct and validate a per-
meameter adequate to provide valid information about
these properties.

¢ The equipment in the presentation is a low-cost
medism-pressure and temperature gas permeameter

Keywords Gas permeability - Polyethylene - Nanocomposite - Permeameter - Innovation
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1 Introduction

The study of gas transport phenomens needs to be
deepened to allow for greater understanding of the
interactions between the molecules of a gas under pres-
sure and a certain temperature for a particular pokymer,
especially for industrial gases such as nitrogen [1] and
carbon dioxide [2] and toxic gases such as methaine [3]
and hydmogen sulfide [4], commmonly found in the extrac-
tion of oil and natural gas [5], the storsge and tramspaor-
tation of which in polymeric contamners has been dis-
cussed in preceding worls [&, 7]

The transportation and storage of induwstrial gases at
high pressure generally coours in metallic cylinders and
gas tanks [B], but these containers are heavy and dif-
ficult for workers to handle, causing the occumence of
opooupational accidents and wark-related illnesses that
could be redwced with their replacement by polymeric
congeners, such as the CHG-4 wehicular natural gas res-
ervairs defined by 150 11439 2013,

The properties inherent to polymers [9=11] justify
their growing use, demanding greater knowledge of
transport phenomena at high pressures and tempera-
tures for polymers with thick layers to avoid these isswes
[12], which is rare in the literature [13, 14]. In the padk-
aging industry, for example, gasecus permeability lim-
its. the shelf life of foods, mainly in Meals Ready to Eat
[MRE}, which must be stored for up to 3 (three] years for
military use [15] and wp to § (five] years for use in space
missions [16].

With the intent of determining the gas permeabil-
ity of distinct polymeric materials under conditions of
pressure and temperature similar to those found in ail
and gas extraction operations, the current maoded of the
permeameter was manufactured in compliance with the
ASTM D1434-82 (2015) &1 standard, which determines
guantitative attributes for the permeation of pue gases
through membranes of varying thicknesses.

#s commercially available permeameter models
[17-15] used in permeability tests have a high cost, the
phjectree of this study was to build a new model of a
low-cost medium pressure and temperature gas per-
meameter, permitting its use on semipermeabls maberi-
als like polymeers and polymer nanoccomposites, present-
ing advancemsents in accuracy and operability in relation
o the equipment presented in a previows work [20]

The precision of the current equipment is acceptable
in gualitative tenms, i.e., indicating the gas permeability
of semipermeable matenials, and revealing the difference
in the permeability coefficients between pure palymer
samples and the polymer samiples with nanoday, as well
as in quantitative terms, 25 shows Table 2 presented below
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Thie permeameter in presentation allows the determi-
nation of gas transpart coefficients at low and medium
pressures in semipermeable materials, using the volumet-
ric procedwre accarding to ASTM D434, and has some
advantages over a commercial permeameter, such as low
cost and flexibility in the wse of varous combanations of

gases and polymers or other semipermeabls materials.

2 Materials and methods

The cumrent eguipment was designed to maore acourate by
determine the gas transpart coefficients in polymers and
polymer comiposites st medum pressures and temperna-
tures, adopting the wolumetric proceduwre in acoordance
with ASTM DA434—82 (2015] 21, in which the gas pas-
sage throwgh the sample is shown by the reduction of the
water level inside a sealed pipette, that i, the volume of
displaced water corresponds to the volume of permeated
gas.

The validation experament was performed with nitra-
gen, with pressure lowered to 1 MPa (manometric pres-
sure] and a temperature of 69 °C, on pure high density
polyethylene HDPE)] samples and HOPE samples with
nancclay, forming & polymer nanocompesite with better
gas barrier properties [21-21] replicating the test condi-
tions of the experment presented in a previous work [20].

2.1 Milized materials

Az in the previous work, the following materials were used
for the manufacturing and validation of the current mode|

of the penmeameter:

1. Commesrcially pure nitrogen (M) in bottles at 21.1 °C
and 1 atm {1 MPa) under 200 bar (20 MPa) nominal
pressure, chosen due to safety restrictions [24], sup-
plied by the Coosul company from Brazil;

Pressure regulsting valve for gases with inlet pres-
sure of 300 bar (20 MPa) and cutlet pressure of 10 bar
[1 MPa), produced by company VE Brasil from Brazil;
Line pressure gauge, scale 0-&60 kgflom®—(Class B,
allowing the verification of kow ine pressure, produced
by company Metalirgica SCAL from Brazil;

HYAL (heating, ventilating and air conditionang] flewi-
b= copper tubing with a nomanal diameter of &35 mm
and a maximum working pressure of 11.4 MPa, pra-
duced by company Paranapanema from Brazil;

AlS] 318 stainless steel was used in the permestion
chamber because of its high resistance to corrosion,
excellent mechanical properties, resistance to a com-
banation of higher temperatunes and higher pressures,



SN Appliad Soences (2022) 4:300

httpsy//doiceg/ 1 0.1007 /54245 2-022-05190-x

Besearch Article

weldabiity and excellent stabifity against acds [25]
supplied by company Maxfer from Brazil;

A 10 ml graduated glass pipette which was heat-sealed
at the upper end, produced by company Laborglas
from Brazil

2.2 Equipment description

The current permeameter measures the quantity of gas
passing through a unit of the parallel surface of a mem-
brane in a unit of time through the differential pressure
test, known as the manometric method, where one side
of the membrane & submitted to the test gas flow while
the other side is evacuated.

The permeation of the gas through the sample is
stimulated by this pressure difference, with its rate being
defined by the pressure increase in the evacuated side at
a given temperature.

The equspment consists of the following:

Gas supply systemc nitrogen, capable of operating with
different gases;

Permeation chamber: metallic body for the position-
ing of the samples, permitting the entry of the gas at
high pressure and its exit at low pressure after perme-
ating the sample, sealed with Ring Type Joints (RTJ), in
accordance with standasd DIN 11,851, shownin Fig. {;
Sample: each specimen is posttioned in a permeation
chamber, and sealed with a RT);

Sealing system: manufactured in acrylonitnlle butadi-
ene rubber (Buna-N), 70 Shore A, due to its suitable
mechanical and chemical propertses [26], designed by
the author;

Temperature control system: digital thermostat that
permits adjustment and reading of the test tempera-
ture;

Data recording system: the gas permeated in the test-
ing of each sample accumulates in a pipette with the
underside {open) immersed in distlled water, the level
of which gradually decreases as the gas flows in, allow-
ing its periodic monitoring.

Despate the ASTM D1434-82 (2015) e1 standard rec-
ommending the use of mercury, the current permeameter
used water in this experiment because Brazil is a signatory
to the Minamata Corvention on Mercury [27].

The permeation chamber is sealed with a RT) connec-
tion to allow for the quick replacement of the samples, as
the permeameter has 10 (ten} independent permeation
chambers, which can be seen in Fig. ¢, permitting the
testing of up to 10 (ten) samples simultaneously, sealed
and inspected for leaks, including the gas pipe fittings.

Fg.1 Sealing systeen of the pravious ogupment with parmeaation
amber open without a samgie (a), sample with O.ring (b) and
perm0ation chamber of the Curest PONMEMEtdr open with 2 sam-
o and its sealing systee j¢}

The masn change to the permeation chambers, in rela-
tion to the previous wark, is their new format, a new seal-
ing system, and the material with which they were built,
which is AISI 316 stainless steel instead of S052F naval
aluminum, with 10 (ten) chambers instead of 5 (five}, as
shown in Fig 2.

2.3 Operating procedure

The operating procedures were identical to those of the
previous work [20], as we sought to compare the new
results with the data obtained previously and those found
in the literature.

The tests for the validation experiment of the equip-
ment were performed with ntrogen, with the testing pres-
sure set at 10 bar (1 MPa) and a temperature of 69 °C, on
pure high density polyethylene samples (MDPE) and on
HDPE samples with nanocay.

Samples were produced from pellets as described in
the previous work, and the diffusion area was considered
as the only sample surface in contact with the gas, i.e, not
considering the area in contact with the O-ring.
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Fig.2 Permeation Chamber in
naval Aumisium in 10p view
{a), samphe with O-ting (b)

of th previous equipment,
and 100 view of the Darmad
tion chamber of the cumant
permeaenater (¢

Before the experiment, leakage tests are performed in
cach permeation chamber under the same pressure and
temperature of the expeniment with an AIS| 316 stain-
less steed blind coves, with the same dimensions as the
sample.

During the experiment, the permeation chambers
remained in an electric oven at 69 °C in accordance with
Flaconnéche [13)

With the intent of evaluating the homogeneity of the
dispersion of the nanoclay on the surfaces of the samples,
we used scanning electron microscopy (SEM), as describad
in a prewous work [20], whose Fig. 3 showed a cluster of
nanaclay on the surface of the polymeric nanocompos-
ite sample, indicating a failure in its distribution, Le, an
absence of the complete exfaliation of the nanoclay that
would result in a significant reduction of the materal's
permeability.

As in the previous work [20], assuming there is a con-
stant pressure differential that permits steady gas flow
through a sample, the permeability coefficient is obtained
by Eq. 1, where P is the parmeability coefficient (cm® (STPV
om s MPa), Q is the amount of gas that permeated the sam-
ple, | is the sample thickness, t is the time of the test, A is
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Fig.3 SEM image of a Coisite 20A manoclay cluster

the sample area and p is the gas pressure upstream from
the sample [14].
P = ()

The amount of gas permeating the sample during time
tis defined by Fick’s second law [28] and the point where
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the line intersects the axis is obtamned by Eq. 2, whene Bis
the time lag [29] and O is the diffusion coefficient.

B
E-E (2]

3 Results

Ta discower the value of the permeasbdlity coefficient. the
samiples of pure HOPE were placed in contact with nitro-
gen for the time required to permeate 5 mL of the gas.
In this experiment we recorded 46 h (thin line) with a
standard deviation of 2% for 10 {ten) samples, less time
than the previous experiment, which was 48 b [thack lins]
with a standard deviation of 1% for 10 (ten) samples [200
as shaown in Fig. 4.

The samphes of polymer nanocompesites that wene in
contact with nitrogen fior 48 h had a permeation of 2 milL

Table 1 shows that the ssmpls presents charscteristics
similar to the polymer used by Flaconméche [12], allowing
comparison to the results obtained by the referred author.

Table 2 presents the testing conditions and the com-
parison of the results obtained by Flaconnéches [13], with
the results of the current and of the previous experments
[20]. The results referring to the Polymer Mandbook [ 24]
serve as comparison terms for the presented values.

To validate the eguipment using the values presented
in the literature, the permeabdity coefficent (P of the

1z

&= | Time (h)

Tabls 1 Charactenistics of (e polymens blonm peemeation DaEs

Futeitir plghem’} T,MO)  AHT(Mg) Xcied @@
Flaconnicks" oufd3 136 153 B 07
Sample current” ass L Ll o L L F 3

Fodymir hamdook® 0,954

@ Dty o thea olymeay fgy/'cm ], TT Miatieng poien bam posabuse [70),
LHI Erthalpry of fusion |V}, N Dogeed of cryitalkinity [waight frac:
thon} [, D Vokama fraction of the amorphous phada

“Tada Zin[13]

Efdantical 10 pravious work [20]

“Crandard ASTH DI505

Differential Scannieg Calorimetry [0S0 discribad e [10]
*Cabnulated im accoedance with By | [30]

"Caloadanind im acocedance with Eg. 2 [13]

546 Parmsiabal by and Diffution Duta i [30]

Table 2 Trangoest coecionis of miteogen in pure HDPE samplid
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samples was calculated wsing Eq. 1, the result of which
is showen in Table 2 for the pure HDPE ssmiples

Measurements began to be taken after the steady-state
flow with a constant gas transmission rate was attained,
and the valwe shown in Table 2 represents the arithametic
average of the measurement made at the water kevel of
each pipette, with a standard deviation of 10% due to the
tolerance of the graduated pipettes, measwring 10 (ken)
individusl samples of pure HDPE simultaneously, with the
ohjective of reducing experimental uncertainties.

For nitrogen permeatson ini pure HOPE samiples, the cal-
culsted value of P iz 1 3E-07 e [STR)om = MPa, a value
closer ko those found in the literasture than the result
chiained in the previous expernment [3], which is con-
sistent with Flaconnéche [131] The diference in values is
possibly becawse of the use of samples with thicknesses
[{= {18 mm) at pressures {p= 1 MPa) kower than those pre-
sented by Flaconnéche.

The calculated valwe of P for the polymer nanooom-
posite samples with nancclay is equal to 0.55E-07 cm’
[ETP)em s MPa and presented bamrier properties inferior
‘to those presented in the Bterature [31-31] because of the
formation of dispersed dusters of nanoclay on the surface
of these ssmples nat presenting any meandngful differ-
ences inrelation to the previcus experiment [20].

4 Final considerations

Even though the cunrent permeameter determines the
transport coeffickent of nitrogen in HODPE with greater pre-
ciwon than the previously presented squipment [H0], there
is room for further testing with a broader range of different
gases, pressunes and temperatures similar to thase found
ini flenible risers wsed in the exploration of oil and gas, jus-
tifying the construction of the permeation chamber with
A5 316 staindess steel, which presents greater resistance
‘o hydrogen sulphide [34], than the S05.2F naval aluminum
[35] wsed in the previously permeameter model

The current permeameter configuration allows the test-
ing of up to 10 {ben) samples simultaneowsly, allowing for 2
reduction in measurement uncertainty [36] when obtain-
ing the values of the transport coefficients of gases, hawing
greater acouracy than the equipment mentioned previ-
cushy, &5 shown in the Table 2, which had 5 (five) cham-
bers, requiring double the amount of expemments to test
thee same number of samples, inoreasing the risk of errors
inherent to the process.

The use of AT) connections is justified, as the previ-
cus equipment presented problems related to sealing,
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&5 each permeation chamber demanded the tightening
af 8 {eight) sorews: to prevent leaks, totalling B0 [=ighty]
screws per experiment, and reducing its operability.
However, the torgue wrench used to tighten the screws
had a toderance of £ 5%, allowing for tightening dif-
ferences that allowed the formation of micreleaks not
detectable through conventicnal means.

However, the RT) s=aling systemn demands a specific
sealing ring design to allow the gas flow and to sccom-
modate the sample adequately, preventing leaks,
because the design of elastomeric seals depends on fac-
tors such as operating conditions, the sealing material
137] and the shape and dimensions of the piece inwhich
it will be installed.

The results differ from the literature [18-40] becauss
of factors related to testing conditions such as tempera-
ture, which affects the maobility of the polymeric chains
and of the permeating gas, nfluencing the penmeability
coefficient [41], the density of the polymer, which influ-
ences the free volume through which the gas can per-
meate in semicrystalline podymers [42] and impredsions
inherent to the testing methad.

The fact that the results are closer to those of Flacon-
niche [11] and those found in the Polymer Handbook
130] indicates that, despite the differences showni in the
data, the improvements and advances implemented
were meaningful and that the permeameter being pre-
sented is valid

The permeameter allows the measurement of gas per-
meability in semipermeable matenials with thick lagpers,
such as polymers used in risers, & the thinner the Lyer
is, the greater the influsnce of the pores in the meas-
urement of gas permeability. In addition to the intrin-
sic woads originating from their molecular striscture, the
polymers can also present faults known as pores, arigi-
nating from failures during their processing, such as the
inclusion of air, a5 well as defects occwmring during work,
such as fissures due to stress or chemical swelling [43].

In palymeric films, the presence of pores is decisres
when determining gas permeation, as there i a greater
paossibility of the foomation of channels that traverss
through its thickness, but their detection demands
advanced laboratory technigues such as energy-disper-
sive X-ray spectroscopy ([EDS) [44] and positron annihila-
tion lifetime spectrozcopy (PALS) [45].

Haowever, the size of pores in polymenc membranes
can beestimated across equations based on gas perme-
ahbility in laboratory tests [48], in which the wse of per-
meameters can be helpful. Althowgh the permeabaity
coefficient is independent of the thickness of the sample



EH Apple=d Soences (2027 4:300

it pec ooy | 01 007 Fsd 245 2-02 3405 1 802

Research Articlks

for & certain polymer, it can suffer considerable changes
due to the matenial's woid ratio, i.e, if the sampls pre-
sents a permeability coefficent much greater than that
of a thick plate of the same material, under the same
test conditions, there is a possibality that the sample will
show a greater void content than that of the thick plate,
which justifies the increase in the amount of permeated
gas.

The permeameter in presentation has a low pro-
duction cost, approximately €4,850.00 {four thowsand
eight hundred and fifty euros), allowing the determi-
nation of the transport coefficients of gases at low and
medium pressures in plates of semipermeable matern-
als, usineg the valumetnic procedure in accordance with
ASTM D1434, which is a more economical alternative
than other commencially available models of this type
of eguipment with similar purposes, such 25 the Rapid
Helium Permeameter QHV-4 [47], which can cost up to
ES0,000.00 {ninety thowsand euros).

The cumrent permesameter shows improvements and
advances, as it was designed and built making wse of
the expenence acquired from previows prototypes, in
acoord with the norms for the formulation of a system-
atic project, allowing greater reliability in the measure-
ment of the permeability of different gases through
semipermeable materials with temperatures and pres-
sures closer to those found in the reality of od and gas
explarakion.

#lthough the chjectives proposed in this work were
achieved, the development of a new prototype con-
tinued in the process of patenting, whose intended
improvements in relation to the permeameter being
presented are listed below:

1. The test gas cylinder is connected to a distributor
with vahees and individual guick couplings for the
polymeric hoses that camy the test gas, allowing the
same k=ngth to be maintained wp to sach of the 10
(ten) permeation chambers

The sample is placed in the permeation chamber and
pressed against the base by an O-ring duwring the clos-
ing of the permeation chamibeer

The permeation chambeers are arranged homzontally
on the permeameter so that each polymenic hose that
carries the gas to the pipette has the same length;
The permeation chambers are sealed by interference
by the action of a hydraulic closing system that com-
poses the permeameter, facilitating the 2ssemibly and
practically eliminating interfacial leaks, being the main
difference in relation to the eguipment in presenta-
Eion;

69

5. The pressure sxerted by the hydraulic daosing system
miust not excesd the manimum yield strength of the:
material that constitutes the permeation chamber so
that the meetal used remains in its elastic zone, whach
ini thee caze of AISI 316 stainless steel i 290 MPa [48]

The following figure shows the schematic design of
the permeameter under developmenit:

5 Conclusions

The comparison of the obtained results with the data
presented in the literasture indicates the validity of per-
meameter presented in this work to contribute to the
greater comprehension of gas transport phenomena in
different polymers and of gas-polymer interactions in
long duration experiments under extrems temperature
and pressure conditions.

The current perme=ameter can be employed to guali-
tatively indicate the gas permeability of semipermeabls
materials, for example, reveal the difference in the per-
meability coefficients between pure polymer samples
and the polymer samples with nanoclay, werifying if
there was adequate distribution or exfoliation, indicating
the waid content in the pure material, or even verifying
if the use of additives causes changes in the gas perme-
abality of the polymer, contributing to the development
of new polymieric products.

The permeameter presented in this work determines
the transport coefficient of nitrogen in HOPE with
greater precision than the previowsly presented equip-
meznit [20]. proving that the implemented improvements
were adequate. Despite the small deviance found in the
results of the previous experiment, there was a tendency
of ncreased errors with the working pressune and thick-
ness of the sample, which inoreases the permeation time,
in accord with Eq. 1, allowing measurement ermors

This eqguipment has some sdvantages ower a commer-
cial permeameter, such as bow cost and flexibility in the
use of vanous combinations of gases and polymers or
ather semipermeabls materials.

Despite the significant advancements made com-
pared to the previous eguipment [20] conceming aoou-
racy and operability, the presented permeameter still
requires the use of the torque wrench to close the RTI
system, as well a3 a sealing ring, the matenal of which
tends to wear owver time, allowing leaks. Therefore, the
development of a new equipment such as the one
shown in Fig. 5is necessary.
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Fig.5 Schesmatic dawing

gas distribetce, 5. Parmsation
chamber shwt off valve (10x),
& Hydeaulc system for chasing
the permeation chambers,

7. Moving steel plate, & Test
Q35 inket in the DarmaaTion
chamber—upstraam {10x), 9.
Sampla, 10. Test gasinket in
the parmeation chamber —
downstream (10u), 11, Rxing
and desing structure of the
permeation cChambers, 12,
Liquid depait for moasuring
Systomn, 13. Outhat of eacoss
Equid froem the reservoig 14,
Reservolr Squid replacoment
systoen, 15, Maasuring system
for the peemeate gas 1est (10x),
16, Vacuum gonerator
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6. CONCLUSAO

A comparagéao dos resultados apresentados no Artigo 3 com os dados presentes na
literatura e no Artigo 2 indica a validade do referido equipamento que pode contribuir para
a maior compreenséao dos fendmenos de transporte de gas em polimeros e das interacdes
gas-polimero em experimentos de longa duracdo em temperaturas e pressées mais
proximas da realidade industrial.

O permeametro acima referido podera ser empregado para indicar quantitativamente
a permeabilidade de diferentes gases em materiais semipermeaveis, mostrar a diferenca
dos coeficientes de permeabilidade entre amostras de polimeros puros e de
nanocompositos poliméricos, indicar o teor de vazios ou verificar se 0 uso de aditivos
provoca alteracfes na permeabilidade gasosa, por exemplo.

O permeametro apresentado pode determinar o coeficiente de permeabilidade do
nitrogénio em membranas de polietileno de alta densidade puro com maior precisao que o
equipamento apresentado no Artigo 2, comprovando que as melhorias implementadas
foram adequadas além de possuir vantagens sobre 0s permeametros comerciais como
baixo custo de producéo e possibilidade de utilizacdo de diferentes combinacfes de gases
e polimeros ou outros materiais semipermeaveis.

A sugestdo de trabalhos futuros € o desenvolvimento de um novo permeametro
conforme descrito ao final do Artigo 3, visando reduzir eventuais erros operacionais, pois
apesar dos avancos significativos realizados em relacédo ao equipamento descrito no Artigo
2 em termos de precisao e operacionalidade, o permeametro apresentado no Artigo 3 ainda
requer o uso do torquimetro para fechamento do sistema RTJ, bem como um anel de

vedacdo, cujo material tende a se desgastar ao longo do tempo, permitindo vazamentos,.
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APENDICE

Os permeametros comerciais, geralmente, atendem a norma ASTM - D1434 que
possibilita estimar a taxa de transmissdo em estado estacionario de um gas através de
plasticos sob a forma de filmes, folhas, laminados e papéis ou tecidos revestidos de plastico.
O método de ensaio prevé a determinacdo da taxa de transmissdo de gas (GTR), a
permeancia e, no caso de materiais homogéneos, a permeabilidade, devendo ser indicadas
as condicdes de ensaio.

A taxa de transmissao de gas (gas transmission rate - GTR) é a quantidade de um
dado gés que passa através de uma unidade das superficies paralelas de um filme plastico
em unidade de tempo sob as condi¢cdes de teste cuja unidade SI é 1 mol/(m?.s), sendo
também usada a unidade 1 mL (STP)/(m?.d) a um diferencial de presséo de uma atmosfera.

A permeéancia (P) é a raz@o entre a taxa de transmissdo do gas e a diferencga de
pressédo parcial do gas nos dois lados do filme cuja unidade SI é 1 mol/(m?.s.Pa).

A permeabilidade (P) € o produto da permeancia e da espessura de um filme. A
permeabilidade € significativa apenas para materiais homogéneos nos quais € uma
propriedade caracteristica do material a granel. Esta quantidade ndo deve ser utilizada a
menos que a constancia da permeabilidade tenha sido verificada usando varias espessuras
diferentes do material. A unidade Sl de P € 1 mol/(m.s.Pa).

Em resumo, a amostra € montada numa célula de transmissédo de gas de modo a
formar uma semibarreira selada entre duas camaras. Uma camara contém o gas de teste
a alta pressao especifica enquanto a outra camara, a uma pressao mais baixa, recebe o
gas permeante, adotando-se um dos seguintes procedimentos:

e Procedimento Manométrico (M);

e Procedimento Volumétrico (V).

No Procedimento M, a camara de pressédo inferior € inicialmente evacuada e a
transmissao do gas através do corpo de prova € indicada por um aumento de pressao
enquanto no Procedimento V, a camara de baixa pressdo é mantida proxima a pressao
atmosférica e a transmissdo do gas através da amostra de ensaio € indicada por uma
mudanca de volume.

As medi¢des fornecem estimativas semiquantitativas para a transmissao de gas de
gases puros simples atraveés de peliculas e chapas. A correlagcéo dos valores medidos com
gualquer utilizacdo, como a proteccédo do conteudo embalado, deve ser determinada pela
experiéncia. A taxa de transmissao do gas € afetada por condi¢cbes ndo especificamente

previstas nos ensaios como teor de umidade, teor de plastificante e ndo homogeneidades.
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Apesar dos permeametros comerciais apresentarem diferentes configuracdes
conforme os exemplos a seguir dos equipamentos que obedecem a referida norma:
1. Testador de permeabilidade gasosa VAC-V2 (Labthink)

Figura 1 - Testador de permeabilidade gasosa VAC-V2 (Labthink)
Fonte: http://de.labthink.com/html/produkte/vac-v2-gasdurchlaessigkeitspruefgeraet.html

O equipamento VAC-V2 é baseado no método de presséo diferencial, atende a
norma ASTM D1434 e aplica-se a determinacédo da permeabilidade ao gas, coeficiente de
solubilidade, coeficiente de difusdo e coeficiente de permeabilidade de filmes plasticos,
filmes compostos, materiais de barreira e filmes de aluminio a diferentes temperaturas em
filmes plasticos, peliculas, materiais aeroespaciais, papel, papelédo e borrachas.

O equipamento apresenta as seguintes especificacdes técnicas:

e Faixa de medicéo: 0,05 ~ 50.000 cm3/m?-4h-0,1 MPa;

e Resolucao de vacuo: 0,1 Pa;

e VAacuo na camara de teste: < 20 Pa;

e Faixa de temperatura: 5 a 95°C;

e Faixa de umidade: 0% RH, 2% RH - 98,5% RH, 100% RH;

e Presséo de teste: -0,1 MPa ~ +0,1 MPa (padréo);

e Dimensofes: 760 mm (C) x 575 mm (L) x 450 mm (A);

e Peso liquido: 88 kg.

O equipamento apresenta as seguintes caracteristicas:

e Teste de trés amostras diferentes de modo independente;
e Controle de temperatura e umidade;

e Teste de diferentes gases;

e Controlado por computador;

e Folha de referéncia para calibragéo;

e Saida de dados para o computador via porta RS 232;

e Producao individual conforme as necessidades do cliente.
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2) Analisador OX-TRAN 2/12 OTR (Mocon)

Figura 2 - Analisador OX-TRAN 2/12 OTR (Mocon)

Fonte: https://www.ametekmocon.com/products/permeationanalyzers/otr-permeation-analyzers/ox-tran-2-12-series

O modelo R da série OX-TRAN 2/12 é um analisador de permeacao ao oxigénio que

oferece ampla gama de deteccéo para barreiras de baixo a alto nivel, medindo a taxa de

transmissao de oxigénio de uma amostra em equilibrio em um ambiente de controlado.

A amostra é montada a pressado atmosférica entre duas camaras como uma barreira

selada. Entdo, uma corrente de nitrogénio purga uma camara enquanto a outra contém

oxigénio. A medida que o oxigénio permeia o filme no géas transportador (nitrogénio), ele

passa pelo detector, produzindo um sinal que representa a taxa de transmisséo de oxigénio.

O equipamento apresenta as seguintes caracteristicas:

Teste da taxa de transmissao de oxigénio (OTR);
Teste de filmes e pacotes;

Sistema de cartucho com 2 (duas) células, permitindo que o teste de ampla
variedade de tamanhos e tipos de amostras;

Cartuchos de teste removiveis intercambiaveis com varios modelos, permitindo
gue diferentes tipos de barreiras e pacotes sejam testados;

Cartuchos de teste com fixagdo pneumatica;

Tamanho padréo do filme: 4” x 47;

Area padréo de teste de filme: 50 cm?;

Niveis de deteccdo de 0,05 até 28.800 cc/(m?.dia);

Controles automatizados de temperatura, vazdo e umidade;

Tela de toque gréfica intuitiva necessitando de pouco treinamento;
Temperatura de operacao: 22°C + 2°C,;

Umidade de operacao: 20% a 80% de umidade relativa (sem condensacao);
Pressdo nominal de abastecimento do gas: 2,0 bar;

Dimensodes: 394 mm (C) x 304 mm (L) x 580 mm (A);

Peso liquido: 43 kg.
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3) Permeametro de gas PMI C-522

Figura 3 - Permeametro de gas PMI C-522 (Porous Materials Inc. EUA - PMI)
Fonte: https://pmiapp.com/products/gas-permeameter/

O permeametro de gas PMI C-522 fornece uma medicdo rapida e precisa da

permeabilidade ao gas de amostras cilindricas e de chapas solidas ou ocas.

O equipamento apresenta as seguintes caracteristicas:

Faixa de permeabilidade: 1 x 10 - 50 Darcies;

Resolucao: 1 em 60.000;

Preciséo: 0,15% da leitura;

Variacdo de presséo: 0 - 500 psi;

Faixa de transdutor de fluxo de massa: 10 cc/minuto a 500 L/minuto;

Gas pressurizado: ar limpo, seco e comprimido ou outro gas nao inflaméavel e ndo
COrrosivo;

Duracéo aproximada do teste: 10 minutos;
Vasta gama de tipos e tamanhos de amostras;
Camaras de amostras multiplas disponiveis;
Manutengdo minima necessaria;

O software compativel com Windows trata com controle, medic&o, coleta de
dados e geracao de relatérios;

A tela de teste grafico em tempo real mostra o status e os resultados do teste
durante toda a operacao;

Diametro da amostra: 1,75” - 2,5” (45 mm - 63,5 mm);
Dimensdes: 30" ou 76 mm (C) x 19” ou 483 mm (L) x 18,5” ou 470 mm (A);
Peso: 100 Ibs (45 kg).

87


https://pmiapp.com/products/gas-permeameter/

4) Gas Permeability Tester GDP-C (Brugger)

Figura 4 - Analisador de permeabilidade gasosa GDP-C (Brugger)
Fonte: https://www.brugger-feinmechanik.com/en/products/permeation-testers/gdp-c-gas-permeability-tester/

O GDP-C determina a permeabilidade de gases secos para materiais de embalagem

usando o método manométrico. As camaras de pressao inferior e superior sdo inicialmente

evacuadas. O computador calcula o tempo exigido pelo gas de teste para permear da

camara superior para a camara inferior. Com este método, a permeabilidade ao gas pode

ser determinada, bem como a constante de difusédo e a solubilidade do gas (Time Lag).

A permeacao na camara inferior do corpo de prova é determinada pela anélise do

aumento da pressdo no volume usando um computador externo. O método de medigcédo

manométrica € mencionado na norma ASTM D 1434-82.

O GDP-C possui as seguintes caracteristicas:

Teste de todos os gases nao corrosivos;

Faixa de medicdo: 0.5 a 30,000 ml/(m?.dia.bar);
Resolucdo: 0.1 cm3/min;

Faixa de temperatura: -20°C até 60°C;

O teste € executado automaticamente apés a definicdo do periodo de evacuagéo
no intervalo de 10 segundos a 48 horas;

Dimensdes: 500 mm (C) x 310 mm (L) x 740 mm (A);
Peso liquido: 20 kg.

Porém, ensaios interlaboratoriais revelam que as permeancias medidas por estes

procedimentos apresentam forte dependéncia do procedimento empregado, bem como, do

laboratério que os realiza. A concordancia com outros métodos, as vezes, € pobre e pode

depender do material, pois os materiais que estdo sendo testados muitas vezes afetam a

precisao entre laboratorios. As causas dessas variacdes ndo sao totalmente conhecidas.
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; ﬂw Deslignation: D 1434 - 82 (Reapproved 2003)
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MAMDALFTEIC VISUAL DETFRAMMNATION

¥ Apparsmms

21 Tluna]q:ma:l:n.ﬂ:l.mnmﬂg.llﬂfm X omaints of the
following tmms:!

011 Colf anawmter Hsvew—Tha calforaiod call momoe-
wir keg, which indicaizs the presmmm of mamevned ga, chall
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213 Adsprers—Golid and hollorar
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217 Presswe (rape, mecham -:-rnhrl:un.l.t_r]n-m:ﬂ:.a.
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conypletn clioming of glasrmwars.

i3} Wash with distilled water (o repwryve oitric acid)
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fiodloears. (Fig. 3

111.]1 Deerming tho toid volnre of the fikar papar from
the ateciuin dansity of i Sber conbant (o T, Se weight of
the fitter peper, 2nd ity apparen woiums (Mo 4). Bxpreas e
vind volowe determized in this way in micmitzes mnd desiz-
ma}ll‘i-.'-

Fere iy bighgrmds | modioe-dechoe. ool e v Tavmsteg ook
Ik filer pageer, ) merm endiemneier well be sslisfeciony for e parposs.

Cellakoss fiber bao = spprenisaie davety of 145 phal.

b &—Thx vl Ty b ciloulsisd from e tiacknes
axd charncier of the filir ppe

1112 Doiarmze & volioe of e coll mancowier leg
from # 1o . Fir. 3, by marcury displacersent (Rincs the woid
volem of the adpiers is inchided i this pent of the calite-
i, e voies froes 8 o O thowld bo deermimed twicn, oncs
with tho olid adspiar in placs, and oncs with tha holliowr) This
volorg & obriined by diciding the weight of e mansery
dizphaced by s dansity (Mote 7). Determing this volemo o
nearest 1 pl and dosiznois as ¥,

Hore 5—The doroaty of morory o1 350 @ 1354 phal

1113 Dotmrmize e whoe, = miombiss, of S call

mannmeher kg fom A o & Fig 3, by moncery disphwomant



@ D 1434 - 82 [2003)
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Su:u-:-nEn'nhﬂnm:mn-:f 12, wiich dos niot zpphy o
i procedems, and the additen of e fellowing appamn:

143 Resisrawce-Recording Msrumens—A momostnce-
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platimemn wire (Mote 10 thet rems. the: calibrated langth of the
call penometor ke chall b o measime: changes m
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weth & rensence recorder whose fulisole ege o 10 40 D317

15 hladerials
15.1 Samo as Section 10,

16 Calibracon
16.] Same 2z Sechon 11, bof should alio melnds S

152 The instroment with the csll, lead wims, znd
exiamal Tedvance I1) in sezies a5 wed in the test ukall
b calibraned at test tensparsnimg initialhy and guary fme afier 2
call Eors besm cleaned or repaized.

Here 11—The cxioml modeme seukd b= o ches & pemid
wemploie freverse of Lhe charl by the when  charge m the heghi of
mercery el i the beighl of A o 8 ccam (Fig. 5

163 The mcording uhall e calibreed as folloans:
1631 Allow e call fo come to constnt temperras at o

1632 With the top of tho @l mmoved nd the vannm
1vaive open, poar the mermury mbo the cel] oomorseter leg mch.
that the maronry is aporoacoiely af the wme level 2: o 4
{Fig 3) end rebifwely setiomary. Adest the extemal resisnce
of the recondar w0 Sat o pon mdicates a chart postition of =,

1633 Vary the heighf of the maramy cobmm and note the:
posdtion. indicated by the chast pan we that a plot of chart

ftom 2 ordins veres ight as abucissa is
Poss % s v ey b

163 4 Crtemming the rae of chart paper tranwl fo th neansst
2Hmm {0l @m)yh

164 S0 112 for the we of MBS Stndwd Rekmnce
Mhigial 1470 &I chedidny o calibrtion of S0 parmeance
MEATing Aparas.

17. Procedurs

17.] Samg as Section 12, with e followmg aoceptions:

172 Adjpsi the pen of the resisbneg mconding: weirroan
hjfmi'ﬂ:ﬂ-m.dmmmnwﬂmhpmm

of intha a
m ]:Tl Ry capillary log

173 F-I'hutm]h,ﬂtﬂ:ﬁ:lmtbmﬂnpﬂﬂ.ﬂﬂrﬂl
{hﬂl s temEmndon ame & a sbope of abomd 437 (Mobs:
"] Cnos experiancs is gaimed, the proper chont speed &5 wasiby

Here 12—This ko osly e chasis bl o @ varsblo-spoed drive

18 Calmulagen

LE.] Far weveral valnes of ¢ (& least six o mcormemded),
Tead b from the recardar chart and plot the finctbon g verms
ras dafined in 1214

"Tha icrsapclis-iioneysal Fagulesr Co 80 Noda IR
il RN R e M Frosd ersafsersy P fan porpess B i reccreerandad
dhaz § ek chan e, varisk be opasd charr drive, sk aa e mppdied By leses Ceg
Dirvigian of Themy Crooeale, e, Tveen, WA, B iresd e i B mecoeckar
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1822 Calonlate fha pamwoncs fom the aguations ghen in
13l

183 A fest renlt i defimed ms the vabm of 2 sngle gl capillaries thowld hove 2 mmtshle Urhend © mep

indnidml detemmination of pameance of a film.

182 Precision (Haes Copdifarss or romomotor: with van-

s im0 25, 050, and 1 0 pom am recopamended). The:

the

omomeinr Hquid axd & sendard-tpar jomt to &1 o the call.

Gis Fridsurs
Ta [ioubie Stage
Mpnaomensr Flegalainr
L
Crying 3d
Ciuimn Tl
Capillary Pragira
Tube il Traps Wialwi
|Bubbiam]
Constara
Tamgaraqums
; — Biarh
Izip,/ﬂ ey ,f’_,f” AL %Ei
[ . E Filtir Papers
B
Teflon "‘“-51:n=im.n d
S ’
E
# ] b L
’
::: Exchargar o 1
¢ : .
y o
% = = g
ra & : ~ 7z 7
FHE & Wolumetre Gas Teansmisalon Cal
FROLFDTUEREE W 183 Covdemmener or soibble sale for peasering changes

Ler type appamin]

1% Apparam
191 Folumenic (rar Tramamission Cel, shown in Fig 3.

by ol Ly raay bag ool o Caeomn Rosirsic [errursenn, B hpney

NI

94

D marivons position be e mearest 05 mo

154 Temperamser Comrond

1541 4 Laqrid bath is moooamended
for comirelling the of & call body o + 0O1"C.
1942 The apparate sthould bo shislded to restrice the
et verzions of te capillry o = 0.1°C during, the:
Dl

185 Sbomomesr, 0 mease specimen fhickmoss, o the
neamest 25 pom (00001 in)) af a mumoem of fiew points



ﬂll D 1434 — §2 (2003}

b over the eoitire wsi ame. Maoramm minimeen and
mmrage vahnes iall be recorded.

156 Baromeser, muiable for peasming the presnme of the
afmavphom to the nearest 133 Pa

187 Presure (repe, precipom mechanical or slecmcal type
for meavring absohre pressums: mrar the ange fom 0 1o 333
o

1. Msrerial
201 Cplimaker of Compressed (nas, of high pity equipped
':i.HlFm'u-mhl:im vahws.

M2 Capitiery Liguid— 4Mafind-2-partanons

{meein
mm&g&uﬂ l:rfl:lnqq:uu]:ln:h-h:]wic-uhni

e 03— byl 2-peniarens has o vepor procere of 235 Fa s
27, Ermomeous rovulbn may be chisined in some cosex, o the sbssrement
ol iz eqpehibries e sy mervemenl @ e copel ey Thin mary ke
= £ iw=c, iy 1= xrzail o, e Baoty bexd i en
mwcllicg of mme meiorals, wisch will ol n o cheoge in e
TR rEe

e 14—hiormury @ mnl rcommended (or b caplbery g excepi
for wr m abhbeing cos-exboesl Eon Erase of onisd gk
bresicrems: mned reseltng premue omom (sbod 1 e Hy @ s (-mm
coulbery), phe e mach srsller osdrge eling Son B geoser
doaly of meracy o compernd in Smcinyl-2-pmiznone

23 P high mads, medur-reentioe
TR

e 03—{her povsuy Bliers morh 1 mmiored el ove boen o
o be mlitdariony.

1. Calibration

211 Warsine—ary low concanirations of wEpr
In #% air ww inoon o be beardes. Bo v 0 all
wpilled merniry in a diosed coreiner Trmsfurs of memry
sbould be made over a large plastic Ty

212 Placs a colerm of clean marcy, approsimatshy 70
mﬁm}l::gmﬂnqﬂlmjmimmhzghnﬁl
catheioomrar

21.3 Tromsher all of e marooy o 2 temd beakar and obtxm
it wraight of the mesmury coan anaiytical alancs. Discnd the
ey o e cleamad.

214 Since the density and weight of the ool of pesmury
ars knowm, its voleme, ¥, D osorolives at Toon: gt

(23"C), 15 Etml:l:rﬂ:ﬂ--ﬂqmtnn.

Fyg= 107 B715.54 b
whirs:
" = 'mEht of the ExeTITY,
BNHgel = desiy n:t'mrmyai!?‘t.
Lince for a cylmde
Fy=al i
whir:

4, = owi-sectioral mmea mee”, and

T A mmby v Vioera Sk & o Seder Bad evilsbla Pora chemecal gy
heams mch & Milo and T, e

95

{ = lsngth of menary colermn, mm, than:
g, = Fyrdl

215 Caliteations: skall bo mado at 25°C.
216 Sea 112 for tho we of MBS Stndawrd Rofmacs
blamgrial 1470 in choddng the calibation of pemwance-
MeawTing apparais.
11 Procedure

Eén]ﬂ-[h:h'apn:-n' of filer papar in the epper portion of e
L

121 Phyo the condifioned specinem smoothty on the apper
poiion of the et call

223 Lighshy grease'” the rd:lhn"ﬁtat.ﬁ-m-:ﬁtmm]
that the murface of the specimen will contact. Aivdd exceive
a S
~ 124 Plaa the wpper half of the cell om the basa and clany
it frmly o achiews & tight ssal

125 Apply poufive test ms pmsrze o both sides of &
call, flushimg out all air befiore closing the outler vent. 4
Tecommanded Snshing time i at kst 10 min 2t 2 Sow e of
shout 100 pell‘min.

tore |6—Th pooue diffemtsl = obiened by monionng ed
sdjesiing the pape preeers on e hgb-preseee nde of e ool ot i
1 the deared smoeei sherve the shsorvesd bnomeine presese on e opm

mma’,ﬂ””"ﬂ‘“’“

125 Imrodecs an
imtece) at the top of the capillary

ocled vent afer Se shog Tests on the botiom of the capillary

(Mot 1E). The capillany shall b clem and Swe of otetmctons.

e 12— 1n cormermend o add ihe Boged shag o the capilbery wilkoa
myrige (tied with & long then meadle o ed proper nerion

Heme 1§—Afle lowerng the bgeid sug s the cxplary, seffcien
tore myend be wllownd for drarmage down e moer wsl| of the cxpilbery
bolom bognzing o ke & ooy of resdngn

127 Adfest the proveas azess Se specimen o maivain &
-m:tfm‘nd:.ﬁuﬂllfﬂnmﬂ.

Sl leais arimd connectioens and joint cam ofen e
detected with sozp solobons, bt in sopw cases it may ba
mecsssary to immmersw S cell in wetar witdls apphizg gas
Pressme, in order to obesrvs bubbiles af leak sifes. Szl kaks
occaTing on the high-preanme side of the cell shoeld oot ba

125 Afer 3 tme inmnal estmated to be sufficent for
ig, =ing a stop waich {or clock) and disbmee scale mmiz-
taimed om the: capillary or cateinmeter. Taks measimamants af
the top of the mamuoms.

1210 Cm copletion of fw ron, mbom the sheg o i
m&mﬂﬁ#jmhw;mtuﬁ

Fapeat the meammument 23 mecwary o amms
atminmant of a sixady-riae conditon.

Hore 18—The B roquired do roech sicesdy sl will dopeosd upon e
eatere ol the rpecmen, s tecknes, nd e ipplicd presose differesind.

For seeros of kew pommbikey, changes m smboeni presers mory

" Sepovadt presa dvvedabls frew Dow Coming Corp. bas b Samd miashis
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TASELE | Fasulls of Hound-Robbn EvaluaBon

B
L [ireckhe- '} 51 e | [
— . tama® e ) %)
ol ®
Pedymamr e | 106 & Wigtmr %) Oy ooma T4 DL L2 A 4
Fedynmsr i 055 HEG Rhylar® | Oy o8 124 uli ik LH 4 E 1]
Pedymamar e | 100 8 Wigimr %) [aln ™ i} 2 LT LH4E 7 1a
Fedynmsr i 055 HE Ryl 5] [l S iR ] E ] alis ] jilim | a 18
Fedyt prezesvhars) B O 1.3 i L] il ] 1 =
Fody miwinra; i (=3 1.5 e dali <] ks ] i 13
Pyl prezeviars [l ) R 1] i -] jul- ] = iT
Pyt miwyinra) i [l T 1aria L Lo a 13
5 = e wihir-Bbomrsoy mancers deviafon o' e singls eborrory e o rsieral |
ISk = e EpEr ek off S - N Sy DT poneT, of varanes
oWl = 100 {5307
[CWal, = 100RSIF* [BAAARE

# Corw ear squmis 3068« dmoli; Sa P (sss Thisls 51T

¥ pacivpound unite sre ol (ST miler? d wbn, Ses 011, K12 K103, mad Acsendis K3 b cormveniion iscon

A Engimarss mdemare, [ duPoe ire for @ opeie Bim

mioioe, perixuety o oo poods of o and nopasicd meserTEosi
e regernd, in obien rdmble emks

13, Calculates

231 Plot the capillary sheg posdtion versns elapsed tme and
e the best simighi fne through the points so olrzined

12 Calclate the vehme-flow i, ¥, @ micolies par
wecand of tremaited = fr-:lnﬂ:ﬂhpi--:-fﬂm]:imu E:r[h'.lrl.:

F. (6]

wops X a,
whers:
:h:lpu- rnufmufnqlhlﬁn

_13 E-ﬂ:nh:hﬂ:ﬂ-mtrmnmmiﬂm';lmﬂmt
2 follows:

OTR = B ¥ w p, x FLEART)

W

A = tresmiiting area of spocimon T,

b =EI:I:FII:II|:I:H&I‘I:I:I‘I.PH., |

R = mivemal gn cesont (R=E83183x 10 " LF

ool K}, and

I = ambuent E

34 Coilcohin the pamsance, £, in 51 mit 2 follows
F o= OTENe = g ]

wham p is the Spsieem preweas I pascals.
35 A test resukt is defred ax the waine cbizined fom an
indnidil detrreination of the parmeamcs of a speciman.

tere Hi-Thr relanhniy of the meouromonis cen be e k- ware
exicnt by making mesrereeoeb on SR 0ET (e 113}

4. Ereponi

41 Tho repoet shall ichnde #w following:

1] Pocsdes med,

1.2 Deecipoon of the mmpls, inchiting idenithication of
compoaition, prusanca of wrinkles, ebbles, or ofhor maparfor-
ticms, and rammSetmar, if knosm.

2413 Test ms wed. 2nd st @5 composition, inchiding
ity

96

2414 Tost i Calsius, and &

. maﬂ..m Jermean G

14.1.% Each thicknes: meamnmement mads phus &e memgs

Zorsach specmmen Whan fs o7 mers Zickness easramant

mn:ni.’ﬂ- tha: v sizndard daviaton and
mm mﬂrg.rhnmp:hdmmd-:-f

m:h.mmi

2416 Each moasmement obiained pins the

averapws in the weirs of choice. When fore or mom by

e chiimed the rremge. sondard deviation. and mmbar of

meplicates mory be mmbstiteed for the ahom.

15, Precidon

251 iwneroi—An inechhoriony eanston of this medod
hos toan condecied V! Tan lzhoraiooie: partcipated @ dater-
mainimg the parmeakiltty, F, of four mobwial %o cxypen and
carton dicxide. The mevelts fom the round rotis o v
omd m Table | The mmlt demomtaie cleoty that the
precision of @o mwals obixingd depend: wmoogly, e i an

mamngr, oo the combization of roaterisl ad @s
beizg tesied. Potontial nears of this methed moest, thasfors, mes:
thedr oan expariencs in assessing the precisiom of the mamlh
beizeg obixined.

1511 Thecomritartion fommn the heraoan-
componar of the mmmﬂslmn’ 'ﬂ:ﬂn.ﬂ:ﬂtm
wittin-lstombory corypomnant for all maderials. This indicates
that thare e sysmrmitic Effsences hetwmen the
used in differer aboratodes. The mammmdes of diSar-
wooes oest be determined whenewer faw hibomtomes am
coomparing menlt for medfes TS,

!i" euaratiilin—2 25 %% of all st resmls

mgmnm'l'd:hl

1[!2 F.) % iof tha moan of 2l test results obdimed
om A grven maiorial Frpical vahnes of

¥,
5]5 Heprodsrihilin— ¢ 55 % of all test re-
mh:-:l:mmnd.m-i.ﬁlutld:um-umﬂhimmic Kol %

U SuppeEtEg O e evel bbb o AS T Hasdguenan. Rapse ER DO
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FAELE B0.1 Feheds by Converling PetmaabdiBes from One Syabam of Unfs 1o Srethed

Mom l—For sobnucbors on wong the bl oo X1.4.

Jri: S
[eramaaney of &
Top CHYRE —s Barviey Vi e fun sl
qll" - = 107" mi 57 L TP mi L (5TP) ri
[ 1'(, min--F o7 4 -om g ) W RN
|- T |
wToiT-n-PE 1 L¥M = rr2s el
e "_|55|-p| HEE U i FR EE R [T
g0 Hy
..,..,_“rr'.“,.. LR L H I x 10t i 54253 k107
-
W il
L 5FF e T L5 L L1 ] 1
00 Y -p-rmm

of the population meem of wach walms. Typical vales of {705
%Hm sxxmingd in the romd robin am shoun &

25-.4:Lh5nhc-udshtniﬂmh:i.|h-cdnﬂlmﬂnw
comiidared i the poesd robin nmst oke: their oam assessmnt

of tho precizion of thedr memlts. Varahility hetwean specimans
is Hkaly to be a dominnt fcior In mch recsmmenens.

APPENDINES

(Feamandsiory Informaiis)
XL INITS N GAS TRANSMISSIENY MEASTREMENTS

¥1.1 5l emt fior various quentite:s mlvied 1o tanamistom
of s can b derned by mcalling Sot S presant wtandard
dafings the transmiscon rim, {7, & the qmntity of gs oossdng
2 umit ama of a ey o oot time. Since the 51 tese wnit fow
quamtity of motter s the mole, the 51 bess it for ket is the
mtra, and the £1 base it for tinw is the second, the damved
51 it of trensmission e should be the molim’ . Similary,
smce e permeanca, #, is defined 25 the oo bemwwen the
bamiar, amd since the 51 mdt of presmme i S pascal
appropEiae B units for pemsances e molm” 5P Fmlky,
fior 3 homogunere: material the permeabitiny &, & defined au
itw prodoct of the penmeencs and Se thickness of the Slm,
which kad o the mol'm- Fa a5 the appropriate 51 units.

¥1.1.1 Approgprist wmt prefiess emst be attached o tha 31
it in ordar o being the wales that 2 achrily ctearmed omio
a comumant wcals for mporting or firshar penipulition The
ﬁ:ﬂml.tgmhﬁllhd:pm-dmﬂ'rﬂnpuﬂ Comidar
bomogeneous fim with 2 pamxa of 1 amcl'msPa (]
amal = 107" mol) and 2 tckness of 254 m The pamwancs
of i Elm woveld be 39 37 fanlim- 5 Pa {1 fol = 10~ e}
Ifa differersial of one sondwni xmosphas (1
atm =0.00132 WP} were imposed acmss tha bamiar, & pa
rmsrission. e would be 35985 moolm®s (1 mmol =10

97

mal) Using e ideal mps b to comeert this to xch-pomnd
it yiekds 2 vahe of 7727 ml(ETF)m’d, which i a
reasmnabls vl for a good bamiar

X112 In thees mits the pecmeshility of NEE Somdamd
Faforence Mataral fo onyges s & approxizasly 7.8 amaol’
msFa

X121 Tatde X1.1, Table ¥1.2, and Table X13 g comer-
mon fachoms for comerting moaamed. par-
mlﬂtmmmrmtﬂmtmmt
Em:hﬂ-hmmﬂh'hhm.mhhmwdimnflﬂ
becass Tensport cosScents can. a5 mmch 25 a Scbar
uf]ﬂ*&mnpl}mu‘h}m:-ﬂ;‘.:rb:r

X13 The oojor advamisgs of this proposed nasm of ot
oVer exiving ones 5 that 1 essentalby elinsinaies opport=ities
for incomrect dimansioal calonbitions. Tt sl affords a good
hasis for making whazm subsiznces s
llp.ﬂu&:nduhn}"ﬂﬂ-t-h.lp:law I!ui:r:hn-:u‘u]-:-mh:.-:
bt I minlar terms.

X114 Inooder tonse the thies, a5 Bolloes: (1) Labal
the eeaared quamsity {07, P, or F) by X, whare | is e mamsbar
of tw roear in the =hle comesponding to e fywen of ik in
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TABLE X1.2 Factors for Converting Permeances from One Sysiem of Units % Another
Nory |—See Xi 4 for sotnctices on wing e tble

Ure Sywiem
Derwesons of B _
\ L o & o u: prad . (5T9) ™, (5P
o e =) )
L T __\. 5 "f"'"_' ». of-serry " 100m .0 e
e ' 107 a15e 12888 % 100
(- S 7 Y 7 -
m—w“m:n nea 1 L1 04zer
.‘.m.‘
e
" IETH s Dy L] He 82 w192
"a.mm
[er——
e (5TF) M PR 550 1
100 = 7.0 atm

TASLE X103 Faclors for Converting Gas Transmission fates Dom One System of Units 1o Anofher
Nory |—fee X1 4 for untnctices on wing e tble

Ure Sywen
r —— Devensars of O
\ To Oster) - Doty Matsc EeT—"
R 2 10-* oy (5TFY " FTP, m !gﬂ
Mty | \ YOI T -d mnta
“
oA 1 240 1 80ee [ )
W't e (BT dem e n? ' LR S5 w107
L3
LBTR D3le4 nex 1 692 % 107?
<
L
b -l ) L 1w 1w '
MMn'e

which ¥ wa measwred, (7) extract ¥ from the appropoiate  wiich X' is 0 be expressed after comveriion, and () obtxm X,
tablo 2 e value 2t e mtunection of @6 throwand the b Som X =X ¥,
columm whars § labels the cokzm comesponding to the umts in

X2 ADDITIONAL CONVERSION FACTORS FOR VARIOUS PERMEABILITY UNITS

Nere X211 —To obten w3t in kefi-lnd vertacal colaran sraltpdy et m
wp hoemeartd colizen by figize opposte both el

10

98
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T — —

oFet vl

l_""":'l'd gF oie
Ta Cetan .".I_ o e Hg =74 A 100 r-24 b - h-pr
l:l'l"ﬂl_ 135 A EI0H B Wyt TES W T
oI m-om g
ort-rd PR R i B 18k B
-4 h-aiw
o i &7 = A0 AdE e 1 [ T
10K i - 34 hemm
orrt-mn a8 =t 284 =0 1254 1.5
P T

. DERTVATION F EQUATION FOR FERMEANCE TSING THE MANDPMETRIC CAS CELL

¥3.]1 The following symbol: ars used i the derhations of
e egmtion med o Section 13 o celicebie the pamwanca.

ama of ¥ AN, mm’,
ama of temenion, e
d¥ = EFamnfial presmme chomgs of menamited s,

o= B
ad A =differextinl volems change of tanomited

>y e

3,

Eﬁmdm'hﬂn capillary log 2t the
stzrt of tha acimal ranseission rom with steady-stria
haight of mercary i cull capllary leg at amy given
ime, T

= moxime baight of mermury @ e call manomeier

leg foom the hmphmt-:-qwm]:hmhm
i, men,

haighe of marary @ call esanir leg from dafuns
plane to top of merory meniscus, Do

quemtity of g trammneited ot the rl:I:I:l:I:"H:n-H:-h:ul
tamemion nm after seady-stats condtfions, o
qeamitity of ges tensmited, at any gven tiee, moed,
{mgufﬂ:u-ﬁhn,ﬂnﬂmﬂ of parmancg is

£

|
[ﬂ,-_‘hﬁmui’h‘nmﬁmdpatﬁmr,m

ir

Hz

Eessus of g to be tanmwtied, o Hy,
eEversal g comstand, 8314 # 10, LPa{mol K,
time, b,
time 2 st of the acml treoeision nm. afer
weady-sin conditions hes been attrimed. b,
zhsohe semperatmm, B
volme fom 8 to O, L,
1.'l:l-i1.1:1'n:nn|:|t'|hm-|.-|.n:u.uL.

Vot F,

ok pl. and
I-’+al;l:|,,, b)) = volbore of tomomited g, plat
"t I.

mn

99

32 The mowhor of mwls of pa eemited, s, oy b
detrringd from the ideal s by (achich is valid ot e lowr
P imobred] a Solloas:

n= ol R [ e W}
For diSorentizl chomges m g, and ¥, B X311 o =
differemdiaied & follows
nif = p
Kef'dn = Ap )
Fldn = pdi + P (Hoie K41
Here X1 0—Thea &l cosbstan i the form & e = e # wd o Sub-

sitele min By ME2 the velue for d F e dF grees in the defirebon of
rymhcin

[ e

Efdn = —p i — Fh or )
d = {—ap dh— FApET
By dafinition,
P~ i~ i nd
F,=[F,+af =k, = K]
Tharsfoms, substitting imte Eq X33 and collecting feems,
dm = | —alhe — kil = [V + afhy — B ShbET

dn= [(—ak, +dhidk — (F, + ak,— cheRRT  O004)
fn = [dbi—chy, +zh— F,— ak, + hIRRT
dn = [dlig 2ok — agh, + k) — FRT

333 The pamseancs () i oo’ o <24 heatn can,
be obizined by inkgaing Bq X34 and ming the dnllowng
rommnion fctons:

ﬂPt- J:lhud ""FII:.F

164 -:n:
g Tl B l:r:-ﬂ:,-

= O fy— K —————171
e Fimmli= A fmen ™)

The tems F . which & the doving forcs, and A. the ama of
mmhmﬂn&dmﬂm pg=tion in ordar o
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